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Abstract
Reindeer (Rangifer tarandus) have evolved elaborate nasal turbinate structures that are perfused via a complex vascular 
network. These are subject to thermoregulatory control, shifting between heat conservation and dissipation, according to 
the animal’s needs. The three-dimensional design of the turbinate structures is essential in the sense that they determine the 
efficiency with which heat and water are transferred between the structure and the respired air. The turbinates have already 
a relatively large surface area at birth, but the structures have yet not reached the complexity of the mature animal. The aim 
of this study was to elucidate the structure–function relationship of the heat exchange process. We have used morphometric 
and physiological data from newborn reindeer calves to construct a thermodynamic model for respiratory heat and water 
exchange and present novel results for the simulated respiratory energy losses of calves in the cold. While the mature reindeer 
effectively conserves heat and water through nasal counter-current heat exchange, the nose of the calf has not yet attained a 
similar efficiency. We speculate that this is probably related to structure-size limitations and more favourable climate condi-
tions during early life. The fully developed structure–function relationship may serve as inspiration for engineering design. 
Simulations of different extents of mucosal vascularization suggest that the abundance and pattern of perfusion of veins in 
the reindeer nasal mucosa may contribute to the control of temperature profiles, such that nasal cavity tissue is sufficiently 
warm, but not excessively so, keeping heat dissipation within limits.
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Introduction

For most organisms, energy is a limited resource. Animal 
species, therefore, have evolved adaptations that reduce/min-
imize their energy needs. Homeotherms in cold habitats (e.g. 
at high latitudes) typically possess adaptations that restrict 
the loss of body heat to an environment that may be up to 
100 °C colder than their deep body temperature. The range 
of mechanisms by which this may be achieved is impressive 
and has been described in many textbooks and reviews (e.g. 
Blix (2016); Hill et al. (2016)).

Reindeer (Rangifer tarandus) have a circumpolar distri-
bution in the northern hemisphere and have successfully 
adapted to the arctic/subarctic environment, although popu-
lation numbers have declined in recent years as a result of 
changing climatic conditions (Russell et al. 2018). Aside 
from carrying a fur of prime insulation quality (Moote 1955; 
Timisjärvi et al. 1984), reindeer may also restrict heat loss 
by physiological means, as recently reviewed by Blix (2016). 
One of the traits involves reduction of respiratory heat and 
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water loss by means of nasal temporal counter-current heat 
exchange (Blix and Johnsen 1983; Blix 2016)—a mecha-
nism first described in humans by Walker et al. (1961) 
and later studied intensely in a comparative perspective by 
Knut Schmidt-Nielsen and collaborators (e.g. Jackson and 
Schmidt-Nielsen 1964).

Reindeer have evolved elaborate nasal turbinate structures 
(see Fig. 1) that are perfused via a rich and complex vascular 
network (Johnsen et al. 1985; Johnsen 1988; Casado Barroso 
2014). Thermoregulatory control mechanisms (Mercer et al. 
1985) allow animals to either conserve or dispose of respira-
tory evaporative heat (and water) according to their needs 
(Blix and Johnsen 1983). Turbinates [conchae nasalis dor-
salis, media and ventralis—Nomina anatomica veterinaria 
(Anonymous 2017)] are structures in the nasal cavity that 
enhance the surface area of the nasal mucosa that is in direct 
contact with the respired air stream. Turbinate surfaces, 
besides being large, are also typically closely arranged, leav-
ing only small air spaces between adjacent surfaces (Negus 
1958). Both factors promote efficient transfer of heat and 
water between air and nasal mucosa (Collins et al. 1971). 
The three-dimensional design of the turbinate structures is, 
thus, expected to influence the efficiency of heat and water 
exchange processes.

We have recently found that the nasal cavity anatomy 
has substantial effects on its temperature profiles. This 
was demonstrated after development of a computational 
model of the reindeer nose by Magnanelli et al. (2017), 
which allowed simulations to be carried out, with different 
states and hypothetical designs of the nasal system during 
respiration. Compared to a hypothetical reference nose 
with constant geometry and histology along its length, 
the entropy production profile for the reindeer nose was 
more uniform and the total entropy production during res-
piration was lower, at low to intermediate (thermoneutral) 

ambient temperatures (–30 to 0 °C). It was hypothesized 
that natural selection may have favoured structural designs 
that produce more uniform entropy production profiles, 
as these reduce the total energy dissipation (Magnanelli 
et al. 2017).

These observations, further suggest that the efficiency 
of heat exchange processes is also likely affected by ani-
mal age/size, given both dimensional and potential struc-
tural differences in the turbinates. In this context, we have 
studied heat exchange processes in newborn reindeer 
calves. These are born in late spring (April–June), weigh-
ing 5–7 kg, but grow fast and are essentially physically 
mature by the start of their first winter (Timisjärvi et al. 
1979; Blix 2005). This study, thus, aims to shed more light 
on the ontogeny of nasal heat exchange in reindeer and on 
potential differences in its efficiency as turbinate structures 
grow and mature. To show this, we have modelled heat 
transfer processes and entropy production for the newborn 
reindeer calf and compared model outputs with results for 
mature conspecific, in both situations assuming the ani-
mals to be at rest and in an energy conserving mode in 
the cold. Furthermore, we have studied the role of some 
important parameters on heat and mass transfer: respira-
tory minute volume, friction factor in the nasal cavity and 
extent of venous vascularization.

The study is in a wide sense motivated by a wish to 
understand how high energy efficiency is realized in 
nature, seeking inspiration for engineering design. Nature-
inspired chemical engineering is proposed as a discipline 
(Coppens 2012) useful in a resource-limited world.

