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Comparison of infrared
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mucosa with rectal temperatures
in killer whales (Orcinus orca)
Jennifer P. Russell 1,2*, Micah St. Germain1, Steve D. Osborn2,
Todd L. Schmitt1, Kelsey E. S. Herrick1 and Todd Robeck3,4

1Zoological Department, SeaWorld San Diego, San Diego, CA, United States, 2Zoological Department,
SeaWorld San Antonio, San Antonio, TX, United States, 3Zoological Department, SeaWorld Orlando,
Orlando, FL, United States, 4Seaworld and Busch Gardens Species Preservation Laboratory, San Diego,
CA, United States
Killer whales are an important sentinel species and developing non-invasive

methods of health assessments might provide insight for understanding how

wildlife health is influenced by ecosystem change. Rectal temperature (RT) is a

proxy for core body temperature in managed-care cetaceans, however, this

measurement is impractical for free-ranging cetaceans and infrared imaging has

been suggested as an alternative. The aim of the current study was to

prospectively compare infrared thermography of the blowhole to rectal

temperatures in killer whales, as well as establish a healthy range for rectal

temperature using retrospective data. Infrared video was recorded from the

blowhole of thirteen healthy killer whales in managed care, immediately followed

by rectal temperature measurement. Repeated measures Bland-Altman analysis

revealed blowhole temperature (BHT) had a bias of -1.28°C from RT.

Considerable proportional bias was observed with agreement between

measurements improving as mean temperature increased. RT positively

associated with air temperature, and inversely associated with body mass. BHT

was not significantly affected by sex or body mass but was significantly affected

by water temperature and air temperature. Retrospective analysis from eighteen

killer whales (n = 3591 observations) was performed to generate expected RT

ranges, partitioning out for sex and body mass. Given the proportional bias

observed with Bland Altman analysis, BHT cannot currently be recommended as

a measurement for absolute core body temperature, however infrared

thermography of the blowhole remains a promising tool for health assessment

of free-ranging killer whale populations, as it may serve as a non-contact

screening tool to detect pyrexic animals within a group.
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1 Introduction

Killer whales (Orcinus orca) are considered a sentinel species for

marine ecosystem health (Bossart, 2011; Andvik et al., 2021) and

while populations are distributed worldwide, the “southern

resident” killer whale population (SRKW) inhabiting the Salish

Sea currently has 75 individuals (Center for Whale Research, 2023)

and is listed as endangered by the Canadian Commission for the

Status on Endangered Wildlife in Canada and the United States

under the Endangered Species Act (National Marine Fisheries

Service, 2005). Health surveillance of these individuals is

paramount for their conservation, and investigating minimally or

non-invasive methods for health assessment are important due to

the logistic difficulty of collecting direct physiologic samples or

measurements from these large animals (Hunt et al., 2013; Rhodes

et al., 2022). Non-invasive techniques can reduce stress due to

handling by minimizing or preventing physiological responses

resulting from functional changes in the hypothalamus-pituitary-

adrenal axis and the sympathetic-adrenal-medullary axis.

Activation of these systems during handling of cetaceans can

potentially result in stress-induced hyperthermia, electrolyte

derangements, and changes in circulating thyroid hormones (Hao

et al., 2009; Karaer et al., 2023). In addition, non-invasive methods

avoid the potentially serious complications associated with the use

of sedatives for chemical restraint (Dold and Ridgway, 2014).

Core body temperature is a physiological parameter that

provides insight into thermoregulation, physiology, clinical health

status, activity level, and response to environment (McCafferty,

2007; McCafferty et al., 2015). Rectal temperature (RT) is a proxy

used to estimate core body temperature in marine mammals as part

of a clinical health assessment, and is typically employed in animals

conditioned to accept a rectal thermometer without the use of

restraint (Sweeney and Ridgway, 1975; Katsumata et al., 2006).

There are no reported reference intervals for rectal temperature in

killer whales, and previous reported ranges of 35.5-35.9°C, and

37.1-38.5°C, are each based off of individual cases (Whittow et al.,

1974; Kusuda et al., 2011). Rectal temperature is not practical to

obtain in managed-care animals that are not conditioned for the

behavior, in animals choosing not to participate due to illness or

other factors, or in free-ranging animals (McCafferty et al., 2015).

Therefore, a non-invasive measurement method may be more

suitable for these individuals.

Infrared thermography allows for identification of thermal

windows (i.e., anatomical regions characterized by poor

insulation, glabrous skin, and dense vascularization (Andrade,

2015)) and can detect changes in thermal patterns that may be

associated with vasoconstriction or vasodilation of peripheral

vasculature, that can occur secondary to environmental stimuli,

internal metabolic processes, or pathology. It has the potential to

screen for any disease process that induces inflammation or pyrexia

(Rekant et al., 2016; Mota-Rojas et al., 2022). Use of infrared

thermography in wildlife and marine mammal medicine is well

established and in managed-care animals is used to evaluate

wounds, musculoskeletal injury, skin conditions, or diseases of

the oral cavity (Sweeney and Ridgway, 1975; Walsh and Gaynor,
Frontiers in Marine Science 02
2001; McCafferty, 2007; Cilulko et al., 2013; Melero et al., 2015).

