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Abstract

Turbinals are key bony elements of the mammalian nasal cavity, involved in
heat and moisture conservation as well as olfaction. While turbinals are well
known in some groups, their diversity is poorly understood at the scale of pla-
cental mammals, which span 21 orders. Here, we investigated the turbinal
bones and associated lamellae for one representative of each extant order of
placental mammals. We segmented and isolated each independent turbinal
and lamella and found an important diversity of variation in the number of
turbinals, as well as their size, and shape. We found that the turbinal count
varies widely, from zero in the La Plata dolphin, (Pontoporia blainvillei) to
about 110 in the African bush elephant (Loxodonta africana). Multiple turbinal
losses and additional gains took place along the phylogeny of placental mam-
mals. Some changes are clearly attributed to ecological adaptation, while
others are probably related to phylogenetic inertia. In addition, this work high-
lights the problem of turbinal nomenclature in some placental orders with
numerous and highly complex turbinals, for which homologies are extremely
difficult to resolve. Therefore, this work underscores the importance of
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1 | INTRODUCTION

The evolutionary success of mammals is often linked to
their ability to maintain a stable internal body tempera-
ture, regardless of external environmental fluctuations.
This adaptive trait allows mammals to inhabit a wide
range of ecological niches that are often inaccessible to
ectothermic organisms (Lovegrove, 2012). Furthermore,
their highly developed sensory systems, particularly
olfaction, are thought to have played a pivotal role in
their survival, influencing crucial behaviors such as
reproduction and foraging (Evans, 2003; Martinez
et al., 2018; Stoddart, 1980; Yohe et al., 2022). These two
key factors in the mammalian diversification, tempera-
ture regulation and olfaction, are enabled, to some extent
by turbinals (= scrolled or branched bones within the
nasal cavity).

In the anterior region of the nasal cavity, the respira-
tory turbinals are lined with a highly vascularized
mucosa with ciliated epithelium and mucous glands
involved in heat and moisture retention (Martinez,
Amson, Ruf, et al., 2024; Negus, 1958). When air is
inhaled, it comes into contact with the vascularized ante-
rior portion of the respiratory turbinals, where it is
warmed to body temperature. In the meantime, contact
with nasal mucus moistens the air. During exhalation,
this warmed air is cooled by the anterior part of the respi-
ratory turbinals, which were previously cooled by the
incoming air. This decrease in temperature causes water
from the nasal cavity to condense, resulting in the expul-
sion of drier air (Collins et al., 1971; Jackson & Schmidt-
Nielsen, 1964; Schmidt-Nielsen et al., 1970). In the poste-
rior region of the nasal cavity, the olfactory turbinals are
involved in olfaction (Martinez, Amson, Ruf, et al., 2024,
Negus, 1958) and are lined with an olfactory epithelium
containing olfactory receptor neurons (Martinez, Amson,
Ruf, et al., 2024; Negus, 1958; Smith et al., 2004; Yee
et al., 2016). When odor molecules enter the nasal cavity
through inhalation or sniffing, part of these molecules
are trapped in the olfactory epithelium, and the informa-
tion is transmitted to and processed in the olfactory bulbs
via cilia, olfactory receptors, and olfactory nerves. This
sensory information is then further processed in other
parts of the brain, such as the olfactory cortex (Wilson &
Sullivan, 2011).

developmental studies to better clarify turbinal homology and nomenclature
and provides a standardized comparative framework for further research.

comparative anatomy, evolution, nasal cavity, olfaction, thermoregulation

Respiratory and olfactory turbinals have been shown
to be associated with ecological adaptation in mammals
(Martinez et al., 2020; Van Valkenburgh et al., 2011). For
instance, the development and complexity of turbinals
have been linked to diet (Martinez et al., 2018; Melin
et al.,, 2022) or aquatic adaptation (Green et al., 2012;
Martinez et al., 2020; Martinez, Courcelle, et al., 2023;
Martinez, Okrouhlik, et al.,, 2023; Van Valkenburgh
et al.,, 2011, 2014). Turbinal anatomy has been best
documented in bats (e.g., Bhatnagar & Kallen, 1974;
Giannini et al., 2012; Ito et al., 2021; Smith et al., 2012,
2022; Smith, Corbin, et al., 2021; Smith, Craven,
et al., 2021), primates (Lundeen & Kirk, 2019; Maier &
Ruf, 2014; Smith et al., 2004; Smith & Rossie, 2008;
Smith, Rossie, & Bhatnagar, 2007), some carnivores
(Green et al., 2012; Van Valkenburgh et al., 2011, 2014;
Wagner & Ruf, 2019, 2021), some rodents (Martinez
et al., 2018, 2020; Martinez, Courcelle, et al., 2023;
Ruf, 2020; Smith & Bonar, 2022), some eulipotyphlans
(Ganeshina et al., 1957; Ito et al.,, 2022; Martinez
et al., 2020; Woehrmann-Repenning & Meinel, 1977),
and in marsupials (Macrini, 2012, 2014; Macrini
et al., 2023; Rowe et al., 2005). Apart from seminal
works on a limited number of species (Fawcett,
1921; Fischer, 1901; Paulli, 1900a; Paulli, 1900b;
Paulli, 1900c; Starck, 1960; Voit, 1909), some orders
have been clearly neglected, especially at the adult
stage. There are several reasons for this, including the
fact that access to turbinals was extremely cumbersome
and destructive, prior to the advent of computed
tomography (CT) technology. Large skulls are still
challenging to scan, due to technical limitations associ-
ated with high-resolution CT-scanners. More impor-
tantly, some species have numerous and highly
complex turbinals, making the segmentation process
very tedious and time consuming. To fill this gap and
better understand the evolution and diversity of the
turbinal number and complexity in adult placental
mammals, we isolated each turbinal individually in
one species from each order of placental mammals. We
then proposed an attempt to establish turbinal homolo-
gies across the sampled species. This study aimed to
provide a standardized comparative anatomical frame-
work that can serve as a potential basis for future
research.
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2 | MATERIALS AND METHODS

Twenty-one species, representing all extant orders of pla-
cental mammals, were studied (Figures 1 and 2). X-ray
micro-computed tomography (pCT) data were acquired
for this study or were available on MorphoSource (see
SI1). Individuals were selected based on their turbinal
preservation as well as the availability of specimens or
CT data. This dataset was built selecting one species per

FIGURE 1

Lama glama - Atiodactyla
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order of placental mammals, which may not be represen-
tative of the diversity of the entire order. For the anterior
part of the respiratory turbinals, which can be difficult to
assess for damage, we thoroughly examined other CT
data and skulls whenever possible to ensure accuracy.
Additional individuals from the species presented in this
study, as well as other species, were examined to provide
a broader overview and confirm some of the patterns dis-
cussed herein.
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Sagittal views of the skull and segmented turbinals representing the diversity of turbinal bones across 21 orders of placental

mammals. Colors correspond to potential turbinal homologies. Tree topology after Upham et al. (2019). Skulls and 3D renderings not to

scale.
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FIGURE 2 Details of the turbinals in lateral (left) and medial (right) views, along with their count (for only one side), across placental

mammal orders. 3D renderings not to scale.
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In most species (see SI1), bony elements from one
side of the skull were isolated using the structure
enhancement filter option in Avizo 3D 2021.2 (Thermo
Fisher Scientific). Threshold values were adjusted in
each species to better match the actual turbinal bony
thickness. The turbinals were then manually isolated
from the other bony elements, and the segmentation
was refined. In some species, turbinals were manually
segmented (see SI1).

In this study, we used the terminology of fronto- and
ethmoturbinals adapted from Paulli (1900a), Paulli
(1900b), and Paulli (1900c) (see also Maier, 1993;
Voit, 1909) and based on homology determined by devel-
opmental studies (e.g., Ito et al., 2021, 2022; Macrini,
2014; Macrini et al., 2023; Ruf, 2020; Smith et al., 2023;
and see review in Martinez, Amson, Ruf, et al., 2024).
The colored turbinal renderings and legends as displayed
in the figures represent the hypothesized identification
and delimitation (Figures 1-14). However, alternative
hypotheses may be discussed or proposed. For example,
dark gray colors annotated as “unidentified lamella” con-
vey uncertainty (discussed in the text), and dashed lines
on the semicircular lamella of Trichechus manatus
(Figure 10) and on the nasoturbinal of Lama glama
(Figure 9) represent potential sutures indicative of alter-
native delimitations. In most species, turbinal colors rep-
resent likely turbinal homology across species; however,
in species with numerous turbinals that are intricately
intertwined, the homology remains unclear (see discus-
sion) and colors mostly represent the order of appearance
from the most medio-dorsal to the most medio-ventral
turbinal. This is for example the case for Dasypus, Loxo-
donta, and Orycteropus.

The nasoturbinal (nt), the semicircular lamina (sl),
and the maxilloturbinal (mt) have a uniquely defined
color across species according to potential turbinal
homology (nt is dark purple, sl is gray, and mt is light
purple). From the most medio-dorsal to the most medio-
ventral order, the frontoturbinals (fts) were alternatively
colored with two nuances of green. Here, we assigned the
turbinal directly dorsal to the ethmoturbinal I (etI) as a
frontoturbinal or an interturbinal (it) from the group of
frontoturbinals. Thus, in this study, the et represents the
first ethmoturbinal. Here, the pars anterior (pa) and pars
posterior (pp) of the ethmoturbinal I (et]) were colored in
red. The reader should be aware that what is referred to
here as etl pa and et pp are also named etI and etIl by
some other authors (see review in Martinez, Amson, Ruf,
et al., 2024). From the etI pp up to the medioventral-most
turbinal, all turbinals were considered to represent eth-
moturbinals. They were independently colored from et]
to etVI with potential homology. In Dasypus novemcinc-
tus, where numerous ethmoturbinals are present, the

ethmoturbinals were colored sequentially with alternat-
ing orange and yellow colors (Figure 13).

