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Synopsis Body size affects nearly every aspect of locomotion and sensing, but little is known of its influence on olfaction. One
reason for this missing link is that olfaction differs fundamentally from vision and hearing in that molecules are advected by
fluid before depositing on olfactory sensors. This critical role of fluid flow in olfaction leads to complexities and trade-offs. For
example, a greater density of hairs and sensory neurons may lead to greater collection, but can also lead to reduced flow through
hairs and additional weight and drag due to a larger olfactory organ. In this study, we report the surface area and sensory neuron
density in olfactory organs of 95 species of moths and mammals. We find that approximately 12–14% of an olfactory system’s
surface area is devoted to chemosensors. Furthermore, total olfactory surface area and olfactory sensing surface area scale with
body mass to the 0.49 and 0.38 powers, respectively, indicating that moths have a higher proportion of olfactory surface area
than mammals. The density of olfactory neurons appears to be near the limit, at 10,000 to 100,000 neurons per square mm
across both insects and mammals. This study demonstrates the need for future work detailing how the scaling of olfaction and
other senses vary across taxa.

Introduction
The need to escape predators, find mates, and detect
prey has pushed the envelope for speed and sensitiv-
ity in odor detection. Consequently, olfaction is an es-
sential process for organisms ranging from bacteria
(Nijland and Burgess 2010) to the largest vertebrates.
While much work has been done on the neuroscience
of olfaction, little is known of universal principles that
span body size. Allometric relationships have been
found for the eye and other sensory organs (Howland
et al. 2004; Nummela 1995), but not for olfactory or-
gans. Understanding the scaling of olfaction will help
build a more complete picture for how life changes as a
function of body size and may help with the design of
bio-inspired chemical sensors.

In this study, we focus on two aspects of olfaction,
the surface area and neuronal density of the olfactory
organ. Olfaction works by the advection, diffusion, and

eventual deposition of olfactory chemicals directly onto
a sensing surface (Wyatt 2009). While the deposition of
chemicals is subject to molecular forces, we may gain
some insight by considering the deposition of particles.
The rate, dN

dt , of particles collected by an object in flow
may be written as

dN
dt

= ηCUA (1)

where η is the efficiency of collection, C is the con-
centration of particles in the air (e.g., number of par-
ticles per cubic meter), U is the air velocity, and
A is the object’s cross-sectional area normal to the
flow. While the concentration C is outside the an-
imal’s control, all other variables (U, A, η) can be
exploited by animals to maximize particle capture.
For example, airspeed can be increased by inhala-
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Fig. 1 Olfactory organs of moths and mammals. (A) A moth antenna with two levels of magnification. The antenna stalk is green, branches
are blue, and sensilla are red. (B) The antenna stalk surface. (C) A single sensillum extrudes from a branch. The receptor cells and their
dendrites are shown in black. Dashed surface of sensillum represent pores. Sensillum lymph shown in light red shading. (D) A dog’s nasal
cavity with naris in green, maxilloturbinate region in blue, and ethmoturbinate (sensing) region in red. (E) A cross section of the
ethmoturbinate region. The cross section faces the nostril. Airflow travels into the page. (F) Cilia and olfactory cells are in black. The
mucus lining of the ethmoturbinate region is in light red. The mucous-air interface is the dashed red line and the
mucus-olfactory-epithelium interface is the black dashed line. Drawing modified from McEwen (McEwen et al. 2008). Illustrations done by
A. Schulz.

tion, sniffing, flying into an odor plume, or wait-
ing for passing winds to bring in molecules. In this
study, we focus specifically on the scaling of olfactory
organ.

Measuring the sensing surface area of the eye and
tongue is easier than measuring the sensing surface
area for olfaction. This difficulty arises because the ol-
factory organs of insects and mammals are complex
three-dimensional shapes that affect fluid flows and in-
crease the chances of odor capture (Cheer and Koehl
1987). One difficulty in measuring mammal olfaction
is that mammals keep their olfaction sensors protected
inside the nose. Air passes through the naris, then
the maxilloturbinate, and finally the ethmoturbinate re-
gion (Fig. 1D). The walls of the ethmoturbinate region,
which make up the olfactory epithelium, are intricately
shaped (Fig. 1E). The olfactory epithelium contains ol-
factory sensory neurons and their projecting cilia, both
of which are covered by a mucus layer (Fig. 1F) (Buck
2000; Kandel et al. 2000). The total surface area of the
olfactory organ will often be larger than the fragile area
containing sensing neurons, which we refer to as the
sensing surface area. In this work, we will seek to mea-
sure the sensing proportion, the ratio of the sensing
surface area to the total surface area of the olfactory
organ.