Fig. 1  Cross-sectional images 
of the nasal turbinate structures 
from the maxilloturbinal region 
of the nasal cavity of adult 
reindeer, illustrating the double-
scroll organization of the dorsal 
(dnc) and ventral (vnc) nasal 
conchae; a CT-image (from 
Casado Barroso 2014); b sche-
matic drawing of serial cross 
section at the indicated posi-
tions A–D of the reindeer nose
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Materials and methods

Animals

Three newborn calves and three 6–12 months old [physi-
cally mature (cf. Timisjärvi et al. 1979)] reindeer were used 
for anatomical studies of their nasal cavities. Two of the 
calves and the three mature animals were euthanized for this 
purpose while the third calf was found still-born. Animals 
were euthanized with an intravenous overdose of pentobar-
bital (50 mg per kg body mass of  Euthasol® 400 mg/ml; Le 
Vet. Pharma BV, The Netherlands), as administered via a 
venoflon catheter in the femoral vein, after prior sedation 
with xylazine (0.5 mg per kg body mass of Rompun 20 mg/
ml; Bayer Animal Health GmbH, Germany) (n = 2 calves 
and n = 2 mature animals), or by use of a captive bolt (n = 1 
mature animal). Dead animals were decapitated and their 
heads frozen at − 20° for later computer tomography (CT) 
scanning. Euthanasia was conducted according to the Nor-
wegian Animal Welfare Act and the study was approved by 
the Norwegian National Animal Research Authority (permit 
no. 5399).

Physical and physiological parameters for example ani-
mals (a mature reindeer and newborn calf) are summarized 
in Table 1.

Computed tomography scanning

CT-scanning was conducted on frozen reindeer heads using 
a Siemens Biograph 64 slice PET/CT (Munich, Germany), 
which generated images of the nasal turbinates with a maxi-
mum resolution of 100 μm. CT-scan images were used for 
determination of the mucosal surface area exposed to the air 
stream and of air space volumes throughout the nasal cavity 
(from nostrils and until the pharynx). Measurements of the 
cross-sectional area and cross-sectional mucosal perimeter 

of individual slices were made for every tenth slice, each of 
0.6 mm thickness, using ImageJ (Rasband, W.S., ImageJ, 
U. S. National Institutes of Health, Bethesda, Maryland, 
USA, https ://image j.nih.gov/ij/, 1997–2014). In this context, 
regions of the nasal cavity that are not directly exposed to 
the respired air stream (e.g., the mucosa of the innermost 
ethmoidal turbinates) were not included, since these sur-
faces were presumed to have little impact on the condition-
ing of respired air (e.g., Craven et al. 2010). Measurements 
were taken separately in the right and left nasal passages 
(Tables 2, 3).

In image analyses, the auto-thresholding function was 
used, which is a variation of the IsoData algorithm. This 
procedure divides the image into object and background by 
setting an initial threshold, and then the averages of the pix-
els at or below the threshold, and pixels above, respectively, 

Table 1  Comparison of 
physiological and physical 
parameters for the mature and 
newborn reindeer, at rest and 
thermoneutrality

Mbody animal mass, Tbody body core temperature, Vmin respiratory minute volume, fa respiratory frequency, 
Lnose length of the nasal cavity
a  Values predicted based on data on resting metabolic rate/oxygen uptake in newborn reindeer (Markus-
sen et al. 1985), assuming similar proportionality between oxygen uptake and Vmin and fa, respectively, in 
newborn as in mature reindeer. Data on resting metabolic rate of mature reindeer from Nilssen et al. (1985)

Mature reindeer Newborn rein-
deer

Unit References

Mbody 54 6.67 kg Casado Barroso (2014)
Tbody 38.4 39.5 °C Markussen et al. (1985) 

and Soppela et al. 
(1986)

Vmin 0.10 0.25a dm3  min–1 kg–1 Blix and Johnsen (1983)
fa 10 31a breaths  min–1 Blix and Johnsen (1983)
Lnose 0.2 0.08 M Casado Barroso (2014)

Table 2  Parameters used to 
simulate respiration, from 
Magnanelli et al. (2017)

φamb ambient air relative humid-
ity, pamb ambient pressure, cp,b 
blood heat capacity, ρb blood 
density, kb blood thermal con-
ductivity, cp,m mucus heat 
capacity, ρm mucus density, km 
mucus thermal conductivity, dm 
mucus thickness, Fb blood mass 
flow to the nose

Value Unit

φamb 90 %
pamb 1.0 Bar
cp,b 4.5 kJ  kg–1 K–1

ρb 1.0 kg  dm–3

kb 0.5 J  m–1 s–1 K–1

cp,m 4.2 kJ  kg–1 K–1

ρm 1.0 kg  dm–3

km 0.6 J  m–1 s–1 K–1

dm 0.7 Mm
Fb 0.22 g  min–1 kg–1

animal

https://imagej.nih.gov/ij/
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are computed. The average of those two values is computed, 
the threshold is incremented and the process is repeated until 
the threshold is larger than the composite average (see https 
://image j.nih.gov/ij/).

Theoretical formulation

The thermodynamic description of the nasal system was 
formulated by Magnanelli et al. (2017). Essential parts are 
restated here for ease of reading.

The nasal system

The complex geometry of the reindeer nose is characterized 
by richly vascularized scroll-like turbinates inside their nasal 
cavities (Johnsen 1988; Casado Barroso 2014; Magnanelli 
et al. 2017). The structures are covered by a thin mucosa that 
produces mucus, which protects the underlying tissues from 
dehydration. As cold, dry air flows through the nasal cav-
ity during inspiration it is conditioned, i.e. humidified and 
warmed to deep body temperature (38–39 °C, see Table 1), 
before it reaches the lungs, using the turbinate mucosa as a 
heat source. During exhalation, saturated air at body temper-
ature passes over the turbinate surfaces. During heat conser-
vation, these remain cold after the inspiratory phase and sub-
sequently cool down the exhaled air (from the lungs), upon 
passage, allowing recovery of some of the heat and water 
that was added upon inhalation. This process is referred to 
as nasal temporal counter-current heat exchange, or nasal 
heat exchange, in short (Jackson and Schmidt-Nielsen 1964; 
Blix and Johnsen 1983; Johnsen et al. 1985; Johnsen 1988).

Nasal complexity, given by cross-sectional area, A , and 
perimeter, � , for any position, z , along the nasal cavity, 
0 < z < Lnose , is effectively visualized through a dimension-
less coefficient, �∗ = �2∕A . The usage of non-dimensional 
parameters allows their geometric comparison independently 
of animal size (newborn calf, juvenile or adult). In Fig. 2, 
the parameter �∗ increases/decreases when the geometric 
complexity of the nasal cavity increases/decreases. Usually 
the dimensional parameter hydraulic diameter, Dh = 4A∕� , 
is used for the simplified 1D modelling of the fluid flows 
through the complex ducts (White 2003).