In an attempt to follow the common definition of
interturbinals (see Martinez, Amson, Ruf, et al., 2024),
we considered interturbinals to be less developed fronto-
or ethmoturbinals that did not extend as far (especially
medially) as others. In species with numerous fronto-
and ethmoturbinals, as well as complex turbinals, such
definition is difficult to apply objectively (see Discussion),
and many were defined using 3D rendering. For Canis
(Figure 7), the attribution does not only follow this com-
mon definition, as it was based on Wagner and Ruf
(2019), who documented multiple developmental stages
(but see Figure 7 and result section about the identified
frontoturbinal 4). All the attributions were performed by a
single operator. All but one of the interturbinals were simi-
larly colored. Among the interturbinals, one has received
more attention than the others in several studies
(e.g., Smith, Bhatnagar, et al, 2007; Smith, Rossie, &
Bhatnagar, 2007; Smith, Corbin, et al., 2021; Smith, Craven,
et al., 2021 and see Martinez, Amson, Ruf, et al., 2024), and
there is potential homology for this interturbinal across spe-
cies (see Martinez, Amson, Ruf, et al., 2024). This interturb-
inal, generally located between etI and etIl, is referred to
here as the main it and is colored white. When this homol-
ogy was unclear, the main it was identified as the first rela-
tively large interturbinal directly ventral to the etl pp. In
this study, in the coronal plane, all turbinals located ven-
trally to ethmoturbinal I (etl) are considered ethmoturb-
inals. This definition, therefore, includes the interturbinals
from this morphological space (including the “main” inter-
turbinal). However, in the figures, these turbinals are
named based on their potential homology, distinguishing
between the ethmoturbinals and interturbinals (see review
in Martinez, Amson, Ruf, et al., 2024. for a thorough discus-
sion about turbinal identification and counting).

In this study, we employed the term “recess” to
encompass all the cavities shaped by the turbinals, which
may be open or closed. However, it is likely that some of
these recesses could be classified as sinuses (see Billet
et al., 2017). The following description covers only one
side of the skull (inconsistently left or right side) and
therefore only half of all the turbinals. In addition, the
cetacean Pontoporia blainvillei displayed no identifiable
turbinal and is not described below. Except if explicitly
stated, turbinals are described in the result section in the
coronal plane from anterior to posterior.

For the figured timetree, we used the phylogeny of max-
imum clade credibility (MCC) obtained from 10,000 trees
sampled in the posterior distribution of Upham et al. (2019)
and pruned it to match the species sampled in our dataset
(Figures 1 and 2). For illustrative purposes, the species
Talpa europaea was replaced by Talpa aquitania, as the
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Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating a mouse

(Mus musculus domesticus, wild individual from Monastir, Tunisia, ISEM K7503) and a European rabbit (Oryctolagus cuniculus, DU BAA

0021). Skulls and 3D renderings not to scale.

latter is missing from the phylogeny used. The MCC con-
sensus tree was inferred using TreeAnnotator v.1.8.284
(Bouckaert et al., 2014) with a 25% burn-in. When perform-
ing the 3D rendering, some thin turbinals artificially
showed large holes due to smoothing parameters. To be
consistent with the actual segmentation and anatomical
reality, such large holes were sometimes artificially filled in
Photoshop for illustrative purposes only.

3 | RESULTS
3.1 | General comparative description
3.1.1 | Nasoturbinal and semicircular lamina

The relative size of the nasoturbinal (nt) shows some var-
iation among species, but is generally present as an
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Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating a northern

treeshrew (Tupaia belangeri, USNM 320690) and a Sunda flying lemur (Galeopterus variegatus, du ea 127). Skulls and 3D renderings not to

scale.

antero-posteriorly elongated lamella. The nt is absent in
Homo (Figure 5) and potentially in Galeopterus, Tapirus,
Loxodonta, and Trichechus (Figures 4, 8, and 10). In the lat-
ter, if present, the limit with the semicircular lamella (sI) is
unclear (Figure 10). In Galeopterus (Figure 4), if present,
the nt is extremely thin and reduced, and another posterior
lamella cannot be assigned to the nt with certainty (as in
Tupaia, Figure 4). A clear gap, suture, or delimitation
between the nt and the sl is present in Mus, Tupaia, and
Galegeeska (Figures 3 and 4). In the other species, a clear

continuity makes the exact delimitation more difficult to
ascertain. The sl is the lamella that shows the most varia-
tion among species and is the most difficult structure to
delineate because of its fusion with a number of additional
lamellae and turbinals (see below). For example, its ventral
projection is very large in Canis, Lama, and Orycteropus
(Figures 7, 9, and 12). Medio-dorsally, the main branch of
the sl is the support for numerous additional lamellae, cur-
rently attributed to the sl in Loxodonta, Orycteropus, and
Dasypus (Figures 10, 12, and 13).
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FIGURE 5 Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating a human
(Homo sapiens sapiens) and an Aquitanian mole (Talpa aquitania, ISEM QM). Skulls and 3D renderings not to scale.

3.1.2 | Maxilloturbinal

As previously described (Martinez, Okrouhlik,
et al.,, 2023), the maxilloturbinal (mt) shows significant
variation among mammals. In our sample, the mt might
only be lost in Trichechus and Pontoporia (Figures 1, 10).

Some species display highly complex mt, such as Orycto-
lagus, Erinaceus, and Canis (Figures 3, 6, and 7). Others
have highly developed but noncomplex mt, such as
Manis, Tapirus, Lama, Orycteropus, and Bradypus
(Figures 8, 9, and 12). In Loxodonta, the mt presents a
unique dorso-ventral orientation (Figure 10).

hy wouy pepeojumoq ‘0 ‘v6v82E6T

NyY) SUORIPUOD Pue SWB L 8Y1 885 *[7202/80]!

JUO A31/\ UO (SUO I IPUCD-PUER-SLLLRI WO B[ 1M AeIq 1 RUI

asUB217 SUOWIWOD aAa1D 3 |geal|dde ayy Aq pausenob ae sapiie YO ‘asn Josa




MARTINEZ Et AL.

Erinaceus europaeus - Erinaceomorpha
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FIGURE 6 Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating an European
hedgehog (Erinaceus europaeus, NHMUK 1958 60 212) and a Seba's short-tailed bat (Carollia perspicillata, NHMUK 66 3432). Skulls and 3D

renderings not to scale.

3.1.3 | Frontoturbinals and interturbinals

The number of frontoturbinals (fts), including the inter-
turbinals (its), varies from 0 in Homo and Pontoporia (and
possibly in Trichechus, Figures 5 and 10) to 34 in Loxodonta
(Figure 10). In Galeopterus, but more impressively in Lama,
the fis and its form large recesses (Figures 4 and 9). Also, in
Lama, the potential anterior part of the fi3 extends
extremely far anteriorly. In Orycteropus and Dasypus, the fis
and its are intricately intertwined (Figures 12, 13, and 14).
In taxa with a very large number of its, such as Loxodonta,

Orycteropus, and Dasypus, it is difficult to ascertain the turb-
inal number due to fusion with several lamellae at different
points (Figures 10, 12, 13, and 14). In species with numer-
ous or complex fts and its, attribution to ft or it is difficult
and mostly based on 3D rendering.

3.1.4 | The ethmoturbinal I

The ethmoturbinal I (etI) shows some variation across
species in terms of its extension into the nasal cavity. In
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Canis lupus - Carnivora frontoturbinal 3 (ft3) lateral
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FIGURE 7 Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating a gray wolf
(Canis lupus, uam 115907). Skull and 3D renderings not to scale.

some species, the etI extends very far anteriorly into the other species, it is restricted to the posterior part where it
nasal cavity relative to its length where it extends close to  extends only to half of the maximum length of the nasal
the opening of the nasal cavity (Tupaia, Galeopterus, cavity (e.g., Mus, Oryctolagus, Procavia, Figures 3 and 9).
Echinops, and Orycteropus; Figures 4, 11, and 12). In In most species with noncomplex or a low number of
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Manis javanica - Pholidota
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Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating a Sunda

pangolin (Manis javanica, USNM 144418) and a South American tapir (Tapirus terrestris; tmm m 16). Skulls and 3D renderings not to

scale.

turbinals, the pars anterior (pa) and posterior (pp) of the
et] are clearly identified in the medial view of the 3D ren-
derings. However, in species with a large number of turb-
inals or complex turbinals, the identification of the pa
and pp is more difficult, and the ventral most boundary
between the pp and the neighboring ethmoturbinal or
interturbinal is even more difficult to recognize. A clear
pattern in the morphology of the etl in Manis (see

Figures 8 and 14; see also Ito et al., 2023) helps us to
potentially identify the pa and pp in Tapirus and Loxo-
donta (Figures 8, 10, and 14), but this is less obvious in
Orycteropus and Dasypus, (Figures 12, 13, and 14). In
some species that display such complex patterns of etl,
such as in Manis, Tapirus, Loxodonta. and possibly Dasy-
pus (Figures 8, 10, 13, and 14), its are present between
the pa and pp.
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Lama glama - Artiodactyla
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FIGURE 9 Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating a llama
(Lama glama, USNM 278681) and a rock hyrax (Procavia capensis, umzc H5081A). Skulls and 3D renderings not to scale.