These types of conditions are particularly amenable to infrared

imaging, as inflammatory processes cause vasodilation and a

subsequent increase in surface temperature, or in the case of

cetaceans, injury may cause detectable breaches of the

temperature-insulating blubber layer (Barbieri et al., 2010; Rekant

et al., 2016; Mota-Rojas et al., 2022; Verdegaal et al., 2024).

Under normal resting conditions, the body generates and

dissipates heat as a mechanism to control deep body temperature.

This is regulated primarily by neurological positive and negative

feedback circuits. Peripheral vasodilation is induced when the

central nervous system receives thermal cutaneous signals (e.g.,

external temperature fluctuations, hyperthermia, pyrexia), which

allows for the dissipation of heat at the skin surface, and likewise

vasoconstriction reduces the amount of heat lost from peripheral

circulation (Morrison and Nakamura, 2011; Romanovsky, 2014;

Mota-Rojas et al., 2021). In marine mammals, several thermal

adaptations are utilized, such as the specialized blubber layer

instead of the subcutaneous fat employed by terrestrial mammals.

A complex network of arteriovenous anastomoses perfuses the skin

and blubber layers, and since they cannot respond to heat stress by

evaporative cooling like terrestrial mammals, they are instead able

to rapidly redistribute their core body heat via increased peripheral

blood flow to extremities (dorsal fin, flukes, and flippers) using

counter-current heat exchange systems (Scholander and Schevill,

1955; Rommel et al., 1992, 1994; Favilla et al., 2022).

The thermal emissivity of marine mammal skin is similar to

water, however the blowhole has been shown to provide a

consistently detectable heat anomaly, likely due to the lack of

insulating blubber in this region as well as sizeable venous

plexuses associated with the pterygoid and accessory sinus system

(Cuyler et al., 1992; Costidis and Rommel, 2012; Melero et al.,

2015). Infrared thermography of the blowhole was found to be

nearly identical to rectal temperatures collected in bottlenose

dolphins (Tursiops truncatus) and approximately 1°C lower than

rectal temperatures of beluga whales (Delphinapterus leucas)

(Melero et al., 2015). Additionally, thermal imaging of the

blowhole produced more accurate readings than imaging of the

eye or oral mucosa, especially when taken at an angle perpendicular

to the blowhole (Melero et al., 2015). The lacrimal caruncle of

several species (including humans) is often used to estimate core

temperature due to the blood irrigation and innervation of the eye,

although in other species, infrared measurement of eye temperature

is significantly lower than rectal temperature (Teunissen and

Daanen, 2011; Katsoulos et al., 2016; Huggins and Rakobowchuk,

2019; Cugmas et al., 2020). Skin surface temperature is not a reliable

indicator of core body temperature in cetaceans due to the

insulating nature of skin and blubber, and has been shown to be

within 0.90-1.00°C of ambient water temperature (Williams et al.,

1999; Barbieri et al., 2010). In cetaceans, the blowhole may be more

practical for temperature measurement than the eye simply because

th i s pa r t o f the body i s regu la r l y exposed dur ing

respiration (Figure 1).

A reliable non-contact method of evaluating body temperature,

such as infrared thermography, may not only have implications for
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individual animals receiving veterinary care, but may also serve as a

useful data collection tool when performing health assessments of

wild killer whale populations (McCafferty, 2007; Bossart, 2011;

Barratclough et al., 2019; Rhodes et al., 2022). Studies using

infrared thermography in marine mammals are limited, and, to

the authors knowledge, no previous peer-reviewed literature exists

validating the use of infrared thermography in killer whales. It is the

aim of this study to prospectively compare infrared thermography

of the blowhole to rectal temperature in healthy killer whales and

report the observed ranges for each modality. It was hypothesized

that temperatures collected using infrared thermography of the

blowhole would be similar to those collected rectally. In addition,

retrospective rectal temperature data was analyzed to establish

healthy expected temperature ranges for this species.
2 Materials and methods

Methodology was approved by the SeaWorld Parks and

Entertainment Animal Research Use Committee, as well as by the

veterinary staff at each facility. Thirteen (n = 13) clinically healthy

killer whales at SeaWorld Texas (SWT) and Sea World California

(SWC) participated in two separate thermometer comparison

studies. Health status was determined during regular veterinary

clinical examinations, including monthly blood analysis (complete

blood count [CBC], serum biochemistry, erythrocyte sedimentation

rate [ESR], and fibrinogen), quarterly thoracic ultrasound, and

annual dental radiographs. All animals were previously

conditioned to accept a rectal probe thermometer and were

already participating in daily rectal temperature measurements as

part of routine husbandry practices.
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At SWT, five killer whales (n = 5, two males ages 20 and 28

years, weighing 3,522 kg and 4,363 kg, respectively, and three

females ages 6-28 years, weighing 1,172-2,068 kg) participated in

the study. Trainers asked whales to rest at the surface of the water in

sternal recumbency, parallel to the edge of the habitat, and breathe

normally (i.e., without discriminative stimulus). It was previously

reported that infrared imaging of the blowhole was more accurate

during a natural breath cycle as compared to a trained exhalation or

‘chuff’ behavior (Melero et al., 2015). Infrared video was obtained

from directly above the blowhole at a height of approximately 2 ft

(0.61 m) using an infrared camera (FLIR E40 Thermal Imaging

Camera, Teledyne FLIR, 27700 SW Parkway Ave., Wilsonville, OR

97070, USA; with variable 0.001 to 0.1 emissivity correction;

minimum focus distance 0.4 m, spatial resolution of 2.72

milliradians, accurate up to a distance of 120 cm) (see Figure 2).

