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Abstract

Penguins face a major thermal transition when returning to land in a hypothermic state after a foraging trip. Uninsulated
appendages (flippers and feet) could provide flexible heat exchange during subsequent rewarming. Here, we tested the
hypothesis that peripheral vasodilation could be delayed during this recovery stage. To this end, we designed an experiment
to examine patterns of surface rewarming in fully hypothermic (the cloaca and peripheral regions (here; flippers, feet and the
breast) <37 °C) and partially hypothermic (cloaca at normothermia > 37 °C, but periphery at hypothermia) king penguins
(Aptenodytes patagonicus) when they rewarmed in the laboratory. Both groups rewarmed during the 21 min observation
period, but the temperature changes were larger in fully than in partially hypothermic birds. Moreover, we observed a 5 min
delay of peripheral temperature in fully compared to partially hypothermic birds, suggesting that this process was impacted
by low internal temperature. To investigate whether our laboratory data were applicable to field conditions, we also recorded
surface temperatures of free-ranging penguins after they came ashore to the colony. Initial surface temperatures were lower
in these birds compared to in those that rewarmed in the laboratory, and changed less over a comparable period of time on
land. This could be explained both by environmental conditions and possible handling-induced thermogenesis in the labora-
tory. Nevertheless, this study demonstrated that appendage vasodilation is flexibly used during rewarming and that recovery
may be influenced by both internal temperature and environmental conditions when penguins transition from sea to land.

Keywords Thermal windows - Heterothermy - Thermal imaging - Vasoconstriction - Vasodilation - Vasomotor response -
Thermoregulation - Bird

Introduction

Seabirds and pinnipeds spend a large part of their lives at sea
but periodically come to land for reproduction, moult or rest
Communicated by G. Heldmaier. (Feltz and Fay 1966; Ling 1970; Croxall 1982; Hammond
. . . . ] et al. 1988; Watts 1992, 1996). The return to land is a major
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(e.g., thermal conductivity) that substantially reduces the
rate of heat loss compared to water (Bullard and Rapp 1970;
Nadel 1984; Ponganis 2015) and air temperatures are often
higher than sea temperatures.

To reduce the rate of heat loss at sea, the body trunk of
marine endotherms is well insulated by dense pelage or a thick
layer of subcutaneous fat. Furthermore, marine endotherms
generally show local heterothermy in appendages and the
body trunk (Culik et al. 1996; Bevan et al. 1997; Handrich
et al. 1997; Boyd 2000) which not only extends dive duration
by lowering tissue demands for oxygen (Scholander 1940) but
also decreases the rate of heat loss by reducing the tempera-
ture gradient between the body and the environment. Reduced
appendage temperature is achieved by massive peripheral
vasoconstriction and countercurrent heat exchange in the
appendages (Pabst et al. 1999; Williams and Worthy 2002).
The latter is particularly important, because the appendages
are relatively fat free, and at most insulated by short feathers
or hair. Accordingly, heat loss from the appendages was esti-
mated to 8-28% of total body heat loss in whales and seals
(Ryg et al. 1993). However, vasoconstriction may reduce heat
loss from the flippers to only 2—-6% of total body heat loss in
0 °C water, compared to 19-48% without vasoconstriction at
24 °C (Kvadsheim and Folkow 1997).

In contrast to when they are submerged, marine endo-
therms typically maintain stable high body temperature on
land. For example, dry king penguins (Aptenodytes patgoni-
cus) on land have a core body temperature of 37 °C (Schmidt
et al. 2006; Lewden et al. 2017a). In seals, vasodilation of
the uninsulated appendages can rapidly increase heat loss
during periodic haul-outs onto land. This has been proposed
to help maintain core body temperature and avoid hyper-
thermia in the warmer and less conductive air (Watts 1992).
For this reason, uninsulated body parts such as appendages
have been characterized as ‘thermal windows’ that allow
flexible heat transfer in a range of environments (e.g., Klir
and Heath 1992; Williams 1990; Norris et al. 2010; Erdsack
et al. 2012; Tattersall et al. 2018). Thermal windows are
also found on the body trunk of seals and may facilitate heat
dissipation and evaporation of water trapped within the wet
pelage (Mauck et al. 2003).