In this representation of the nasal system, position 0 is the 
position of the nostrils and Lnose is at the start of the juncture 
of the nasal and oral cavities, the oropharynx. Since sys-
tems of different lengths are compared, the spatial domain 
is scaled to lie between 0 and 1.

In modelling, the nasal structure was divided into five 
different subsystems. These subsystems are airway, mucus/
liquid layer, interstitial tissue of the mucosa, arteries and 
veins. An illustration of the theoretical model is presented in 
Fig. 3. To explain the variation of thermodynamic variables 
in the nasal system, dynamic one-dimensional mass and 
energy balances were formulated for each of the subsystems.

Model-based simulations of respiration in reindeer were 
compared with reference cases to quantify how the nasal 
anatomy affects the efficiency of heat and water exchange 
processes. Reference cases are represented by hypotheti-
cal noses with similar dimensions but a constant circular 
geometry and diameter along the nasal cavity, illustrated 

Table 3  Average venous 
cross-section area, Aven, and 
perimeter, γven, for five different 
cross-sections along the nasal 
cavity of a mature reindeer

The number of veins per unit length of mucosal lining, Nven/γ, gives the density of venous area and perim-
eter along the mucosal lining of a cross-section. Data from Casado Barroso (2014)

z/Lnose (–) Aven  (m2) Nven/γ  (cm–1) Aven/γ  (m2  cm–1) γven (m) γven/γ (m  cm–1)

0 5.2E–07 13 6.7E–06 2.5E–03 3.3E–02
0.25 6.1E–07 10 6.1E–06 2.8E–03 2.8E–02
0.5 1.6E–07 12 1.9E–06 1.4E–03 1.7E–02
0.75 2.8E–07 8 2.3E–06 1.9E–03 1.5E–02
1 7.9E–07 7 5.5E–06 3.1E–03 2.2E–02

0 0.2 0.4 0.6 0.8 1

z L-1  /  -

0

200

400

600

800

1000

1200

*   /
  -

Mat. Reindeer
Newborn Calf
Mat. Ref. Case
Calf Ref. Case

Fig. 2  Complexity of nasal cavity illustrated through the dimension-
less coefficient, �∗ = �2∕A, where γ is the nasal mucosa perimeter and 
A is the cross-sectional area, as a function of the scaled position along 
the nose for the mature reindeer (thick solid line), its reference case 
(thin solid line), the newborn reindeer (thick dashed line) and its ref-
erence case (thin dashed line)

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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for the airway subsystem in Fig.  2 by straight lines. 
These cases are chosen such that the total surface area 
and total volume of all subsystems of the nose are equal 
to that of the real animal (newborn and mature reindeer, 
respectively).

Assumptions and simplifications

A number of simplifications and assumptions were employed 
by Magnanelli et al. (2017) to develop the computational 
model.

• Any variation in the oxygen and carbon dioxide content 
of the air is ignored, and the molar composition is taken 
as constant at 79% nitrogen and 21% oxygen.

• Properties of interstitial tissues are approximated by 
those of blood and are assumed constant in time.

• Blood and blood vessels are assumed to have invari-
ant properties. Any pressure change in blood vessels is 
ignored.

• Physiological parameters, such as respiratory minute 
volume and frequency, are based on values found in, or 
extrapolated from, the literature (see Table 1) and are 
assumed constant in time and over the ambient tempera-
ture range.

• Dynamic variations of subsystem geometries are ignored.
• The theoretical model is one-dimension in space and 

state variables are cross-section averaged at all points 
along the length of the nasal cavity.

• Any phase transition from liquid water to ice is unac-
counted for. However, condensation/evaporation of 
water and its relative latent heat is taken into consid-
eration.

• Metabolic heat production in nasal tissues is ignored.
• The air flow is assumed to be turbulent.

The last assumption is not obvious. As far as the human 
nose is concerned, the literature support both laminar and 
turbulent flow. The reindeer nose is, however, much more 
complex and has, as well special features which promote 
turbulence (Johnsen 1988; Casado Barroso 2014). This 
supports the assumption. When air flow is at its maximum 
during inhalation/exhalation, Reynolds numbers are rela-
tively low for the mature reindeer, ranging from 100 to 
900. Still, Womersley numbers are above unity for large 
parts of the nasal cavity. In terms of the ratio of Reynolds 
to Womersley numbers, airflow in the nasal vestibule and a 
majority of the maxilloturbinate region fall (ranging from 
250 to 500) within a transitional region between laminar 
and turbulent flow (Craven et al. 2007).

The use of a 1D model to describe a highly three-dimen-
sional system will be a simplification of the system. Com-
putational fluid dynamics (CFD) simulations would allow to 
take the full three-dimensional geometry into consideration, 
but at the same time would require a considerable computa-
tional effort for the simulation of a dynamic system, where 
inputs and outputs varies continuously over time. The pro-
cedure used here, makes use of an area averaging technique, 
well established in chemical engineering (Jakobsen 2008).

The entropy production

The classical formulation of the second law of thermody-
namics states:

where ΔS is the change in entropy of the system, and ΔS0 
is the change in entropy of the environment (Kjelstrup and 
Bedeaux 2008). The sum of entropy changes for an ideal 
reversible process is zero. In nature, processes are irrevers-
ible. Thus, the sum of entropy changes is positive, and takes 
the name of entropy production ( Σirr) . According to the 
Gouy–Stodola theorem, the energy dissipated due to irre-
versibility in a process, Elost , is directly related to the entropy 
production:

where Tamb is the temperature of the ambient (Gouy 1889). 
It is, therefore, of interest to study the entropy of the system. 

ΔS + ΔS0 ≥ 0,

Elost = TambΣirr,

Fig. 3  Illustration of interactions between the different subsystems of 
the animal nose. Air flows from distal extremity (nostrils) to proximal 
extremity (oropharynx) along the z-direction. State variables for sub-
systems are cross-section averaged and transport between subsystems 
happen along the x-direction. Jw represents mass flux of water, while 
J’q,i-j is the measurable heat flux between subsystems i and j. Illustra-
tion by Magnanelli et al. (2017)
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A more exhaustive description of the thermodynamic model 
can be found in Magnanelli et al. (2017).

