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ABSTRACT 

 The Florida manatee (Trichechus manatus latirostris) inhabits coastal and inland waters 

in the southeastern United States, and its long-term survival is threatened in part by mortality 

from boat collisions.  This study investigated manatee behavior during boat approaches to better 

understand the factors that lead to boat-manatee collisions.  Digital acoustic recording tags 

(DTAGs) and satellite-linked GPS tags were deployed on 18 Florida manatees in southwest 

Florida, and the boat traffic around them was mapped.  Suites of manatee behavioral, 

environmental, boat-related, and acoustic variables were measured during opportunistic boat 

passes.  A subset of these variables was used to create and compare numerous models to predict 

the occurrence, magnitude, and timing of manatee changes in behavior during boat passes.  

Model averaging techniques were used to discern the relative importance of each variable.  Some 

models accounted for a relatively high proportion of variance in the occurrence (up to R
2
 of 

0.55), magnitude (up to R
2
 of 0.58), and timing (up to of R

2 
of 0.75) of changes in manatee 

behavior during boat passes.  Manatees clearly responded to boats:  they changed their 

orientation (heading, roll), depth, and fluking behavior significantly more often when a boat 

approached closely (within 50 m) than in the absence of boats.  Boats traveling at slow speeds 

elicited changes in behavior that were more likely to occur before the boat’s closest point of 

approach (CPA) compared to boats traveling on a plane.  These findings concur with previous 

evaluations that slower boats allow the manatee more time to respond; coupled with the higher 

risk of mortality from collisions with faster moving boats, the evidence indicates that slower 

boats reduce the risk of manatee mortality.   

Manatee activity before boat approaches was an important factor affecting probability of 

behavioral change during boat passes.  Manatees engaged in a high fluking state (e.g., as occurs 

during traveling) before boat approaches were more likely to change behavior and to do so 

sooner (relative to the start of a boat pass) than manatees in a lower fluking state (e.g., as occurs 

during resting).  Manatees suspected to be feeding were more likely to change heading during 

boat passes.   

Manatees spent a large proportion of time on seagrass beds, where they were less likely to 

change depth in response to an approaching boat.  It is possible that on a seagrass bed 1) a 

manatee's options are limited by water depth, 2) they are more motivated to continue their 
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current activity than to respond to a boat, 3) they are in a lower activity state and therefore less 

likely to change their depth, or 4) manatees cannot detect approaching boats as easily on seagrass 

beds because background noise is louder and transmission loss is higher.  Water depth was 

another important feature of the habitat that influenced a manatee’s response to an approaching 

boat.  Manatees in deeper water were more likely to change fluking behavior, and their changes 

in depth were of larger magnitude.  A manatee is more vulnerable to a boat strike while near the 

surface; here, manatees closer to the surface were more likely to change their behavior and with 

less of a time delay (relative to the start of the pass and to CPA) than manatees deeper in the 

water column.   

The acoustic properties of boat noise were important, such that louder boats were more 

likely to elicit a change in a behavior.  Sound level, however, did not affect the magnitude or 

timing of changes in behavior.  The rate of change in sound level before CPA was linked to the 

timing of behavioral changes, with steep rises in sound level associated with a shorter time delay 

(after the start of the pass) for the first change in behavior.   

The evaluation of behavioral response of tagged manatees was conducted in southwest 

Florida, where boat traffic is relatively high.  These data were compared to that of an individual 

manatee in Belize, where manatees (Trichechus manatus manatus) are exposed to far less boat 

traffic, from a previous study that also deployed DTAGs.   Although the small sample size 

precludes any firm conclusions, differences between the responses were striking.  The Belize 

manatee responded to approaching boats far earlier than manatees in Florida and exhibited a 

sudden change in behavior, called a ‘jerk’, in two of four passes.   

As a whole, this study evaluated the type and range of manatee behavioral responses to 

approaching boats, and identified several factors that appear to influence this response.  For 

instance, the probability of behavior changes was linked to manatee behavior prior to a boat pass 

and local environmental factors such as seagrass coverage and water depth, and the speed of the 

boat affected the timing of these changes. Both the probability and timing of behavioral changes 

were influenced by other acoustic properties of boat noise, such as sound level and its rise rate. 

In future work, controlled approaches that maintain the high-sensitivity of DTAG-based 

detection of behavioral changes may be a promising approach to test specific aspects of these 

results, and further elucidate the environmental and behavioral factors useful for improving 

current management strategies to minimize boat-related manatee mortality.  
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CHAPTER ONE 

FACTORS AFFECTING THE PROBABILITY AND TYPE OF 

MANATEE RESPONSE TO AN APPROACHING BOAT 

1.1 Introduction 

The Florida manatee (Trichechus manatus latirostris) inhabits coastal and inland waters 

in the southeastern United States.  It shares its environment with humans, and interactions can be 

harmful or even deadly for manatees.  Of particular concern is high mortality from boat 

collisions; approximately 35% of mortalities with known cause are from watercraft collisions 

(Deutsch and Reynolds III, 2012).  In a population viability analysis conducted by Runge et al. 

(2007), removing or reducing threat posed by watercraft collisions reduced the probability of 

quasi-extinction (i.e., population below 250 adults) far more than an equivalent reduction of any 

other modeled threat (loss of warm water, red tide, or entanglement).  This suggests that 

watercraft-related mortality poses the single greatest threat to the manatee’s long-term 

persistence in Florida (Runge et al., 2007).  The goal of this research is to determine how 

manatees respond to boats, specifically what factors affect if or how a manatee responds to a 

boat. 

While death is the most severe result of a manatee-boat collision, many manatees display 

scars from repeated collisions (Lightsey et al., 2006).  Such injuries are so pervasive that 

extensive photo-identification catalogs of manatees use unique scar patterns from boat collisions 

to recognize individuals (Beck and Reid, 1995; Langtimm et al., 1998).  Indeed, one manatee 

was reported to have scars from 22 different boat collisions (Wright et al., 1995).  Such scars are 

a result of sharp force instead of blunt trauma, which typically does not leave a mark, but 

sometimes causes disfigurement, broken bones, and internal injuries (Wright et al., 1995; 

Rommel et al., 2007).  Both the blunt force of a collision and sharp force from propeller blades 

cause serious injury (Lightsey et al., 2006; Rommel et al., 2007).  Blunt force without skin 

laceration is the cause of 58% of boat-related deaths, while sharp force causes 32%, and 10% are 

a combination of both blunt- and sharp-force trauma (Lightsey et al., 2006).  The effects of 

trauma can cause immediate death (within 24 hours) or death weeks, months or even years after 

the boat (Lightsey et al., 2006). 
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The details surrounding manatee-boat collisions are rarely reported; as of 2006 only 21 

vessel operators have reported the details of a manatee-vessel collision since 1978 (Calleson and 

Frohlich, 2007).  Of these reports, vessel size ranged from 5.5 to 36.6 m and the speed of the 

vessel ranged from 4 to 64 km/hr (2.5 – 39.8 mph), with most speeds indicative of planing 

(Calleson and Frohlich, 2007; Rommel et al., 2007).  Wounds examined on manatees that died 

from watercraft-related collisions with propeller scars were disproportionately caused by blades 

of a size generally found on larger (>12.2 m) vessels (Rommel et al., 2007).   

Reducing manatee-boat collision mortality is considered a critical component of the 

Florida Manatee Recovery Plan and the Florida Manatee Management Plan (USFWS, 2001; 

FWC, 2007).  Currently, the primary management tool to reduce manatee mortality from boat 

collisions is the use of boat speed-restriction zones and manatee sanctuaries in areas heavily 

utilized by manatees.  Reducing boat speeds allows the boat driver and manatee more time to 

detect the other and react accordingly (Calleson and Frohlich, 2007).  Slower boats also cause 

less severe injuries than fast boats.  Most often mortality from boat collisions is a result of blunt 

trauma with the impact force and location determining the severity of the injury.  Impact force is 

a function of the amount of energy transferred from the boat to the manatee during a collision 

(Energy=½mass*velocity
2
), and the energy of a moving vessel increases drastically with speed.  

For example, a boat traveling twice as fast has quadruple the energy, and a boat traveling four 

times as fast has sixteen times the energy.  A positive correlation between boat speed and 

mortality from vessel strikes is also found in whales (Laist et al., 2001). 

Assessing the effectiveness of boat speed-restriction zones has proven difficult.  First, 

boater compliance with the boat speed restrictions is not complete.  An in-depth evaluation of 

boater compliance with speed zones in two counties found compliance to be 63% and 58% of the 

time in Sarasota and Lee Counties, respectively (Gorzelany, 2004).  Differences in the level of 

compliance varied within the two counties by vessel type and vessel size, among other factors.  

Larger vessels are more compliant than smaller vessels, and personal watercraft are the least 

compliant vessel type.  Boater compliance is increased by the presence of law enforcement 

(Gorzelany, 2004); however, law enforcement agencies have limited resources and are not able 

to maintain persistent coverage of the widely dispersed manatee zones.  Alternative methods for 

increasing compliance have been explored with little success (e.g., different on-site sign message 

in manatee zones that includes the penalty for non-compliance) (Sorice et al., 2007).  Unclear 
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signage of boat speed-restricted zones might also contribute to lack of compliance (Jett and 

Thapa, 2010).  Secondly, assessing the effectiveness of boat speed-restriction zones is 

complicated by increases in the number of registered boats (Calleson and Frohlich, 2007).  

Thirdly, boat and manatee use of areas changes over time.  Without consistent number and 

behavior of boats and manatees, it is difficult to isolate a single factor’s role in a change in 

manatee mortality.   

Despite these limitations, there is evidence of specific boat-speed restriction zones 

decreasing manatee mortality from boat collisions.  In two popular manatee travel corridors, the 

Barge Canal and Sykes Creek, near Merritt Island, Florida, eight boat-related manatee mortalities 

occurred in 42 months before boat-speed restriction zones were implemented.  After the 

implementation of these zones and enforcement action, there was only one death in the following 

42 months (Laist and Shaw, 2006).  Efforts are being made to better predict areas of overlapping 

manatee and boat distributions to more accurately determine risk of collisions in areas of interest 

and improve the design of no-entry and boat-speed restriction zones (Bauduin et al., 2013). 

 There is evidence that boat traffic can alter the behavior of manatees.  Aerial surveys of 

manatee distribution during winter in Kings Bay, Florida, a spring-fed thermal refuge, found a 

shift in distribution away from South Bay to no-entry sanctuaries as the number of boats in South 

Bay increased (Buckingham et al., 2007).  Possible shifts in distribution away from areas of 

higher boat traffic have also been observed in the northern Banana River (Provancha and 

Provancha, 1988).  Such shifts in distribution may indicate that manatees are expending more 

energy to avoid areas of boat use than they would in the absence of heavy boat traffic (Reynolds, 

1999).  Dugongs (Dugong dugon), a member of the same order as manatees, were found to be 

less likely to continue feeding if a boat passed within 50 m than if a boat passed farther away 

(Hodgson and Marsh, 2007).   

 Other marine mammal species have also been found to shift their behavior in response to 

boats.  Such observations have included:  decreasing foraging time (Williams, Lusseau, et al., 

2006; Dans et al., 2008), increasing swimming speed (Nowacek and Wells, 2001; Williams, 

Trites, et al., 2006), displaying erratic movement (Lusseau, 2006), moving towards conspecifics 

(Nowacek and Wells, 2001), decreasing resting behavior (Constantine et al., 2004; Visser et al., 

2011), decreasing time spent socializing (Dans et al., 2008), increasing milling-type behavior 
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(Stockin et al., 2008), increasing changes in heading (Nowacek and Wells, 2001), and increasing 

vocalization rates (Buckstaff, 2004). 

Observations of Florida manatees from an overhead video system of opportunistic and 

controlled boat approaches found a detectable change in manatee behavior for 84% of the 

approaches that met criteria for analysis (Nowacek, et al., 2004b).  The most marked response to 

an approaching boat was orienting towards deeper water and increasing their swim speed.  The 

closer a boat approached a manatee, the more likely it was to change its behavior.  Manatees 

commonly began responding when a boat was 25 m away, and the largest distance in which a 

response was elicited was 68 m.  A manatee was also more likely to change its swim speed if the 

approaching boat was in a shallow habitat compared to the edge of or in a channel.  The engine 

type (outboard, inboard, jet, or non-motor) and boat speed did not significantly affect whether or 

not the manatee responded.  While the Nowacek et al. (2004b) study was an important first step, 

visual observations of behavior were commonly limited by water turbidity, depth of the manatee, 

and wake of the passing vessel, and only gross responses could be scored reliably.   

Manatees also respond to acoustically simulated boat approaches, which are created by 

recording individual boats passing a hydrophone.  These approaches were played back to resting 

or feeding manatees (Miksis-Olds et al, 2007b).  Such playbacks elicited faster swimming and 

greater variability in respiration rate in response to the sound of faster boats; the sound of an 

approaching personal watercraft (PWC) elicited stronger responses than a typical outboard vessel 

(Miksis-Olds et al., 2007b).   

Visual observations of manatee responses to real or acoustically simulated boat 

approaches are limited by water visibility, manatee depth, turbidity and bubble production 

caused by passing boats.  The use of digital acoustic recording tags (DTAG) with pressure, 

orientation, and directional sensors provide the ability to measure fine-scale behavioral changes 

in three dimensions that cannot reliably be observed visually (Johnson and Tyack, 2003).  

DTAGs were deployed on manatees in Belize during a pilot study, and apparent responses to 

approaching boats occurred earlier (up to 800 m) than found in other studies (Nowacek et al., 

2001).  In Belize study, manatee reactions to boats were more marked than commonly reported 

in Florida.  The current study built on these methods and deployed DTAGs and satellite-linked 

GPS tags on a larger sample of manatees in southwest Florida, complementing that approach 

with field observations of the manatee and boat traffic around the manatee.   
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A variety of hypotheses have been proposed to explain the occurrence of manatee-boat 

collisions.  These include the hypotheses that manatees cannot detect approaching boats in time 

to respond “appropriately” (e.g., hearing loss, transmission loss (TL) of boat noise from 

environmental factors, and masking by other sounds, such as ambient noise, snapping shrimp, 

rain, other boats, and their own chewing); that manatees can detect, but not localize, the 

approaching boat; that manatees are too distracted to respond to an approaching boat (e.g., 

socializing with other manatees); that manatees respond, but not in an “appropriate” manner 

(e.g., moving into the path of the approaching boat when seeking deeper water); that there are 

environmental limitations (e.g., insufficient water depth to dive below the boat); that manatees 

have habituated to the presence of boats; or some combination of the above hypotheses.  The 

current study investigates some of these hypotheses by combining manatee behavior (e.g., 

manatee activity and depth), environmental parameters (e.g., water depth, seagrass presence, and 

distance to boat channels), boat factors (e.g., boat speed and distance), and acoustic cues (e.g., 

sound level and rise time in sound level) (see Chapter 2) into a cohesive picture for individual 

boat passes.  The role of these different factors in accounting for variation in the occurrence, 

magnitude, and timing of changes in behavior during boat passes is assessed. 

 

1.2 Methods 

1.2.1 Study Area 

The northern portion of the Charlotte Harbor National Estuary region was selected as the 

study area because there is a spatial and temporal overlap of high boat traffic and manatees, and 

the manatee population in this region (Southwest Florida) may be declining (Runge et al., 2007).  

The Charlotte Harbor National Estuary includes eight interconnected small estuaries: Lemon 

Bay, Gasparilla Sound, Placida Harbor, Charlotte Harbor, Pine Island Sound, Matlacha Pass, San 

Carlos Bay, and Estero Bay.  These estuaries are separated from the Gulf of Mexico by barrier 

islands; however, there are multiple passes that allow water flow between the estuaries and the 

Gulf of Mexico (Figure 1.1).  Fresh water is provided to these estuaries from the Myakka, Peace, 

and Caloosahatchee Rivers.  Winter sampling was avoided because manatees typically spend 

much of their time at thermal refuges, where boat traffic is typically limited or prohibited 
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(Deutsch et al., 2003). The first field season was in summer of 2007 and the second field season 

was in spring/summer of 2008.   

 

 
 

 

Figure 1.1: Map of the study area.  In the first field season, manatees were captured and tagged 

in Lemon Bay; in the second season, manatees were captured and tagged in Placida Harbor and 

Gasparilla Sound.  When the DTAGs were recording and the manatee was being followed by the 

observation boat, the manatees were observed anywhere between Sarasota Bay and just South of 

Charlotte Harbor. 
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Season one captures took place in Lemon Bay, a long (~21 km) and narrow (average of 

1.2 km wide) body of water with inlets, bays, tidal creeks, mudflats, sand bars, beaches, salt flats, 

and canal systems.  Two passes, Stump and Gasparilla, open into the Gulf of Mexico.  The 

Intracoastal Waterway (ICW) runs down the middle of Lemon Bay, and areas outside of it are 

relatively shallow, with an average depth of 1.8 m (at mean high water).  There are extensive 

seagrass beds in parts of the bay, providing ample foraging areas for manatees.  Along a ~21 km 

stretch of Lemon Bay, boats are required to travel no more than 25 mph when inside the ICW 

and at slow speed outside of the ICW.  Season two captures took place in Placida Harbor and 

Gasparilla Sound.  A narrow corridor from southern Lemon Bay connects to Placida Harbor, 

which widens into Gasparilla Sound to the south.  The ICW continues through these areas; there 

are also slow speed zones outside of the ICW in the northern portion of Placida Harbor.  

Gasparilla Sound opens into Charlotte Harbor; along the eastern side of Charlotte Harbor there 

are many mangrove islands and sandbars. 

 

1.2.2 Manatee Captures 

 During each of the two field seasons, one or two manatees were captured separately on a 

Wednesday or Thursday.  Previously used capture techniques for manatees were employed using 

nets from a specialized manatee rescue boat (Weigle et al., 2001).  An aerial observer initially 

located a prospective manatee and guided the capture crew to ensure that only one manatee was 

inside the net.  Additional support was provided by two to three other boats that monitored the 

safety of the manatee and capture crew and carried the personnel and equipment needed for the 

medical assessments.  Once the manatee was pulled in, it was transferred to a stretcher and was 

worked up either on board the capture boat or on a beach.  The manatee underwent numerous 

assessments, including morphometrics (lengths, girths, and weight), ultrasonic measurements of 

backfat thickness, and monitoring respiration rate, heart rate, oral temperature, and blood gases.  

Blood, skin, urine, and fecal matter were collected for post-capture analysis of hematology, 

genetics, and hormones.  To aid in future identification of the manatee, two PIT tags (passive 

integrated transponder microchips) were inserted subdermally in the shoulders (Wright et al., 

1998), and all scars and lesions were photo-documented.  These photos were later compared to 

previously documented manatees in the Manatee Individual Photo-Identification (MIPS) catalog.  
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The belt, tether, GPS tag, and DTAG were attached to the manatee near the end of the health 

assessment, and then the manatee was released.  

 

1.2.3 DTAGS 

To investigate how manatees behave around boats, individual manatees were captured 

and tagged with a digital acoustic recording tag (DTAG, Johnson and Tyack, 2003) and a GPS 

tag to track a manatee’s location and record fine-scale movement.  DTAGs were used to measure 

and record pitch, roll, heading, depth, temperature, and the acoustic environment of tagged 

manatees.  A three-axis accelerometer, three-axis magnetometer, pressure sensor, temperature 

sensor, and hydrophone were used to sample these parameters.  The pressure sensor was 

designed specifically for use in the types of shallow water habitats occupied by manatees.  

Acoustic data were recorded with a 64 kHz sampling rate with 16 bit resolution; this allowed the 

recording of sounds up to 32 kHz in frequency (low end of frequency range = 100 Hz).  The 

accelerometer, magnetometer, pressure, and temperature sensors all had a sampling rate of 50 Hz 

(down sampled to 5 Hz for analyses).  The sensor and acoustic data were stored simultaneously 

and with complete preservation of timing of the sensor and acoustic data in 6.6 GB of onboard 

FLASH memory (Johnson and Tyack, 2003).   

 All of these components—including the sensors, hydrophone, digital signal processor,  

FLASH memory, and lithium polymer rechargeable cell—were encapsulated in an epoxy resin 

housing (Figure 1.2).  Protruding from the housing were two prongs for recharging the lithium 

cell and a wire that connected to the release mechanism.  The encapsulated sensors were then 

placed in a plastic housing that was especially designed for attachment to manatee telemetry 

belts (Johnson et al., 2007), as shown in Figures 1.2 and 1.3.  The housing included flotation 

material and a VHF transmitter with a flexible whip antenna.  At the programmed release time, a 

small motor was activated that rotated a shaft screw encased in a block of Delrin.  At the end of 

the shaft screw, a nut was attached and positioned to hold the DTAG to a Delrin release block 

that was attached to the manatee’s belt.  The nut was flat on top and held in place by a small 

plastic set screw.  When the shaft screw began turning at the programmed release time, the nut 

was slowly pulled into the block of Delrin.  Once the nut was fully retracted into the block, the 

DTAG was free to float away from the release block attached to the manatee’s belt.  As a backup 

release mechanism, the Delrin block connecting the DTAG to the manatee’s belt was secured by 
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corrosive magnesium and titanium pins.  The corrosive links were designed to release the DTAG 

from the manatee’s belt 7-10 days after deployment; however, lab tests using similar water 

conditions to Southwest Florida yielded a much longer time frame (Johnson et al., 2007), and in 

the field these pins did not fully corrode even after 10 weeks in the water.   

 

 

 

 

 

Figure 1.2: The DTAG and its housing.  Components inside the DTAG’s plastic housing are 

the DTAG electronics in an epoxy resin casing (lower left), a VHF transmitter, and foam for 

flotation (upper left).  An assembled DTAG and the location of the release mechanism that 

connects to the release block on the manatee’s belt are shown at right. 

 

Dtag 

VHF & 
Foa  

Release Me ha is  



10 

 

 
 

 

Figure 1.3: Tagging gear on a manatee.  The tagging assembly showing the placement of the 

DTAG on the belt that is fit around the manatee’s peduncle, and the buoyant GPS tag tethered to 

the belt via a flexible 5-foot-long nylon rod.  Photograph courtesy of FWC. 

 

 

 The DTAGs were programmed prior to deployment using an infra-red (IR) port on the 

DTAG to communicate with a computer.  The programming included setting the date, time, 

audio sampling rate (64 kHz), resolution (16 bit), gain (12 dB), compression (on), date-time to 

begin recording, and date-time to trigger the release mechanism.  During all deployments in 

2007, the DTAG recorded continuously, such that once sampling began, it continued until the 

DTAG ran out of memory, the battery was exhausted, or the DTAG was manually switched off.  

During 2008, the DTAGs were programmed with a duty cycle (i.e., daily on/off times).  For 

example, the DTAG was often scheduled to begin sampling at 07:00 hr and end sampling at 

20:00 hr; it would continue that sampling cycle each consecutive day until the DTAG ran out of 
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memory, the battery was exhausted, or the DTAG was manually switched off (Johnson et al., 

2007).  The settings used in 2008 allowed us to maximize sampling during daylight hours, when 

the manatee was most likely to encounter boats.  The DTAGs were programmed to begin 

sampling no more than three days after deployment and to only record for 34-48 hours over a 

period of two to three days to ensure the battery life of the DTAG was sufficient to power the 

release mechanism.  The duration of DTAG sampling was conservatively chosen to ensure that 

there was sufficient memory to sample while the observation crew was following the manatee. 

The raw output of the DTAGs was composed of measurements from a three-axis 

accelerometer, three-axis magnetometer, pressure sensor, temperature sensor, and a hydrophone.  

Using MATLAB (The MathWorks, Natick, MA), the raw accelerometer measurements were 

converted into pitch and roll, the magnetometer measurements into heading, and the pressure 

data into depth.  Pitch and roll were adjusted for the orientation of the DTAG on each individual 

manatee by analyzing the measurements in relation to particular behaviors.  For example, when a 

manatee is known to be surfacing, the roll of the animal should approximate zero, and when a 

manatee is traveling, its pitch should average to zero.  Likewise, the animal is considered “level” 

(pitch and roll zero) when resting on the bottom.  Using these assumptions, appropriate 

individual-specific pitch and roll offset values were determined.  Heading was adjusted using the 

magnetic declination value associated with the date and area occupied by each tagged manatee.  

Depth was calibrated using times when the DTAG was known to be at the water’s surface (depth 

equal zero), such as during observations of surfacing; the DTAG was permitted to record for 

about five minutes at the surface after detaching from the manatee in order to obtain these known 

zero readings.  Once these calibrations were completed, a file (referred to as a ‘prh file’) was 

created that combined the calibrated pitch, roll, heading, and depth variables (see example in 

Figure 1.4).  These data were used to create a three-dimensional reconstruction of the manatee’s 

orientation and depth (see example in Figure 1.5).  The process for creating the reconstructions 

assumed the animal was always moving; while this facilitates visualization of changes in 

orientation, it also gives a false impression of movement when the manatee was not moving.  To 

better interpret the figures, fluke strokes can be identified using oscillatory changes in pitch, the 

presence of fluke strokes can indicate when the manatee was moving, and the rate of strokes can 

reflect how rapidly the manatee was moving.   
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Figure 1.4: Example DTAG sensor data for one day.  Example of DTAG sensor data 

collected from manatee TSW063 on April 25, 2008 from 07:00 – 20:00 hr.  Parameters shown 

are pitch and roll (top), depth (middle), and heading (bottom). 

 

 

1.2.4 GPS Tags 

An Argos-linked GPS tag (TMT-460, Gen IV; Telonics, Inc.) was attached to a flexible 

1.5-m-long tether connected to a padded belt around each manatee’s peduncle (Figure 1.3).  This 

tag was positively buoyant, allowing it to remain at the surface when the manatee was within 2 m 

of the surface (Deutsch et al., 1998).  These radio signals were used to locate and track focal 

manatees using a VHF receiver and a directional antenna.  Each tag was programmed to acquire 

GPS fixes every 5 minutes throughout its deployment, and the locations were archived in the 

tag’s memory and downloaded after the tag was recovered.  Most of these locations were 

transmitted to the satellite-based Argos Data Collection and Location System (Service Argos, 

1996).  These locations could be tracked on the Argos web site, allowing the observation crew to 

know in what area to begin looking for the manatee each day.  Additionally, an ultrasonic beacon 

(70-80 kHz) was attached to the tether and used to locate the manatee with a directional 

hydrophone when at close range. 
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Figure 1.5: 3D reconstruction of manatee behavior.  A three-dimensional reconstruction of a 

manatee’s behavior during a boat pass.  Acoustics and manatee response to approach of an open 
fisherman boat to within 11-50 m on September 9, 2007. The table supplies information about 

the boat.  The spectrogram shows the noise produced by the boat (red is louder).  As displayed in 

the 3-dimensional reconstruction, the manatee increased its mobility (fluke strokes) and altered 

its heading after the boat passed.  The green arrow indicates the beginning of the reconstruction, 

the red arrow the closest point of approach, and the purple arrow the end of the reconstruction.  

The color indicates the roll of the manatee (degrees); a roll of zero indicates that the manatee is 

level.  The z axis is depth measured in meters and the x and y axes are relative distances. 
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The GPS tags were programmed to remain on each manatee for several weeks to 

elucidate the manatee’s habitat use and movements before and after the DTAG recording 

periods.  The programmed release of the tagging gear was achieved using a breakaway collar 

release unit (CR-2a, Telonics, Inc.) attached to the belt around the peduncle of the manatee.  

When triggered at the programmed date/time, the unit used a miniature pyrotechnic actuator to 

release the belt and everything attached to it, thereby removing all gear.  Occasionally, the 

release mechanism would fail, and the belt would have to be cut off with a specialized cutting 

tool attached to a pole while swimming behind the manatee or while reaching into the water from 

the bow of a boat. 

 

1.2.5 Boat-Based Manatee Follows 

 One to four days after each manatee was captured and tagged, it was followed by boat 

and observed continuously for several hours to record interactions with watercraft and behavior.  

The delay allowed the manatee to acclimate to the tag and back into its environment, and the 

follows occurred on weekends or holidays when boat traffic peaks.  If two manatees were tagged 

over a given weekend, the individual in the most desirable location (i.e., a greater chance of boat 

passes) was usually chosen to follow.  The focal manatee was located using Argos data and the 

VHF signal from its GPS tag.  Once the manatee was found, the observation boat’s five-person 

crew began recording information on all manatee-boat interactions, including data on boat 

attributes, distance class to manatee at closest approach, time at closest approach, habitat 

features, and manatee response.  A summary of all DTAG deployments and follows is found in 

Table 1.1. 

The observation crew maintained a field log to record field hours, on-effort follow times, 

attributes of the observation boat, list of crew and data recorders, environmental conditions 

(tides, salinity, wind speed/direction, water visibility, cloud cover, air and water temperature, and 

sea state), and general comments for each day.  An engine log was maintained to record the 

times (to the nearest second) that the observation boat’s main engine and trolling motor were 

turned on and off.  To minimize the disturbance to the focal manatee and reduce introducing boat 

noise to the environment, the observation boat anchored or used a small electric trolling motor 

whenever possible.   
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Table 1.1: Summary of DTAG deployments.  The time the DTAG began recording, its duty 

cycle, the number of hours of audio and sensor data it recorded, the areas the manatee was in 

while the DTAG was recording, and the number of hours the observation boat followed.  

TCR006 and TFK007 were pilot deployments, TSW055-TSW062 were tagged in the first field 

season, and TSW063-TSW072 were tagged in the second field season.   

 

 

   
Recording Duration (hr) 

  

Manatee 

ID 

DTAG 

Recording Date 

Duty 

Cycle 
Audio Sensor Location 

Time 

Observed 

(hr) 

TCR006 6/20/2007 Continuous 42.6 46 
Kings Bay and 

Crystal River 
6.5 

TFK007 7/18/2007 Continuous 43.1 43.1 Card Sound 9.5 

TSW055 7/28/2007 Continuous 39 40 Lemon Bay  11.2 

TSW056 8/11/2007 Continuous 37.9 40 Lemon Bay  5.2 

TSW057 8/11/2007 Continuous 41 41 Lemon Bay  8.2 

TSW058 8/18/2007 Continuous 37 37 Lemon Bay  10.8 

TSW059 8/25/2007 Continuous 36.4 41 Little Sarasota Bay 13.6 

TSW060 9/1/2007 Continuous 36.5 36.5 Lemon Bay  5.5 

TSW061 9/1/2007 Continuous 37 37 Lemon Bay  6.7 

TSW062 9/8/2007 Continuous 33.8 37 
Gasparilla Sound, 

Placida Harbor 
14.6 

TSW063 4/25/2008 0700-2000 34 34 Sarasota Bay  13.6 

TSW064 4/25/2008 0700-2000 36 36 Myakka River  1.0 

TSW065 5/3/2008 0600-2000 36 36 

Myakka River, 

Charlotte Harbor, 

Gasparilla Sound 

9.2 

TSW066 5/2/2008 0700-2000 36 36 
Myakka River, 

Charlotte Harbor 
6.0 

TSW067 5/16/2008 0700-2000 36 36 
Charlotte Harbor; 

Peace River 
6.5 

TSW068 5/17/2008 0600-2000 36 36 
Peace River  and 

tributaries 
8.7 

TSW069 5/24/2008 0700-2000 35 35 

Gasparilla Pass, 

Boca Grande Pass, 

Gulf of Mexico 

13.2 

TSW070 6/7/2008 0600-2000 36 36 
Turtle Bay, 

Charlotte Harbor 
12.4 

TSW071 6/7/2008 0200-2300 36 36 Lemon Bay  3.7 

TSW072 6/14/2008 0200-2300 36 36 Gasparilla Sound 14.1 

Totals 
  

741.3 755.6 
 

180.2 
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 Each boat that passed within 500 m of the focal manatee was assigned a unique 

alphanumeric ID (e.g., A01).  Vessel attributes recorded were boat type, size class, speed class, 

engine type, number of engines, and when possible, 4- or 2-stroke engine and horsepower.  A 

hand-held laser range finder (Laser Atlanta Advantage, Norcross, GA) was used to obtain 

multiple waypoints along each boat’s path.  Each waypoint corresponded to a recorded bearing, 

distance, and time that were stored on a flash card.  This information, along with the GPS 

location of the observation boat, was used to generate estimated positions for each boat as it 

approached/passed the tagged manatee; these points were used to recreate a track for each boat.  