Similar to the appendages of marine mammals, the pen-
guin flipper is a large, relatively uninsulated structure that
might serve as a thermal window available for control of
heat transfer via vasomotor action and countercurrent heat
exchange (Frost et al. 1975; Boyd and Croxall 1996; Thomas
2007; Thomas and Fordyce 2012). This may lead to a large
temperature gradient between the distal and proximal flipper
in some situations (e.g., during extended periods at sea and
during dives) (Prévost and Sapin-Jaloustre 1964; Ponganis
et al. 2003), and a uniformly heated flipper that is main-
tained well above ambient temperature in others (e.g., during
rest on land and at the sea surface) (Ponganis et al. 2003;
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Schmidt 2006). Uninsulated legs and feet of other seabirds
have been identified as analogous heat-transfer structures
(Irving and Krog 1955; Kilgore and Schmidt-Nielsen 1975;
Baudinette et al. 1976) with countercurrent heat exchangers
and main blood vessels with sphincteric action (Johansen
and Millard 1973; Hargens et al. 1978; Midtgard 1981; see
Johansen and Bech 1983 for review) that allows fine-scale
control of leg and foot temperature (Kazas et al. 2017).
The aim of this study was to describe patterns of surface
rewarming in plausible thermal windows (flippers, feet) in
king penguins after their return to land following foraging
bouts at sea. We also studied the simultaneous rewarming
of surface temperature on the well-insulated body trunk,
to gain insights into the relative roles of uninsulated but
relatively small, and well insulated, considerably larger,
surface areas in the control of heat transfer (McCafferty
et al. 2013). Using thermal imaging, we were able to col-
lect rewarming data more closely linked to heat exchange
patterns, which is arguably relevant for the study of ther-
mal windows, compared to previous work on rewarming
in penguins that used internally implanted sensors (Pon-
ganis et al. 2003; Schmidt 2006). We specifically studied
how surface temperature recovery was affected by internal
temperature, testing the hypothesis that birds facilitate the
recovery of internal temperature by delaying peripheral
temperature recovery. This was achieved by perform-
ing an experiment where we compared the dynamics of
rewarming of king penguins that had just returned from the
sea. These individuals showed both low internal and low
peripheral temperature (henceforth ‘fully hypothermic’;
i.e., all tissue temperatures > 2 °C below normothermia),
similar to the physiological state of penguins when feed-
ing (Handrich et al. 1997). We then measured the same
birds once they had completed recovery (i.e., when inter-
nal temperature was >37 °C and peripheral temperature
was stable) and we had induced peripheral hypothermia
by cold water immersion (henceforth ‘partially hypother-
mic’). We predicted that we would observe a delay of
surface rewarming in fully hypothermic birds compared
to partially hypothermic birds, which could indicate that
they reduced peripheral circulation until their internal
temperature had reached normothermia, or simply reflect
differences in heat transfer as the bird rewarms from the
inside and out. Because the stress of handling can induce
thermoregulatory changes in deep and peripheral tissues
in both penguins and other birds (Regel and Piitz 1997;
Herborn et al. 2015; Nord and Folkow 2019), we also com-
pared rewarming patterns recorded in the laboratory with
those in free-ranging, non-handled, birds in the colony
after their return from sea. This study, therefore, provides
insights into patterns of rewarming in hypothermic pen-
guins as they transition from prolonged periods at sea to
land, and how this process was affected by internal state.
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Materials and methods

King penguins were studied during the courtship phase of
their breeding cycle in La Baie du Marin on Possession
Island, Crozet Archipelago ((46°4'S, 51°8' E) from Novem-
ber to March during two consecutive summers (Year 1:
2015-2016; Year 2: 2016-2017). The experimental design
is outlined in Fig. 1.

Ashore

Effects of internal temperature on surface
rewarming—Group 1

Thermal images of individual king penguins (N=40; Year 1:
24; Year 2: 16) were collected using a thermal imaging cam-
era (ThermaCAM™ P25, FLIR Systems, Orsonville, Flor-
ida, USA, accuracy +2 °C) to confirm that birds were in a
peripherally vasoconstricted state. This was clearly visible as
uniformly cold body trunk, head, beak and flippers (Fig. 1).

