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Abstract This study investigated patterns of heat loss in

bottlenose dolphins (Tursiops truncatus) resident to Sara-

sota Bay, FL, USA, where water temperatures vary

seasonally from 11 to 33�C. Simultaneous measurements

of heat flux (HF) and skin surface temperature were col-

lected at the body wall and appendages of dolphins during

health-monitoring events in summer (June 2002–2004) and

winter (February 2003–2005). Integument thickness was

measured and whole body conductance (W/m2 �C) was

estimated using HF and colonic temperature measure-

ments. Across seasons, HF values were similar at the

appendages, but their distribution differed significantly at

the flipper and fluke. In summer, these appendages dis-

played uniformly high values, while in winter they most

frequently displayed very low HF values with a few high

HF values. In winter, blubber thickness was significantly

greater and estimated conductance significantly lower, than

in summer. These results suggest that dolphins attempt to

conserve heat in winter. In winter, though, HF values

across the body wall were similar to (flank) or greater than

(caudal keel) summer values. It is likely that higher winter

HF values are due to the steep temperature gradient

between the body core and colder winter water, which may

limit the dolphin’s ability to decrease heat loss across the

body wall.
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Introduction

Bottlenose dolphins (Tursiops truncatus Montagu 1821)

resident to Sarasota Bay, FL, USA, experience relatively

large seasonal changes in ambient water temperature of 11

to 33�C (Barbieri 2005). This seasonal range of tempera-

tures is greater than that experienced by many conspecifics

(e.g. Barco et al. 1999; Wilson et al. 1997). The goal of this

study was to investigate how these resident dolphins ther-

mally respond to seasonal changes in their environment.

Net heat loss from the endotherm body can broadly be

described by the equation:

Q ¼ C Tb � Tað Þ ð1Þ

where Q is net heat loss [W/m2; equals surface specific heat

loss in McNab (2002)], C is the thermal conductance [W/m2

�C; equals surface specific thermal conductance in McNab

(2002)], Tb is the core body temperature (�C), and Ta the

ambient temperature (�C) (Schmidt-Nielsen 1997). This

equation, which disregards heat loss due to evaporation, is

applicable to marine mammals because their evaporative

heat losses have been either calculated or assumed to be less

than 10% of their total heat loss (Folkow and Blix 1987,

1992; Heath and Ridgway 1999; Kanwisher and Sundnes
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1966; Kvadsheim and Folkow 1997; Yasui and Gaskin

1986). The temperature differential in Eq. 1 can be further

described as the sum of two differentials, one between the

body core and the body surface and the other between the

body surface and the environment:

Tb � Tað Þ ¼ Tb � Tsð Þ þ Ts � Tað Þ ð2Þ

where Ts is the skin surface temperature (�C) (reviewed in

McNab 2002). These equations identify how a bottlenose

dolphin, as a marine endotherm, may cope with seasonal

changes in environmental temperature. In a colder envi-

ronment, a dolphin might be expected to decrease its net

heat loss by decreasing both its conductance and surface

temperature, whereas in a warmer environment the oppo-

site would be expected.

Changes in thermal conductance can be achieved

through altering the thickened, adipose-rich hypodermis

(blubber) that insulates the dolphin body (reviewed in

Pabst et al. 1999). Blubber’s insulative value increases and,

thus, its conductance decreases, with both increased

thickness and lipid content (Dunkin et al. 2005; Kvadsheim

et al. 1996; Worthy and Edwards 1990). Changes in blood

flow to the tissue also influence blubber’s conductance. For

example, captive spinner dolphins (Stenella longirostris

hawaiiensis), when exposed to cold water temperatures,

have shown reduced temperatures in the body blubber

(McGinnis et al. 1972). This change in temperature was

hypothesized to reflect a decrease in the blood supply to the

blubber, thus, reducing conductance and conserving heat

(McGinnis et al. 1972).

Dolphins can also utilize countercurrent heat exchangers

in their uninsulated appendages—the dorsal fin, pectoral

flippers and flukes—to alter tissue conductance and skin

surface temperature (Elsner et al. 1974; Scholander and

Schevill 1955). To enhance heat loss, the countercurrent

heat exchangers within the appendages can be bypassed.

Under these circumstances, venous blood is shunted to

superficial veins, where heat can be rapidly transferred to

the environment and cooled blood returned to the body

core (Elsner et al. 1974; Rommel et al. 1994; Scholander

and Schevill 1955). Thus, the appendages of dolphins

function as dynamic thermal windows, either conserving or

dissipating body heat depending on the individual’s ther-

mal requirements.

Prior studies have examined the conditions under which

dolphins utilize these thermal windows by measuring net

heat loss, also known as heat flux (W/m2), using heat flux

transducers (HFTs). Measuring heat flux provides a real-

time, dynamic method of assessing the thermal status of an

individual animal. For example, McGinnis et al. (1972)

found that a captive Hawaiian spinner dolphin decreased

heat flux across its dorsal fin as it was cooled in a water

bath. In contrast, in captive bottlenose dolphins heat flux

from both the pectoral flipper (Hampton et al. 1971) and

dorsal fin (Noren et al. 1999; Williams et al. 1999) were

shown to increase after exercise, whereas heat flux across

the flank, an area of insulated body wall, remained rela-

tively unchanged.

These previous studies examined short term changes in

heat loss due to changes in water temperature or exercise,

but no study to date has investigated how heat loss across

the body surface and thermal windows changes seasonally

in acclimatized dolphins. Therefore, the goal of this study

was to investigate wild bottlenose dolphins resident to

Sarasota Bay, FL, USA to determine how heat flux (W/m2),

skin surface temperature (�C), integument thickness (mm),

and body conductance (W/m2 �C) varied in response to

seasonal changes in ambient temperature.

Heat flux and skin surface temperature were measured

directly across multiple body surfaces using heat flux disks

and copper constantan thermocouples (e.g. Meagher et al.

2002), respectively. Measured heat flux values were related

to seasonal changes in conductance across the body wall

using the temperature difference between the dolphin’s

core body and the ambient environment (e.g. Kanwisher

and Sundnes 1966; Worthy and Edwards 1990). Seasonal

changes in integument thickness were also examined.

Across seasons, it was hypothesized that as ambient tem-

peratures decreased, integument thickness would increase,

and skin surface temperatures and thermal conductance

across the body wall would decrease, to limit heat loss to

the environment. Within seasons, it was hypothesized that

heat flux values would be higher across the thermal win-

dows than across the body wall in summer, and lower than

or equal to the body wall in winter. It was also expected

that patterns of heat loss would be more variable at the

thermal windows than at the body wall, both within and

across seasons.