The observation boat carried multiple GPS units to ensure a back-up in case of equipment failure 

and to provide multiple records for reference to ensure accurate measurements.  At least three 

waypoints were attempted for each boat’s path, except when boat traffic became excessive.  

Occasionally, the range finder was also used to estimate the location of the manatee (specifically, 

the attached GPS tag), particularly when recent GPS fixes were not successful as indicated by the 

VHF pulse rate.  The locations of the manatee determined by the range finder were used to fill 

gaps in the manatee’s movement record.   

For each boat pass, the following data on the focal manatee and associated habitat were 

recorded by the boat-based observers:  manatee activity, group size (defined as all manatees 

observed within 200 m of the focal manatee), number of calves in the group, water depth, bottom 

type, channel category, and behavioral response during the boat’s approach.  Also, the time that 

the boat was closest to the manatee (i.e., CPA) was recorded, and the distance between the boat 

and manatee at closest approach was categorized (0, 1-10, 11-50, and >50 m).  The manatee’s 

response to a boat pass was scored according to the following four categories: change in 

mobility, speed change, heading change (with respect to the boat), and movement towards a 

water channel.  Each category was scored as positive, negative, no change, or not applicable.  

For example, a negative heading change indicates that the manatee adjusted its heading away 

from the approaching boat.  The manatee’s activity immediately before and after the boat pass 

were recorded and compared to determine if the manatee changed its activity state.  Periodically, 

the focal manatee’s surfacing/diving behavior, activity, and habitat were observed in closer detail 

and continuously recorded in order to correlate with DTAG parameters.  This included all of the 

above variables recorded during boat passes, plus times that any part of the manatee (nose, back, 

or tail) broke the surface of the water (used to calibrate DTAG depth sensor).  A report by 
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Deutsch et al. (2009b) provides detailed information on these methods, including illustrations of 

boat types, definitions for all variable values, and sample data sheets.  

 

1.2.6 Aerial Observations 

Aerial videos were recorded from a Cessna 172 using an image-stabilized camcorder 

(Canon DV10) to refine manatee behavior and group size estimates recorded from the 

observation boat, to ground truth the reconstruction of boat trajectories from the range finder and 

observation boat GPS, and to ground truth manatee behavior and tracks reconstructed from 

DTAG data.  During recordings the aircraft maintained an altitude between 800 to 1000 feet.  

The objective was to record two 1-hour periods each day a manatee was being followed, with 

one in the morning and one in the afternoon.  This was adjusted over the course of the study to 

focus on periods of boat traffic around the focal manatee.  Aerial videos were used to ground 

truth boat trajectories and manatee tracks.  

 

1.2.7 GPS Data 

Observation Boat GPS Location Data Verification.  The observation boat carried four 

GPS units: a Garmin 76CS (sampled every 5 seconds), Garmin 76CSx (sampled every 5 

seconds), Garmin GPSMap 188C Sounder (sampled every 10 seconds), and Xplore Technologies 

iX104CS with GPS module (a tablet PC, sampled every 5-10 seconds).  Two sets of GPS data 

were compiled from the handheld units, and any points that differed between the two sets by 

more than 10 m were flagged as outliers and visually inspected.  Outliers were resolved by 

choosing the most reasonable GPS location from the four tracks.  Locations from the resolved set 

were interpolated to 1-second intervals. 

Manatee Location Data Processing.  The GPS units tethered to focal manatees 

attempted to fix a location every 5 minutes, and these locations were supplemented by 

opportunistic locations estimated from range finder data obtained by targeting the floating GPS 

tag; manatee locations from range finder data were calculated the same way as the target boat 

locations (see section 1.2.5 above).  Data from these sources were combined, plotted, and 

visually inspected to determine if the locations were reasonable (i.e., whether points remained in 

water and successive points were found in the same body of water).  The combined, verified 
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dataset of manatee locations was interpolated (using straight-line linear interpolation) at 1-

second intervals.   

 The accuracy of the Argos-linked GPS tag was assessed by placing a unit on a rooftop for 

5 months and comparing the reported locations to the median value of UTM x and y coordinates 

for the entire data set (n = 43,806) (FWC, unpublished data).  The median locational error was 

7.8 m; 95% of locations were within 25 m of the actual location (C. Deutsch, FWC, pers. 

comm.).  A stationary tag, as was used in this test, represents a more optimal situation than when 

the tag is attached to a moving manatee and is occasionally submerged; therefore, the above 

estimate is conservative. 

 

1.2.8 Recreation of Target Boat Tracks 

Target boat locations were estimated by matching the range finder data to the nearest 1-

second location from the verified, interpolated observation boat GPS data set.  Each target boat 

location was calculated using the observation boat coordinates and the range and bearing 

reported by the range finder.  Target boat locations from the same boat were converted to lines to 

form a boat path.  Each boat path was visually inspected in ArcGIS to determine whether all 

points were in water and followed known boating corridors.  Filters were also applied to flag 

points suggesting an unreasonable boat speed and direction to assess the quality of the boat 

tracks.  Points that were considered unreasonable were excluded from the final target boat 

dataset.  The paths were interpolated to 1-second intervals. 

 

1.2.9 Reconstructing a Manatee’s 3D Path 

DTAG sensors measured the up- and down-fluking motion of a manatee’s peduncle that 

corresponds to swimming; however, there was no available method to measure current in the 

environment, so that could lead to a mismatch between speed estimated from fluking rate and 

actual speed.  Additionally, the DTAG could not measure when a manatee was moving by means 

other than fluking, such as using its pectoral fins to ‘crawl’ along the sea floor (Reep and Bonde, 

2006).   

To address this, numerous equations and models were evaluated to predict manatee speed 

from fluking behavior.  These models included factors such as fluking rate, fluke stroke 

amplitude, fluke stroke slope, body length, pregnancy status, sex, movement type, and 
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individual.  The method that best predicted distance traveled for a given time window is 

described by the following relationship: 

 

distance traveled in previous 10 seconds (m) = # of fluke strokes in previous 10 seconds * 1.981 

 

This relationship agreed with distance traveled as provided by GPS locations with an R
2
 of 0.39.  

This equation describes both times of active fluking and the period of gliding following fluking.  

Many methods and parameters were created to translate the DTAG sensor data and GPS data 

into manatee paths; the combined method and parameters that were most successful, and 

therefore, used for the current study, are presented below. 

 

Identifying Fluke Strokes from Sensor Data.  Manatees move through the water by 

producing powerful strokes with their tails that propel them forward.  These fluke strokes were 

detected by the DTAG as changes in the pitch sensor record.  Peaks and valleys in the pitch 

record correspond to down- and up-strokes of the manatee’s tail.  These peaks and valleys are 

extracted using a maxima/minima detection algorithm in MATLAB with a change in amplitude 

of 5 degrees required to be classified as a maximum or minimum (Figure 1.6).  These identified 

maxima and minima in the pitch record correspond to any change in pitch of the manatee’s 

peduncle that meets the 5 degree criterion; this could include behaviors other than fluking when 

the manatee is changing position.  An example of such a behavior is when a resting manatee 

changes its pitch to surface and remains at the surface for an extended period of time before 

submerging; these changes in pitch would be considered maxima and minima in pitch, but are 

not indicative of fluking.  To help exclude non-fluking behaviors, maxima and minima of pitch 

were paired to create half fluke strokes using a minimum time window criterion.  That is, a 

maxima and minima must occur within 3 seconds of each other to be considered a down- or up- 

fluke stroke.  This minimum time window was chosen by plotting the frequency distribution of 

time between maxima and minima in pitch and selecting the value where the distribution begins 

to ‘flatten’ (Figure 1.7).   
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Figure 1.6: Translation of pitch record into fluke strokes.  Plot A is an example of a 

manatee’s raw pitch record.  Maxima (red) and minima (green) in the pitch record that meet the 

minimum threshold amplitude of 5 degrees are indicated by filled circles in plot B.  Maxima and 

minima that occur within the 3-second criteria of each other are paired and indicated by the 

connecting black lines in plot C.  Each black line represents an up- or down- fluke stroke. 
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Figure 1.7: Distribution of time intervals between minima and maxima in pitch.  This 

histogram depicts the time between maxima and minima of pitch for all manatees.  The red 

arrow indicates the time at which the curve begins to flatten and this value, 3 seconds, defines 

the time window in which a maximum and minimum in pitch must occur to be defined as a 

down- or up-fluke stroke.    

 

 

2-D Path Creation.  The above equation relating distance traveled to number of fluke 

strokes predicts the meters traveled over 10-second intervals.  At 0.2-second intervals, the 

distance covered over the previous 10 seconds was calculated and divided by 50 to estimate the 

distance traveled within that 0.2-second time window.  The distance traveled for each 0.2-second 

interval was in the direction of the manatee’s heading as recorded by the DTAG’s 

magnetomator.  Combining the predicted distance traveled and the manatee’s heading results in a 

2-D path.  At this point in the process, however, the path is not geo-referenced. 

 The GPS tag tethered to each manatee was set to determine the manatee’s location every 

5 minutes.  Additionally, a range finder was used to periodically record the distance and bearing 

to the manatee from the observation boat, and these data, along with the GPS location of the 

observation boat as recorded by an on-board GPS unit, were used to calculate manatee locations.  

Manatee locations from the GPS tag and range finder data were combined, with occasional gaps 
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of longer than 5 minutes whenever the GPS tag did not successfully obtain a fix and no range 

finder manatee locations were available in that time period.  Whenever there was a gap of 5 

minutes or longer in the combined record, a point was interpolated every 5 minutes.  These 

locations were manually adjusted in cases where the interpolated path crossed land. 

 Inaccuracies in GPS fixes and the need to interpolate locations to fill gaps in the GPS 

record both contribute to location uncertainty.  One consequence of these inaccuracies is that 

GPS locations of a resting manatee can change despite the manatee remaining stationary.  This 

results in GPS locations appearing in ‘scatter’ around the manatee’s ‘true’ location when a 

manatee is not moving.  This scatter was eliminated by averaging the GPS locations for periods 

of time when the manatee exhibited no fluking and therefore, was not moving.  This averaged 

point replaced all of the scattered locations; as is shown in Figure 1.8. 

 

 

 
 

 

Figure 1.8: Averaging of manatee GPS locations.  A stationary manatee’s location is 
represented by the manatee symbol.  Box A is an example of how GPS locations appear in a 

‘scatter’ around a stationary manatee because of GPS error.  The GPS locations of a manatee that 

was not fluking were averaged over that period of time resulting in a single, central location for a 

stationary manatee as in box B. 

 

 

 Anchoring a manatee’s location to a GPS point and creating a manatee path from that 

point for the period of time before the next GPS point results in path fragments that do not 

connect (Figure 1.9A).  There is a gap between where the first path segment ends and the next 

GPS point that would serve as a new anchor.  To address this issue, the displacement between 
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the end of one path segment and the beginning of the next segment was spread over the second 

half of the first segment and the first half of the second segment, but only during times when the 

manatee was fluking.  This resulted in a continuous path that splits the difference between 

generated paths and GPS points.  Since GPS locations have a level of uncertainty, this process 

results in paths that are more realistic than those interpolated linearly between successive GPS 

locations. 

 

 

 
 

 

Figure 1.9:  How to offset discrepancies between DTAG-generated and GPS paths.  Box A 

shows paths generated from DTAG data that are anchored to GPS points.  The ends of these 

generated paths do not meet up with the next GPS point resulting in a gap between path 

segments.  The gap distance discrepancies were displaced along the second half of the previous 

segment and the first half of the following segment for times when the manatee was fluking.  The 

combined path version of box A’s segmented paths is shown in box B. 
 

 

Manatee Path Adjustments.  The manatee paths were based on GPS data that could be 

inaccurate or missing, and on an equation for speed calculations with only moderate predictive 

power.  Given the possible inaccuracies of the information used in the path creation process, it is 

possible that these paths contained some errors.  The accuracy of these paths was assessed by 

comparing the paths to other information available about the manatee’s behavior during that 

period of time.  This includes aerial video of the manatees, field observation notes, recorded 

activities, and the manatee’s heading and depth from the DTAG.  Adjustments in the form of 
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moving or deleting GPS points were made to these paths when there was evidence that the path 

was incorrect, and the path creation process was rerun with the new set of points. 

 Aerial video of tagged manatees provided behavioral and location information that served 

to verify a manatee’s path or indicate which points should be changed to improve the path; 

however, aerial video data were available for only a couple of hours per manatee.  Field 

observations also provided important clues to the manatee’s location.  For example, during a 

period of time without GPS fixes, a recorded comment indicating that the manatee was 

swimming along the sea wall provides an approximate location (Figure 1.10).  Documented 

changes in manatee’s behavior, such as a change from resting to traveling, can provide a time 

point for when a manatee’s path should indicate a transition from resting to traveling.  The 

manatee’s heading is particularly valuable for indicating when a GPS location is inaccurate.  For 

example, if a manatee’s heading does not point in the direction of the next GPS point, it suggests 

that the next GPS point is inaccurate (Figure 1.11).  A manatee’s depth can help determine what 

time a manatee is in a deep water channel; when compared to bathymetry information, this helps 

ground-truth the generated manatee path.   

 After GPS points were moved or deleted based on the comparisons of the generated paths 

to other information as described above, the path creation process was run again using the new 

set of points.  The new generated path was then compared to the other information sources again, 

and if needed, additional changes were made to the set of points.  This process was repeated until 

the path agreed with aerial video, field observation, the manatee’s heading, and the manatee’s 

depth based on the bathymetry.  The final 2-D paths were combined with data on manatee depth 

to create 3-D paths that were used in animated reconstructions of a manatee’s behavior and 

movements.  These reconstructions included target boat paths in the vicinity of the manatee as 

well as habitat data (i.e., bathymetry, seagrass).  The 2-D paths were also used for calculating the 

distance between the manatee and target boats for times of interest, such as when a boat reached 

its closest point of approach to a manatee.  Finally, these paths were used to determine the water 

depth and bottom type at the manatee’s location using bathymetric and seagrass layers in a 

Geographic Information System (GIS). 
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Figure 1.10:  Use of field observations and environmental data to adjust generated paths.  

The gray circles represent GPS locations with an unusually long time interval between 

successive fixes.  Simply interpolating between the points results in a straight line between them; 

however, there was evidence that this path was not correct.  The path creation system that takes 

into account the manatee’s heading results in a more realistic path; however, it still does not 

completely match other observations.  First, in this example there is a deep water channel that the 

manatee crosses.  The time in the manatee’s depth record that indicates it is in water of the same 
depth as the channel can be used to alter the manatee’s path, so that it crosses the channel during 

that time.  Another clue to the manatee’s ‘true’ path comes from field observations that described 
the manatee swimming along the sea wall.  This offers a time and approximate location of the 

manatee and can be used to create a more accurate manatee path. 

 

 

 
 

 

Figure 1.11:  How a manatee’s heading was used to improve generated paths.  The grey 

circles represent GPS locations for the manatee, and the blue arrows indicate the manatee’s 
heading between GPS points.  The manatee’s heading agrees with the location of the second GPS 
point relative to the first GPS point; however, the third GPS point (circled in red) deviates from 

where the manatee’s heading would predict its location.  In this situation, the third point would 

be removed, and the path creation system rerun without that point. 
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1.2.10 Acoustic Auditing 

The occurrence of boat noise and manatee chewing were identified and noted in the 

acoustic recordings using MATLAB.  A trained human listener examined the spectrograms of 

the recordings while listening to the recordings to identify all sounds of interest.  The beginning 

and end of boat noise were noted, and any peaks in boat noise sound level were marked as such.  

The identification of peaks in boat noise was subjective and was later used to confirm results of a 

process to identify peaks in boat noise with precise sound level measurements.  The peaks in 

boat noise provided an estimate of when the boat was closest to the manatee and was later used 

to define the time of each boat’s closest point of approach (CPA) (see Defining CPA, Start, and 

End Time of Passes), which was matched to boat attribute information recorded by the 

observation crew.  

  

1.2.11 Defining CPA, Start and End Time of Boat Passes 

 A boat’s closest point of approach (CPA) is the time and location during a pass when the 

boat is closest to the manatee.  CPAs were extracted from the acoustic record by identifying 

peaks in sound level of at least 5 dB (1-30 kHz band, 1-second segments) above ambient sound 

level during periods of time identified to contain boat noise.  Peaks in sound level that were 

visually determined to be a result of boat noise were classified as CPAs;  extraneous peaks in 

sound level that were excluded include the DTAG rubbing against the manatee, the DTAG being 

lifted out of the water, and biological sounds.  Acoustically-defined CPAs also included times 

when there was a reversal in the slope of intensity bands from negative to positive that indicated 

the boat was transitioning from approaching the manatee to moving away (Tang, 2005a).  

Spectrograms of the acoustic record were created and examined with accompanying information 

pertinent to boat CPAs.  This included the time of acoustically-defined CPAs, CPA times that 

represent the time when a target boat path and the reconstructed manatee path were closest (GIS 

CPA), and CPA times recorded during field observations (field CPA).  Acoustically-defined 

CPAs were then matched to a specific boat ID based on temporal proximity of the acoustically-

defined CPA to the field and GIS CPAs of target boats and whether or not the spectrogram 

reasonably matched a specific target boat.  For example, a spectrogram that indicated there was a 

boat that approached closely to the manatee (i.e., was loud) was more likely to be from a boat 
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estimated to approach within 50 m of the manatee than a boat that remained beyond 400 m of the 

manatee.   

 Not all target boats recorded in the field (n=3853) were matched to an acoustically-

defined CPA.  Such boats were either too far from the manatee to be detected on the acoustic 

record, did not produce a peak in boat noise (e.g., a boat that remained far from the manatee), 

were masked by another boat (e.g., a closer and/or faster boat masked a more distant and/or 

slower boat), or were moving very slowly (e.g., < 2 mph).  The number of target boats that 

passed all QA/QC processes and were matched to an acoustically-defined CPA for each manatee 

is reported in Table 1.2. 

 

Table 1.2:  Number of passes for each manatee broken into distance categories.  The number 

of boat passes included in analysis for each manatee broken into distance category at the boat’s 
CPA, as recorded in the field. 

 

 

Distance at Field CPA (m): Sample Size  

Manatee 0 <10 <50 >50 Not Recorded Total 

TSW055 0 2 4 6 4 16 

TSW056 0 2 1 0 1 4 

TSW057 0 3 0 3 1 7 

TSW058 0 0 4 10 10 24 

TSW059 0 1 0 0 1 2 

TSW060 1 1 9 61 16 88 

TSW061 0 1 8 28 7 44 

TSW062 0 7 8 16 8 39 

TSW063 0 1 3 6 2 12 

TSW064 0 1 2 10 4 17 

TSW065 1 0 6 52 7 66 

TSW066 0 1 1 13 3 18 

TSW067 1 2 5 14 9 31 

TSW068 0 1 6 3 1 11 

TSW069 0 3 22 70 59 154 

TSW070 0 0 1 14 4 19 

TSW071 0 0 0 0 0 0 

TSW072 0 5 4 19 3 31 

Total 3 31 84 325 140 583 
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 Each boat pass was evaluated individually to determine at what time the pass started and 

ended.  For single-boat passes, which contained no boat noise before or after one boat 

approached the manatee, the start and end times of a pass were set to the time the boat was first 

audible and no longer audible to an auditor, respectively.  Multiple-boat passes, which contained 

sound from a previous boat approach that was still audible when a new boat approached the 

manatee, were more complicated.  For multiple-boat passes, a flattening in sound level before 

and after the CPA was used to define the start and end times of a boat’s pass.  To identify points 

of flattening in sound level, sounds were filtered as described in the sound measurements section 

(2.2.1 Sound Measurements) and broken into 2-second segments.  Sound levels (frequency band 

= 500-30,000 Hz) were calculated for each segment and smoothed using a moving-average filter 

that considered 2 segments on either side of each segment.  Sound level gradually increases and 

decreases as a boat passes and the smoothing helped to reduce changes in sound levels resulting 

from transient sounds, such as the DTAG rubbing against the manatee.  Reversals in the slope of 

the smoothed sound levels were flagged; the reversal closest to the CPA before the CPA was 

defined as the start of the pass, and the closest reversal after the CPA was defined as the end of 

the pass (Figure 1.12).  These start and end times were plotted over a spectrogram of the acoustic 

record and manually inspected and adjusted, if necessary. 

 

 

 
 

 

 

Figure 1.12: A spectrogram of a multiple-boat pass.  Boat noise produced by boats other than 

Boat B was audible before and after Boat B.  The brackets above the spectrogram indicates what 

portion of the time record is considered Boat A’s, B’s, and C’s pass based on the method 

described in the ‘Defining CPA, Start and End Time of Boat Passes’ section. 
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1.2.12 Defining Changes in Behavior 

Methods to define meaningful changes in depth, heading, roll, and fluking were selected 

when high agreement between a method and a panel of manatee behavior experts was achieved. 

Depth, Heading, and Roll.  A manatee’s depth, heading, and roll varied with minor 

movements that should not be considered a change in behavior.  To separate minor variations 

from substantial changes in depth, heading, and roll, all periods of time without boat noise 

between 07:00 and 18:00 hr were assembled to investigate baseline magnitudes of changes in 

behavior.  To remove the effects of fluke strokes on depth changes, the depth data were 

smoothed using a moving-average filter over 6 seconds; that way only real changes in depth 

were analyzed.  The magnitude of changes in depth, heading, and roll were calculated for 10-

second segments.  The 95
th

 percentile magnitude for each parameter was set as the minimum 

change in the respective parameter required to be classified as a change in behavior (Table 1.3).  

Ten-second time windows that progressed forward every 0.2 seconds were tested for this 

criterion, and neighboring windows that met the criterion were combined to form a single time 

window classified as a change in behavior.  This time window was long enough to capture even 

gradual changes; however, the start time of this period was not necessarily indicative of when the 

manatee started changing its behavior if it was a sudden change.  To improve the detection of 

start time of changes in behavior, the magnitudes of changes in the baseline data set (i.e., no boat 

noise audible) were recalculated for a smaller time window of 2 seconds.  The 90
th

 percentile 

values of magnitude for the shorter time segments were used to define a second criterion.  Two-

second time windows within a section defined as changing were tested, progressing 0.2 seconds 

until the criterion was met.  When the criterion was met, the middle of the 2-second time window 

was defined as the time the manatee began to change its behavior.  If the shorter criterion was 

never met within a period of changing behavior, the start time of the time window defined by the 

relaxed, 10-second criterion was used. 

 

 

Table 1.3: Criteria for changes in behavior.  The 95
th

 percentile amplitude values of changes 

in manatee depth, heading, and roll during periods of time without boat noise from 07:00 to 

18:00 for 10-second time windows and the 90
th

 percentile amplitude for 2-second time windows. 
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Fluking.  Fluke strokes were defined using the same procedure as described in the 

‘Identifying Fluke Strokes from Sensor Data’ section with a relaxed criterion (5 seconds) for 

paired maxima and minima in pitch to be considered a half-fluke stroke.  Three fluking states 

were defined: low, intermediate, and high.  Low fluking state required that there was a change in 

pitch of no more than 5 degrees within 10 seconds.  High fluking state required at least 3 

consecutive half-strokes and an average half-stroke amplitude of 15 degrees.  All sections of the 

pitch record that did not fit into either category were defined as intermediate.  Within the high 

fluking category, increases and decreases in fluking rate were also identified.  They were defined 

as a change in full fluke-stroke duration greater than or equal to 2 seconds between consecutive 

fluke strokes.  The first and last fluke strokes within a fluking bout were not evaluated.  Changes 

in fluking behavior were defined as a change to a different fluking state or a decrease or increase 

in fluking rate (Figure 1.13). 

 

 

 
 

 

Figure 1.13: Classification of changes in fluking.  The pitch recorded by a DTAG attached to a 

manatee’s peduncle for approximately one minute is shown by a gray line.  The green lines 

indicate periods of fluking classified as intermediate, and the red line indicates a period of high 

fluking.  The purple triangle pointing down indicates a decrease in fluking rate, and the purple 

triangle pointing up indicates an increase in fluking rate. Transitions between fluking states and 

changes in fluking rate both indicate a change in fluking behavior and are highlighted by black 

arrows. 

 

 

Manatee Movement Type.  Fluking behavior was also classified into 3 movement type 

categories: rest, mosey, and travel.  For this purpose the criterion for paired maxima and minima 

in pitch to be considered a half-fluke stroke was 3 seconds.  Travel bouts required at least 5 

consecutive half-fluke strokes, the average amplitude of half-fluke strokes to be 20 degrees, the 

variance in half-fluke stroke amplitude could not exceed 0.6, and the change of heading within a 
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bout could not exceed 35 degrees.  Rest required a change in pitch of no more than 5 degrees per 

10-second window and everything in between rest and travel was classified as mosey.   

 

1.2.13 Environmental Information 

 Water depth, seagrass presence, and distance to boating channel are important habitat 

features for manatees.  During each pass, the manatee and target boat locations before the pass, 

at CPA, and at the first time the manatee changed its behavior within a pass were extracted from 

the manatee and target boat reconstructed paths.  Water depth and seagrass coverage at those 

locations were taken from GIS bathymetric and benthic habitat datasets (sources: South Florida 

Water Management District, US Geological Survey, National Ocean Service, Avieneon Inc., and 

Photo Science Inc.).  The distance of the manatee and target boat to the nearest boating channel 

at those times was measured in a GIS using a spatial dataset of boating channels developed in-

house (FWC, unpublished data), based on bathymetry data and field observations of boating 

corridors. 

 

1.2.14 Statistical Analyses 

This study measured a variety of behavioral (e.g., manatee activity, depth, and group 

size), environmental (e.g., water depth, seagrass coverage, and distance to boat channel), and 

boat-attribute (e.g., boat speed and distance) factors and evaluated their ability to predict (A) 

whether manatees made a change in behavior, (B) the magnitude of first changes in individual 

behavioral parameters during a boat pass, (C) the number of changes in behavior, (D1) the 

timing of the first change in behavior relative to the time of a boat’s CPA, (D2) the time of first 

change in behavior proportional to the time between the beginning of the pass and CPA, and 

(D3) the time of the first change in behavior after the beginning of the pass.  The following 

questions were evaluated: 

A1. What factors affect the probability of a manatee making any change in behavior (roll, 

heading, depth, or fluking) during a boat pass? 

A2. What factors affect the probability of a manatee making a change in roll during a boat pass? 

A3. What factors affect the probability of a manatee making a change in heading during a boat 

pass? 



32 

 

A4. What factors affect the probability of a manatee making a change in depth during a boat 

pass? 

A5. What factors affect the probability of a manatee making a change in fluking behavior during 

a boat pass? 

B1. What factors affect the magnitude of the first change in a manatee’s roll during a boat pass? 

B2. What factors affect the magnitude of the first change in a manatee’s heading during a boat 

pass? 

B3. What factors affect the magnitude of the first change in a manatee’s depth during a boat 

pass? 

C1. What factors affect the number of changes in roll during a boat pass? 

C2. What factors affect the number of changes in heading during a boat pass? 

C3. What factors affect the number of changes in depth during a boat pass? 

D1. What factors affect the time of a manatee changing its behavior relative to an approaching 

boat’s closest point of approach (CPA)?  

D2. What factors affect the time of a manatee changing its behavior proportionally to the time it 

takes a boat to reach its CPA?  

D3. What factors affect the time of a manatee changing its behavior after the start of a boat’s 

pass?  

 

 Overview of modeling.  The model process began with a reduction in the number of 

variables of interest and filtering of boat passes with missing values as described below in the 

‘Variable selection for modeling’ section.  Linear mixed models that included every combination 

of variables were created for each of the questions described above (run in R using the nlme and 

lme4 packages).  These models included fixed effects (e.g., the independent variables described 

later) and one random effect, manatee ID.   The incorporation of manatee ID as a random effect 

allowed for individual differences in behavior to be captured.  Models for the first five questions 

that related to the occurrence of changes in behavior used a binomial distribution, and the rest a 

Poisson distribution.  The questions regarding the number of changes in behavioral parameters 

all included the pass duration as an offset variable.  This holds the coefficient of the pass 

duration variable static, essentially transforming the question into a model of rates. 
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After models were run they were ranked within each question by Akaike Information 

Criterion corrected (AICc) values (this and other statistical parameters are defined in Table 1.4), 

an estimation of the relative quality of a model.  AICc values were used because they yield 

consistent results for a given set of variables, unlike stepwise selection methods that depend on 

the order of variable introduction.  Additionally, AICc values are penalized by the number of 

parameters, and therefore favor more parsimonious models.  AICc values rank models regardless 

of their overall explanatory power, and such values cannot be used to test hypotheses; instead, 

this approach was employed to choose the best among competing models based on their relative 

Akaike weights.  The absolute predictive ability of each model is indicated by its conditional R
2
 

value. 

Model sets (one set for each question) that achieved a maximum conditional R
2
 of ≥0.25 

were considered to reasonably explain its respective question.  This warranted further analysis to 

discern the relative importance of the variables included in these models.  To do so, Akaike 

weight sums of variables were calculated over all the models run within a question that achieved 

an R
2
 ≥0.25.  Variables with an Akaike weight sum ≥0.90 that also had a significant model-

averaged coefficient were considered strong predictors of their respective question.  These 

variables were further explored to determine the direction of their influence on their respective 

dependent variable. 

 

Variable selection for modeling.  Given the large number of variables measured in the 

current study, the chance of creating the best model (or one of the best models) by manually 

selecting parameters was considered to be low. Therefore, models were tested systematically by 

comparative methods, as described below. One caveat to this process is that the chance of 

obtaining spurious results increases with the number of models.  Large numbers of models and 

parameters also introduce a significant computational burden.     

Both of these issues were minimized by reducing the number of variables used in the 

final model selection analyses.  To compare the predictive value of individual variables and 

combinations of variables, AICc values were used to determine which variables to retain.  

Originally, 55 variables were considered for use in the models to address the 14 questions 

(described in section 1.2.14 Statistical Analyses).  These were narrowed down to 30 before 

running AICc analyses by removing those with low sample size, variables with effects more 
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reliably measured in a different variable, and consistency of measurement time (e.g., all manatee 

environmental measurements taken before the boat pass were kept over measurements taken at 

different time points during a pass).  Remaining variables that measured a similar parameter 

were compared using AICc values from models constructed using 1) each single variable, 2) 

single variables and manatee to boat distance categories, 3) single variables and pass durations, 

and 4) single variables, manatee to boat distance categories, and pass durations for all questions.  

Variables that performed consistently worse than similar counterparts were eliminated.  In cases 

where paired variables performed similarly, the variable with the more consistent method of 

measurement compared to those remaining was retained.  For example, boat speed class 

measurements recorded in the field performed better, with lower model AICc values, than boat 

speed estimations from GIS reconstruction of boat paths.   

 
 

Table 1.4:  Definitions of statistical terms.   

 

 

 
 

 

 This process identified the 19 most predictive variables, which were used to construct 

models for comparison.  Models must have the same number of samples in order to be directly 

compared; thus, passes without information for all fields were removed, lowering the number of 

manatees included in analysis to 16 and the total number of passes to 346 (Table 1.5).  Statistical 
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guidelines limit the number of variables to approximately half the sample size (number of 

manatees); therefore, individual models contained up to 8 variables (up to 9 variables in Chapter 

2). 

 

 
Table 1.5: Number of boat passes for each manatee by distance category.  Number of boat 

passes for each manatee in relation to distance at closest point of approach, after sample size 

reduction for statistical analyses. 