Group 1

v

Group 2

N\

= N

Year 1 (N=24)

Group 1A - Fully hypothermic
penguins coming from the
sea were transferred to the

- |
}

- & immersion

Captive : Measured in the laboratory

Year 2 (N=16) l

Group 1A - Fully hypothermic
penguins coming from the sea
were transferred in laboratory

laboratory within 2 minutes 4 within 2 minutes
Recovered Recovered

(N=14)
4 min immersion in cold water (8°C)

- Group 1B - Partially hypothermic
penguins coming from cold water

Free-ranging:
Measured in the colony

Year 2 (N=24)

Group 2A - Fully hypothermic
penguins coming from the sea

-

Fig. 1 Graphic illustration of the experimental protocol used to inves-
tigate surface temperature rewarming ashore after a foraging trip in
king penguins. Studies were performed on: (1) captive individuals
that were measured in the laboratory after their return to the colony
from a foraging trip at sea (Group 1); and (2) free-ranging birds that
rewarmed in the colony after coming from the sea (Group 2). The

birds in Group 1 were measured in two experimental conditions; once
in a fully hypothermic state (i.e., directly when they came from the
sea; 1A) and again in an experimentally induced partially hypother-
mic state (1B). The birds in Group 1 in Year 1, and all birds in Group
2, were measured only once. No birds were re-used between years or
in the different groups
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The bird was then captured and transferred to a thermal
imaging studio in a nearby laboratory within 2 min (Year
1:2.07 min+0.10 s; Year 2: 2.53 min+0.42 s, mean +s.e.)
(Group 1A, Fig. 1). The thermal imaging studio (hereafter
referred to as the ‘laboratory’) provided standardized condi-
tions for thermal imaging by excluding wind, precipitation
and solar radiation, and also allowed for a uniform angle
and distance (1.1 m) of measurement. We fitted birds with a
hood before measurements to reduce stress (Cockrem et al.
2008). We then proceeded to collect thermal images of the
ventral surface of the right flipper (Tg;y,) and breast (T,
just below the axilla. Because the flipper had to be manu-
ally opened to expose the ventral side, we only measured
rewarming in one flipper to reduce handling stress. We also
collected a thermal image of the dorsal area of the right
foot (T4, This set of two images, i.e., flipper/breast and
foot, was collected every 30 s. In Year 1, internal tempera-
ture was not measured, but in Year 2, it was measured by
inserting a digital thermometer with a flexible tip (Gilbert,
Caen, FR) 6-8 cm through the cloaca (T ,.,)- Data in Year
1 were collected for 6.4 min+0.5 min (s.e.) after capture
(range 6—12 min). To ascertain that birds had sufficient time
to reach a stable surface temperature during the experiment,
we extended measurement duration to 21.3 min+ 0.5 min
in Year 2 (range 16.9-32.4 min). Activity during the meas-
urements were scored on a scale from 1 to 3, where 1 rep-
resented a calm individual, and 3, a distressed individual
that continuously attempted to escape. Activity level did not
affect any measured temperatures (all P> 0.08), and some
birds even appeared to be asleep during measurements
(AL, pers. obs.). This effect was, therefore, not considered
further below. Mean air temperature, 7, in the laboratory
was 8.1+ 1.4 °C (s.d.) during all trials (range 4.7-11.4 °C),
which is within the thermoneutral zone of king penguins
(i.e., =5 to+15 °C; Le Maho and Despin 1976; Froget et al.
2002; Fahlman et al. 2004).

Of the 16 individuals measured when fully hypothermic
in Year 2, 14 were subsequently kept in thermoneutrality
in an outdoor roofless wooden enclosure (3 X3 m) without
human disturbance for 68.00 + 3.00 min to allow rewarming
to internal normothermia. These birds were then brought
back to the laboratory and thermal images of the flipper
and the foot were taken, and T ,,., (Which was 2.2+0.7 °C
greater than when the birds had just returned from sea) was
recorded. We then briefly immersed all of the body but the
head in cold water (ca. 8 °C) that was available from a fresh-
water supply at the field site. The water bath had similar
temperature to seawater in the adjacent bay (7.7+0.9 °C
in the same year; Lewden et al. 2017b). Immersion lasted
4.05 min+0.25 s, which was enough to induce peripheral
vasoconstriction without changing internal temperature.
Accordingly, T, did not differ before (37.3+0.3 °C)
and after immersion (37.2+0.2 °C) (paired ¢ test; df=11
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t=—0.33, P=0.75), but we observed a significant decrease
in Tipper (before: 16.2+1.4 °C; after: 11.0£0.5 °C) (df=13
t=-3.22, P=0.006), Ty, (before: 15.8 +2.7 °C; after:
10.7+0.5 °C) (df=8, t=—-0.99, P=0.035) and T},
(before=15.5+0.8 °C; after=12.9+0.5 °C) (df=13
t=—2.77, P=0.0101). Birds were then directly returned
to the laboratory to be measured a second time (Group 1B,
Fig. 1) during 21.0 min + 0.1 min (range 17.3-25.3 min).
The birds were then released in the colony.