Materials and methods

Data for this study were collected from wild bottlenose

dolphins resident to the Sarasota Bay region, FL, USA as

part of a long-term health-monitoring program conducted

under National Marine Fisheries Service Scientific

Research Permit No. 522-1569. During these events, dol-

phins were encircled by a net, temporarily restrained,

examined, sampled, and released (Wells et al. 2004, 2005).

These events are unique in that they permit direct physio-

logical measurements to be collected from a community of

well-studied wild dolphins (Wells et al. 2004).

Data for this study were collected between 33 and

149 min after the dolphins were encircled by the net.

Although some dolphins may have undergone a brief chase

to be captured, Noren et al. (1999) have shown that heat
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flux values from the dorsal fin, fluke and flank of captive

bottlenose dolphins return to resting values within 20 min

after exercise in warm (29.8�C) water. Thus, physical

activity prior to the capture event is unlikely to influence

the heat flux measurements reported here. In addition,

because bottlenose dolphins resident to Sarasota Bay, FL

have been studied for more than 37 years, most individuals

in this study have already undergone the capture-release

process at least once in their lifetime (Wells et al. 2005).

Esch (2006) found that bottlenose dolphins habituate to the

capture process both within a capture-release session and

from one session to the next.

Heat flux, skin surface temperature, colonic tempera-

ture, and integument thickness data were collected during

six separate health-monitoring events in two seasons:

summer (June) 2002, 2003 and 2004, and winter (February)

2003, 2004 and 2005. Mean water temperature (±SD) in

the two seasons ranged from 30.2 ± 1.1�C (range 28.4–

32.9�C) to 17.4 ± 1.3�C (range 15.0–19.4�C), respec-

tively. Thirty-eight animals were included in the summer

data set (20 males, 18 females) and 19 animals in the

winter data set (seven males, 12 females) (Appendix, Table

3). The summer data set included 19 adults, 11 sub-adults,

and eight calves; the winter data set included eight adults,

seven sub-adults, and four calves (Appendix, Table 3)

(reproductive categories as defined by Barbieri 2005; Read

et al. 1993; Schroeder 1990; Wells et al. 1987).

Experimental design

The goal of this study was to measure heat flux and skin

surface temperature near-simultaneously at six appendage

and body sites. Two sets of measurements were collected

on each individual dolphin. Heat flux and skin surface

temperature were first measured at the (1) distal tip of the

fluke lobe, (2) distal tip of the pectoral flipper, (3) dorso-

lateral caudal keel, midway between the anus and the

insertion of the flukes, and (4) lateral flank, approximately

20 cm ventral to the cranial insertion of the dorsal fin

(Fig. 1). Immediately after the first set of measurements,

heat flux and skin surface temperature were measured at (4)

the lateral flank, as a comparison to the first experiment, (5)

a position 2–4 cm caudal to the leading edge of the dorsal

fin near its base, and (6) the distal tip of the dorsal fin

(Fig. 1). These two measurement sets were required

because heat flux and skin surface temperature could not

easily be taken from the flukes and pectoral flipper when

the dorsal fin was submerged for its measurements. All

measurements were taken from the left lateral and dorsal

surfaces of the animal with the HFTs fully submerged in

water. These measurements were collected until they sta-

bilized (approximately 2–3 min). Similar to prior studies

on captive dolphins (e.g. Hampton and Whittow 1976;

Hampton et al. 1971; Kanwisher and Sundnes 1966;

McGinnis et al. 1972; Noren et al. 1999; Williams et al.

1999), heat flux measurements presented here represent

stationary, or conductive, heat losses and exclude convec-

tive heat losses that would occur in free-swimming

dolphins.

Heat flux and skin surface temperature

Heat flux was measured using an array of four, square

(2.54 cm = length) HFTs (B-episensor, Vatell Corporation,

Christiansburg, VA, USA) waterproofed with a rubberized

coating (Plastidip, PDI Inc., Circle Pines, MN, USA)

(methods modified from Meagher et al. 2002; Westgate

et al. 2007). Skin surface temperature was determined

using a copper-constantan thermocouple (‘‘T’’ type ther-

mocouple wire, Omega Corporation, Stamford, CT, USA)

implanted on the surface of each HFT. The HFT at the

lateral flank (site 4, Fig. 1) was held in place by an elastic

strap for the duration of the two experiments. All other

HFTs were attached to plastic wands, which were held in

place at each body site by a person standing near the dol-

phin. The internal surfaces of the transducers pressed

against the skin of the animal. To ensure that ambient water

flowed freely on the external surfaces of the transducers,

they were mounted on springs, leaving a space of

approximately 1 cm between skin and elastic strap or

wand. The elastic strap, wands and HFTs added extra

insulation to the body sites that were being measured,

which introduced a bias in heat flux measurements (e.g.

Ducharme et al. 1990; Frim and Ducharme 1993; Kvads-

heim and Folkow 1997), but one that was expected to

affect all measurements equivalently within seasons (see

below for correction factors across seasons). Because pat-

terns of heat flux at the appendages can be strongly

influenced by underlying vasculature (Meagher et al.

Fig. 1 Locations of heat flux and skin surface temperature measure-

ment sites: 1 the distal tip of the fluke lobe, 2 distal tip of the pectoral

flipper, 3 dorso-lateral caudal keel, 4 lateral flank, approximately

20 cm below the cranial insertion of the dorsal fin, 5 base of the

dorsal fin, and 6 distal tip of the dorsal fin. Note that integument

thickness was also measured at sites 3 and 4 using an ultrasound

probe
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2002), all appendage measurements included in this study

were made directly over a superficial vein.

Heat flux transducer outputs [in mV; amplified by cir-

cuits connected to each transducer (e.g. Westgate et al.

2007)] and skin surface temperature (in �C) were down-

loaded to a Fluke Hydra data logger (model 2625A, Fluke

Inc., Everett, WA, USA) at four-second intervals and

logged onto a laptop computer. Ambient water temperature

(in �C) was measured at the end of each experiment with

the thermocouples on the surface of HFTs, which were held

under water until they reached a stable temperature

reading.

Integument thickness

Integument thickness (epidermis, dermis and hypodermal

blubber layer) measurements at the lateral flank and dorso-

lateral caudal keel (sites 4 and 3, Fig. 1) were collected

from each dolphin as part of a standard veterinary exam

using an ultrasound probe (Scanco Ultrasonic Scanoprobe

II, Scanco Inc., Ithaca, NY, USA). For dolphins that were

examined more than once in a single field season (see

Appendix, Table 3), only the first measurement was

included in integument thickness analyses.

