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The morphology of the nasal cavity in mammals with a good sense of smell
includes features that are thought to improve olfactory airflow, such as a
dorsal conduit that delivers odours quickly to the olfactory mucosa, an
enlarged olfactory recess at the back of the airway, and a clear separation
of the olfactory and respiratory regions of the nose. The link between
these features and having a good sense of smell has been established by
functional examinations of a handful of distantly related mammalian
species. In this paper, we provide the first detailed examination of olfactory
airflow in a group of closely related species that nevertheless vary in their
sense of smell. We study six species of phyllostomid bats that have different
airway morphologies and foraging ecologies, which have been linked to
differences in olfactory ability or reliance. We hypothesize that differences
in morphology correlate with differences in the patterns and rates of airflow,
which in turn are consistent with dietary differences. To compare species, we
make qualitative and quantitative comparisons of the patterns and rates of air-
flow through the olfactory region during both inhalation and exhalation across
the six species. Contrary to our expectations, we find no clear differences
among species in either the patterns of airflow through the airway or in rates
of flow through the olfactory region. By and large, olfactory airflow seems to
be conserved across species, suggesting that morphological differences
appear to be driven by other mechanical demands on the snout, such as breath-
ing and feeding. Olfactory ability may depend on other aspects of the system,
such as the neurobiological processing of odours that work within the existing
morphology imposed by other functional demands on the nasal cavity.

1. Introduction

Mammals that have a good sense of smell tend to have a suite of morphological
features in their nasal cavity that are thought to be adaptations for improved olfac-
tory ability. These features include a narrow, dorsal conduit for olfactory airflow,
an enlarged cavity (the olfactory recess) at the back of the nasal airway and a clear
separation of the olfactory region of the nose from the respiratory region [1-4]. All
of these features impact the way air moves through the nasal cavity. The dorsal
conduit delivers inhaled odorant-laden air relatively quickly to the back of the
nose, where most of the olfactory epithelium is located [5]. We refer to this
region as the ‘ethmoturbinate region’, because the ethmoturbinate bones, which
are lined with olfactory mucosa, occupy this voluminous space. Once air reaches
the ethmoturbinate region, it slows down dramatically, and it gradually courses
ventrally and laterally, before exiting the nasal cavity at the back of the nose along
with the respiratory air currents. Within the ethmoturbinate region is the olfactory
recess, which is a blind pocket at the back of the nasal cavity. The principal func-
tion of the olfactory recess may be isolating the inhaled, odorant-laden air from
exhaled respiratory air currents, which would otherwise be washed out by freshly
inhaled odorants from the ethmoturbinate region [4-7].

The relationship between the morphology of the airway and olfactory air-
flow is based on detailed functional examinations of only a few species.
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These studies have tended to focus on extremes in terms of
both anatomy and olfactory ability: mammals with a large,
restricted olfactory region and a well-developed sense of
smell on the one hand (e.g. dogs [3,5]; rats [6—8]), and those
with a small olfactory region and poorly developed sense of
smell on the other (e.g. humans [9,10]). To date, no study has
attempted to use a group of closely related species to more pre-
cisely link differences in their apparent reliance on olfaction
with differences in airway morphology and patterns of airflow.

In this paper, we address this deficiency in our under-
standing by studying the anatomy and patterns of olfactory
airflow in six species of ecologically diverse New World
leaf-nosed bats (Family Phyllostomidae). These six species
exhibit a broad range of dietary preferences that have been
linked to differences in olfactory reliance. Our sample
includes two basal insectivorous species (Macrotus waterhousii
and Mimon crenulatum), two nectar-feeding bats (Glossophaga
soricina and Anoura geoffroyi) and two frugivores (Carollia
perspicillata and Artibeus jamaicensis; figure 1). Comparative
neurobiological studies have consistently demonstrated that
fruit- and nectar-feeders have larger olfactory brain structures
compared with insectivores of the same brain and body size
[11-13]. This has led some authors to suggest that diet is a
major driving force in the evolution of differently sized olfactory
regions (e.g. [12]). Behavioural studies support this suggestion.
In fruit-eating bats like Artibeus and Carollia, olfactory cues are
important in the detection and initial localization of food, and
in distinguishing ripe from unripe fruit [14,15]. The nectar-
feeders Glossophaga and Anoura also appear to rely on olfactory
cues to detect food resources [16]; indeed, the ‘chiropterophilly”’
floral syndrome includes characteristic odours [17-19].
However, these species generally switch to echolocation as
they approach flowers [20]. Basal insectivores like Mimon and
Macrotus probably do not use olfactory cues when foraging
[15], although odours may be important in social interactions.
For example, the closely related basal insectivore Phyllostomus
discolor uses odour in mother—pup recognition [21].