Measurements in the colony-Group 2

Thermal imaging of free-ranging birds (N=24, Fig. 1),
which had not been previously measured in the laboratory,
was undertaken during Year 2, by following individuals from
the point at which they returned from the sea for as long
as possible before they could not be seen by the observer
(Fig. 1, Free-ranging—Group 2). Data were collected on days
without rain for, on average, 14.53 min + 2.05 min (range
2.77-38.93 min). Images were collected as frequently as
possible when birds were in view and the inside of the flip-
per was visible. This provided, on average (+s.e.), 22+3
thermal images per bird, collected roughly every 1.6 min.
Surface temperature were extracted only from thermal
images where the regions of interest where displayed as
in the laboratory. T, within the colony was recorded every
3 min with an iButton (MXMDS1921Z-F5; Maxim Inte-
grated, San Jose, CA, USA). We also scored wind speed
from low (0) to high (4) and estimated percentage cloud
cover. T, ranged from 4.8 to 9.9 °C (mean: 7.4+0.1 °C),
cloud cover between 30 and 90% (mean: 69 +4%), and mean
wind speed score was 1.70.

Thermal image analysis

Mean Tg;pp,e, and T, Were delineated by fitting polygons
around each region of interest with the software Ther-
maCAM™ Researcher Pro 2.10 (Flir systems, Wilsonville,
Oregon, USA). Emissivity was set to 0.98. Mean T},., was
extracted from a region just below the axilla, using a stand-
ardized square with length of side equal to the height of
the distal flipper. We adjusted all images for variation in T,
and measurement distance (which was always 1.1. m in the
laboratory). For field measurements, distance was not meas-
ured in meters and, therefore, we derived a distance index
by counting the number of pixels along a line fitted from
the top of the head to base of the foot. A greater number of
pixels indicated that an individual was closer to the camera.

Statistical analysis

For laboratory data, general linear mixed models (GLMMs)
were used to model the initial temperature and the
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temperature change (i.e., final temperature—initial tem-
perature; Year 2) for T joucais Thippers Lfoorr @0 Tpreass USING
thermal state (fully or partially hypothermic) and ambient
temperature (7,) as explanatory variables, and bird ID as a
random factor. For these analyses, only data recorded dur-
ing Year 2 were used, as birds were not measured in both
states in Year 1 (above) and we were specifically interested
in comparing temperature change within individuals.

For data collected in the colony, we used GLMMs to
model separately Ti;yper, Tioor aNd Ty recorded as a func-
tion of time on land, distance (as indexed by pixel number; see
above), and 7,, wind index and cloud cover. Bird ID was used
as a random factor to account for repeated measurements.

To compare rewarming patterns in the laboratory and in
the colony, we first divided temperature data (for each tissue)
into 2.5 min intervals between 0 <¢#<5 min, and in 5 min
intervals from 5 <#<25 min. To test if there was a delay,
which we defined as the time necessary to measure a signifi-
cant temperature increase compared to initial values, we then
compared time-wise temperature differences for flippers, feet
and breast between fully hypothermic birds in the laboratory
(Year 1 and 2), partially hypothermic birds in the labora-
tory (Year 2), and free-ranging birds in the colony (Year
2) using GLMMs including T, time interval, year nested
in thermal state, the interaction between time interval and
thermal state (nested in year), and bird ID as random factor.
T . j0aca> that was measured only in Year 2 in the laboratory,
was compared between fully and partially hypothermic birds
using a GLMM with T, time interval and thermal state, and
the interaction between time interval and thermal state, as
explanatory variables and bird ID as random factor.