 

 

 
  

 

 The 19 variables remaining after selection were used to create a systematic set of 313 

models that included single and multi-variable collections designed to compare the predictive 

value of each variable.  The mean AICc value for each variable was calculated by averaging the 

AICc values of all models containing that value.  Mean AICc values for each variable were used 

to rank the predictive value of each variable within each question.  These rankings were used to 

further reduce the number of variables to a standard set of 11 evaluated in each set of models 

(Table 1.6).  Questions addressing whether a change in behavior occurred (A1-A5) also included 
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the variable PassDuration to take into account how long the time window examined was for each 

pass.  Models addressing questions of number of changes in behavior included PassDuration as 

an offset variable, and questions addressing timing of changes in behavior included 

TimeForChange (the time between the start of the pass and CPA) (Table 1.7).  Manatee_ID was 

included as a random effect in all of these mixed models. 

 

 

Table 1.6: Standard set of independent variables included in every question for Chapter 1. 

 

 

 
 

 

Table 1.7: Summary of variables included in each question for Chapter 1.   
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1.3 Results 

1.3.1 Effects of Boat Noise on Rates of Behavioral Change  

 Paired t-tests were used to compare rates of changes in manatee behavior between close 

boat passes (< 50 m) and periods of time with no boat noise audible on the DTAG acoustic 

record.  There were higher rates of change during close boat passes in roll (p=0.05, t=2.10, 

df=16), heading (p=0.00, t=3.64, df=16), depth (p=0.01, t=2.87, df=16), and fluking (p=0.01, 

t=2.95, df=16) than during periods with no boat noise (Tables 1.8-1.11).  A detailed looked at 

close boat approaches can be found in Appendix A. 

 

 

Table 1.8: Rate of change in roll: no boat noise vs. close boat passes.  The rate of change in 

roll during close boat passes (< 50m) and periods of time with no boat noise for each manatee.  

Data on boat passes from Table 1.2. 
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Table 1.9: Rate of change in heading: no boat noise vs. close boat passes.  The rate of change 

in heading during close boat passes (< 50m) and periods of time with no boat noise for each 

manatee.  Data on boat passes from Table 1.2. 

 

 

 
 

 

Table 1.10: Rate of change in depth: no boat noise vs. close boat passes.  The rate of change 

in depth during close boat passes (< 50m) and periods of time with no boat noise for each 

manatee.  Data on boat passes from Table 1.2. 
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Table 1.11: Rate of change in fluking: no boat noise vs. close boat passes.  The rate of change 

in fluking during close boat passes (< 50m) and periods of time with no boat noise for each 

manatee.  Data on boat passes from Table 1.2. 

 

 

 
 

 

1.3.2 Modeling 

 For each question, the most predictive models (defined by a model-averaged weight of 

≥0.01) are presented along with marginal and conditional R
2
, AICc values, and relative model 

weight (defined in Table 1.4).  Since the model weights are relative to the more than a thousand 

models tested, a value of 0.01 represents at least a ten-fold enrichment in the probability that the 

specific model is the best model relative to a randomly constructed model from that set of 

independent variables.  Marginal R
2
 values describe the variance explained by fixed factors, such 

as boat speed and manatee depth.  Conditional R
2
 values describe the variance explained by both 

fixed and random factors, which measure manatee individual-specific effects. AICc values 

describe the quality of the model relative to the other models in the set, but does not address how 

well the model fits the data in an absolute sense.  The Akaike weight sums (defined in Table 1.4) 

for each variable (calculated from the set of models that included every possible combination of 

variables) for each question that achieved a conditional R
2
 of at least 0.25 (corresponding to a 

correlation of >0.50) are shown in Table 1.12.  Questions with models that met this criterion 
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were considered informative and were included in analyses to evaluate the importance of each 

variable.   

 

 

Table 1.12: Akaike weight sums for variables of models that achieved a high R
2
.  Each row 

includes the dependent variable for that model set, the Akaike weight sum for each variable 

(Table 1.4), and the highest R
2
 value from that model set (only variables of models that achieved 

an R
2 ≥0.25 is 

included) .  Weight sums can only be compared to other values within the same 

row.  Akaike weight sums range from 0 to 1, with 1 indicating maximum importance relative to 

the other variables.  Cells are color coded using a color ramp such that green represents strong 

relative importance (1.0), red indicates low relative importance (0), and yellow/orange is in 

between 0 and 1.  NA indicates that the variable was not included for that set of models.  

Statistically significant model-averaged coefficients are in bold.  Variables that are bolded and 

≥0.90 indicate that they were a strong predictor of their respective dependent variable.  It is 

important to note that these weights consider all models with the same dependent variable 

regardless of the predictive power achieved; therefore a high Akaike weight sum does not 

necessarily indicate an absolute high predictive power, but that a variable is a good predictor 

relative to the other variables included.  The bottom two rows correctly contain the same Akaike 

weight sums. 
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 Questions with models that had a maximum conditional R
2
 of 0.25 or higher were able to 

reasonably explain their respective dependent variable.  This included questions A1, A2, A3, A4, 

A5, B1, B3, C3, D1, and D3.  As running a large number of models can result in a false-positive 

model by chance, model-averaging was used to reduce the likelihood of obtaining spurious 

results for variable ranks.  Akaike weight sums (a measure of relative importance) were 

calculated for each variable using every model that variable was in (Table 1.12).  Variables with 

Akaike weight sums ≥ 90% were considered strong predictors of their respective dependent 

variable.  Variables with significant model-averaged regression coefficients (p≤0.05) and an 

Akaike weight sum ≥75% were considered important variables and their relationship to the 

dependent variable is plotted to show the direction of the interaction. 

A1: What factors affect the probability of a manatee making any change in behavior 

(roll, heading, depth, or fluking) during a boat pass?  The models that best predicted if a 

manatee changed its roll, heading, depth, or fluking during a boat pass were found in Table 1.13.  

A large number of models, 68, had a model weight of at least 0.01, and the maximum model 

weight was 0.04, indicating that all of these models were similar in their predictive ability.  The 

conditional R
2
 values ranged from 0.43 to 0.46 indicating a moderate ability to explain the 

probability of changes in behavior.  Prediction curves for the variables in the top model are 

found in Figure 1.14.  AICc values of all models ranged from 371.4 to 463.7.  Variables that had 

both a significant regression coefficient and an Akaike weight sum ≥ 0.75 included the distance 

between boat and manatee, the fluking state of the manatee, the movement type of the manatee, 

and the pass duration.  The closer a boat approached a manatee, the more likely the manatee was 

to make a change in roll, heading, depth, or fluking (Figure 1.15).  Manatees with a high fluking 

state before the boat pass were more likely to change their behavior (Figure 1.16).  When 

considered alone, a travel movement type indicated a higher probability that the manatee 

changed its behavior (Figure 1.17); however its model-averaged coefficient (and the top model 

prediction plots) suggested the opposite relationship.  This indicates an interaction with one or 

more variables.  Additionally, longer pass durations were associated with an increased 

probability that a manatee changed its behavior (Figure 1.18). 
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Table 1.13: Models with AnyChange as a dependent variable.  These models describe the sets 

of variables that best predict whether a manatee changed its roll, heading, depth, or fluking 

during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was 
included in the model, “.” indicates that the variable was not included in that model and “NA” 
indicates that the variable was not included as a possibility.  This table continues on the next 

page. 
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Table 1.13 – continued 
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Figure 1.14: Components of the top model for changes in behavior.  Prediction curves for the 

top model (Table 1.13) describing the probability of a change in roll, heading, depth, or fluking 

behavior.  The medians of variables and their variable coefficients from the top model were used 

to plot the probability of a change in roll, heading, depth, or fluking behavior.  Standard error for 

categorical variables is depicted as whiskers, and 95% confidence intervals are depicted as 

dashed lines for the continuous variable.  The continuous variable plot includes tick marks on the 

bottom of the plot showing individual measurements. These relationships are specific to this 

model and may not be shared when averaged over all models (Table 1.12). 
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Figure 1.15: Changes in behavior categorized by boat to manatee distance.  A comparison of 

the proportion of boat passes for each boat to manatee distance category in which the manatee 

either changed (dark portion of bars) or did not change (light portion of bars) its roll, heading, 

depth, or fluking behavior.  The number of passes in each category is shown above the bars. 

‘Boat to manatee distance category’ was classified as a strong predictor of whether or not a 
manatee changed its roll, heading, depth, or fluking behavior based on its Akaike weight sum 

(Table 1.4) of 0.98, indicating a strong relative importance compared to the other variables 

tested. This suggests that the ‘boat to manatee distance category’ variable is important because it 
generally improved the weight of a model if it was included.  The closer a boat approached a 

manatee, the more likely the manatee was to make a change in roll, heading, depth, or fluking 

behavior.  This plot displays data from an individual variable, and it is important to note that the 

classification of the ‘boat to manatee distance category’ variable as important is based on how it 
performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important. 
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Figure 1.16: Changes in behavior categorized by manatee fluking state.  A comparison of the 

proportion of boat passes for each manatee fluking state category in which the manatee either 

changed (dark portion of bars) or did not change (light portion of bars) its roll, heading, depth, or 

fluking behavior. The number of passes in each category is shown above the bars. Manatee 

fluking state was classified as a strong predictor of whether or not a manatee changed its roll, 

heading, depth, or fluking behavior based on its Akaike weight sum (Table 1.4) of 1.00, 

indicating a strong relative importance compared to the other variables tested. This suggests that 

the manatee fluking state variable is important because it generally improved the weight of a 

model if it was included.  Manatees in a high fluking state before a boat pass were more likely 

change their roll, heading, depth, or fluking behavior.  This plot displays data from an individual 

variable, and it is important to note that the classification of the manatee fluking state variable as 

important is based on how it performs when included in models with other variables; the plot 

does not show interactions between other variables that may have contributed to its classification 

as important. 
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Figure 1.17: Changes in behavior categorized by manatee movement type.  A comparison of 

the proportion of boat passes for each manatee movement type category in which the manatee 

either changed (dark portion of bars) or did not change (light portion of bars) its roll, heading, 

depth, or fluking behavior. The number of passes in each category is shown above the bars. 

Manatee movement type category was classified as a strong predictor of whether or not a 

manatee changed its roll, heading, depth, or fluking behavior based on its Akaike weight sum 

(Table 1.4) of 0.98, indicating a strong relative importance compared to the other variables 

tested. This suggests that the manatee movement type variable is important because it generally 

improved the weight of a model if it was included.  In this plot a manatee in a travel movement 

type before a boat pass was more likely to make a change in roll, heading, depth, or fluking 

behavior, however this is the opposite relationship indicated by the model-averaged coefficient 

(and in the top model prediction plots) indicating an interaction with one or more variables. This 

plot displays data from an individual variable, and it is important to note that the classification of 

the manatee movement type variable as important is based on how it performs when included in 

models with other variables; the plot does not show interactions between other variables that may 

have contributed to its classification as important. 
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Figure 1.18: Changes in behavior vs. pass duration.  A comparison of pass duration between 

passes in which the manatee did or did not change its roll, heading, depth, or fluking behavior. 

The bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass 

durations.  The thick line inside the box is the median and the whiskers show the top or bottom 

of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), 

unless the minimum or maximum were closer to the box, in which case those values were used. 

Circles represent values classified as outliers. The number of passes in each category is shown 

above the plot. Pass duration was classified as a strong predictor of whether or not a manatee 

changed its roll, heading, depth, or fluking behavior based on its Akaike weight sum (Table 1.4) 

of 1.00, indicating a strong relative importance compared to the other variables tested. This 

indicates that pass duration is important because it generally improved the weight of a model if it 

was included.  The longer the boat pass duration the more likely the manatee was to make a 

change in roll, heading, depth, or fluking behavior. This plot displays data from an individual 

variable, and it is important to note that the classification of pass duration as important is based 

on how it performs when included in models with other variables; the plot does not show 

interactions between other variables that may have contributed to its classification as important.  
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A2: What factors affect the probability of a manatee making a change in roll during 

a boat pass?  The top 13 models demonstrated a modest ability to predict the occurrence of a 

change in manatee roll during boat passes as demonstrated by R
2
 values of 0.16-0.25 (Table 

1.14).  All of these models shared the same model weight, indicating equal predictive ability.  

Prediction curves for the variables in the top model are found in Figure 1.19.  AICc values of all 

models ranged from 277.0 to 328.7.  The only variable with both a significant regression 

coefficient and minimum Akaike weight sum of  ≥0.75 was pass duration, such that as pass 

duration increased so did the probability that a manatee changed its roll (Figure 1.20). 

 

 
Table 1.14: Models with changes in roll as a dependent variable.  These models describe the 

sets of variables that best predict whether a manatee changed its roll during a boat pass (relative 

model weight of ≥0.01).  A “Y” indicates that the variable was included in the model, “.” 
indicates that the variable was not included in that model, and “NA” indicates that the variable 
was not included as a possibility.   
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Figure 1.19: Components of the top model for changes in roll.  Prediction curves for the top 

model (Table 1.14) describing the probability of a change in roll.  The medians of variables and 

their variable coefficients from the top model were used to plot the probability of a change in 

roll.  Standard error for categorical variables is depicted as whiskers, and 95% confidence 

intervals are depicted as dashed lines for the continuous variable.  The continuous variable plot 

includes tick marks on the bottom of the plot showing individual measurements.  These plots 

represent the top model as determined by AICc values, and it is important to note that there are 

other equally strong models.  These relationships are specific to this model and may not be 

shared when averaged over all models (Table 1.12). 

 

 

A3: What factors affect the probability of a manatee making a change in heading 

during a boat pass?  There were 57 models with a weight of 0.01 or higher that described 

whether or not a manatee changed its heading during boat passes (Table 1.15).  The model 

weights and R
2
 values did not differ greatly among these models, indicating they were all 

relatively equal in predicting whether or not a manatee changed its heading during boat passes.  

The maximum R
2
 value of 0.28 indicates a modest ability to describe the probability of changes 

in manatee heading.  Prediction curves for the variables in the top model are found in Figure 

1.21.  AICc values of all models ranged from 293.5 to 348.0.  Three variables were both 

significant and had a high Akaike weight sum: the distance between boat and manatee, the pass 
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duration, and the presence/absence of chewing before a boat pass.  The closer a boat approached 

the manatee, the longer the boat pass, and the presence of chewing before a boat pass were each 

more likely to yield a change in manatee heading (Figure 1.22-1.24). 

 

 

 
 

 

Figure 1.20: Changes in roll vs. pass duration.  A comparison of pass duration between passes 

in which the manatee did or did not change its roll. The bottom of the boxes represents the 25
th

 

percentile and the top the 75
th

 percentile of pass durations.  The thick line inside the box is the 

median and the whiskers show the top or bottom of the box ± (1.5*IQR), where IQR equals 

interquartile range (75
th

 percentile – 25
th

 percentile), unless the minimum or maximum were 

closer to the box in which case those values were used. Circles represent values classified as 

outliers. The number of passes in each category is shown above the plot.  Pass duration was 

classified as a strong predictor of whether or not a manatee changed its roll based on its Akaike 

weight sum (Table 1.4) of 1.00, indicating a strong relative importance compared to the other 

variables tested. This indicates that pass duration is important because it generally improved the 

weight of a model if it was included.  The longer the boat pass duration the more likely the 

manatee was to make a change in roll. This plot displays data from an individual variable, and it 

is important to note that the classification of pass duration as important is based on how it 

performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important.  
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Table 1.15: Models with changes in heading as a dependent variable.  These models describe 

the sets of variables that best predict whether a manatee changed its heading during a boat pass 

(relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the model, 
“.” indicates that the variable was not included in that model, and “NA” indicates that the 
variable was not included as a possibility.  This table continues on the next page. 
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Table 1.15 - continued 
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Figure 1.21: Components of the top model for changes in heading.  Prediction curves for the 

top model (Table 1.15) describing the probability of a change in heading.  The medians of 

variables and their variable coefficients from the top model were used to plot the probability of a 

change in heading.  Standard error for categorical variables is depicted as whiskers, and 95% 

confidence intervals are depicted as dashed lines for the continuous variable.  The continuous 

variable plot includes tick marks on the bottom of the plot showing individual measurements.  

These plots represent the top model as determined by AICc values, and it is important to note 

that there are other equally strong models.  These relationships are specific to this model and 

may not be shared when averaged over all models (Table 1.12). 

 

 

A4: What factors affect the probability of a manatee making a change in depth 

during a boat pass?  Forty models had a model weight of 0.01 or greater; however, the top few 

models and the top model, in particular, had much higher weights (Table 1.16).  The top model, 

with a weight of 0.11, contained the following variables:  boat speed class, distance between boat 

and manatee, fluking state of the manatee, seagrass coverage at the manatee’s location, pass 

duration, and pass number within boat noise section.  Conditional R
2
 values ranged from 0.51 to 

0.55, indicating a strong ability to explain the probability of changes in manatee depth during 

boat passes.  Prediction curves for the variables in the top model are found in Figure 1.25.  AICc 

values of all models ranged from 268.9 to 342.1.  All of the variables in the top model had both 



55 

 

significant regression coefficients and an Akaike weight sum ≥0.75 except fluking state and boat 

speed.  Changes in manatee depth were more likely to occur when 1) the boat was closer to the 

manatee, 2) the manatee was not on a seagrass bed, 3) the boat was not the first boat to pass in a 

series of boat passes, and 4) pass duration was longer (Figures 1.26-1.29). 

 

 

 
 

 

Figure 1.22: Changes in heading categorized by boat to manatee distance.  A comparison of 

the proportion of boat passes for each boat to manatee distance category in which the manatee 

either changed (dark portion of bars) or did not change (light portion of bars) its heading. The 

number of passes in each category is shown above the bars. ‘Boat to manatee distance category’ 
was classified as a strong predictor of whether or not a manatee changed its heading based on its 

Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative importance compared to the 

other variables tested. This suggests that the ‘boat to manatee distance category’ variable is 
important because it generally improved the weight of a model if it was included.  The closer a 

boat approached a manatee, the more likely the manatee was to make a change in heading.  This 

plot displays data from an individual variable, and it is important to note that the classification of 

the ‘boat to manatee distance category’ variable as important is based on how it performs when 
included in models with other variables; the plot does not show interactions between other 

variables that may have contributed to its classification as important. 
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Figure 1.23: Changes in heading categorized by presence of chewing.  A comparison of the 

proportion of boat passes for each presence of chewing category in which the manatee either 

changed (dark portion of bars) or did not change (light portion of bars) its heading. The number 

of passes in each category is shown above the bars. ‘Presence of chewing category’  was 
classified as a strong predictor of whether or not a manatee changed its heading based on its 

Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative importance compared to the 

other variables tested. This suggests that the ‘presence of chewing category’ variable is important 

because it generally improved the weight of a model if it was included.  If chewing was heard 

before a boat pass, the manatee was more likely to make a change in heading.  This plot displays 

data from an individual variable, and it is important to note that the classification of the 

‘presence of chewing category’ variable as important is based on how it performs when included 
in models with other variables; the plot does not show interactions between other variables that 

may have contributed to its classification as important. 

 

 



57 

 

 
 

 

Figure 1.24: Changes in heading vs. pass duration.  A comparison of pass duration between 

passes in which the manatee did or did not change its heading. The bottom of the boxes 

represents the 25
th

 percentile and the top the 75
th

 percentile of pass durations.  The thick line 

inside the box is the median and the whiskers show the top or bottom of the box ± (1.5*IQR), 

where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), unless the minimum or 

maximum were closer to the box in which case those values were used. Circles represent values 

classified as outliers. The number of passes in each category is shown above the plot. Pass 

duration was classified as a strong predictor of whether or not a manatee changed its heading 

based on its Akaike weight sum (Table 1.4) of 0.99, indicating a strong relative importance 

compared to the other variables tested. This indicates that pass duration is important because it 

generally improved the weight of a model if it was included.  The longer the boat pass duration 

the more likely the manatee was to make a change in heading. This plot displays data from an 

individual variable, and it is important to note that the classification of pass duration as important 

is based on how it performs when included in models with other variables; the plot does not 

show interactions between other variables that may have contributed to its classification as 

important.  
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Table 1.16: Models with changes in depth as a dependent variable.  These models describe 

the sets of variables that best predict whether a manatee changed its depth during a boat pass 

(relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the model, 
“.” indicates that the variable was not included in that model, and “NA” indicates that the 
variable was not included as a possibility.  This table continues on the next page. 
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Table 1.16 – continued 

 

 
 

 

A5: What factors affect the probability of a manatee making a change in fluking 

behavior during a boat pass?  The top few models and the top model, in particular, had higher 

model weights than the other models with a weight of ≥0.01 (n=46) (Table 1.17).  The 

conditional R
2
 values of 0.42 to 0.48 demonstrate a moderate ability of these models to predict 

the occurrence of changes in fluking behavior during boat passes.  Prediction curves for the 

variables in the top model are found in Figure 1.30.  AICc values of all models ranged from 

376.6 to 482.9.  The top model included: distance between boat and manatee, fluking state of the 

manatee, manatee distance to a channel, manatee movement type, pass duration, and water depth 

at the manatee’s location.  The probability that a manatee changed its fluking behavior during a 

boat pass increased with 1) closer distance between the boat and manatee, 2) a high fluking state 

(compared to intermediate), and 3) longer pass duration (Figures 1.31-1.34).  When considered 

alone, a travel movement type indicated a higher probability that the manatee changed its fluking 

behavior; however its model-averaged coefficient (and the top model prediction plots) suggested 

the opposite relationship.  This indicates an interaction with one or more variables.   
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Figure 1.25: Components of the top model for changes in depth.  Prediction curves for the 

top model (Table 1.16) describing the probability of a change in depth.  The medians of variables 

and their variable coefficients from the top model were used to plot the probability of a change in 

depth.  Standard error for categorical variables is depicted as whiskers, and 95% confidence 

intervals are depicted as dashed lines for the continuous variable.  The continuous variable plot 

includes tick marks on the bottom of the plot showing individual measurements. These 

relationships are specific to this model and may not be shared when averaged over all models 

(Table 1.12). 
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Figure 1.26: Changes in depth categorized by boat to manatee distance.  A comparison of 

the proportion of boat passes for each boat to manatee distance category in which the manatee 

either changed (dark portion of bars) or did not change (light portion of bars) its depth. The 

number of passes in each category is shown above the bars. ‘Boat to manatee distance category’ 
was classified as a strong predictor of whether or not a manatee changed its depth based on its 

Akaike weight sum (Table 1.4) of 0.98, indicating a strong relative importance compared to the 

other variables tested. This suggests that the ‘boat to manatee distance category’ variable is 
important because it generally improved the weight of a model if it was included.  If a boat 

approached within 10 m of the manatee, it was more likely to change its depth.  This plot 

displays data from an individual variable, and it is important to note that the classification of the 

‘boat to manatee distance category’ variable as important is based on how it performs when 
included in models with other variables; the plot does not show interactions between other 

variables that may have contributed to its classification as important. 
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Figure 1.27: Changes in depth categorized by seagrass coverage.  A comparison of the 

proportion of boat passes for each seagrass coverage category in which the manatee either 

changed (dark portion of bars) or did not change (light portion of bars) its depth. The number of 

passes in each category is shown above the bars.  Seagrass coverage was classified as a strong 

predictor of whether or not a manatee changed its depth based on its Akaike weight sum (Table 

1.4) of 0.98, indicating a strong relative importance compared to the other variables tested. This 

suggests that the seagrass coverage variable is important because it generally improved the 

weight of a model if it was included.  A manatee not on a seagrass bed was more likely to make a 

change in depth.  This plot displays data from an individual variable, and it is important to note 

that the classification of the seagrass coverage variable as important is based on how it performs 

when included in models with other variables; the plot does not show interactions between other 

variables that may have contributed to its classification as important. 
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Figure 1.28: Changes in depth vs. pass duration.  A comparison of pass duration between 

passes in which the manatee did or did not change its depth. The bottom of the boxes represents 

the 25
th

 percentile and the top the 75
th

 percentile of pass durations.  The thick line inside the box 

is the median and the whiskers show the top or bottom of the box ± (1.5*IQR), where IQR 

equals interquartile range (75
th

 percentile – 25
th

 percentile), unless the minimum or maximum 

were closer to the box in which case those values were used. Circles represent values classified 

as outliers. The number of passes in each category is shown above the plot.  Pass duration was 

classified as a strong predictor of whether or not a manatee changed its depth based on its Akaike 

weight sum (Table 1.4) of 1.00, indicating a strong relative importance compared to the other 

variables tested. This indicates that pass duration is important because it generally improved the 

weight of a model if it was included.  The longer the boat pass duration the more likely the 

manatee was to make a change in depth. This plot displays data from an individual variable, and 

it is important to note that the classification of pass duration as important is based on how it 

performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important.  

 

 



64 

 

 
 

 

Figure 1.29: Changes in depth categorized by boat pass type.  A comparison of the 

proportion of boat passes for each boat pass type category in which the manatee either changed 

(dark portion of bars) or did not change (light portion of bars) its depth. A boat pass type of 

‘First’ indicates that it was either a single boat pass or the first boat pass in a series of boat passes 

and ‘Not First’ indicates that the pass was subsequent to the first boat pass in a series of 
acoustically overlapping boat passes.  The number of passes in each category is shown above the 

bars. ‘Boat pass type category’ was classified as a strong predictor of whether or not a manatee 
changed its depth based on its Akaike weight sum (Table 1.4) of 0.98, indicating a strong relative 

importance compared to the other variables tested. This suggests that the ‘boat pass type 

category’ variable is important because it generally improved the weight of a model if it was 
included.  Boat passes subsequent to the first boat pass in a series of passes (that overlap 

acoustically) was more likely to elicit a change in manatee depth.  This plot displays data from 

an individual variable, and it is important to note that the classification of the ‘boat pass type 
category’ variable as important is based on how it performs when included in models with other 
variables; the plot does not show interactions between other variables that may have contributed 

to its classification as important. 
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Table 1.17: Models with changes in fluking behavior as a dependent variable.  These models 

describe the sets of variables that best predict whether a manatee changed its fluking behavior 

during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was 
included in the model, “.” indicates that the variable was not included in that model and “NA” 
indicates that the variable was not included as a possibility.  This table continues on the next 

page. 
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Table 1.17 - continued 

 

 
 

 

B1: What factors affect the magnitude of the first change in a manatee’s roll during 

a boat pass?  Forty-eight models with a model weight of 0.01 or greater described the 

magnitude of a manatee’s first change in roll (Table 1.18).  All but the top few had a uniform 

model weight, indicating similar ability to predict the magnitude of a change in roll.  While the 

conditional R
2
 values differed greatly between these models, the top value of 0.58 indicated a 

strong ability of some of the models to explain the variance in the magnitude of first changes in 

roll. Note the large difference in marginal and conditional R
2
 values for this question, indicating 

the relative importance of the individual random effect (manatee ID) in contributing to the 

moderately strong conditional R
2
. Prediction curves for the variables in the top model are found 

in Figure 1.35.  AICc values of all models ranged from 440.8 to 498.5.  Although five variables 

had Akaike weight sums ≥0.75, the only variable with a significant regression coefficient was 

boat speed class.  The magnitude of the first change in roll was greater for boat passes with a 
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plowing boat than for slower and faster speeds; however there was a very small sample size for 

plowing boats with a change in roll (Figure 1.36). 

 

 

 
 

 

Figure 1.30: Components of the top model for changes in fluking behavior.  Prediction 

curves for the top model (Table 1.17) describing the probability of a change in fluking behavior.  

The medians of variables and their variable coefficients from the top model were used to plot the 

probability of a change in fluking behavior.  Standard error for categorical variables is depicted 

as whiskers, and 95% confidence intervals are depicted as dashed lines for the continuous 

variable.  The continuous variable plot includes tick marks on the bottom of the plot showing 

individual measurements. These relationships are specific to this model and may not be shared 

when averaged over all models (Table 1.12). 
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Figure 1.31: Changes in fluking behavior categorized by boat to manatee distance.  A 

comparison of the proportion of boat passes for each boat to manatee distance category in which 

the manatee either changed (dark portion of bars) or did not change (light portion of bars) its 

fluking behavior. The number of passes in each category is shown above the bars. ‘Boat to 
manatee distance category’ was classified as a strong predictor of whether or not a manatee 

changed its fluking behavior based on its Akaike weight sum (Table 1.4) of 0.99, indicating a 

strong relative importance compared to the other variables tested. This suggests that the ‘boat to 
manatee distance category’ variable is important because it generally improved the weight of a 
model if it was included.  The closer a boat approached a manatee, the more likely the manatee 

was to make a change in fluking behavior.  This plot displays data from an individual variable, 

and it is important to note that the classification of the ‘boat to manatee distance category’ 
variable as important is based on how it performs when included in models with other variables; 

the plot does not show interactions between other variables that may have contributed to its 

classification as important. 
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Figure 1.32: Changes in fluking behavior categorized by manatee fluking state.  A 

comparison of the proportion of boat passes for each manatee fluking state category in which the 

manatee either changed (dark portion of bars) or did not change (light portion of bars) its fluking 

behavior. The number of passes in each category is shown above the bars. ‘Manatee fluking state 
category’ was classified as a strong predictor of whether or not a manatee changed its fluking 
behavior based on its Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative 

importance compared to the other variables tested. This suggests that the ‘manatee fluking state 
category’ variable is important because it generally improved the weight of a model if it was 
included.  A manatee in a high fluking state was more likely to make a change in fluking 

behavior.  This plot displays data from an individual variable, and it is important to note that the 

classification of the manatee fluking state category’ variable as important is based on how it 
performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important. 
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Figure 1.33: Changes in fluking behavior categorized by manatee movement type.  A 

comparison of the proportion of boat passes for each manatee movement type category in which 

the manatee either changed (dark portion of bars) or did not change (light portion of bars) its 

fluking behavior. The number of passes in each category is shown above the bars. ‘Manatee 
movement type category’ was classified as a strong predictor of whether or not a manatee 

changed its fluking behavior based on its Akaike weight sum (Table 1.4) of 0.98, indicating a 

strong relative importance compared to the other variables tested. This suggests that the manatee 

movement type variable is important because it generally improved the weight of a model if it 

was included.  In this plot a manatee in a travel movement type was more likely to make a 

change in fluking behavior, however this is the opposite relationship indicated by the model-

averaged coefficient (and in the top model prediction plots) indicating an interaction with one or 

more variables.  This plot displays data from an individual variable, and it is important to note 

that the classification of the manatee movement type variable as important is based on how it 

performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important. 
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Figure 1.34: Changes in fluking behavior vs. pass duration.  A comparison of pass duration 

between passes in which the manatee did or did not change its fluking behavior. The bottom of 

the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass durations.  The 

thick line inside the box is the median and the whiskers show the top or bottom of the box ± 

(1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), unless the 

minimum or maximum were closer to the box in which case those values were used. Circles 

represent values classified as outliers. The number of passes in each category is shown above the 

plot.  Pass duration was classified as a strong predictor of whether or not a manatee changed its 

fluking behavior based on its Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative 

importance compared to the other variables tested. This indicates that pass duration is important 

because it generally improved the weight of a model if it was included.  The longer the boat pass 

duration the more likely the manatee was to make a change in fluking behavior. This plot 

displays data from an individual variable, and it is important to note that the classification of pass 

duration as important is based on how it performs when included in models with other variables; 

the plot does not show interactions between other variables that may have contributed to its 

classification as important.  
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Table 1.18: Models with magnitude of first changes in roll as a dependent variable.  These 

models describe the sets of variables that best predict the magnitude of a manatee’s first change 
in roll during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was 
included in the model, “.” indicates that the variable was not included in that model and “NA” 
indicates that the variable was not included as a possibility.  This table continues on the next 

page. 
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Table 1.18 - continued 

 

 

 
 

 

B2: What factors affect the magnitude of the first change in a manatee’s heading 

during a boat pass?  Only 20 models predicting the magnitude of first changes in manatee 

heading had a model weight above 0.01 (Table 1.19).  The R
2
 values, ranging from 0.11 to 0.14, 

indicate poor ability of these models to predict the magnitude of first changes in manatee 

heading and precluded these models from analyses of the relative importance of the variables.  