The camera was in the ‘hot spot’ setting, which generated a dynamic

crosshair that tracked the hottest area visible within the frame (see

Figure 3). The animal was then immediately asked to roll over and

rest in dorsal recumbency for rectal temperature measurement

using a flexible probe thermometer (DataTherm II, 28351 Beck

Rd, Wixom, MI, 48393, USA) (see Figure 4) the probe of which was

measured and marked in 10 cm increments prior to study

commencement. The flexibility of the DataTherm II probe

impeded unidirectional passage into the colon. To mitigate this, a

modified 18F/Ch red rubber catheter (Covidien, 15 Hampshire

Street, Mansfield, MA 02048, USA) was used as a sheath-like

speculum to facilitate passage of the probe, such that the

thermocouple was still fully exposed to make direct contact with

the subject (see Figure 5A). The probe was inserted to 50 cm depth,

and a temperature was recorded. The probe was then removed

slowly in 10 cm increments, with an additional reading taken, until

the probe was completely removed (i.e., separate temperature

measurements were collected at 50 cm, 40 cm, 30 cm, 20 cm, and

10 cm depth). At each depth, the probe was held in place for 5

seconds until the temperature reading stabilized (per manufacturer
FIGURE 2

Blowhole temperature reading using a handheld infrared camera in
a killer whale, Orcinus orca..
FIGURE 1

The blowhole of a killer whale, Orcinus orca, at the peak of the
breath cycle.
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instructions). A total of 102 observations (i.e., 102 blowhole and

rectal temperature pairs) were recorded. The highest observed rectal

temperature overall for a given session was noted as the ‘maximum

rectal temperature’ and the associated depth was recorded as the

‘depth at maximum rectal temperature.’

At SWC, eight killer whales (n = 8, four males ages 9 to 44 years,

weighing 2,352 to 4,609 kg, and four females ages 17 to 57 years,

weighing 2,281 to 4,113 kg) participated in the study. A second

rectal thermometer (Digi-Sense Temp Series Thermocouple

thermometer, Cole-Palmer, 625 East Bunker Court, Vernon Hills,

LI 60061, USA) (see Figure 5B) was used for comparison to
Frontiers in Marine Science 04
blowhole temperature. This probe was longer and more rigid than

the DataTherm II probe and was inserted at 70 cm deep to the anus,

and additional readings were taken at 10 cm increments as the

probe was gradually removed in the same manner as described for

SWT. A total of 60 observations (i.e., 60 blowhole and rectal

temperature pairs) were recorded. Water temperature was

controlled by each facility’s life support system team and ranged

from 12.22 to 14.44°C at both facilities.

The same infrared camera was used for both studies, and the

camera and both rectal thermometers were calibrated using melting ice

at a temperature of 0.0°C. Rectal probes were calibrated once at the

beginning of the study, and the infrared camera was calibrated using

buckets of ice at the start of each poolside session. In all cases, blowhole

temperature was recorded first, immediately followed by rectal

temperature. The time of day was recorded, along with water surface

temperature, air temperature, and pool location. Animals were sampled

between the hours of 0800 and 1600 and assigned to a categorical

variable based on time of temperature recording; AM (0800-1059),

Midday (1100-1300), and PM (1301-1600). Each animal participated in

repeated sessions inmore than one time category, and up to three times

per day. Recording was performed during the months of October and

November at SWC, where the average air temperature was 19.1°C, and

between the months of March to June at SWT, where the average air

temperature was 23.7°C. Habitat location was recorded, as one of the

pools in SWT was fully covered by a roof, while all other sampling

locations in the study occurred in direct sunlight.
FIGURE 4

Rectal temperature measurement using a flexible probe
thermometer in a killer whale, Orcinus orca.
FIGURE 3

A still image from an infrared video clip of the blowhole of a male killer whale during the peak of breath using a handheld infrared camera. The red
crosshair dynamically tracks the maximum temperature (‘max’) visible within the image frame, while the white crosshair is static and continuously
reads the temperature at the center of the image (‘spot’). The bar to the right depicts the range of pixel colors assigned to temperature values. The
maximum temperature in this image was recorded as 34.8°C.
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During preliminary trials using the infrared camera to collect

thermography data, it was observed that the ‘hot spot’ had a slight

time delay and was not always present directly inside the blowhole

during peak breath (i.e., blowhole opening to its most eccentric

point was occasionally faster than the camera could register the

crosshair). While this was a very rare occurrence, it prompted the

design of a processing algorithm that was coded using the

programming language Python 3.9 (with libraries OpenCv v4.7,

Numpy v1.24, Tesseract v0.3) to provide a secondary qualitative

analysis of the thermography videos. For each video, a processing

pipeline performed the following steps: 1) Collect all frames with

the highest temperature pixels, 2) Rank each frame by the largest

region of high temperature pixels, 3) Select for the largest

collection of high temperature pixels, and 4) Draw a bounding

box around the collection providing location and temperature for

the frame. An image output of the highest-ranking processed

frame was saved. The output results of the algorithm were notably

consistent, showing a fully eccentric blowhole with the bounding

box drawn around the inner-most point of the blowhole

(Figure 6). Output results were reviewed manually to ensure the

algorithm had selected frames appropriately. Maximum blowhole

temperatures, from either the algorithm or the original camera

output, were used for statistical analysis.