The six species in our study also differ in the anatomy of
their nasal cavity (figure 1). The rostra of fruit-eaters tend
to be anteriorly—posteriorly compressed relative to those of
basal insectivores, which allows them to generate relatively
higher bite forces than longer-snouted species [22—-24]. These
species also tend to have ethmoturbinate spaces that are hori-
zontally oriented (figure 1). Nectar-feeders, on the other
extreme, tend to have elongated rostra, which extends the
anterior region of their nasal cavities and vertically flattens
the ethmoturbinate spaces (figure 1) [25]. The nasal cavities
of insectivores tend to be intermediate between these two
extremes (figure 1). Variation in the morphology of the nasal
cavity among phyllostomids allows us to explicitly test the
idea that morphological differences in the nasal cavity are
associated with different patterns of olfactory airflow. Specifi-
cally, we predict that fruit- and nectar-feeders will have
higher flow rates through the dorsal conduit compared with
insect-feeders, to deliver odorants to the ethmoturbinate
region more rapidly. We also predict that fruit- and nectar-
feeders will have lower flow rates in the ethmoturbinate
region compared with insect-eaters, because lower flow rates
improve the efficiency of absorbing odorants [8,26]. Finally,
we predict that during exhalation, more flow will bypass the
olfactory recess and ethmoturbinate region in fruit- and
nectar-feeders compared with insect-feeders. This would be
beneficial because it would prevent recently inhaled odours
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Figure 1. Phylogenetic relationships of the six species of bats used in our study,
together with a lateral view of the right nasal airway for each species. Three-
dimensional models are scaled to the same height, to give a sense of the
dimensions of the airway regardless of size. Names of taxa are colour-coded to
reflect diet: orange, insects; maroon, nectar; lavender, fruit. ant., anterior;
(, choana; DM, dorsal meatus; ET, ethmoturbinate region; MS, maxillary sinus;
N, naris; ND, nasopharyngeal duct; OR, olfactory recess. (Online version in colour.)

from being washed out during exhalation, thereby increasing
the amount of time odorant molecules are in contact with
olfactory receptors lining the ethmoturbinate region.

2. Material and methods

We constructed three-dimensional models of six species of bats
from CT scans generated at the Harvard Center for Nanoscale
Systems (table 1). For each species, we constructed a 3D stereo-
lithography (STL) file from the CT scans as follows (see [4] for
additional details). First, an image stack was brought into
Mmvics v. 16.0 (Materalise, Leuven, Belgium). Once imported,
we digitally isolated the airway by using a combination of
thresholding and individual editing of slices, sometimes with
the aid of comparisons to histological preparations (see [32], for
details of the histological procedure). We imported the STL
into Geomacic Stupio v. 12.0 (3D Systems, Rock Hill, SC),
which we used to further refine the model because the fluid
dynamics software requires a smooth mesh. At this step, we arti-
ficially elongated the nasopharyngeal meatus (ventral-most
posterior channel of the nasal cavity) to ensure fully developed
flow during exhalation in our region of interest (i.e. the ethmo-
turbinate region). The artificially elongated segment varied in
length in each model, according to the equation

L. = 0.06Re x D, @.1)

where L, is the entrance length (i.e. the length of the elongated
segment, in mm), Re is the Reynolds number (approx. 20 for
each model) and D is the diameter of the nasopharyngeal
meatus (in mm), which approximates the geometry of a pipe.
For our models, L. varied from 0.6 mm in Mimon crenulatum to
2.4 mm in Artibeus jamaicensis.
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Table 1. Details of the specimens, scanning and model parameters used in this study. AMNH, American Museum of Natural History.

pixel size no. elements

species (um) in final model
Macrotus waterhousii 275472 19.9 622 448

Mimon crenulatum 267888 . 18.2> o 6‘3F6 55‘0“
Anoura geoffroyi 199538 243 616 119
Glossophaga soricina 260065 19 622685
Carollia perspicillata 261433 243 623 269
Artibeus jamaicensis 267998 26.7 633 591

Once the STL file was sufficiently refined, we re-imported
it back into Mimics, where we created a solid model of the
airway. For each species, the solid model comprises approximately
625000 four-noded tetrahedral elements (table 1). We performed
a grid-refinement study by examining patterns and rates of flow
in models with twice and four times as many bricks. We did
not find notable differences in either parameter, corroborat-
ing our previous work [4], and indicating that the approximately
625 000-tetrahedra models were sufficient for this study.

