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Abstract

Cape fur seal (Arctocephalus pusillus) pups spend the first weeks of life exclusively or mainly ashore. They are exposed to
intense solar radiation and high temperatures for long time periods, which results in temperatures up to at least 80uC on
their black natal coat. To test the hypothesis that the natal coat has a crucial function in coping with these extreme
conditions, we investigated the insulating properties of the natal coat in six captive newborn Cape fur seals during the first
50 days after birth. The natal fur differs from the adult fur not only in colour, but also in density, structure, and water
repellence. We measured temperature on the fur surface and within the fur, as well as skin and rectal temperature under
varying environmental conditions, comparable to the species’ habitat. Experiments were designed to not influence the
spontaneous behaviour of the pups. Rectal temperature was constant as long as the pups stayed dry, even during long-
lasting intense solar radiation for up to 3 h. Skin temperature remained close to rectal temperature as long as the fur was
dry, while with wet fur, skin temperature was significantly reduced as well. Our results show that the natal coat provides an
effective insulation against overheating. The severely reduced insulation of wet natal fur against cold supports the
assumption that the natal fur is an adaptation to the pups’ terrestrial phase of life.

Citation: Erdsack N, Dehnhardt G, Hanke W (2013) Coping with Heat: Function of The Natal Coat of Cape Fur Seal (Arctocephalus Pusillus Pusillus) Pups in
Maintaining Core Body Temperature. PLoS ONE 8(8): e72081. doi:10.1371/journal.pone.0072081

Editor: Andreas Fahlman, Texas A&M University-Corpus Christi, United States of America

Received February 15, 2013; Accepted July 8, 2013; Published August 8, 2013

Copyright: � 2013 Erdsack et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was funded by a grant from the VolkswagenStiftung to GD and the Landesgraduiertenförderung Mecklenburg-Vorpommern to NE. The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: wolf.hanke@uni-rostock.de

Introduction

Due to their global distribution, pinnipeds have to face diverse

thermoregulatory requirements imposed by their environment.

Phocid seals, highly adapted to the aquatic environment, rely on

their blubber as thermal insulation, while their fur is generally of

minor thermoregulatory relevance [1,2,3,4] due to low hair

density and the lack of underwool [5,6]. The more terrestrial fur

seals contrarily are insulated by a dense water repellent fur. For the

pups of seal species distributed in the polar and sub polar regions,

particularly ice breeding species, the greatest demand is the

prevention of heat loss during the first days of life. The pups of the

spotted seal (Phoca largha Pallas, 1811) and the harp seal (Pagophilus

groenlandicus Erxleben, 1777), for example, are born with a light

coloured natal fur, the lanugo, that protects them against the cold

until they have developed an adequate blubber layer, as long as

they stay ashore and dry [7,8]. The pups of the harp seal

additionally have thermogenic brown adipose tissue (BAT) [9],

where fat is oxidized with intense heat production instead of ATP

synthesis [10]. By contrast, harbour seal (Phoca vitulina Linnaeus,

1758) pups shed the lanugo in utero [7] and are born with a

blubber layer and an adult-type fur, since they have to be able to

swim shortly after birth.

For the pups of species distributed in moderate and tropical

climate zones, such as many otariids, protection against heat

absorption is presumably as essential as protection against heat

loss. Sea lion and fur seal pups are born with a black or dark

brown natal coat which they start moulting not before the sixth

week [11]. Like the lanugo of phocids, the otariid natal fur lacks

the water-repellent properties of the adult fur, so that the pups

drench to the skin while staying in the water or in the rain

[12,13,14]. Newborn fur seal pups indeed are able to keep afloat

right after birth but they are not really capable of swimming [13]

before the fifth week ([15] and own observations).

The breeding areas of the South African or Cape fur seal

(Arctocephalus pusillus pusillus Schreber, 1776) range from Algoa Bay,

South East Africa, southwards to the Cape of Good Hope and

north westwards to the north coast of Namibia. This distribution

comprises a huge climate range from humid with moderate

temperatures, e. g. at Bird Island, Algoa Bay at the south-east coast

of South Africa [16] up to arid desert climate at the north-west

coast of South Africa and the south and north coasts of Namibia.

Most breeding sites are on rocky islands or cliff coasts, but some

sandy beaches at the Namibian coast are occupied by fur seals as

well. Due to the poor swimming abilities of fur seal pups, most

pupping sites are not suitable for them to enter the water, so that

the pups have to spend the first weeks on shore. Furthermore

shaded space is rare at most breeding sites, so that the pups are

exposed to intense solar radiation for many hours. As it is rarely

possible for the pups to cool down behaviourally by entering the

water [17] or drenching their fur [18] like adults, other heat

protection mechanisms are required. Adult California sea lions

(Zalophus californianus (Lesson, 1828)), although less insulated than
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other otariids [19], become hyperthermic after about 100 min at

air temperatures $30uC, even without physical activity [20].

Though Cape fur seals, in contrast to Z. californianus, possess

functioning sweat glands in the naked skin areas of the flippers

[21], it is not known how functional these glands are in newborns.

Even if they were functional, intensive sweating would easily lead

to dehydration since the mothers leave their pups as soon as a few

days after parturition for foraging trips of up to ten days [22,23].

So how do fur seal pups cope with long periods of exposure to

intense solar radiation and high ambient temperatures without the

opportunity to cool down? One option would be for the pups to

live with an increased core body temperature during their first

postnatal weeks, as observed e. g. in Southern elephant seal

(Mirounga leonina (Linnaeus, 1758)) pups [24]. This seems rather

unlikely considering that Limberger et al. [25] found constant

normal core body temperatures in the pups of the Galapagos fur

seal (Arctocephalus galapagoensis (Heller, 1904)), which are exposed to

a hot and dry environment close to the equator, but with the

opportunity to take shelter from solar radiation in natural caves.

