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A B S T R A C T   

The osprey (Pandion haliaetus) is a cosmopolitan and long-distant migrant, found at all thermal extremes ranging 
from polar to tropical climates. Since ospreys may have an unusually flexible thermal physiology due to their 
migration over, and use of, a wide range of habitats, they represent an interesting study system to explore 
thermoregulatory adaptations in a raptor. In this study, we investigated the efficiency of heat exchange between 
body and environment in ospreys using micro-computed tomography (μ-CT), infrared thermography and 
behavioral observations. μ-CT revealed that the osprey bill has its largest potential for heat exchange at the 
proximal bill region, where arteries are situated most closely under the surface. However, thermal images of 10 
juvenile ospreys showed that the bill contributes to only 0.3% of the bird’s total heat exchange. The long legs and 
protruding claws played a more prominent role as heat dissipation areas with a contribution of 6% and 7%, 
respectively. Operative thresholds, i.e. the ambient temperature below which heat is lost, were high (>38.5 ◦C) 
in these body parts. However, we found no indication of active regulation of heat exchange. Instead we observed 
multiple behavioral adaptations starting at relatively low ambient temperatures. At 26.3 ◦C ospreys had a 50% 
probability of showing panting behavior and above 27.9 ◦C they additionally spread their wings to enable heat 
dissipation from the less insulated ventral side. The thermal images revealed that at an ambient temperature of 
32.1 ◦C ospreys had a 50% probability of developing a ≥2 ◦C and up to 7.5 ◦C colder stripe on the head, which 
was likely caused by cutaneous evaporation. Our observations suggest that ospreys more strongly rely on 
behavioral mechanisms than on active thermal windows to cope with heat stress. This study not only improves 
our understanding of the role of different body parts in ospreys’ total heat exchange with the environment but 
further provides an insight about additional adaptations of this raptor to cope with heat stress.   

1. Introduction 

Birds can be found at all thermal ranges from polar to tropical cli-
mates. To deal with extreme temperatures and thermal fluctuations, 
they have evolved diverse physiological and behavioral adaptations. 
Mechanisms to cope with heat stress have been the subject of numerous 
studies, with a particular focus on species occupying extremely hot and 
arid habitats (du Plessis et al., 2012; McKechnie et al., 2016; Whitfield 
et al., 2015). One such mechanism is passive heat dissipation via radi-
ation, conduction and convection from poorly-insulated body regions. 
These are so-called heat dissipation areas (HDAs) that are warmer than 
the surrounding air unless ambient temperatures (Ta) reach values near 
or above a bird’s body temperature (Tb) (Powers et al., 2015). Heat can 
be dissipated actively, via increasing the blood flow to the capillaries 
close to the surface (Phillips and Sanborn, 1994; Tattersall et al., 2009). 
Effective HDAs that evolved to modulate heat transfer via the regulation 
of blood flow, are often referred to as thermal windows (Klir and Heath, 

1992; Noren et al., 1999; Tattersall et al., 2009). Active regulation of 
heat loss of an uninsulated body part can be distinguished by decreases 
in surface temperature (Ts) at low Ta and elevated Ts at high Ta (Klir 
et al., 1990). These fluctuations in Ts imply changes in the blood flow by 
vasomotor adjustments, such as vasoconstriction (narrowing of blood 
vessels) and vasodilation (widening of blood vessels) (Hagan and Heath, 
1980; Phillips and Heath, 1992; Tattersall et al., 2017). Multiple body 
parts in birds have been described as effective thermal windows, in 
particular the legs (Ederstrom and Brumleve, 1964; Martineau and 
Larochelle, 1988; Steen and Steen, 1965), feet (Baudinette et al., 1976; 
Johansen and Millard, 1973; Kahl Jr, 1963) and bills (Greenberg et al., 
2012a; Hagan and Heath, 1980; Schraft et al., 2019; Tattersall et al., 
2009; Van de Ven et al., 2016). 

Raptors are a heterogenous group of birds that vary widely in their 
thermal physiology. Raptors that occupy hot habitats have lower resting 
metabolic rates than those from temperate habitats (Wasser, 1986). 
When heat stressed, they maintain constant Tb by panting and 
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convective cooling (Hayes, 1978). Here, we investigated thermoregu-
latory behaviors and heat exchange mechanisms in the osprey (Pandion 
haliaetus), a medium-sized, migratory raptor that is associated with 
aquatic habitats. Ospreys are cosmopolitan (Monti et al., 2015) and 
those living in Florida’s hot climate have high resting metabolic rates 
relative to other similar-sized raptors (Wasser, 1986). Interestingly, all 
populations (except the one from Florida) migrate (Poole et al., 2020), 
and European breeders overwinter in Africa (Österlöf, 1977). Due to 
their migration over and use of a wide range of habitats (Hegemann 
et al., 2019), ospreys may have an unusually flexible thermal physi-
ology. Additionally, ospreys have evolved specific thermal adaptations 
in line with Bergmann’s Rule: Individuals that breed in colder, higher 
latitudes tend to be larger than those breeding in tropical and subtrop-
ical climates (Prevost, 1983). In this study we describe thermoregulatory 
adaptations of ten juvenile ospreys from a Scottish population that 
formed part of a reintroduction project in northern Spain. These birds 
were investigated until they matured enough to start their migration to 
Senegal crossing the Sahara Desert (Galarza et al., 2017), and thereby 
being confronted with extreme temperatures (Biebach, 1990). Because 
of their flexible thermal physiology, ospreys represent an interesting 
study system to explore thermoregulatory adaptations in a cosmopol-
itan, migratory raptor. 