Colonic temperature

Colonic temperature was measured, as a proxy for core

temperature, from each dolphin either immediately before

or immediately after measurements of heat flux and skin

surface temperature. Colonic temperature was measured

via a temperature probe, which consisted of a linear array

of seven copper-constantan thermocouples (Omega Teflon-

coated, 30 gauge wire, Omega Corporation, Stamford, CT,

USA) aligned on a 0.3 cm outside diameter flexible plastic

tube (methods similar to Pabst et al. 1995; Rommel et al.

1994). This probe was designed to investigate the influence

of the reproductive countercurrent heat exchanger on

colonic temperatures (Pabst et al. 1995; Rommel et al.

1992, 1994). Because this specialized vascular structure

can influence colonic temperatures, the colonic tempera-

ture recorded for each animal in this study was taken at a

position not physically adjacent to the region of the colon

flanked by this vascular structure. The exact position of the

probe relative to the countercurrent heat exchanger

depended upon animal size and maturity status (D.A. Pabst,

unpublished data). The position of the countercurrent heat

exchanger was determined by ultrasound (i.e. caudal pole

of kidney) and/or external physical landmarks (i.e. trailing

edge of dorsal fin) (Pabst et al. 2007; Rommel et al. 1992).

After probe insertion, temperatures were allowed to

stabilize (approximately 2 min) and temperatures were

recorded from a hand-held thermocouple reader (model

HH21 microprocessor thermometer, Omega Corporation)

with a multiprobe switchbox (model HH-20-SW

multiprobe switchbox, Omega Corporation) (accuracy =

±0.1�C).

HFT and thermocouple calibrations

Each HFT had a unique calibration coefficient, supplied by

the manufacturer, which was used to convert transducer

output from mV to W/m2. In addition, to ensure that the

outputs of the four HFTs, as configured for these experi-

ments, were consistent with each other, a series of

calibration tests were run prior to, during and after each

field season. Because the HFTs are very sensitive to small

temperature changes, they were tested in a temperature

controlled environment in which there should have been no

heat flux. HFTs were immersed in a controlled water bath

(RE-120 Lauda Ecoline, Brinkmann Instruments, Inc.,

Westbury, NY, USA) at seven different water temperatures

(10�, 15�, 20�, 25�, 30�, 35�, 40�C). The thermocouples

used to measure skin surface temperature, which were

implanted on the surface of each HFT, were calibrated

simultaneously to the HFTs at each of these seven water

temperatures. The thermocouples differed from each other

and the ambient water temperatures by less than 0.1�C.

The heat flux transducers stabilized at each water tem-

perature and measurements were recorded continuously

with a Fluke Hydra data logger at four-second intervals and

logged onto a laptop computer. These measurements were

then averaged to yield an offset value (in W/m2) for each

transducer at each of seven water temperatures; these val-

ues were averaged to yield a single offset value for each

transducer for the calibration trial. Because multiple cali-

brations were conducted throughout a field season, all

offset values for each transducer throughout a field season

were averaged to yield a final offset value. This final offset

value for each transducer was used for all heat flux data

collected from dolphins with that transducer. These cali-

bration procedures were repeated for each field season.

HFT correction factors for the conductivity

of the underlying material

Measurements from heat flux transducers provide a valu-

able approach for understanding the thermal biology of an

individual (e.g. Noren et al. 1999; Williams et al. 1999;

Willis and Horning 2005), however, errors can be intro-

duced to the measurements by the transducers themselves.

The addition of the thermal resistance of a heat flux
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transducer (HFT) on a material’s surface adds insulation to

the material and, thus, changes its temperature and heat

flux (Ducharme et al. 1990; Frim and Ducharme 1993;

Wissler and Ketch 1982). When a HFT is used on the skin

in water, where the thermal resistance between the skin

surface and the environment is small, significant local

increases in resistance may occur and heat flux can be

underestimated by 15–20% (Ducharme et al. 1990; Wissler

and Ketch 1982). The magnitude of these errors can also

depend on the vasomotor state of the individual. Ducharme

et al. (1990) found that when HFTs were used on vaso-

constricted skin in cooled human subjects, HFTs

underestimated true heat loss by only 3–13%. However,

when HFTs were used in warmed, vasodilated human

subjects, HFTs underestimated true heat loss by 45–52%

(Ducharme et al. 1990). Thus, if there is a seasonal dif-

ference in the conductivity of dolphin integument, there

could also be a seasonal bias in heat flux measurements.

For example, if the dolphin integument is vasodilated in

summer to dissipate excess body heat, this surface would

have a higher conductivity than during winter, when it may

be vasoconstricted to provide enhanced thermal insulation.

Few studies on marine mammals have attempted to

correct for the errors introduced by HFTs and none have

corrected for the influence of vasomotor state on their heat

flux measurements. Kvadsheim and Folkow (1997) tested

for the insulative effects of HFTs on heat flux measure-

ments from harp seals (Phoca groenlandica) using a

calibration procedure that measured heat flow through a

material of known conductivity. Using the temperature

difference across the material and its thickness and con-

ductivity, these authors calculated heat loss using the

Fourier equation (see Eq. 3 below) and compared that to

heat flux as measured by their transducer (Kvadsheim and

Folkow 1997).

Willis and Horning (2005) used a similar method to test

for the effects of their HFT attachment mechanism on heat

flux measurements from live Steller sea lions (Eumetopias

jubatus). These authors measured heat flux through a

material of known conductivity in water to establish a

mathematical relationship between heat flux uninfluenced

by their HFT attachment mechanism and that measured by

it. Their HFT measured values underestimated heat flux

rates by approximately 70%, thus, this correction factor

was uniformly applied to all heat flux values from their

study animals to account for the insulative effects of their

HFT attachment mechanism (Willis and Horning 2005).

Because the present study investigated seasonal patterns

of heat flux in wild bottlenose dolphins, experiments sim-

ilar to those of Kvadsheim and Folkow (1997) and Willis

and Horning (2005) were conducted both to correct for the

resistance of HFTs and to investigate the potential seasonal

effects of vasodilation and vasoconstriction on our heat

flux measurements. For these experiments, an experimental

chamber, with a material of known conductivity forming its

base, was used (Fig. 2). The HFT rested upon the material

and was attached with a thin layer of thermally conductive

paste (Omegatherm High Temperature and High Thermally

Conductive Paste OT-201-16, Omega Corporation, Stam-

ford, CT, USA). Heat flux was investigated using two

materials chosen to represent the range of potential con-

ductivities of dolphin integument in summer and winter.