AICc values of all models ranged from 697.9 to 795.2.   

 

 



74 

 

 
 

 

Figure 1.35: Components of the top model for magnitude of 1
st
 change in roll.  Prediction 

curves for the top model (Table 1.18) describing the magnitude of the 1
st
 change in roll.  The 

medians of variables and their variable coefficients from the top model were used to predict the 

magnitude of the 1
st
 change in roll.  Standard error for categorical variables is depicted as 

whiskers. These relationships are specific to this model and may not be shared when averaged 

over all models (Table 1.12). 

 

 

B3: What factors affect the magnitude of the first change in a manatee’s depth 

during a boat pass?   The top model predicting the magnitude of a manatee’s first change in 

depth during boat passes had a distinctly higher model weight of 0.21 compared to other models 

with a weight ≥0.01 (Table 1.20).  This model only included manatee depth and water depth at 

the manatee’s location.  Each of these variables was significant and had an Akaike weight sum 

≥0.75.  The magnitude of a manatee’s first change in depth during boat passes increased with 

both increasing manatee depth and water depth at the manatee’s location (Figures 1.38-1.39).  

Conditional R
2
 values ranged from 0.42 to 0.52, indicating a strong ability to predict the 
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magnitude in manatee first changes in depth.  Prediction curves for the variables in the top model 

are found in Figure 1.37.  AICc values of all models ranged from 141.5 to 204.1.   

 

 

 
 

 

Figure 1.36: Magnitude of 1
st
 change in roll vs. boat speed.  A comparison between 

magnitude of the 1
st
 change in roll and boat speed. The bottom of the boxes represents the 25

th
 

percentile and the top the 75
th

 percentile of pass durations.  The thick line inside the box is the 

median and the whiskers show the top or bottom of the box ± (1.5*IQR), where IQR equals 

interquartile range (75
th

 percentile – 25
th

 percentile), unless the minimum or maximum were 

closer to the box in which case those values were used. Circles represent values classified as 

outliers. The number of passes in each category is shown above the plot.  Boat speed was 

classified as a strong predictor of the magnitude of the 1
st
 change in roll based on its Akaike 

weight sum (Table 1.4) of 1.00, indicating a strong relative importance compared to the other 

variables tested. This indicates that boat speed is important because it generally improved the 

weight of a model if it was included.  The magnitude of the 1
st
 change in roll was greater for 

passes with a boat speed class of plow. This plot displays data from an individual variable, and it 

is important to note that the classification of boat speed as important is based on how it performs 

when included in models with other variables; the plot does not show interactions between other 

variables that may have contributed to its classification as important. In addition, the large 

magnitude of first changes in roll associated with plowing boats may not be typical, as only two 

were observed in this category.   
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Table 1.19: Models with magnitude of first changes in heading as a dependent variable.  

These models describe the sets of variables that best predict the magnitude of a manatee’s first 
change in heading during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the 
variable was included in the model, “.” indicates that the variable was not included in that model, 

and “NA” indicates that the variable was not included as a possibility.   
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Table 1.20: Models with magnitude of first changes in depth as a dependent variable.  

These models describe the sets of variables that best predict the magnitude of a manatee’s first 
change in depth during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the 
variable was included in the model, “.” indicates that the variable was not included in that model 

and “NA” indicates that the variable was not included as a possibility.   
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Figure 1.37: Components of the top model for magnitude for 1
st
 change in depth.  Prediction 

curves for the top model (Table 1.20) describing the magnitude of the 1
st
 change in depth (m).  

The medians of variables and their variable coefficients from the top model were used to predict 

the magnitude of the 1
st
 change in roll.  Confidence intervals (95%) are depicted as dashed lines 

for continuous variables. Tick marks on the bottom of the plot shows individual measurements. 

These relationships are specific to this model and may not be shared when averaged over all 

models (Table 1.12). 

 

 

C1 & C2: What factors affect the number of changes in roll or heading during a 

boat pass?  Models describing the number of changes in a manatee’s roll or heading during boat 

passes all shared low conditional R
2
 values of 0.10-0.15, indicating a poor ability to predict the 

number of changes in roll or heading (Tables 1.21-1.22).  The top 2 models had distinctly higher 

model weights than the other models with a weight of ≥0.01 for both number of changes in 

heading and roll models.  However, the low R
2
 values precluded these models from analyses of 

the relative importance of the variables.  AICc values of all models for number of changes in roll 

ranged from 543.3 to 599.1 and for number of changes in heading AICc values ranged from 

472.6 to 548.5.   

C3: What factors affect the number of changes in depth during a boat pass?   The 

top two models that described the number of changes in manatee depth during boat pass had 

distinctly higher model weights, 0.18, than the other models with a weight ≥0.01 (n=32) (Table 

1.23).  These models both had conditional R
2
 values of 0.25 indicating a modest ability to predict 

the number of changes in depth.  Both of these models included the distance between boat and 

manatee and the seagrass coverage at the manatee’s location.  A manatee was likely to have 

more changes in its depth if the manatee was not on a seagrass bed (Figure 1.41).  Prediction 
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curves for the variables in the top model are found in Figure 1.40.  AICc values of all models 

ranged from 587.1 to 652.4.   

 

 

 
 

 

Figure 1.38: Magnitude of 1
st
 change in depth vs. manatee depth.  A comparison between the 

magnitude of a manatee’s first change in depth and manatee depth (N=75).  A linear regression 
line is included, indicating a positive relationship between the magnitude of a manatee’s first 
change in depth during boat passes and manatee depth.  Manatee depth was classified as a strong 

predictor of the magnitude of a manatee’s first change in depth based on its Akaike weight sum 
(Table 1.4) of 1.00, indicating a strong relative importance compared to the other variables 

tested. This indicates that manatee depth is important because it generally improved the weight 

of a model if it was included.  The deeper the manatee was before a boat pass, the greater the 

magnitude of its first change in depth. This plot displays data from an individual variable, and it 

is important to note that the classification of manatee depth as important is based on how it 

performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important. 
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Figure 1.39: Magnitude of 1
st
 change in depth vs. water depth.  A comparison between the 

magnitude of a manatee’s first change in depth and water depth at the manatee’s location 
(N=75).  A linear regression line is included, indicating a positive relationship between the 

magnitude of a manatee’s first change in depth during boat passes and water depth. Water depth 

was classified as a strong predictor of the magnitude of a manatee’s first change in depth based 
on its Akaike weight sum (Table 1.4) of 0.94, indicating a strong relative importance compared 

to the other variables tested. This indicates that water depth is important because it generally 

improved the weight of a model if it was included.  The deeper the water at the manatee’s 
location, the greater the magnitude of its first change in depth. This plot displays data from an 

individual variable, and it is important to note that the classification of water depth as important 

is based on how it performs when included in models with other variables; the plot does not 

show interactions between other variables that may have contributed to its classification as 

important. 
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Table 1.21: Models with the number of changes in roll as a dependent variable.  These 

models describe the sets of variables that best predict the number of changes in roll during a boat 

pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the 
model, “.” indicates that the variable was not included in that model, and “NA” indicates that the 
variable was not included as a possibility.   
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Table 1.22: Models with the number of changes in heading as a dependent variable.  These 

models describe the sets of variables that best predict the number of changes in roll a boat pass 

(relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the model, 

“.” indicates that the variable was not included in that model, and “NA” indicates that the 
variable was not included as a possibility.   

 

 

 
 

 

D1: What factors affect the time of a manatee changing its behavior relative to an 

approaching boat’s closest point of approach (CPA)?  Thirty-one models that described the 

time of the first change in behavior relative to the CPA had a model weight of ≥0.01 (Table 

1.24).  Of these, the top two had distinctly higher model weights and both included the following 

seven variables: boat speed class, distance between the boat and manatee, fluking state of the 

manatee, manatee distance to the nearest channel, manatee movement type, manatee seagrass 

category, and time for change (the duration of the time window from the start of the pass to the 

CPA).  All of these except manatee distance to the nearest channel and seagrass category had 
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significant regression coefficients and Akaike weight sums ≥0.75.  If a boat was traveling on a 

plane, the manatee’s first change in behavior was more likely to occur later relative to the time at 

CPA (Figure 1.43).  A manatee’s first change in behavior was more likely to occur before CPA, 

if the boat was closer (Figure 1.44).  A manatee with an intermediate fluking state (compared to 

a high fluking state) was more likely to have its first change in behavior occur later relative to 

CPA (Figure 1.45).  The time of the first change in behavior relative to the CPA was likely to be 

sooner if the manatee was in a mosey movement type (Figure 1.46). Finally, more potential time 

for change during a boat pass was associated with an earlier time of first change in behavior 

relative to the CPA (Figure 1.47).  Model conditional R
2
 values ranged from 0.74 to 0.75 

indicating a strong ability of these models to explain the variance in the time of first changes in 

behavior relative to the CPA, possibly due to the strong relationship with the time for change 

variable.  Prediction curves for the variables in the top model are found in Figure 1.42.  AICc 

values of all models ranged from 1833.8 to 2149.6.   

 

 

Table 1.23: Models with the number of changes in depth as a dependent variable.  These 

models describe the sets of variables that best predict the number of changes in depth during a 

boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the 
model, “.” indicates that the variable was not included in that model and “NA” indicates that the 
variable was not included as a possibility.  This table continues on the next page. 
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Table 1.23 – continued 

 

 
 

 

 
 

 

Figure 1.40: Components of the top model for number of changes in depth.  Prediction 

curves for the top model (Table 1.23) describing the number of changes in depth.  The medians 

of variables and their variable coefficients from the top model were used to predict the number of 

changes in depth.  Standard error for categorical variables is depicted as whiskers.  These plots 

represent the top model as determined by AICc values, and it is important to note that there are 

other strong models.  These relationships are specific to this model and may not be shared when 

averaged over all models (Table 1.12). 
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Figure 1.41: Number of changes in depth vs. seagrass coverage.  A comparison of the number 

of changes in depth in a boat pass for each seagrass coverage category. The number of passes in 

each category is shown above the bars.  Seagrass coverage was classified as a strong predictor of 

the number of changes in depth based on its Akaike weight sum (Table 1.4) of 1.00, indicating a 

strong relative importance compared to the other variables tested. This suggests that the seagrass 

category variable is important because it generally improved the weight of a model if it was 

included.  Manatees not on a seagrass bed made more changes in depth during boat passes.  This 

plot displays data from an individual variable, and it is important to note that the classification of 

the seagrass coverage variable as important is based on how it performs when included in models 

with other variables; the plot does not show interactions between other variables that may have 

contributed to its classification as important. 
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Table 1.24: Models with FirstChange_TimeRelCPA as a dependent variable.  These models 

describe the sets of variables that best predict the time of the first change in behavior during a 

boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the 

model, “.” indicates that the variable was not included in that model and “NA” indicates that the 
variable was not included as a possibility.   

 

 

 

 



87 

 

 

 
 

 

Figure 1.42: Components of the top model for FirstChange_TimeRelCPA.  Prediction 

curves for the top model (Table 1.24) describing the timing of the 1
st
 change in behavior relative 

to CPA (0 seconds=CPA).  The medians of variables and their variable coefficients from the top 

model were used to predict the timing of the 1
st
 change in behavior relative to CPA.  Standard 

error for categorical variables is depicted as whiskers, and 95% confidence intervals are depicted 

as dashed lines for continuous variables.  Continuous variables include tick marks on the bottom 

of the plot showing individual measurements. These relationships are specific to this model and 

may not be shared when averaged over all models (Table 1.12). 
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Figure 1.43: FirstChange_TimeRelCPA vs. boat speed.  A comparison of the timing of 1
st
 

changes in behavior relative CPA between boat speed categories. The bottom of the boxes 

represents the 25
th

 percentile and the top the 75
th

 percentile of pass durations.  The thick line 

inside the box is the median and the whiskers show the top or bottom of the box ± (1.5*IQR), 

where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), unless the minimum or 

maximum were closer to the box in which case those values were used. Circles represent values 

classified as outliers. The number of passes in each category is shown above the plot.  Boat 

speed was classified as a strong predictor of the timing of 1
st
 changes in behavior relative CPA 

based on its Akaike weight sum (Table 1.4) of 0.93, indicating a strong relative importance 

compared to the other variables tested. This indicates that boat speed is important because it 

generally improved the weight of a model if it was included.  A boat traveling slowly was more 

likely to elicit a change in behavior earlier, relative to CPA, than a planing boat. This plot 

displays data from an individual variable, and it is important to note that the classification of boat 

speed as important is based on how it performs when included in models with other variables; 

the plot does not show interactions between other variables that may have contributed to its 

classification as important.  
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Figure 1.44: FirstChange_TimeRelCPA vs. boat to manatee distance.  A comparison of the 

timing of the 1
st
 change in behavior relative CPA between boat to manatee distance categories. 

The bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass 

durations.  The thick line inside the box is the median and the whiskers show the top or bottom 

of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), 

unless the minimum or maximum were closer to the box in which case those values were used. 

Circles represent values classified as outliers. The number of passes in each category is shown 

above the plot.  Boat to manatee distance was classified as a strong predictor of the timing of the 

1
st
 change in behavior relative CPA based on its Akaike weight sum (Table 1.4) of 0.97, 

indicating a strong relative importance compared to the other variables tested. This indicates that 

boat to manatee distance category is important because it generally improved the weight of a 

model if it was included.  The closer a boat approached the manatee the more likely the 1
st
 

change in behavior occurred early relative to CPA. This plot displays data from an individual 

variable, and it is important to note that the classification of boat to manatee distance as 

important is based on how it performs when included in models with other variables; the plot 

does not show interactions between other variables that may have contributed to its classification 

as important.  
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Figure 1.45: FirstChange_TimeRelCPA vs. manatee fluking state.  A comparison of the 

timing of the 1
st
 change in behavior relative CPA between manatee fluking state categories. The 

bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass 

durations.  The thick line inside the box is the median and the whiskers show the top or bottom 

of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), 

unless the minimum or maximum were closer to the box in which case those values were used. 

Circles represent values classified as outliers. The number of passes in each category is shown 

above the plot.  Manatee fluking state was classified as a strong predictor of the timing of the 1
st
 

change in behavior relative CPA based on its Akaike weight sum (Table 1.4) of 1.00, indicating 

a strong relative importance compared to the other variables tested. This indicates that manatee 

fluking state is important because it generally improved the weight of a model if it was included.  

A manatee in an intermediate fluking state was more likely to have its 1
st
 change in behavior 

occur later relative CPA. This plot displays data from an individual variable, and it is important 

to note that the classification of fluking state as important is based on how it performs when 

included in models with other variables; the plot does not show interactions between other 

variables that may have contributed to its classification as important.  
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Figure 1.46: FirstChange_TimeRelCPA vs. manatee movement type.  A comparison of the 

timing of the 1
st
 change in behavior relative CPA between manatee movement type categories. 

The bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass 

durations.  The thick line inside the box is the median and the whiskers show the top or bottom 

of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), 

unless the minimum or maximum were closer to the box in which case those values were used. 

Circles represent values classified as outliers. The number of passes in each category is shown 

above the plot.  Manatee movement type was classified as a strong predictor of the timing of the 

1
st
 change in behavior relative CPA based on its Akaike weight sum (Table 1.4) of 1.00, 

indicating a strong relative importance compared to the other variables tested. This indicates that 

movement type is important because it generally improved the weight of a model if it was 

included.  A manatee in a mosey movement type was more likely to make a 1
st
 change in 

behavior earlier relative CPA. This plot displays data from an individual variable, and it is 

important to note that the classification of movement type as important is based on how it 

performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important.  
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Figure 1.47: FirstChange_TimeRelCPA vs. time for change.  A comparison between the 

timing of the 1
st
 change in behavior relative CPA and the time between the start of the pass and 

CPA (N=221).  A linear regression line is included, indicating a negative relationship between 

the timing of the 1
st
 change in behavior relative CPA and time for change. Time for change was 

classified as a strong predictor of the timing of the 1
st
 change in behavior relative CPA based on 

its Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative importance compared to 

the other variables tested. This indicates that time for change is important because it generally 

improved the weight of a model if it was included.  The longer the period of time between the 

start of the pass and CPA the more likely the manatee’s 1st
 change in behavior occurred early 

relative CPA. This plot displays data from an individual variable, and it is important to note that 

the classification of time for change as important is based on how it performs when included in 

models with other variables; the plot does not show interactions between other variables that may 

have contributed to its classification as important. 

 

 

D2. What factors affect the time of a manatee changing its behavior proportionally 

to the time it takes a boat to reach its CPA?  The highest conditional R
2
 value for models 

describing the time of a manatee’s first change in behavior proportional to the time it takes a boat 

to reach its CPA (time delay/time for change; this controls for differences in the time between 
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the start of a pass and CPA between boat passes) was 0.16, indicating that these models have a 

poor ability to predict that timing of a 1
st
 change in behavior proportional to TimeForChange 

(Table 1.25).  The top model, based on AICc values, did have a distinctly higher model weight 

compared to the other models with a weight ≥0.01; however, its conditional R
2 

value was only 

0.08, and
 
the only variable this model contained was the time for change variable.  The low R

2
 

values precluded these models from analyses of the relative importance of the variables.  AICc 

values of all models ranged from 416.3 to 467.5.   

 

 

Table 1.25: Models with FirstChange_TimeProportion as a dependent variable.  These 

models describe the sets of variables that best predict the time of a manatee’s first change in 
behavior proportional to the time it takes a boat to reach its CPA during a boat pass (relative 

model weight of ≥0.01).  A “Y” indicates that the variable was included in the model, “.” 
indicates that the variable was not included in that model, and “NA” indicates that the variable 

was not included as a possibility.  This table continues on the next page. 
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Table 1.25 – continued 

 

 
 

 

D3. What factors affect the time of a manatee changing its behavior after the start of 

a boat’s pass?  The maximum conditional R
2
 value for models that described the time delay of a 

manatee’s first change in behavior after the start of the pass was 0.30, indicating a modest ability 

to explain the variance in the dependent variable (Table 1.26).  Prediction curves for the 

variables in the top model are found in Figure 1.48.  AICc values of all models ranged from 

1833.8 to 1929.8.  Thirty-one models had a weight of ≥0.01, with the top two models having 

distinctly higher model weights of 0.18 and 0.15.  Both models included the following seven 

variables:  boat speed class, distance between the boat and manatee, fluking state of the manatee, 

manatee distance to the nearest channel, manatee seagrass category, manatee movement type, 

and time for change.  All of these except manatee distance to the nearest channel and seagrass 

coverage had significant regression coefficient and an Akaike weight sum ≥0.75.  The time delay 

of a manatee’s first change in behavior after the start of a boat pass was longer if 1) the boat was 
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traveling at slow speed (compared to boat on a plane), 2) the boat was farther away, 3) the 

manatee was in an intermediate fluking state (compared to a high fluking state), 4) the manatee 

was in a travel state (compared to mosey), 5) and the time for change was longer (Figures 1.49-

1.53). 

 

 
Table 1.26: Models with FirstChange_TimeDelay as a dependent variable.  These models 

describe the sets of variables that best predict the time delay of a manatee’s first change in 
behavior (relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the 

model, “.” indicates that the variable was not included in that model, and “NA” indicates that the 
variable was not included as a possibility.  The similarity between the values in this table and 

Table 1.24 is correct. 
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Figure 1.48: Components of the top model for FirstChange_TimeDelay.  Prediction curves 

for the top model (Table 1.26) describing the timing of the 1
st
 change in behavior relative to the 

start of the pass (0 seconds=start of pass).  The medians of variables and their variable 

coefficients from the top model were used to predict the timing of the 1
st
 change in behavior 

relative to the start of the pass.  Standard error for categorical variables is depicted as whiskers, 

and 95% confidence intervals are depicted as dashed lines for continuous variables.  Continuous 

variables include tick marks on the bottom of the plot showing individual measurements. These 

relationships are specific to this model and may not be shared when averaged over all models 

(Table 1.12). 

 

 



97 

 

 
 

 

Figure 1.49: FirstChange_TimeDelay vs. boat speed.  A comparison of the time delay of the 

1
st
 change in behavior between boat speed categories. The bottom of the boxes represents the 

25
th

 percentile and the top the 75
th

 percentile of pass durations.  The thick line inside the box is 

the median and the whiskers show the top or bottom of the box ± (1.5*IQR), where IQR equals 

interquartile range (75
th

 percentile – 25
th

 percentile), unless the minimum or maximum were 

closer to the box in which case those values were used. Circles represent values classified as 

outliers. The number of passes in each category is shown above the plot.  Boat speed was 

classified as a strong predictor of the time delay of the 1
st
 change in behavior relative the start of 

the pass based on its Akaike weight sum (Table 1.4) of 0.93, indicating a strong relative 

importance compared to the other variables tested. This indicates that boat speed is important 

because it generally improved the weight of a model if it was included.  A boat traveling slowly 

elicited a 1
st
 change in behavior later relative the start of the pass than a planing boat. This plot 

displays data from an individual variable, and it is important to note that the classification of boat 

speed as important is based on how it performs when included in models with other variables; 

the plot does not show interactions between other variables that may have contributed to its 

classification as important.  
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Figure 1.50: FirstChange_TimeDelay vs. boat to manatee distance.  A comparison of time 

delay of the 1
st
 change in behavior relative the start of the pass between boat to manatee distance 

categories. The bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile 

of pass durations.  The thick line inside the box is the median and the whiskers show the top or 

bottom of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 

percentile), unless the minimum or maximum were closer to the box in which case those values 

were used. Circles represent values classified as outliers. The number of passes in each category 

is shown above the plot.  ‘Boat to manatee distance’ was classified as a strong predictor of the 
timing of the 1

st
 change in behavior relative the start of the pass based on its Akaike weight sum 

(Table 1.4) of 0.97, indicating a strong relative importance compared to the other variables 

tested. This indicates that boat to manatee distance is important because it generally improved 

the weight of a model if it was included.  The closer a boat approached the manatee the more 

likely the 1
st
 change in behavior occurred with less of a delay after the start of the pass. This plot 

displays data from an individual variable, and it is important to note that the classification of the 

boat to manatee distance variable as important is based on how it performs when included in 

models with other variables; the plot does not show interactions between other variables that may 

have contributed to its classification as important.  
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Figure 1.51: FirstChange_TimeDelay vs. manatee fluking state.  A comparison of the time 

delay of the 1
st
 change in behavior after the start of the pass between manatee fluking states. The 

bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass 

durations.  The thick line inside the box is the median and the whiskers show the top or bottom 

of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), 

unless the minimum or maximum were closer to the box in which case those values were used. 

Circles represent values classified as outliers. The number of passes in each category is shown 

above the plot.  Manatee fluking state was classified as a strong predictor of the time delay of the 

1
st
 change in behavior after the start of the pass based on its Akaike weight sum (Table 1.4) of 

1.00, indicating a strong relative importance compared to the other variables tested. This 

indicates that manatee fluking state is important because it generally improved the weight of a 

model if it was included.  The time delay of the 1
st
 change in behavior is later if the manatee was 

in an intermediate fluking state (compared to a high fluking state). This plot displays data from 

an individual variable, and it is important to note that the classification of fluking state as 

important is based on how it performs when included in models with other variables; the plot 

does not show interactions between other variables that may have contributed to its classification 

as important.  

 

 



100 

 

 
 

 

Figure 1.52: FirstChange_TimeDelay vs. movement type.  A comparison of the time delay of 

the 1
st
 change in behavior relative the start of the pass between manatee movement type 

categories. The bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile 

of pass durations.  The thick line inside the box is the median and the whiskers show the top or 

bottom of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 

percentile), unless the minimum or maximum were closer to the box in which case those values 

were used. Circles represent values classified as outliers. The number of passes in each category 

is shown above the plot.  Movement type was classified as a strong predictor of the time delay of 

a 1
st
 change in behavior based on its Akaike weight sum (Table 1.4) of 1.00, indicating a strong 

relative importance compared to the other variables tested. This indicates that movement type is 

important because it generally improved the weight of a model if it was included.  A manatee in 

a travel movement type (compared to mosey) was more likely to have a longer time delay for its 

1
st
 change in behavior. This plot displays data from an individual variable, and it is important to 

note that the classification of movement type as important is based on how it performs when 

included in models with other variables; the plot does not show interactions between other 

variables that may have contributed to its classification as important.  
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Figure 1.53: FirstChange_TimeDelay vs. time for change.  A comparison between the time 

delay of the 1
st
 change in behavior and the time window between the start of the pass and CPA 

(time for change) (N=221).  A linear regression line is included, indicating a positive relationship 

between the time delay of the 1
st
 change in behavior and time for change. Time for change was 

classified as a strong predictor of the time delay of a manatee’s first change in behavior based on 
its Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative importance compared to 

the other variables tested. This indicates that time for change is important because it generally 

improved the weight of a model if it was included.  The longer the time window between the 

start of the pass and CPA, the longer the time delay of the 1
st
 change in behavior. This plot 

displays data from an individual variable, and it is important to note that the classification of 

time for change as important is based on how it performs when included in models with other 

variables; the plot does not show interactions between other variables that may have contributed 

to its classification as important. 

 

1.3.3 Variables Not Included in Modeling 

 As described in the variable selection section, not all variables could be included in the 

models, and these are presented here relative to whether or not any change in behavior (roll, 

heading, depth, or fluking) occurred.  These variables include boat attributes, manatee behavior, 

and manatee group size category (Figures 1.54-1.60).  The most frequently observed boat type 

was an open fisherman and represented approximately 60% of the boats sampled.  Outboard 

engines were the most popular engine type (compared to inboard and jet).  Insufficient sample 

size for inboard and jet engine types preclude drawing conclusions regarding their ability to elicit 

changes in behavior.  A manatee was more likely to change its behavior if the boat engine was a 

two stroke, compared to a four stroke; however the sample sizes were quite small.  The most 
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commonly observed boat size was 16 to 26 feet.  Overall, most boats included were open 

fisherman type boats with an outboard engine falling into the 16 to 26 feet size category. 

 Manatees that were with at least one other manatee (<200 m) were slightly more likely to 

change their behavior during boat passes.  Manatees were alone for approximately 66% of 

sampled boat passes.  While various manatee activity states before boat passes were observed, 

rest and travel were by far the most common activity states.  Manatees traveling before a boat 

pass were more likely to change their behavior during boat passes than resting manatees.  The 

type of channel closest to a manatee did not have a great effect on the probability of a manatee 

changing its behavior during a boat pass, however some of the channel type categories had small 

sample sizes. 

 

 

 
 

 

Figure 1.54: Changes in behavior categorized by boat type.  A comparison of the proportion 

of boat passes for each boat type category in which the manatee either changed (dark portion of 

bars) or did not change (light portion of bars) its roll, heading, depth, or fluking behavior. The 

number of passes in each category is shown above the bars. C=cruiser, F=fisherman, J=jetski, 

O=other, OF=open fisherman, P=pontoon, R=racer, S=sailboat, SF=small flats, and Y=yacht. 

Only boat passes with a known boat type are included here.  ‘Boat type category’ was not 
included in the modeling analyses, therefore its ability to predict changes in behavior during boat 

passes compared to other variables is unknown.  Open fisherman boats were by far the most 

commonly observed type.  Caution should be used in interrupting the results of boat types with 

low sample sizes, such as pontoon, racer, sailboat, and small flats. 
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Figure 1.55: Changes in behavior categorized by engine class.  A comparison of the 

proportion of boat passes for engine class category in which the manatee either changed (dark 

portion of bars) or did not change (light portion of bars) its roll, heading, depth, or fluking 

behavior. The number of passes in each category is shown above the bars. Only boat passes with 

a known engine class are included here.  ‘Engine class’ was not included in the modeling 
analyses, therefore its ability to predict changes in behavior during boat passes compared to other 

variables is unknown. Boats with an outboard engine were by far the most commonly observed 

engine class compared to inboard and jet engines. 
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Figure 1.56: Changes in behavior categorized by engine type.  A comparison of the 

proportion of boat passes for each engine type category in which the manatee either changed 

(dark portion of bars) or did not change (light portion of bars) its roll, heading, depth, or fluking 

behavior. The number of passes in each category is shown above the bars. Only boat passes with 

a known engine type are included here.  ‘Engine type’ was not included in the modeling 
analyses, therefore its ability to predict changes in behavior during boat passes compared to other 

variables is unknown.  There was a higher probability of a change in behavior in response to a 2-

stroke engine type, however it is important to note the small sample size.  
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Figure 1.57: Changes in behavior categorized by boat size class.  A comparison of the 

proportion of boat passes for each boat size class category in which the manatee either changed 

(dark portion of bars) or did not change (light portion of bars) its roll, heading, depth, or fluking 

behavior. The number of passes in each category is shown above the bars. Only boat passes with 

a known boat size class are included here.  Boat size was classified in the field by observers.  

Boat size class was not included in the modeling analyses, therefore its ability to predict changes 

in behavior during boat passes compared to other variables is unknown. Boats that ranged in size 

from 16 to 26 feet were by far the most commonly observed boat size class. 
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Figure 1.58: Changes in behavior categorized by group size.  A comparison of the proportion 

of boat passes for each group size category in which the manatee either changed (dark portion of 

bars) or did not change (light portion of bars) its roll, heading, depth, or fluking behavior. The 

number of passes in each category is shown above the bars. Only passes with a known group size 

category are included here.  Group size was classified in the field by observers such that either 

the manatee was alone or there were other manatees within 200 m of the focal manatee (‘with 
others’).  Group size was not included in the modeling analyses, therefore its ability to predict 

changes in behavior during boat passes compared to other variables is unknown.  
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Figure 1.59: Changes in behavior categorized by manatee activity before boat pass.  A 

comparison of the proportion of boat passes for each manatee activity category in which the 

manatee either changed (dark portion of bars) or did not change (light portion of bars) its roll, 

heading, depth, or fluking behavior. The number of passes in each category is shown above the 

bars. Only passes with a known manatee activity before the boat pass was included here.  

Manatee activity was categorized by field observers. ‘Manatee activity before boat pass’ was not 
included in the modeling analyses, therefore its ability to predict changes in behavior during boat 

passes compared to other variables is unknown. Manatees were observed in a variety of activity 

states, however rest and travel were the most common. 
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Figure 1.60: Changes in behavior categorized by manatee channel type.  A comparison of 

the proportion of boat passes for each manatee channel type category in which the manatee either 

changed (dark portion of bars) or did not change (light portion of bars) its roll, heading, depth, or 

fluking behavior. The number of passes in each category is shown above the bars. Only passes in 

which the manatee was within 1,000 m of a channel are included.  The channel type that was 

closest to the focal manatee before a boat pass is shown.  If near a channel, manatees were most 

commonly near an ICW type channel. ‘Manatee channel type’ was not included in the modeling 
analyses, therefore its ability to predict changes in behavior during boat passes compared to other 

variables is unknown.  
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1.4 Discussion 

1.4.1 Do Boats Elicit Changes in Manatee Behavior? 

Manatees exhibit a basal rate of normal behavioral changes even in the absence of 

disturbances, such as boat passes.  For this reason, a particular change in behavior can never be 

absolutely determined to be a reaction to a boat, as the manatee may have made the change with 

no boat present.  However, a higher frequency of changes in behavior when a boat is close 

compared to times without a boat nearby can determine if at least some of the changes can be 

attributed to the presence of boats.  Indeed, significantly higher rates of change in roll, heading, 

depth, and fluking behavior were found during close boat passes (< 50 m) compared to periods 

of time without boat activity.  This means that while a particular change in behavior cannot be 

directly attributed to a boat’s presence, some changes are clearly related to the approach of a 

close boat and therefore can be considered behavioral responses to the boat.  