As many raptors, ospreys have a strongly hooked bill, long legs and 
strong claws. We hypothesized that these uninsulated body parts serve 
as HDAs, while we expected little or no heat dissipation from the well- 
insulated feathered body parts, such as the torso and head. We used 
two approaches to explore whether heat loss is regulated actively. 1) We 
explored the vascularization of the osprey bill to understand its potential 
for vasomotor adjustments using micro-computed tomography (μ-CT). 
We hypothesized that a strongly vascularized bill, where blood vessels 
are situated near the surface, improves the potential for heat dissipation. 
2) Using thermal imaging we measured Ts’s of the different body parts to 
explore HDAs and calculate heat exchange. In a body part that functions 

as an active thermal window, we expected low differential temperatures 
between the surface and the surrounding air at low Ta’s, indicating little 
heat loss to the environment. At intermediate Ta’s we expected larger 
temperature differentials, indicating greater heat loss, but decreasing 
differentials for Ta’s that reach values near or above Tb (Eastick et al., 
2019). Although body parts, such as bill, legs and claws have clearly 
evolved for locomotion and foraging purposes, they can represent 
thermoregulatory exaptations (Tattersall et al., 2017). As such, multiple 
studies have described a positive association between bill size and 
environmental temperatures (Greenberg et al., 2012b; Symonds and 
Tattersall, 2010). Foraging ecology seemed to have a greater effect on 
bill shape, while climate more strongly affected bill size (Friedman et al., 
2019). Likewise, the arrangement of veins and arteries that facilitate a 
counter-current heat exchange through the legs (Arad et al., 1989; 
Midtgård, 1981) suggests that this body part represents a thermoregu-
latory exaptation (Tattersall et al., 2017). However, heat dissipation can 
also be achieved through behavioral adaptations. For example, by 
exposing the barely-insulated areas of the ventral wing (wing 
spreading), heat can be dissipated by convection and radiation (Kahl, 
1971). By contrast, panting behavior results in evaporative cooling 
(Dawson, 1982). In addition to exploring ospreys’ bill vascularization 
and HDAs, we further describe the behavioral adjustments of ospreys 
when exposed to high ambient temperatures. Combining these three 
approaches (tomography, thermal imaging and behavioral observa-
tions) will improve our understanding of the thermoregulatory adapta-
tions applied by a northern, migratory population of ospreys. 

2. Materials and methods 

We used three approaches to explore the thermoregulatory adapta-
tions of juvenile ospreys that were raised in the Biosphere Reserve of 
Urdaibai (Biscay, Basque Country, Spain). 1) We quantified the bill 
vascularization using μ-CT. 2) We used infrared thermography to 

Fig. 1. Thermal imaging of ospreys in the hacking tower (a). The tower consists of four cabins and three ospreys were housed in each cabin (b). Thermal images were 
taken through a concealed hole from the closed backside of the tower. At the same time the birds could be observed through a small spyglass window (c). 
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measure Ts’s of different body parts to explore HDAs. Using Ts mea-
surements we calculated heat exchange and operative thresholds, i.e. 
the Ta at which the heat exchange of a body part is zero. 3) We described 
panting and wing spreading behavior. 

2.1. Bill vascularization 

The bill of an osprey specimen was scanned at the Centre for X-ray 
Tomography of the Ghent University (UGCT) with a 240 kV micro- 
computed tomography setup (UGCT’s HECTOR μ-CT scanner; see Mas-
schaele et al., 2013). Tube voltage was set at 120 kV with a current of 91 
μA. The exposure time of the detector was 1 s and an additional beam 
filtering of 0.5 mm Al was used. A total of 2200 projections were ac-
quired over an angle of 360◦ using geometrical magnification to obtain a 
reconstructed voxel size of 143 μm3. To quantify the vascularization of 
the bill with 3D modeling we used the software Dragonfly 3.6, Object 
Research Systems (ORS) Inc, Montreal, Canada. As an approximation of 
vascularization, we calculated the porosity of the tip of the bill for a 
section of ca. 7 mm by comparing the ratio of air and soft tissue to hard 
material (keratin, bone). This approach is based on the microanatomical 
structures as defined in the black-capped chickadee (Poecile atricapillus) 
by Van Hemert et al. (2012), which show that blood vessels, such as 
arteries and veins, are housed in the channels within the trabecular 
bone. We further examined the distance from the arteries to the bill 
surface since arteries closer to the surface are more likely to aid in heat 
dissipation. 