Recovery of heat and water during exhalation

During inhalation, water is added to the dry inhaled air from 
the mucus/liquid layer. The water added, Mw,added , can be 
calculated from the amount of water that leaves the lungs 
during exhalation and the amount that enters the nose dur-
ing inhalation.

The amount of water recovered during exhalation, 
Mw,recov, is found from the amount of water leaving the lungs 
and the amount that exits through the nostrils:

Here Fw,a is the mass flow of water in the air. Subscripts 
ex and in refer to the exhalation and inhalation parts of the 
breathing cycle, respectively. The difference between the 
amount of water added to and recovered from the humid 
air then gives the amount of water lost to the environment.

The heat added to the air to warm it up during inhalation 
and the latent heat added due to evaporation of water gives 
the total heat added to the inhaled air, Qadded:

where Fa is the mass flow of humid air, Cp,a is the heat capac-
ity of the air, and hlat is the latent heat of evaporation of 
water. The heat removed from the air stream during exhala-
tion and the heat released due to condensation of water gives 
the total recovered heat, Qrecov : 

where Tex is the temperature of the air exiting the nostrils. 
We find the heat lost to the environment, Qlost , from the 
difference between the heat added to the air and the heat 
recovered.

The respiratory minute volume

The basic model assumes that example animals were at rest 
in a thermoneutral environment (Table 1). When the model 
was run assuming ambient temperatures below thermoneu-
trality, this would affect respiratory minute volume, Vmin, 
since thermogenetic metabolic processes would then be 

Mw,added = ∫ ex

(

−Fw,a

)

z=L
dt − ∫ in

(

Fw,a

)

z=0
dt.

Mw,recov = ∫ ex

(

−Fw,a

)

z=L
dt − ∫ ex

(

−Fw,a

)

z=0
dt.

Qadded = ∫ in

FaCp,a

(

Tbody − Tamb

)

dt +Mw,addedhlat,

Qrecov = ∫ ex

FaCp,a

(

Tbody − Tex
)

dt +Mw,recovhlat,

initiated, which require an increased Vmin (Blix and Johnsen 
1983). During inhalation, the consequence would be that a 
larger volume of air must be warmed per minute. We, there-
fore, studied the model’s sensitivity to respiratory minute 
volume, friction factor and nasal vascularization.

The dry air flow, Fdry, at any time, t, during a breath-
ing cycle of duration τbreath (calculated from the respiratory 
frequency, fa) is modelled as a sinusoidal function with no 
resting phase between inhalation and exhalation (Magnanelli 
et al. 2017).

The maximum dry air flow during the breathing cycle, 
Fdry,max, is calculated from the respiratory minute volume. 
Increasing the respiratory minute volume leads to larger air 
flow, and significantly affects the state of the various nasal 
subsystems.

The nasal friction factor

While the pressure drop due to frictional flow is negligible, 
typically lower than 300 Pa during calm breathing (Mag-
nanelli et al. 2017), the friction factor has a significant effect 
on convective heat transfer. For instance, when the friction 
factor increases, the resistance to convective heat transfer 
decreases. An empiric expression for the friction factor for 
flow through the nose of a reindeer has yet to be established. 
However, an expression for flow through the human nasal 
cavity for similar respiratory minute volumes is available 
(Zamankhan et al. 2006).

Here Re is the Reynolds number and f is the friction fac-
tor. However, reindeer nasal structure is more complex and 
convoluted than that of humans and it is, therefore, likely 
that such a structure would lead to a larger friction factor 
than the human one. We will, therefore, further investigate 
how a higher friction factor would influence respiration. We 
do this by comparing the results obtained with the friction 
factor calculated according to the equation above with those 
obtained with an increased friction factor.

A complete description of how heat and mass transport 
coefficients are affected by the friction factor and by other 
parameters can be found in Magnanelli et al. (2017).

Nasal vascularization

In a study of the nasal anatomy of reindeer, it was noted 
that the cross-sectional area of veins was some 6–10 times 
larger than that of arteries (Casado Barroso 2014). In the 

Fdry = Fdry,maxsin

(

2π

τbreath
t

)

f =
47.78

Re

(

1 + 0.127Re0.489
)

.



515Journal of Comparative Physiology B (2020) 190:509–520 

1 3

theoretical model, blood flows through arteries and veins in 
a counter-current configuration. A portion of the amount of 
heat carried by arterial blood is transferred to venous blood, 
sending warmed venous blood back to the body core (John-
sen et al. 1985). To investigate the importance of the abun-
dant venous supply, we ran a simulation with the density of 
veins reduced by a factor of three. Thereby, venous blood 
velocity was doubled, but, more importantly, the geometrical 
alteration decreased the interfacial area between veins and 
interstitial tissues at any point along the nasal cavity, also 
by a factor of three.

Results

The results are shown in Figs. 4, 5, 6, 7, 8, 9, 10 and 11. 
We have simulated respiration for the newborn reindeer and 
compared the results with those from the mature animal. 
Specifically, we have investigated the effect on the system by 
varying a selection of physiological parameters relevant to 
respiration, i.e. the respiratory minute volume, nasal friction 
factor and geometry of veins, in all cross sections along the 
nasal cavity. To allow comparison, we have partially run the 
model at very low ambient temperatures, although these are 
unlikely encountered by newborn reindeer.