All six solid models were exported from Mmmics as MSH files,
which were compatible with our computational fluid dynamics
(CFD) software, OPENFOAM v. 1.6-ext (www.openfoam.org). We
used OPENFOAM to solve steady-state solutions of inhalation and
exhalation. For each simulation, we applied a constant inflow vel-
ocity across the inlet (i.e. the naris during inhalation, and the
choana during exhalation), a zero velocity gradient and constant
pressure boundary at the outlet (i.e. the choana during inhalation,
and the naris during exhalation). We scaled the volumetric flow
rate in each species by applying the allometric equation (from [5])

Qpeak = 1.43M1 ##£005, 22

where Qpe.i is peak inspiratory flow rate (i.e. during sniffing) and M
is the body mass (in grams). Each value of Qpcac Was converted to
flow velocity by dividing it by the area of the inlet normal to the direc-
tion of flow. The final velocities applied during both inhalation and
exhalation for all six models can be seen in table 1. We performed a
sensitivity analysis on flow rate by calculating volumetric flow rate
according to the error in the exponent in equation (2.2) (i.e. we calcu-
lated a high and low value of Qpe. by multiplying M by 1.07 and
1.01). The results were not appreciably different, so we only show
the results from using an exponent of 1.04. All simulations were
performed using the ‘icofoam” solver in OPENFOAM. Icofoam is
a second-order accurate finite volume method that solves the lami-
nar, incompressible, constant-velocity Navier—Stokes equations.
We used the kinematic viscosity of air at 30°C, which is 1.6 x
10° m?s ™', Though the velocity of air moving through the nasal
passages is in fact time-varying, we assumed steady-state flow to
match most previous work on the subject (e.g. [4-10]) and because
good agreement exists between patterns of flow between steady
and unsteady regimes [33].

To address our hypotheses, we performed both qualitative and
quantitative analyses of patterns and rates of flow using the visual-
ization software PAraviEwW v. 4.1.0 (Kitware, Clifton Park, New York,
NY). We compared patterns of flow by observing the location of
streamlines (i.e. lines of flow tangential to the direction of flow)
for each simulation. We visualized streamlines by colouring them
according to magnitude of the flow velocity. It was necessary to
scale the streamline colours to a maximum of 0.3 ms™ ' to achieve
a dispersion of colours. In reality, the maximum flow rates (which
occurred near the naris and the choana) were roughly an order of
magnitude higher than the upper colour bound.

inhalation exhalation average hody

velocity (ms™")  velocity (ms™")  mass (g)

1.04 30 x 107" 16 (28] |
902 x107" 354x 10" us 0

6.5 x 107" 225 x 107" 12.8 [29] N
965 x 107" 175 % 107 00 N

117 30x 107" 18.5 [31] F

164 275 % 107" 83 F

We also compared inhalation flow velocities in the ethmotur-
binate region. First, we identified an area within each model that
closely approximated the ethmoturbinate region. We then
selected this region as follows: we selected the first anterior—
posterior slice in which we saw a lateral expansion of the nasal
airway, and then expanded our selection to include the folded
regions between ethmoturbinates. We then used the pattern of
streamlines during inhalation to remove portions of the selected
area that were predicted to transmit only respiratory flow. Once
the ethmoturbinate region was selected for each species, we cal-
culated average flow velocity in the region by integrating flow
velocity in each brick over the selected volume. For each species,
we repeated the process of selecting the ethmoturbinate region and
calculating average flow velocity a minimum of three times, to
assure that our selection procedures and calculations were repeata-
ble. We found variation in flow velocity to be under about 10%, so
we report values rounded to the nearest order of magnitude.

It is important to point out that no statistical analyses are poss-
ible in this study, because there is no ‘sample size” in the traditional
sense. Each species is represented by a model of only one speci-
men, so there is no intraspecies variability to report. Therefore,
we have tried to not over-interpret quantitative values produced
from our analyses, and we do not present any statistical differences
between species, or other similar quantities.