2.2. Surface temperature measurements 

We used near-infrared thermography, a non-invasive technique 
(McCafferty et al., 2015; Tattersall, 2016), to measure Ts’s of different 
body parts of 10 ospreys housed at the Urdaibai Biosphere Reserve in 
July and August 2017. For this study, we used a selection of a thermal 
dataset that was previously analyzed to describe the impact of feather 
coloration on wing surface temperature (see Rogalla et al., 2019). We 
selected 219 thermal images taken at different days and times to include 
the widest possible range of Ta’s for each individual (5–41 images per 
bird). Sampled Ta’s were measured with a thermo-hygrometer (ETI 
Hygro-Thermo Pocket-Sized Hygrometer) and ranged from 16.5 to 
32.2 ◦C (mean Ta: 22.9 ± 0.2 ◦C). The climate in the biosphere reserve is 
Atlantic and Ta’s measured at the nearest weather station (Arteaga) 
ranged from 13.3 to 35.4 ◦C (mean Ta: 20.7 ± 0.1 ◦C) throughout the 
study period (Euskalmet, 2020). 

The ospreys formed part of a reintroduction project from a Scottish 
population (Galarza, 2017). They were transported to northern Spain 
approximately five to six weeks after they hatched, where they were 
raised in a hacking tower. Hacking is a release technique for young 
raptors in which the birds are fed in a hacking tower until they are able 
to fly. The tower provides a view over the surrounding area that the 
birds will associate with food and potentially use as future nesting sites 
(Sherrod, 1982). The hacking tower consisted of four cabins of 1.45 m ×
1.90 m, and three birds were housed in each cabin. The cabins were 
covered on top but partially open at the sides, except for one, fully closed 
side. This side could be approached without alerting the ospreys. It 
contained two holes, one for providing food and the other at 20 cm 
height above ground level for thermal imaging (Fig. 1). With this setup 
we were only able to take temperature measurements whenever a bird 
moved in front of the camera. To obtain the maximum number of 
samples per individual, we opportunistically rotated from cabin to 
cabin. Sampling took place on 25 days between 11th July and August 7, 
2017 from 8 a.m. until 9 p.m. Not all individuals moved equally often in 
front of the camera leading to variation in sample size (0–11 thermal 
images per individual per day, on average 1 thermal image per indi-
vidual per day). 

We started Ts measurements on July 11th, ca. 5 h after the ospreys 
had been transported to the Urdaibai Biosphere Reserve. Since stress can 

alter both core body (Lewden et al., 2017) and surface temperature 
(Herborn et al., 2015), we tested whether Ts varied with the number of 
days after arrival (for details see 2.5 Statistical analyses). Additionally, 
the ospreys’ well-being was monitored remotely with a CCTV camera 
system installed at the top of each cabin. Thereby, we could check 
whether the birds in the sampled cabin behaved differently than the 
birds in the other cabins. We observed no difference in activity levels 
between sampled birds in comparison to non-sampled birds. Ospreys 
were sexed using molecular techniques on plumage samples (tests per-
formed at the Department of Zoology and Ecology of the University of 
Navarre), this allowed us to account for differences in heat dissipation 
between sexes. 

To assess Ts’s, we used a Testo 875 Thermal Imager (160 × 120 pixel 
array sensitive to 8–14 μm, accuracy ±2 ◦C/±2%, Instantaneous Field of 
View (IFOV) 3.3 mrad) with the emissivity ε set at 0.95 (Tattersall, 
2016). Concurrently with the thermal images taken, we noted the ring 
ID of the recorded bird as observed through a small spyglass window. 
We simultaneously measured air temperature and humidity with a 
thermo-hygrometer (ETI Hygro-Thermo Pocket-Sized Hygrometer), 
wind speed with an anemometer (HoldPeak HP-846A) and assessed 
solar irradiance in W/m2 with a handhold pyranometer (Dr. Meter® 
SM206 Digital Solar BTU Power Meter). Camera-to-bird distance was 
estimated based on the size of the cabin and ranged from 0.3 to 1.7 m 
depending on where the ospreys moved. Digital images were stored and 
processed with IRSoft (Testo SE & Co. KGaA, Lenzkirch, Germany). 