Here we set up and supported an alternative hypothesis, that is, as

long as the pups stay on land, their natal fur acts as such an

effective thermal barrier against heat transfer that neither skin nor

core body temperature are affected. To test this hypothesis, we

investigated six Cape fur seal pups, born and kept in Zoo Rostock,

Germany, within their first fifty days after birth under various

environmental conditions that they also face in nature. We

measured rectal temperature with a veterinary thermometer and

the temperature of the skin and the air temperature inside the fur

using a mantle thermocouple. The temperature on the outer

surface of the fur was measured by infrared thermography (IRT).

We tested for correlations between these measured temperatures

as well as possible influences of other parameters like air

temperature, time of day, age and sex of the pups.

Materials and Methods

Experimental animals
A total of six Cape fur seal pups were investigated in Zoo

Rostock, Germany, in three consecutive years from 2010 to 2012,

one male and one female pup each year, aged between 2 and 50

days. The pups were born between end of May and middle of June

within a group of four adult seals (one male and three females), all

of them trained and used to working with humans. Rostock is

located in the north of Germany at the Baltic Sea coast with

moderate climate and average air temperatures of 20uC in the

summer months, comparable to the climate during breeding

season of several breeding areas at South Africa’s south coast [16].

Maximal temperatures, however, are well above 30uC. The fur

seals were kept in a wind-sheltered enclosure mainly exposed to

solar radiation with only little shaded space, but with access to

shallow water. Access to the fur seals was provided by Zoo

Rostock.

Temperature measurements
The pups’ surface temperature (Tsurface) was measured with an

infrared (IR) thermocamera (Fluke Ti25, Eindhoven, The Nether-

lands) with an adjusted emissivity of 0.98, being the value for bare

skin and dry fur [26]. A digital quick response thermometer (GTH

1170, Greisinger electronic GmbH, Regenstauf, Germany) with

an attached mantle thermocouple (TKAL 05030, mawi-therm

GmbH, Monheim, Germany; mantle diameter: 0.5 mm, nominal

length: 30 mm) was used to measure the air temperature within

the fur (herein named ‘‘fur temperature’’ Tfur), and the skin

temperature (Tskin). To measure Tfur, the thermocouple was

inserted into the fur, parallel to the skin, approximately halfway

(see ‘‘Accuracy of position of the temperature measurements

within the fur’’) between skin and fur surface. For measurements of

Tskin the tip of the thermocouple was placed perpendicularly onto

the pups’ skin. Since the use of ingested temperature transmitters

in newborn, exclusively lactated pups is hardly possible without

disturbing the animal, we measured rectal temperature as an index

of core body temperature (Tbody). Measurements were conducted

by means of a veterinary thermometer (microlife VT 1831,

Widnau, Switzerland), inserted 9 cm into the rectum. This

position is approximately in the centre of the trunk (torso), due

to the pups’ small body size at birth and slow growth rate. Air

temperature (Tair) was measured with the digital quick response

thermometer (see above) with an attached bead thermocouple

probe (80PK-1, Fluke, Eindhoven, The Netherlands).

Experimental procedure
All temperature measurements were carried out between 9:25

a.m. and 8:10 p.m. All measurements were conducted while the

pups were asleep. Measurements started as soon as the pups had

hauled out for at least 15 min and were left alone by their mothers.

Temperatures were taken at different body parts, in most cases on

the dorsal side (neck, back, lower back and head), rarely on the

ventral side (abdomen and throat), since the pups mostly hauled

out lying on their stomachs (see Fig. 1). Tsurface, Tfur and Tskin were

measured in immediate succession. Tbody was measured during

REM phases of sleep, with the anal sphincter muscle relaxed, to

avoid any disturbances of the pups by capturing or waking them

up. REM phases could be easily detected by movements of eyes

and vibrissae as well as twitching of body parts or the entire body.

Additional measurements of Tbody were made when the pups were

caught by the seal keepers for medical examinations. Environ-

mental conditions such as Tair, cloudiness and precipitation were

documented during measurements. Fur condition (dry/wet) and

the time the pups had spent on shore prior to the measurement

were documented as well.

The experiments were carried out in accordance with the

European Communities Council Directive of 24 November 1986

(86/609/EEC). According to 1 8 of the German Animal Welfare

Act of 18 May 2006 (BGB l. I S. 1206, 1313), experiments

conducted in this study were not subject to approval or

notification, since they did not cause pain, suffering or injuries

to the animals.

Figure 1. Cape fur seal pups hauling out under intense solar
radiation. The pups, aged 18 and 28 days, hauled out in the sun for
1.5 h, Tair = 31.3uC. Tsurface increased up to 78.7uC on their backs.
doi:10.1371/journal.pone.0072081.g001

Thermal Function of Fur Seal Pup Natal Coat
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Test for the influence of reflected sunlight on the
measurements

We tested if the temperatures measured on the pups’ fur

surfaces under direct solar radiation are real or potentially

involved reflected sunlight measured by the IRT camera. For this

purpose we recorded thermograms of a hauled out pup as soon as

it was exposed to intense solar radiation until surface temperatures

.60uC were measured. Then we shaded a part of the pup’s back

from the sunlight with a board, took consecutive thermograms and

measured the decrease of surface temperature over time.

Accuracy of position of the temperature measurements
within the fur

To estimate the precision of the halfway depth within the fur

where Tfur had been measured, we carried out 50 control

measurements. These measurements were conducted within a

piece of fur from the back of a dead born pup. The experimenter

who had performed the measurements with the live animals

inserted the thermocouple approximately halfway into the fur

following the same procedure as during temperature measure-

ments. The depth of the fur as well as the distance between skin

and thermocouple were determined by means of a small saw blade

as a scale that was inserted perpendicularly through the fur onto

the skin. Saw tooth width was 1.1 mm. The tip of the

thermocouple was hooked into a kerf of the saw blade. After

removing the saw blade with the hooked thermocouple, the

distance between skin and thermocouple could be measured. The

seal pup skin was provided by Zoo Rostock.

Data analysis
Thermograms were edited and analyzed with Smartview 3.2

software (Fluke, Eindhoven, The Netherlands). Statistical analyses

were carried out with Microsoft Excel 2003 and SPSS 20.0. Data

were tested for normal distribution using a chi2-test. Equality of

variances was tested using an f-test. Statistical dependence between

values is calculated using Spearman’s rank correlation coefficient

(rs) and its probability of deviating from zero by chance (p).