3.1.5 | Ethmoturbinals and interturbinals

The number of ethmoturbinals (ets), including the
interturbinals (its), varies from two in Homo (exclud-
ing Pontoporia where none are present) to 23-25 in
Tapirus (Figures 5, 8, and 14). Species with a large
number of turbinals also tend to be more complex in
shape, forming numerous scrolls and resulting in

densely packed turbinals with minimal space between
them. This is the case, for example, in Loxodonta,
Orycteropus, and Dasypus (Figures 10, 12, 13, and 14).
In these species, objective attribution to its or ets
remains difficult, but less so than in frontoturbinals.
Interestingly, there are some variations in the propor-
tions of ets and its. For example, Dasypus has 9 ets
and 13 its (including the “main” interturbinal (main
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FIGURE 10 Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating an African
bush elephant (Loxodonta africana, LACM 52471) and a West Indian manatee (Trichechus manatus, SMNS-Z-MAM-1125). Skulls and 3D
renderings not to scale.

it), Figures 13 and 14), and Loxodonta has 16 its potentially explaining some of these differences. As
(including the main it, Figures 10 and 14) but only  with the other olfactory turbinals, the ethmoturbinals
3 ets. However, the exact delimitation of the its is of Galeopterus and Lama show a unique pattern of
more difficult in Loxodonta than in Dasypus, recesses (Figures 4, 9).
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Echinops telfairi - Afrosoricida

Galegeeska rufescens - Macroscelidea

FIGURE 11
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Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating a lesser

hedgehog tenrec (Echinops telfairi, NHMUK 921164) and a rufous elephant shrew (Galegeeska rufescens, AMNH 118885). Skulls and 3D

renderings not to scale.

3.1.6 | The “main” interturbinal

The “main” interturbinal (main it) is only absent in Pon-
toporia and Homo (Figure 5) and in some individuals of
Oryctolagus, either on one side or both (=intra individual
variation, Figure 3). In species with a low number of eth-
moturbinals, the identification of the main it is generally
straightforward. However, in species where the exact pos-
terior delimitation of the etI is unclear, such as Oryctero-
pus or Dasypus, the identification of the main it remains
unclear (Figures 12, 13, and 14). In Loxodonta, other
smaller interturbinals lie between the larger interturbinal

identified as the main it, but its homology remains hypo-
thetical (Figures 10 and 14). In Galeopterus, Lama, and
Procavia, the main it forms a recess (Figures 4 and 9).

3.2 | Detailed anatomical descriptions

3.2.1 | Nasoturbinal and semicircular lamina
Mus—The nasoturbinal (nt) emerges dorsally and rap-
idly forms a laterally oriented scroll with an additional
small ventrally oriented lamella. The nt migrated
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FIGURE 12 Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating an aardvark
(Orycteropus afer, NHMUK 29958) and brown-throated sloth (Bradypus variegatus, USNM 549523). Skulls and 3D renderings not to scale.

laterally, reduced, and formed a small recess at its lateral
root. The delimitation along its entire length is not diffi-
cult. The nt is in contact with the semicircular lamina (sl)
but does not fuse with it, and a clear delimitation is visi-
ble. Posteriorly, the sl forms a recess between the lateral
wall of the nasal cavity and the skull roof, then opens

and separates into the uncinate process (up) and the dor-
sal parts of the sl. The dorsal part forms a small recess at
its ventralmost part and posteriorly forms a laterally
scrolled lamella that fuses and ends with the cribriform
plate. The up and the rest of the sl are separated by a
small suture along their length and are clearly separated
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FIGURE 13 Sagittal views of the skull and segmented turbinals, along with coronal sections of the nasal cavity, illustrating a nine-

banded armadillo (Dasypus novemcinctus, AMNH 263287). Skull and 3D renderings not to scale.

Manis javanica - Pholidota

&
Tapirus terrestris - Perissodactyla | Loxodonta africana - Proboscidea

Orycteropus afer - Tubulidentata Dasypus novemcinctus - Cingulata

FIGURE 14 Posterior view of left turbinals in four mammalian species featuring a large number and/or a high complexity of turbinals,
illustrating the intricate connections between some turbinals. 3D renderings not to scale.

from each other. The up attaches and ends at the poste-
rior part of the incisor alveolus. Oryctolagus—The nt
starts relatively posteriorly with a very small lamella that
is fused to the mid-ventral wall of the nasal, from which
it is barely separated. Posteriorly, it extends to form a
large recess from the skull roof to the lateral wall of the
nasal cavity, then separates from it to end medially. The
sl starts to develop where the nt almost completely ends;
they display a continuity with almost no direct contacts
(a very small gap). The delimitation between the nt and
the sl is clear in both coronal and sagittal views. This

clear delimitation enables us to interpret the anterior and
posterior parts as the nt and the sl, respectively (as seen
in Ruf, 2014). However, in the absence of such a delimita-
tion, we would have interpreted the anterior part forming
the recess (here identified as nt) as the sl, because it
shows a similar morphological pattern as in other genera
(e.g., Mus, Galeopterus, Tupaia, Talpa, Erinaceus, Manis).
The sl is composed of a long, ventrally oriented lamina
that is extremely thick in its ventralmost part. Then it
divides into two parts, where the up is composed of a
small lamella with a circular shape at its medial end,
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which forms a small recess. The dorsal part of the sl
attaches laterally and forms a recess that closes and then
forms a scrolled lamella that ends medial to the skull
roof. Tupaia—The nt is composed of a small and simple
lamella that slightly scrolls laterally, and that forms a
small closed recess at its most lateral part. It then divides
into two parts. One forms the main lamella, which shifts
ventro-laterally and ends at the base of the maxilloturb-
inal (mt). The other part, composed of a small recess,
continues slightly posteriorly to open and fuse with the
lateral wall of the nasal cavity. More posteriorly,
the recess opens again and fuses close to the most ventro-
lateral part of the sl. As seen in sagittal view, the second
part of this recess might not represent an actual part of
the nt but rather a different lamella. There is no contact
between the nt and the sl. Posteriorly, the sl forms a
recess between the lateral wall of the nasal cavity and the
skull roof, then separates into the up and the dorsal parts
of the sl. The dorsal part forms a laterally scrolled lamella
and ends medially to the cribriform plate. This recess also
forms the beginning of the horizontal lamina (hl).
Galeopterus—The potential nt consists of an extremely
thin and small lamella that is only visible in a few slices
in high resolution scans. This lamella defines a small
recess on the lateral wall of the nasal cavity. As in
Tupaia, there is a discontinuity between the anterior and
posterior parts of the recess. In sagittal view, the attribu-
tion to the posterior part as nt or another lamella is less
clear than in Tupaia. This is rendered even more difficult
because this small recess formed by this lamella lies on
the sl and is fused to it posteriorly. Posteriorly, the sl
forms a recess between the lateral wall of the nasal cavity
and the skull roof, then opens and divides into smaller
recesses, one laterally likely formed by the up and one
dorsally that ends close to the cribriform plate. In this
species, the sl never displays the shape of a classical
scrolled lamella. Homo—No nt or sl were identified.
Talpa—The nt is a long, straight lamella that extends to
a very ventral part of the nasal cavity. There is no clear
delimitation or suture with the si. However, the nt size
decreases as the sl increases, both dorsally and ventrally.
Although subtle, the contact between these bones is also
visible in sagittal view. There is then a clear continuity
between the nt and sl. The sl starts by forming a recess
between the lateral wall of the nasal cavity and the skull
roof, then opens and separates into the up and the dorsal
parts of the sl. When both parts are separated, the bony
surface of the up is very thick. The dorsal part of the sl
forms the common lateral scroll, which ends with the
cribriform plate. In addition, there is a second, slightly
medio-ventrally scrolled lamella that originates from the
laterally scrolled lamella. The segmentation of the sl is
different from that of Martinez, Amson, Ruf, et al. (2024)