To measure the average Ts per body region, we drew polygons 
around the following regions of interest: torso, leg, claw, head, cheek, 
eye and bill (Fig. A1). When extracting Ts’s from these regions, we 
avoided edges where infrared radiation reflected at an angle could give 
false thermal signatures. Additionally, we only extracted Ts’s, when a 
body part was unobstructed and with clearly defined edges. As such, 
measurements of the torso or different parts of the head were only taken 
from the side, so that they were all taken at a similar angle to the camera. 
For the torso we measured the average Ts of the back and the dorsal 
wing. When the ospreys exposed their ventral wing sides to dissipate 
excessive heat, we only measured torso Ts when the dorsal wings were 
fully visible. As in Tattersall et al. (2018), we selected the warmest leg or 
claw, when both parts were clearly visible in the thermal image. Since 
the camera-to-bird distance varied slightly between images, and dis-
tance is known to affect the accuracy of the temperature measurement 
(Faye et al., 2016), we set distance thresholds for the different body 
parts. At maximum camera-to-bird distance (1.7 m) with an IFOV of 3.3 
mrad the spot size of the measurement is 0.5 cm. However, to take into 
account optical aberrations, the target needs to cover an area at least 3 
times the IFOV, i.e. to cover a minimum of 3 × 3 pixels in the region of 
interest (Sarfels and Liebelt, 2016). Following this guideline, a more 
conservative estimate of the spot size at the maximum distance is 1.7 cm. 
In our analyses we included all measurements of the large torso. For leg, 
claw, head, cheek and bill we included measurements of up to 1.5 m 
camera-to-bird distance (spot size ca. 1.5 cm), and for the smaller eye of 
up to 1.2 m distance (spot size ca. 1.2 cm). Both distance thresholds and 
variation in number of observations across individuals led to differences 
in sample sizes per body region and individual, from 1 to 38 measure-
ments per individual and per body region (mean = 12 ± 1). A detailed 
summary can be found in Table A1. 

2.3. Heat dissipating areas and heat exchange 

To analyze the capacity for heat dissipation of different body parts 
we calculated the temperature differentials between the surface and the 
surrounding air as ΔT = Ts - Ta. To avoid the influence of high solar heat 
loads we only used thermal images taken at a solar irradiance <300 W/ 
m2 (Wolf and Walsberg, 1996). Applying this threshold, we excluded 
four thermal images of the original dataset (215 out of 219 images). 

We calculated the heat exchange of the different body surfaces 
following Tattersall et al. (2018) using the Thermimage package in R 
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(Tattersall, 2017; R Core Team, 2017). The total heat exchange is the 
sum of the convective and radiative heat exchange from a surface with 
the surrounding air. Thus, a negative heat exchange indicates a heat loss 
to the environment, while a positive value suggests a heat gain 
(Tattersall et al., 2018). The heat exchange of a body surface is closely 
linked to ambient temperature, solar radiation, relative humidity and 
wind speed (Tattersall et al., 2018). For Ta, radiation and humidity, we 
used the values measured at image capture. We used 0.1 m/s for wind 
speed implying forced convection. Cloud cover was estimated to be 0.5 
and for reflectivity we used the default value of 0.1 for all body parts. For 
object distance we used the default setting of 1 m since we found no 
significant correlation between Ts of each body part and camera-to-bird 
distance (see 2.5 Statistical analyses). 

We modeled heat exchange separately for torso, head, bill, legs and 
claws and summed these values to assess the bird’s total heat exchange 
(Fig. 2). Therefore, we assessed the area-specific heat exchange of each 
body part in W/m2 and the total heat exchange in Watts as the product of 
area-specific heat exchange with the surface area of each body part. All 
ospreys were similar in age and size. We thus measured the dimensions 
of the body parts from a dead specimen, which we assumed to be 
representative for each individual of this study. The shapes used to 
model the different body parts and estimate the corresponding surface 
area are shown together with their dimensions in Fig. 2. To estimate the 
surface area of the torso, we applied the function of body mass by 
Walsberg (1978) as 8.11 × Mass0.667. Body masses were measured for 
each individual immediately after their arrival and two days before their 
departure (departure dates: 19th, 25th July, 7th August). Here, we used 
the departure weights (mean body mass: 1563 ± 53 g). The claw model 
(8 horizontal cylinders) is simplified in that claws partially touch the 
ground and in these regions heat is conducted to the ground instead of 
being dissipated by convection. 

2.4. Behavioral adaptations and cutaneous cooling 

We observed panting and wing spreading as behavioral adjustments 
of ospreys to dissipate excessive heat. The CCTV camera system installed 
at the roof of each cabin in the hacking tower provided a good top view 
on the birds, which allowed us to get an overall idea of activity levels. 
However, from this perspective we were not able to identify birds 
individually. Therefore, behavioral data were collected as a point sam-
ple per thermal measurement. Individuals were identified by their ring 
number when observed through the spyglass. Behavioral data collection 
was done by one observer only (SR) using a predefined ethogram 
(Table A2). Panting was defined as a bird opening its beak widely while 
breathing heavily. Wing spreading was defined as a bird holding both 
wings away from its body exposing the ventral side of the wings. To test 
Ta’s at which the ospreys became heat stressed, we determined threshold 
temperatures as binomial responses for these thermoregulatory 