Heat flux was measured through glass (k = 0.8 W/mK),

which has a conductivity similar to that of vasodilated

human skin (no such values are available for dolphins)

[skin = 0.75 W/mK (Ducharme and Tikuisis 1991)] and

through plexiglass (k = 0.17–0.19 W/mK), which has a

conductivity similar to that of excised bottlenose dolphin

blubber samples [blubber = 0.13 W/mK, range =

0.11–0.18 W/mK (Dunkin et al. 2005)].

The experimental chamber was placed in a water bath at

a constant temperature of 37�C, representing the dolphin

core temperature (Fig. 2) (Pabst et al. 1995; Rommel et al.

1994). Inside the chamber, a constant flow from a second

water bath was used to simulate the ambient environment.

Heat flux measurements were made through the glass and

plexiglass at chamber temperatures of 15�, 20�, 25� and

30�C (range of average temperatures encountered season-

ally in Sarasota Bay, FL). To measure the surface

temperature of the material (glass or plexiglass), one cop-

per-constantan thermocouple was placed on both sides of

the experimental chamber (Fig. 2). The thermocouple used

outside the chamber was attached to the material with a

thin layer of epoxy and coated with a thin layer of ther-

mally conductive paste. Because these experiments were

designed to assess any seasonal bias in the experimental

system, the inside surface temperature of the material was

measured using the thermocouple mounted on the surface

of the HFT (e.g. Kvadsheim and Folkow 1997), which was

Experimental Chamber 
Water Temperature = 15 - 30οC

(environmental temperatures) 

Water Bath = 37 C

(core body temperature) 

Thermocouple Heat Flux Transducer

Material of Known Conductivity

ο

(plexiglass or glass) 

Fig. 2 Experimental design for heat flux transducer correction

factors, dependent upon the conductivity of the underlying material
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also the thermocouple used to measure dolphin skin surface

temperature in field experiments.

Stable measurements of heat flux and surface tempera-

ture were collected at each water temperature, recorded

continuously with a Fluke Hydra data logger at four-second

intervals and logged onto a laptop computer for periods of

at least 10 min. The temperature differential across the

material, as measured by the thermocouples, along with the

material’s thickness and conductivity allowed heat flux to

be calculated using the Fourier equation:

k ¼ H � d
DT

ð3Þ

where k is conductivity (W/m �C), H is heat flux (W/m2), d

is the material thickness (m), and DT is the temperature

difference across the material (�C) (e.g. Dunkin et al. 2005;

Folkow and Blix 1992; Kvadsheim and Folkow 1997).

Calculated heat flux was then compared to the measured

heat flux from the HFT to estimate the percent bias

between the two methods. Estimates of bias across all

temperatures (15�, 20�, 25� and 30�C) did not differ by

more than 4%, thus, an average was taken to determine a

single correction factor for each material (glass or plexi-

glass). These correction factors were used to model the

potential effects of vasodilation and vasoconstriction on

heat flux values measured in summer and winter,

respectively.

Heat flux and skin surface temperature analyses

Measurements of heat flux and skin surface temperature

from bottlenose dolphins were collected until the values for

each transducer stabilized (approximately 2–3 min). Stable

segments of data were then chosen for further analysis.

These segments, each consisting of at least 10 s of data

(mean = 28 ± 15 SD s), did not show changes greater than

10 W/m2 for their duration (e.g. Meagher et al. 2002).

Because heat flux and skin surface temperature data were

collected simultaneously at up to four different body sites,

the same block of time was analyzed at each site. These

data were then averaged to yield a single heat flux and skin

surface temperature value at each body site for each dol-

phin. Because heat flux and skin surface temperature data

were collected at the lateral flank during both sets of

measurements, values at this site were averaged if the two

measurements did not differ by more than 20 W/m2 (to

account for the error in both measurements). Rarely, flank

measurements differed by more than 20 W/m2, and these

were not included in analyses. Water temperature was

subtracted from the average skin surface temperature at

each body site for each animal to yield the temperature

differential (Tskin - Twater).

Conductance

Conductance (W/m2 �C) values for the body wall (flank

and dorso-lateral caudal keel) were calculated for each

dolphin in each experiment (e.g. Pabst et al. 1999;

Schmidt-Nielsen 1997; Worthy and Edwards 1990). Con-

ductance was equal to the heat flux value from each body

wall site divided by the temperature difference from the

core of the body (colonic temperature) to the ambient

environment (water temperature) (see Eq. 1).

Statistical analyses

All statistical analyses were conducted using SAS and JMP

IN statistical software (SAS Institute, Inc., Cary, NC).

Conductance across the body wall and heat flux, skin sur-

face temperature, and temperature differentials across each

body site in summer and winter were analyzed using

repeated measures ANOVAs to account for the unequal

variances and non-independence of measurements (Kuehl

2000). Because bottlenose dolphins may have different

metabolic rates depending upon their age and reproductive

status, which could, in turn, affect their rate of heat loss to

the environment (Costa and Williams 1999; Scott et al.

1990; Waples 1995; Wells and Scott 1999), reproductive

category (adult, sub-adult, calf; Appendix, Table 3) was

included as a variable in the repeated measures ANOVA

model. There were no significant differences in heat flux

values (P = 0.6575; repeated measures ANOVA), skin

surface temperature (P = 0.9996; repeated measures

ANOVA), or skin surface temperature differential

(P = 0.7539; repeated measures ANOVA) at any of the

body sites examined between the reproductive categories.

There was, however, a significant interaction between

season and reproductive category (calf, sub-adult, adult)

for conductance values (P = 0.0256; repeated measures

ANOVA), thus, for this variable, each reproductive cate-

gory was analyzed separately within and across seasons.

Means presented are those estimated from the repeated

measures ANOVA model. Significant differences were

investigated via multiple comparisons using either a Tu-

key–Kramer or Bonferroni adjustment.

Because heat flux values at the thermal windows were

highly variable, the distributions of these values were

examined across seasons. Seasonal differences in heat flux

value distributions at the appendages were tested using

non-parametric analysis of distributions and the Kol-

mogorov–Smirnov two sample test (Sokal and Rohlf

1995). Blubber thickness measurements at the flank and at

the dorso-lateral keel were tested for normality using the

Shapiro–Wilk W test. Because these data were not nor-

mally distributed, non-parametric statistics (Wilcoxon rank
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sum test) were used for these comparisons (Sokal and

Rohlf 1995). The relationship between heat flux across a

body site and the temperature differential was investigated

using linear regression and ANCOVA. An alpha value of

0.05 was used for all tests.