We choose to focus on the sensing proportion be-
cause we hypothesize that a more effective olfactory sys-
tem would have a greater proportion of sensing surface
area. However, olfactory organs are multi-purpose and
feature prominent non-sensing zones as well. Thus we
do not expect the sensing proportion to approach one.
Examples of these additional olfactory organ roles in-
clude heating and moisturizing air in the mammalian
nose and providing structural support in the plumose
moth antenna. Furthermore, olfactory organs may have
aerodynamic features that improve the efficiency of cap-
ture through fluid mechanical focusing (Spencer et al.
2020). We also note that there is a longstanding debate
whether the acuity of olfaction should be related to the
number of neurons or the proportion of an olfactory or-
gan’s surface area to body surface area (Smith and Bhat-
nagar 2004).

A larger sensing surface area should improve the
chances that an odor molecule deposits onto a sensing
surface. To further understand olfaction in this study,
we report the density of sensors. For animals, these
sensors are olfactory sensory neurons (OSNs), and the
chance of detection improves with a higher density
of OSNs. Olfactory sensory neurons, which are found
in mammalian olfactory epithelium, insect antennae,
and insect feet, enable the olfactory system to inter-

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icac006/6553827 by Em

ory U
niversity Libraries user on 22 June 2022



The scaling of olfaction: moths have relatively more olfactory surface area than mammals 3

act directly with its surroundings by expressing recep-
tors sensitive to both chemical and mechanical stimuli
(Grosmaitre et al. 2007). OSN axons rapidly transmit
odorant information upon activation, as they innervate
an insect’s antennal lobe and a mammal’s olfactory bulb
(Sachse and Krieger 2011).

In this study, we simply counted olfactory sensor
neurons within sensory zones. This is a first-order ap-
proach, and we note that there is hidden complexity
within the neurons themselves that we will not attempt
to measure. For example, a human olfactory system has
6–10 million OSNs, with each OSN extending dendrites
to form an olfactory knob (Sankaran et al. 2012). Each
knob in turn has 5–50 cylindrical cilia, each with a di-
ameter of 0.25–0.5 microns and length of 30–200 mi-
crons, which extend into the mucus of the olfactory ep-
ithelium. Assuming 6 million OSNs with 25 cilia each
(each cilium of diameter 0.5 microns and length 30 mi-
crons) results in a surface area of 71 cm2 for the olfac-
tory cilia alone (Sankaran et al. 2012). This additional
surface area is especially extraordinary when consider-
ing that the total surface area of the human olfactory ep-
ithelium is only 10 cm2 (Purves et al. 2001). Before such
in-depth calculations can be done for other animals,
we must first ascertain the surface area of the olfactory
organ.

Methods
Surface area

Both antenna and nasal cavities come in pairs, but for
simplicity we report the surface area of a single antenna
and a single nasal cavity. The estimated total surface
area of a single moth antenna was calculated according
to A = π(Lstdst + NbLbdb + NbNsLsds) where Lst is the
length of one stalk, dst is the stalk diameter, Nb is the
number of branches on one stalk, Lb is the length of one
branch, db is the branch diameter, Ns is the number of
sensilla on one branch, Ls is the length of one sensillum,
and ds is the sensillum diameter. The total number of
branches and sensilla were not individually counted but
rather estimated using the center to center spacing. On
each antenna stalk, there are two branch arrays, and on
each branch array, sensilla are found in pairs. All moth
surface area measurements were completed using Im-
ageJ image processing (Schneider et al. 2012).

Olfactory sensory neuron density

Insect antenna stalks are modeled as cylinders, with the
estimated surface area of one stalk calculated according
to Astalk = πLstdst where Lst is the length of one stalk
and dst is the stalk diameter. In the calculation of sen-

sory neuron density, we considered the stalk alone and
neglected the branches and sensilla.