mechanisms when performed for a minimum of 10 s (presence = 1; 
absence = 0). We did not score panting when the bill was not fully 
visible, nor wing spreading when the torso was not fully visible. In 7.8% 
of our observations, ospreys developed a colder stripe at the cheek or the 
back of their head (Fig. A2) that suggested evaporative cooling through 
the skin and is hereafter referred to as cutaneous cooling. Cutaneous 
cooling was recorded from the thermal images, which were analyzed in 
greyscale, so that temperatures were scaled linearly. The range but not 
the absolute values of the scale was fixed so that minimum and 
maximum value always spanned a range of 40 ◦C. Cutaneous cooling 
was scored as present whenever a ≥2 ◦C colder patch was present on the 
head or cheeks of the birds. A > 2 ◦C threshold was chosen to assure that 
the difference of patch surface temperature with head surface temper-
ature was greater than the error range of the thermal camera. Sample 
sizes differed across individuals. Panting was observed in 8 individuals 
with a maximum of 11 observations per individual (mean = 4 obser-
vations per individual). Wing spreading was observed in 8 individuals 
with a maximum of 8 observations per individual (mean = 3 observa-
tions per individual). Cutaneous cooling was only observed in 4 in-
dividuals with a maximum of 7 observations per individual (mean = 4 
observations per individual). Observations were taken at Ta’s ranging 
from 16.5 to 32.2 ◦C (mean Ta: 22.9 ± 0.2 ◦C). 

2.5. Statistical analyses 

To explore potential confounding variables, we first used a linear 
mixed model in R (Bates et al., 2015; R Core Team, 2017) with Ts as 
response variable and Ta, body part, sex, days from arrival, departure 
body weight and camera distance as predictor variables. Bird identity 
was included as random factor. 

To explore HDAs, we modeled ΔT in a linear mixed model (Bates 
et al., 2015; R Core Team, 2017) with Ta as predictor variable and bird 
identity as random factor. Normality of the response variable was 
confirmed visually for each body part using a Normal Q-Q plot 
(Kabacoff, 2011). ΔT of the torso was not normally distributed, thus we 
performed the analysis on the logarithmic transformation after which 
the data appeared normally distributed. For the feathered body parts 
(head and torso) we tested for a quadratic relationship of ΔT with Ta as 
predictor variable and bird identity as random factor. 

We used a linear model in R (Pinheiro et al., 2013; R Core Team, 
2017) to test to what extent the heat exchange of a specific body part 
contributed to the total heat exchange following the approach of 
Tattersall et al. (2018). The slope of the model represents the percentage 
of heat exchange per body part. We further calculated the threshold 
operative temperature at which the heat exchange of a body part is zero 
using the Thermimage package (Tattersall, 2017). 

We modeled how Ta altered the probability of individuals showing a 
specific behavior using a generalized linear mixed model (GLMM) with a 

Fig. 2. Shapes and dimensions of different body parts used for the heat exchange calculations in Thermimage (Tattersall, 2017). Dimensions of body parts were 
measured from a dead specimen as representative for the ten ospreys of this study. Body mass was measured for each individual. For the heat exchange models we 
provide the critical dimension of the shape (L), which is the height of the object within the air stream. For the surface area calculations, we provide the required 
dimensions for each shape (height h, base b and radius r). 
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logit link function (binomial error distribution) in R (Bates et al., 2015; R 
Core Team, 2017). We used random intercepts for bird ID to control for 
repeated measures on the same bird. The threshold Ta’s at which a 
specific behavior was present in 50% of the observations (median 
ambient temperature) were calculated according to Smit et al. (2016) by 
dividing the absolute value of the intercept by the absolute value of the 
predictor (beta) estimate. 

For data visualization, we used the ggplot2 package (Wickham, 
2016) of the R software (R Core Team, 2017). 

3. Results 

The osprey bill is highly porous, giving it great potential for vascu-
larization (Fig. 3). μ-CT scans revealed that for the measured section at 
the tip of the bill 45% of the material was keratinized epidermis 
(rhamphotheca), 10% was trabecular bone and 45% was air or soft tis-
sue. The distance from the arteries to the surface of the bill varied along 
the bill. At the distal bill region (tip of the bill) arteries were up to 0.7 
mm below the surface while at the proximal bill arteries were as close as 
0.2 mm near the surface. 

While Ts increased with Ta (ß = 0.74 ± 0.02, CI: 0.70, 0.78), we 

found no significant effect of sex (CI: -1.59, 1.17), days from arrival (CI: 
-0.02, 0.02), departure body weight (CI: -0.004, 0.004) and camera 
distance (CI: -0.71, 0.32). ΔT decreased linearly with increasing Ta for 
bill, leg, claw, eye and cheek (Table 1, Fig. 4). Head and torso ΔT fol-
lowed Ta in a quadratic relationship (Table 1). The greatest response of 
ΔT per unit increase in Ta was found for the eye, followed by claws and 
cheeks (Table 1). We found the highest differential temperature for the 
claws, which were 19.3 ◦C hotter than the surrounding air when Ta was 
16.8 ◦C. Claws were closely followed by the bill (ΔT = 18.6 ◦C at Ta =

16.8 ◦C) and the legs (ΔT = 18.4 ◦C at Ta = 18.2 ◦C). These body parts, 
however, showed a greater variance than the claws (Fig. 4). The 
observed difference between head and torso Ts with the surrounding air 
was smaller than for the uninsulated body parts (max. ΔT of the head =
12.3 ◦C, max. ΔT of the torso = 9.9 ◦C) (Fig. 4). 