Results

HFT correction factors for the conductivity

of the underlying material

As predicted, the HFTs tended to underestimate heat flux

through materials of known conductivity. On average, heat

flux through glass (representing summer blubber conduc-

tivity) was underestimated by 43.1% while heat flux

through plexiglass (representing winter blubber conduc-

tivity) was underestimated by 27.1%. These underestimates

were similar to those obtained in previous studies (e.g.

Ducharme et al. 1990; Frim and Ducharme 1993; Willis

and Horning 2005; Wissler and Ketch 1982), thus, cor-

rection factors of 1.76 and 1.37 were applied to heat flux

measurements from wild dolphins in Sarasota Bay, FL in

summer and winter, respectively. All of the results reported

below represent corrected data. However, it is worth noting

that applying correction factors resulted in only one sig-

nificant difference between the corrected and uncorrected

data sets. In the corrected data, the dorso-lateral caudal

keel had significantly higher heat loss in winter than in

summer (see results below), whereas in the uncorrected

data, both the flank and dorso-lateral caudal keel had

higher heat loss in winter (flank P = 0.0055, dorso-lateral

caudal keel P \ 0.0001; repeated measures ANOVA,

Tukey–Kramer).

Heat flux within seasons

In summer, mean heat flux values (±standard error) across

each body site for all dolphins pooled ranged from

109.1 ± 5.3 W/m2 (flank) to 155.3 ± 15.1 W/m2 (pectoral

flipper) (Table 1). There was only one significant differ-

ence across the six body sites; mean heat flux across the

pectoral flipper, a thermal window, was significantly higher

than mean heat flux across the flank, an area of insulated

body wall (P = 0.0353; repeated measures ANOVA;

Bonferroni).

Winter mean heat flux values (±standard error) ranged

from 75.2 ± 32.8 W/m2 (fluke) to 158.3 ± 8.5 W/m2

(dorso-lateral keel) (Table 1). Heat flux values in winter

generally displayed greater variability at each body site

than did summer values (Table 1). There were no signifi-

cant differences in mean heat flux values between the six

body sites examined in the winter (P = 0.1632; repeated

measures ANOVA).

Heat flux across seasons

Of the six body sites examined, only one displayed sig-

nificant seasonal differences in heat flux values; values

from the dorso-lateral caudal keel were significantly higher

in winter than in summer (P = 0.0001; repeated measures

ANOVA; Tukey–Kramer) (Fig. 3). There were no signifi-

cant seasonal differences in heat flux values across the

lateral flank (although there were for the uncorrected val-

ues, see above) or any of the thermal windows examined

(lateral flank P = 0.0660, base of the dorsal fin P = 0.9058,

distal tip of the dorsal fin P = 0.8403, pectoral flipper

P = 0.0639, fluke P = 0.1470; repeated measures

ANOVA; Tukey–Kramer) (Fig. 3).

Table 1 Repeated measures ANOVA model means (±standard error) and range of heat flux values (in W/m2) at each body site by season for all

animals pooled

Summer Winter

Heat flux (W/m2) Heat flux (W/m2)

Mean Range n Mean Range n

Dorsal fin base 137.7 ± 29.1 -24.3–401.6 23 131.8 ± 40.3 -100.7–242.8 11

Dorsal fin distal 131.2 ± 21.4 -31.9–376.8 30 142.1 ± 49.5 35.5–413.1 10

Pectoral flipper *155.3 ± 15.1 40.7–364.1 34 86.1 ± 33.9 -4.2–484.0 18

Fluke 126.2 ± 12.4 19.7–264.6 34 75.2 ± 32.8 -70.4–397.2 16

Flank *109.1 ± 5.3 33.8–185.5 35 141.2 ± 16.5 6.4–203.2 12

Dorso-lateral keel 114.8 ± 7.1 21.3–203.1 38 158.3 ± 8.5 95.5–257.3 17

The number of animals included in the calculation of the mean and range is represented by n. Note that the flipper had significantly higher heat

flux values than the flank in summer (P = 0.0353; repeated measures ANOVA; Bonferroni adjustment) as represented by *. In winter there were

no significant differences between body sites (P = 0.1632; repeated measures ANOVA)
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Distributions of heat flux values at the appendages were

also examined across seasons (Fig. 4). Because there were

multiple measurements taken at the dorsal fin, and no

differences between heat flux values at these sites, values at

the base and distal tip were grouped together. The distri-

butions of heat flux values at the dorsal fin were similar in

both summer and winter (P = 0.9257; Kolmogorov–Smir-

nov two sample test) and the densest 50% of values

decreased only slightly from summer (approximately 100–

200 W/m2) to winter (approximately 50–150 W/m2).

The distribution of heat flux values did differ signifi-

cantly across seasons at the fluke (P = 0.0009) and flipper

(P \ 0.0001; Kolmogorov–Smirnov two sample test)

(Fig. 4). In summer, heat flux values at the fluke were more

narrowly distributed than in winter, with the densest 50%

of values between 125 and 200 W/m2. The winter fluke

distribution was highly skewed, with the densest 50% of

values between 0 and 50 W/m2, but with a wide range that

included many high heat flux values (25% of all mea-

surements are [200 W/m2). Heat flux values at the flipper

showed seasonal distribution patterns similar to those at the

fluke. In summer, heat flux values at the flipper were

clumped with the densest 50% of values between 75 and

150 W/m2. The winter flipper distribution was also highly

skewed, with the densest 50% of values between 0 and

25 W/m2, but with a wide range that included many high

heat flux values (28% of all measurements are [200 W/

m2).

Skin surface temperature

In summer, mean skin surface temperatures (±standard

error) across each body site for all dolphins pooled ranged

from 30.7 ± 0.3�C (dorsal fin base) to 30.9 ± 0.2�C

(pectoral flipper) (Table 2). Mean skin surface tempera-

tures in winter were significantly lower at all body sites

than those measured in summer (P \ 0.0001; repeated

measures ANOVA). Winter mean skin surface tempera-

tures (±standard error) ranged from 17.7 ± 0.3�C (fluke)

Fig. 3 Differences in heat flux at multiple body sites across seasons.

Bars represent the mean and one standard error of heat flux at each

body site in summer and winter for all dolphins pooled. Significant

differences across seasons are noted by *
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Fig. 4 Distribution of heat flux values at the appendages across

seasons. Dorsal fin represents the distal tip and base of the dorsal fin

combined. The outlier box plot to the right of each distribution shows

the 25th and 75th quantiles (bottom and top of box, respectively).