in order to be consistent with all the species segmented
here and to take into account all the lamellae that are
fused with the sl. Erinaceus—The nasoturbinal of Erina-
ceus is extremely similar to that of Talpa except that the
ventral part of its nt is particularly thick. The delimitation
between the nt and sl is here proposed to be similar to
that in Talpa. The sl is also very similar to that of Talpa.
As the ventral part of the sl decreases in length, it
becomes extremely thick. There is a clear continuity
between the nt and the sl. Carollia—The nt corresponds
to a small lamella, slightly scrolled laterally. The continu-
ity between the nt and the sl is clear in the coronal view.
The sl originates from a small lateral lamella, which
extends posterior to the nt. The small lamella then
migrates laterally and fuses ventrally with the dorsal con-
tinuity of the maxilloturbinal (mt). It is difficult to deter-
mine whether the fused part includes the up. The sl is
therefore very simple (absence of the lateral scroll that
fuses with the cribriform plate). Canis—The nt is a sim-
ple, almost straight, ventrally oriented lamella showing a
slightly thicker ventral part. The delimitation with the
skull roof is extremely clear. In some regions, the nt and
the ethmoturbinal I (et]) are very close and may even be
in contact. The delimitation between the nt and the sl is
interpreted to be located where the lamella splits into
two lamellae to form a recess (see also Wagner &
Ruf, 2019). This delimitation is clearer in the sagittal
view. Therefore, there is a clear continuity between the
nt and the sl. The sl forms a recess in the medial part of
the skull roof and the lateral wall of the nasal cavity,
then rapidly develops into multiple large and complex
lamellae. During this development, the main root of
the sl migrates laterally in contact with the nasal sep-
tum. Posteriorly, the sl reduces to a laterally oriented
scrolled lamella that ends close to the cribriform plate.
Manis—The nt is a very short but thick lamella, ori-
ented first laterally and then ventrally, with a thicker
bony structure in its ventralmost part. A clear suture is
visible between the nt and the sl and corresponds to
the area where the single lamella splits into two lamel-
lae and forms a recess, confirming the observations
made for Canis. There is then a clear continuity
between the nt and sl. The sl forms a recess between
the skull roof and the lateral wall of the nasal cavity.
This recess opens posteriorly and divides into two
parts, the up and the dorsal part that reduces in the
classical laterally scrolled lamella. Tapirus—We could
not identify a nt with certainty. There is a small and
thick lamella dorsal to the sl. However, the absence of
a clear end or suture posteriorly and its continuity with
the nasal septum suggest that it unlikely corresponds
to the nt. Also, an absence of clear suture in the identi-
fied sl makes it difficult to separate it into two parts.
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Inspection of the 3D rendering of the sl did not help
defining a potential delimitation. An alternative
hypothesis could be that the dorsal part of what we
identified as the maxilloturbinal (mt) could turn out to
be the nt. However, this part never separates from the
ventral part or from the main root of the mt. Overall,
given the current evidence, our hypothesis is that adult
Tapirus lacks a nt. The sl forms a recess with the lateral
wall of the nasal cavity, then forms a second recess
located more medially. Both recesses merge to form a
larger recess that opens and separates between the
ventro-lateral up and the medio-dorsal part of the sl.
The up migrates dorso-laterally and fuses with other
lamellae that will form the potential frontoturbinals.
The medial part forms a new recess with a laterally ori-
ented scroll. This recess closes while forming a new
long medially oriented lamella, where several small
lamellae are attached. All these lamellae end and fuse
with the cribriform plate. We considered all these addi-
tional lamellae as part of the sl, but they could also rep-
resent independent lamellae. Lama—Three different
delimitations seem to exist between the potential nt
and the si, but none of them allows us to give a more
probable interpretation. Anteriorly, the potential nt
starts as a very small lamella, not yet attached to any
roots, and shortly splits into two lamellae to form a
recess (as seen, for example, in Canis). The location
where the single lamella splits into two may corre-
spond to the first delimitation. This recess attaches dor-
sally to a very small lamella and then opens into a
larger recess where one attachment is dorsal and the
other migrates laterally. Where the first recess opens
into a larger recess could correspond to the second
delimitation. This is visually consistent with the 3D
rendering of Canis. However, the exact delimitation
where it forms the second large recess remains arbi-
trary. Finally, a small unidentified lamella, which is
the most dorsal lamella, may also be considered as the
potential delimitation. We have suggested several
interpretations, but in this case, having access to multi-
ple high resolution scans as well as younger individuals
may help to clarify this delimitation. Where the second
recess opens, it attaches to multiple lamellae dorsally
and laterally and forms several large recesses, which
corresponds to a unique feature among the studied spe-
cies. The sl then divides (as in most other species) into
a ventral part and a medio-dorsal part, both forming a
large recess. The large medio-dorsal recess ends in fus-
ing with the cribriform plate. Due to its unique shape
(not only related to the sl, see below), it is difficult to
assign the various recesses and lamellae that are con-
nected to it. Procavia—The nt is a laterally scrolled
lamella with another additional ventrally oriented

lamella at its ventralmost part. The size of the nt appears to
decrease when the sl increases in size and forms a recess
with a dorsal and a lateral attachment. This delimitation is
also visible in the sagittal view, and the pattern as seen on
the 3D rendering corresponds to that observed in other spe-
cies (e.g., Canis). Therefore, there is a clear continuity
between the nt and the sl. The recess formed by the sl opens
to form a ventrally oriented lamella, with a small recess in
its ventralmost part. There is a short connection between
this lamella and the putative up, which is located laterally
to it. The main lamella then forms a dorsolateral recess,
from which a new lamella emerges and that ends in con-
tact with the cribriform plate. Loxodonta—We cannot
confidently identify any nt or peculiar suture from the sl.
When looking at the 3D rendering, an alternative interpre-
tation could be that the identified maxilloturbinal (mt) is
actually the nt. However, the ventral attachment of the
main root of this large lamella argues for its recognition as
a mt (see also supplementary figures in Martinez,
Courcelle, et al., 2023; Martinez, Okrouhlik, et al., 2023).
Therefore, we hypothesize the absence of a nt in Loxo-
donta. The potential sl is composed of two ventrally ori-
ented lamellae that are attached together to a thick root.
The most ventral part forms a recess, and then the lamel-
lae split into numerous small lamellae, all of which origi-
nate from the same main lamella/root, so that we
considered them as part of the sl. Trichechus—There is
no clear delimitation between the potential nt and the sl
However, posteriorly there is a small delimitation with
three lamellae of the sl. In the 3D rendering, a more ante-
rior delimitation seems to be also present but it is not pos-
sible to separate the potential nt from the sl. In this
species, we assume that the nt is present since it was
clearly identified anterior to the semicircular lamina in
young developmental stages (Genschow, 1934). Another
unidentified lamella is also present dorsally to the
potential nt + sl complex. This complex is an extremely
thick and ovoid lamella oriented dorso-ventrally. Later-
ally, this large lamella reduces and transforms into three
lamellae. The resulting three lamellae posteriorly fuse
with the lateral wall of the nasal cavity close to the crib-
riform plate. These three lamellae may be considered as
independent, but since they display a clear continuity
with the potential nt 4 sl complex, we interpret them as
sl (but see alternative delimitation in the 3D rendering).
Echinops—The nt is a small ventrally oriented lamella
with a thicker extremity on its ventral-most part that
forms a very small recess. The nt classically reduces and
ends with the development of the sl. On one side, a
suture seems to indicate the separation between the nt
and the sl slightly anterior to the usual delimitation
when the sl opens into the large recess. In any case, the
sl and nt show a clear continuity. The sl forms a large

25U901 SUOLLLLIOD BA1IEBID 3[R0l (dde 3 Ag PauLRACD a2 SB[ 1Le YO 88N J0'S3INI J0J ARG I BUIIUO 3|1 UO (SUONIPUOD-PUE-SWSI LD B 1A ARe.q1[BUIUO//STY) SUONIPUOD PUE SWLB | 31 395 *[Z02/B0/8T ] U0 AeIqiT8UIIUO AB1IAN 5o} Wnesn i saup1fieens AQ ZGSSZ /Z00T OT/10p/Lo0"Aa | AReicjputuo SqndALLIOTeUe/SdIY Lo Papeojumod ‘0 ‘r6r8ZE6T



MARTINEZ Et AL.

recess with a dorsal and a lateral attachment. This
recess opens in the nasal cavity, and the dorsal part sep-
arates from the ventro-lateral up. The dorsal part then
forms a laterally scrolled lamella (as seen in most spe-
cies) that ends at the level of the cribriform plate. Over-
all, the sl of Echinops presents a classical pattern,
similar to that of other taxa such as Mus. Galegeeska—
The nt is composed of a small laterally scrolled lamella.
The nt forms a small recess, then ends laterally. There is
a large gap between the posterior end of the nt and the
anterior part of the sl. The sl forms a short recess with
two lateral attachments, then the recess opens and
forms a long ventrally oriented lamella. This lamella
delineates a large recess on its most ventral part, then
forms a scrolled sl laterally that ends at the cribriform
plate. Orycteropus—The nt consists of a long ventrally
oriented lamella that ends where the sl forms a recess.
As described in Echinops, a more anterior suture seems
to indicate the limit between the nt and the sl. In any
case, there is a clear continuity between the nt and the
sl. The sl forms a large recess. One attachment migrates
medially in contact with the nasal septum, while the
other one migrates ventro-laterally. The enormous
recess formed by the sl fuses with a third lamella that
attaches dorsally. This dorsal lamella fuses with the
medial lamella and several additional lamellae are formed
on it. In the absence of a clear delimitation and as in other
species (e.g., Loxodonta), these additional lamellae are con-
sidered to be part of the sl. The ventral up is well developed
and consists of a long, laterally scrolled lamella that forms a
tapering recess posteriorly. Bradypus—The nt is composed
of a ventrally oriented lamella that is progressively extended
by the sl as it forms a recess. A clear delimitation between
the nt and the sl is visible in the ventralmost lamella of the
sl. Therefore, there is a clear continuity between the nt and
the sl. The sl forms a recess with a dorsal and a lateral
attachment. A long, ventrally oriented lamella emerges
from this recess. As the recess opens, the lamella starts to
form the usual, laterally oriented scroll but fuses with an
additional dorsally located lamella. The entire structure
forms a dorsal recess, but only the ventral part is interpreted
as part of the sl. The dorsal part of this lamella is continu-
ous with other lamellae that form posteriorly an interturb-
inal (it) and the frontoturbinal 1 (ftI). Dasypus—The nt
consists of a lamella that scrolls laterally and that is progres-
sively extended posteriorly by the sl as it creates a recess.
There is a clear continuity between the nt and the sl. How-
ever, posteriorly, the main root of the nt is thick and may
be attributed to another lamella. Posteriorly, there is also a
clear suture between this lamella and the sl. However, to be
consistent with other species where we cannot clearly see
this suture (e.g., Talpa, Tapirus, Bradypus, Echinops, Oryc-
teropus), we have segmented this lamella as part of the sl
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The sl forms a very large recess with one dorsal and one lat-
eral attachment. This recess is in contact with a lateral
lamella that fuses posteriorly with the horizontal lamina (hl).
This recess then opens to form a ventro-lateral and a dorso-
medial lamella. The ventro-lateral up is large and forms a
bifid scroll before its posterior end. Several smaller lamellae
are attached to the main dorso-medial lamella, and in the
absence of a clear delimitation, and as in other species, these
additional lamellae are considered part of the sl.