Statistical analyses were performed using JMP® v. 13
(SAS Institute Inc., Cary, North Carolina, USA). Results
are presented as mean +s.e. with capital “N”’ correspond-
ing to the number of individuals and lowercase “n” to the
total number of measurements. Non-significant parameters
were excluded by backward elimination (Quinn and Keough
2002). A Student’s t test was used to compare the significant
difference between two groups, whereas a Tukey HSD post
hoc was used to compare three, or more, groups.

Results

Effects of internal temperature on surface
rewarming—Group 1

In laboratory conditions during Year 2, all tissues reached
a high stable temperature at the end of the experiment
(mean of 37.3+0.3 °C; 15.9+0.8 °C; 12.5+ 1.1 °C; and
19.1 +£0.3 °C, respectively, in the cloacal, flipper, foot and
breast areas). However, due to lower initial temperature in
fully compared to partially hypothermic birds (Fig. 2), the

Fig. 2 Differences in initial temperature (left) and temperature change
(i.e., final temperature—initial temperature) (right) in hypother-
mic (dark boxes) and normothermic (light boxes) birds measured in
the second year of the study. The panels show: cloacal temperature
(Teioacars @), flipper surface temperature (T, b), foot surface tem-
perature (Ty,; ¢) and breast surface temperature (T, d). Boxes
show medians (white and black lines), and 1st and 3rd quartiles
(upper and lower margins of the box). The whiskers extend to the 5th
and 95th percentiles. Significance was assessed using a Student’s ¢
test post-hoc. The dashed line denotes no change in tissue tempera-
tures. NS non-significant, **P < 0.047

measured body temperature change was greater in the fully
hypothermic birds (Fig. 2).

Fully hypothermic birds had lower initial T ..

(35.0+0.5 °C) than partially hypothermic individuals
(36.9+0.5 °C) (P=0.007, N=14) (Fig. 2a), with a posi-
tive effect of T, (P=0.047, N=28). There was no effect of
T, on the change in T,..;» or on the change in any of the
other measured temperatures. Initial Ty, was also lower in
fully hypothermic (8.9 +0.8 °C) than in partially hypothermic
birds (12.3+1.0 °C) (P=0.012; Fig. 2b), but the difference
in Ty, between treatments only approached statistical signifi-
cance (fully hypothemic: 8.3 +0.9 °C; partially hypothermic:
10.8+0.8 °C; P=0.063; Fig. 2¢). There was no treatment-wise
difference in initial 7, ., (fully hypothermic: 16.2+0.6 °C;
partially hypothermic: 16.0+0.6 °C; P=0.8; Fig. 2d).
T ;joacar increased over time in the fully hypothermic group
(+2.1£0.5 °C), but was stable in the partially hypother-
mic treatment (+0.5+0.1 °C) (P=0.004; Fig. 2a; Table 1).
Tipper increased within the first 10 min of measurement in
the fully hypothermic birds (Fig. 2b), e.g., an increase from
9.9 to 18.6 °C in penguin ID9 (Fig. 3). At the end of the
21 min study period, the change in Ty, Was greater in
fully hypothermic (+ 8.3+ 1.4 °C) than in partially hypo-
thermic (+3.3+0.9 °C) birds (P=0.002; Fig. 2b). The
positive change in T, in fully hypothermic birds showed a
slight tendency to be more pronounced (+ 6.2 +2.4 °C) com-
pared to the partially hypothermic penguins (+ 1.5 +0.7 °C)
(P=0.07; Fig. 2c). Mean T, also increased during the
first 10 min of measurement, e.g. from 17.9 to 19.5 °C in
penguin ID9 (Fig. 3). The change in T}, (i.e., final temper-
ature—initial temperature) was similar in fully hypothermic
(+2.940.6 °C) and partially hypothermic (+3.2+0.6 °C)
states (P =0.88; Fig. 2d).