The area-specific heat exchange differed in all body parts, and most 
heat was dissipated through the claws, followed by the bill, legs, head 
and torso (Fig. 5). The torso made up 86% of the total body surface 
(mean torso surface area = 1094 ± 25 cm2) and accounted for 82 ± 0.8% 
of the total heat exchange (Table 2). The head contributed to 5% of both 
total surface area and total heat exchange (5 ± 0.2%). The legs and claws 
that made up 4% and 5% of the total surface area accounted for 6 ±

Fig. 3. This 3D model of an osprey bill was obtained 
using Micro-Computed Tomography. Close-ups are 
shown for a 7 mm section at the tip of the bill as side 
view, frontal view (closer to tip), back view (from left 
to right). Tissues of different densities are colored 
differently: Keratin is colored in grey, trabecular bone 
in pink and soft tissue, such as the dermis, is colored 
in magenta. Blood vessels are situated more closely 
below the surface at the proximal bill compared to the 
distal bill. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   

Table 1 
Relationship between surface temperature differential ΔT = Ts - Ta (◦C) and ambient temperature Ta (◦C) for different body parts in 10 juvenile ospreys. We controlled 
for bird ID as a random effect. Here, we provide the number of observations, estimates of effect sizes, standard errors (SE), 95% confidence intervals (95% CI) and t- 
values. Numbers in bold denote statistical significance (p < 0.05).   

Nr of observations Estimate (for non-transformed values ≙ change in ΔT per 1 ◦C increase in Ta) SE 95% CI t-value 

Bill 95 -0.419 0.062 -0.554, -0.330 -6.73 
Legs 113 -0.407 0.057 -0.521, -0.299 -7.16 
Claws 104 -0.567 0.035 -0.637, -0.500 -16.41 
Eye 105 -0.713 0.032 -0.776, -0.650 -22.00 
Cheeks 108 -0.552 0.029 -0.609, -0.496 -19.09 
Head (quadratic) 150 -0.035 0.008 -0.050, -0.021 -4.67 
Torsoa (quadratic) 189 -0.005 0.002 -0.008, -0.002 -2.94  

a Analysis was performed on the logarithmic transformation of the data due to non-normal distribution. 
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0.4% and 7 ± 0.5% of total heat dissipation. The bill played only a minor 
role in ospreys’ temperature regulation (0.2% of surface area, 0.3 ±
0.02% of heat dissipation) (Table 2). 

The threshold operative temperature, i.e. the effective temperature 
at which the heat exchange of a body part is zero, was lowest for the 
torso (27.7 ± 0.02 ◦C), followed by the head (32.1 ± 0.002 ◦C) and legs 
(38.5 ± 0.002 ◦C). The threshold for bill and claws were higher than the 
operative temperatures measured in this study and could not be pre-
dicted (Fig. 6). 

Our models predicted that ospreys would allocate >50% of the 
observed time panting when Ta > 26.3 ± 0.1 ◦C and for Ta > 27.9 ±
0.1 ◦C they would spread their wings (Fig. 7). At Ta’s ≥ 23.4 ◦C the 
ospreys developed a ≥2 ◦C colder stripe on the head that suggested 
cutaneous cooling (Fig. A2). These patches were on average 4.1 ± 0.3 ◦C 
cooler than the surrounding head (as visualized in Fig. A1). The 
maximum temperature difference between the stripe and head temper-
ature was 7.5 ◦C at Ta = 28.9 ◦C. Ospreys had a 50% probability of 
developing these indications for cutaneous cooling at Ta = 32.1 ± 0.1 ◦C 
(Fig. 7). 

4. Discussion 

We combined tomography, thermal imaging and behavioral obser-
vations to evaluate the effectiveness of body heat exchangers in juvenile 
ospreys. We found that legs and claws played a prominent role as passive 
HDAs. However, ospreys seemed to rely more strongly on behavioral 
adaptations to dissipate excessive heat. By exposing the ventral wings, 
heat was dissipated by convection and radiation (Kahl, 1971). Panting 
and cutaneous cooling, on the other hand, rely on water evaporation 
(Dawson, 1982). Our models predicted that ospreys would allocate 
>50% of the observed time panting when Ta > 26.3 ± 0.1 ◦C. Above 
27.9 ± 0.1 ◦C they spread their wings and only above 32.1 ± 0.1 ◦C they 
show cutaneous cooling for >50% of their time. 

