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Abstract

Comparative studies rely on the identification of homologous traits, which is challenging especially when adult stages alone are
available. Inferring homology from developmental series represents the most reliable approach to recognize similar phenotypes. The
primate nasal cavity exhibits a plastic morphology (shape) and topology (structure) which challenge the terminology of turbinals.
Turbinal development largely corresponds to the therian template: turbinals emerge from the cartilaginous nasal capsule, ossify endo-
chondrally, and increase their size through appositional bone growth. We studied histological serial sections and pnCT data of eleven
primate species in six genera representing four to five age stages (fetal to adult), and the neonate and adult stage of another primate
species. We reconstructed cartilaginous precursors and followed their growth patterns until adulthood to inform the identification of
structures. The developmental stages were transformed to character states for better comparison across the sample. Strepsirrhines
conserved the plesiomorphic condition, with turbinal morphology similar to other placentals. In contrast, haplorhines showed a re-
duced turbinal number. Most strikingly, some cartilaginous turbinals are absent in the ossified nasal cavity (Saguinus); others seem
to emerge as appositional bone without a cartilaginous precursor (dotus, Pithecia). Our observation that successive developmental
sequences differ from the established placental template emphasizes the significance of ontogenetic series for comparative anatomy.
Structures which exhibit analogous growth patterns might be falsely considered as being homologous in adults, resulting in biased
phenotypic data that strongly affects comparative analyses (e.g., phylogenetic reconstructions).
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Introduction

The identification of homologous phenotypic traits  due to missing data (research gaps), ambiguous terminol-
among species is a prerequisite in comparative studies  ogies, or restricted availability of both raw and derived
(Haszprunar 1998, Sereno 2007; McCune and Schimenti  data (Stefen et al. 2022; Christmas et al. 2023). This can
2012). Nevertheless, phenotypic data may be inaccessible ~ be observed, e.g., in the morphology of the mammalian
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nasal cavity. In the last century research on intracranial
morphology was limited by destructive methods required
to obtain the nasal cavity (e.g., Paulli 1900a, 1900b,
1900c). Though the establishment of modern imaging
techniques like high-resolution computed tomography
(LCT) increased the number of investigated species,
the scanning costs continue to keep it constrained (Van
Valkenburgh et al. 2014). Second, various terminologies
for internal nasal structures are used in literature (e.g.,
Allen 1882; Seydel 1891; Voit 1909), resulting in ambig-
uous homologies of individual ethmoidal turbinals across
mammals (i.e., ethmoturbinals, frontoturbinals, and inter-
turbinals, which are thin bony lamellae attached to the
lateral nasal wall, hereafter called turbinals). The most es-
tablished approach to identify and homologize turbinals
is closely associated with ontogenetic patterns, like the
relative point in time at which the individual structures
develop (Reinbach 1952a, 1952b; Zeller 1983, 1989;
Macrini 2012, 2014). Growth patterns of the pre- and
early postnatal nasal capsule serve as the most reliable
source of information to explain homology. Therefore,
investigations of turbinal morphology in adults require
comparative ontogenetic series (Maier 1993a; Macrini
2014; Maier and Ruf 2014; Ito et al. 2021, 2022). Since
the sampling of suitable prenatal stages is challenging —
especially for viviparous model organisms like placentals
(e.g., domestic dog, Bonnet 1897) — such comprehensive
developmental series are available for a restricted number
of species (Semon 1894; Werneburg et al. 2013; Werne-
burg and Yaryhin 2018).