Statistical significance of differences of mean values was tested

using one-tailed or two-tailed t-tests for normally distributed data

(core body temperature), a Mann-Whitney U-test was used to test

for significance in not normally distributed data with equal

variance (skin temperature) and a Kolmogorov-Smirnov-test for

not normally distributed data with unequal variance (fur surface

temperature). Significance level in all cases was a= 0.05.

Results

A total of 334 measurements of Tsurface, 309 measurements of

Tfur, 307 measurements of Tskin and 33 measurements of Tbody

were carried out. Tsurface increased up to 79.6uC under intense

solar radiation. An example thermogram with high temperatures

is shown in Fig. 1. Minimum, maximum and mean values along

with temperature range and standard deviation for Tsurface, Tfur,

Tskin and Tbody under dry fur and wet fur conditions are given in

Table 1. Tair varied from 14.4uC to 35.5uC during the study

periods, while, apart from few exceptions (see ‘‘Impact of wind

induced convection’’), the air was still (wind speeds below 0.19 m/

s). Cloud amount varied from cloudless, with intense solar

radiation, to completely overcast.

Natal fur structure
The natal fur consisted mainly of coarse bristly hairs of up to

3 cm length. In dry state the hairs were steeply erected and

individually curved, thereby forming dorsally and laterally a fur

layer of up to about 25 mm depth with an uneven furrowed fur

surface. The sparse under hair fibres were much shorter with

about 5 mm length, very thin and hardly detectable with the

naked eye. Fur depth was largest on neck and head. Hairs on the

ventral side were less curved and shorter, thereby forming a

thinner fur layer of 5 to 8 mm depth.

Rectal temperature (all conditions)
Tbody was stable throughout the study periods with a mean

value of 36.960.3uC (mean 6s.d.; N = 33) and was neither

significantly correlated to Tskin (rs = 20.14; p = 0.54), Tfur

(rs = 20.16; p = 0.46), Tsurface (rs = 20.22; p = 0.32), nor to the

duration for which the pups were exposed to intense solar

radiation (rs = 20.60; p = 0.15). Fig. 2 shows the seven values of

Tbody measured under intense solar radiation (10 to 180 min) as a

function of the duration of solar radiation (A) and of Tsurface (B)

along with linear regressions. The regression lines have slopes of

(A) 20.002 and (B) 20.006, which indicate practically constant

values. Tbody with dry fur measured later than 5:00 p.m. was

slightly higher than before 5:00 p.m., at the threshold of statistical

significance (36.960.3uC before 5:00 p.m.; 37.160.4uC after 5:00

p.m.; two-tailed t-test with equal variances: p = 0.05), while Tbody

with dry and wet fur pooled was not (two-tailed t-test with equal

variances: p = 0.13). No correlations between Tbody and age of the

pups (2 to 50 days of age, rs = 20.08; p = 0.68) or Tair (14.4uC to

35.5uC, rs = 0.09; p = 0.63) were found. Tbody did not differ

significantly between sexes (male: 36.960.4uC; female:

36.960.3uC; two-tailed t-test, equal variances: p = 0.71) nor

between dry and wet condition of the fur (one-tailed t-test, equal

variances: p = 0.16). However, a set of five successive measure-

ments of Tbody of a female pup before, during and after a

thunderstorm with strong rain features temperature variations of

1.0uC. Data are presented in Fig. 3. The curve shows a decrease of

Tbody by 1.0uC within one hour during the thunderstorm and an

increase of 0.7uC within 85 min after the thunderstorm was over.

Table 1. Tbody, Tskin, Tfur and Tsurface of the pups with wet and
dry fur.

Temperature Tmin (6C) Tmax (6C) range (6C) Tmean ± sd (6C) N

Total Body core 36.1 37.7 1.6 36.9 60.3 33

Skin 31.5 42.1 10.6 38.1 61.9 307

Inside fur 22.7 63.3 40.6 40.0 67.1 309

Surface 18.6 79.6 61.0 45.9 6.0 334

Dry fur Body core 36.1 37.7 1.6 36.9 60.3 29

Skin 34.9 42.1 7.2 38.4 61.7 279

Inside fur 22.7 63.3 40.6 40.3 67.1 300

Surface 19.1 79.6 60.5 47.2 616.5 316

Wet fur Body core 36.6 36.9 0.3 36.8 60.1 4

Skin 31.5 38.6 7.1 35.8 61.3 28

Inside fur 29.3 36.1 6.8 32.5 62.0 9

Surface 18.6 29.2 10.6 23.5 63.0 18

Minimum (Tmin), maximum (Tmax) and mean (Tmean) temperatures of the pups’
fur surface, air inside the fur, skin and body core along with temperature range,
standard deviation (s.d.) and number of measurements (N). Total includes the
data of all investigated pups with dry and wet fur. Beneath the data of all pups
are sorted by wet or dry fur conditions.
doi:10.1371/journal.pone.0072081.t001
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Dry fur
When the fur was dry, we measured Tsurface up to 79.6uC. The

test for an impact of reflected sunlight on the measured surface

temperatures by shading the animal (see ‘‘Test for the influence of

reflected sunlight on the measurements’’) resulted in a mean

decrease of Tsurface of 0.760.5uC per second. This result proved

that the measured values were not caused by reflected sunlight, as

otherwise temperature decrease in the shade would have been

immediate.

The quantification of the location of the measurements of Tfur

(see ‘‘Materials and methods’’) resulted in a mean deviation from

the centre of fur depth of 20.0761.19 mm (mean 6s.d., N = 50),

showing that the experimenter was able to estimate the halfway

point very accurately and supporting the assumption that fur

temperatures had been measured halfway between skin and

surface.

In Fig. 4 Tfur, Tskin and Tbody of the pups with dry fur are

plotted as functions of Tsurface along with linear regressions.