Measurements in the colony—Group 2

In the colony, we observed a linear increase of Ty,
Ttoor and Ty ., With time on land (Table 2; all P <0.001).
Moreover, T,y and Ty, but not Ty, increased with
increasing T, (Table 2). We also noted that T, but not
Ty, and Ty .., increased as measurements were closer
(Table 2). There was no effect of cloud cover on any surface
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Time on land : 03:14 min
Tﬂipper H 9-9 °C
Toreast : 17.9°C

Time on land : 03:29 min
Thipper : 10.3°C
Toreast : 17.5°C

Time on land : 03:51 min
Thipper : 11.3°C
Toreast : 17.8°C

Time on land : 05:28 min
Thipper : 14.2°C
Toreast : 18.3°C
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Time on land : 05:59 min
Tﬂipper H 14.4 °C
Toreast : 17.4°C

Time on land : 08:00 min
Tﬂipper :15.0°C
Toreast : 17.6°C

Time on land : 10:01 min
Thipper : 18.6°C
Toreast : 19.5°C

Time onland : 01:05:06 h
Thipper : 19.6°C
Tbrem :26.7°C
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«Fig. 3 Representative set of thermal images showing the rewarming
of flipper and breast surface temperature in a fully hypothermic bird
(ID 9, Group 1A) measured in the laboratory after its return from the
sea. Time on land (min) and mean T, and Ty, are shown in each
panel

temperature (P> 0.1), but we observed a significant negative
relationship between T, and wind index (Table 2).

Comparison of rewarming in the laboratory
and in the colony

The increase in tissue temperature with time differed
between thermal states (i.e., interval X thermal state:
P <0.0001) (Table 1). There was also a significant positive
effect of T, (p <0.0001), and a strong positive effect of time
interval (P <0.0001) on all tissue temperatures and in all
thermal states.

Recovery patterns within individual thermal states

In partially hypothermic birds, T,,., maintained a stable
normothermic value (38.0+0.3 °C) with the 21 min meas-
urement period (Table 1). The fully hypothermic birds also
recovered T,,.» DUt this increase was delayed compared
to the partially hypothermic birds (Fig. 2a). However, since
we recorded the first 7., after 5 min (see Methods), we
cannot fully compare the recovery pattern at the start of
rewarming (Fig. 4a).

Tipper in fully hypothermic birds did not increase within
the first 5 min on land (Fig. 4b). In partially hypothermic
birds, Ty, started to increased immediately, such that it
was higher than in the fully hypothermic group after 5 min
(Time interval 2.5-5 Table 1; Fig. 4b). T, in the colony
increased only slightly, but non-significantly so, during the
observation period (Fig. 4b).

Ty, increased gradually in fully hypothermic birds
(Fig. 4c). However, we did not observe any significant
change in partially hypothermic birds measured in the labo-
ratory, or in birds measured in the colony (Table 1; Fig. 4c).

Trease Started to increase above baseline values only after
5 min on land (Fig. 4d). However, the increase was immedi-
ate in the partially hypothermic group, such that 7., was
higher than in the fully hypothermic grouped after 2.5 min
(Table 1). T}, then remained stable until the end of experi-
ment in both groups (Fig. 4d). There was globally no change
in Ty, over the observation period in the colony (Table 1;
Fig. 4d).

Time-wise differences in recovery patterns
between thermal states

Fully hypothermic birds showed a significant lower initial
Tipper until 5 min (i.e., a delay of 5 min) compared to the
partially hypothermic group and penguins measured in the
colony, with no difference between the latter two groups
(Table 1; Fig. 4b). Moreover, we noted that at the end of the
recovery, the final T, was similar in all thermal states
(Time interval 20-25 Table 1; Fig. 4b).

T}or In penguins during recovery showed a similar pat-
tern during the first 10 min in all years and thermal states
(Table 1; Fig. 4c). The subsequent increase in Ty, in fully
hypothermic birds (Fig. 4c) resulted in a higher T}, than
in the partially hypothermic group and penguins measured
in the colony (Time intervals 15-20 and 20-25 Table 1;
Fig. 4c).

Treas: fecorded in the laboratory was constantly higher
than in the colony (Fig. 4d). Initial 7}, was lower in lab-
oratory during Year 1 than during Year 2 (Time interval
0-2.5 Table 1; Fig. 4d), but this difference disappeared after
2.5 min (Table 1). There was no difference in T} ,., recov-
ery in fully and partially hypothermic birds (Time interval
20-25 Table 1; Fig. 4d).