Primates are recognized by their modified turbinal
morphology due to a developmental tradeoff between
the nasal capsule and surrounding structures (encroach-
ing orbit, reduced olfactory bulb size, shifted frontal
lobes) (Maier 1993b; Smith and Rossie 2006; Smith et al.
2014a, 2021b). The reduced number and simplified shape
of the turbinals, especially in haplorhines, challenges
their identification based on patterns observed in a vast
number of species across mammalian orders (e.g., Oryc-
tolagus, Voit 1909; Dasypus, Reinbach 1952a, 1952b;
Tupaia, Zeller 1983; Monodelphis, Macrini 2014): In the
case of elements that develop in a serially homologous
fashion (e.g., teeth, digits, or turbinals) it can be uncertain
which element is lost in cases where fewer than the full
(plesiomorphic) number of structures appear in the adults
(e.g., Swindler 2002; Macrini 2012; Kavanagh et al.
2020). Moreover, assuming serial homology of turbinals
is sometimes problematic (Macrini et al. 2023), perhaps
especially because developmental studies have identified
cases of turbinal loss (e.g., [to et al. 2021). Here, we make
few assumptions of turbinal homology, except those that
appear to broadly characterize all therian mammals (pla-
centals and marsupials). In particular, all therians exhibit
a similar grundplan, or template, in the form of a tripartite
cartilaginous nasal capsule (Maier 1993a; Macrini 2012).
This organization, explained more fully below, aids in
identification of types of turbinals of the ethmoid bone
(i.e., ethmoturbinals I to IV, frontoturbinals, and intertur-
binals), although it cannot resolve the issue of identity of
serial subtypes (e.g., ethmoturbinal II, III, etc.).

Aim of the study

The overall goal of the present study is the identification
of turbinals and associated structures (e.g., semicircular
crest) among three primate lineages based on the observed
developmental patterns of the mammalian nasal capsule.
Because we are studying relatively rare and slowly repro-
ducing species, our sample size is small; our results ad-
mittedly will suffer from the lack of a broad phylogenetic
foundation, the same deficit that may be attributed to old
literature on the chondrocranium (see further discussion
of this point by Sanchez-Villagra and Forasiepi 2017).
However, numerous studies have relied on samples with
developmental stages to establish the identity of, or to
infer the absence of, individual turbinals (e.g., Macrini
2012; Ito et al. 2021; Macrini et al. 2023). Identification
of developmental patterns can, in turn, provide critical
evidence for broader phylogenetic analyses (Macrini et
al. 2023). Whereas establishing the precise homology of
turbinals is beyond the scope of the present study, our
developmental data provide critical context for the turbi-
nal anatomy of adult primates, recently comprehensively
studied by Lundeen and Kirk (2019) and Lundeen and
Kay (2022), and will broaden our knowledge of compara-
tive nasal development of primates, which is currently re-
stricted mainly to a small number of strepsirrhines (Smith
et al. 2007; Smith and Rossie 2008).

Ultimately, our study will also support future efforts
to record traits as numeric codes across a large species
sample (phenotyping approach by Sereno 2007; Stefen
et al. 2022). The coding of descriptive (i.e., text-based)
phenotypic traits makes them computer-parsable and ac-
cessible to analyzing software for genotype-phenotype
alignments and phylogenetic analyses (Sto8el et al. 2010;
Stefen et al. 2022; Christmas et al. 2023). Previous stud-
ies correlated genomic data (e.g., number of olfactory re-
ceptor genes, OR genes) with continuous morphometric
data like turbinal surface area measurements (e.g., Marti-
nez et al. 2023, 2024a).

Methods

Sample

The present study is part of a project which aims to as-
sociate phenotypic traits of the nasal cavity in primates
with their sequenced OR gene data. Therefore, the selec-
tion of primate species was based on two preconditions:
the availability of a fully sequenced genome, followed by
the access to image data for comprehensive age stages.
Genome data are available for 45 primate species so far;
OR gene data have been extracted for 43 species (Zoono-
mia Consortium: Genereux et al. 2020; Christmas et al.
2023). The phylogenetic relationships among the sampled
species were adapted from the Zoonomia Consortium
(https://zoonomiaproject.org/the-mammal-tree-view; Ge-
nereux et al. 2020) (Fig. 1).
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Figure 1. Topology of the placental grandorder Euarchontogli-

res, that was adapted from the Zoonomia Project (https://zoo-
nomiaproject.org/the-mammal-tree-view). The seven selected
primate genera cover the higher lineages Haplorhini: Catarrhini
(n=2), Haplorhini: Platyrrhini (n = 3), and Strepsirrhini (n = 2).
Glires includes Rodentia and Lagomorpha.