3.2.2 | Maxilloturbinal

Mus—The maxilloturbinal (mf) attaches laterally and
forms a bifid scroll with one branch facing dorsally and one
facing ventrally. As it progresses posteriorly, the mt shifts
ventrally to form the nasolacrimal canal and then separates
from the lamina infraconchalis. The medial part of the
nasolacrimal canal was not considered as mt when it sepa-
rated posteriorly from the main lamella. Then the single
ventral lamella reduces and ends with the development of
a single lamella. The suture between the mt and this ven-
tral lamella is clear (see also supplementary figure 8 in
Martinez, Courcelle, et al., 2023; Martinez, Okrouhlik,
et al., 2023). Oryctolagus—In this species, the mt is highly
complex with a main branch from which numerous small
lamellae originate. This main lamella is placed all along
the lateral wall of the nasal cavity with a visible suture,
which defines the nasolacrimal canal. The main lamella
then clearly separates from the lamina infraconchalis.
Here, the small numerous lamellae have merged into a
thicker bony structure with some empty cavities in
it. Then, as in Mus, the mt decreases with the development
of the ventral lamella. A clear delimitation is visible in
between. Tupaia—The mt is a complex bifid scroll shape
with numerous additional lamellae on it. The main root
lamella classically migrates from lateral wall of the nasal
cavity to the ventral floor. The mt ends ventrally without
any contact with the ventral lamella, which starts more
posteriorly. Galeopterus—The mt is a small, ventrally
scrolled lamella that migrates from lateral to ventral posi-
tion and extends extremely far posteriorly. A clear delimi-
tation between the mt and the ventral lamella is visible on
one side of the specimen. Homo—The mt is a ventrally
scrolled lamella that remains laterally attached until its
posterior end. The delimitation is straightforward.
The scrolled mt displays some small internal cavities.
Talpa—The mt forms a bifid scroll with very few addi-
tional lamellae on it. It classically attaches laterally,
migrates ventrally, and then reduces. We did not identify a
clear suture between the mt and the ventral lamella, but
the reduction of the mt is clear. Erinaceus—The mt is a
complex structure where three main lamellae originate

25U901 SUOLLLLIOD BA1IEBID 3[R0l (dde 3 Ag PauLRACD a2 SB[ 1Le YO 88N J0'S3INI J0J ARG I BUIIUO 3|1 UO (SUONIPUOD-PUE-SWSI LD B 1A ARe.q1[BUIUO//STY) SUONIPUOD PUE SWLB | 31 395 *[Z02/B0/8T ] U0 AeIqiT8UIIUO AB1IAN 5o} Wnesn i saup1fieens AQ ZGSSZ /Z00T OT/10p/Lo0"Aa | AReicjputuo SqndALLIOTeUe/SdIY Lo Papeojumod ‘0 ‘r6r8ZE6T



o LwiLey-

MARTINEZ Et AL.

from the main root lamella and numerous additional lamel-
lae emerged from it. The main branch classically migrates
from a lateral insertion to a ventral one and ends without
contact with the ventral lamella. Carollia—The mit is a sin-
gle ventrally oriented scrolled lamella, which migrates later-
ally to ventrally, but very medially when compared to other
species. The mt seems to be progressively extended by the
ventral lamella, but the exact boundary between the two
structures is difficult to delineate. Canis—The mt is a
highly complex and developed structure in this species. It is
composed of a main lamella that scrolls ventrally, and
numerous additional lamellae branch off all along this
lamella. There is no continuity between the mt and the ven-
tral lamella. Manis—The mt is a bifid scrolled lamella in
which each scroll wraps around itself twice. A slight
suture is visible during the mt and the ventral lamella.
Tapirus—The mt of the Tapirus is an extremely large
structure but not really complex. Anteriorly, the mt forms
an open recess, then a very thick lamella migrates from the
mt ventro-dorsally. An extremely large recess is shaped
more posteriorly; it occupies most of the nasal cavity. From
this recess, some smaller lamellae take root. The dorsal part
of the main recess is extended by a second recess dorsally
formed. This dorsal recess closes, as well as the main recess,
more posteriorly. Posteriorly, there is no continuity between
the mt and any other lamella. Lama—The mt is a bifid
scrolled lamella in which each scroll wraps around itself
twice (as in Manis). There is no continuity between the mt
and the ventral lamella. Procavia—The mt starts with a
dorso-ventral lamella that is curved. It then forms a bifid
scroll lamella. Posteriorly, there is a clear suture between
the mt and the ventral lamella. Loxodonta—The mt
starts as a small lamella that quickly forms a recess with
the lateral wall of the nasal cavity, then it reduces to a
small lamella. Its posterior limit is easy to distinguish as
there is no contact with additional lamellae. Triche-
chus—We could not identify a mt. Such an absence of
mt was previously described (Genschow, 1934). Echi-
nops—The mt is a well-developed ventrally scrolled
lamella. A delimitation between the mt and the ventral
lamella is visible. Galegeeska—The mt is a bifid
scrolled lamella that migrates from the lateral wall of
the nasal cavity to the ventral floor of the nasal cavity. A
suture is slightly visible between the mt and the ventral
lamella. Orycteropus—The mt is a bifid scrolled lamella
in which each scroll makes two full turns. A suture is
slightly visible between the mt and the ventral lamella.
Bradypus—Anteriorly, the mt is a bifid scrolled lamella.
It then splits into two parts, a single scrolled lamella ori-
ented dorsally and a long ventrally oriented lamella. Both
parts end without any contact with additional lamellae.
Dasypus—The mt is a bifid scrolled lamella. A suture is
slightly visible between the m¢ and the ventral lamella.

3.2.3 | Frontoturbinals and interturbinals

Mus—It consists of the usual, single frontoturbinal
1 (ft1), which forms a bifid scroll. Oryctolagus—Both a
bifid scrolled ftI and a simple, scrolled ft2 are found.
Tupaia—A bifid scrolled ftI and a single scrolled ft2 are
found. Galeopterus—It features ft1 and ft2, are simple in
shape, but form a very large recess, similar to all the
other olfactory turbinals of the species. Homo—No fis
have been identified. Talpa—Both ftI and ft2 are present
with bifid scrolls, with just one or two additional lamellae
on them. Erinaceus—Both ft1 and ft2 are present with
bifid scrolls, with only one additional lamella on them.
Carollia—There is only one ftI that originates at the end
of the Is. The ft1 is ventrally scrolled and migrates dorso-
medially, ending at the cribriform plate. Canis—We
identified eight fis, including four its. The most ventral ft
may have been identified as an it (Wagner & Ruf, 2019).
However, to be consistent with the attribution made in
other species, we considered it here to be a ft. Even
though it did not reach the most medial part due to the
packing with all the other ft and the et, this ft is very well
developed. The four well developed fts form bifid scrolled
turbinals. The most ventral ft and it are clearly attached
to the horizontal lamina (hl) on a short distance.
Manis—We identified eight fis, including three its. Four
fts form bifid scrolled turbinals. Two its are extremely
small. The three most ventral fis are in contact with the
hl at one point. Tapirus—We identified 18 to 21 fts,
including 13 to 16 its. Three its are extremely small. To be
consistent with other species (except Canis, see above),
we identified the ftI as a frontoturbinal; however, due to
its particularly medial location, it may have been consid-
ered as it by other authors (see Canis and Wagner &
Ruf, 2019). As with all the other olfactory turbinals in the
species, the fts are highly developed and complex struc-
tures composed of multiple small lamellae. As the fis
starts to decrease in size posteriorly, many additional its
start to develop. Lama—We identified 10 fts, including
6 its. However, the attribution of “it” might be arbitrary
for some turbinals. All the 10 fts present a unique pattern
in forming large recesses. The exact delimitation is
extremely complicated to assess since the roots of the
turbinals fuse with various supporting lamellae in some
areas (that are generally not considered as turbinals,
e.g., hl). Interestingly, one of the frontoturbinals starts
extremely anteriorly where the mt and nt are located. To
our knowledge, this has never been reported in any
taxon. Therefore, we may question the correct attribution
to the “ft.” However, the attribution to “ft” is clearer pos-
teriorly, and there is clear continuity with an absence of
suture with the anterior part. Procavia—We identified a
ft1 as well as a potential it. This potential it forms a very
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small recess on a few slices then fuses with the hl
Loxodonta—We identified 34 fis, including 30 its. Five
out of the 30 its are large and may be attributed to fis.
Even more than with the ethmoturbinals (ets, see below),
it is almost impossible to provide an exact count, since
various lamellae fuse to different points. Trichechus—If
we consider the three lamellae that fuse with the nt + sl
complex as sl, then we cannot identify any ft in this spe-
cies. Echinops—There are two fts and no its. Both fis are
bifid, scrolled lamellae. Galegeeska—There are two fis
and no its. The ft1 is a bifid, scrolled lamella and the ft2 is
a ventrally scrolled lamella. Orycteropus—We identified
32 fts, including 21 its. In contrast to Loxodonta and
Tapirus, the turbinals are much more intertwined with
one another. It is very difficult to provide an exact count
since many lamellae fuse on various points, but it is eas-
ier than in Loxodonta. Bradypus—There are four fis,
including two its. The ft1 is a very long lamella with a
dorsal scroll. The long roots of the ft1 attach and fuse
with some part of the s, which makes the precise delimi-
tation difficult. Dasypus—There are 16 fts, including
10 its. As in Orycteropus, the fts are really intertwined
with one another. The attribution to one ft or it is mostly
based on the 3D rendering.