Discussion

Our study revealed rapid vasodilation of the king penguin
flipper after the return from the sea, though this was only
observed when viewed at close proximity when the birds
were allowed to recover from their hypothermic state indoors
sheltered from the environment in the laboratory (Figs. 2b
and 3). Rewarming of T, ., followed a similar trajectory,
although the thicker insulation covering this part of the
body meant we could not image any vasodilation response
(Fig. 3). Rewarming of Ty, showed a more ambiguous pat-
tern over our observation period, tending to increase only
in the fully hypothermic laboratory birds (Figs. 2¢c and 4c).
Our measurement of lower post-recovery Tg;,,., compared
to previous studies of king and emperor penguins (Apteno-
dytes forsteri) (Ponganis et al. 2003; Schmidt 2006) prob-
ably reflects the fact that we measured a wholly external
temperature that was integrated over the full surface area of
the flipper. This temperature is expected to be lower than the
recordings from more proximally positioned, internal, sen-
sors (Ponganis et al. 2003; Schmidt 2006). In line with this,
maximum T, (26.7+0.23 °C; Fig. S1) was well below
internal flipper temperatures in previous studies (35-38 °C
in Ponganis et al. 2003; around 38 °C in Schmidt 2006).
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Table 2 Effects of time on land, distance, T,, wind index and cloud cover on Tg;yper, Tioo and Ty, surface temperatures in free-ranging king
penguins measured in the colony starting immediately upon their return to land after a foraging trip at sea

Tﬂipper (oc) Tfoot (oc) Tbreast (°C)
R?=0.70 n=69 R’=0.72 n=162 R’=0.70 n=241

Estimate ts.e. df t prob >t Estimate ts.e. df t prob >t Estimate ts.e. df t prob >t
Time on land (min) 0.007+0.001 46.31 8.44  <0.0001 0.003+0.001 159.00 6.49 <0.0001 0.001+0.000 233.90 5.46 <0.001
Distance (pixels) 0.060+0.030 63.17 2.56 0.0129 - - 0.105 - - - 0.999
T,(°C) - - - 0.472 1.29+0.400 20.19 3.47  0.0024 0.960£0.200 16.26 4.72  0.0002
Wind index -2.04+0.78 42.17 -2.63 0.012 0.643 - - - 0.879
Cloud cover (%) - - - 0.097 0.148 - - - 0.272

Data were analysed using general linear mixed effects models with bird ID as a random intercept, with separate models for each tissue

Effects of internal temperature on surface
rewarming

Fully hypothermic birds (i.e., Group 1A), showed relatively
large surface temperature changes during measurements
(Figs. 2 and 4b—d). During the same time period, cloacal
temperature also increased and had attained a stable value
well before the end of measurements (Fig. 4a). In con-
trast, partially hypothermic birds showed a more moderate
increase in surface temperature during the same experi-
ment duration, likely because of the higher initial flipper
temperature (Figs. 2b and 4b), with only minor changes in
foot temperature (Figs. 2¢ and 4c). Cloacal temperature also
increased in the partially hypothermic birds from the first
measurement onwards (Fig. 2a), and had reached normother-
mia before the end of the observation period (Fig. 4a). This
confirms that, in king penguins, rewarming of peripheral
structures does not prevent recovery of internal temperature.
However, according to our prediction, the fact that both flip-
per and breast temperature started to increase after a delay
of 5 min in the fully hypothermic birds (Fig. 4b and d), sug-
gests that low internal temperature modifies the peripheral
recovery pattern, most likely because more heat needs to
be produced before normothermia is reached. It could also
be due to fact that lower internal tissue temperature delays
peripheral rewarming when centrally produced heat is trans-
ferred through the body before reaching the appendages and
body surface. Alternatively, this could indicate that prefer-
ence is given to reducing heat loss to restore core tempera-
ture, but in that case, we probably would not expect a similar
onset of rewarming in the two groups of birds.