To estimate OSN density for mammals, we measure
the olfactory epithelium surface area in one nasal fossa.
If surface area reported by previous investigators were
for both nasal fossae, we divided this number by two to
represent one nasal fossa. OSN counts are given for one
antenna stalk for insects and for the olfactory epithe-
lium in one nasal fossa for mammals. Insect OSN den-
sity is calculated by dividing the number of OSNs on
one antenna stalk by the corresponding antenna stalk
surface area. Mammal OSN density is calculated by di-
viding the number of OSNs in the olfactory epithelium
of one nasal fossa by the corresponding olfactory ep-
ithelium surface area in one nasal fossa. Raw data was
collected from 29 literature sources (Table S3).

Phylogenetics comparison of species

We hypothesize that the power law trend for olfactory
surface area is due to phylogenetic dependence of the
species studied. To determine the extent that our trends
are influenced by phylogenetic closeness within mam-
malian taxa, we calculated Phylogenetic Independent
Contracts (PIC). This is a statistical method that con-
trols for the effects of phylogenetic closeness on our
data (Martins and Hansen 1997). We began by gener-
ating a consensus phylogeny using the consensus func-
tion in the package ape in R studio from 500 pruned
subsets from VertLife (http://vertlife.org/phylosubsets).
We generated this consensus tree for the mammalian
species studied to examine phylogenetic independent
contrasts of turbinate and epithelium surface area
(Figs. S1 and S2).

We found that mammal epithelium and body mass
independent contrasts are not statistically related, and
thus phylogenetic dependence may have a small influ-
ence on our trend (P=0.0626, Fig. S2). Using the same
methodology, we found that the mammal turbinates
and body mass independent contrasts were statistically
related even with phylogeny accounted for (P=1.37e-
08, Fig. S1). In conclusion, the total surface of mam-
mals requires a greater number of more distantly related
species to draw conclusions.

To determine if the observed trends for moths are in-
fluenced by phylogenetic closeness, we used Abouheif’s
Cmean, an autocorrelation index that tests for serial in-
dependence between trait values of neighboring species
(Münkemüller et al. 2012; Abouheif 1999; Pavoine
et al. 2008). We used phyloTv2 phylogeny generator us-
ing NCBI taxonomy and scientific names to generate
our phylogeny. Because this generates a tree with no
branch lengths, we used the function abouheif.moran
and method oriAbouheif for the proximity matrix in the
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adephylo package in R studio (Münkemüller et al. 2012;
Abouheif 1999). Computing the Cmean of moth body
mass, sensilla surface area, and total antenna surface
area we find none are statistically correlated with neigh-
boring species displaying statistical values of P=0.109,
P=0.664, P=0.576, respectively. Therefore, we confirm
that moth mass, sensilla surface area, and total an-
tenna surface area are not correlated with neighboring
species.

Results
We collected N = 95 olfactory surface area measure-
ments across 51 species from studies of moth antennae
(Spencer et al. 2020), nasal cavities of humans (Purves
et al. 2001), and non-human mammals (Green et al.
2012; Yee et al. 2016; Smith et al. 2014). These studies
all date after the year 2000, following the advent of CT-
scanning for accurately measuring the nasal cavity size
and shape.

We begin with the hypothesis that olfactory organs
are isometric: their proportions do not change with
body size. An animal of characteristic size L has a mass
M that scales as L3 and a surface area that scales with
L2. Isometry thus suggests that the surface area of an
animal’s external sensory organs scales as M2/3 (Calder
1996; Schmidt-Nielsen and Knut 1984). While attrac-
tive for its simplicity, isometry fails to describe nearly
all sensing modalities. For example, the eye surface area
scales as M0.4 (for birds, reptiles, and fish, N = 292)
(Howland et al. 2004). This exponent is less than 0.66
and is defined as negative allometry. Thus, larger ani-
mals have proportionally smaller eyes than smaller an-
imals. The reverse may be true for hearing because the
middle ear’s mass scales with M1.2 (Nummela 1995).

Fig. 2A shows the relationship between body mass
and total surface area of the olfactory region, where
body mass spans eight orders of magnitude, from 10−5

to 103 kg. Total surface area for moths is defined as that
of one antenna, and for mammals as that of one nasal
fossa shown in Fig. 1D. Only a small fraction of the ol-
factory organ has sensory neurons. Fig. 2B shows the
olfactory sensing surface area, defined as that of the sen-
silla for moths and the ethmoturbinate region for mam-
mals (shown in red in Fig. 1A–F).