Detailed data are presented in Table 1. Tsurface, Tfur and Tskin

were significantly correlated to Tair (p#0.0001; Tsurface: rs = 0.64;

Tfur: rs = 0.60; Tskin: rs = 0.66). Tfur and Tskin furthermore strongly

correlate with Tsurface (p#0.0001; Tfur: rs = 0.93; Tskin: rs = 0.91),

while the correlation between Tskin and duration of hauling out in

the sun was not significant (rs = 0.64; p = 0.12). The regression of

Tbody has a slightly negative slope of 20.006, indicating practically

constant values, while the slope of regression of Tskin is 0.1 and of

Tfur 0.4. The temperature differences between skin and surface

(240.1uC to +16.7uC; 27.2614.3uC), skin and fur (222.6 K to

+8.7uC; 22.265.6uC) and fur and surface (232.0uC to 16.5uC;

24.9610.6uC) were strongly negatively correlated to Tsurface (skin-

surface: rs = 21.0; skin-fur: rs = 20.88; fur-surface: rs = 20.96), all

of them highly significantly (p#0.0001).

Wet fur
After leaving the water, the pups were drenched to the skin and

shook the water out of their pelts like dogs. Fig. 5 shows the

different appearances of the dry (A) and the wet fur (B). The wet

hair laid down flat and was divided into strands, opening gaps of

up to 1 cm width, where the under fur was uncovered. This was

also the case when the fur was wetted by rain. On rainy or overcast

days with high humidity, the pups’ fur did not dry at all. The pups

shivered and folded hind and fore flippers under their bodies.

They did not sleep as deeply as they did in dry, warm weather,

Figure 2. Course of the pups’ core body temperature under
intense solar radiation. Tbody of the pups as function of duration of
exposure to intense solar radiation (A) and as function of Tsurface (B).
Neither hauling out under intense solar radiation for up to 3 h nor high
Tsurface up to 77.2uC caused an increase of Tbody. Linear regressions have
very slightly negative slopes of 20.002 (A) and 20.006 (B) indicating
practically constant values.
doi:10.1371/journal.pone.0072081.g002

Figure 3. Course of Tbody of a female pup before, during and
after a thunderstorm. The shaded areas indicate the time span with
strong rain during the thunderstorm (dark grey) and light rain after the
thunderstorm was over (light grey). 5:11 p.m.: Tair = 26.4uC, Tbo-

dy = 37.6uC. Pup had been sleeping in the sun for 1.5 hours. 5:20 p.m.:
A thunderstorm with strong rain started and lasted for 28 minutes. The
pup stayed asleep. 5:48 p.m.: The thunderstorm stopped but it still
rained on. 5:50 p.m.: Tair = 19.7uC. Tbody had decreased by 0.7uC to
36.9uC. 6:09 p.m.: It was still raining, the pup was still sleeping. Tbody

had further decreased by 0.3uC to 36.6uC. 6:25 p.m.: Tair = 20.4uC. The
rain had stopped. 6:30 p.m.: Tbody had increased by 0.2uC to 36.8uC.
7:30 p.m.: Tbody had further increased by 0.5uC to 37.3uC.
doi:10.1371/journal.pone.0072081.g003

Figure 4. Tbody, Tskin and Tfur of the pups with dry fur. Tbody (green
diamonds, green regression line; N = 23), Tskin (red circles, red regression
line; N = 279) and Tfur (blue crosses, blue regression line; N = 300)
against fur Tsurface (black line) of the pups with dry fur. At Tsurface .40uC,
Tskin and Tfur were lower than Tsurface. At Tsurface ,35uC, Tskin and Tfur

were higher than Tsurface. Tbody was constant at around 37uC
(36.960.3uC) with a slightly negative slope of regression of 20.006.
Tskin and Tfur have slopes of regression of 0.1 (Tskin) and 0.4 (Tfur) and are
strongly correlated to Tsurface (p#0.0001; Tskin: rs = 0.91; Tfur: rs = 0.93),
while Tbody is weakly, but not significantly negatively correlated to
Tsurface (rs = 20.22; p = 0.32).
doi:10.1371/journal.pone.0072081.g004

Thermal Function of Fur Seal Pup Natal Coat
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waking up immediately at every touch or contact with the

measuring devices.

Detailed data of the temperature measurements with wet fur

conditions are presented in Table 1. Due to the flat and stringy

condition described above, in most cases measuring of Tfur was not

possible when the fur was wet, therefore it was excluded from

statistical analysis. Tsurface and Tskin were significantly lower with

wet fur than with dry fur (Kolmogorov-Smirnov-Test, Mann-

Whitney U-Test: p#0.0001). The mean value of the nine

measurements of Tfur in a wet state showed a distinct trend of

being lower than the mean value of dry Tfur as well. In Fig. 6 Tskin

and Tbody with dry and wet fur are plotted as functions of Tair

along with linear regression lines. Tbody is again practically

constant (slope of the regression line 0.002), while the regressions

of Tskin have slopes of 0.32 (dry fur) and 0.13 (wet fur).

Further observations
In the first 10 to 14 days of life three of the pups looked for

sheltered places such as gaps in a stone wall, where at least their

heads fitted in. During this time the pups were taken into the water

by their mothers occasionally. In one case the mother took her pup

into the water a few hours after birth, most likely fleeing from the

male harassing her. Two pups entered shallow water already from

the 3rd week and started swimming in deeper water two weeks

later. The other four pups started going into the water between the

4th to 5th week, starting to swim not before the 6th week. From the

5th week on all pups showed active thermoregulatory behaviour on

very warm sunny days. They hauled out at the edge of the pool

and either submerged shortly in the shallow water every 10 to

15 min, or hauled out with their fore or hind flippers in the water.

Panting, licking or sweating, which would be conceivable

behavioural mechanisms of heat dissipation, were not observed

in any of the pups.