Heat and water losses to the environment 
during respiration in the newborn calf

The mass-averaged temperature of exhaled air, as well 
as the difference between the newborn reindeer and its 

reference case (i.e., a hypothetical nose with similar 
dimensions but a constant circular geometry and diameter 
along the nasal cavity) in terms of heat and water losses 
to the environment, are presented in Fig. 4. In the ambient 
temperature range 0 to – 30 °C, the model predicts that 
the newborn loses 26–41% more water to the environment 
than does its reference case, and it loses 16–17% more 

-30 -20 -10 0
Tamb  /  °C

0

10

20

30

40

50

60

70

80

90

100

%

-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

15

T ex
  /

  °
C

(Mlost-Mlost,ref)/Mlost
(Qlost-Qlost,ref)/Qlost
Tex
Tex,ref

Fig. 4  Mass-averaged temperature of exhaled air, Tex, for the new-
born reindeer (grey dotted line) and its reference case (grey dash-
dotted line), and percentage difference between the newborn reindeer 
calf and its reference case for the heat lost, Qlost (black dashed line), 
and mass of water lost, Mlost (black solid line), to the environment

0 0.2 0.4 0.6 0.8 1

z L-1  /  -

-30

-20

-10

0

10

20

30

40

T it  /
  °

C

Tit
Tit,ref

Fig. 5  Time-averaged temperature profiles of interstitial tissues, 
Tit, for the newborn reindeer calf (solid line) and its reference case 
(dashed line) at an ambient temperature of – 30 °C

0 0.2 0.4 0.6 0.8 1

z L-1  /  -

0

0.5

1

1.5

2

2.5

3

  /
  J

 K
-1

m
-1

m
in

-1

Newborn Calf
Calf Ref. Case
Calf *

Fig. 6  Local entropy production during respiration, σ, for the new-
born reindeer calf (solid line) and its reference case (dashed line) 
at an ambient temperature of – 30 °C. Nasal complexity for the calf 
included (dotted line), �* = �2∕A where γ is the nasal mucosa perim-
eter and A is the cross-sectional area



516 Journal of Comparative Physiology B (2020) 190:509–520

1 3

heat. The mass-averaged temperature of exhaled air is, for 
the newborn, 1.6–3.6 °C higher than for its reference case, 
for the considered ambient temperature interval. For an 

ambient temperature of – 30 °C, the time-averaged temper-
ature profile of interstitial mucosal tissues is shown for the 
new-born calf and its reference in Fig. 5. Along the whole 
nasal cavity of the calf, its interstitial mucosal tissues are 
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on average warmer than for the reference. The difference 
is in the range of 0.2–7.9 °C, and for tissues around the 
nasal orifice the difference is roughly 7 °C.

Entropy production during respiration 
in the newborn calf

The local entropy production profile during respiration 
at an ambient temperature of – 30 °C is shown for the 
reindeer calf and its reference case in Fig. 6. In terms of 
total entropy production, we find 0.0019 J K–1  cycle–1 
(i.e. for a full inspiration and expiration cycle) for the calf 
and 0.0018 J K–1  cycle–1 for its reference case. The nasal 
anatomy of the reindeer calf gives a 5% increase in total 
entropy production in simulated respiration compared to 
the uniform anatomy of its reference case. The specific 
total entropy production during respiration, at ambient 
temperatures of – 30 to 0 °C, is shown for the mature 
reindeer and the newborn in Fig. 7. It is 1.9–2.8 times 
larger for the newborn than for the mature animal in this 
temperature range. The specific entropy production dur-
ing inhalation is 1.4–2 times larger than during exhalation 
for both specimens. Absolute differences in specific total 
entropy production during respiration between animals 
and their respective reference cases are presented in Fig. 8. 
Negative values indicate that the animal performs better 
than its reference case in terms of the entropy production 
(which, hence, is lower for the newborn than for the refer-
ence case). For the ambient temperature of 0 °C, both the 
mature and the newborn reindeer have lower specific total 

entropy production than their respective reference cases. 
At temperatures below 0 °C, the differences are – 10% 
to –15% for the mature reindeer and – 1% to 4% for the 
newborn, compared to their respective reference cases, i.e. 
the difference is positive for – 20 and – 30 °C. Thus, our 
model predicts that at ambient temperatures of – 20 °C and 
lower, the newborn would be unable to warm up the air to 
within 6 °C of its body temperature. At ambient tempera-
tures of – 10 and 0 °C, 90% and 70% of the length of the 
newborn’s nose are required to warm up the air.

Effects of varying respiratory minute volume 
in the mature reindeer

The effect of doubling the minute volume for the mature 
animal, (i.e. from 0.1 to 0.2  dm3 min–1 kg–1, corresponding 
to an increase in the volumetric flow rate from 5.4 to 10.8 
 dm3 min–1) is illustrated in terms of local entropy produc-
tion in Fig. 9. A doubling of the minute volume leads to a 
91% increase in the total entropy production (from 0.0187 
to 0.0358 J K–1  cycle–1). The total entropy production is 
smaller for the mature reindeer than for its reference case 
also when the respiratory minute volume is doubled. The 
amount of heat and water lost to the environment increases, 
but not proportionally, from 267 J min–1 and 1.4 mg min–1 
to 582 J min–1 and 2.5 mg min–1, respectively. To warm 
up the inhaled air to within 6 °C of the animal’s core body 
temperature in simulations, the mature reindeer needs 74% 
of the length of its nose when the ambient temperature is 
– 30 °C. Whereas when the minute volume is doubled, the 
reindeer needs 97% of the nasal length to warm up the air. 
In simulations of respiration, the average temperature of all 
subsystems is lower when the minute volume increases, due 
to the increased need for air warming.

Effects of varying nasal friction factor in the mature 
reindeer

Doubling the friction factor leads to a 1.5–2 times larger 
Reynolds number range. The Reynolds number has a direct 
influence on the heat and mass transfer in the nasal cavity, as 
larger Reynolds number reflects higher turbulence inside the 
nasal cavity (Incropera et al. 2007). The effect on the average 
temperature profile of air along the nasal cavity at an ambi-
ent temperature of – 30 °C, is shown in Fig. 10. The air tem-
perature is for large parts of the nasal cavity 2–3 °C higher 
during inhalation, compared to before doubling of the fric-
tion factor. During exhalation in an ambient temperature of 
– 30 °C, the temperature of air exiting the nostrils is approxi-
mately 3 °C lower when the friction factor is doubled. For 
a breathing cycle, a decrease from 0.0187 to 0.0173 J K–1 
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 cycle–1, a 7% decrease, is observed in the total entropy pro-
duction. The doubled friction factor leads to a decrease in 
the amount of heat and water lost, from 267 J min–1 and 
1.4 mg min–1 to 242 J min–1 and 1.2 mg min–1, respectively.