Approximating the stalk, branches, and sensilla of an
antenna as cylinders, the average plumose moth an-
tenna has a total surface area of 26 mm2, the surface
area of a thumbtack. For moths, the scaling for the to-
tal and sensing surface areas are Stotal, moth = 2700M0.44

and Ssensing, moth = 330M0.34, respectively. In mammals,
the complex shape of the ethmoturbinate region greatly
increases its surface area compared to the simple pipe
used in artificial sensing systems (Spencer et al. 2021).

Fig. 2 Olfactory scalings. (A) The relationship between total
olfactory organ surface area (mm2) and body mass M (kg). Open
squares represent surface area of one bi-pectinate moth antenna
including stalk, branches, and sensilla. Open triangles represent
olfactory turbinal surface area in one nasal fossa (Green et al.
2012). The black dashed lines show power fit laws for the moths
and the mammals separately. The red dotted line shows the power
law fit for all the animals together. Raw data shown in Table S1.
Silhouettes from Adobe Stock photos. (B) Relation between
olfactory sensing surface area (mm2) and body mass M (kg).
Silhouettes from Adobe Stock photos. Raw data shown in Table S2.
Filled squares represent surface area of sensilla from one antenna.
Filled triangles represent olfactory epithelium surface area in one
nasal fossa. The black lines show power fit laws for the moths and
the mammals separately. The blue solid line shows the power law
fits all the animals together. Silhouettes from Adobe Stock photos.
Data for each measurement category was collected from the
following literature sources: mass (Jumbo et al. 2010; Nijhout et al.
2006; Żółtowska et al. 2011; Mongeau et al. 2015; Koella and Lyimo
1996; Lindsey 2002; Gross et al. 1982; Abrams 2019; Hedberg 2007;
Kobayashi et al. 2012; Xi et al. 2016; Meisami et al. 1990), surface
area (Jacob et al. 2017; Symonds et al. 2012; Shields and Hildebrand
2001; Tsujiuchi et al. 2007; Lockey and Willis 2015; Vršanský and
Wang 2017; Saltin et al. 2019; Garman 1921; Saager and Gewecke
1989; Gross et al. 1982; Horowitz et al. 2014; Moulton and Beidler
1967; Gasser 1956; Meisami et al. 1990; Smith et al. 2011).
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Table 1 Olfactory surface area and olfactory sensory neuron (OSN) density scalings. Body mass M is in kg. Surface areas in square mm.

Measurement Variable Best Fit R2 N PIC Cmean

Moth Antenna Total Surface Area Stotal, moth 2700M0.44 0.39 17 0.576

Moth Sensilla Surface Area Ssensing, moth 330M0.34 0.17 17 0.664

Mammal Turbinates Total Surface Area Stotal, mammal 3300M0.62 0.92 38 1.37 · 10−8

Mammal Sensory Epithelium Surface Area Ssensing, mammal 470M0.46 0.67 23 0.063

Aggregate Total Surface Area Stotal, all 4600M0.49 0.98 55

Aggregate Sensing Surface Area Stotal, sensing 450M0.38 0.84 40

(A)

(B)

(C)

Fig. 3 The scaling of olfactory sensing surface area with body size.
(A) Lymantria dispar (gypsy moth): scale bar represents 28 mm
wing span and green box represents the 50 mm2 sensilla area
(Spencer et al. 2020). (B) Canis latrans (coyote): scale bar
represents 26 cm shoulder height and green box represents the
100 cm2 olfactory surface area in one nasal fossa (Yee et al. 2016).
(C) Homo Sapiens (human) scale bar represents 165 cm height
and green box represents the 5 cm2 olfactory epithelium surface
area in one nasal fossa (Purves et al. 2001). Silhouettes from Adobe
Stock photos. Raw data shown in Table S3.

In mammals, the total surface area scales as Stotal, mammal
= 3300M0.62 and the sensing surface area scales as
Ssensing, mammal = 470M0.46. The scalings for sensing and
total surface areas are presented in Table 1. This result
that sensing surface area increase with body size is at
least qualitatively consistent with measurements of pri-
mates, which found that sensing length scale scales as
M0.484 (Smith et al. 2007).

Grouping the moth sensilla and mammal epithelium
measurements together gives an aggregate scaling for
the sensing olfactory sensing surface area, Ssensing, all =
450M0.38 with R2 = 0.84. Doing the same for total ol-
factory surface area yields Stotal, all = 4600M0.49 with R2

= 0.98. The high coefficient of determination for each
of these aggregate scalings shows that power laws well
describe the olfactory surface areas for both moths and
mammals.