Although the measurements took place in a wind-sheltered

enclosure, there were some situations when a warm light breeze

arose during measurements. We observed a mean decrease of

maximum Tsurface of 3.660.5% (N = 2) after 5 s and 34.6% (N = 1)

after 43 s force 1–2 wind (Beaufort scale), corresponding to 0.2–

3.3 m/s. Two examples of wind induced reduction of Tsurface on

hauled out pups at moderate Tair are given in Fig. 7. Pups were

hauling out in the sun with maximum surface temperature (Tmax)

of 61.2uC (7A) and 72.3uC (7C). Tmax is reduced by 3.9% to

58.8uC after 5 s (7B) and by 34.6% to 47.3uC after 42 s of light

breeze (7D), respectively. Tair was 17.3uC during the measure-

ments in Figs 7A,B, and 23.8uC during the measurements in

Figs 7C,D. On overcast days the pups started shivering and folded

the flippers under their bodies as soon as a light wind arose, even

with dry fur and at moderate Tair between 14uC and 21uC.

Discussion

Dry fur
The fur seal pups in our study were exposed to intense solar

radiation for extended periods of time, to high air temperatures up

to 35.5uC, and fluctuations of air temperature of more than 20uC.

They had to cope with temperatures close to 80uC on their fur

Figure 5. Fur seal pups hauling out with dry and wet fur. (A) Pup
with dry fur. The hairs are curled, but constitute a continuous surface.
(B) Pup with wet fur, 5 min after leaving the water. The guard hair is
divided into strands, opening gaps through which the light grey under
fur is visible.
doi:10.1371/journal.pone.0072081.g005

Figure 6. Tbody and Tskin of the pups with wet and dry fur. Tbody

with dry fur (green diamonds, green regression line, N = 23) and wet fur
(turquoise filled circles, N = 3) as well as Tskin with dry fur (red circles, red
regression line, N = 279) and wet fur (blue circles, blue regression line,
N = 28) against Tair. Mean Tskin with dry fur is 38.461.7uC, mean Tskin

with wet fur is 35.861.3uC, which is significantly lower than with dry fur
(p#0.0001). Tbody is constant with no significant difference between
wet and dry fur. The slope of regression of Tbody is with 0.002 again
practically constant, while the regressions of Tskin ascend by 0.32 (dry
fur) and 0.13 (wet fur).
doi:10.1371/journal.pone.0072081.g006

Thermal Function of Fur Seal Pup Natal Coat
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surfaces. Nevertheless they maintained a stable rectal temperature

of 36.960.3uC. This is within the range of body temperatures

measured in several species of marine mammals from 35.0 to

38.8uC, summarized by Irving [27]. It is also within the range

measured in different seal species [12,13,25,28,29,30], and can be

regarded as normal temperature. Neither high ambient temper-

atures nor hauling out in the sun for 3 hours caused an increase of

Tbody (pups hauled out in the sun even longer than 3 hours

without any attempts of behavioural thermoregulation). On the

contrary, our results even indicate a decrease in Tbody with

increased Tsurface and exposure to solar radiation. This is in

contrast with observations in adult California sea lions, that face a

significant increase in body temperatures after 80 min staying

ashore at air temperatures of 30uC [20]. Furthermore, Tskin had a

mean value only 1.5uC higher than mean Tbody as long as the fur

was dry. These findings indicate that it is the natal coat that serves

as a barrier against solar radiation and high temperatures.

Limberger et al. [25] investigated pups of the Galapagos fur

seal, which were also exposed to intense solar radiation. They

measured constant core body temperatures of 37.760.3uC (mean

6s.d.) as well as skin temperatures up to 3.3uC above core body

temperature, slightly higher than our results. Surface temperature

on Galapagos fur seal pups exposed to the sun did not exceed

61uC, which is nearly 20uC lower than the maximum Tsurface in

the present study. The duration of exposure to solar radiation is

not reported by Limberger et al. [25]; pups used behavioural

strategies such as retreat into the readily available shade and

wetting in tide pools for thermoregulation. In addition, a steady

wind (mean wind speed . = 1 m/s during daytime) prevailed.

Therefore the habitat of Galapagos fur seals is totally different

from the present study site and the breeding sites of the South

African fur seal. Nevertheless, in the present study, the natal fur

protected the pups from solar radiation and high temperatures.

The slightly lower mean Tbody in our results compared to the

mean value obtained by Limberger et al. [25] could be caused by

the fact that most of our measurements were carried out while the

pups were asleep, while core body temperature in the Galapagos

fur seal pups was measured during sleep and activity. During sleep

body temperature decreases in most mammals, while activity

causes an increase in body temperature(e.g. [31]). This has also

been described in several seal species [12,13,28]. Another reason

could be the different method used by Limberger et al. [25], since

they used force fed temperature transmitters, enabling measure-

ments in the stomach, which might be closer to the body core than

rectal temperature. Nevertheless we consider rectal temperature

measurement a suitable method to obtain the core body

temperature of otariid pups. Their relatively small body size at

birth (54–75 cm standard length measured in Northern fur seals

Callorhinus ursinus [14,32]) of which 25–28% account for the pup’s

head, as well as the pup’s thin blubber layer of 2–4 mm [14,33]

allow measurements close to the body core with a thermometer of

adequate shaft length. In our study, pups had a trunk length of

approximately 20 cm at birth which grew to approximately 35 cm

during the study periods. The thermometer was inserted

approximately 9 cm (see ‘‘Materials and methods’’). Even if deep

core body temperature had been slightly higher than rectal

temperature it is rather improbable that it was more variable than

rectal temperature. Therefore rectal temperature was a suitable

index for core body temperature variations.

In order to get a more precise insight into the insulating

properties of the pups’ natal coat we included a further ‘‘layer’’ of

temperature measurements between skin and surface into our

investigations: in addition to Tbody, Tskin and Tsurface, we measured

the temperature of the air layer within the pups’ fur, an approach

that had been proposed by Hammel [34] but has never been

applied in live pinnipeds. The regressions in Fig. 4 show a larger

temperature difference from the centre of the fur to the surface,

meaning the outer 5 to 12 mm of the fur, than to the skin. This

result is a little surprising taking the under fur of approximately

5 mm length (Erdsack, unpublished observation) into account.