Some birds maintained vasoconstriction in the flippers
and feet during the observation period (Fig. S1). This flex-
ibility of vasomotor states in the appendages, and their
superficial vasculature (e.g., Fig. 3), highlight their roles as
potential thermal windows. In contrast to studies on seals
(Mauck et al. 2003), we did not observe any indication
of similar thermal windows over the body trunk. This is
expected, because the thick plumage that provides up to 80%
of insulation in penguins (Le Maho et al. 1976; Le Maho
1977) would leave little room for any meaningful circulatory

@ Springer

adjustment of local body trunk temperature. Because we
could not image the underlying vasculature, we also do not
know if the observed increase in T, reflected peripheral
vasodilation, increased heat production in the underlying
pectoral muscles (e.g., Hohtola 2012), or largely a conse-
quence of drying plumage that would improve insulation
and decrease evaporative cooling and, hence, reduce heat
loss (De Vries and van Eerden 1995). It would be interesting
to investigate this potential effect of changes to evaporation
during recovery in future studies. Regardless of the mecha-
nism involved, the high absolute T}, combined with the
considerably larger surface area of this part of the body com-
pared to that of the appendages, means that the body trunk
makes a major contribution to overall heat exchange with
the environment, as is also known in the related emperor
penguin (McCafferty et al. 2013).

Comparison of rewarming in the laboratory
and in the colony

Free-ranging birds in the colony showed very slight rewarm-
ing of peripheral regions (Fig. 4), which contrasts with
the laboratory results. We do not believe that the different
rewarming patterns in the laboratory were entirely a conse-
quence of a thermoregulatory response to capture and han-
dling. For example, if increased 7., Was caused by stress
from repeated handling in the laboratory (e.g., Cabanac and
Guillemette 2001), we would not have expected this tem-
perature to stabilize in fully hypothermic birds by the end of
the observation period and then to remain relatively stable
until the start of the second trial (Fig. 4a). This response
was qualitatively similar to that recorded by abdominally
implanted temperature sensors in king penguins that were
handled in the same way but then left to recover to normo-
thermia in an unrestrained state without human disturbance
during 2 h (Lewden et al. in press). There was also no further
change in T, for about 1 h after the end of handling, nei-
ther in birds that rewarmed from hypothermia nor in birds
that were captured and handled in a similar way when they
were already completely dry and in a presumed normother-
mic state in the colony (Fig. S2). Had the initial increase in
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Fig.4 Mean (+ s.e.) Tyguca (@),
Tﬂipper (b)’ Tfoot (C) and Tbreast
(d), as a function of time on
land in fully hypothermic (Year
1: filled circles and solid line;
Year 2: filled squares and solid
line), partially hypothermic
(light squares and dashed line)
and free-ranging birds (filled
triangles and solid line). Mean
temperatures were calculated
by averaging temperatures
measured between 00:00 and
2:30 min for the first interval,
between 2:31 and 5:00 min for
the second interval, between
5:01 and 10:00 min for the third
interval, and so on. Results from
post hoc comparisons between
intevals within thermal states,
and between thermal states
within intervals, are presented
in Table 2
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Tipper indeed been a thermoregulatory response to reduce
core temperature after the acute stress response (Briese and
Cabanac 1991; Cabanac and Guillemette 2001), we may
have expected reversal to a lower baseline starting at the
end of handling (Herborn et al. 2015). Finally, there was no
effect of activity score on rewarming patterns (see “Materi-
als and methods” section), and we observed that several indi-
viduals fell asleep during measurements. This suggests that
stress-induced activity metabolism was not obvious. Hence,
we do not believe that the recovery pattern measured in the
laboratory was driven by the stress of capture, even though
it could explain some difference between free-ranging and
laboratory birds.

Differences between the groups could instead be attrib-
uted to differences in the physical environment between the
laboratory and the field, manifested e.g. in faster drying of
the plumage in the laboratory and consequent higher ini-
tial T, compared to in the colony (Fig. 4d). In line with
this, the non-insulated body parts (flippers and feet) showed
no difference in initial temperature between the two condi-
tions (Fig. 4b and c). If variation in the physical environ-
ment indeed increased the overall rate of heat transfer in
the colony (cf. Gates 1980; Monteith and Unsworth 2013),
it is possible that the lack of peripheral rewarming when
birds were measured in the free-ranging condition is consist-
ent with vasoconstriction of peripheral and/or poorly insu-
lated structures to avoid excessive heat loss until internal
temperature has recovered. To elucidate this possibility, it
would be interesting to compare the recovery rates of core
and subcutaneous temperatures in free-ranging birds with
implanted loggers. Future studies should also aim to extend
our experimental protocol by studying rewarming rates in
fully hypothermic and partially hypothermic penguins that
are allowed to recover in a range of controlled environmental
temperatures.
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