 

1.4.2 What Factors Affect Manatee Behavioral Responses to Boats? 

Boat attributes.  Boat speed class was important to explaining the timing of changes in 

behavior.  Slower boat passes allowed the manatee to change its behavior sooner relative to the 

closest point of approach (CPA) because of the longer pass duration.  Fast-traveling boats did not 

allow as much time for the manatee to change its behavior (average ‘time for change’ of fast, 

single-boat passes, within 50 m is 22 seconds compared to 70 seconds for slow boats); however 

they did elicit changes to occur sooner after the start of the pass.  As the quicker response time 

was not necessarily enough to counter the reduced time window between the start of the pass and 

the CPA, this resulted in first changes in behavior occurring later (relative to the CPA) than 

during slow boat passes.  Boat speed was not a strong predictor of the occurrence of changes in 

behavior compared to other variables.  This does not necessarily imply that boat speed does not 

affect the probability of a change in behavior; rather, it indicates that there were more important 

variables, such as boat to manatee distance.   Miksis-Olds et al. (2007b) found that manatees 

were more likely to respond to recordings of fast boats compared to slow boats; however, 

Nowacek et al. (2004b) found no significant effect of boat speed class on the probability of 

manatee response.  It is possible that the aerial observations in the Nowacek et al. study were not 

able to reliably detect changes in depth as those are more difficult to visually observe.  The 
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current results are more consistent with the Nowacek et al. findings that indicate that boat speed 

is not a strong factor in predicting the occurrence of changes in behavior. 

Interestingly, boat passes subsequent to the first in a multiple boat section were more 

likely to elicit a change in manatee depth than the first pass or a single pass.  One potential 

reason for a manatee to maintain its behavior in the presence of a boat is that the perceived 

benefit of continuing its current behavior, such as feeding, outweighs that of changing its 

behavior to take evasive action unless the boat approaches very closely.  The increase in 

probability of a manatee changing depth after tolerating a period of boat passes compared to a 

single or first boat pass raises the idea that, at least in some cases, a threshold in disturbance 

must be met for manatee behavioral changes to occur in response to boats.  This finding also 

raises the question of how the manatee distinguishes between single and multiple boat passes.  

An alternative explanation is that manatees exposed to multiple boat passes tend to be in 

situations that are already conducive to changes in depth. 

The variable that most consistently impacted the dependent variables analyzed, excluding 

pass duration (the time between the start of the pass and the end of the pass) and time for 

change (the time between the start of the pass and the CPA), was the distance between the boat 

and the manatee at CPA.  The closer a boat approached a manatee, the more likely the manatee 

was to change its heading, depth, or fluking behavior, and to have the timing of first changes in 

behavior occur earlier (relative to the CPA) and sooner after the start of a boat pass.  This makes 

sense; the manatee is most likely to alter its behavior when it perceives the approaching vessel 

as a threat.  Nowacek et al. (2004b) also found a negative relationship between the proximity of 

boat approaches and a manatee's probability of response.  One implication of this shared finding 

is that some factors affecting manatee response might only become significant during close boat 

approaches.   

Manatee attributes.  Manatees were more likely to change their behavior, particularly 

their fluking, during boat passes when they were in a higher fluking state before the start of the 

boat pass.  Additionally, the first behavioral changes within a boat pass were likely to occur 

earlier relative to the start of the pass and the CPA when the manatee was in a high fluking 

state.  While these changes in behavior could have been reaction to a boat approach, they may 

also indicate that a manatee is more likely to change its behavior when in this higher activity 

state.  Another variable that reflected manatee behavior was the presence of chewing, which 
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resulted in a higher probability that a change in heading would occur during a boat pass.  

Chewing on the acoustic record cannot be definitively assigned to the focal manatee; rather, it 

indicates that the focal manatee and/or manatees near the focal manatee are chewing. Therefore, 

the presence of chewing sounds is a suggestive, but not definitive, indicator that a manatee is 

feeding.  The increase in probability of heading change could mean that manatees commonly 

change their heading while feeding, that a manatee is more likely to respond to a boat by 

changing its heading if feeding, or a combination of these.  A manatee might be more likely to 

change its heading in response to a boat while feeding, because this change in behavior does not 

necessarily take the manatee away from the seagrass it is eating.  A different change in 

behavior, such as a change in fluking, would interrupt this activity.   

The final parameter of manatee behavior considered is the depth of the manatee within 

the water column before a boat pass.  Here, manatees deeper in the water column exhibited 

larger first changes in depth during a boat pass.  This observation may be explained by the 

greater magnitude of depth changes required to reach the surface to breathe for manatees deeper 

in the water column.  A manatee may sink further in the water column as a means to avoid a 

boat collision if the manatee is already at depth, whereas those close to the surface might be 

more likely to change their behavior in a different manner, such as a change in heading, or if 

they are close to the surface it could indicate limited water depth. 

Habitat attributes.  Environmental parameters could also affect the occurrence, 

magnitude, and timing of changes in behavior, regardless of the presence of a boat.  For 

instance, in the absence of seagrass, a manatee is less likely to be feeding and more likely to be 

involved in other activities, such as traveling.  The current study found that a manatee was more 

likely to change depth during boat passes if the manatee was not on a seagrass bed.  Seagrass 

beds are typically found in shallow environments, and hence can limit the options for avoiding 

an approaching boat. Manatees were also more likely to be feeding while on a seagrass bed, 

which may make them less likely to change behavior.  Detection of boat noise may be more 

difficult in seagrass beds, because they have a high level of background noise from biological 

sources and high transmission loss of sound propagation (discussed further in Chapter 2) 

(Miksis-Olds and Miller, 2006).  A combination of these factors is likely to be responsible for a 

lower probability of a change in depth during boat passes when a manatee was on a seagrass 

bed. 
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Deeper water at the manatee’s location before a boat pass was associated with a larger 

magnitude of depth changes during boat passes.  Greater magnitudes in first changes in depth 

likely occur because deeper water allows a manatee to make a change in depth of greater 

magnitude.  Larger changes in depth, if in the appropriate direction, decrease the risk of a boat 

collision.  

Longer pass durations increased the chance that a manatee changed its behavior.  

Additionally, longer pass durations increased the probability of a change in behavior occurring 

early relative to the start of the pass and CPA.  Boat passes last longer if the boat is traveling 

slowly; supporting the idea that slower boat speed poses less of a threat to manatees because it 

provides them with more time to respond.  Additionally, as discussed in the introduction, 

collisions with slow boats are less likely to be fatal to the manatee (Clifton, 2005). 

This study has successfully identified many factors important in explaining changes in 

manatee behavior during boat passes, as indicated by numerous high R
2
 values of the models.  

This indicates that a reasonably large fraction of variance in the occurrence, magnitude, and 

timing of changes in behavior during boat passes were described by these models.  However, 

these values also indicate that there are other factors that influence manatee behavior during 

boat passes.  These factors could be among the variables excluded to meet requirements of 

statistical tests, such as sex, environmental information about the boat’s location, and acoustic 

factors (to be discussed in Chapter 2).   

One hypothesis to explain the regular occurrence of manatee-boat collisions is that some 

manatees may be too distracted to respond to boats or at least to respond in a timely matter.  The 

current study found that, consistent with this hypothesis, behavioral factors such as chewing, 

travel state, and manatee movement type affected the occurrence and timing of changes in 

behavior during boat passes.  Another hypothesis is that manatees may respond but not in the 

most “appropriate” manner, such as moving towards the boat in an effort to seek deeper water.  

The current study found that water depth did affect the magnitude of changes in depth, such that 

deeper water was associated with greater magnitudes in first changes in depth.  “Inappropriate” 

manatee responses to boats can occur from sensory errors, such as not properly identifying the 

direction of the boat and its trajectory and changing heading towards rather than away from the 

boat, but can also occur from environmental constraints such as water depth. 
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Another hypothesis is that manatees have habituated to the presence of boats and over 

time have reduced the frequency or magnitude of their response to the frequent occurrence of 

boats in their habitat.  Supporting this idea, a change in manatee depth is more likely after 

repeated boat exposures rather than at the initial exposure (a first boat in a section of multiple 

boat passes or a single boat pass).  This idea will be further explored in Chapter 3. 

Obtaining speed and attribute information on the boats around the manatee required an 

observation boat to follow to the manatee.  It is possible that the presence or sound of the 

observation boat altered the behavior of the manatee or masked the sound of other boats.  

However, the observation boat crew minimized potential disturbance whenever possible.  If the 

manatee was not moving then the observation boat remained anchored with its engine off and if 

the manatee was traveling then a trolling motor was used to minimize boat noise whenever 

possible.  The main boat engine was only used if the trolling motor speed was insufficient for 

the observation boat to remain close enough to the manatee for data collection.  The observation 

boat was a median distance of 90 m from the focal manatee at boat pass CPAs, and at least 57 m 

away from the manatee for 75% of boat CPAs. 

 

1.4.3 Future Directions 

Many factors affect manatee responses to boats, and this research had to limit the number 

of variables included in analyses to meet statistical guidelines.  Incorporation of more factors 

requires a greater sample size, particularly for close boat passes.  Inclusion of far boat passes can 

potentially dilute the influence of factors and while boats have an almost ubiquitous presence in 

the coastal waters that manatees inhabit, passes within 10 m, or even 50 m, of manatees were 

infrequent relative to the DTAG deployment time window.  An increased sample size would 

allow more variables to be examined, such as environmental parameters at the boat’s location.  

The Nowacek et al. (2004b) study found that manatees were more likely to change behavior in 

response to boats in shallow water compared to a channel.  It is possible that including 

environmental parameters at the boat’s location could reveal important interactions with other 

variables evaluated in the current research. 

This research allowed for a much more detailed picture of manatee behavior than 

previously possible, but there is still significant room for improvement.  In particular, spatial 

resolution could be greatly improved by using a more accurate GPS attached to the manatee.  
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While the sensor measurements on the DTAG improve the tracks derived from the GPS points, a 

track is limited by the quality of the GPS locations it is based on.  Finer spatial resolution of both 

the manatee and the boats around it would allow for more accurate distance estimations between 

manatees and boats, as well as allow changes in heading to be compared to boat position.  For 

example, in the current study a change in a manatee’s heading cannot be confidently assigned as 

a turn towards or away from the approaching boat if the boat is very close because there is 

insufficient spatial resolution to determine which side of the boat the manatee is on.  Future 

studies should evaluate whether a response is necessary and whether the manatee’s response was 

‘appropriate’ for boat passes in addition to addressing to occurrence, magnitude, and timing of 

changes in manatee behavior during boat passes. 

Boat traffic is concentrated in boat channels, such as the ICW, and it is reasonable to 

assume that such an area entails higher risk for manatee-boat collisions.  Future analyses will 

focus on manatee behavior around high-traffic boat channels.  Specifically, do manatees behave 

differently when traveling near boat channels and are there ways to reduce the risk of manatee-

boat collisions around channels? 

1.5 Conclusions 

Manatees change their behavior more often when a boat is near them, and a variety of 

factors influence the occurrence, magnitude, and timing of these changes.  The proximity of the 

boat to the manatee at its CPA was the most consistently important factor that accounted for a 

higher probability of changes in behavior and earlier timing of changes in behavior during closer 

boat passes.  Fast boats elicit changes sooner after the start of the pass, but slow boats cause 

changes to occur earlier relative to the CPA.  Additionally, slow boats allow more time for a 

manatee to change its behavior and hopefully avoid boat collisions.  A manatee that is more 

active before a boat pass is more likely to change its behavior, and manatees outside seagrass 

beds are also more likely to change their behavior.  These results suggest that manatee behavior 

during boat passes is influenced by a variety of factors, such as boat distance and speed, manatee 

behavior, and environmental factors.  All of these factors influence the occurrence, magnitude, 

and timing of manatee changes in behavior and must be considered when evaluating strategies to 

reduce the occurrence of manatee-boat collisions.  
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CHAPTER TWO 

ACOUSTIC CUES IN BOAT NOISE THAT AFFECT A 

MANATEE’S PROBABILITY AND TYPE OF RESPONSE TO 

APPROACHING BOATS 

2.1 Introduction 

As discussed in the previous chapter, manatee mortality from boat collisions is a concern 

for the species’ recovery.  Sound is almost certainly the first cue a manatee has that a boat is 

approaching; however sound propagation in shallow water is complex.  Boat noise amplitude and 

frequency content can be altered as sound waves travel through the environment before reaching 

the manatee.  The focus of this chapter is to identify potential cues in boat noise that manatees 

may detect and use to respond to an approaching boat. 

Boat noise is a result of cavitation (the formation and collapse of bubbles, formed by low 

pressure) and the machinery used to propel a boat, such as diesel engines and gears (National 

Research Council, 2003).  This produces noise across a wide range of frequencies, usually 

peaking in sound intensity between 5 and 500 Hz.  Boat noise comprises both tonal and 

broadband sounds, with the tonal component primarily related to propeller blade rate and the 

broadband component to cavitation.  The frequency and sound level characteristics are loosely 

related to boat size and speed, but many other characteristics affect the sound of a boat (e.g., 

engine type and size).  Boats with outboard engines, like the recreational boats manatees 

commonly encounter, have estimated source levels (third-octaves) of 120-160 dB re 1 µPa at 1 m 

(Richardson et al., 1995).  

 

2.1.1 Sound Propagation 

Manatees inhabit shallow-water environments, where many factors can affect sound 

propagation: i) depth, ii) bottom type, iii) sound wave interaction with the water surface and 

bottom, iv) temperature, v) salinity, vi) geometry of the area (e.g., slope of bottom and presence 

of seawalls), vii) vegetation, and viii) surface conditions, such as waves (Phillips et al., 2006).  

To determine how boat noise travels in shallow water environments, Phillips et al. (2006) 

broadcast chirp signals (sine waves that increased from 1 kHz to 10 kHz over 0.25 seconds) at 
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four sites in Florida and recorded the resulting acoustic signal at a bottom-mounted hydrophone 

one meter from the source and from a roving hydrophone that sampled at different distances 

from the source (R=1-30.5 m).  They found that different acoustic spreading models (four were 

applied) correlated with the actual recorded sound levels more closely in different environments.  

Spherical spreading (Lr(received)=Ls(source)-20·log (R), R≥1), mixed spreading (Lr=Ls-15·log (R), 

R≥1), and the Lurton model (Lr=Ls-20·log (R) for  1<R<r0 and Lr=Ls-20·log (R)-10·log(R/r0) for 

R≥r0) had the highest correlations to the actual measured sound levels from the chirps 

(R=radius).   

A more complete model of transmission loss (TL) in environments that manatees use 

takes into account many factors that alter sound propagation, including salinity, temperature, 

sound speed profile, depth, sediment properties, and, in the case of seagrass beds, the density and 

estimated acoustic reflectivity of seagrass (Miksis-Olds and Miller, 2006).  These factors were 

used in the Monterey-Miami Parabolic Equation (MMPE) by Miksis-Olds and Miller, to estimate 

horizontal sound propagation  of boat noise in 13 seagrass beds (manatees forage on seagrass 

beds) and 12 dredged habitats (manatees typically rest or social in dredged habitats) and then 

compared to the actual results from sound propagation experiments in the field.  TL was found to 

be higher in seagrass beds than the dredged habitats, particularly for distances greater than 100 

m.  Below 2 kHz TL was highest, and the most efficient frequencies for sound propagation were 

2-20 kHz.  The MMPE model was reasonably accurate, particularly for frequencies 1-16 kHz, 

and was further applied to determine if manatee site usage is correlated with the TL of the area.  

For seagrass beds, manatees used sites with higher TL above 2 kHz significantly more often than 

areas with lower TL, regardless of the quality of the seagrass.  Seagrass habitats are, on average, 

14 dB louder than the dredged habitats due to the sound produced by snapping shrimp (Alpheus 

and Synalpheus sp) (Miksis-Oldset al., 2007a).    Differences in TL between dredged habitats, 

which are already quieter than seagrass beds, did not affect manatee usage of individual dredged 

habitats (Miksis-Olds and Miller, 2006).  Manatee’s preference for seagrass beds with high TL 

could make it more difficult for them to detect boat noise. 

TL of boat noise has been measured by passing a boat over a hydrophone and measuring 

the sound levels for various distances between the boat and hydrophone (Phillips et al., 2006).  

TL of boat noise when the boat was departing from the hydrophone increased more rapidly than 

when the boat was approaching the hydrophone.  This difference in the sound level of a boat 
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between approaching and departing is primarily attributed to the bubbles generated from the 

propeller behind the boat.  Bubbles reflect and scatter the noise produced by the boat, causing 

quicker TL behind the boat.  Phillips et al. also opportunistically recorded the sounds of various 

boats as they passed over a hydrophone in a channel and measured peak sound pressure levels 

from 129 to 169 dB (re 1 µPa) at ~ 1 m (average=146 dB, standard deviation=5.9 dB).   

Environmental factors such as water depth, bottom type, and receiver proximity to the 

surface differentially affect the propagation of sound.  When a sound wave is reflected from a 

boundary such as the water surface and interacts with a wave that has a direct path, constructive 

and destructive interference occurs.  This is known as the Lloyd Mirror Effect.  The destructive 

effect is stronger for lower frequencies (below 5 kHz) and the constructive effect can be 

enhanced for high frequencies.  Interference is more pronounced near the surface, but the results 

can continue away from the surface (Au and Hastings, Mardi, 2008).  This means that when 

manatees are near the water surface, such as when they breathe, they can experience a decrease 

or increase in sound intensity as a result of their proximity to the water surface.   

Manatees spend a large amount of their time in shallow water (1-2 m) which limits the 

propagation of low frequency sounds.  There must be enough room within a medium to 

accommodate the wavelength of a sound for it to propagate.  The water surface and the seafloor 

can act as barriers to sound propagation if their impedance is greatly different from the water.  

This means that if a manatee is in 1 m of water then frequencies below 1500 Hz are affected 

because there is not enough room to accommodate the wavelength and the signal’s amplitude is 

lower (wavelength = speed of sound in water/frequency of sound) (a 750 Hz sound has a 

wavelength of approximately 2 m and a 300 Hz sound has a wavelength of approximately 5 m).   

Manatees spend a large fraction of time foraging on seagrass which generally grows in 

shallow-water (< 2 m) environments (Slone et al., 2013).  Manatee predilection for shallow, 

seagrass-covered environments means that sound propagation around them is limited for low 

frequencies by shallow water depth, by proximity to the surface, and from scattering by seagrass.  

These factors combine and interact in complex ways that result in some environments severely 

limiting sound propagation in an inconsistent fashion.  For example, a manatee near the surface 

will receive different frequency content and amplitudes of an approaching boat than a manatee 

deeper in the water column.  Also, all other factors being equal, a manatee in a dredged habitat 

will receive a stronger sound signal than a manatee on a seagrass bed.  Identifying the 
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frequencies and other features of boat noise that manatees use to decide when/if to respond to an 

approaching boat can help identify what acoustic situations make a manatee more vulnerable to 

boat collisions. 

 

2.1.2 Manatee Senses 

The sound of an approaching boat is most likely the predominant cue available to 

manatees.  Water turbidity would make visual detection unlikely.  Additionally, psychophysical 

experiments have found that manatee’s have limited visual acuity.  The visual acuity for one 

subject was between 21 and 24 minutes for minimum angles of resolution (Bauer et al., 2003).  

This suggests their visual acuity is poor for evaluating objects up close, though it could allow for 

limited long distance uses such as orientation cues from large objects.  Their brightness 

discrimination was determined to be a Weber fraction of 0.35 (a ratio representing the smallest 

increment in the magnitude of a stimulus that can be detected).  This is similar to the brightness 

discrimination of two species of fur seals (Arctocephalus pusillus and Arctocephalus australis), 

however, human brightness discrimination is three times better (Griebel and Schmid, 1997).  

Manatee vision is not a likely candidate to be the first indicator of an approaching boat not only 

because of their limited visual capabilities, but because they live in relatively turbid 

environments that would not allow for long-range visual detection.  Manatee hearing, on the 

other hand, likely allows for early detection of boats.  Behavioral audiograms of two captive 

manatees using pure tones found sensitivity to frequencies between 0.4 to 46 kHz (highest 

frequency tested), with peak sensitivities for frequencies between 6 and 20 kHz (Gerstein et al., 

1999).  A separate behavioral audiogram of two different manatees found peak sensitivities in a 

similar range of frequencies, 8-32 kHz, and found detection of sounds up to 90.5 kHz (Gaspard 

et al., 2012).  These studies indicate that manatee hearing capabilities are quite acute in the 

frequencies produced by boats.  

Even if an acoustic signal is within hearing range and above the absolute threshold, the 

signal is not detected unless it can be distinguished from background noise.  The detectability of 

a signal in the presence of noise is described by the critical ratio – the minimum difference in 

sound level between a tone and background noise required for it to be detected.  A captive study 

with 2 manatees tested the detection of tones in the presence of one-octave-wide noise bands 

centered on the tone frequency, and found that manatees have relatively low critical ratios: 18-22 
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dB around 8 kHz (Gaspard et al., 2012).  Another captive study with 2 manatees, also found low 

critical ratios for manatee hearing, with a critical ratio of 14-16 dB at 6 kHz (pulsed pure tones) 

(Gerstein, 1999).   

Psychophysical studies suggest that manatees can detect the sound frequencies produced 

by boat motors if background noise is not elevated (e.g., snapping shrimp, waves, and rain can 

elevate background noise), but other aspects of a manatee’s auditory sensory abilities are 

important as well.  Auditory temporal resolution is important for locating a sound’s origin based 

on differences in binaural reception times.   Using evoked potentials, one manatee was found to 

be maximally sensitive to 600 Hz amplitude modulation, making the subject’s temporal 

resolution roughly ten times that of humans, suggesting manatees potentially have good sound 

localization capabilities (Mann et al., 2005).  This has been verified in behavioral experiments, 

where captive manatees performed well above chance in discriminating among sounds produced 

by four speakers arranged around the manatee (Colbert et al., 2009).  The broadband nature and 

frequency range of the stimuli used in this experiment was similar to boat noise, suggesting that 

manatees should be capable of localizing sounds produced by boats.  

 

2.1.3 Acoustic Cues 

 There is information in the acoustic signature of boat noise that manatees could 

potentially use to assess the relative threat of a collision.  For example, shallow water also affects 

the acoustic signal received from a moving sound producer (e.g., a boat).  The beta effect causes 

intensity bands that decrease in frequency when a sound source approaches a receiver (e.g., a 

manatee) and increase in frequency as the sound source retreats from the receiver (Tang, 2005b).  

Changes in the frequency of the intensity bands of boat noise are related to the relative speed of 

the boat approaching or retreating from the manatee.  These intensity bands could provide the 

manatee with information about the location, direction, and approximate speed of an approaching 

boat.  Determining whether manatees use slope of intensity bands to judge if, how, and when to 

respond to an approaching boat is of particular interest, because most documented boat strikes 

are from fast-moving boats, which cause greater injury (Calleson and Frohlich, 2007). 

 Sound amplitude levels increase at different rates for different types of boats.  For 

example, personal watercrafts (PWC) generally have more rapid rise in sound level than an open 

fisherman-type boat (Miksis-Olds et al., 2007b).  Indeed, more pronounced responses have been 
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documented in response to the sound of vessels with a more rapid rise time (Miksis-Olds et al., 

2007b).  The current study includes a measure of the rate of change in sound level prior to a 

boat’s CPA to explore whether manatees may be using this cue. 

 

2.1.4 Manatee Responses to Boat Noise 

Field experiments using only the sound of an approaching boat elicit responses from 

manatees.  The type of boat and its speed greatly affects the quality, frequency content, and 

sound level a boat produces.  Prerecorded sounds of boat approaches for two different small 

boats (4 stroke engine) idling or planing and a PWC planing were used in playback experiments 

to observe if manatees have different responses to the sound of different boat types and speeds 

(Miksis-Olds et al., 2007b).   Each prerecorded pass had a closest point of approach to the 

hydrophone of 10 m and a unique acoustic envelope (i.e., overall shape of the sound amplitude) 

based on the boat type and speed.  The idling approach had the longest duration, but the lowest 

amplitude.  The planing boat had higher amplitude, and a more rapid rise time than the idling 

approach; this approach also had a more gradual rise in amplitude and more abrupt decrease 

while departing.  The PWC had the shortest overall duration and quickest rise time, with peak 

amplitude similar to the planing boat.  The planing and PWC approaches both had a clear 

broadband peak in amplitude at the closest point of approach (CPA) that the idling approach 

lacked.  The PWC approach had the loudest peak between 2 and 3 kHz at the CPA.  Power 

spectra for all three approaches 15 seconds before CPA and at CPA, when compared with the 

ambient noise level and the hearing sensitivity of manatees, can suggest the point at which each 

boat is audible to manatees.  Prior to the closest point of approach, the PWC was either at or 

below detectable levels for frequencies below 5 kHz; however, from 5 – 20 kHz, it was above 

detectable levels, whereas the idling and planing approaches were above detectable levels for 3-

20 kHz.  At the closest point of approach all three types emitted detectable sound levels.  Of the 

approach types, the sound of an approaching PWC showed the most pronounced manatee 

response. 

Manatee responses in the Miksis-Olds et al. (2007b) study varied with acoustically 

simulated boat type and speed.  The control either elicited no response, or the manatee 

approached and interacted with the boat.  While only 35% of the manatees responded to the idle 

speed approach, 65% responded to the planing approach, and almost all manatees responded to 
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the PWC approach.  Most retreats from the simulated idle boat approaches were slow swimming 

(none were fast swimming), whereas the simulated planing approach elicited fast swimming 37% 

of the time, and the PWC approach elicited the highest proportion of fast swimming responses.  

In addition to locomotor responses observed, the ventilation variability was significantly greater 

following the planing or PWC playback than the idle or control.  Overall, the most pronounced 

behavioral and physiological response was to the simulated PWC approach.  The PWC approach 

had a very short rise time with the sound level not differing greatly from the ambient background 

until approximately 5 seconds before the closest point of approach; this could explain the more 

dramatic reaction since the manatees did not have time to respond in a more energetically 

favorable manner.  The behavioral responses lead to a disruption in feeding behavior, and in 

some cases the manatees left the area.  PWCs are also behaviorally different than other 

watercraft in that they commonly leave the water and produce a loud smacking noise when 

reentering the water, have erratic changes in speed and heading, and these differences could also 

lead to more pronounced responses (Erbe, 2013).  The differential proportions of responses 

between the conditions shows that manatees are able to discriminate between boat types and 

speed based on sound. 

The current study aims to determine what features of boat noise are salient to manatees, 

as they affect probability of behavioral response, the type of response, and the timing of response 

to approaching boats.  As in Chapter 1, the DTAG provides detailed behavioral measurements 

and records the acoustic environment.  This chapter focuses on the manatee’s perspective – what 

features in boat noise (e.g., sound level and slope of intensity bands) do manatees potentially use 

to decide if, how, and when to react to an approaching boat.  Additionally, factors that affect 

sound propagation—such as water depth, manatee depth, and bottom type—are evaluated for 

their potential influence on the occurrence, magnitude, and timing of changes in behavior (same 

as in Chapter 1). 

 

2.2 Methods 

 Field and data processing methods were the same as in Chapter 1.  Boat pass extraction 

was extended to periods of time outside of focal follows.  This greatly increased the sample size 

of boat passes; however manatee observation and boat attribute/path data are not available for 

passes outside of focal follow times.  The number of boat passes extracted for each manatee from 
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this expanded set of time is in Table 2.1.  Acoustic measurements were included for Chapter 2 

boat passes: sound levels, signal-to-noise ratios, slope of sound intensity bands, and rise rate of 

sound levels. 

 

 
Table 2.1: Number of boat passes for each manatee, based solely on acoustic criteria. 

 

 

 
 

 

2.2.1 Sound Measurements 

Measurements of sound level at CPA used a 1-second time window centered at CPA.  

Signal-to-Noise ratio (S:N ratio) measurements compared the sound level at CPA to a 1-second 

‘noise’ segment from before boat noise.  Spectrograms of all ‘noise’ segments were visually 

inspected for non-target sounds such as tag rubbing.  If a non-target sound occurred during the 

‘noise’ sample then the time of the ‘noise’ segment was moved back in 1-second increments 

until an appropriate time window was found. 
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Manatees live in an acoustically active environment that includes sounds not of relevance 

for defining the start, CPA, and end of boat passes.  In particular, short-duration broadband 

sounds like those produced by snapping shrimp are common and occasionally pervasive.  These 

sounds were removed from acoustic samples when detecting CPAs and reversals in smoothed 

sound levels for defining the start and end of boat passes.  The broadband sounds were located 

by splitting the acoustic record into 0.05 second pieces and flagging any of these small segments 

that differed in sound level to its neighboring pieces by more than 7 dB re 1 Pa (1-30 kHz 

band).  These small pieces were removed from the acoustic record for processes that used sound 

level so that they did not cause false alarm peaks in sound level.   

 

2.2.2 Intensity Band and Rise Rate Measurements 

 Intensity bands in boat noise decrease in frequency as a boat approaches a manatee and 

then increase in frequency when the boat is retreating.  The slopes of intensity bands are related 

to the approaching boat’s relative speed.  The slope of these bands was measured by dividing the 

frequency of the intensity band closest to 10 kHz 2 seconds before the CPA by the frequency of 

the same intensity band 1 second before CPA (Figure 2.1).  The frequency was chosen because 

manatees hear well around 10 kHz and most boat passes contain acoustic energy around 10 kHz 

even if lower or higher frequencies are lost due to environmental constraints on sound 

propagation.   

 

 

 
 

 

Figure 2.1: Intensity bands of 2 boats passes.  Spectrograms of 2 boat passes, time = 0 at each 

pass’s CPA and the negative values indicated times before CPA.  The blue circles show where 
the frequency of the intensity band closest to 10 kHz was measured for each pass. 
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Rise rate in sound level before a boat pass’s CPA was measured by calculating the slope 

of a linear fit for a line of sound level measurements (0.5-30 kHz) every 0.2 seconds in the 10-

second time window before a boat’s CPA. 

 

2.2.3 Statistical Analyses 

In this chapter, boat-related variables are excluded in exchange for additional boat passes 

(boat passes outside of focal follows are included) and acoustic variables.  Variables that 

describe manatee behavior, environmental parameters that affect sound propagation, and 

variables that describe the acoustic properties of boat noise are included. From this perspective, 

we re-examine the questions explored in chapter 1:  

 

A1. What factors affect the probability of a manatee making any change in behavior (roll, 

heading, depth, or fluking) during a boat pass? 

A2. What factors affect the probability of a manatee making a change in roll during a boat pass? 

A3. What factors affect the probability of a manatee making a change in heading during a boat 

pass? 

A4. What factors affect the probability of a manatee making a change in depth during a boat 

pass? 

A5. What factors affect the probability of a manatee making a change in fluking behavior during 

a boat pass? 

B1. What factors affect the magnitude of the first change in a manatee’s roll during a boat pass? 

B2. What factors affect the magnitude of the first change in a manatee’s heading during a boat 

pass? 

B3. What factors affect the magnitude of the first change in a manatee’s depth during a boat 

pass? 

C1. What factors affect the number of changes in roll during a boat pass? 

C2. What factors affect the number of changes in heading during a boat pass? 

C3. What factors affect the number of changes in depth during a boat pass? 
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D1. What factors affect the time of a manatee changing its behavior relative to an approaching 

boat’s closest point of approach (CPA)?  

D2. What factors affect the time of a manatee changing its behavior proportionally to the time it 

takes a boat to reach its CPA?  

D3. What factors affect the time of a manatee changing its behavior after the start of a boat’s 

pass?  

 

Variable selection for modeling.  The overall modeling process was presented in the 

‘modeling overview’ section in Chapter 1 and statistical definitions presented in Table 1.4.   

 Statistical rules limit the number of variables to be included in each model to half the 

number of manatees (N = 18).  Therefore, the number of variables (76 variables were 

considered) had to be reduced to nine to meet this criterion, as well as to ease the computational 

burden of constructing models with the full combination of variables.  Variables considered 

included those measuring manatee depth, water depth, seagrass presence, manatee distance to 

channel, and channel type of the closest channel measured at two time points: 1-second before 

the pass and at the boat’s CPA.  Other variables included manatee sex, fluking state, presence of 

chewing sounds before the start of the pass, the duration of the pass, and the time between the 

start of the pass and the CPA.  Information about the acoustic aspects of the boat pass included 

the following parameters: the slope of intensity bands 2 seconds before CPA, rise rate of sound 

level during a 10-second period before CPA, whether the pass consisted of single or multiple 

boats, whether the pass was the first pass in a section of multiple boat passes, signal to noise 

(S:N) ratio, and sound level measurements at CPA for 21 third octave bands (from 224  to 28000  

Hz), 7 octave bands (from 177 to  22720 Hz), and 2 broad bands (0.5-30 kHz and 1-30 kHz).  