Statistical analyses were performed using R software (R v 4.2.3,

2023 R Foundation for Statistical Computing, Vienna, Austria) or

STATA (StataCorp, College Station, Texas 77845). Outliers were

identified using the interquartile range method and removed,

resulting in n=56 paired observations for SWC and n = 97 for

SWT (i.e., four blowhole and rectal temperature pairs from SWC

and five pairs from SWT were removed). A two or three level

linear mixed effects (LMM) restricted maximum likelihood

(REML) regression model was used to analyze the effects of

independent variables on either dependent variable rectal (RT)

or blowhole (BHT) temperature. For RT model development, the

variance associated with the random portion of the model was first

evaluated to determine if a two or three level model was

appropriate. Repeated measurements from each animal would
Frontiers in Marine Science 05
represent level 2 (Animal ID, random intercept), while each exam

(Level 3, EXAM, random intercept) nested within each animal

would account for the natural clustering of values around serial

temperatures recorded at decreasing depths within one exam.

Model estimates using a two or three-level model were compared

using a Likelihood Ratio test (LR test) to determine if a three-level

model would provide significantly improved variance explanation

as compared to a two-level model. Once the random portion of the

model was determined, the fixed portion of the model was added,

which included the independent variables directly associated with

physical characteristics of the animals or the environmental

conditions. Variables generally associated with the animal
FIGURE 6

An example of an output result image from the custom-designed
Python algorithm. Note that on rare occasions the dynamic
crosshair (red) fell outside the margins of blowhole at peak breath
(i.e., the speed of the blowhole opening and closing was faster than
the speed of the crosshair). The algorithm generated an output from
each video file as a single image frame with a bounding box around
the hottest temperature pixels with the calculated temperature
above the box.
BA

FIGURE 5

(A) The flexible rectal temperature probe used at SWT (DataTherm II). A red rubber catheter was utilized as a sheath-like speculum to facilitate
passage of the probe into the colon. The catheter was measured and labelled with a black indicator every 10 cm (white arrows) to denote the depth
for temperature recording. Note that the distal thermocouple was left exposed by 10 cm. (B) The flexible rectal temperature probe used at SWC
(Digi-Sense). The probe was measured and labelled with a black indicator every 10 cm (black arrows) to denote the depth for temperature recording.
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included sex, mass (kg), diurnal rhythms (AM, Midday, PM),

depth of temperature probe (depth: 20 to 70 cm in 10 cm

increments), and all interactions between depth, mass, and sex,

while environmental variables were considered to include the

location/probe (SWT versus SWC, pool location), air

temperature (air), and water temperature (water). For BHT

analysis, the independent variables were the same as described

for RT analysis except depth, which was not applicable. Non-

significant variables (P > 0.05) were iteratively removed from the

full RT model and the effects of its removal on model variance

(ML estimates) were evaluated using the likelihood-ratio test

(West et al., 2022). If removal of the variable had no significant

effect on model variance estimation, the variable was removed.

This reduced model (or new “full model”) was rerun and the

process was repeated until only significant variables remained

(final model). All final mixed effects models were checked for

normality using quantile plots of the standard residuals. If

quantile–quantile plots of standardized residuals exhibited non-

normal distribution, then data was transformed as predicted by

the Shapiro-Wilk test until residuals were normalized. The

significance of the final model was determined using a Wald c2

test. Marginal (predicted) means within each categorical variable

were determined and if appropriate, multiple comparisons were

performed using Šidák corrections at P < 0.05.

Comparisons between the BHT and maximum RT were

conducted using repeated measures Bland Altman plots (Martin

Bland and Altman, 1986; Bland and Altman, 2007; Myles and Cui,

2007). Post-hoc power calculations for repeated measures Bland

Altman analysis with a sample size of 56 and an expected mean of

difference at 1°C generated a power of 98.9%. A sample size of 97

generated a power of 99.2%. Normality of the data was assessed with

Shapiro-Wilk tests. A value of P < 0.05 was considered statistically

significant. It was hypothesized that blowhole temperatures

measured using infrared thermography would be similar to

temperatures measured rectally.

Given the sample size of 13 animals, actual observed ranges for

blowhole and rectal temperatures, rather than reference intervals,

are reported for the prospective study (Ozarda et al., 2018). To

generate expected rectal temperature ranges (i.e., to approximate a

reference interval for rectal temperature), retrospective

temperature data collected from a population of 18 killer whales

at three different locations (SWT, SWC, and SeaWorld Florida

[SWF]) was analyzed nonparametrically using the ‘refineR’

package in R (Ammer et al., 2021), partitioning out the data for

sex and body mass. There were n = 3591 total observations of

rectal temperature between October 8, 2022, and December 6,

2023. The distributions were visually assessed with histograms,

and box plots were evaluated prior to, and following, removal of

outliers using the interquartile range method. Outliers (150) were

identified and removed, leaving n = 3441 observations of rectal

temperature for analysis. The upper (97.5th) and lower (2.5th)

percentiles were computed using the estimated model parameters

(lambda, mu, and sigma of a Box-Cox transformed normal

distribution), and 1000 bootstrap iterations performed to

provide a sampling distribution from which to calculate 95%

confidence intervals.
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3 Results