Obtaining a comprehensive intraspecific ontogenetic
series of imaging data is challenging—especially when
the sample selection was further limited by access to ge-
nomic data. Because we expect little variation between
closely related species (e.g., Paulli 1900c), some of our
age series were selected on genus level (i.e., sister species
with unknown OR gene data) to increase the age range.
For instance, we included an age series of tamarins that
are especially closely related, the bare-faced tamarin
group (Saguinus oedipus and S. geoffroyi, Rylands et al.
2016). Other species are selected for ontogenetic infor-
mation on adult primates previously studied by other au-
thors (e.g., Lundeen and Kirk 2019). In total, our current
sample of imaging data included seven primate genera,
for all of which OR gene data are available. Six of them
cover four to five ontogenetic stages (fetal to adult; as
inferred from exact age or laboratory notes like “late fe-
tal”, see below and Table 1). They equally represent three
higher taxa (1) Strepsirrhini (Lemur and Otolemur), (2)
Haplorhini: Platyrrhini (4otus and Saguinus), (3) Hap-
lorhini: Catarrhini (Papio and Macaca) (Table 1, Fig. 1).
One caveat is that similar life stages (e.g., “neonate”) are
nevertheless at different points of development (heteroch-
rony; Smith et al. 2016; Werneburg and Yaryhin 2018).
The turbinal growth in each of the six ontogenetic series
serves to identify possible lineage-specific patterns. A
third platyrrhine, Pithecia, is represented by a neonate
and an adult stage.

The selection of fetal and perinatal specimens was
intended to provide novel information on the grundplan
of the primate nasal capsule, in combination with prior
observations (e.g., Maier 1980, 2000; Smith and Rossie
2008; Maier and Ruf 2014). Thirty cadaveric specimens
were used to create anatomic reconstructions (Table 1).
No specimens were sacrificed for this study. All fetal or
newborn specimens and some juveniles and adults died
of natural causes in captivity at zoos or primate research
centers. Subadult and adolescent M. nemestrina were ac-
quired from a laboratory conducting research unrelated
to our study, after the animals were sacrificed (see Smith

et al. 2001). For some specimens the exact age or at least
the age stage (neonate, juvenile, etc.) was noted. For in-
stance, the late fetal P anubis Papiol07 died at 150 days
gestation (average total gestation length 180 days, Smuts
and Nicolson 1989). Commonly, adult mammals are rec-
ognized by their fully erupted permanent dentition (Smith
et al. 2020). However, in the M. nemestrina A3 (female,
4 years, 4 months, and 20 days) all M2/m2 are in occlu-
sion, whereas no M3/m3 has yet erupted. Sexual maturity
is reached at about 35 months in females (see table 1 in
Harvey and Clutton-Brock 1985). Thus, this specimen
was certainly sexually mature, although dentally it was
not fully adult. Some skeletonized specimens were ac-
quired for scanning directly from museums (or indirectly
from MorphoSource, https://www.morphosource.org, for
the for the Media ID see Table 1). Some specimens were
prepared for histological study in prior studies (as cited in
Table 1). Except for skeletonized museum specimens, all
cadaveric specimens were stored in 10% buffered forma-
lin prior to scanning and/or histology. Some specimens
were frozen first prior to formalin immersion; these were
excluded from histological methods.

CT scanning, histological preparation,
and virtual 3D reconstruction

Whole heads and bodies, respectively, have been scanned
with the GE VITOME|X M 240 nano-CT device housed
at the Nanoscale Research Facility, University of Florida,
Gainesville. Additional uCT data used in previous studies
and stored in the laboratories of VBD/TDS were includ-
ed, along with image volumes obtained from the database
MorphoSource (Table 1). The resolution (cubic voxel
size) of the scans ranged from 0.020500 to 0.093786 mm.