We define the sensing proportion as the ratio of the
sensing surface area to the total surface area of the ol-
factory organ. Considering the pre-factors of the power
law exponents in Table 1, the sensing proportion is 1:8
for insects and 1:7 for mammals. Thus, nearly 86–88%
of the olfactory organ is not explicitly used for sensing.
Since the animals considered span 8 orders of magni-
tude in body size, the proportion is highly conserved
across body size. The sensing proportion reflects the
costs of carrying around a larger olfactory organ than
necessary. At least for moths, such an organ can accrue
drag and require energetic costs to grow and maintain.
The sensing proportion is a purely a macroscopic pa-
rameter and does not consider inter-species differences
in olfactory sensory neuron size. Moreover, the parame-
ter should not be confused with other parameters of in-
terest such as discrimination, sensitivity, or acuity. Sen-
sitivity is the ability to sense low concentrations, and
is known to relate to the overall number of receptors
(Smith and Bhatnagar 2004). Discrimination is the abil-
ity to distinguish different odors, and depends on the
variety of receptor types or olfactory genes involved. Ol-
factory acuity is likely a combination of both sensitivity
and discrimination, which do not relate to our defini-
tion of efficiency.

The mammalian total olfactory surface area is
roughly isometric, with an exponent of 0.62 (close to
0.67 as required by isometry). However, all other sur-
face area trends scale with exponents ranging from
0.34 to 0.49 (Fig. 2B and Table 1). The fact that all
of these exponents are smaller than 0.67 indicates
that moths, representing the smaller animals studied,
have proportionally more olfactory sensing area than
mammals.

Without such complex 3D structures to pack large
surface areas into small volumes, the olfactory system
would be ungainly to carry and accrue large aerody-
namic drag. In Fig. 3A–C, we show that one antenna of
a gypsy moth has a sensilla surface area of 50 mm2. The
coyote’s olfactory epithelium surface area in one nasal
fossa is 100 cm2 (similar to a DVD). One nasal fossa
of a human’s olfactory epithelium surface area is 5 cm2.
From this visual representation of moths and mammals,
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Fig. 4 Relation between olfactory sensory neuron (OSN) density
(OSNs/mm2) and body mass M (kg). Squares represent insect OSN
density and triangles represent mammal OSN density. Data for
each measurement category was collected from the following
literature sources: OSN count (Galizia and Sachse 2010; Breer
et al. 2019; Meisami 1989; Kawagishi et al. 2014; Moulton and
Beidler 1967; Gasser 1956; Allison and Turner Warwick 1949;
Meisami et al. 1990), and OSN density (Horowitz et al. 2014).

it is clear that the proportion of sensing surface area de-
creases with body size.

Fig. 4 shows the relation between OSN density and
body mass for seven insects and seven mammals. Qual-
itatively, both insects and mammals have a decreasing
density of OSNs with increasing body size. Moreover,
the density has an upper limit of roughly 120,000 OSNs
per mm2.

Closely related species might have a similar olfac-
tory surface area due to their closeness rather than due
to adaptive reasons. We performed statistical analysis
to test the hypothesis that the trends observed are due
to phylogenetic closeness (see Methods). We find a P-
value of 0.063 and 1.37e-08 for mammalian epithelium
(sensing) and turbinates (total) surface area, respec-
tively (Table 1). As the P-value is less than 0.05 for the
total surface area, our hypothesis is supported for the
total olfactory surface area of the mammalian species
studied. Future researchers might need to add more
data points for the total surface area of mammals to
draw broader conclusions.

For the moth species examined, we performed sta-
tistical analysis to determine if the trend is due to
distance from neighboring species using Abouheif’s
autocorrelation index. We find that moth species
mass, sensilla surface area, and total antenna sur-
face area are not correlated with neighboring species
(Table 1).

Discussion
Previous work only established scaling laws for the ol-
factory sensing surface areas of primates (Smith and
Bhatnagar 2004). Here, we expand upon these laws by
aggregating additional mammal and moth data. Fur-
thermore, we test previous conclusions that neuronal
density is highly variable across closely related species
(Collins et al. 2010). Using 14 data points, we find that
olfactory sensory neuron density is bounded for both
insects and mammals at 120,000 OSNs per mm2, al-
though more data will be needed to validate this result.
The goal of our presentation of OSN density was to de-
termine order-of-magnitude bounds across species, and
to acheive that goal we made a number of assumptions.
OSN density is defined as the ratio of the number of
neurons to the area observed. The density we presented
is only valid for the areas measured by microscopy. In
fact, the density may vary with position in the olfactory
system. Moreover, previous work that provided OSN
numbers supplied a range of values. Instead of report-
ing a range, we report the average value in that range,
again with the goal of achieving order-of-magnitude es-
timates.