3.24 | The ethmoturbinal I

Mus—1It features the usual ethmoturbinal I (etI) in which
the pars anterior (pa) and pars posterior (pp) are
clearly discriminated; they are fused posteriorly.
Oryctolagus—The pa and pp are only separated in a
small area in the middle. Tupaia—The et] is extremely
developed anteriorly and wraps around a part of the max-
illoturbinal (mt). The pa and pp are separated anteriorly
and fused posteriorly. Galeopterus—The pa and pp of
the et form large recesses anteriorly and are fused poste-
riorly. Homo The etI probably consists only of the pars
anterior (see also Martinez, Amson, Ruf, et al., 2024). It is
a dorsally attached ventrally directed lamella, with a
small recess in its ventralmost part. Posteriorly it
migrates more laterally. Talpa—The pa starts very ante-
riorly where the mt and nt are still present. Posteriorly,
the pa and pp form two lamellae that are scrolled ven-
trally and dorsally, respectively. The root of pa and pp
seems to be always connected. Only the upper part is sep-
arated anteriorly. Erinaceus—The pa starts relatively
anteriorly where the mt and nt are still present. Posteri-
orly, the pa and pp form two lamellae with additional
lamellae on them. The pa and pp are clearly separated
anteriorly and then fused posteriorly. Carollia—The et]
is composed of a main lamella that connects two smaller
lamellae. In this taxon, the pa and pp are always

connected. Canis—The etl starts very anteriorly, where
the mt and nt are located. In this anterior part, the et is
highly complex with numerous small lamellae. Posteri-
orly, a main branch is attached to several bifid, scrolled
lamellae. The most ventral of these lamallae were consid-
ered by Wagner and Ruf (2019) to be an it. The distinc-
tion between the pa and pp is not as clear as in other
species, and they seem to be connected along their entire
length. Manis—The et] starts anteriorly, forming a
recess. The etI pa and pp are composed of a long lamella
with numerous small lamellae attached to it. In the indi-
vidual examined, the pa and pp are never in contact.
However, based on the 3D rendering of other Manis spe-
cies and of another individual of Manis javanica
(MorphoSource media 000072148, USNM 198852), we
hypothesize that these two major turbinals are pa and pp
of the etl as was also hypothesized by Ito et al. (2023). In
the other individual (USNM 198852), these two parts are
almost in contact, and there is no apparent it in between
them. In the individual sampled in this study, two its are
present in between the pa and pp. Tapirus—The et is
composed of two separate, long and thick lamellae (pa
and pp) from which numerous additional smaller lamel-
lae branch off. Based on the comparison of all other spe-
cies studied and especially the two individuals of Manis
Jjavanica, we hypothesize that the two main segmented
lamellae are pa and pp of the etl. Five its are located
between these two pars. Lama—Anteriorly, the et] forms
a large recess where the mt and nt are present. Posteri-
orly, it presents numerous smaller recesses, and displays
a more commonly observed morphology. The root of the
identified pp is always in contact with the root of the pa.
Anteriorly, a recess in contact with the pp has been inter-
preted as an it, since it is clearly posteriorly extended by
the pp. However, it may also have been identified as part
of the pp. Procavia—The et] forms a recess anteriorly.
Posteriorly, it forms a main lamella that subdivides into
two lamellae scrolled ventrally and dorsally, respectively.
The pa and pp are always connected through to lamellae.
Loxodonta—As in Tapirus and Manis, even if the pa
and pp are always separated, we identified them as the
etl. Between the pa and pp, we identified two well-
developed its and six smaller ones (mostly located poste-
riorly). Trichechus—The et] is a thick lamella with a
very thick circular shape. We could not distinguish two
parts, so we hypothesized that the et is not bipartite.
Echinops—The etl is composed of two main lamellae
with bifid, scrolled lamellae at its extremity. The pa and
pp are separated anteriorly and fused posteriorly.
Galegeeska—The et starts anteriorly by forming a recess.
The pa and pp are separated anteriorly for a short distance
and fused posteriorly. Orycteropus—The etI is highly
developed. When examining the medial view of the 3D

25U901 SUOLLLLIOD BA1IEBID 3[R0l (dde 3 Ag PauLRACD a2 SB[ 1Le YO 88N J0'S3INI J0J ARG I BUIIUO 3|1 UO (SUONIPUOD-PUE-SWSI LD B 1A ARe.q1[BUIUO//STY) SUONIPUOD PUE SWLB | 31 395 *[Z02/B0/8T ] U0 AeIqiT8UIIUO AB1IAN 5o} Wnesn i saup1fieens AQ ZGSSZ /Z00T OT/10p/Lo0"Aa | AReicjputuo SqndALLIOTeUe/SdIY Lo Papeojumod ‘0 ‘r6r8ZE6T



2 LwiLey-

MARTINEZ Et AL.

rendering, it appears as if additional ethmoturbinals have
not been separated from the volume identified as etl.
However, based on this adult individual, such segmenta-
tion appears to be accurate. Indeed, all the subunits fused
at one point, a pattern that is consistent with how this
turbinal was segmented in the other species. Three to
four major branches that fuse anteriorly appear to corre-
spond to the area where all the other lamellae originate
from, as seen on the 3D rendering. Only the most poste-
rior part of these three to four main roots may be sepa-
rated as another ethmoturbinal (see dark gray color
labeled as “unidentified lamella”). Further posteriorly,
however, some small lamellae fuse together, so that it is
no longer possible to delimitate them with precision. In
this species, the pa from the pp cannot be delimited with
confidence, ditto for some interturbinals located in
between the etl, as observed in other species showing a
large number of turbinals. Bradypus—The etl starts
anteriorly by forming a recess. The roots of the pa and pp
are always in contact. Dasypus—The posterior delimita-
tion of the etl is extremely difficult and should involve
sampling additional adult individuals. A first hypothesis
is figured in Figure 13. However, based on the 3D render-
ing, a second hypothesis might be to include the posteri-
orly located, well-developed turbinal to the etI (see dark
gray color labeled as “unidentified lamella” in Figure 13).
Indeed, as in Orycteropus, a main branch of these lamel-
lae seems to extend in the direction of the rest of the etl.
However, unlike Orycteropus, the end of this lamella does
not go directly to the etl and fuse with it. One to two very
small its that are located medially may be considered as
located in between the different pars of the etl.

3.2.5 | Ethmoturbinals and interturbinals

—Mus—Four ethmoturbinals (ets), including the “main”
interturbinal (main it), are present. Oryctolagus—Three
to four ets, including a greatly reduced main it (barely vis-
ible) are present. Tupaia—Four ets (including the main
it) are present. The ethmoturbinal II (etIl) is composed of
a main lamella, laterally scrolled, with a bifid scrolled
lamella that attaches on the main lamella. These two
parts may in some respects look like two distinct turb-
inals (but see Ruf, 2014). The ethmoturbinal III (etIII) is
composed of the scrolled lamella that is almost
entirely attached to the etIl (see also Ruf, 2014).
Galeopterus—Five ets (including the main it) are pre-
sent. All turbinals display a unique morphology that
forms a large recess. The etIl and etIIl were considered
independently since they are in contact only in a few
slices thanks to the presence of a small lamella that may
not be considered as a turbinal. As a result, the most