3.1 Rectal temperature characteristics

Three level (exams nested within animal ID) LinearMixedModel

(LMM) analysis of rectal temperature was significantly improved

(c2 = 285.1, P < 0.0001), over a two-level model using only ID. In

addition, allowing the slopes to vary (random slopes) with the depth

of measurement at both exam (c2 = 13.2, P = 0.0003) and ID levels

(c2 = 69.7, P < 0.0001) was significant. Finally, residuals set to vary

independently with depth also improved model predictions

(c2 = 53.1, P < 0.0001). Overall, the random effects portion of the

mixed model was significant (c2 = 673, P < 0.0001). For significant

fixed animal variables, rectal temperature decreased -0.26°C (from a

constant of 35.6 °C) with each 1000 kg increase in mass (c2 = 19.1, P <
0.0001). Across any sex or size animal (mass) temperature increased

with depth (c2 = 44.6, P < 0.0001). Multiple comparison tests

indicated that a temperature peaked at 40 cm (35.6 ± 0.064 °C) as

compared to 20 and 30 cm while temperatures were similar thereafter

(Supplementary Table 1). A significant (c2 = 44.6, P < 0.0001)

interaction between depth and mass was detected with all

temperatures at each depth decreasing with mass, however, the rate

of decrease varied with each depth (Supplementary Figure 1).

Significant environmental effects were only detected with air

temperature (c2 = 56.5, P < 0.0001) whereby rectal temperatures

increased 0.024 °C with each 1 °C increase in air temperature.

Levene’s test showed homogeneity of variance within animals for

probe depth at maximum RT, F(7) = 2.075, P = 0.054.
3.2 Blowhole temperature characteristics

A two level (animal ID as level two, random intercepts) Linear

Mixed model analysis of BHT was significant with covariance set as

unstructured (c2 = 17.4., P = 0.0002). The use of random slopes for ID

did not improve the model and was not included. Overall, the

random effects portion of the mixed model (level 2, ID) was

significant (c2 = 12.9, P = 0.0002). No significant animal variables

including sex, mass, or time of day were detected. The only

environmental variables that significantly contributed to the model

were air (c2 = 6.25, P = 0.012) and water (c2 = 10.0, P = 0.002)

temperature. BHT increased by 0.03°C for every 1°C increase in air

temperature, and 0.61°C for every 1°C increase water temperature.

Average water temperature during the study was 13°C for both SWC

and SWT.
3.3 Comparisons between rectal and
blowhole temperatures

Location was not a significant variable for the LMM and so RT

and BHT data from both parks was pooled for comparisons. Bland-

Altman comparisons indicated that blowhole temperature had a

bias of -1.28°C compared to rectal temperature (95% CI -1.77 to

080°C), with lower Limit of Agreement (LoA) -3.06°C (95% CI

-3.86 to -2.58°C) and an upper LoA 0.49°C (95% CI 0.01 to 1.29°C)
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(see Figure 7). There was significant proportional bias; weak

agreement between measurements at cooler mean temperatures

(i.e., mean of the blowhole and rectal temperature) and good to near

perfect agreement at warmer mean temperatures (i.e., agreement

improved as mean temperature increased). Levene’s test showed

that variances between blowhole and rectal temperatures were not

equal, F(1) = 73.54, P < 0.001 Within animal variance for rectal

temperatures was not equal, F(12) = 4.27, P < 0.001, but there wase

homogeneity of variance within animals for blowhole temperature,

F(12) = 1.12, P = 0.3576.
3.4 Expected rectal temperature ranges
from retrospective data

Observed rectal temperature ranges (OTR) for the populations

(n = 13) during the study period are listed in Table 1.

The expected rectal temperature range (ETR) generated from

retrospective data for n = 18 whales (from SWT, SWC, and SeaWorld

Florida [SWF]) was 34.90 to 36.10°C. For large males (> 4000 kg body

mass) ETR is 35.10 to 35.70°C. Small males (2000 to 4000 kg) 35.10 to

35.50°C. Large females (> 2200 kg bodymass) ETR is 35.40 to 36.00°C;

small females (< 2200 kg) 35.90 to 36.50°C (See Table 2).
4 Discussion

BHTwas generally colder than RT, with a bias of -1.28°C, which is

slightly lower than reported for beluga whales (-1°C) and dolphins

(near identical) (Melero et al., 2015). Proportional bias was observed

(i.e., the rectal temperature probes had good to near perfect agreement

with the infrared camera at higher mean temperature [mean BHT/RT

pair], but weak agreement at lower mean temperature), and there was

a wider range of observed BHT than RT. RT had an inverse

relationship with body mass, where there was a -0.26°C decrease in

temperature with every 1000 kg increase in mass. RT also increased

with increasing probe depth up to 40 cm, after which further increases

in depth did not necessarily provide higher or ‘more accurate’

temperatures. Probe depth and mass had a significant interaction;

generally, all RT decreased with increasing body mass, however the

rate of decrease varied with each depth. This is supportive of the

concept that a countercurrent testicular vascular rete mirabile that

reduces regional temperature in the retroperitoneal location may also
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lower colonic temperature (Rommel et al., 1994). This specialized

vascular network is known as the counter current heat exchanger

(CCHE), which flanks the colon and provides cooled blood to the

testes in males, but also to the uterus in females, making RT variable

depending on the size of the animal and depth of the probe (Rommel

et al., 1993; Pabst and Rommel, 1999, 1999; Williams et al., 1999;

Meagher et al., 2002; Rommel et al., 2007; Ponganis, 2015). Cetaceans

have intra-abdominal testes, supplied by a spermatic arterial plexus.