Effects of varying branching of veins along the nasal 
cavity of the mature reindeer

Figure 11 shows the average temperature profile of inter-
stitial tissues (the mucosa) for the mature reindeer when 
relating to the actual cross-sectional proportion of veins vs. 
arteries (see Casado Barroso 2014), and for a simulation 
where the density of veins has been reduced (by a factor 
of three). The average temperature of interstitial tissues 
is higher when venous density is reduced, with the larg-
est difference between the two cases being roughly 9 °C in 
tissues near nostrils. The heat and water losses increase, 
from 267 J min–1 and 1.4 mg min–1 to 303 J min–1 and 
2.2 mg min–1, respectively.

Discussion

Our simulations demonstrate that the nasal anatomy and its 
structural design have a profound effect on nasal heat and 
water exchange and entropy production during respiration, in 
both the mature and the newborn reindeer. These simulation 
results were compared with hypothetical reference noses, 
which have the same total volumes and surface areas as the 
animals’ nasal subsystems, but where the reference nose 
anatomy is assumed to be uniform over the nasal cavity. In 
this manner, we investigated the impact of the nose structure. 
Simulations of a mature reindeer were investigated before in 
a similar manner by Magnanelli et al. (2017), who showed 
that, compared to a reference case defined as above, the rein-
deer nasal anatomy gave a 9–20% reduction in total entropy 
production. This occurred with roughly the same heat and 
water losses to the environment, while the temperature of 
interstitial mucosal tissues was kept warmer (Magnanelli 
et al. 2017). When comparing respiration of the newborn 
reindeer with its reference case, however, the newborn rein-
deer nose appears to perform worse in terms of specific total 
entropy production and heat and water losses to the environ-
ment (see Figs. 4, 5, 6).

Thus, heat and water losses to the environment during 
simulated respiration were significantly higher for the new-
born than for its reference, particularly at low ambient tem-
peratures. The losses are related to the exhaled air tempera-
ture, in the sense that the lower exhaled air temperature of 
its reference case than that of the newborn means that less 
heat was lost, and a larger amount of heat was recovered, 
during exhalation for the reference case. In terms of mini-
mizing losses to the environment, it is beneficial to keep a 

cold mucosal lining, such that the driving forces for heat 
and mass recovery during exhalation becomes larger. For 
– 30 °C, the model predicts sub-zero tissue temperatures 
near nostrils (Fig. 5), indicating that extra heat supply to 
this region may be necessary to prevent tissue freezing, as 
previously recognized from experimental studies in mature 
reindeer (Johnsen et al. 1985).

These experiments showed that at an ambient temperature 
of – 30 °C, the turbinates, i.e. the middle section of the nasal 
cavity, held an average temperature 10–15 °C lower than that 
of the tissues near the nasal orifice. It was hypothesised that 
the warm distal tissues were a result of blood perfusion inde-
pendent of the nasal cavity tissues, presumably to prevent 
freezing injuries at very low ambient temperatures (John-
sen et al. 1985). Magnanelli et al. (2017) compared these 
experimental values with the temperature profile predicted 
for a mature reindeer using the present model, noting also 
the model’s inability to accurately predict the temperature 
of tissues near the nasal orifice, since an independent perfu-
sion source of the nasal orifice was not taken into account. 
Experiments have yet to be conducted to accurately deter-
mine blood flow in absolute numbers in the nostril region of 
reindeer (both newborn and mature). The simulations for the 
newborn that predicted sub-zero temperatures for these tis-
sues at an ambient temperature of – 30 °C, support the idea 
that independent perfusion is indeed important in keeping 
the most peripheral tissues from freezing, should calves ever 
be exposed to such extreme temperatures.

Magnanelli et al. (2017) found that the complex nasal 
anatomy of the reindeer gave a more uniform entropy pro-
duction profile than the less complex, straight reference 
nose, whereas tissues were on average warmer, despite 
similar amounts of heat and water lost to the environment. 
It is known that a uniform distribution of entropy produc-
tion is a characteristic of systems with high energy efficiency 
(Kjelstrup et al. 2018). Optimization studies of industrial 
equipment have also shown that energy-efficient processes 
are characterized by uniform entropy production profiles 
(Johannessen and Kjelstrup 2005; Kjelstrup and Bedeaux 
2008; Wilhelmsen et  al. 2010). Gheorghiu et  al. (2005) 
showed, using a theoretical model for mass transport in the 
mammalian lung that the fractal-like architecture of the lung 
gave uniform entropy production across all branches of the 
bronchial tree and ensured at the same time optimal energy-
efficient functioning. We find these similarities striking, sug-
gesting that the structures that have developed and are found 
in nature, could be of general interest in engineering. Some 
first attempts in this direction have already been made, where 
the geometry of a plug-flow reactor was numerically opti-
mized to reduce entropy production (Magnanelli et al. 2019).

For the ambient temperature of – 30 °C, the local entropy 
production profile for the newborn may be described as less 
uniform than in its reference case (Fig. 6), and the total 
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entropy production is indeed 5% higher. In the anatomical 
study of the newborn and mature reindeer, it was found that 
the nasal surface-area-to-mass ratio was large for the new-
born (i.e. 40.79  cm2 kg–1 compared to 14.70  cm2 kg–1 for the 
mature animal). These numbers alone may suggest that the 
necessary anatomy for energy-efficient nasal heat exchange 
is already present from birth (Casado Barroso 2014). In con-
trast, the present computational model allows us to hypoth-
esise that the calf at birth has a nasal anatomy that is not 
as energy efficient as that of the adult, and that the mature 
efficiency developed during the first months of its life.

As it grows older during the summer, the nasal structure 
becomes more efficient from an energy conservation per-
spective. The development (see above) prepares the animal 
to face the coming arctic winter, at which time the animal 
must be self-sufficient. In the short periods of cold weather 
during late spring and summer, when the animal is still a 
calf, the immaturity of the nasal structure may not be so 
critical. Fast growth may be more important than energy 
efficiency, particularly since feed, available as milk via its 
mother, usually is not a limiting resource.