This additional hair, present only in the 5 mm layer close to the

skin, would contrarily imply a stronger insulation by the inner part

Figure 7. Reduction of Tsurface on hauled out pups by wind forced convection. Pups hauling out under solar radiation with sudden
appearance of a light breeze of wind force 1–2 (Beaufort), corresponding to 0.2–3.3 m/s. (A) Pup with Tmax = 61.2uC on the surface, Tair = 17.3uC. (B)
Decreased Tsurface after light breeze for 5 s to Tmax = 58.8uC (3.9%). (C) Pup with Tmax = 72.3uC on the surface, Tair = 23.8uC. (D) After 42 s of light breeze
Tsurface decreased to Tmax = 47.3uC (34.6%).
doi:10.1371/journal.pone.0072081.g007
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of the fur and therefore a larger temperature difference from the

skin to the centre of the fur than between centre and surface. But

at this point it must be taken into account that the extremely high

temperatures measured on the pups’ fur surfaces were caused

mainly by solar radiation. We suppose that the curved structure of

the upper part of the erected hairs of the pups’ coat (see Results,

‘‘Natal fur structure’’) improves air circulation within the fur and

thereby increases convection. Thermal forced convection will be

directed upwards, away from the skin. This could be an

explanation for the larger temperature difference between centre

of fur and fur surface as observed in our study. The exceptional

structure of the natal fur has not previously been reported and is

currently being investigated in detail. The control measurements

indicate that the positions of the temperature measurements within

the fur were on average centred between skin and surface (mean

position 0.1 mm from the centre, with a standard deviation of

1.2 mm). Therefore we believe that the temperature halfway

between the skin and the surface is actually closer to the skin

temperature than to the surface temperature, as discernible in

Fig. 4. Temperature ranges (.60uC on the surface, .40uC within

the fur, 7.2uC on the skin, 1.6uC body core) as well as temperature

differences (.40uC between skin and surface, .30uC between fur

and surface, .20uC between skin and fur) decrease strongly from

surface to body core. This adds evidence that the major part of

insulation takes place within the pups’ natal coat.

Trites [35] provided theoretical estimates of lethal air temper-

atures for Northern and Galapagos fur seal pups, which appear to

contradict experience and are vastly inconsistent with our

measurements. He concluded that with dry fur, in still air and

full sunlight, 220uC air temperature would be the upper lethal

temperature for Northern fur seal pups in Alaska and 230uC
would be the upper lethal temperature in California, while the

lower lethal temperature at both sites exceeds 240uC even at night

and with wind speeds of 17.6 m/s. For pups of the heat adapted

Galapagos fur seal he estimated an upper lethal air temperature of

about +5uC at a light breeze (1.17 m/s) in full sunlight, and a

lower limit of, again, lower than 240uC, independently of solar

radiation. As most of the time there was still air at our study site

and air temperatures often exceeded 30uC, we conclude that these

lethal limits are not realistic. Though our measurements were

conducted in Cape fur seal pups that are neither as cold adapted as

the Northern fur seal nor as heat adapted as the Galapagos fur

seal, it is rather improbable that the temperature limits between

these species differ by more than 50uC. From our observations of

the pups shivering by the impact of light wind at temperatures not

lower than 15uC we would assume that the lower critical air

temperatures between 4 and 0uC, assumed by Blix et al. [33] for

newborn Northern fur seal pups, are more realistic.

Wet fur
Our results show that the dry natal coat protects Cape fur seal

pups during their terrestrial stage of life against overheating as well

as against hypothermia down to a certain extent. Wetting, by

contrast, reduces the insulating power of the natal coat severely.

This was obvious by the behaviour of the wet pups (shivering,

reducing surface area by folding the flippers under the trunk).

Furthermore the wet hair was so flattened and stringy, not

containing a persistent air layer any more, that temperature

measurements within the fur became nearly impossible. The

significantly reduced Tskin with wet fur (Fig. 6), which is 1.1uC
lower than mean Tbody, is further evidence for the strongly

reduced fur insulation. This matches the findings of Blix et al. [33]

who assessed the thermal conductance of wet natal fur in Northern

fur seal pups to be ten times that of dry natal fur. Furthermore Blix

et al. [26] measured a decrease in subcutaneous temperature of up

to 20uC on the back of newborn pups wetted by artificial rain.

Irving et al. [13] submerged Northern fur seal pups partially in

cold water and observed not only a reduction of subcutaneous

temperature close to water temperature in the submerged body

parts, but even in the dry body parts. This was not the case in

adults, which demonstrates very different properties of natal and

adult fur. Trites [35], as for pups with dry fur as discussed above,

also calculated lethal temperatures for fur seal pups with wet fur.

In still air and full sunlight he estimated +5uC air temperature as

upper lethal temperature for Northern fur seal pups in Alaska and

25uC in California, respectively, while the lower lethal temper-

ature in still air on clear nights is estimated at 220uC and 225uC,

respectively. At 17.6 m/s wind speed lower lethal temperature is

estimated at about +5uC at both sites. For Galapagos fur seal pups

with wet fur he estimated an upper lethal air temperature of about

+25uC at a light breeze (1.17 m/s) in full sunlight and a lower limit

at about 5uC on clear nights. Neither the upper nor the lower

limits for Northern fur seal pups with wet fur in still air estimated

by Trites [35] seem realistic. Our results show that pups are able to

cope with much higher air temperatures than 5uC as well as

intense solar radiation, even in still air. The lower limits appear

very low, especially concerning the fact that below 0uC the water

in the fur would freeze, which would prevent the fur from

regaining its thick insulating air layer.

We did not find significantly reduced Tbody when the pups’ fur

was wet as compared to when the fur was dry, in contrast to

former studies, where Tbody decreased below normal body

temperature. On the contrary, Blix et al. [33] observed a

continuous decrease of rectal temperature from .37uC down to

34uC within 30 min in a newborn Northern fur seal pup while

wetted by artificial rain. Donohue et al. [36] found a correlation

between core body temperature and water temperature in

submerged Northern fur seal pups before their first moult, but

not in post-moult pups, already wearing an adult type fur, which is

another indication for the lower insulating power of the wet natal

fur.