3. Results

Patterns of flow during inhalation in all species show that most
air passes ventrally through the nasal airway, en route to the
nasopharyngeal duct (figure 2). Air that enters the naris dor-
sally tends to flow via a dorsal conduit to the rear of the
nasal cavity (i.e. the ethmoturbinate region), where most of
the olfactory epithelium is located. Compared with the ethmo-
turbinate region, flow along the dorsal conduit tends to be
faster. Once air from the dorsal conduit reaches the ethmotur-
binate region, it slows down substantially. As it does so, it
migrates ventrally and laterally (figure 2), before passing
over the transverse lamina and then exiting the airway at the
choana, along with the rest of the non-olfactory inhaled air.
We also calculated average flow velocity over the volume of
the nasal airway that encompassed the ethmoturbinate region.
Calculated flow velocities in this region were in the range
of 1.03 x 1072-153 x 10 >ms ! (figure 3a). There are no
significant differences among the dietary groups, though
nectar-feeders do seem to have slightly higher flow rates in
the ethmoturbinate region compared with fruit-eaters.
We also standardized flow rates by dividing flow speeds in
the ethmoturbinate region by the inhaled flow speed that
was applied at the inlet (i.e. naris). Doing so provided us
with a velocity-independent metric for how much the air
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Figure 2. Lateral (left) and dorsal (right) views of right nasal cavity of six species of bats, showing patterns and rates of airflow during inhalation. Flow paths are
shown as streamlines, and rates of flow are shown in colour. Inhaled air was forced through the naris (N) in the direction of the large blue arrow. Streamlines are
scaled to the same velocity magnitude in all six models. Dashed lines separate regions of interest. In the lateral views, note in general how a dorsal meatus (DM) of
relatively high flow speeds delivers air to the more posterior ethmoturbinate region (ET), where flow speeds tend to be lower. After passing through the ethmo-
turbinate region, flow passes over the transverse lamina (TL) and exits at the choana (C). In the dorsal views, note the lateral streamline (LS) that migrates ventrally
and laterally before exiting the airway (ant., anterior). (Online version in colour.)

passing through the ethmoturbinate region slows down com- inhalation (figure 2). They all have a dorsal conduit through
pared with inhaled flow speeds. Figure 3b shows that the which inhaled air moves before reaching the convoluted ethmo-
flow speed in the ethmoturbinate region is approximately 1% turbinate region, where flow speeds decrease substantially. We
of the flow speed at the naris. Nectar-feeders seem to perform do not find notable variation across species in the rates of flow
slightly more poorly as judged from this metric, though only through this dorsal conduit. From here, air tends to enter the
by a factor of about four at most (2.4% in Anoura geoffroyi ethmoturbinate region medially (figure 2). Once within the
versus 0.6% in Artibeus jamaicensis). ethmoturbinate complex, air passes laterally and ventrally,

During exhalation in all species, most air again bypasses before finally meeting up with the respiratory flow and exiting
the ethmoturbinate region on its way through the main via the choana. The quantitative results supplement these
airway (figure 4), although some flow does pass through the qualitative findings in important ways. Rates of flow in the eth-
ethmoturbinate region before exiting at the naris. As during moturbinate region do not vary substantially among the six
inhalation, exhaled air that passes through the ethmoturbinate species, varying only by a factor of 1.5. Even though the flow
region tends to be moving much more slowly than the air that speed in this region is highest in the nectar-feeding species
passes through other parts of the nasal airway. and lowest in the fruit-eaters, it is not clear whether this vari-

ation is meaningful. The flow speeds we predict in the

ethmoturbinate region are within the range seen in rodents

. . [6], raising the possibility that an optimum or range of optima

4. Discussion may exist for flow speeds that successfully deliver odorants
Despite their significant morphological differences, all six to olfactory receptors. To more fully address this idea, per-
species showed similar patterns and rates of airflow during forming analyses of odorant deposition during transient
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Figure 3. (a) Average flow velocity in the ethmoturbinate region during inhalation across six species of bats. (b) Relative flow velocity in the ethmoturbinate region
(i.e. ethmoturbinate velocity divided by velocity at the inlet) across six species of bats, expressed as a percentage. In both plots, species are enclosed within a box

that is colour-coded according to diet as in figure 1. (Online version in colour.)