Cool blood from subcutaneous veins on peripheral surfaces of the

extremities, particularly the dorsal fin and flukes, flows to a lumbo-

caudal venous plexus, which runs counter to the spermatic arterial

plexus (Rommel et al., 1992). This mechanism allows cetaceans to

compensate for the potentially detrimental effects of core body

temperature on sperm viability (Rommel et al., 1992, 1994). Females

have a similar CCHE network that plays a role in regulating

temperature of the uterus during gestation (Rommel et al., 2007).

Air temperature was a significant environmental factor for rectal

temperature, and both air and water temperature were significant
TABLE 1 Observed temperature ranges (OTR) for rectal and blowhole temperature for the thirteen killer whales included in the prospective study.

Rectal Temperature Blowhole Temperature

Overall Males Females Overall Males Females

Number of Whales 13 6 7 13 6 7

Sample Size 153 67 86 153 67 86

OTR 34.61°C to 36.67°C 34.61°C to 36.44°C 34.83°C to 36.67°C 31.89°C to 36.78°C 32.11°C to 36.28°C 31.89°C to 36.78°C

Mean ± SD 35.71°C ± 0.47°C 35.38°C ± 0.37°C 35.96°C ± 0.38°C 34.18°C ± 1.03°C 34.21°C ± 1.47°C 34.16°C ± 1.13°C

Variance 0.722 0.449 0.464 3.492 1.627 4.187
FIGURE 7

Repeated measures Bland Altman plot for blowhole (BHT) vs. rectal
temperature (RT) for n=13 killer whales (Orcinus orca). Bias = -1.28°
C (95% CI -1.77 to -0.80°C. Lower Limit of Agreement (LoA) -3.06°C
(95% CI -3.86 to -2.58°C), upper LoA 0.49°C (95% CI 0.01 to
1.29°C).
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factors for blowhole temperature. Infrared thermography is not a

direct measurement of temperature per se, but is a non-contact

measurement of infrared radiation emitted by an object via a

visible image (i.e., a thermogram) with colors arbitrarily assigned to

each infrared energy level (Usamentiaga et al., 2014; Tattersall, 2016).

Any object with a temperature above absolute zero emits infrared

radiation, and radiation intensity increases with increasing

temperature. In addition, radiation detected by an infrared camera

is influenced by the absorptivity, transmissivity, and reflectivity of the

object of interest (Usamentiaga et al., 2014).

Infrared thermography may be affected by ambient air

temperature, wind speed, and relative humidity (Church et al.,

2014; Almeida et al., 2022; Tran et al., 2023) and thus it seems

intuitive that infrared thermography of the blowhole would be

influenced by air temperature (although humidity and wind speed

were not measured in the present study). It was, however, unexpected

that it would be affected by the surrounding water temperature, and

conversely that the rectal probe temperature would be affected by

ambient air temperature. Animal position during the study may be a

contributing factor. Rectal temperature was collected with animals in

dorsal recumbency, with pectoral flippers and fluke blades partially or

fully exposed to the air (see Figure 4). Similarly, flukes and flippers

were in the water during blowhole temperature measurement. Given

the influence of the extremities on the CCHE, this may account for

the effects of air and water temperature on rectal and blowhole

readings, respectively. Additionally, human studies have

demonstrated that water on the skin (i.e., sweating) can act as a

filter that can reduce skin temperature, resulting in erroneous

estimations due to evaporation, and it is possible that a similar

phenomenon may be involved with the effect of water on blowhole

temperatures seen in the current study (Priego-Quesada et al., 2020).

The infrared camera used in this study did not store radiometric

data, necessitating the use of the custom algorithm for secondary

video analysis. In camera models with radiometric video capability,

commercial software can be used. It is highly recommended that

future projects use infrared cameras with radiometric video capability

and store video files as.wav files to avoid image compression.
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The use of infrared cameras for assessing temperature in animals

relies on a low zenith angle (McCafferty et al., 2015; Horton et al.,

2019). As killer whales take breaths very quickly, to maximize

accuracy and eliminate inter-operator variability, a single camera

operator was used to ensure consistency in height and camera angle

relative to the blowhole. The camera was aimed as perpendicular to

the blowhole as possible, however angle itself was not quantified.

Intra-exam variability was minimal but not unavoidable, and slight

variances may have occurred in height or angle relative to the

blowhole due to operator or animal movement; appreciable shifts

in angle from the animal or operator resulted in erroneous readings

that were excluded from the data set. Additionally, variance due to

differences in solar radiation, cloud cover, humidity, water vapor, or

other factors not quantified during this study, may have contributed

to some variability (Cilulko et al., 2013).