These findings about the wet natal fur are reminiscent of the

properties of the fur of terrestrial mammals. Webb and King [37]

for example determined that wetting reduces the total resistance of

mammalian fur by 50%. Cuyler and Øritsland [38] estimated a

reduction of the insulating power of the fur of the Svalbard

reindeer (Rangifer tarandus platyrhynchus (Linnaeus, 1758)) by 50%

during strong rain. Our findings are in line with the assumption

that the natal coat of fur seal pups is an adaptation to the terrestrial

life phase of the pups, as it provides an effective barrier against

heat and presumably cold, as long as it is dry, but loses much of its

insulating power when wet. Similarly the natal fur of ice breeding

phocid seals, such as harp seals (Pagophilus groenlandicus) and hooded

seals (Cystophora cristata), that differs strongly in composition, density

and hair structure from fur seal natal fur, contributes significantly

to the insulation against hypothermia in air, but loses a significant

part of its thermal resistance when submerged [2].

By contrast to the effectively insulating fur of adult fur seals,

which is useful in the water and at low ambient temperatures but

can lead to heat stress on shore at high ambient temperatures

[12,13,39], the natal fur protects the pups during their sun exposed

terrestrial life.

Impact of wind induced convection
Wind, even a light breeze, has a significant influence on surface

temperature and thereby on thermoregulation (see Fig. 7). De

Villiers and Roux [39] found a correlation of wind speed and

direction with the mortality of South African fur seal pups in
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Namibia. They discuss that changes in air temperature with wind

direction, as they are well known in coastal areas, were responsible

for the effect of wind direction. As we observed, even a light breeze

of force 1–2 (Beaufort), corresponding to 0.2–3.3 m/s, at

moderate air temperatures reduced Tsurface by 3.6% within 5 s.

Heat loss by forced convection depends on wind velocity and air

temperature. Therefore a steady onshore wind with high velocities

of e.g. 18 m/s, like in the study of De Villiers and Roux [39],

bringing cool temperatures from the sea, would reduce surface

temperature several fold. Taking the example shown in Fig. 7A

with mean Tsurface of 54.3uC and Tair = 17.3uC, and assuming an

exposed surface area of 1000 cm2 [33] a light breeze of 1.7 m/s

would cause a heat dissipation of about 27 W (for method of

calculation see [40]). With a strong onshore wind with a velocity of

18 m/s like in the study of De Villiers and Roux [39] and an

assumed temperature of 12uC of the seaside wind, heat loss from

the back of a pup would increase nearly fourfold to 100 W. These

values give an explanation for the increased pup mortality by

overheating as a consequence of reduced wind velocities or

changes of wind direction, as observed by De Villiers and Roux

[39].

Impact of time of day
Though time of day tended to have an influence on Tbody, the

slightly increased Tbody in the evening is still within the range of

normal temperature and therefore presumably not of physiological

relevance. Increased Tbody after 5:00 p.m. probably originated

from the fact that all pups were suckled mainly between 4:00 and

5:00 p.m. after the final feeding of the adults. Pups often suckled

for up to 1 hour. The increased metabolism may have led to a

slight increase in body temperature.

Conclusion
Our results suggest that the natal coat of fur seal pups,

containing an up to 25 mm thick air layer inside the fur, is

protective during the pups’ terrestrial stage of life. It provides an

effective protection against hyperthermia as well as – down to a

certain extent – against hypothermia. Insulation against hypo-

thermia is drastically reduced when the fur is wet, in contrast to

the adult animals. Pups maintained core body temperature for at

least three hours at high air temperature (27uC) in still air (wind

speed below 0.19 m/s) under solar radiation that caused the

surface of the fur to reach 77uC. Calculations show that wind, if

present, would provide significant additional cooling power. A

larger portion of the insulating power against heat by radiation

resides in the outer than in the inner half of the fur, which is

presumably caused by the unique fur structure, enabling air

circulation and thereby convection within the outer part of the

coat. In a dry state fur seal pups are able to maintain a constant

core body temperature independent of environmental parameters

as well as a relatively stable skin temperature close to body

temperature, despite high surface and ambient temperatures and

intense solar radiation for hours. We believe that the natal fur is

specifically adapted to protect the pup against heat, while also

providing significant insulation against cold; these two functions

appear in part to be divided between the outer and the inner half

of the fur. Morphological investigations of the fur to investigate the

mechanisms of heat insulation will significantly add to our

knowledge on this topic and are being conducted.

Acknowledgments

We thank Zoo Rostock, in particular A. Zimmermann for providing access

to the fur seals and the seal skins. Special thanks to the seal keepers M.

Kiep, L. Purbst and M. Weggen without whose support this study would

not have been possible.

Author Contributions

Conceived and designed the experiments: NE WH. Performed the

experiments: NE WH. Analyzed the data: NE WH. Contributed

reagents/materials/analysis tools: GD. Wrote the paper: NE WH.

References

1. Frisch J, Øritsland NA, Krog J (1974) Insulation of Furs in Water. Comp

Biochem Physiol 47A: 403–410.

2. Kvadsheim PH, Aarseth JJ (2002) Thermal function of phocid seal fur. Mar

Mamm Sci 18: 952–962.

3. Scholander PF, Walters V, Hock R, Irving L (1950) Body insulation of some

arctic and tropical mammals and birds. Biol Bull 99: 225–236.

4. Sokolov W (1962) Adaptations of the mammalian skin to the aquatic mode of
life. Nature 195: 464–466.

5. Scheffer VB (1964) Hair patterns in seals (Pinnipedia). J Morphol 115: 291–304.

6. Sokolov W (1960) The skin structure in Pinnipedia of the U.S.S.R. fauna.

J Morphol 107: 285–296.

7. King JE (1983) Seals of the world. Ithaca, New York: Cornell University Press.

8. Frisch J, Øritsland NA (1968) Insulative Changes in the Harp Seal Pup during

Moulting. Acta Physiol Scand 74: 637–638.