The less complex structure of the nasal cavity (and the 
resulting smaller nasal surface area) near the nostrils helps 
shifting heat and water exchange processes away from the nos-
tril region and into the complex turbinates. Considering the 
local entropy profile for the mature animal (Fig. 9), doubling 
the respiratory minute volume does not significantly increase 
the energy dissipation near the nostrils. Instead, air quickly 
flows through the nostril region, and a maximum is observed 
in the local entropy production around the region where com-
plex turbinate structures greatly increase the nasal surface area. 
Local entropy production profiles for the reindeer are, there-
fore, more uniformly distributed over the nasal cavity, than for 
the reference case. Doubling the respiratory minute volume 
leads to roughly a doubling of total entropy production and 
heat and water losses during respiration, if other physiological 
parameters (e.g., nasal blood flow) are kept constant.

It is likely that the friction factor for air flow through the 
reindeer’s complex nasal cavity is considerably higher than 
values given by correlations for flow in the nasal cavity of 
humans (Zamankhan et al. 2006) and used in this work. In 
terms of geometry, the human nasal cavity is considerably 
simpler than that of the reindeer, featuring an almost open 
channel for air flow. Thus, the simulations with increased 
friction factor might be more relevant for the description of 
the reindeer respiration processes than the reference ones. 
The friction factor has a large influence on the convective 
heat transfer between air and mucus layer. A high friction 
factor, causing higher convective heat transport, would lead 
to a further reduction in heat and water losses as well as in 
total entropy production.

By reducing the venous density in the mucosal lining by a 
factor of three, we aimed to elucidate the effect of the extent 

of venous vascularization on the heat exchange processes in 
the nose. Near the nostrils, the average temperature of tissues 
is 10 °C higher when venous vascularization is reduced. By 
investigating the heat flux from interstitial tissues to veins 
along the nasal cavity, we find that for a breathing cycle, the 
heat transfer is reduced from 141 to 87 J  cycle–1 with less 
vascularization. The abundance of veins compared to arter-
ies may facilitate venous transport of heat back to the body 
core. This effect is also reflected in terms of local entropy 
production. Due to the higher temperature of nasal subsys-
tems with reduced venous representation, the heat exchange 
processes would be shifted toward the nostrils. As a result, 
the local entropy production profile is less uniform over the 
length of the nasal cavity, leading to a 6% increase in total 
entropy production during respiration. Additionally, the 
amount of heat and water lost to the environment increased. 
Our simulations, thus, suggest that the abundance of veins 
may aid in properly controlling temperature profiles in the 
nose, such that the nose is sufficiently warm, but not exces-
sively warm, keeping the dissipation of heat within limits.

Another physiological parameter of significance to nasal 
heat and water exchange is the dynamic ability to alternate 
the blood flow pattern through the nasal mucosa, from coun-
ter-current to unidirectional flow. This change decreases the 
nasal temperature gradient, from proximal to distal part of 
the nose, thereby allowing for increased energy dissipa-
tion in potentially hyperthermic animals. It is achieved by 
primarily draining venous blood from the distal part of the 
nasal mucosa via the dorsal nasal (Johnsen et al. 1985). The 
current computational model only simulates counter-current 
blood flow. A vascular configuration yielding unidirectional 
flow could be explored in future simulations of respiration.

In summary, we have continued our studies of arctic ani-
mals, with the aim to elucidate the energy efficiency of their 
respiratory tracts, and the role of the tissue structure for opti-
mal function. We have confirmed previous studies in mature 
reindeer; that the convoluted structure improves the animal 
ability to control its energy loss (e.g. Blix and Johnsen 1983; 
Magnanelli et al. 2017). The role of the venous system in the 
regulation of the overall nasal temperature profile, ensuring 
high energy recovery, was pointed out. These findings are 
important because they point at geometrical structure as an 
important parameter in energy efficient design. Knowledge 
of structure–function relationships in the context of energy 
may benefit man-made creations.

Acknowledgements Open Access funding provided by NTNU Nor-
wegian University of Science and Technology. The authors gratefully 
acknowledge financial support from Tromsø Research Foundation. The 
Research Council of Norway is thanked for the project no 257632/E20, 
HighEff, an 8-year Research Centre under FME scheme (Centre for 
Environmentally Friendly Energy Research), and for project no 262644 
PoreLab from the Center of Excellence Funding scheme.



520 Journal of Comparative Physiology B (2020) 190:509–520

1 3

Author contributions SS carried out the numerical calculations, EM, 
SK and NK designed the research plan and supervised SS. LPF and 
MA planned and carried out the physiological studies supervising the 
experiments of ICB. The final version of the manuscript has been read 
and approved by all authors, and all authors agree to be accountable for 
all aspects of the work in ensuring that questions related to the accuracy 
or integrity of any part of the work are appropriately investigated and 
resolved. All persons designated as authors qualify for authorship, and 
all those who qualify for authorship are listed.

Compliance with ethical standards 

Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Anonymous (2017) Nomina anatomica veterinaria, 6th edn. Prepared 
by the International Committee on Veterinary Gross Anatomical 
Nomenclature (ICVGAN) for the World Association of Veterinary 
Anatomists (WAVA). https ://wava-amav.org

Blix AS, Johnsen HK (1983) Aspects of nasal heat exchange in resting 
reindeer. J Physiol 340:445–454

Blix AS (2005) Arctic Animals and Their Adaptations to Life on the 
Edge. Tapir Academic Press, Trondheim

Blix AS, Walloe L, Folkow LP (2011) Regulation of brain tempera-
ture in winter-acclimatized reindeer under heat stress. J Exp Biol 
214:3850–3856

Blix AS (2016) Adaptations to polar life in mammals and birds. J Exp 
Biol 219:1093–1105

Casado Barroso IL (2014) The ontogeny of nasal heat exchange struc-
tures in Arctic artiodactyles. MSc thesis, UiT The Arctic Univer-
sity of Norway

Collins JC, Pilkington TC, Schmidt-Nielsen K (1971) A model of res-
piratory heat transfer in a small mammal. Biophys J 11:886–913

Coppens M-O (2012) A nature-inspired approach to reactor and cataly-
sis engineering. Curr Opin Chem Eng 1:281–289

Craven BA, Neuberger T, Paterson E, Webb A, Josephson E, Morrison 
E, Settles G (2007) Reconstruction and morphometric analysis of 
the nasal airway of the dog (Canis familiaris) and implications 
regarding olfactory airflow. Anatom Rec 290:1325–1340