Whiskers extend from the ends of the box to the outer-most data point

that falls within the distances computed, and the points beyond the

whiskers are outliers. The line across the middle of the box identifies

the median sample value and the means diamond indicates the sample

mean and 95% confidence interval. The bracket along the edge of the

box identifies the densest 50% of the observations
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to 18.2 ± 0.3�C (dorso-lateral keel) (Table 2). There were

no significant differences in mean skin surface temperature

between the six body sites examined in either summer or

winter (P = 0.9199; repeated measures ANOVA)

(Table 2).

Temperature differential between skin surface

and water

Across seasons, temperature differentials between the skin

surface and the ambient environment (Ts - Ta; see Eq. 2)

generally paralleled the observed patterns in heat flux.

Winter temperature differentials were significantly greater

than summer values at the dorso-lateral caudal keel

(P \ 0.0001; repeated measures ANOVA; Tukey–Kramer)

and flank (P = 0.0009; repeated measures ANOVA; Tu-

key–Kramer) (Fig. 5). There were no significant

differences between summer and winter temperature dif-

ferentials at any of the thermal windows examined (base of

the dorsal fin P = 0.1931, distal tip of the dorsal fin

P = 0.0996, pectoral flipper P = 0.2580, fluke P = 0.1377;

repeated measures ANOVA; Tukey–Kramer).

There was a significant positive relationship between

temperature differential and heat flux in both seasons

(summer P \ 0.0001, R2 = 0.63, slope = 214.4; winter

P \ 0.0001, R2 = 0.86, slope = 205.7) (Fig. 6). The slopes

of the lines fitted to the data in summer and winter were not

significantly different from each other (P = 0.8610;

ANCOVA).

Integument thickness

Integument thickness measurements at the flank and the

dorso-lateral keel for dolphins in this study were

significantly (approximately 39%) higher in the winter

(n = 19) than in the summer (n = 36) (flank and dorso-

lateral keel P \ 0.0001; Wilcoxon rank sums test). Mean

integument thickness (±standard error) at the flank was

13.1 ± 0.3 mm in the summer and 18.2 ± 0.5 mm in the

winter. Mean integument thickness (±standard error) at the

keel was 12.5 ± 0.3 mm in the summer and

17.4 ± 0.5 mm in the winter.

Temperature differential between body core and water

Temperature differentials between the core of the body and

the ambient environment (Tb - Ta; see Eq. 1) were

significantly greater in the winter than in summer

(P \ 0.0001; repeated measures ANOVA). The mean

(±standard error) core/water temperature differential was

7.0 ± 0.16�C in summer and 19.3 ± 0.29�C in winter.

Table 2 Repeated measures

ANOVA model means

(±standard error) and range of

skin surface temperature (in �C)

at each body site by season for

all animals pooled

The number of animals included

in the calculation of the mean

and range is represented by n

Summer Winter

Skin surface temperature (�C) Skin surface temperature (�C)

Mean Range n Mean Range n

Dorsal fin base 30.7 ± 0.3 28.3–33.3 23 17.9 ± 0.6 15.5–20.2 12

Dorsal fin distal 30.7 ± 0.2 28.3–33.3 33 18.0 ± 0.6 15.8–20.7 13

Pectoral flipper 30.9 ± 0.2 29.1–33.7 38 17.8 ± 0.4 15.1–21.0 19

Fluke 30.7 ± 0.2 28.4–33.7 37 17.7 ± 0.3 15.4–19.7 19

Flank 30.8 ± 0.2 28.8–33.2 36 18.1 ± 0.4 15.7–20.0 13

Dorso-lateral keel 30.7 ± 0.2 28.9–33.2 38 18.2 ± 0.3 15.6–19.9 19

Fig. 5 Differences in the temperature differential between the skin

surface (Ts) and the ambient water (Ta) across seasons at multiple

body sites. Chart shows the mean and one standard error of heat flux

at each body site in summer and winter for all dolphins pooled.

Significant differences across seasons are noted by *
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Conductance within and across seasons

There were no significant differences between conductance

values for all dolphins pooled at the flank and dorso-lateral

caudal keel (P = 0.2482; repeated measures ANOVA),

therefore both body sites were grouped together for con-

ductance analyses. Because there was a significant

interaction between season and reproductive category (see

‘‘Statistical analyses’’), each reproductive category was

analyzed separately within and across seasons.

There were no significant differences in conductance

across the body wall between reproductive categories (calf,

sub-adult, adult) in summer (P = 0.0674; repeated mea-

sures ANOVA), but there were differences in conductance

in winter (P = 0.0018; repeated measures ANOVA). In

winter, sub-adults had higher conductance values across

the body wall than both adults (P = 0.0024; repeated

measures ANOVA; Bonferroni) and calves (P = 0.0213;

repeated measures ANOVA; Bonferroni) (Fig. 7).

Mean estimated conductance across the body wall for

adults, sub-adults and calves was significantly lower (61,

41 and 48%, respectively) in winter than in summer

(P \ 0.0003; repeated measures ANOVA; Bonferroni)

(Fig. 7). Mean conductance (±standard error) across the

body wall for adults was 18.0 ± 0.9 W/m2 �C in the

summer and 7.0 ± 0.6 W/m2 �C in the winter. Mean

conductance (±standard error) across the body wall for

sub-adults was 16.9 ± 1.1 W/m2 �C in the summer and

9.9 ± 0.6 W/m2 �C in the winter. Mean conductance

Fig. 6 The relationship

between heat flux at all body

sites and skin temperature

differentials for bottlenose

dolphins captured in the

summer and winter. There is no

difference between the slopes of

the lines fitted to the summer

and winter data (P = 0.8610;

ANCOVA)
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Fig. 7 Mean conductance (±standard error) across the body wall

(flank and dorso-lateral caudal keel pooled) in winter and summer by

reproductive category. Mean conductance values differ by season and

reproductive category if letters are different. Therefore, mean

conductance across the body wall for adults, sub-adults and calves

was significantly lower in winter than in summer (P \ 0.0003;

repeated measures ANOVA; Bonferroni). In winter, sub-adults had

significantly higher conductance than adults (P = 0.0024; repeated

measures ANOVA; Bonferroni) and calves (P = 0.0213; repeated

measures ANOVA; Bonferroni)
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(±standard error) across the body wall for calves was

14.0 ± 1.4 W/m2 �C in the summer and 7.3 ± 0.7 W/m2

�C in the winter.