We also give a caveat regarding our measurements of
olfactory surface area. For mammals, the surface areas
of the olfactory system are estimated using image anal-
ysis of CT scan. However, for the moths, we assumed
simple geometric shapes such as cylinders for the shape
of antenna. Lastly, olfactory neurons themselves vary
greatly in their size and in their sensitivity to olfactory
molecules. Therefore our measurements of surface area
alone cannot be used to determine olfactory acuity.

An important consideration following the discussion
of OSN density is the diversity of olfactory receptor
(OR) genes. The repertoire of functional OR genes is
known to vary extensively among different species, with
approximately 1200 functional OR genes in rats, 400
in humans, and 150 in zebrafish (Niimura 2009). The
OR repertoire for mammals is encoded by roughly 900–
1500 genes, while that of some invertebrates is encoded
by only a few hundred genes, including just 60 identi-
fied genes in the Drosophila (Gaillard et al. 2004). On
average, insects have a much smaller OR gene reper-
toire than mammals, meaning their olfactory capabil-
ities may be more specialized towards particular odor-
ants. Therefore, further research that factors in the OSN
density per each different receptor is required to com-
pare specificity and sensitivity.

Our analysis of accounting for phylogenetic closeness
of the species showed that phylogenetic closeness does
play a role in the mammalian total olfactory surface
area. As the majority of the species studied were in the
Canidae family, more diverse range of clades are needed
to increase the significance our our scaling law for to-
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tal surface area. Moreover, given the greater number of
extant moth species compared to that of mammals, the
total surface area scaling data could benefit from added
phenotypic diversity among insects as well.

In our reporting of the sensing proportion, we as-
sume that sensing and non-sensing surface areas of the
olfactory organ are non-intersecting. However, in some
animals, this distinction may not be so clear. Warm-
ing and humidifying the air are implicated with non-
olfactory parts of turbinates, and these parts tend to
scale isometrically (Smith et al. 2007). Olfactory zones
may have dual functions for both respiration and olfac-
tion. Such dual-function turbinates are more common
in shorter-snouted mammals such as cats than long-
snouted mammals such as dogs (Pang et al. 2016).

The diversity of olfactory systems becomes even
broader if we consider underwater olfaction. Our study
focused on olfaction in air; olfaction underwater in-
volves higher fluid density, higher viscosity, and lower
diffusion rates of olfactory molecules. Discussions of
the underlying physics can be found in recent work
on chemical detection of lobsters and crayfish (Koehl
et al. 2001; Moore and Crimaldi 2004; Waldrop et al.
2018). In addition, there remain many questions regard-
ing animals that can detect chemical signals in both air
and water. Crabs, for example, use the same antennules
to sniff in both terrestrial and aquatic environments.
Amphibians undergo morphological and physiologi-
cal changes to the respiratory system as they transition
from aquatic to dual aquatic-aerial breathing (Burggren
and Infantino 1994). Measurement of their olfactory or-
gans at different stages of transitioning to air breathing
may offer additional insight into the evolutionary pur-
pose of the mucus coating on sensing surfaces. In fully
developed amphibians, water must be cleared from the
nasal passages to allow chemical sensing when the ani-
mal transitions from water to air.

Conclusion
In this work, we presented scaling laws for the sur-
face area and neuron density of the olfactory organs of
moths and mammals across nine orders of magnitude in
body mass. We showed that the total olfactory surface
area is 7-10 times the sensing surface area. The olfac-
tory sensory neuron density had a relatively small range
of 10,000 to 100,000 neurons per square mm across
the insects and mammals studied. Measuring surface
area and neuron density is an important first step in
understanding the scaling of olfaction with body size.
Understanding olfactory sensitivity and discrimination
across body size are difficult interdisciplinary problems
that require consideration of olfactory genes and fluid
flows. Currently the rate-limiting step in this approach

are the methods of measuring olfactory surface area for
diverse species of animals using such CT scanning and
LEXT confocal microscopy. We hope that this work will
encourage basic research in this topic, which will help
identify further unifying perspectives in olfaction.
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