Craven BA, Paterson EG, Settles GS (2010) The fluid dynamics of 
canine olfaction: unique nasal airflow patterns as an explanation 
of macrosmia. J R Soc Interface 7:933–943

Gheorghiu S, Kjelstrup S, Pfeifer P, Coppens MO (2005) Is the lung an 
optimal gas exchanger? In: Losa GA, Merlini D, Nonnenmacher 
TF, Weibel ER (eds) Fractals in biology and medicine. Basel, 
Birkhäuser Basel, pp 31–42

Gouy G (1889) Sur l’énergie utilisable. J Phys Theor Appl 8:501–518

Henshaw RE, Underwood LS, Casey TM (1972) Peripheral ther-
moregulation: foot temperature in two Arctic canines. Science 
175:988–990

Hill RW, Wyse GA, Anderson M (2016) Animal physiology. Sinauer 
Associates Inc., Sunderland Massachusetts

Incropera FP, Dewitt DP, Bergman TL, Lavine AS (2007) Fundamen-
tals of heat and mass transfer. Wiley, New York

Jackson DC, Schmidt-Nielsen K (1964) Countercurrent heat 
exchange in the respiratory passages. Proc Natl Acad Sci USA 
51:1192–1197

Jacobsen HA (2014) Chemical reactor modeling. Springer, Switzerland
Johannessen E, Kjelstrup S (2005) A highway in state space for reactors 

with minimum entropy production. Chem Eng Sci 60:3347–3361
Johnsen HK (1988) Nasal heat exchange: an experimental study of 

effector mechanisms associated with respiratory heat loss in 
Norwegian reindeer (Rangifer tarandus tarandus). PhD thesis, 
University of Tromsø

Johnsen HK, Blix AS, Jorgensen L, Mercer JB (1985) Vascular basis 
for regulation of nasal heat exchange in reindeer. Am J Physiol 
Regulat Integr Comp Physiol 249:R617–R623

Kjelstrup S, Bedeaux D (2008) Non-equilibrium thermodynamics of 
heterogeneous systems. World Scientific Publishing, Singapore

Magnanelli E, Wilhelmsen Ø, Acquarone M, Folkow LP, Kjelstrup S 
(2017) The nasal geometry of the reindeer gives energy-efficient 
respiration. J Non-Equilib Thermodyn 42:59–78

Magnanelli E, Solberg SBB, Kjelstrup S (2019) Nature-inspired geo-
metrical design of a chemical reactor. CHERD 152:20–29

Markussen KA, Rognmo A, Blix AS (1985) Some aspects of ther-
moregulation in newborn reindeer calves (Rangifer tarandus 
tarandus). Acta Physiol Scand 123:215–220

Mercer JB, Johnsen HK, Blix AS, Hotvedt R (1985) Central control of 
expired air temperature and other thermoregulatory effectors in rein-
deer. Am J Physiol Regulat Integr Comp Physiol 17 248:R679–R685

Moote I (1955) The thermal insulation of caribou pelts. Text Res J 
25:832–837

Negus VE (1958) The comparative anatomy and physiology of the nose 
and paranasal sinuses. E & S Livingstone Ltd, Edinburgh

Nilssen KJ, Sundsfjord JA, Blix AS (1984) Regulation of meta-
bolic rate in Svalbard and Norwegian reindeer. Am J Physiol 
247:R837–R841

Russell DE, Gunn A, Kutz S (2018). Migratory tundra caribou and wild 
reindeer. https ://arcti c.noaa.gov/Repor t-Card/Repor t-Card-2018/
ArtMI D/7878/Artic leID/784/Migra tory-Tundr a-Carib ou-and-
Wild-Reind eer. Accessed 16 Oct 2019

Soppela P, Nieminen M, Timisjärvi J (1986) Thermoregulation in rein-
deer. Rangifer 6:273–278

Timisjärvi J, Hirvonen L, Järvensivu P, Nieminen M (1979) Electrocar-
diogram of the reindeer, Rangifer tarandus tarandus. Lab Anim 
13:183–186

Timisjärvi J, Nieminen M, Sippola AL (1984) The structure and insu-
lation properties of the reindeer fur. Comp Biochem Physiol A 
Physiol 79:601–609

Walker JEC, Wells RE Jr, Merrill EW (1961) Heat and water exchange 
in the respiratory tract. Am J Med 30:259–267

White FM (2003) Fluid mechanics. McGraw-Hill, New York
Wilhelmsen Ø, Johannessen E, Kjelstrup S (2010) Energy efficient 

reactor design simplified by second law analysis. Int J Hydrogen 
Energy 35:13219–13231

Zamankhan P, Ahmadi G, Wang Z, Hopke PK, Cheng Y-S, Su WC, 
Leonard D (2006) Airflow and deposition of nano-particles in a 
human nasal cavity. Aerosol Sci Technol 40:463–476

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://creativecommons.org/licenses/by/4.0/
http://wava-amav.org
https://arctic.noaa.gov/Report-Card/Report-Card-2018/ArtMID/7878/ArticleID/784/Migratory-Tundra-Caribou-and-Wild-Reindeer
https://arctic.noaa.gov/Report-Card/Report-Card-2018/ArtMID/7878/ArticleID/784/Migratory-Tundra-Caribou-and-Wild-Reindeer
https://arctic.noaa.gov/Report-Card/Report-Card-2018/ArtMID/7878/ArticleID/784/Migratory-Tundra-Caribou-and-Wild-Reindeer

	Energy efficiency of respiration in mature and newborn reindeer
	Abstract
	Introduction
	Materials and methods
	Animals
	Computed tomography scanning
	Theoretical formulation
	The nasal system
	Assumptions and simplifications
	The entropy production
	Recovery of heat and water during exhalation
	The respiratory minute volume
	The nasal friction factor
	Nasal vascularization

	Results
	Heat and water losses to the environment during respiration in the newborn calf
	Entropy production during respiration in the newborn calf
	Effects of varying respiratory minute volume in the mature reindeer
	Effects of varying nasal friction factor in the mature reindeer
	Effects of varying branching of veins along the nasal cavity of the mature reindeer

	Discussion
	Acknowledgements 
	References