Discussion

This study examined seasonal changes in heat flux, skin

surface temperature, integument thickness, and conduc-

tance across the body wall in acclimatized, wild bottlenose

dolphins resident to Sarasota Bay, FL. Within seasons heat

flux values across the appendages, or thermal windows,

were similar to those across the body wall, with the

exception of the flipper, which had significantly higher heat

flux values than the flank in summer. Heat flux values

across the thermal windows were more variable than those

at the body wall, both within and across seasons. Across

seasons, as ambient temperatures decreased, integument

thickness increased, and skin surface temperatures and

thermal conductance across the body wall decreased.

Despite increased insulation and decreased conductance in

winter, the temperature differential at the body wall

(Ts - Ta) was higher and heat flux values were similar to

or greater than summer values. These results, and the

potential errors associated with heat flux measurements, are

discussed in detail below.

HFT correction factors for the conductivity

of the underlying material

Few studies on marine mammals have reported heat flux

values that have been corrected for the insulative properties

of the transducer (e.g. Kvadsheim and Folkow 1997; Willis

and Horning 2005; Willis et al. 2005) and no study to date

has investigated the potential influence of vasomotor state

on their heat flux measurements. The underestimates of

heat flux caused by the thermal resistance of the HFT

measured in the present system (47.1% for glass/summer

blubber and 27.1% for plexiglass/winter blubber) were

similar to those measured in previous studies on vasocon-

stricted and vasodilated human skin (Ducharme et al. 1990;

Wissler and Ketch 1982). The assumption was applied,

based upon these controlled studies, that all summer dol-

phins were vasodilated and all winter dolphins were

vasoconstricted.

Because there was no way to know for certain the pre-

cise vasomotor state of the dolphins, there is undoubtedly

some error associated with this assumption. For example,

the appendages in winter occasionally had very high heat

flux values suggesting that they were likely vasodilated

(see Fig. 4). Nonetheless, application of the correction

factors changed only one significant outcome from the

uncorrected data (mean heat flux from the flank was sig-

nificantly higher in winter than in summer in the

uncorrected data but not in the corrected data), and did not

alter any of the observed patterns. In addition, the lack of

difference between the slopes of the lines fitted to the

summer and winter heat flux and temperature differential

data (see Fig. 6) suggests that the correction factors applied

were appropriate to the data. However, because vasomotor

state can have an influence on heat flux measurements,

future research would benefit from an enhanced under-

standing of blood flow patterns in the epidermis/blubber

directly beneath heat flux transducers.

Heat loss across thermal windows

Within seasons, this study tested the hypothesis that in

summer, heat flux values measured at the thermal windows

would be higher than those measured at the body wall. In

summer, heat flux values were similar across all body sites

with one exception. The flipper, a thermal window, had a

significantly higher mean heat flux value than the flank, an

area of insulated body wall. The higher mean heat flux

value at the flipper suggests that, under these experimental

conditions, it may be a more important site of heat dissi-

pation in summer than the other thermal windows. This

result may be because the flipper is the closest thermal

window to the heart and, thus, may receive warm, core

blood at higher temperatures than the other appendages.

It is also possible that differences in heat flux between

other body sites in summer were not observed because the

dolphins were already vasodilated to regulate their body

temperature in the near tropical summer water, resulting in

similar mean values across all sites. For example, Fig. 4

shows a relatively uniform distribution of high heat flux

values across each appendage in the summer. These con-

sistently high heat flux values suggest that the dolphins

were likely vasodilated to actively dissipate body heat in

summer.

This study also tested the hypothesis that heat flux val-

ues measured at the thermal windows would be lower than

or equal to those measured at the body wall in winter.

There were no significant differences in mean heat flux

values measured between any of the body sites in winter.

However, the variability in the winter heat flux values was

much greater than in the summer (see Table 1; Fig. 3).

Across seasons, the distribution of heat flux values at the

flipper and fluke differed significantly. While these

appendages appeared to consistently dump heat in the

summer (most observed heat flux values between 75 and

200 W/m2), in winter the most commonly observed heat

flux values ranged between 0 and 50 W/m2 (Fig. 4). These

results suggest that in winter, peripheral blood flow to these
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appendages is restricted to limit heat loss to the environ-

ment. There were, though, also a number of very high heat

flux values measured at the flipper and fluke in winter

(Fig. 4). Thus, the flipper and fluke appear to have a range

of thermal responses in winter, from completely ‘‘off’’ to

turned ‘‘on’’ to dissipate heat. Similar ‘‘on–off’’ patterns of

heat loss have been observed in the flippers of captive

harbor (Phoca vitulina) and harp (Phoca groenlandica)

seals (Irving and Hart 1957; Kvadsheim and Folkow 1997).

Unlike the flipper and flukes, there were no differences

in heat flux observed across seasons at the dorsal fin in the

present study. Westgate et al. (2007), though, demonstrated

that heat flux values across the dorsal fin of free-swimming

Sarasota bottlenose dolphins were, on average, lower in

winter than in summer. These lower heat flux values were

only observed after more than 3 h of swimming following

temporary capture and restraint (Westgate et al. 2007).

Because the present study examined conductive heat losses

in temporarily restrained bottlenose dolphins, it is possible

that the additional convective cooling provided by swim-

ming would further decrease the heat flux values measured

across the appendages in winter.

Heat flux values measured from all the appendages were

also much more variable than values measured from the

body wall in both seasons (Table 1; Figs. 3, 4), demon-

strating the flexibility of these dynamic thermal windows.

Thus, it appears that the thermal windows adjust, relative to

the comparatively stable thermal surface of the body wall,

to regulate seasonal heat loss to the environment.

Heat loss across the body wall

Net heat loss is dependent upon changes in the temperature

differential between the body, its surface, and the ambient

environment and upon changes in conductance, such as

through an increase or decrease in insulation (measured

here as integument thickness) (see Eqs. 1, 2) (reviewed in

McNab 2002; Schmidt-Nielsen 1997). In winter, dolphins

displayed significantly lower skin surface temperatures

than in summer (Table 2). In addition, the integument at

the flank and keel was 39% thicker in winter than in

summer. Accordingly, mean conductance values (W/m2

�C) across the body wall were significantly lower in winter

(on average, 50% lower), suggesting that Sarasota dolphins

attempt to reduce heat loss as ambient temperatures

decrease.

However, these significant changes in skin surface

temperature, insulation, and body conductance were not

associated with decreased heat flux values across the body

wall during winter (Fig. 3). Rather, heat flux in winter was

similar to (flank) or significantly higher (dorso-lateral

caudal keel) than in summer. These body sites also

displayed significantly larger skin surface temperature

differentials (Ts - Ta) in winter (Fig. 5). In winter, the

temperature differential between the core of the body

(colonic temperature) and the ambient environment (Tb -

Ta) was much larger (19.3�C) than in summer (7.0�C). It is

likely that the higher heat flux values and larger skin sur-

face temperature differentials in winter are due to this

steeper temperature gradient, which may influence the rate

of heat loss across the body wall.