9. Grav HJ, Blix AS (1976) Brown adipose tissue - factor in survival of harp seal

pups. Can J Physiol Pharmacol 54: 409–412.

10. Schmidt-Nielsen K (1997) Animal Physiology: Adaptation and Environment.

Cambridge, U.K.: Cambridge University Press. 607.

11. Bonner WN (2004) Seals and Sea Lions of the World. New York: Facts On File,

Inc.

12. Bartholomew GA, Wilke F (1956) Body temperature in the northern fur seal
Callorhinus ursinus. J Mammal 37: 327–337.

13. Irving L, Peyton LJ, Bahn CH, Peterson RS (1962) Regulation of temperature in
fur seals. Physiol Zool 35: 275–284.

14. Scheffer VB (1962) Pelage and surface topography of the northern fur seal.
Washington: U. S. Fish and Wildlife Service. 206.

15. Baker JD, Donohue MJ (2000) Ontogeny of swimming and diving in northern

fur seal (Callorhinus ursinus) pups. Can J Zool 78: 100–109.

16. Stewardson CL, Prvan T, Ritchie RJ (2012) Climate of a South African fur seal

(Arctocephalus pusillus pusillus) breeding island off the south-east coast of South

Africa. S Afr Geogr J 94: 22–45.

17. Tarasoff FJ, Fisher HD (1970) Anatomy of the hind flippers of two species of
seals with reference to thermoregulation. Can J Zool 48: 821–829.

18. Mauck B, Bilgmann K, Jones DD, Eysel U, Dehnhardt G (2003) Thermal

windows on the trunk of hauled-out seals: hot spots for thermoregulatory

evaporation. J Exp Biol 206: 1727–1738.

19. Liwanag HEM, Berta A, Costa DP, Budge SM, Williams TM (2012)

Morphological and thermal properties of mammalian insulation: the evolution-

ary transition to blubber in pinnipeds. Biol J Linn Soc 107: 774–787.

20. Whittow GC, Matsuura DT, Lin YC (1972) Temperature regulation in the

California sea lion (Zalophus californianus). Physiol Zool 45: 68–77.

21. Rotherham LS, van der Merwe M, Bester MN, Oosthuizen WH (2005)

Morphology and distribution of sweat glands in the Cape fur seal, Arctocephalus

pusillus pusillus (Carnivora: Otariidae). Aust J Zool 53: 295–300.

22. David JHM, Rand RW (1986) Attendance Behavior of South African Fur Seals.

In: Gentry RL, Kooyman GL, Fur Seals: Maternal Strategies on Land and at

Sea. Princeton, New Jersey: Princeton University Press. 126–141.

23. Rand RW (1967) The Cape fur seal (Arctocephalus pusillus): 3. General behaviour

on land and at sea. Cape Town: South Africa Division of Fisheries. 1–39.

24. Little GJ (1995) Body temperature in the newborn southern elephant seal,

Mirounga leonina, at Macquarie Island. Mar Mamm Sci 11: 480–490.

25. Limberger D, Trillmich F, Biebach H, Stevenson RD (1986) Temperature

regulation and microhabitat choice by free-ranging Galapagos fur seal pups

(Arctocephalus galapagoensis). Oecologia 69: 53–59.

26. Monteith JL, Unsworth MH (1990) Principles of Environmental Physics.

Oxford: Butterworth-Heinemann.

27. Irving L (1973) Aquatic Mammals. In: Whittow GC, Special Aspects of

Thermoregulation. New York, London: Academic Press. 47–96.

28. Bartholomew GA (1954) Body temperature and respiratory and heart rates in

the Northern elephant seal. J Mammal 35: 211–218.

29. Irving L, Hart JS (1957) The metabolism and insulation of seals as bare skinned

mammals in cold water. Can J Zool 35: 497–511.

30. Irving L, Krog J (1954) Body Temperatures of Arctic and Subarctic Birds and

Mammals. J Appl Physiol 6: 667–680.

Thermal Function of Fur Seal Pup Natal Coat

PLOS ONE | www.plosone.org 8 August 2013 | Volume 8 | Issue 8 | e72081



31. Aschoff J (1982) The circadian rhythm of body temperature as a function of

body size. In: Taylor CR, Johansen K, Bolis L, A companion to animal
physiology. Cambridge: University Press. 173–188.

32. Scheffer VB, Wilke F (1953) Relative growth in the Northern fur seal. Growth

17: 129–145.
33. Blix AS, Miller LK, Keyes MC, Grav HJ, Elsner R (1979) Newborn Northern

fur seals (Callorhinus ursinus) - Do they suffer from cold? Am J Physiol 236: R322-
R327.

34. Hammel HT (1955) Thermal Properties of Fur. Am J Physiol 182: 369–376.

35. Trites AW (1990) Thermal budgets and climate spaces: the impact of weather on
the survival of Galapagos (Arctocephalus galapagoensis Heller) and northern fur seals

pups (Callorhinus ursinus L.). Funct Ecol 4: 753–768.

36. Donohue MJ, Costa DP, Goebel ME, Baker JD (2000) The ontogeny of

metabolic rate and thermoregulatory capabilities of northern fur seal, Callorhinus

ursinus, pups in air and water. J Exp Biol 203: 1003–1016.

37. Webb DR, King JR (1984) Effects of wetting on insulation of bird and mammal

coats. J Therm Biol 9: 189–191.
38. Cuyler C, Øritsland NA (2004) Rain more important than windchill for

insulation loss in Svalbard reindeer fur. Rangifer 24: 7–14.
39. De Villiers DJ, Roux JP (1992) Mortality of newborn pups of the South African

fur seal Arctocephalus pusillus pusillus in Namibia. S Afr J Mar Sci 12: 881–889.

40. Erdsack N, Hanke FD, Dehnhardt G, Hanke W (2012) Control and amount of
heat dissipation through thermal windows in harbor seals (Phoca vitulina). J Therm

Biol 37: 537–544.

Thermal Function of Fur Seal Pup Natal Coat

PLOS ONE | www.plosone.org 9 August 2013 | Volume 8 | Issue 8 | e72081