Each of these variables was included as the sole independent variable in models for each of the 

dependent variables described in the questions at the beginning on this chapter and their AICc 

values compared.   

These single-variable models and the same models with pass duration included were used 

to choose among variables measuring the same information at different time points.  Across 

questions posed, measurements before the pass and at CPA had the same predictive power for 

manatee depth, seagrass presence, water depth, distance to channel, and type of closest channel.  

The measurements before the start of the boat pass for these parameters were kept because for 
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some variables (e.g., manatee depth), the measured value at CPA may have already represented 

part of a behavioral response.  This narrowed the number of variables to 29.  Comparison of 

AICc values between models requires that the models contain the same number of samples; 

therefore, passes with incomplete data were removed, reducing the number of passes to 672 

(Table 2.2). 

 

 

Table 2.2: Number of boat passes for each manatee after sample size reduction. 

 

 

 
 

 

The remaining 29 variables were evaluated by comparing the AICc values of 471 models 

constructed to compare the predictive value of these variables.  The average AICc value across 

all models that contained a specific variable was calculated and ranked for each question.  Across 

questions, octave-band sound level and octave-band Signal-to-Noise ratio measurements did not 

consistently rank as high as 0.5-30 kHz and 1-30 kHz band measurements; therefore only 0.5-30 

kHz and 1-30 kHz band measurements were retained.  The 0.5-30 kHz sound level and 0.5-30 
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kHz Signal-to-Noise ratio variables were kept, as these were slightly more informative (better 

AICc values) than their 1-30 kHz counterparts.  The final 10 variables are described in Table 2.3.  

Questions A1-A5 (those concerning whether or not a change in behavior occurred) included pass 

duration as a variable because the occurrence of a change in behavior could depend on the length 

of the time window evaluated.  Additionally, questions D1, D2, and D3 included the length of 

time between the start of the pass and CPA, because the timing of a change within this period 

could depend on how long the period lasts.  Questions that involved the number of changes in 

behavior during a boat pass included the duration of the pass as an offset variable (coefficient is 

held static, essentially transforming it into a model of rates).  The variables included for each 

question can be found in Table 2.4.   

 

 

Table 2.3: Standard set of variables included in every question for Chapter 2. 

 

 

 
 

 

Table 2.4: Summary of variables included in each question for Chapter 2.   
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Model selection.  A complete description of the modeling process is included in the 

‘modeling overview’ section in Chapter 1 and statistical definitions in Table 1.4.   In summary, 

models that include all possible combinations of variables with up to 9 variables in each model 

were run for each question and each included manatee ID as a random variable.  These models 

were ranked based on AICc values and the top models (defined by a model averaged weight of 

≥0.01) for each question are presented along with their marginal and conditional R2
 values, AICc 

value, and model weight.  Since the model weights are relative to the more than a thousand 

models tested, a weight value of 0.01 represents at least ten-fold enrichment in the probability 

that the specific model is the best model (best AICc value) relative to a randomly constructed 

model.  Additionally, the relative importance (Akaike weight sums across all models that 

included that variable) of each predictor variable within each question is presented for questions 

with a maximum R
2
 value of ≥0.25. 

 

2.3 Results 

2.3.1 Modeling 

 The top models (defined by a model weight ≥0.01) are discussed for each question in the 

sections below.  Additionally, prediction curves based on variable medians and model coefficient 

of the top model are presented for questions that achieved a maximum conditional R
2
 ≥0.25.  The 

Akaike weight sums of each variable for questions with a maximum conditional R
2
 ≥0.25 are 

included in Table 2.5.  Variables with an Akaike weight sum ≥0.90 and a significant model-

averaged coefficient are considered strong predictors and the direction of their relationship with 

their respective dependent variables is presented. 

A1: What factors affect the probability of a manatee making any change in behavior 

(roll, heading, depth, or fluking) during a boat pass?  The top models that described whether 

a manatee changes its roll, heading, depth, or fluking behavior during boat passes ranged in 

conditional R
2
 value from .39 to.43, indicating a moderate ability to predict the occurrence of 

changes in behavior (Table 2.6).  Prediction curves for the variables in the top model are found 

in Figure 2.2.  AICc values of all models ranged from 692.0 to 856.77.  Forty-seven models had 

a weight ≥0.01 and the top 2 had distinctly higher weights and both models included the 

following variables: fluking state of the manatee, sound level at CPA, manatee depth, pass 

duration, pass number within boat noise section, and water depth at the manatee’s location.  All 
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of those variables except pass number within boat noise section and water depth had significant 

regression coefficients and an Akaike weight sum ≥0.75.  A manatee was more likely to change 

its behavior during a boat pass if the manatee was in a high fluking state, the sound level of the 

0.5-30 kHz frequency band was high at CPA, the manatee was closer to the surface, and the pass 

duration was longer (Figures 2.3 - 2.6). 

 

 

Table 2.5: Akaike weight sums for variables of models that achieved a high R
2
.  Each row 

includes the dependent variable for that model set, the Akaike weight sum for each variable 

(Table 1.4), and the highest R
2
 value from that model set (only variables of models that achieved 

an R
2 ≥0.25 is 

included) .  Weight sums can only be compared to other values within the same 

row.  Akaike weight sums range from 0 to 1, with 1 indicating maximum importance relative to 

the other variables.  Cells are color coded using a color ramp such that green represents strong 

relative importance (1.0), red indicates low relative importance (0), and yellow/orange is in 

between 0 and 1.  NA indicates that the variable was not included for that set of models.  

Statistically significant model-averaged coefficients are in bold.  Variables that are bolded and 

≥0.90 indicate that they were a strong predictor of their respective dependent variable.  It is 

important to note that these weights consider all models with the same dependent variable 

regardless of the predictive power achieved; therefore a high Akaike weight sum does not 

necessarily indicate an absolute high predictive power, but that a variable is a good predictor 

relative to the other variables included.  The bottom two rows correctly contain the same Akaike 

weight sums. 
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Table 2.6: Models with AnyChange as a dependent variable.  These models describe the sets 

of variables that best predict whether a manatee changes its roll, heading, depth, or fluking 

during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was 
included in the model, “.” indicates that the variable was not included in that model and “NA” 
indicates that the variable was not included as a possibility.  This table continues on the next 

page. 
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Table 2.6 - continued 

 

 

 
 

 

A2 & A3: What factors affect the probability of a manatee making a change in roll 

or heading during a boat pass?  Models that described changes in roll or heading during boat 

passes achieved only low conditional R
2
 values (max 0.15 for roll & max 0.18 for heading) 

indicating minor ability to explain the probability of changes in roll and heading (Tables 2.7-

2.8).  Models with a weight of ≥0.01 had little variance in model weight (40 models for roll & 49 

models for heading), though the top model describing the occurrence of changes in heading had a 

weight of 0.03 and it included the following variables: the presence of chewing before the pass, 

sound level at CPA, manatee depth, pass duration, slope of intensity bands in boat noise, and 

water depth at the manatee’s location.  As the R2
 values were not above 0.25, these models were 



132 

 

precluded from further analyses of the relative importance of the variables.  AICc values of all 

models for the probability of a change in roll ranged from 612.8 to 662.1 and from 611.7 to 

665.0 for probability of a change in heading models.   

 

 

 
 

 

Figure 2.2: Components of the top model for changes in behavior.  Prediction curves for the 

top model (Table 2.6) describing the probability of a change in roll, heading, depth, or fluking 

behavior.  The medians of variables and their variable coefficients from the top model are used 

to plot the probability of a change in roll, heading, depth, or fluking behavior.  Standard error for 

categorical variables is depicted as whiskers, and 95% confidence intervals are depicted as 

dashed lines for continuous variables.  Continuous variables include ticks marks on the bottom of 

the plot showing individual measurements. These relationships are specific to this model and 

may not be shared when averaged over all models (Table 1.12). 
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Figure 2.3: Changes in behavior categorized by manatee fluking state.  A comparison of the 

proportion of boat passes for each manatee fluking state category in which the manatee either 

changed (dark portion of bars) or did not change (light portion of bars) its roll, heading, depth, or 

fluking behavior. The number of passes in each category is shown above the bars. ‘Manatee 
fluking state’  was classified as a strong predictor of whether or not a manatee changed its roll, 
heading, depth, or fluking behavior based on its Akaike weight sum (Table 1.4) of 1.00, 

indicating a strong relative importance compared to the other variables tested. This suggests that 

the ‘manatee fluking state category’ variable is important because it generally improved the 
weight of a model if it was included.  A manatee in a high fluking state was more likely to make 

a change in roll, heading, depth, or fluking behavior.  This plot displays data from an individual 

variable, and it is important to note that the classification of the ‘manatee fluking state’ variable 
as important is based on how it performs when included in models with other variables; the plot 

does not show interactions between other variables that may have contributed to its classification 

as important. 

 

 



134 

 

 
 

 

Figure 2.4: Changes in behavior vs. sound level.  A comparison of sound level at CPA 

between passes in which the manatee did or did not change its roll, heading, depth, or fluking 

behavior. The bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of 

pass durations.  The thick line inside the box is the median and the whiskers show the top or 

bottom of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 

percentile), unless the minimum or maximum are closer to the box in which case those values are 

used. Circles represent values classified as outliers. The number of passes in each category is 

shown above the plot.  Sound level was classified as a strong predictor of whether or not a 

manatee changed its roll, heading, depth, or fluking behavior based on its Akaike weight sum 

(Table 1.4) of 0.99, indicating a strong relative importance compared to the other variables 

tested. This indicates that sound level is important because it generally improved the weight of a 

model if it was included.  The higher the sound level at CPA the more likely the manatee was to 

make a change in roll, heading, depth, or fluking behavior. This plot displays data from an 

individual variable, and it is important to note that the classification of sound level as important 

is based on how it performs when included in models with other variables; the plot does not 

show interactions between other variables that may have contributed to its classification as 

important.  
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Figure 2.5: Changes in behavior vs. manatee depth.  A comparison of manatee depth between 

passes in which the manatee did or did not change its roll, heading, depth, or fluking behavior. 

The bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass 

durations.  The thick line inside the box is the median and the whiskers show the top or bottom 

of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), 

unless the minimum or maximum are closer to the box in which case those values are used. 

Circles represent values classified as outliers. The number of passes in each category is shown 

above the plot.  Manatee depth was classified as a strong predictor of whether or not a manatee 

changed its roll, heading, depth, or fluking behavior based on its Akaike weight sum (Table 1.4) 

of 0.99, indicating a strong relative importance compared to the other variables tested. This 

indicates that manatee depth is important because it generally improved the weight of a model if 

it was included.  The shallower the manatee’s depth before the pass, the more likely the manatee 
was to make a change in roll, heading, depth, or fluking behavior. This plot displays data from an 

individual variable, and it is important to note that the classification of manatee depth as 

important is based on how it performs when included in models with other variables; the plot 

does not show interactions between other variables that may have contributed to its classification 

as important.  
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Figure 2.6: Changes in behavior vs. pass duration.  A comparison of pass duration between 

passes in which the manatee did or did not change its roll, heading, depth, or fluking behavior. 

The bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass 

durations.  The thick line inside the box is the median and the whiskers show the top or bottom 

of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), 

unless the minimum or maximum are closer to the box in which case those values are used. 

Circles represent values classified as outliers. The number of passes in each category is shown 

above the plot.  Pass duration was classified as a strong predictor of whether or not a manatee 

changed its roll, heading, depth, or fluking behavior based on its Akaike weight sum (Table 1.4) 

of 1.00, indicating a strong relative importance compared to the other variables tested. This 

indicates that pass duration is important because it generally improved the weight of a model if it 

was included.  The longer the boat pass duration the more likely the manatee was to make a 

change in roll, heading, depth, or fluking behavior. This plot displays data from an individual 

variable, and it is important to note that the classification of pass duration as important is based 

on how it performs when included in models with other variables; the plot does not show 

interactions between other variables that may have contributed to its classification as important.  

 

 

 

  



137 

 

Table 2.7: Models with changes in roll as a dependent variable.  These models describe the 

sets of variables that best predict whether a manatee changes its roll during a boat pass (relative 

model weight of ≥0.01).  A “Y” indicates that the variable was included in the model, “.” 
indicates that the variable was not included in that model and “NA” indicates that the variable 
was not included as a possibility.  This table continues on the next page. 
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Table 2.7 - continued 

 

 
 

 

Table 2.8: Models with changes in heading as a dependent variable.  These models describe 

the sets of variables that best predict whether a manatee changes its heading during a boat pass 

(relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the model, 

“.” indicates that the variable was not included in that model and “NA” indicates that the variable 
was not included as a possibility.  This table continues on the next page. 
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Table 2.8- continued 
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A4: What factors affect the probability of a manatee making a change in depth 

during a boat pass?  The top model that described the occurrence of changes in a manatee’s 

depth during boat passes had a distinctly higher model weight, 0.05, than other models with a 

≥0.01 weight (53 models) (Table 2.9).  This model included the following variables: fluking state 

of the manatee, sound level at CPA, seagrass coverage at the manatee’s location, pass duration, 

rise rate of the sound level, and water depth at the manatee’s location.  Prediction curves for the 

variables in the top model are found in Figure 2.7.  AICc values of all models ranged from 641.6 

to 734.5.  Fluking state, seagrass coverage, and pass duration had significant regression 

coefficients and a high Akaike weight sum.  A manatee was more likely to change its depth 

during a boat pass if the manatee was in a high fluking state (compared to a low or intermediate 

fluking state), the manatee was not on a seagrass bed, and the pass was longer (Figures 2.8-2.10).  

The conditional R
2
 values of the top models ranged from .31 to .35 indicating a moderate ability 

to explain the probability of changes in depth during boat passes.   

 

 

Table 2.9: Models with changes in depth as a dependent variable.  These models describe the 

sets of variables that best predict whether a manatee changes its depth during a boat pass 

(relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the model, 
“.” indicates that the variable was not included in that model and “NA” indicates that the variable 
was not included as a possibility.  This table continues on the next page. 
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Table 2.9 - continued 
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Figure 2.7: Components of the top model for changes in depth.  Prediction curves for the top 

model (Table 2.9) describing the probability of a change in depth.  The medians of variables and 

their variable coefficients from the top model are used to plot the probability of a change in 

depth.  Standard error for categorical variables is depicted as whiskers, and 95% confidence 

intervals are depicted as dashed lines for continuous variables.  Continuous variables include 

ticks marks on the bottom of the plot showing individual measurements.  These relationships are 

specific to this model and may not be shared when averaged over all models (Table 1.12). 
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Figure 2.8: Changes in depth categorized by manatee fluking state.  A comparison of the 

proportion of boat passes for each manatee fluking state category in which the manatee either 

changed (dark portion of bars) or did not change (light portion of bars) its depth. The number of 

passes in each category is shown above the bars.  Manatee fluking state  was classified as a 

strong predictor of whether or not a manatee changed its depth based on its Akaike weight sum 

(Table 1.4) of 0.94, indicating a strong relative importance compared to the other variables 

tested. This suggests that the manatee fluking state variable is important because it generally 

improved the weight of a model if it was included.  A manatee in a high fluking state was more 

likely to make a change in depth.  This plot displays data from an individual variable, and it is 

important to note that the classification of the manatee fluking state variable as important is 

based on how it performs when included in models with other variables; the plot does not show 

interactions between other variables that may have contributed to its classification as important. 
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Figure 2.9: Changes in depth categorized by seagrass coverage.  A comparison of the 

proportion of boat passes for each seagrass coverage category in which the manatee either 

changed (dark portion of bars) or did not change (light portion of bars) its depth. The number of 

passes in each category is shown above the bars. ‘Seagrass coverage’  was classified as a strong 
predictor of whether or not a manatee changed its depth based on its Akaike weight sum (Table 

1.4) of 1.00, indicating a strong relative importance compared to the other variables tested. This 

suggests that the ‘seagrass coverage’ variable is important because it generally improved the 
weight of a model if it was included.  A manatee not on a seagrass bed was more likely to make a 

change in depth.  This plot displays data from an individual variable, and it is important to note 

that the classification of the ‘seagrass coverage’ variable as important is based on how it 
performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important. 
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Figure 2.10: Changes in depth vs. pass duration.  A comparison of pass duration between 

passes in which the manatee did or did not change its depth. The bottom of the boxes represents 

the 25
th

 percentile and the top the 75
th

 percentile of pass durations.  The thick line inside the box 

is the median and the whiskers show the top or bottom of the box ± (1.5*IQR), where IQR 

equals interquartile range (75
th

 percentile – 25
th

 percentile), unless the minimum or maximum are 

closer to the box in which case those values are used. Circles represent values classified as 

outliers. The number of passes in each category is shown above the plot.  Pass duration was 

classified as a strong predictor of whether or not a manatee changed its depth based on its Akaike 

weight sum (Table 1.4) of 1.00, indicating a strong relative importance compared to the other 

variables tested. This indicates that pass duration is important because it generally improved the 

weight of a model if it was included.  The longer the boat pass duration the more likely the 

manatee was to make a change in depth. This plot displays data from an individual variable, and 

it is important to note that the classification of pass duration as important is based on how it 

performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important.  
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A5: What factors affect the probability of a manatee making a change in fluking 

behavior during a boat pass?  The top model that described the probability of changes in 

fluking behavior during boat passes had a distinctly higher model weight than the other top 

models (47 models) (Table 2.10).  This model included variables describing the presence of 

chewing before a boat pass, the fluking state of the manatee, the sound level at CPA, manatee 

depth, pass duration, pass number within boat noise section, and water depth at the manatee’s 

location.  All of these had Akaike weight sums ≥.75 and significant regression coefficients 

except presence of chewing, manatee depth and pass number within boat noise section.  The 

manatee was more likely to change its fluking behavior during boat passes if the manatee was in 

a high fluking state, the sound level at CPA was higher, the pass duration is longer, and the water 

depth at the manatee is deeper (Figures 2.12-2.15).  The maximum conditional R
2
 value of .42 

indicates a moderate ability to explain the variance in the occurrence of changes in fluking 

behavior during boat passes.  Prediction curves for the variables in the top model are found in 

Figure 2.11.  AICc values of all models ranged from 732.6 to 925.7.   

 

 

Table 2.10: Models with changes in fluking behavior as a dependent variable.  These models 

describe the sets of variables that best predict whether a manatee changes its fluking behavior 

during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was 
included in the model, “.” indicates that the variable was not included in that model and “NA” 
indicates that the variable was not included as a possibility.  This table continues on the next 

page. 
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Table 2.10 - continued 
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Figure 2.11: Components of the top model for changes in fluking behavior.  Prediction 

curves for the top model (Table 2.10) describing the probability of a change in fluking behavior.  

The medians of variables and their variable coefficients from the top model are used to plot the 

probability of a change in fluking behavior.  Standard error for categorical variables is depicted 

as whiskers, and 95% confidence intervals are depicted as dashed lines for continuous variables.  

Continuous variables include ticks marks on the bottom of the plot showing individual 

measurements. These relationships are specific to this model and may not be shared when 

averaged over all models (Table 1.12). 
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Figure 2.12: Changes in fluking behavior categorized by manatee fluking state.  A 

comparison of the proportion of boat passes for each manatee fluking state category in which the 

manatee either changed (dark portion of bars) or did not change (light portion of bars) its fluking 

behavior. The number of passes in each category is shown above the bars. Manatee fluking state 

was classified as a strong predictor of whether or not a manatee changed its fluking behavior 

based on its Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative importance 

compared to the other variables tested. This suggests that the manatee fluking state variable is 

important because it generally improved the weight of a model if it was included.  A manatee in 

a high fluking state was more likely to make a change in fluking behavior.  This plot displays 

data from an individual variable, and it is important to note that the classification of the manatee 

fluking state variable as important is based on how it performs when included in models with 

other variables; the plot does not show interactions between other variables that may have 

contributed to its classification as important. 
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Figure 2.13: Changes in fluking behavior vs. sound level.  A comparison of sound level at 

CPA between passes in which the manatee did or did not change its fluking behavior. The 

bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass 

durations.  The thick line inside the box is the median and the whiskers show the top or bottom 

of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), 

unless the minimum or maximum are closer to the box in which case those values are used. 

Circles represent values classified as outliers. The number of passes in each category is shown 

above the plot.  Sound level was classified as a strong predictor of whether or not a manatee 

changed fluking behavior based on its Akaike weight sum (Table 1.4) of 0.97, indicating a strong 

relative importance compared to the other variables tested. This indicates that sound level is 

important because it generally improved the weight of a model if it was included. The higher the 

sound level at CPA the more likely the manatee was to make a change in fluking behavior. This 

plot displays data from an individual variable, and it is important to note that the classification of 

sound level as important is based on how it performs when included in models with other 

variables; the plot does not show interactions between other variables that may have contributed 

to its classification as important.  
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Figure 2.14: Changes in fluking behavior vs. pass duration.  A comparison of pass duration 

between passes in which the manatee did or did not change its fluking behavior. The bottom of 

the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass durations.  The 

thick line inside the box is the median and the whiskers show the top or bottom of the box ± 

(1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), unless the 

minimum or maximum are closer to the box in which case those values are used. Circles 

represent values classified as outliers. The number of passes in each category is shown above the 

plot.  Pass duration was classified as a strong predictor of whether or not a manatee changed its 

fluking behavior based on its Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative 

importance compared to the other variables tested. This indicates that pass duration is important 

because it generally improved the weight of a model if it was included.  The longer the boat pass 

duration the more likely the manatee was to make a change in fluking behavior. This plot 

displays data from an individual variable, and it is important to note that the classification of pass 

duration as important is based on how it performs when included in models with other variables; 

the plot does not show interactions between other variables that may have contributed to its 

classification as important.  
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Figure 2.15: Changes in fluking behavior vs. water depth.  A comparison of water depth at 

the manatee’s location between passes in which the manatee did or did not change its fluking 
behavior. The bottom of the boxes represents the 25

th
 percentile and the top the 75

th
 percentile of 

pass durations.  The thick line inside the box is the median and the whiskers show the top or 

bottom of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 

percentile), unless the minimum or maximum are closer to the box in which case those values are 

used. Circles represent values classified as outliers. The number of passes in each category is 

shown above the plot.  Water depth was classified as a strong predictor of whether or not a 

manatee changed its fluking behavior based on its Akaike weight sum (Table 1.4) of 0.93, 

indicating a strong relative importance compared to the other variables tested. This indicates that 

water depth is important because it generally improved the weight of a model if it was included.  

A manatee in deeper water was more likely to make a change in fluking behavior. This plot 

displays data from an individual variable, and it is important to note that the classification of 

water depth as important is based on how it performs when included in models with other 

variables; the plot does not show interactions between other variables that may have contributed 

to its classification as important.  
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B1 & B2: What factors affect the magnitude of the first change in a manatee’s roll 

or heading during a boat pass?  None of the models were able explain much of the magnitude 

of first changes in a manatee’s roll or heading during boat passes.  The maximum R2
 for both 

sets of models was .05, which precluded further analyses of the relative importance of variables 

given the poor ability of models including them to predict the dependent variables (Tables 2.11-

2.12).  AICc values of all roll magnitude models ranged from 1030.5 to 1068.1 and from 1505.4 

to1565.3 for all magnitude of heading change models.   

 

 
Table 2.11: Models with the magnitude of first changes in roll as a dependent variable.  

These models describe the sets of variables that best predict the magnitude of a manatee’s first 
change in roll during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the 
variable was included in the model, “.” indicates that the variable was not included in that model 
and “NA” indicates that the variable was not included as a possibility.  This table continues on 
the next page. 
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Table 2.11 - continued 
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Table 2.12: Models with the magnitude of first changes in heading as a dependent variable.  

These models describe the sets of variables that best predict the magnitude of a manatee’s first 
change in heading during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the 

variable was included in the model, “.” indicates that the variable was not included in that model 
and “NA” indicates that the variable was not included as a possibility. 
 

 

 
 

 

B3: What factors affect the magnitude of the first change in a manatee’s depth 

during a boat pass?   Fourteen models that described the magnitude of a manatee’s first change 

in depth during boat passes had a model weight ≥.01 (Table 2.13).  The conditional R2
 vales for 
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the top models ranged from .39 to .40 indicating a moderate ability to explain the magnitude of a 

manatee’s first change in depth during boat passes.  The top model had a distinctly higher model 

weight, 0.42, and included only 2 variables: manatee depth and water depth at the manatee’s 

location.  Both of these variables had significant regression coefficients and Akaike weight sums 

≥0.75.  The deeper the manatee before a boat pass and the deeper the water at the manatee’s 

location the greater the magnitude of the manatee’s first change in depth during a boat pass 

(Figures 2.17-2.18).  Prediction curves for the variables in the top model are found in Figure 

2.16.  AICc values of all models ranged from 360.6 to 450.1.   

 

 
Table 2.13: Models with the magnitude of first changes in depth as a dependent variable.  

These models describe the sets of variables that best predict the magnitude of a manatee’s first 
change in depth during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the 
variable was included in the model, “.” indicates that the variable was not included in that model 

and “NA” indicates that the variable was not included as a possibility. 
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Figure 2.16: Components of the top model for magnitude of 1
st
 change in depth.  Prediction 

curves for the top model (Table 2.13) describing the magnitude of the 1
st
 change in depth (m).  

The medians of variables and their variable coefficients from the top model are used to predict 

the magnitude of 1
st
 change in depth. Confidence intervals (95%) are depicted as dashed lines for 

continuous variables.  Ticks marks on the bottom of the plots show individual measurements. 

These relationships are specific to this model and may not be shared when averaged over all 

models (Table 1.12). 

 

 

C1 & C2 & C3: What factors affect the number of changes in roll, heading, or depth 

during a boat pass?  The ability of the models to predict the number of changes in roll or 

heading during a boat pass was poor, with maximum conditional R
2
 value of 0.08 and 0.09 

respectively (Tables 2.14-2.16).  Models that predicted the number of changes in depth had a 

minor ability to describe the probability of the number of changes in depth during boat passes 

with a maximum R
2
 of 0.17.  All these models describing the number of changes in roll, heading, 

or depth were precluded from further analyses exploring the relative importance of the variables 

because of the low R
2
 values.  AICc values of all number of changes in roll models ranged from 

977.1 to1049.0.  AICc values ranged from 1026.0 to1093.8 for all number of changes in heading 

models and from 1190.8 to 1262.0 for all number of changes in depth models.   

D1: What factors affect the time of a manatee changing its behavior relative to an 

approaching boat’s closest point of approach (CPA)?  Twenty-six models describing the time 

of the first change in behavior relative to the CPA had a model weight ≥.01 (Table 2.17).  The 

top 6 models had distinctly higher model weights -- particularly the top model, which included 

the following variables: the presence of chewing before the boat pass, fluking state of the 

manatee, manatee depth, seagrass coverage at the manatee’s location, pass number within boat 

noise section, rise rate of the sound level, time for change, and water depth at the manatee’s 

location.  Of those variables, fluking state of the manatee, manatee depth, rise rate of the sound 
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level, and time for change had significant regression coefficients and Akaike weight sums ≥.75.  

The manatee changed its behavior earlier (relative to the CPA) if the manatee was in a high 

fluking state, the manatee’s depth was shallower, and the time for change was longer (Figures 

2.20, 2.21, 2.23).  A gradual rise rate of the sound level corresponded to an earlier first change in 

behavior relative CPA when considered alone (Figure 2.22), however its model-averaged 

coefficient (and the top model prediction plots) suggests the opposite relationship.  This indicates 

an interaction with one or more variables.  The top models had R
2
 values that ranged from .66 to 

.67 indicating a strong ability to explain the time of the first change in behavior relative to the 

CPA during boat passes.  Prediction curves for the variables in the top model are found in Figure 

2.19.  AICc values of all models ranged from 4026.0 to 4511.1.   

 

 
 

 

Figure 2.17: Magnitude of 1
st
 change in depth vs. manatee depth.  A comparison between the 

magnitude of a manatee’s first change in depth and manatee depth (N=166).  A linear regression 
line is included, indicating a positive relationship between the magnitude of a manatee’s first 
change in depth during boat passes and manatee depth. Manatee depth was classified as a strong 

predictor of the magnitude of a manatee’s first change in depth based on its Akaike weight sum 
(Table 1.4) of 1.00, indicating a strong relative importance compared to the other variables 

tested. This indicates that manatee depth is important because it generally improved the weight 

of a model if it was included.  The deeper the manatee was before a boat pass, the greater the 

magnitude of its first change in depth. This plot displays data from an individual variable, and it 

is important to note that the classification of manatee depth as important is based on how it 

performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important. 
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Figure 2.18: Magnitude of 1
st
 change in depth vs. water depth.  A comparison between the 

magnitude of a manatee’s first change in depth and water depth at the manatee’s location before 
the pass (N=166).  A linear regression line is included, indicating a positive relationship between 

the magnitude of a manatee’s first change in depth during boat passes and water depth. Water 

depth was classified as a strong predictor of the magnitude of a manatee’s first change in depth 
based on its Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative importance 

compared to the other variables tested. This indicates that water depth is important because it 

generally improved the weight of a model if it was included.  The deeper the water at the 

manatee’s location before a boat pass, the greater the magnitude of its first change in depth. This 

plot displays data from an individual variable, and it is important to note that the classification of 

water depth as important is based on how it performs when included in models with other 

variables; the plot does not show interactions between other variables that may have contributed 

to its classification as important. 
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Table 2.14: Models with the number of changes in roll as a dependent variable.  These 

models describe the sets of variables that best predict the number of changes in roll during a boat 

pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the 
model, “.” indicates that the variable was not included in that model and “NA” indicates that the 
variable was not included as a possibility. 