ventro-posterior turbinal is identified as etIV. However, if
we follow the way the ets of Tupaia were identified, then
the etII and etIIl of Galeopterus could represent two parts
of the etll. Homo—Apart from the etI pa, Homo has only
one etIl, which is a short but relatively thick lamella that
is dorsally attached and migrates slightly laterally pro-
ceeding posteriorly. Talpa—Four ets (including the main
it) are present. The etIl presents the same pattern as
Tupaia with a bifid scroll shape always connected to the
other lamella. Erinaceus—It presents a total of four ets
including the main it. The etll resembles the pattern
observed in Tupaia and Talpa. Carollia—Four ets
(including the main it) are present. Canis—Four ets,
including the main it and one additional it, are present.
The etIl starts very anteriorly. Posteriorly, the etIl resem-
bles that of Tupaia, Talpa, and Erinaceus characterized
by a bifid scrolled lamella attached to the main turbinal
and a few additional lamellae. Manis—Nine ets, includ-
ing the main it and three additional its, are present. Pos-
teriorly, the etIl resembles that of Tupaia, Talpa,
Erinaceus and Canis. Tapirus—A total of 23 to 25 ets,
including the main it and 17 to 19 additional its, are pre-
sent. Among the 19 its, two are very small and hardly vis-
ible. For some large its, it remains difficult to identify
them as either it or et. Lama—Eight to ten ets, including
the main it and three to five additional its, are present.
Two of the its are very small and barely visible. All the
ets, except the two barely visible its, form a recess. The
most ventro-posterior turbinal is identified as an et, but
since it is very small, it could also be an it.
Procavia—Four ets (including the main it) are present.
Loxodonta—We identified 19 ets including the main it
and 15 additional its. This results in a relatively low num-
ber of ets (only etl, etIl, and etIIl) compared to that of the
its. The exact number is difficult to estimate since some
its are fused or connected to additional lamellae over a
short distance. Trichechus—This genus presents a total
of four ets including the main it. All of these ets are
extremely thick except the etIl. The etIll forms a long
lamella located very anteriorly, then decreases in length
to finally thicken posteriorly and form a very thick
lamella. Echinops—Four ets (including the main it) are
present. The etIl is similar to other species with a
main lamella and a bifid scrolled lamella on
it. Galegeeska—Four ets (including the main it) are pre-
sent. The etIl is similar to other species with a
main lamella and a bifid scrolled lamella on
it. Orycteropus—We identified 14 ets including the main
it and 8 additional its. As with the ets, the attribution of
the its is mostly based on the 3D rendering. The most
posterior ets are very intertwined, both with each other
and with the other ets. Bradypus—A total of 12 ets,
including the main it and six additional its, are present.
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Dasypus—We identified 22 ets, including the main it
and 12 additional its. The exact delimitation and attribu-
tion of some its is difficult because they are connected to
some ets. Some ets are highly intertwined with one
another, and the its were mostly identified based on the
3D rendering.

3.2.6 | The “main” interturbinal

Mus—The “main” interturbinal (main it) presents a sim-
ple dorsally scrolled lamella. Oryctolagus—Almost
absent on one side and very slightly visible on the other
side. May also be considered absent (see also Ruf, 2014).
Tupaia—It forms a bifid scroll. Galeopterus—The main
it forms a large recess that opens posteriorly. Homo—No
main it identified. Talpa—A single, dorsally scrolled
main it is present. Erinaceus—A small, dorsally scrolled
main it. Carollia—A dorsally scrolled main it with a
small recess on its upper part. Canis—A ventrally
scrolled lamella that is anteriorly attached to the etIl.
Manis—A small bifid scrolled lamella. Tapirus—The
main it is composed of a main lamella with additional
lamellae branching on it. We identified two smaller its
dorsally located to this larger it; however, we hypothesize
that this larger interturbinal is the main it. Lama—A
small lamella shaping a recess. Procavia—A
rather developed main it that forms a large recess.
Loxodonta—The potential main it is between two other
smaller its. Trichechus—This is a very thick and short
main it that attaches directly onto the lateral wall of the
nasal cavity. It does not really extend to form a lamella.
Echinops—The interturbinal starts as a bifid scrolled
lamella originating from the etIl, then it separates from it
and forms a dorsal scrolled lamella. Galegeeska—The
main it is a dorsally scrolled lamella. Orycteropus—Due
to the uniqueness of the etI (see above), it is difficult to
ascertain the main it. Here, we identified the main it as
the first turbinal located ventrally to the identified etl.
Bradypus—The main it is a dorsally scrolled lamella.
Dasypus—We identified the main it as the first turbinal
located ventrally to the identified etI. However, since the
posterior delimitation of the etI is unclear (see above),
the identification of the main it remains uncertain.

4 | DISCUSSION

41 |
species

Morphological disparity across

As previously documented, the disparity of turbinals
across tetrapods is considerable (Bang, 1971; Martinez,

Amson, Ruf, et al., 2024; Negus, 1958; Parsons, 1967;
Paulli, 1900a; Paulli, 1900b; Paulli, 1900c). In placental
mammals, this disparity is manifested by variations in
the number, size, shape, complexity, and thickness of
turbinals (Figures 1 and 2).

4.1.1 | Number

The turbinal count varies widely, from zero in Pontoporia
to approximately 110 in Loxodonta (considering both
right and left sides). With the coarse sampling used here,
considering one species per order, it appears that the
number of turbinals may be partially related to body size
(Figures 1 and 2). However, some species deviate from
this, such as Homo, Pontoporia, and Trichechus, which
have relatively few turbinals despite their large body size
(Figures 1, 2, 5, and 10), and which is likely due to eco-
logical factors such as aquatic lifestyles for the latter two.
Indeed, the reduction (and in some cases loss) of the
number of turbinals is well documented in the evolution-
ary history of cetaceans (Berta et al., 2014; Farnkopf
et al., 2022; Godfrey et al., 2013; Ichishima, 2016; Peri
et al., 2020). This is likely associated with the modifica-
tion of the respiratory system and the difficulty in detect-
ing odorants underwater. In rodents, it has been
demonstrated that the semi-aquatic coypu (nutria, Myo-
castor coypus) has lost two olfactory turbinals and gained
one respiratory turbinal in comparison to its close terres-
trial relative, the Guyenne spiny-rat (Proechimys guyan-
nensis; Martinez et al., 2020).

The reduction of the number of turbinals is documen-
ted in other mammalian clades. In the subterranean
naked mole-rat (Heterocephalus glaber), a highly reduced
or even loss of maxilloturbinal (in some individuals) can-
not be solely attributed to the subterranean lifestyle, as
the closely related subterranean Mashona mole-rat (Fuk-
omys darlingi) presents a fully grown maxilloturbinal
(Martinez, Okrouhlik, et al., 2023). In primates, turbinal
loss and gain convergently occur in different clades, but
the explanation behind it remains elusive. (Lundeen &
Kirk, 2019; Smith et al., 2014, 2016). Some hypotheses
discuss the potential impact of the lack of an olfactory
recess in certain groups, the midfacial and nose morphol-
ogy, the developmental patterns related to respiration
and airflow dynamics, and finally some potential sensory
trade-offs between vision and olfaction (Lundeen &
Kirk, 2019; Niimura et al., 2018; Smith et al., 2014, 2016).
Conversely, the presence of numerous turbinals is not
functionally understood. For instance, the investigated
Dasypus feature approximately 82 turbinals (see Figures 2,
2, 13, and 14), which cannot be simply ascribed to an
effect of size given that it is rather intermediate among
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the full range of mammalian body sizes. Intraspecific and
intraindividual variation in the turbinal count was
described in various orders (Lundeen & Kirk, 2019;
Macrini, 2012; Martinez et al., 2018; Martinez, Amson,
Ruf, et al., 2024; Martinez, Okrouhlik, et al., 2023; Rowe
et al., 2005; Ruf, 2014, 2020; Smith & Rossie, 2006). As an
example, humans who generally have three turbinals,
may present a fourth one, and exceptionally, five (on one
side; Rusu et al., 2019).

While a phylogenetic trend in the turbinal number is
evident within some mammalian orders, with a relatively
constant number of turbinals within a mammalian order
(Macrini, 2012; Martinez et al., 2018, 2020; Ruf, 2014),
notable exceptions exist, such as the discrepancy between
Loxodonta and Procavia (Figures 9 and 10) that may also
be attributed to size in this example. However, statistical
analyses to investigate the turbinal scaling in a phyloge-
netically informed context are pending. The maximum
number of about 110 turbinals identified in Loxodonta
(Figures 10 and 14) contrasts sharply with Paulli's earlier
identification of about 52 olfactory turbinals in Loxodonta
(Paulli, 1900b). Several factors may explain such differ-
ences in turbinal counts. First, Paulli did not have access
to 3D virtual data, making it challenging to discriminate
highly intricate structures such as the olfactory turbinals
of Loxodonta. Additionally, the specimen Paulli studied
was young (“eines jiingeren Exemplars”; Paulli, 1900Db,
p- 235); additional lamellae could develop during ontog-
eny (e.g., Smith et al., 2023). Furthermore, based on the
available schematic drawing, it appears that Paulli inter-
preted as bony struts of the pneumaticity of the skull
what we identified as potential turbinals. Our identifica-
tion is based on clear differences, such as variations in
thickness between turbinals and these bony struts, with
the latter typically being the thicker of the two
(Supplementary Figure 1). This example underscores the
challenge of accurately counting turbinals, especially in
species with high complexity or number, where fusion of
small interturbinals and lamellae complicates attribution
(Figure 14). Moreover, applying the common definition
of interturbinals as turbinals that do not extend as medi-
ally as others (Martinez, Amson, Ruf, et al., 2024) is
extremely challenging in species with a high number of
turbinals and/or complex turbinals. We observed signifi-
cant differences in the challenges faced when delimiting
turbinals in Loxodonta compared to Dasypus or Oryctero-
pus. In the latter two species, main branches connect the
small turbinal lamellae, which makes it easier to consis-
tently define individual turbinals. However, in Loxo-
donta, attributing interturbinals to a single structure is
extremely difficult due to various fusions with different
lamellae that are not turbinals, especially for the most
posterior ones. Similarly, in species with complex,

numerous turbinals, such as Manis, Tapirus, Loxodonta,
Orycteropus, and Dasypus, delimiting some turbinals is
complicated, making it challenging to resolve homology
across species (Figure 14). The consideration of multiple
developmental stages is critical to overcome these chal-
lenges (Ito et al., 2021, 2022; Macrini, 2014; Macrini
et al.,, 2023; Ruf, 2020; Smith et al., 2023). However,
including multiple species within a given mammalian
order, as well as across different mammalian orders also
facilitates the process of establishing homology. In this
study, having a clear understanding of homology associ-
ated with the morphology of well-known orders aided in
identifying and characterizing turbinals in other orders.
Therefore, having access to smaller species in orders with
a large size range should help clarify turbinate homology
of larger species (e.g., within Artiodactyla) in the future.