Comparative data on the conductance of isolated ceta-

cean integument suggest that in winter, Sarasota dolphins

are attempting to reduce heat loss. For example, conduc-

tance values across the body wall of Sarasota dolphins in

winter (adult = 7.0 W/m2 �C, sub-adult = 9.9 W/m2 �C,

calf = 7.3 W/m2 �C) are similar to the thermal conduc-

tance calculated for the blubber of the harbor porpoise

(Phocoena phocoena; 6.67 W/m2 �C), a small cetacean

inhabiting cold coastal waters (Ta * 10–15�C) (Worthy

and Edwards 1990). In addition, Dunkin et al. (2005) found

that the average conductance of excised blubber from sub-

adult and adult bottlenose dolphins was 7.09 W/m2 �C.

This value is similar to that measured for conductance

across the body wall in winter in the present study, sug-

gesting that bottlenose dolphins in Sarasota Bay are

shutting down blood flow through their blubber in winter.

Thus, winter heat flux values measured across the body

wall may represent a minimum rate of heat loss to the

colder water. These observations support the hypothesis

that the higher heat flux values measured across the body

surface in winter are due to the greater temperature dif-

ferential between the core of the body and the ambient

environment. These observations suggest that bottlenose

dolphins may exhibit higher metabolic rates in winter, than

in summer. Interestingly, Costa (2002) reports that field

metabolic rates for Sarasota dolphins are higher in summer

than in winter. Further research on metabolic heat pro-

duction in wild bottlenose dolphins would be useful.

Kanwisher and Sundnes (1966) found that the conduc-

tance of live bottlenose dolphin blubber at water

temperatures of 25–27�C was 35–60% higher than values

recorded in blubber samples after death. These authors

attributed the increased conductance of live blubber to

blood perfusion. In summer, the values for conductance

across the body wall of bottlenose dolphins in Sarasota Bay

increased by 71–157%, depending on reproductive cate-

gory, relative to winter conductance values. This result

suggests very high heat flow through the body via blood

perfusion, despite the decrease in the temperature differ-

ential from the core of the body to the ambient

environment in summer (see Eqs. 1, 2).

Interestingly, in winter, there were differences in mean

conductance values across the body wall depending upon

reproductive category. Sub-adult dolphins had significantly
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higher conductance values than either calves or adults.

Struntz et al. (2004) found that sub-adult bottlenose dol-

phins tended to have less lipid in their blubber than either

juvenile (less than one year of age, but not neonatal) or

adult dolphins. Perhaps the higher conductance value for

sub-adult Sarasota dolphins in winter is due to lower lipid

content in their blubber and, therefore, the quality of their

insulation, relative to the dependent calf and adult life

history stages. Future research measuring the blubber

quality of bottlenose dolphins across different reproductive

categories and seasons would help to clarify why sub-adult

animals have higher winter conductance values.

The results of this study offer insights into the changing

patterns of heat loss and body conductance exhibited by

bottlenose dolphins, resident to Sarasota Bay, FL, across

the wide range of environmental temperatures that they

experience seasonally. It appears that all body surfaces, on

average, dissipate the same amount of heat within seasons.

The one exception was found in summer, where the flipper,

a thermal window, had significantly greater heat flux values

than the flank, an area of insulated body wall. The vari-

ability in heat flux values in this study was highest at the

thermal windows—the dorsal fin, pectoral flipper and

flukes—and lowest across the body wall. Additionally, the

thermal windows consistently dumped heat in the summer,

whereas heat flux values at the flipper and fluke signifi-

cantly shifted their distributions in winter, generally

appearing to be either ‘‘on’’ or ‘‘off’’. Across seasons, heat

flux values at the body wall in winter were similar to or

greater than in summer. This pattern was observed despite

significant increases in integument thickness and signifi-

cant decreases in body conductance in winter. These higher

winter heat flux values are likely due to the very steep

temperature gradient from the core of the dolphin’s body to

the colder winter water, which may limit the dolphin’s

ability to further decrease heat loss across the body wall.
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Appendix

Table 3

Table 3 Bottlenose dolphins from which heat flux, skin surface

temperature, colonic temperature, and integument thickness data were

collected (* represents animals not included in integument thickness

calculations)

Animal

ID #

Date Sex Repro.

category

Total

length

(cm)

Water

temp

(�C)

54 6/3/2002 F Adult 248 29.9

157 6/3/2002 F Adult 265 30.6

1 6/4/2002 F Adult 241 29.4

55 6/4/2002 F Adult 250 28.4

141 6/5/2002 F Adult 229 29.8

141* 6/6/2002 F Adult 229 28.6

1 6/5/2003 F Adult 242 29.2

167 6/5/2003 F Adult 245 28.8

109 6/6/2003 F Adult 245 30.2

181 6/2/2004 F Adult 245 32.9

99 6/10/2004 F Adult 215 31.1

159 6/11/2004 F Adult 234 30.7

9 2/3/2004 F Adult 248 18.9

33 2/3/2004 F Adult 252 16.4

65 2/9/2004 F Adult 269 15.1

11 2/10/2004 F Adult 259 17.6

75 2/1/2005 F Adult 253 17.2

189 2/4/2005 F Adult 253 19.4

6 6/6/2003 M Adult 264 30.1

106 6/6/2003 M Adult 250 30.1

118 6/9/2003 M Adult 242 29.6

128 6/10/2003 M Adult 238 30.0

92 6/3/2004 M Adult 246 30.6

20 6/8/2004 M Adult 267 30.3

114 6/8/2004 M Adult 259 30.5

2 2/9/2004 M Adult 235 16.6

118 2/10/2004 M Adult 244 17.0

185 6/3/2004 F Sub-adult 223 31.3

169 2/5/2003 F Sub-adult 211 17.5

125 2/4/2004 F Sub-adult 244 19.3

135 1/31/2005 F Sub-adult 214 18.6

190 6/5/2002 M Sub-adult 223 29.8

146 6/6/2002 M Sub-adult 237 30.0

148 6/6/2002 M Sub-adult 208 29.6

190* 6/6/2002 M Sub-adult 223 N/E

148 6/2/2003 M Sub-adult 213 30.6

222 6/6/2003 M Sub-adult 215 28.8

198 6/10/2003 M Sub-adult 233 31.9

196 6/4/2004 M Sub-adult 243 32.0
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