 

 

 
  



161 

 

Table 2.15: Models with the number of changes in heading as a dependent variable.  These 

models describe the sets of variables that best predict the number of changes in heading during a 

boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the 
model, “.” indicates that the variable was not included in that model and “NA” indicates that the 
variable was not included as a possibility. 
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Table 2.16: Models with the number of changes in depth as a dependent variable.  These 

models describe the sets of variables that best predict the number of changes in depth during a 

boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was included in the 

model, “.” indicates that the variable was not included in that model and “NA” indicates that the 
variable was not included as a possibility. 
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Table 2.17: Models with FirstChange_TimeRelCPA as a dependent variable.  These models 

describe the sets of variables that best predict the time of the first change in behavior relative to 

the CPA during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable 
was included in the model, “.” indicates that the variable was not included in that model and 

“NA” indicates that the variable was not included as a possibility. 
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Figure 2.19: Components of the top model for FirstChange_TimeRelCPA.  Prediction 

curves for the top model (Table 2.17) describing the timing of the 1
st
 change in behavior relative 

to CPA (0 seconds=CPA).  The medians of variables and their variable coefficients from the top 

model are used to predict the timing of the 1
st
 change in behavior relative to CPA.  Standard 

error for categorical variables is depicted as whiskers, and 95% confidence intervals are depicted 

as dashed lines for continuous variables.  Continuous variables include ticks marks on the bottom 

of the plot showing individual measurements. These relationships are specific to this model and 

may not be shared when averaged over all models (Table 1.12). 
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Figure 2.20: FirstChange_TimeRelCPA vs. manatee fluking state.  A comparison of the 

timing of the 1
st
 change in behavior relative to CPA between manatee fluking states. The bottom 

of the boxes represents the 25
th

 percentile and the top the 75
th

 percentile of pass durations.  The 

thick line inside the box is the median and the whiskers show the top or bottom of the box ± 

(1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 25
th

 percentile), unless the 

minimum or maximum are closer to the box in which case those values are used. Circles 

represent values classified as outliers. The number of passes in each category is shown above the 

plot.  Fluking state was classified as a strong predictor of the timing of the 1
st
 change in behavior 

relative CPA based on its Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative 

importance compared to the other variables tested. This indicates that fluking state is important 

because it generally improved the weight of a model if it was included.  A manatee in a high 

fluking state was more likely to have a 1
st
 change in behavior occur earlier relative CPA. This 

plot displays data from an individual variable, and it is important to note that the classification of 

fluking state as important is based on how it performs when included in models with other 

variables; the plot does not show interactions between other variables that may have contributed 

to its classification as important.  
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Figure 2.21: FirstChange_TimeRelCPA vs. manatee depth.  A comparison between the 

timing of the 1
st
 change in behavior relative CPA and manatee depth (N=450).  A linear 

regression line is included, indicating a positive relationship between the timing of the 1
st
 change 

in behavior relative CPA and manatee depth. Manatee depth was classified as a strong predictor 

of the timing of the manatee’s 1st
 change in behavior relative CPA based on its Akaike weight 

sum (Table 1.4) of 0.97, indicating a strong relative importance compared to the other variables 

tested. This indicates that manatee depth is important because it generally improved the weight 

of a model if it was included.  The closer the manatee was to the surface the more likely its 1
st
 

change in behavior occurred early relative CPA. This plot displays data from an individual 

variable, and it is important to note that the classification of manatee depth as important is based 

on how it performs when included in models with other variables; the plot does not show 

interactions between other variables that may have contributed to its classification as important. 
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Figure 2.22: FirstChange_RelCPA vs. rise rate of sound level.  A comparison between the 

timing of the 1
st
 change in behavior relative CPA and rise rate of sound level (N=450).  A linear 

regression line is included, indicating a positive relationship between the timing of the 1
st
 change 

in behavior relative CPA and rise rate.  This relationship is the opposite of what the model-

averaged coefficient indicated; this suggests an interaction with one or more other variables.  

Rise rate was classified as a strong predictor of the timing of the 1
st
 change in behavior relative 

CPA based on its Akaike weight sum (Table 1.4) of 0.95, indicating a strong relative importance 

compared to the other variables tested. This indicates that rise rate is important because it 

generally improved the weight of a model if it was included.  This plot displays data from an 

individual variable, and it is important to note that the classification of rise rate as important is 

based on how it performs when included in models with other variables; the plot does not show 

interactions between other variables that may have contributed to its classification as important. 
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Figure 2.23: FirsChange_TimeRelCPA vs. time for change.  A comparison between the 

timing of the 1
st
 change in behavior relative CPA and the time between the start of the pass and 

CPA (time for change) (N=450).  A linear regression line is included, indicating a negative 

relationship between the timing of the 1
st
 change in behavior relative CPA and time for change. 

Time for change was classified as a strong predictor of the magnitude of a manatee’s first change 
in depth based on its Akaike weight sum (Table 1.4) of 1.00, indicating a strong relative 

importance compared to the other variables tested. This indicates that time for change is 

important because it generally improved the weight of a model if it was included.  The longer the 

time window between the start of the pass and CPA the earlier the 1
st
 change in behavior relative 

CPA. This plot displays data from an individual variable, and it is important to note that the 

classification of time for change as important is based on how it performs when included in 

models with other variables; the plot does not show interactions between other variables that may 

have contributed to its classification as important. 

 

 

D2. What factors affect the time of a manatee changing its behavior proportionally 

to the time it takes a boat to reach its CPA?  The top 2 models that described the time of a 

manatee’s first change in behavior proportional to the time between the start of the pass and the 

CPA had distinctly higher model weights of .26 and .24. Both of these models included fluking 

state of the manatee and the time for change as variables (Table 2.18).  The highest R
2
 value was 
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0.13, of the models with a weight ≥0.01, indicating a minor ability to explain the time of a 

manatee’s first change in behavior proportion to the time from the start of the pass to the CPA.  

The low R
2
 values precluded the models from further analyses of the relative importance of the 

variables.  AICc values of all models ranged from 857.2 to 929.1.   

 

 

Table 2.18: Models with FirstChange_TimeProportion as a dependent variable.  These 

models describe the sets of variables that best predict the time of the first change in behavior 

proportional to the time between the start of the pass and the CPA during a boat pass (relative 

model weight of ≥0.01).  A “Y” indicates that the variable was included in the model, “.” 
indicates that the variable was not included in that model and “NA” indicates that the variable 
was not included as a possibility. 
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D3. What factors affect the time of a manatee changing its behavior after the start of 

a boat’s pass?  Of the 26 models with a weight ≥.01, the top few models had distinctly higher 

model weights, particularly the top model (Table 2.19).  This model included the presence of 

chewing before the boat pass, fluking state of the manatee, manatee depth, seagrass coverage at 

the manatee’s location, pass number within boat noise section, rise rate of the sound level, time 

for change, and water depth at the manatee’s location.  These variables had significant regression 

coefficients and high Akaike weight sums, except the presence of chewing before the boat pass, 

seagrass coverage at the manatee’s location, pass number within boat noise section category, and 

water depth at the manatee’s location. A manatee’s first change in behavior during a boat pass 

was more delayed if the manatee is in a low or intermediate fluking state (relative to a high 

fluking state), the manatee is deeper in the water column, the rise rate of the sound level is more 

gradual, and the time for change is longer (Figures 2.25-2.28).  The conditional R
2
 values of the 

top models were 0.27-0.30 indicating a moderate ability to explain the variance in the time delay 

of the first change in a manatee’s behavior during boat passes.  Prediction curves for the 

variables in the top model are found in Figure 2.24.  AICc values of all models ranged from 

4026.0 to 4178.2.   

 

 

Table 2.19: Models with FirstChange_TimeDelay as a dependent variable.  These models 

describe the sets of variables that best predict the time delay of the first change in behavior 

during a boat pass (relative model weight of ≥0.01).  A “Y” indicates that the variable was 
included in the model, “.” indicates that the variable was not included in that model and “NA” 
indicates that the variable was not included as a possibility.  The similarity between the values in 

this table and Table 2.17 is correct. This table continues on the next page. 
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Table 2.19 – continued 
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Figure 2.24: Components of the top model for FirstChange_TimeDelay.  Prediction curves 

for the top model (Table 2.19) describing the timing of the 1
st
 change in behavior relative the 

start of the pass (0 seconds=start of pass).  The medians of variables and their variable 

coefficients from the top model are used to predict the timing of the 1
st
 change in behavior 

relative to the start of the pass.  Standard error for categorical variables is depicted as whiskers, 

and 95% confidence intervals are depicted as dashed lines for continuous variables.  Continuous 

variables include ticks marks on the bottom of the plot showing individual measurements. These 

relationships are specific to this model and may not be shared when averaged over all models 

(Table 1.12). 
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Figure 2.25: FirstChange_TimeDelay vs. manatee fluking state.  A comparison of the time 

delay of the 1
st
 change in behavior relative the start of the pass (time delay) between manatee 

fluking states. The bottom of the boxes represents the 25
th

 percentile and the top the 75
th

 

percentile of pass durations.  The thick line inside the box is the median and the whiskers show 

the top or bottom of the box ± (1.5*IQR), where IQR equals interquartile range (75
th

 percentile – 

25
th

 percentile), unless the minimum or maximum are closer to the box in which case those 

values are used. Circles represent values classified as outliers. The number of passes in each 

category is shown above the plot.  Fluking state was classified as a strong predictor of the time 

delay of the 1
st
 change in behavior based on its Akaike weight sum (Table 1.4) of 1.00, 

indicating a strong relative importance compared to the other variables tested. This indicates that 

fluking state is important because it generally improved the weight of a model if it was included.  

There is less of a time delay of the 1
st
 change in behavior if the manatee was in a low or 

intermediate fluking state (compared to a high fluking state). This plot displays data from an 

individual variable, and it is important to note that the classification of fluking state as important 

is based on how it performs when included in models with other variables; the plot does not 

show interactions between other variables that may have contributed to its classification as 

important.  
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Figure 2.26: FirstChange_TimeDelay vs. manatee depth.  A comparison between the time of 

the 1
st
 change in behavior relative the start of the pass (time delay) and manatee depth (N=450).  

A linear regression line is included, indicating a positive relationship between the time delay of 

the 1
st
 change in behavior and manatee depth. Manatee depth was classified as a strong predictor 

of the magnitude of a manatee’s first change in depth based on its Akaike weight sum (Table 1.4) 
of 0.97, indicating a strong relative importance compared to the other variables tested. This 

indicates that manatee depth is important because it generally improved the weight of a model if 

it was included.  A manatee closer to the surface was more likely to have less of a time delay for 

the 1
st
 change in behavior. This plot displays data from an individual variable, and it is important 

to note that the classification of manatee depth as important is based on how it performs when 

included in models with other variables; the plot does not show interactions between other 

variables that may have contributed to its classification as important. 
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Figure 2.27: FirstChange_TimeDelay vs. rise rate of sound level.  A comparison between the 

timing of the 1
st
 change in behavior relative the start of the pass (time delay) and rise rate of 

sound level (N=450).  A linear regression line is included, indicating a negative relationship 

between the time delay of the 1
st
 change in behavior and rise rate of sound level. Rise rate was 

classified as a strong predictor of the time delay of the 1
st
 change in behavior based on its Akaike 

weight sum (Table 1.4) of 0.95, indicating a strong relative importance compared to the other 

variables tested. This indicates that rise rate is important because it generally improved the 

weight of a model if it was included.  The more gradual the rise rate of sound level the more 

delayed the manatee’s 1st
 change in behavior. This plot displays data from an individual variable, 

and it is important to note that the classification of rise rate as important is based on how it 

performs when included in models with other variables; the plot does not show interactions 

between other variables that may have contributed to its classification as important. 
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Figure 2.28: FirstChange_TimeDelay vs. time for change.  A comparison between the timing 

of the 1
st
 change in behavior relative that start of the pass (time delay) and the time between the 

start of the pass and CPA (time for change) (N=450).  A linear regression line is included, 

indicating a positive relationship between the time delay of the 1
st
 change in behavior and time 

for change. Time for change was classified as a strong predictor of the time delay of the 1
st
 

change in behavior based on its Akaike weight sum (Table 1.4) of 1.00, indicating a strong 

relative importance compared to the other variables tested. This indicates that time for change is 

important because it generally improved the weight of a model if it was included.  The time 

delay of a manatee’s 1st
 change in behavior was greater if the time for change was longer. This 

plot displays data from an individual variable, and it is important to note that the classification of 

time for change as important is based on how it performs when included in models with other 

variables; the plot does not show interactions between other variables that may have contributed 

to its classification as important. 
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2.4 Discussion 

2.4.1 Which Factors Affect Changes in Behavior? 

 Boat acoustics.  Broad-band sound level was an important factor for predicting the 

occurrence of changes in behavior, particularly for fluking.  This finding is congruent with 

findings in Chapter 1 that close boat approaches yield a higher probability of changes in 

behavior, as close boat approaches tend to be louder than boats that do not approach closely.  

While the sound level affected the occurrence of a change in behavior, it was not important in 

predicting the magnitude or timing of first changes in behavior.  The importance of sound level 

to the occurrence of a change in manatee behavior further confirms that manatees can detect the 

sound of boats and react.  This agrees with Miksis-Olds (2007) who found that the sound of an 

approaching boat alone was sufficient to elicit reactions from manatees. 

 One hypothesis for the occurrence of manatee-collisions is that manatees are unable to 

hear approaching boats, specifically slow boats that produce lower amplitude sound.  In Chapter 

1, boat speed was not found to be a strong predictor of the probability of a manatee changing its 

behavior during boat passes.  This indicates that there is not a pronounced (possibly not at all) 

response bias for fast boats; suggesting that, at least part of the time, manatees hear slow boat 

approaches.  Additionally, psychophysical studies of manatee hearing indicate that manatees 

should be able to detect slow boats assuming there is not excessive background noise to mask it 

(Gaspard et al., 2012).  Some habitats that manatees use are quiet, such as rivers; however some 

environments, such as seagrass beds, have louder background noise because of biologically-

produced sound (e.g., snapping shrimp).  It is possible that loud environments could impair a 

manatee’s ability to detect boats, particularly slow boats, however most documented manatee-

boat collisions involve fast boats  (Calleson and Frohlich, 2007).  And above all, faster boats 

cause more severe injuries to manatees and are more likely to cause mortality (Lightsey et al., 

2006; Calleson and Frohlich, 2007). 

Signal-to-noise ratio was not as important as sound level for the same frequency band.  

This was unexpected because the cue detectable by manatees should be the level of the signal 

above the noise level (i.e., S:N ratio).  Signal to noise ratio measurements rely on having an 

appropriate “noise” time segment to compare to the “signal” segment.  “Noise” segments are 

generally measured immediately before the sound of interest, however in the current study the 

sound of interest was at the CPA, and the period of time directly before a CPA is not a suitable 
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“noise” segment since there is boat noise at that time.  The “noise” segment had to be measured 

before the period of boat noise which was a median of 2 minutes (0.5 minutes 1
st
 quartile and 

12.3 minutes 3
rd

 quartile) before the time of interest.  This time difference occurred because 

many boats passed the focal manatee in succession with overlapping boat noise.  Two minutes is 

a sufficient time for there to be a change in background noise, particularly if the manatee was 

traveling.  Additionally, using a “noise” sample that does not include boat noise may not reflect 

the background noise at the CPA, because the background at that time could include sound from 

other boats, raising the background sound level at the time of CPA. 

 While slope of intensity bands in boat noise was not an important factor in predicting 

occurrence, magnitude, and timing of changes in behavior during boat passes, its related quantity 

(both are related to boat speed), rise rate of sound level, was important to the timing of changes.  

A more gradual rise rate resulted in a first change in behavior occurring later relative to CPA.  

Steeper rise rates in sound level resulted in less of a time delay between the start of a boat pass 

and the first change in behavior.  A steeper rise rate in sound level is indicative of (a) a faster 

traveling boat for a given distance at CPA or (b) a closer approaching boat for a given boat 

speed.  It is likely that manatees respond to this, causing a change in behavior shortly after the 

start of the pass.  Miksis-Olds et al. (2007b) found the most pronounced responses to PWCs 

relative to other boat types, and these vessels tend to produce a very steep rise rate of sound 

level.  While a manatee responding in an “appropriate” manner to avoid a boat collision is 

adaptive, Miksis-Olds et al. (2007b) also reported manatees sometimes leaving the area 

following an acoustically simulated PWC approach.  This could be an unfavorable response if a 

manatee is abandoning a high quality seagrass bed.   

 Manatee behavior.  Manatee behavior before boat passes was found to be important in 

predicting changes in behavior during boat passes.  A high fluking state resulted in higher 

probability of changes in behavior, particularly in depth and fluking, and first changes in 

behavior occurred earlier relative to  CPA and the start of the boat pass.  This could occur 

because a manatee that is already fluking is more likely to change its behavior regardless of a 

boat’s presence; alternatively if a manatee is moving it may be more likely to react to a boat’s 

presence than if it was, for example, resting.   

 Manatee depth before a boat pass affected behavior changes in interesting ways.  A 

manatee closer to the surface was more likely to change its behavior during a boat pass, and also 
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more likely to have its first change in behavior occur earlier relative to the start of the pass.  A 

manatee is more vulnerable to boat strikes when it is at the surface, and it is possible that 

manatees are aware of this vulnerability and therefore are more likely to react and sooner when 

they detect a boat while near the surface.  The distribution of boat-strike scars on manatees (most 

behind the center of the back and on tail, and few on the head) suggests that manatees are 

commonly diving at the time of impact , presumably in response to the approaching vessel 

(Wright et al., 1995).  Also when a manatee is close to the surface boat noise has a different 

sound quality than if the manatee is deeper because the destructive and constructive interference 

in sound propagation from the Lloyd Mirror phenomenon affects frequencies differentially.  

Lower frequencies will be quieter, resulting in a ‘tinny’ sound quality.   

 Habitat features.  Manatees not on a seagrass bed are more likely to change their depth 

during a boat pass.  There are several possible explanations: 1) manatees tend to eat on seagrass 

beds and might be less inclined to react to a boat when it would disrupt their feeding, 2) seagrass 

beds tend to be shallow and this could limit the manatee’s ability to dive, 3) if a manatee is not 

on a seagrass bed it is more likely to be traveling and therefore more likely to change behavior, 

and 4) on a seagrass bed there is higher TL (transmission loss) and elevated background noise, 

which could limit or delay a manatee’s detection of an approaching boat.  Indeed Miksis-Olds 

(2007a) found that, on average, seagrass beds are 14 dB louder than dredged habitats due to 

increased biological contributions to the soundscape.  This combined with the higher TL typical 

of seagrass beds (Miksis-Olds and Miller, 2006) could make a close boat sound farther away and 

the manatee may be less likely to identify it as a threat. 

 Deeper water at the manatee location before a boat pass was linked to higher probability 

that a manatee changed its fluking behavior.  There are 2 possible explanations: 1) a manatee is 

more likely to be active in deeper water and therefore more likely to change its fluking behavior, 

and 2) deeper water allows for transmission of lower sound frequencies potentially allowing for 

easier or earlier detection of an approaching boat. 

 Pass duration was found to be important in predicting the occurrence of a change in 

manatee behavior during boat passes.  This was expected even for normal undisturbed behavior, 

which is why duration was included as a covariate in these models.  Manatees were found to 

have significantly higher rates of changes in behavior during close boat passes than during 

periods of no boat noise (Chapter 1).  Periods of time without boat noise are used to measure the 
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background level of changes in behavior that would naturally occur, so higher rates of changes 

during close boat approaches indicate that more changes are occurring than would naturally (i.e., 

without boats).  Longer pass durations provide more time for a manatee to 1) detect a boat’s 

presence, 2) locate the boat, 3) decide whether or how to change behavior, and 4) execute a 

change in behavior - each of which is an important stage in boat avoidance.  Detection of an 

approaching boat, while necessary, is not sufficient to guarantee that a manatee will respond 

“appropriately” and have sufficient time to execute a change in behavior.  For example, if a 

manatee detects a boat but cannot locate it or accurately predict its trajectory, the manatee could 

swim into the boat's path. In this case, detection of the boat occurred and the manatee changed its 

behavior, but there was a break down in step 2 (locating the boat) that lead to a poor choice in 

step 3 (deciding whether or how to respond).  Also, some changes in behavior can be relatively 

quick, such as sinking in the water column, while others can take more time to execute, such as 

swimming to a deep-water channel before diving.  All of these steps must be performed correctly 

every time a boat approaches closely in order to avoid collisions; and with manatees being 

approached by a boat within 10 m, on average every 3.3 hours (Deutsch et al., 2009a) it seems 

inevitable that they will make a mistake eventually.  

 This study, unlike previous studies, was based solely on opportunistic boat approaches 

rather than controlled ones.  This results in more complex approaches (e.g., multiple boat 

approaches that overlap acoustically), which makes isolating specific factors more difficult. 

However, these are also the types of boat approaches that manatees are commonly exposed to, 

and it is important to understand manatee responses under the conditions they regularly 

encounter in their natural habitat.  Here the start and end of a multiple boat approach was 

assigned based on a flattening or reversal in sound level before or after a peak in boat noise.  

This allowed single and multiple boat approaches to be grouped for analyses, but it is not known 

at what point during a multiple boat approach a manatee distinguishes that a new boat is 

approaching, if it distinguishes it at all. 

 Chapter 2 incorporated some of the variables investigated in Chapter 1, yet the predictive 

strength of some variables differed between chapters. This was most evident for findings related 

to the presence of chewing, manatee depth, and the pass number within boat noise.  This may 

indicate missing important variable interactions in one or both chapters.  In such a situation it is 

typical to defer to the larger dataset, in this case that would be Chapter 2. However, results in 
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Chapter 1 indicated a very strong relationship between boat to manatee distance and the 

probability of a change in behavior, and this variable was included in many of the models in 

Chapter 1 but was absent in Chapter 2 due to inclusion of  samples outside focal follows. 

Conditional R
2
 values of Chapter 2 were also generally lower than their Chapter 1 counterparts, 

and some differences in the predictive power of models may be attributable to this variable’s 

absence.  Interpretation of results in either chapter should be viewed in the context of the 

variables included rather than sample size alone. 

 The results of both Chapters 1 and 2 should not be generalized to situations that were not 

sampled.  For example, data collection focused on weekends when boat traffic is heaviest, and 

manatees may behave differently on weekdays when there is typically less boat traffic.  

Sampling was also limited to spring and summer, so these results do not necessarily reflect 

manatee behavior during fall and winter when manatees spend more of their time in thermal 

refugia.  The last principal caveat is that calves were not sampled.  Calves spend 1.5 to 2.5 years 

with their mother, and behavior of calves and mothers during this time period is different  

compared to other periods of their lives.  Additionally, this could be a formative time of a calf’s 

life in which it learns how to avoid boats by observing its mother.  

 

2.4.2 Future Directions 

 There are many acoustic variables that could not be included in the model analyses, 

particularly sound level information for smaller frequency bands (e.g., octave bands).  Inclusion 

of more variables would require a larger sample.  In the future, the importance of specific 

frequency bands will be explored using separate analyses.  Teasing apart the importance of 

specific frequency bands is challenging because frequency band sound levels are not necessarily 

independent.  For example, within a boat approach if higher frequencies are loud, the lower 

frequencies will commonly be loud as well. Captive studies that offer controlled exposure to 

select frequency bands could greatly aid in discerning the importance of frequency content and 

specific acoustic cues. 

 As in discussed in Chapter 1, boats that do not approach closely (> 50 m) could dilute the 

importance of variables that play a role only at close distances.  The current study recorded 

sensor and acoustic data for 2-4 days per manatee and within this time there were relatively few 

close encounters.  DTAGs, and similar tags, are memory limited.  To significantly increase the 
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sample size of close encounters, a tag could be deployed on a manatee for a longer time period 

(months) that only stored information from close passes (determined by acoustic filters).  This 

could markedly increase the number of close boat passes, though it would be impractical to also 

follow the manatee during such a long time.  This would mean sacrificing boat attribute and 

location information in favor of a large increase in close boat approaches.  The sample size could 

also be increased by incorporating controlled boat approaches or acoustically simulated 

approaches.   

 

2.5 Conclusions 

Acoustic factors affect the occurrence and timing of changes in manatee behavior during 

boat passes.  In particular, higher sound levels increased the probability of a change in manatee 

behavior, and steeper rise time in sound level before a CPA reduced the time delay between the 

start of a boat pass and the first change in behavior.  Chapter 1 found a higher probability of a 

change in manatee behavior when boats approached closer and this finding is mirrored by the 

increased probability of a change in behavior for louder boats since louder boats tend to be closer 

to the manatee.  Slope of intensity bands in boat noise was not found to be important in 

predicting the occurrence, magnitude, or timing of changes in behavior during boat passes.  

These slopes could, though, provide critical information to the manatees as to the speed of the 

boat’s approach.  Given the importance of acoustic variables in predicting whether manatees 

respond, these acoustic descriptors may require further investigation.  Additionally, the closer a 

manatee is to the surface before a boat pass the more likely it is to change its behavior and 

sooner.  Manatees were also more likely to change their behavior outside seagrass beds and in 

deeper water.  Manatees spend a large portion of their time on seagrass beds where their 

responses are commonly limited by water depth; therefore they appear to be more vulnerable to 

boat strikes while on seagrass beds where they cannot always sink below the threat.  Finally, 

manatees more active before a boat pass are more likely to change their behavior and sooner 

(relative to the start of the pass and the CPA) during boat passes.  Manatee responses to boats 

depend on a multitude of factors, not just those that pertain to the boat itself.  The manatee’s 

environment, its current behavior, and the acoustic properties of boat noise are all important 

factors that must be considered to fully understand what affects how and when a manatee 

responds to an approaching boat.    
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CHAPTER THREE 

COMPARISON OF MANATEE BEHAVIORAL RESPONSES TO 

APPROACHING BOATS IN FLORIDA VERSUS BELIZE 

3.1 Introduction 

 Like other animals, manatees are constantly exposed to stimuli, and these exposures help 

shape behavior.  In general, repeated presentation of the same stimulus results in either 

habituation (decrease in responsiveness) or sensitization (increase in responsiveness) (Domjan, 

1998).  Responding to every presentation of a stimulus would result in erratic behavior that fails 

to distinguish between important and irrelevant stimuli.  Through habituation, animals can ignore 

common but unimportant stimuli; through sensitization, animals can heighten their response to 

important stimuli. These two systems help an animal organize its behavior to avoid continuous 

interruption by stimuli, while detecting alarming stimuli that may be important to the animal’s 

survival (Groves and Thompson, 1970).   

 Habituation is not the only reason for a decrease in responsiveness to a repeatedly 

presented stimulus.  Sensory adaptation occurs when perception of a stimulus is prevented due to 

a temporary loss of sensory ability.  For example, if repeatedly exposed to a loud sound, an 

animal may experience a temporary threshold shift in hearing and decreased responsiveness to 

the stimulus.  Response fatigue of the muscles that produce a response can also result in 

decreased responsiveness.  These three processes (habituation, sensory adaptation, response 

fatigue) all have the same result (decreased responsiveness to a repeatedly presented stimulus) 

but have different causes.  Habituation is different from the other two processes in that 

responsiveness to a stimulus decreases despite sensing it and retaining the ability to respond. 

 As established in Chapter 1 and in previous studies (Nowacek, et al., 2004b; Miksis-Olds 

et al., 2007b), manatees do respond to boat approaches, but not with perfect consistency.  

Response fatigue is an unlikely explanation because manatees will continue to change their 

behavior at a basal rate.  Sensory adaptation is possible, though little is known about the hearing 

capabilities of wild manatees or what can induce a hearing threshold shift.  As reviewed in 

Chapter 2, hearing abilities of a handful of captive manatees have been investigated, but it is not 

known how reflective these abilities are of wild manatees that have spent their lives exposed to 
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frequent boat noise.  Additionally, many other species of marine mammals display hearing loss 

with age, as occurs in humans, and it is possible this occurs in wild manatees (Ketten et al., 2008; 

Mann et al., 2010).  In Chapter 2, it was found that higher sound levels at a boat’s CPA were 

more likely to elicit a change in behavior. This indicates that, at least some of the time, manatees 

are capable of detecting boat noise and discriminating between ‘loud’ and (comparatively) 

‘quiet’ boat noise.  Therefore, sensory adaption is unlikely to fully explain why manatees 

sometimes do not respond to boat noise. 

 Habituation can last for a short-term (e.g., seconds to minutes) or a long-term (e.g., days) 

and both types can occur for the same stimulus.  For example, a startle response was observed in 

rats after presentation of an acoustic stimulus and the response magnitude decreased after 

subsequent daily stimulus presentations throughout the 11 day test period (Leatron, 1976).  The 

next phase of testing rapidly presented that same acoustic stimulus (tones every 3 seconds for a 

total of 300) and this resulted in reduced magnitude of their response below the level reached on 

day 11 of the first phase.  After the second phase, the original presentation schedule was resumed 

(once per day) and the response magnitude rose to the level observed on day 11.  The first phase 

demonstrated long-term habituation and the second phase demonstrated short-term habituation as 

there was spontaneous recovery in the third phase after only a day-long break between phase 2 

and 3.  It is important to note that the spontaneous recovery was to the response level at day 11 

of the first phase, and not to the original, much higher level of day 1 of the first phase.  

Elicitation of both short-term and long-term habituation does not always occur after repeated 

presentation of a stimulus. 

 It is difficult to document habituation in wild marine mammals as there are usually many 

other factors involved and the exposure history of individuals is unknown.  An exception to this 

generality is an experimental study in which a pinger (acoustic deterrent device designed to 

reduce bycatch of harbor porpoises) was stationed in the Bay of Fundy and harbor porpoise 

(Phocoena phocoena) movements around the device were monitored (Cox et al., 2001).  At first, 

there was an estimated displacement of porpoises to 208 m from the pinger, however within 4 

days this distance decreased by 50%.  By days 10-11 the probability of a porpoise occurring 

within 125 m of the pinger had increased to control levels.  Initially, the pinger was successful 

and might have prevented porpoise bycatch, but within days the porpoises had habituated to the 
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sound.  It is important to note that pingers have been found to be successful at reducing bycatch 

of cetacean and pinniped species in some situations (Barlow and Cameron, 2003). 

 Manatees are not the only species of marine mammal that are negatively affected when 

they do not respond to a sound source that indicates danger.  North Atlantic right whales 

(Eubalaena glacialis) also suffer mortality from ship strikes and have been found to not to react 

to ship noise (Nowacek, et al., 2004a).  Humpback whales (Megaptera novaeangliae) in Trinity 

Bay, Newfoundland showed no reaction to the sound of explosions with respect to their 

movement, behavior, and residency (Todd et al., 1996).  In the same area, 2 humpback whales 

were found dead, entangled in fishing nets and their temporal bones exhibited signs of significant 

blast trauma (Ketten et al., 1993) 

 Boats have an almost ubiquitous presence in the Floridian habitats of manatees, and 

manatees are exposed to the sounds of boats throughout their life.  Such repeated exposure to   

boat sound stimuli could lead to habituation in Florida manatees, and may partly explain why 

they sometimes fail to respond to approaching boats.  Alternatively, manatees frequently exposed 

to boat sound may have learned to differentiate between situations when a response is necessary 

and when it is not; this would reflect associative learning rather than habituation.  In some cases 

a manatee may also tolerate the sound of boat noise.  Tolerance occurs when an animal that 

might normally avoid a stimulus will not avoid the stimulus because the benefit of staying (e.g., 

feeding) outweighs the negative effects of the stimulus (e.g., increased risk of a boat collision).  

In this chapter, manatee behavior to boat approaches in Florida will be compared to those of 

manatees in an environment with much less exposure to boat noise – Belize.  The Belize data 

were collected previous to the current study as part of pilot deployments to test the application of 

DTAGs to manatees (Nowacek et al., 2001).  The data were supplied for use in the current study 

as a comparison and were processed using the same methods described in Chapters 1 and 2.   

  

3.2 Methods 

3.2.1 Florida: Field Methods 

 The field methods for the Florida data are reported in Chapter 1. 
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3.2.2 Belize: Field Methods 

 The field methods for the Belize data are summarized here based on the report from the 

original study (Nowacek et al., 2001).  An earlier version of the DTAG used in the current study 

was deployed on two manatees in Southern Lagoon, Belize.  The DTAGs were similar, though 

the earlier version sampled sensor data (accelerometers, magnetometers, temperature and depth) 

at 23.5 Hz, the acoustic data was sampled at 16 kHz (which limits recorded sounds to 8 kHz), 

and the memory life was shorter (9 hours and 17 minutes per deployment).  The DTAGs were 

programmed to record for one hour after deployment and 15 minutes/hour through the night 

(18:00 – 07:00), and recorded continuously from 8:00 hr until available memory was exhausted 

later that day. 

 DTAGs were attached to a peduncle belt on the manatees using cable ties (Figure 3.1).  

This system of attachment required the manatee to be recaptured in order to retrieve the gear and 

download the data.  Two male manatees were captured and a DTAG attached before release: M-

15 (March 9, 2001) and M-09 (March 11, 2001).  M-15’s VHF transmitter failed, preventing the 

field crew from locating the manatee in time to perform experimental boat approaches.  M-09 

was relocated the morning after the DTAG was deployed, and 4 experimental boat approaches 

were performed, each an hour apart.  These approaches used a 28 foot boat with 4-stroke engine.  

The boat maintained a steady heading at 4000 RPM for the first 3 approaches, and then used a 

slower 1500 RPM for the fourth approach.  The manatee’s precise location was unknown during 

these experimental approaches; however, M-09 was in a river with a width that limited the 

distance between boat and manatee to within 50 m.  While no experimental approaches were 

performed for M-15, there were 7 opportunistic (i.e., boats not under the control of the 

researchers) boat approaches recorded. 