4.1.2 | Relative size

The relative size of turbinals should be assessed using
quantitative data on their surface area, skull length, body
mass, or nasal cavity volume. Although this was not done
here, it is clear that turbinal occupancy relative to the
overall skull volume differs across species, with for exam-
ple turbinals appearing highly reduced in Homo and
densely packed in Orycteropus (Figures 1, 5, and 12).
Quantitative data could help to confirm the precise rela-
tionship between density of packing and relative
turbinal size.

4.1.3 | Shape and complexity

Turbinal shape varies widely, with most variation attrib-
uted to the maxilloturbinal, nasoturbinal, and semicircu-
lar lamina. The maxilloturbinal, in particular, exhibits
changes that follow the shape of the nasal cavity
(Martinez, Okrouhlik, et al., 2023). Some species show
turbinals forming large recesses or multiple small ones,
while Galeopterus and Lama display almost all turbinals
forming large recesses (Figures 4 and 9). The pattern of
the Lama is unique, with all turbinals forming recesses
that occupy almost all nasal cavity space, leaving little
space between them (Figures 9). In this study, we demon-
strated that certain species exhibit high turbinal complex-
ity as well as intricate olfactory turbinals with minimal
spacing between them, such as Canis, Tapirus, Manis,
Lama, and Tapirus (Figures 7, 8, and 9). Moreover, spe-
cies like Loxodonta, Orycteropus, and Dasypus represent
extreme examples of turbinal complexity (Figures 10, 12,
and 13). Our sampling suggests that increased complexity
tends to correlate with both the size and number of

25U901 SUOLLLLIOD BA1IEBID 3[R0l (dde 3 Ag PauLRACD a2 SB[ 1Le YO 88N J0'S3INI J0J ARG I BUIIUO 3|1 UO (SUONIPUOD-PUE-SWSI LD B 1A ARe.q1[BUIUO//STY) SUONIPUOD PUE SWLB | 31 395 *[Z02/B0/8T ] U0 AeIqiT8UIIUO AB1IAN 5o} Wnesn i saup1fieens AQ ZGSSZ /Z00T OT/10p/Lo0"Aa | AReicjputuo SqndALLIOTeUe/SdIY Lo Papeojumod ‘0 ‘r6r8ZE6T



MARTINEZ Et AL.

EEDRERE WiLEY-L =

turbinals. Bradypus stands out as an exception, with a rel-
atively high number of simple-shaped turbinals
(Figure 12). On a finer scale, especially in rodents, the
complexity of turbinal bones can vary significantly in spe-
cies with the same number of turbinals. In such cases,
the evolution of complexity has been linked to dietary
specialization (Martinez et al., 2018). While the highly
specialized myrmecophagous diet of Orycteropus
(Taylor et al.,, 2002) may align with this pattern
observed in rodents, it does not necessarily apply to
Dasypus novemcinctus, which has a more generalized
diet (Redford, 1986). Nonetheless, further quantitative
analyses are pending, such as phylogenetic compara-
tive analyses based on the surface area of turbinals.

4.1.4 | Thickness of turbinal bones

Variation in turbinal thickness exists between species. It
is relatively common for certain areas to exhibit greater
thickness. For instance, a small portion of the pars ante-
rior of ethmoturbinal I is significantly thicker in Oryctola-
gus and Echinops (Figures 11 and 12). Erinaceus, on the
other hand, appears to have slightly thicker turbinals
overall, with some intraspecific variation observed. In
this species, the ventral portion of the semicircular lam-
ina is particularly thick (Figure 6). Additionally, Brady-
pus shows a slight overall increase in thickness,
especially in the upper part of most of the turbinals
(Figure 12). Notably, almost all turbinals of Trichechus
exhibit exceptional thickness (Figure 10), likely attributed
to a potential systemic increase in bone mass (Amson
et al,, 2018). Other intraspecific variations in turbinal
thickness have been previously mentioned in species
such as humans (Marks et al., 2019).

4.2 | Olfactory turbinals and the
challenge for quantitative approaches

In some mammalian orders, particularly among small to
medium-sized species where the number and epithelial
cover of turbinals are well understood, accurate delinea-
tion between respiratory and olfactory turbinals may be
used in quantitative analyses (Martinez et al., 2018, 2020;
Martinez, Courcelle, et al., 2023; Martinez, Okrouhlik,
et al., 2023; Yohe et al., 2022). At the scale of placental
mammals, however, this task becomes more challenging.
First, in some species, the posterior part of the nasoturb-
inal is known to be covered by olfactory epithelium
(Martinez, Amson, Ruf, et al., 2024; Smith et al., 2004,
2012; Smith & Rossie, 2008; Yee et al., 2016). Moreover,
the exact limit between the nasoturbinal and semicircular

lamina is difficult to delineate in some species, further
complicating the issue. Furthermore, in some species, the
anterior part of the ethmoturbinal I is covered by respira-
tory epithelium, further complicating the delimitation
process (Martinez et al., 2020; Martinez, Amson, Ruf,
et al., 2024; Pang et al., 2016; Smith et al., 2016; Smith,
Bhatnagar, et al., 2007; Yee et al., 2016). In some species,
this portion covered by respiratory epithelium may repre-
sent a significant portion of the ethmoturbinal I. For
example, that of Galeopterus extends far anteriorly with
the naso and maxilloturbinal (Figure 4). This difficulty
highlights the importance of histological investigations;
however, obtaining histological sections from large adult
individuals is challenging. Another approach to address
this olfactory-respiratory delimitation may be through
diceCT imaging (Martinez, Amson, Ruf, et al.,, 2024;
Smith et al., 2022; Smith, Corbin, et al., 2021; Smith,
Craven, et al., 2021; Yohe et al., 2022). However, staining
large adult mammal heads for this purpose also poses
practical challenges. In the absence of an ideal method,
one approach for quantitative analysis may be to make
an antero-posterior delineation of all the turbinals from
the anterior portion of the semicircular lamina. The
olfactory part would include the posterior part of this
delineation but exclude the maxilloturbinal in full. Con-
versely, the respiratory part would include both the ante-
rior part of this delineation and the maxilloturbinal.
However, such an antero-posterior delineation lacks pre-
cision and may not provide detailed comparative data,
allowing only for the interpretation of general trends and
large differences. In focusing on the heat and moisture
conservation aspect of the turbinals, Martinez, Courcelle,
et al. (2023) and Martinez, Okrouhlik, et al. (2023) chose
to include only the maxilloturbinal where the epithelial
cover is clear and after demonstrating a significant rela-
tionship between the surface area of the nasoturbinal and
maxilloturbinal as well as the absence of trade-off
between them.

Regarding the number of olfactory turbinals, there is
a relationship between the number of these turbinals and
the number of functional olfactory receptor genes at a
broad scale, which may be related to actual olfactory per-
formance (Martinez, Amson, & Laska, 2024). This rela-
tionship, however, does not hold at finer taxonomic
scales (Martinez, Amson, Ruf, et al., 2024; Martinez,
Courcelle, et al., 2023). Consequently, we believe its sig-
nificance to be limited compared to approaches focusing
on the surface area of olfactory turbinals (Martinez
et al., 2018, 2020; Martinez, Courcelle, et al., 2023; Van
Valkenburgh et al., 2011; Yohe et al., 2022).

Given the challenge of precisely delineating the olfac-
tory from the respiratory parts of some turbinals in cer-
tain mammalian species, and considering that the
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number of olfactory turbinals may not serve as a precise
proxy, one can question the notion that turbinals are the
best proxy for studying olfaction from a morphological
perspective. Another of such proxies is the olfactory bulb,
the morphology of which can also be assessed on dry
skulls through the segmentation of its endocast. However,
this approach is not ideal either, since it is not possible to
distinguish between the areas of the main olfactory bulb
and the accessory olfactory bulb with such an endocast.
This may however provide informative data for the overall
chemosensory proxy (= related to the detection of chemi-
cal stimuli). Indeed, the main olfactory bulb is primarily
associated with the centralization of olfactory information
(mainly from the olfactory epithelium of the olfactory
turbinals and the nasal cavity), while the accessory olfac-
tory bulb receives vomero-olfactory information (mainly
from the vomeronasal organ; Storan & Key, 2006). There-
fore, in that sense, the epithelium of the olfactory turbinals
presents more precise information about olfaction.

Overall, our investigation of turbinals across placental
mammals underscores their remarkable diversity and
evolutionary significance. We found substantial varia-
tion in turbinal number, size, and shape, indicating
complex patterns of adaptation and phylogenetic his-
tory. Moreover, our study reveals challenges in turbinal
nomenclature, highlighting the importance of develop-
mental research for resolving homologies. The number,
relative size and complexity of turbinals have been
associated with structural or functional constraints in a
few mammalian clades only, making the morphofunc-
tional anatomy of turbinals a promising research ave-
nue. By shedding light on the intricate morphology of
turbinals, our work contributes to a deeper under-
standing of mammalian nasal anatomy and its evolu-
tionary basis.
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