Panting behavior is closely linked to high water consumption 

Fig. 4. Temperature differentials between surface and ambient temperatures of different body parts in ospreys. The division of body regions is shown in the upper 
right corner. A larger version of this image is shown in the appendix (Fig. A1). High temperature differentials suggest heat loss to the environment. For uninsulated 
body parts temperature differentials decrease linearly with increasing ambient temperature. For the well-insulated head and for the torso (average Ts of back and 
dorsal wing), temperature differentials are small and follow ambient temperature in a quadratic relation. 

Fig. 5. Area specific heat exchange (W/m2) is shown for the different body 
parts of the ospreys. Heat exchange was modeled with the Thermimage package 
(Tattersall, 2017) based on surface temperature measurements over a temper-
ature range of 16.5–32.2 ◦C. Wind speed in the model was set to 0.1 m/s. Heat 
exchange <0 indicates heat loss and heat exchange >0 suggests heat gain. In 
the ospreys most heat was dissipated through the claws, followed by the bill, 
legs, head and torso. 

Table 2 
The relationship between heat exchange of a specific body part and total heat 
exchange was tested in a linear model. The slope of the model represents the 
percentage of heat exchange per body part, here we provide estimates, standard 
errors (SE), 95% confidence intervals (95% CI), t-values and R2.  

Body part ß-estimate SE 95% CI t-value R2 

Bill 0.003 0.000 0.003, 0.004 13.46 0.837 
Legs 0.058 0.004 0.050, 0.065 16.16 0.881 
Claws 0.073 0.005 0.062, 0.084 13.66 0.841 
Head 0.050 0.002 0.047, 0.054 31.27 0.965 
Torso 0.816 0.008 0.800, 0.833 96.73 0.996  
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(Dawson, 1982). Large birds can better maintain their water balance 
than small birds (Weathers, 1981) but are more sensitive to thermal 
stress because of their lower surface-to-volume ratio (Greenberg et al., 
2012b). Ospreys are relatively large (~ 1.5 kg) and associated with 
aquatic habitats. Since they obtain water through their diet (fish), a 
restriction in their water expenditure seems unlikely. This, in addition to 
their relatively large size, could explain their low panting threshold (Ta 
> 26.3 ± 0.1 ◦C). In contrast, in small birds or species inhabiting arid 
environments, panting is mostly observed at high Ta’s (e.g. marico 
flycatcher (Bradornis mariquensis) at 41.8 ◦C, Smit et al., 2016). Gener-
ally, larger birds initiate evaporative cooling responses at lower Ta’s 
than smaller birds (Weathers, 1981). However, although we observed 
panting in 8 individuals (in 19% of all observations), we only observed 
cutaneous cooling in 7.8% of our observations and only in 4 individuals. 
While in some desert species (pigeons, doves, sandgrouses) cutaneous 
cooling is responsible for more than 50% of the birds’ total water loss 
(Arieli et al., 2002), in ostriches (Struthio camelus) it only accounts for 

less than 2% at Ta = 40 ◦C (Schmidt-Nielsen et al., 1969). This implies 
large differences between species in their practice of cutaneous cooling. 
Although observations of cutaneous cooling were rare in the ospreys, the 
cooled patches were up to 7.5 ◦C colder than the surrounding head, and 
therefore could significantly contribute to brain cooling. We encourage 
future studies to incorporate thermal imaging techniques that can help 
identify the body regions used for cutaneous cooling and allow the 
quantification of their cooling efficiency. 

As predicted the uninsulated body parts (bill, leg, claw, eye and 
cheek) served as HDAs, while the feathered torso and head dissipated 
only little heat. Differential temperatures between the surface of the 
HDAs and the surrounding air decreased linearly with Ta, indicating a 
mostly uncontrolled heat loss (Klir et al., 1990). Bill and leg ΔT as a 
function of Ta showed a slightly higher variance than other body parts. 
At low Ta’s, dropping Ts’s could imply a reduction in blood flow. 
However, the range in sampled Ta’s was small (16.5–32.2 ◦C) and did 
not include the thermal extremes. The TNZ has not yet been explored in 