If a whale blew a plume of water into the camera the infrared

signature would not register due to high density water vapor on the

lens. Images were best obtained when breaths occurred a few seconds

after the animal had settled into position, allowing pooled water to

run off the blowhole. Future study examining application of infrared

thermography via unoccupied aerial systems (i.e., drones) in moving

animals will need to consider optimizing camera height relative to the

blowhole (Burke et al., 2019). During this study the camera was held

approximately 2 ft high (0.61 m) at each reading. It remains to be seen

whether increasing the height of the camera will diminish or magnify

sensitivity of the camera in terms of overall accuracy, position angle,

and interference of water plumes, however aerial studies of free

ranging baleen whales at higher altitudes did not report issues with

blowhole vapor interference (Horton et al., 2019; Lonati et al., 2022).

Rectal temperature was chosen for the current study based on the

animals’ comfortability with the procedure (animals were routinely

participating in rectal temperature measurement prior to study

commencement), ease of measurement, and to optimize human and

animal safety during the study. However, rectal temperature is not

always used for clinical diagnosis in cetaceans due to the influence of the

counter current heat exchange mechanism (CCHE) on the

measurement. A bottlenose dolphin study, using thermocouples
TABLE 2 Expected temperature ranges for rectal temperature in killer whales generated from retrospective data from eighteen whales from SWT,
SWC, and SWF.

Group
Number
of Whales

Sample
Size

Mean Rectal
Temp (°C)

Standard
Deviation

Expected Rectal
Temperature
Range (°C)

Lower
95% CI

Upper
95% CI

All Whales 18 3441 35.57 0.40 34.9 to 36.1 34.8 to 35.0 35.9 to 36.2

Large Males
(> 4000 kg) 4 402 35.20 0.39 35.1 to 35.7 35.0 to 35.2 35.6 to 35.8

Small Males
(< 4000 kg) 4 977 35.32 0.22 35.1 to 35.5 35.0 to 35.2 35.3 to 35.8

Large Females
(> 2200 kg) 5 1288 35.63 0.28 35.4 to 36.0 35.2 to 35.6 35.6 to 36.2

Small Females
(< 2200 kg) 5 774 35.98 0.32 35.9 to 36.5 35.5 to 36.0 36.4 to 36.6
Once outliers were removed, there were 3441 total observations of rectal temperature between October 8, 2022, and December 6, 2023. The upper (97.5th) and lower (2.5th) percentiles were
computed using the estimated model parameters (lambda, mu, and sigma of a Box-Cox transformed normal distribution), and 1000 bootstrap iterations performed to provide a sampling
distribution from which to calculate 95% confidence intervals.
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positioned at five different points simultaneously within the colon,

reported cooler temperatures at the anterior-most thermocouples

adjacent to the CCHE (~1.30°C cooler), with the warmest

temperatures recorded posterior to the CCHE at the shallowest

thermocouple (Rommel et al., 1994). Given this principle, rectal

temperature may not be the most sensitive proxy of core body

temperature for cetaceans, and it is important to understand that

while it is often used synonymously with core body temperature, any

regional temperature reading is only a measurement of the metabolic

heat production and blood flow of that specific anatomical region

(McCafferty et al., 2015), thus future study may seek to investigate

comparison of blowhole temperature with other body regions, for

example with esophageal temperature probes such as previously

described in manatees (Martony et al., 2020) or radio telemetry

boluses, which have been used in many different species, including

cetaceans and pinnipeds (Whittow et al., 1974; Kuhn and Costa, 2006;

AlZahal et al., 2011; Heide-Jørgensen et al., 2014;McCafferty et al., 2015).

Previous studies using radio telemetry boluses found that, in

one male false killer whale (Pseudorca crassidens), temperature

recordings of the stomach ranged from approximately 32.00-

37.20°C; temperatures increased with increased activity and with

increasing water temperature. It was hypothesized that actual body

temperature was between 36.00-37.20°C (excluding periods when

food was in the stomach), while rectal temperature (not taken

simultaneously) was 36.50°C. In one killer whale, the stomach

temperature range was 37.50-38.50°C (Whittow et al., 1974). It

was hypothesized that high water temperature influenced the higher

temperature of this killer whale relative to the other two whales in

the same study (of different species), however, this animal was also

clinically unwell and died shortly afterward (Whittow et al., 1974).

Based on current study data, this animal would be considered

pyrexic, however, baseline stomach temperature data from

healthy killer whales has not yet been reported.

Results from this study have applications for clinicians working

with populations of killer whales under human care, as having

reference data for RT and BHT from healthy animals in a

controlled environment can assist clinicians in determining if a

presenting animal is pyrexic, euthermic, or hypothermic. Data

regarding probe depth is useful for maintaining consistency with

data collection. The authors recommend inserting a flexible

temperature probe to a depth of at least 40 cm for any killer whale.

While the two different rectal thermometer probes did not yield

statistically different readings, given the length, rigidity, and ease of

use, the Digi-Sense probe is recommended for future study and for

clinical use for RT measurement in killer whales.

Data presented here has implications for the study of free-

ranging killer whale populations, particularly where disease,

anthropogenic, or other environmental factors may be affecting

health status or thermoregulation (Lacy et al., 2017). It may be

helpful for study of reproductive status, as body temperature is a

useful indicator of impending parturition in killer whales and other

cetaceans (Tersawa et al., 1999; Katsumata et al., 2006).