 

3.2.3 Manatee Depth 

 Manatee depth was compared between the Florida and Belize data sets.  Since different 

deployments sampled at different times of the day, a common time frame was sampled for all 

manatees (8 AM to noon).  Data for the Florida manatees were pooled and the Belize manatees 

were presented separately. 
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Figure 3.1: DTAG attachment in Belize.  The DTAG was cable tied to a peduncle belt in 

addition to a brightly colored vinyl flag and tether that ended in a floating tag that housed a VHF 

transmitter. 

 

 

3.2.4 Matching of Florida Boat Passes to Belize Passes 

 Six single boat passes from the Florida data (2 manatees) were extracted to serve as 

comparisons to the 4 experimental Belize boat passes.  These passes were selected based on 

similar acoustic properties (sound level, frequency content, and rise rate) to the Belize passes.  

Both the Florida and Belize passes were single boat passes and they shared similar manatee 
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behavioral states before the passes which consisted of resting, bouts of intermediate fluking, and 

traveling.   

 

3.2.5 Florida and Belize: Boat Pass Comparisons 

 The 6 Florida, 4 experimental Belize (M-09), and 7 opportunistic Belize (M-15) boat 

passes were all treated the same, as described in this section.  The opportunistic Belize passes are 

presented in Appendix B and were not included in the comparisons because acoustically similar 

passes in the Florida data set were not found.  The 4 Belize experimental and 6 opportunistic 

Florida passes are presented in the Chapter 3 results section. 

 Changes in behavior (roll, heading, depth, and fluking) were defined using the same 

criteria as described in 1.2.12 Defining Changes in Behavior.  These changes are presented 

overlaid on plots of pitch, roll, heading, and depth (the roll, heading, and depth plots are 

smoothed using a 6-second moving average window) for each boat pass.   Additionally, the 

spectrogram (up to 8 kHz), sound levels, and triaxial acceleration signal are included for each 

pass.  Triaxial acceleration signals are calculated from the 3-axis measurements recorded by the 

accelerometer: 

 √                                  

 

Triaxial acceleration is the difference between the current measurement and the last 

measurement is squared and summed for the 3 accelerometer axes (x,y,z), then multiplied by 9.8 

and divided by the sampling rate (fs) (formula from Matthew Bowers, per. Comm.).  This 

measures the acceleration rate of change.  When derived for short time points such as individual 

sensor samples, peaks in this parameter indicate a sudden movement, called a ‘jerk’. 

  

3.3 Results 

3.3.1 Manatee Depth 

 Both Belize manatees spent more of their time deeper in the water column during the 8 

AM to noon period of time than the pooled Florida manatees (Figure 3.2).   
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Figure 3.2: Manatee Depth: Florida & Belize.  Histograms showing the percentage of time 

spent at each depth for each Belize manatee, M-09 (25
th

 percentile depth = 0.87, median depth = 

1.47, and 75
th

 percentile depth = 2.60) and M-15 (25
th

 percentile depth = 1.69, median depth = 

2.36, and 75
th

 percentile depth = 2.86), and across all Florida manatees combined (25
th

 percentile 

depth = 0.63 m, median depth = 0.77 m, 75
th

 percentile depth = 2.38 m; 18 manatees).  Time was 

restricted to 8 AM – noon, a time window common to all deployments.   

 

 

3.3.2 Comparison of Manatee Responses to Boats between Florida and Belize Passes 

 Plots of manatee behavior, spectrograms of the acoustic environment and sound level 

measurements for the four experimental Belize and the 6 matching Florida boat passes are shown 

in Figures 3.3-3.13, with Figure 3.3 providing a key to the plots that follow it.  The start of each 

pass was defined as the time the boat was first audible and the end of each pass was the time the 
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boat was no longer audible.  CPA was defined as the time when sound level peaked.  Manatee 

behavior before, during, and after each pass is described here. 

 Belize passes. Manatee behavior for Belize passes is summarized as follows: 

1. Pass B_1: Before pass B_1 the manatee was occasionally fluking, had a change in roll, 

and dove deeper in the water column.  The manatee maintained depth and heading 

throughout the boat pass and afterwards; however, its state of fluking behavior increased 

just before the CPA and remained high during the pass and afterwards (Figure 3.4).   

2. Pass B_2: The manatee rested before the pass, and begun fluking at the start of the pass.  

The manatee lowered its fluking state partway between the start of the pass and CPA, but 

increased it again before CPA and continued at that level until after CPA.  The manatee 

had a peak in 3-axis acceleration and a concurrent change in roll immediately before the 

CPA (Figure 3.5). 

3. Pass B_3: Similar to pass B_2, the manatee was in a resting state before the boat pass. 

The manatee’s fluking rate was erratic leading up to the CPA and lowered after CPA.  

Consistent with pass B_2, the manatee showed a peak in 3-axis acceleration and a 

concurrent change in roll immediately before the CPA.  During both B_2 and B_3 the 

manatee also changed heading (Figure 3.6).  

4. Pass B_4: Before pass B_4 the manatee was in a high fluking state. At the onset of boat 

noise fluking rate became erratic and continued until after CPA.  The manatee changed 

heading partway between the start of the pass and CPA, and changed roll three times 

during the pass (Figure 3.7). 

 

 Florida Passes.  Manatee behavior for Florida passes is summarized below: 

1. Pass F_1: The manatee rested at 3 m depth before the pass and continued until shortly 

before CPA when it had minor increases in its fluke movement just before and after the 

CPA.  It then rested for the remainder of the pass until near the end when it increased its 

fluking to an intermediate level and changed its roll after the pass and surfaced (Figure 

3.8). 

2. Pass F_2: Before the boat pass, the manatee was in an intermediate fluking state and then 

rested (~3 m depth) until CPA when it returned to an intermediate fluking state for the 

remainder of the pass.  At the end of the pass the manatee surfaced (Figure 3.9). 
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3. Pass F_3: The manatee had a small bout of fluking and a change in heading before the 

boat pass began and then rested, at 3 m below the surface.  The resting was interrupted by 

another brief bout of fluking and a change in heading at CPA and again after the pass 

ended (Figure 3.10). 

4. Pass F_4: As in F_1, the manatee was resting at 3 m depth before the pass and it 

continued until CPA.  At that point, the manatee drastically increased its fluking behavior 

and changed it roll, heading, and depth.  The change in depth brought the manatee to the 

surface ~20 seconds after CPA (Figure 3.11). 

5. Pass F_5: The manatee was initially in an intermediate fluking state at the surface, then it 

dove to 3 m before the pass starts at which point it rested.  The manatee continued to rest 

until CPA when it drastically increased its fluking behavior, changed its roll, and changed 

its depth such that it surfaced ~10 seconds after CPA (Figure 3.12). 

6. Pass F_6: Before the pass, the manatee had periodic bouts of fluking that continued 

throughout the pass and afterwards, which made it difficult to ascribe behavioral changes 

as responses.  However, there is an extended pause between fluking bouts around the 

time of CPA.  After CPA the manatee surfaced and then returned to depth.  It changed its 

heading near the end of the pass, however the heading change was temporary (Figure 

3.13).      

 

 Tables summarizing the occurrence of changes in behavior (Table 3.1), the amplitude of 

first changes in behavior (Table 3.2), and the timing of first changes in behavior (Table 3.3) are 

shown below.  Changes in behavior occurred for all Belize and Florida boat passes.  Florida 

manatees were more likely to change depth than the Belize manatee.  First changes in behavior 

almost always occurred earlier relative to the start of the pass and CPA in the Belize passes.  

Furthermore, the times of first change proportional to the time between the start of the pass and 

CPA, which accounts for differences in pass duration, were almost all lower for the Belize 

passes. 

 A threshold for ‘jerks’ was defined as 2.5 (m*sec)/sample because common high activity 

behavior, such as fluking while changing heading, does not go above this level, thereby 

separating 3-axis acceleration of ‘normal’ behavior from something unusually quick.  Belize 

passes two and three both had jerks immediately before the CPA, while the other Belize passes 
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and all of the Florida passes did not. To compare this to Florida manatees, passes with similar 

conditions (single boat passes that showed a change in manatee behavior where the boat 

approached within 50 m) were evaluated for jerks.  Only 1 of 44 Florida passes with similar 

conditions contained a jerk, suggesting that this behavior may be a less common response to boat 

noise for the Florida manatees.  Using Fisher's exact test, this difference in proportion of jerks 

between the Florida manatees and the Belize manatee is statistically significant (p = 0.016). 

 

 

 
 

 
Figure 3.3: Key for boat pass plots.  Spectrograms stop at 8 kHz so that the information 

presented is consistent between the Florida and Belize plots.  Pitch plots include a color coded 

line that depicts the fluking state, and purple triangles that indicate when a manatee’s fluking rate 
increases or decreases within a period of high fluking (the first and last fluke stoke of a high 

fluking bout are excluded from detection of rate changes).  The roll, heading, and depth plots 

have changes in behavior depicted by blue lines (criterion used to define changes in behavior can 

be found in Chapter 1 methods).  The 3-axis acceleration plot indicates acceleration rate of 

change in all 3 directions (x,y,z).  The depth plot has vertical lines indicating the start, CPA, and 

end of the pass. A period of 60-seconds before and after each pass is displayed.  
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Figure 3.4: Belize experimental boat pass #1.  A key for this plot can be found in Figure 3.3. 
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Figure 3.5: Belize experimental boat pass #2.  A key for this plot can be found in Figure 3.3. 
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Figure 3.6: Belize experimental boat pass #3.  A key for this plot can be found in Figure 3.3. 
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Figure 3.7: Belize experimental boat pass #4.  A key for this plot can be found in Figure 3.3. 
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Figure 3.8: Florida boat pass #1.  A key for this plot can be found in Figure 3.3. 
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Figure 3.9: Florida boat pass #2.  A key for this plot can be found in Figure 3.3. 
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Figure 3.10: Florida boat pass #3.  A key for this plot can be found in Figure 3.3. 
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Figure 3.11: Florida boat pass #4.  A key for this plot can be found in Figure 3.3. 
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Figure 3.12: Florida boat pass #5.  A key for this plot can be found in Figure 3.3. 
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Figure 3.13: Florida boat pass #6.  A key for this plot can be found in Figure 3.3. 
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Table 3.1: Changes in parameters for each boat pass.  Information for boat passes including 

whether a change occurred for each behavioral parameter. 

 

 

 
 

 
Table 3.2: Amplitude of 1

st
 changes in behavior for each boat pass.  Information for boat 

passes including amplitude of 1
st
 changes in behavior for each boat passes.  NA values indicate 

that no change in that behavioral parameter occurred. 
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Table 3.3: Timing of 1
st
 changes in behavior for each boat pass.  Information for boat passes 

including timing of 1
st
 changes in behavior for each boat passes.  Time delay is the time between 

the start of the pass and the 1
st
 change in behavior.  TimeRelCPA is the time of the 1

st
 change in 

behavior relative to the CPA (negative values occur before the CPA).  Time Proportion is the 

time delay divided by the time between the start of the pass and CPA. 

 

 

 
 

 

3.4 Discussion 

3.4.1 Manatee Depth 

 Manatees can avoid boat collisions by submerging deeper than the boat protrudes into the 

water column.  Therefore, manatee depth is one important component of risk of a boat strike.  

The Belize manatees spent more time at depth than the Florida manatees, which could be 

indicative of differences in habitats.  The Florida manatees changed their depth during most boat 

passes, while the Belize manatee did not change its depth in any passes.  The Belize manatee was 

at least 1.5 m deep in the water at the start of the boat passes observed, which placed it below the 

threat of a boat collision and may explain why the Belize manatee did not change its depth.  

However, the Florida manatees were also deep within the water column at the start of the boat 

passes, and changes in depth still occurred.   
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3.4.2 Difference in Manatee Responses to Boat Passes 

 The Belize manatee almost always changed behavior earlier within a boat pass than the 

Florida manatees, and the differences in timing were quite large.  It is possible that Florida 

manatees have learned from the quality and amplitude of the boat noise when they need to take 

action, and thus exhibit delayed responses.  Responding early to every boat noise would be 

energetically very expensive and repeatedly interrupt important activities, with little benefit. A 

more selective strategy may therefore be more favorable, with responses limited to those boat 

noises that appear to pose the greatest threat.  An alternative explanation is that Florida manatees 

are more tolerant of boats than the Belize manatee.  As boat traffic is higher in Florida, 

responding to every boat encountered would require a larger proportion of time, leaving less time 

for feeding and socializing.  Therefore, a Florida manatee may be more motivated to endure the 

disturbance in exchange for continuing its current behavior.  Distinguishing between tolerance 

and habituation is difficult in the field since this would require the ability to understand 

motivation levels. It must be emphasized that firm conclusions cannot be drawn due to the 

limited sample size in the Belize study; a much larger sample would be required to confirm these 

findings. 

 Jerks, as measured by 3-D acceleration, indicate a quick and drastic response in the 

manatee’s behavior and were more prevalent in the Belize manatee.  Either associative learning 

or habituation could cause the difference in the occurrence of jerks between the Florida manatees 

and the Belize manatee.  Florida manatees may have learned to distinguish between an 

approaching boat that is a serious threat and one that is not, and therefore exhibit jerks less often 

during boat passes.  Alternatively, repeated exposures to boat noise in Florida manatees could 

have habituated manatees to their presence and reduced the amplitude of their responses.  As 

above, a firm conclusion cannot be drawn due to the limited sample size, but despite the limited 

size the difference in proportion of jerk responses is statistically significant.  It is important to 

note that the Belize manatee had been captured the previous day and this could have sensitized 

the manatee to the presence of boats.  The Florida manatees had 2-5 days between captures and 

recorded boat passes.  It is unknown how long it takes a manatee to acclimate to its environment 

and return to normal behavior after being captured. 

 The criteria used to define changes in both data sets were made consistent so that direct 

comparisons could be made.  Since these criteria were based on Florida manatee behavior, they 



206 

 

may not be ideally suited for describing changes in behavior for Belize manatees, which may 

exhibit different frequencies and magnitudes of changes.  Additionally, there could be other 

differences in behavior between locations that complicate comparisons. For instance, manatees 

from one location may naturally surface to breathe more often, and therefore be more likely to 

change depth. 

 

3.4.3 Can Responsiveness be Restored? 

Once an animal is habituated to a stimulus, can habituation be undone?  There are two 

methods to restore responsiveness.  The first is to change the stimulus.  As habituation is 

stimulus specific, a change in stimulus would make the stimulus new again and habituation 

would cease.  However, this solution may be temporary as the animal might habituate to the new 

stimulus, as the harbor porpoises did to the pinger (Cox et al., 2001).   The second is to 

dishabituate the animal to the stimulus.  Dishabituation is achieved by pairing the stimulus with 

an extraneous stimulus to sensitize the animal.  While habituation is highly stimulus-specific, 

sensitization is not.  A stimulus that is not closely related to the habituated stimulus can be used 

as long as it is intense or excitatory.  Sensitizing the animal will restore responsiveness to the 

target stimulus, though this effect is often short-lived.  Another consideration is whether 

sensitizing the animal will induce an appropriate response.  Playback of recordings of ship noise 

to North Atlantic right whales elicited no response, however playback of an alert-type signal 

elicited strong responses (Nowacek, et al., 2004a).  Unfortunately, the responses to the alert-type 

signal were strong swimming towards the surface, an action that would increase the risk of 

collision with a ship.   

It is also possible that Florida manatees have not habituated to boats, but rather have 

developed a tolerance or learned to distinguish between boats that are more or less of a threat.  

Chapters 1 and 2 presented evidence that Florida manatees do respond to boats, which suggests 

that they have not habituated.  In this case, failure to respond to an approaching boat can be 

explained by motivational state, associative learning (lack of movement may be the safest 

response or the boat is not considered a threat (i.e., not on a collision path)), inadequate 

detection/localization of the boat or inopportunity (such as inadequate space to respond).  Results 

in both Chapters 1 and 2 found variation in the probability of changes in behavior during boat 

passes among behavioral states and environmental parameters.  Different response thresholds 
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between behavioral states and environments could be caused by motivational states that depend 

on activity or environment.  Consistently, water depth was a significant factor in predicting the 

occurrence of changes in behavior, which could indicate that having space (i.e., opportunity) to 

react is important.  While individual manatees have been hit by boats multiple times, even tens of 

times, in their life, this number is likely far less than the number of close boat encounters the 

manatee has experienced, and implies associative learning has occurred.  Associative learning, 

however, depends on an association between the sound of a close boat and a boat collision or an 

association between the sound of a close boat and the response of another manatee (e.g., the 

mother in the case of calves).  The prevalence of boat noise, the variety in acoustic properties of 

individual boats in a manatee’s environment, and differential altering of acoustic signals based 

on environmental parameters could contribute to multiple trials (e.g., collisions or close calls) 

being required.  Also, the response threshold being based, in part, on sound level of boat noise 

indicates not only that manatees are able to distinguish between ‘loud’ and ‘quiet’ boats but that 

a ‘loud’ and a ‘quiet’ boat mean different things to a manatee.  This could signify that manatees 

associate a ‘loud’ boat with danger, and implies that associative learning has occurred.  There is 

also the possibility that social learning facilitates a manatee learning to change its behavior upon 

hearing boat noise.  In particular the time (~1.5 to 2.5 years) a calf spends with its mother could 

play an important role in a manatee learning if, when, or how to respond to an approaching boat. 

 

3.4.4 Future Directions 

 Understanding if manatees have habituated to boat noise would greatly improve our 

understanding of why manatees do not always respond to close approaching boats.  Study of 

habituation requires closely controlled exposure to target stimuli; in the wild it is not possible to 

know an individual manatee’s lifetime exposure to a particular stimulus (e.g., boat noise). 

Habituation can be affected by previous exposure to the stimulus, the properties of the stimulus, 

and context. The first and last factors are difficult to control in the wild.  In captivity it is easier 

to differentiate habituation and tolerance since motivation can be controlled.  A balance of 

observational studies (wild) and experimental studies (captive and wild) would complement each 

other and further our understanding of the types and timing of associations manatees have 

formed with boat noise. 
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3.5 Conclusions 

 In Florida, manatees encounter boats often; however boats are uncommon in Belize.  The 

data set considered here provided a natural laboratory to compare manatees frequently exposed 

to boats to a manatee that is rarely exposed to boats.  Though the small sample size restricted the 

ability to draw firm conclusions, responses to an approaching boat appeared to occur much 

earlier in the Belize manatee compared to Florida manatees.  Additionally, there is evidence for a 

significant difference in jerk responses between the 2 locations, with this response occurring in 2 

of 4 Belize boat passes, compared to 1 of 44 Florida passes.  It is possible that Florida manatees 

have habituated to boats or are more tolerant of them than the Belize manatee, or that Florida 

manatees have learned when they need to respond.  The difference between these possibilities is 

difficult to separate, particularly in the field where there are many factors involved and history of 

exposure is unknown for individuals.  The potential roles that habituation, sensitization, 

tolerance, and associative learning play in a manatee’s response to boats deserves further 

investigation and might yield a clearer understanding of why manatees do not always respond to 

boats.  
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APPENDIX A 

CLOSE BOAT PASSES 
 

A.1 Summary of Changes in Behavior for Close Boat Passes 

 In this section, boat passes in which the boat approached within 10 m of the manatee are 

considered (N=38).  Properties of the passes (e.g., duration and boat speed), manatee behavior 

beforehand (e.g., fluking state), and the manatee responses are summarized across these passes in 

which the manatee was most in danger of a boat collision.   

The slight majority (53%) of close passes were single boat passes, and most (63%) were 

considered to be the first boat in the pass (Table A.1). Classification as first boat in the pass 

indicates that either the pass was a single boat pass, or that the boat was the first in a series of 

acoustically overlapping boat passes.  In approximately a quarter of close boat passes (24%), the 

boat changed its speed class at least once during the pass.  This was somewhat higher than the 

proportion found in far (>50 m) boat passes (14%), but the limited sample size of close boat 

passes limits the ability to draw firm conclusions.  It is possible that close boat passes tended to 

occur in locations where boats commonly changed their speed (e.g., the border of changes in 

boat-speed zones) or changes in boat speed may indicate that the boat operator detected the 

manatee and altered its speed accordingly. 

 

 

Table A.1: Characteristics of close boat passes.  The percentage of close boat passes (<10 m) 

in which the boat changed its speed class (only passes with known boat speeds are included), the 

boat was classified as ‘First Boat’, and was classified as a ‘Single’ boat pass.  A ‘Single” boat 
pass is one that had a period of time before and after one boat passed with no boat noise.  ‘First 
Boat’ indicates that the pass was either a single boat pass or the first pass out of a series of boat 
passes that overlapped acoustically.  

 

 

 
 

 

For the majority of close boat passes, 61%, the boat was traveled slowly (Table A.2).  

Slow boat passes allowed the manatee more time to change its behavior as indicated by the 
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typically longer time window between the start of the pass and CPA (time for change) compared 

to planing boat passes (Table A.3).  The median time for change of close slow passes was 43.8 

seconds, compared to 32.5 seconds for close planing boat passes.  In Chapter 1, it was found that 

first changes in behavior have a higher probability of occurring before CPA if the boat was 

traveling slowly, compared to a planning boat.  More time between the start of a boat pass and 

CPA allows the manatee more time to complete a change in behavior (e.g., traveling to deeper 

water) and potentially allows the manatee to react in a more energetically favorable manner (e.g., 

slow swimming vs. fast swimming).  On average, the manatee’s first change in behavior 

occurred before CPA for close boat passes.  

 

 
Table A.2: Boat speed categories of close boat passes.  The percentage of close boat passes 

(<10 m) that involved a boat with a speed category of slow, plow, or plane at CPA.  Only passes 

with a known boat speed are included.  

 

 

 
 

 
Table A.3: Time for change compared between slow and fast close boat passes.  The 25

th
 

percentile, median, and 75
th

 percentile of the time window between the start of the pass and CPA 

for close boat passes (<10 m) categorized as slow or planing. 

 

 

 
 

 

 The majority, 59%, of close boat passes occurred when the manatee was not on a 

seagrass bed and far from a channel, 58% (Tables A.5 and A.6).  The average water depth at the 

manatee’s location before close boat passes was 1.3 m (Table A.7).  This shallow water depth 

limits a manatee’s response options.  Even if the manatee was on the sea floor this water depth 

would not leave much room between the top of the manatee and a boat propeller.  The average 
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manatee depth before close boat passes, 1.2 m, indicates that manatees were commonly not far 

from the surface before close boat passes.  It is important to note that depth measurements reflect 

the depth of the DTAG and therefore the depth of the manatee’s peduncle.  Other portions of the 

manatee may be higher or lower within the water column; for example, manatees commonly 

raise their head to the surface to breathe without bringing all of their body to the surface.   

 

 
Table A.4: Pass duration and time of 1

st
 changes in behavior during close boat passes.  This 

table includes the average pass duration and 3 measurements of the timing of 1
st
 changes in 

behavior during close boat passes (<10 m).  Specifically, the time of a 1
st
 change in behavior 

relative to the start of the boat pass (Time Delay), relative to CPA (Relative CPA), and Time 

Delay divided by the time window between the start of the pass and CPA (Proportion). 

 

 

 
 

 
Table A.5: Seagrass coverage for close boat passes.  The proportion of close boat passes (<10 

m) with the manatee on a seagrass bed or not on a seagrass bed before the boat pass with known 

seagrass coverage.   

 

 

 
 

 

Table A.6: Manatee distance to channel for close boat passes.  The proportion of close boat 

passes (<10 m) in which the manatee was either in a channel, near a channel (<50 m), or far from 

a channel (>50 m). 
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Table A.7: Summary of manatee behavior and water depth before close boat passes.  This 

table includes the average manatee depth, water depth at the manatee’s location, manatee 
movement type, and fluking state of manatees before close boat passes (<10 m).   

 

 

 

 

Only approximately one third of manatees were in a high fluking state before close boat 

passes (32%; Table A.7), and most manatees (53%) were in an intermediate fluking state before 

the pass.  Results in chapters 1 and 2 suggested that manatees in a high fluking state were more 

likely to change their behavior and sooner relative to the CPA during a boat pass.  Although 

manatees were commonly not in a high fluking state before close boat passes, they did exhibit a 

change in behavior during close boat passes a large majority of the time (89%; Table A.8).  Most 

close boat passes (82%) elicited a change in manatee fluking behavior, and there were also 

higher rates of changes in fluking behavior (Table A.9) compared to the other behavioral 

parameters (roll, heading, and depth) during close boat passes.  First changes in manatee 

behavior during close boat passes were most often a change in fluking behavior (62%; Table 

A.10).   

 

 
Table A.8: Changes in manatee behavioral parameters for close boat passes.  The ‘Any 
Behavior’ category includes a change in roll, heading, depth, or fluking behavior. 

 

 

 
 

 

Table A.9: Number of changes behavioral parameters during close boat passes. 
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Table A.10: Type of the 1
st
 changes in behavior for close boat passes.  The proportion of 

close boat passes (<10 m) with the same type of 1
st
 change in behavior: roll, heading, depth, or 

fluking. 

 

 

 
 

 

 The first change in a manatee’s heading during close boat passes was, on average, 152 

degrees (Table A.11).  This is a substantial change in heading and represents almost a reversal in 

direction.  Such a change in heading is more energetically unfavorable and time consuming than 

subtle changes in heading.  Average magnitude of first changes in depth, 1.3 m, during close boat 

passes was also large.  Half of the first changes in depth were a decrease in depth (relative to the 

surface) indicating that the manatee sank deeper into the water column (Table A.12).  The other 

half of first changes in behavior were an increase in depth (relative to the surface), though most 

of these were hill-shaped indicating that the manatee rose in the water column and then 

immediately sank again.  It is surprising that there was not a higher proportion of decreases in 

depth, such an action would be more likely to take a manatee below the threat of a boat collision.  

However, it is important to note the small sample size of close boat passes (N=38), and that this 

precludes drawing firm conclusions.  Plots of all of these <10 m boat passes are included below 

(Figures A.2-A.39).  These include information recorded about the pass in the field (e.g., boat 

attributes and manatee activity before passes), spectrogram, and behavior parameters (pitch, roll, 

heading, and depth).  A key to these plots is included in Figure A.1. 

 

Table A.11: Magnitude of 1
st
 change in behavioral parameters for close boat passes.   
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Table A.12: Direction of the 1
st
 changes in depth for close boat passes.  Proportion of close 

boat passes (<10 m) with the same direction of the 1
st
 change in depth.  A decrease indicates that 

the manatee moved to deeper in the water column, an increase indicates the manatee rose to the 

surface, and hills indicate that the manatee surfaced and then return to deeper depths. 

 

 

 
 

 

 

 

 

Figure A.1: Key for the figures in Appendix A.  The table at the top includes boat attribute and 

speed information recorded in the field by the observation boat.  Pitch plots include a color 

coded line that depicts the fluking state, and purple triangles that indicate rate triggers when a 

manatee’s fluking rate increases or decreases.  The roll, heading, and depth plots show changes 

in behavior depicted by blue lines. Depth plots include vertical lines indicating the start, CPA, 

and end of the pass.  The bottom left table has environmental information extracted from GIS 

maps based on the manatee’s position.  A manatee’s distance to channel is categorized as in the 
channel, near (<50 m), and far (>50 m).  The channel type indicates the type of the channel the 

manatee is closest to if the manatee is within 1000 m of a channel.  The bottom right tables 

include group size and activity based on field observation and the whether or not chewing was 

heard on the DTAG acoustic record in the 10-second time window before the boat pass.  Missing 

data for a respective field are indicated by U. Each boat pass within this appendix approached 

within 10 m of the manatee. 
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Figure A.2: A close boat pass with TSW065 at 12:51:59 on 05/04/2008. 
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Figure A.3: A close boat pass with TSW066 at 10:02:12 on 05/03/2008. 
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Figure A.4: A close boat pass with TSW066 at 15:21:06 on 05/04/2008. 
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Figure A.5: A close boat pass with TSW067 at 13:12:45 on 05/17/2008. 
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Figure A.6: A close boat pass with TSW067 at 13:13:08 on 05/17/2008. 
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Figure A.7: A close boat pass with TSW067 at 13:27:31 on 05/17/2008. 
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Figure A.8: A close boat pass with TSW068 at 10:50:58 on 05/18/2008. 
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Figure A.9: A close boat pass with TSW069 at 14:48:17 on 05/24/2008. 
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Figure A.10: A close boat pass with TSW069 at 13:48:00 on 05/25/2008. 
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Figure A.11: A close boat pass with TSW069 at 14:36:58 on 05/25/2008. 
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Figure A.12: A close boat pass with TSW072 at 12:50:23 on 06/14/2008. 
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Figure A.13: A close boat pass with TSW072 at 13:31:12 on 06/14/2008. 
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Figure A.14: A close boat pass with TSW072 at 13:37:44 on 06/14/2008. 
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Figure A.15: A close boat pass with TSW072 at 14:03:13 on 06/14/2008. 
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Figure A.16: A close boat pass with TSW072 at 10:32:07 on 06/15/2008. 
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Figure A.17: A close boat pass with TSW055 at 16:20:18 on 07/28/2007. 
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Figure A.18: A close boat pass with TSW055 at 16:21:00 on 07/28/2007. 

 

 



232 

 

 
 

 

Figure A.19: A close boat pass with TSW055 at 13:18:43 on 07/29/2007. 
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Figure A.20: A close boat pass with TSW056 at 12:13:43 on 08/12/2007. 
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Figure A.21: A close boat pass with TSW056 at 13:21:01 on 08/12/2007. 
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Figure A.22: A close boat pass with TSW057 at 16:04:04 on 08/11/2007. 
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Figure A.23: A close boat pass with TSW057 at 14:58:37 on 08/12/2007. 
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Figure A.24: A close boat pass with TSW057 at 15:23:12 on 08/12/2007. 
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Figure A.25: A close boat pass with TSW057 at 15:23:45 on 08/12/2007. 
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Figure A.26: A close boat pass with TSW059 at 09:16:53 on 08/25/2007. 
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Figure A.27: A close boat pass with TSW060 at 14:13:40 on 09/01/2007. 
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Figure A.28: A close boat pass with TSW060 at 14:28:57 on 09/01/2007. 
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Figure A.29: A close boat pass with TSW060 at 09:04:37 on 09/02/2007. 
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Figure A.30: A close boat pass with TSW061 at 10:11:21 on 09/01/2007. 
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Figure A.31: A close boat pass with TSW062 at 12:39:42 on 09/08/2007. 
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Figure A.32: A close boat pass with TSW062 at 13:01:24 on 09/08/2007. 
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Figure A.33: A close boat pass with TSW062 at 13:27:33 on 09/08/2007. 
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Figure A.34: A close boat pass with TSW062 at 14:01:08 on 09/08/2007. 
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Figure A.35: A close boat pass with TSW062 at 10:15:11 on 09/09/2007. 
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Figure A.36: A close boat pass with TSW062 at 10:44:48 on 09/09/2007. 
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Figure A.37: A close boat pass with TSW062 at 12:16:27 on 09/09/2007. 
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Figure A.38: A close boat pass with TSW063 at 09:46:46 on 04/26/2008. 
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Figure A.39: A close boat pass with TSW064 at 15:53:50 on 04/27/2008. 
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APPENDIX B 

BELIZE OPPORTUNISTIC BOAT PASSES 
 

Plots of the 6 opportunistic boat passes for Belize manatee M-15 are presented here.  The 

figure key is the same as in Figure 3.3. 

 

 

 
 

 

Figure B.1: Belize opportunistic approach #1 with manatee M-15. 
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Figure B.2: Belize opportunistic approach # 2 with manatee M-15. 
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Figure B.3: Belize opportunistic approach #3 with manatee M-15. 
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Figure B.4: Belize opportunistic approach #4 with manatee M-15. 
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Figure B.5: Belize opportunistic approach #5 with manatee M-15. 
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Figure B.6: Belize opportunistic approach #6 with manatee M-15. 
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Figure B.7: Belize opportunistic approach # 7 with manatee M-15. 
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