Fig. 6. Heat exchange (W) of each body part increases with operative temperature. The operative temperature was calculated according to Tattersall (2017) and 
denotes the effective temperature the ospreys were experiencing, accounting for heat absorbed from radiation and lost to convection. Outlined in red is the operative 
threshold at which heat exchange is zero. Below the threshold, which is shown in the thermogram for each body part, heat is dissipated. The threshold for bill and 
claws could not be predicted as they were higher than the operative temperatures measured. Note that the scaling of the y-axes differs in the panels. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Probability of ospreys applying a certain type of thermoregulatory mechanism: panting, wing spreading and a colder stripe at the cheek or the back of the 
head that suggests cutaneous cooling. Probabilities were calculated as the predicted values from a logistic regression for each thermoregulatory mechanism 
(presence = 1; absence = 0). 
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ospreys but is wide in the similar sized common barn-owl (Tyto alba), 
ranging from 23 to 32 ◦C (Thouzeau et al., 1999). To explore how os-
preys cope with extreme environmental temperatures, a wider temper-
ature range and larger sample sizes for each individual, particularly at 
extreme Ta’s will be needed. Interestingly, the torso made up a large 
proportion (82 ± 0.8%) of ospreys’ total heat exchange, likely because 
of its high contribution to the birds’ total surface area (86%). The torso 
gained heat at operative temperatures as low as 27.7 ◦C indicating that 
the dense plumage is highly insulative, limiting the heat dissipation. 
However, birds can behaviorally adjust their plumage thickness, e.g. by 
fluffing up in the cold, to maintain their body temperature (Hayes, 1978; 
Stettenheim, 2000). Erected feathers can reduce the heat transfer from 
and to the skin (Wolf and Walsberg, 2000). We hypothesize that changes 
in plumage thickness can explain the quadratic relationship of torso ΔT 
with Ta. However, we also found a quadratic relationship of head ΔT 
with Ta. The head is less densely feathered than the torso, and ΔT’s were 
higher, implying a greater heat loss. We suggest that the quadratic 
relationship of head ΔT with Ta captures the events of cutaneous cooling 
at high Ta’s (50% probability at Ta = 32.1 ± 0.1 ◦C). However, more 
observations at Ta’s near or above Tb will be needed to confirm this 
hypothesis. 

The uninsulated legs and claws played a larger role as HDAs (13% of 
total heat dissipation) than the bill (0.3 ± 0.02% of total heat dissipa-
tion). The relatively minor role of the bill was unexpected as it was 
highly vascularized giving it great potential for heat dissipation by 
actively modulating the blood flow. In contrast to other studies, where 
the bill played a significant role in the birds’ total heat dissipation (song 
sparrows (Melospiza melodia), Greenberg et al., 2012a; southern 
yellow-billed hornbills (Tockus leucomelas),Van de Ven et al., 2016; toco 
toucans (Ramphastos toco), Tattersall et al., 2009), the osprey bill had a 
very small surface area (0.2% of total surface area). In song sparrows the 
bill contributes to at least 2% (Greenberg et al., 2012a), in hornbills to 
ca. 5% (Van de Ven et al., 2016) and in toucans to up to 50% (Tattersall 
et al., 2009) to the birds’ total body surface area. Interestingly, in raptors 
the evolution of the bill has been strongly constrained by the size of the 
skull (Bright et al., 2016). However, in three lineages of barn owls (Tyto 
alba), a cosmopolitan, non-migratory raptor, individuals inhabiting in 
colder environments display smaller bills (Romano et al., 2020). The 
nocturnal habits of the barn owl and the consequential low risk of 
overheating imply that reduced bill sizes in colder habitats prevent the 
birds from heat loss in the cold rather than facilitating active heat 
dissipation at high Ta (Romano et al., 2020). Interestingly, in the ospreys 
studied here, the legs and claws that made up 9% of the birds’ total 
surface area contributed to 13% to their total heat exchange. Other than 
the bill, the evolution of raptor claws has not been controlled by 
allometry but rather by relative prey size (Tsang et al., 2019). Therefore, 
we suggest that in ospreys the long legs and protruding claws serve as 
thermoregulatory exaptations, while bill size constraints seemed to have 
limited the thermoregulatory potential of this body part. Future studies 
shall explore whether bill, leg and claw sizes in ospreys differ for pop-
ulations inhabiting different climate zones. 

In this study, we made use of three approaches (tomography, thermal 
imaging and behavioral observations) to explore thermoregulatory ad-
aptations in ospreys. We provided an overall insight on how these rap-
tors make use of HDAs, panting and wing spreading behavior to 
dissipate excessive heat. Combining different methodologies, such as 
tomography and heat exchange calculations based on thermal imaging, 
has provided crucial information that improves our understanding of the 
role of a raptor bill as HDA. Additionally, thermography has revealed 
that ospreys make use of cutaneous evaporation that may prevent their 
heads from overheating. Unfortunately, Ts measurements and behav-
ioural observations were limited by sample size and the small range of 
sampled Ta’s leading to restrictions in predicting accurate thresholds. As 
such, the operative thresholds for bill and claws were higher than the 
operative temperatures measured in this study and could not be pre-
dicted. Additionally, we acknowledge the limitations of modeling heat 

exchange based on simplified shapes to simulate the different body parts 
of live birds. A more accurate approach would be the experimental use 
of an object model placed in the environment, thereby exposing it to a 
wide range of wind speeds, solar radiation intensities and Ta’s. However, 
this study provides a good insight on the thermoregulatory adaptations 
applied by a northern population of juvenile wild ospreys at interme-
diate Ta’s. This study may lay the foundation for future research on 
ospreys’ thermoregulation that should not only compare the adaptations 
of populations from different climatic zones but should further examine 
heat exchange under thermal extremes to identify the presence of 
thermal windows under greater physiological pressure. Ospreys there-
fore form an interesting study system because of their unusually flexible 
thermal physiology due to their migration over and use of a wide range 
of habitats. 
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