The Southern Resident killer whales (SRKW) of the Salish Sea

are a critically endangered population, and are threatened by

reduced prey availability, vessel noise, polychlorinated biphenyls

and other contaminants (Lacy et al., 2017). These factors likely have
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secondary immune system effects, putting them at risk of

pathogens, including, but not limited to, ecto-, endo- and

protozoal parasites, Erysipelothrix spp., Salmonella spp.,

Edwardsiella spp., poxviruses, herpesviruses, morbillivirus, marine

Brucella spp, and mucoralean fungi (Gaydos et al., 2004, 2023;

Huggins et al., 2020; Raverty et al., 2020). The ability to identify

potentially pyrexic individuals could improve efforts to investigate

disease prevalence and virulence within this population. Perhaps

more importantly, doing so in a manner that is rapid and minimizes

contact or population disturbance will maximize the increasingly

limited opportunities available to perform health surveillance on

these animals (Rhodes et al., 2022).

Further investigation into infrared blowhole thermography in

managed-care killer whales is warranted and should aim to examine

correlations between BHT and inflammatory changes in blood

work, or for detection of peripartum temperature drops. Work in

managed-care whales may also examine temperature variation with

increasing camera altitude, as unoccupied aerial systems (drones)

fitted with infrared cameras are a practical option for evaluating

blowhole temperature in free-ranging animals. Recent studies have

used drone infrared thermography to visualize blowholes of North

Atlantic right whales, humpback whales, minke, blue, and sperm

whales, which appeared as distinct heat anomalies compared to the

water surface (Cuyler et al., 1992; Horton et al., 2019; Lonati et al.,

2022). Blowholes were observed at an altitude of 9.84 ft (3 m) for the

right whales and 65.62 ft (20 m) for the humpback whales (Horton

et al., 2019; Lonati et al., 2022), whereas the present investigation

used infrared thermography at a close range of ~ 2 ft (0.61 m).

Studies performed only on free-ranging animals lack temperature

reference data via direct contact as comparison, and the goal of the

present study is to fill those data gaps.

Future study will need to determine whether infrared

thermography of the blowhole can accurately detect clinically

significant temperature elevation in killer whales. The current

study reports observed BHT ranges from animals that were

systemically well at the time of recording, and it cannot be

assumed that a systemically unwell animal will have a detectable

blowhole temperature above the reported range. Clinical case report

data incorporating blowhole infrared thermography as part of the

diagnostic toolkit will help to corroborate these findings.

Animals in this study were at rest during the time of data

collection; it is unknown whether blowhole temperatures will vary

beyond what is observed here during swimming or exercise. In

studies examining the rectal temperature of bottlenose dolphins, it

was found that rectal temperatures adjacent to the CCHE were 0.5°C

cooler during exercise than temperatures at rest (Pabst et al., 1995).

BHT and RT are proxy measurements for core body temperature,

and BHT tended to be lower than RT, with proportional bias, and thus

cannot currently be recommended for measurement of absolute core

body temperature in killer whales over rectal thermometry. The clinical

use of blowhole infrared thermography will likely be best used as a

population screening tool to discriminate against individuals who have

a higher temperature than the rest of a group, rather than for

determining absolute temperature values. The same holds true for

ear, axillary, and temporal artery temperature measurement in

humans; their use as screening tools is widespread in medical
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practice (Blahd et al., 2023) despite their lack of clinical agreement with

rectal temperature (Fortuna et al., 2010; Edelu et al., 2011; Mogensen

et al., 2018). For children, it is generally accepted that rectal

temperature is most accurate proxy for core body temperature, with

rectal temperature > oral > axillary and temporal temperature (Blahd

et al., 2023). In addition, human axillary temperature and rectal

temperature measurements have demonstrated proportional bias

similar to that seen in the current study, and axillary temperature

had better agreement at higher temperatures than at lower

temperatures, and there was narrowing of the axillary-rectal

temperature difference with increasing axillary temperature (Edelu

et al., 2011). Human axillary temperature may be more representative

of core body temperatures at higher temperatures (Edelu et al., 2011).

It is therefore the authors’ opinion that blowhole infrared

thermography remains a promising screening tool for wild

populations to identify, and provide targeted health assessment

for, individuals that may be systemically unwell. However,

further investigation is needed to determine if this methodology can

be used to consistently distinguish between euthermic and

pyrexic individuals.
5 Conclusion

The mean RT of healthy killer whales in the study was 35.7°C ±

0.47°C (and overall the expected range using RT retrospective data

was 34.9 to 36.1°C), and the mean observed BHT of healthy whales

was 34.2°C ± 1.03°C. BHT had a bias of -1.28°C relative to RT;

slightly lower than reported for beluga whales and dolphins (Melero

et al., 2015). The authors recommend inserting a flexible temperature

probe to a depth of at least 40 cm for any killer whale. While the two

different rectal thermometer probes did not yield statistically different

readings, given the length, rigidity, and ease of use, the Digi-Sense

probe is recommended for future study and for clinical use for RT

measurement in killer whales. Rectal temperatures had good to near

perfect agreement with blowhole temperature at higher mean

temperature, but weak agreement at lower mean temperature.

Given the proportional bias observed with Bland Altman analysis,

BHT cannot currently be recommended as a measurement for

absolute core body temperature, however infrared thermography of

the blowhole remains a promising tool for health assessment of free-

ranging killer whale populations, as it may serve as a non-contact

screening tool to detect pyrexic animals within a group.
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