Macrotus

velocity
magnitude (ms™)

Figure 4. Lateral view of the right nasal cavity showing patterns and rates of
airflow during exhalation. The paths of flow are indicated by streamlines, and
rates of flow are indicated by colour. Exhaled air was forced through the
nasopharyngeal duct at the location of the large blue arrows. Streamlines
are scaled to the same velocity magnitude in all six models. Note in general
how streamlines pass through the olfactory/ethmoturbinate region (ET),
suggesting that this region is not isolated from expiratory airflow. Labels
as in figure 2. (Online version in colour.)

(i.e. time-varying) flow would be beneficial. Unfortunately, such
an analysis is not feasible given current modelling techniques
and computational power.

The patterns of airflow during inhalation seen across all six
bat species are very similar to those observed in dogs and rats
[5,7], perhaps suggesting common functional demands for
olfactory airflow and performance across a broad array of
mammals. During exhalation, however, bats differ from
rodents and dogs, in which all exhaled air is predicted to
bypass the olfactory recess. Rather, in all six species of bats,
our models predict that some air passes through the olfactory
recess before being finally exhaled. This is especially surprising
in species like Mimon crenulatum and Carollia perspicillata,
which have fairly large olfactory recesses that contain as
much as a third of all of the olfactory epithelium [32]. The
implication of this finding is that, rather than sequestering
recently inhaled air from exhalation, the primary functions of
the olfactory recess in these phyllostomid bats may be to
expand the surface area available for the olfactory epithelium
and slow down inhaled air to improve odorant absorption
across this epithelium. Some computational support for this
idea was found by Eiting et al. [4], who showed in an exper-
imental modelling study that, all else being equal, a larger
olfactory recess produces lower rates of flow through this
region during exhalation.

The suggestion that the olfactory recess functions to
reduce airflow speed is tentative because the effect of low
flow speed on odorant transport and deposition may be
context-dependent. Studies have fairly consistently shown
that higher flow rates produce greater total odorant absorp-
tion by the olfactory epithelium; faster flow means more
odorant particles are absorbed per unit time [8,34]. This
could be beneficial to species that are trying to detect environ-
mental odorants in low concentrations. For example, the bat
Carollia perspicillata is known to increase its sniffing frequency
(and thus its flow rate) when sampling odorants just above
threshold concentration [14]. A similar result is also found
in the rat [35]. However, higher flow rates also produce less
relative odorant absorption. In other words, as flow rate
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increases, a smaller fraction of suspended odorant molecules
is absorbed by the olfactory epithelium. This might not be a
problem if an animal is trying to detect strong odours, but
if the goal is to maximize discrimination among odorants,
or if odorants are present at very low densities or in a finite
quantity, then improving absorption efficiency (i.e. relative
odorant flux) via lower flow rates may be important.

Many studies have shown that odorants with different
solubilities are deposited along different regions of the olfac-
tory mucosa [8,34-37]. This separation of odorants along the
path of flow matches, at least to a first approximation, the
location of the relevant olfactory receptors within the olfactory
epithelium [38,39]. Performing transient analyses of odorant
deposition would be an informative way to examine the gener-
ality of the hypothesized link between the ‘inherent” pattern of
olfactory gene expression and the ‘imposed’ pattern of odorant
delivery by inhaled air (terminology after [37]). Such analyses
would also allow us to generate hypotheses about the location
and relative abundance of particular types of olfactory recep-
tors expressed throughout the epithelium, and the possible
link with ecologically relevant odours.

Despite notable variation in the shapes of the nasal pas-
sages in phyllostomid bats, the patterns and rates of airflow
across the clade appear very similar (figures 2—4). These results
suggest that olfactory airflow and its relationship to the mor-
phology of the nasal airways may be a case of many-to-one
mapping, in which functional similarity can occur despite mor-
phological variability [40,41]. In the four-bar linkage system of
fish jaws, for instance, functional equivalence in kinematic
transmission can be produced through a variety of morpho-
logically distinct phenotypes [42]. If the nasal cavity is yet
another example of this phenomenon, then the morphology
of the airway may not be under strong selection pressure to
change with shifting olfactory functional demands. Stated
another way, there may be strong selection for olfactory func-
tion, such as reducing flow rates and recirculating airflow in
the olfactory recess, but this functionality can be achieved
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