Some histological material has been investigated in
previous studies (Table 1). The preparation of each spec-
imen (here on the example of Aotusl) at the School of
Physical Therapy, Slippery Rock University followed the
protocol described in DeLeon and Smith (2014). After
CT scanning, the specimen was restored to 10% neutral
buffered formalin. The right hemiface (septum included)
was trimmed with a scalpel from the nose tip up to the
caudal end of the olfactory recess as inferred from the
CT scans. Most of the soft tissues surrounding the nasal
cavity (eye, skin, muscles, etc.) were removed and the
zygomatic was cut. For the decalcification, 50 g sodium
citrate (C¢H;Na;0,) was dissolved in 125 ml formic acid
(CH,0,) and diluted to 500 ml with distilled water (Evans
and Krajian 1930). The solution was replaced weekly and
simultaneously the progress of decalcification was tested
by mixing 5 ml of the solution taken from the bottom of
the jar with 1 ml of a sodium/aluminum oxalate solution
(5 g sodium oxalate Na,C,0, dissolved in 100 ml distilled
water, lightly boiled and cooled). After the decalcification
was complete (sodium oxalate no longer precipitates), the
specimen was stored in fresh decalcifier for one addition-
al week and returned to 10% neutral buffered formalin.
Prior to paraffin embedding, the specimen was dehydrat-
ed by a gradual series of ethanol concentrations (50%
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up to 100%), cleared in xylene for about 3 hours, and
transferred to melted paraffin. The block was placed in a
vacuum oven (at 60°C) to enable the paraffin to penetrate
the tissue and replace the air. After the paraffin had com-
pletely hardened, Aotus1 was sectioned at 12 pm with a
rotary microtome. The previously obtained histological
specimens were sectioned at 10 or 12 pum (Table 1). Ev-
ery 5th section was mounted on a glass slide and selected
sections were stained either with Gill’s Hematoxylin-Eo-
sin or with Gomori-Trichrome (Gomori 1950; Gill et al.
1974).

We used 3D Slicer software (version 5.4.0 to 5.6.0;
https://www.slicer.org, Fedorov et al. 2012) to reconstruct
the CT data volumes. First, for better comparison be-
tween histology and CT, each volume was transformed to
match the coronal view. Afterwards, the resampled TIFF
image stacks were reconstructed to virtual 3D models by
extracting bone surfaces in the Segment Editor tool. The
histological sections were examined with a Leica DMLB
photomicroscope connected to an AxioCam NRc5 Fire-
wire digital camera, and with a Zeiss stereo microscope
connected to an AxioCam 105 color Firewire digital cam-
era. Photographed sections were exported as JPEG image
files. The availability of histological serial sections in ad-
dition to the CT scans provided detailed information on
soft tissues and especially the cartilage in some preadult
specimens. The CT scans in turn facilitated the compar-
ative examination of the overall shape of the developing
turbinal skeleton within the nasal cavity based on the re-
constructed virtual 3D models.

Terminology

The terminology of the turbinals follows the scheme
used, e.g., by Voit (1909), Reinbach (1952a, 1952b), and
Maier (1993a, 1993b). Turbinals emerge on the nasal side
wall (paries nasi) of the cartilaginous nasal capsule and
are identified according to ontogenetic patterns which re-
fer to the common template observed in placentals and
marsupials. (1) The tripartite nasal capsule is divided into
the pars anterior (housing the maxilloturbinal and the na-
soturbinal), the pars posterior (housing ethmoturbinals,
ETs, and interturbinals, ITs), and the pars lateralis (pars
intermedia; housing frontoturbinals, FTs, and ITs) (Voit
1909; Reinbach 1952a; Smith and Rossie 2008). (2) Both
ETs and FTs exhibit a species-specific number and are
enumerated from rostral to caudal, starting with ET I and
FT 1, respectively (Paulli 1900a, 1900b, 1900c; Macrini
2012; Ruf 2014; Wagner and Ruf 2021) (3) The ITs de-
velop at later stages and seldom achieve the size and me-
dial expansion like the enclosing ETs and FTs (Reinbach
1952a, 1952b; Zeller 1983; Smith and Rossie 2008). The
presence of ITs varies within a species, and individual-
ly between the left and the right nasal fossa (Ruf 2014;
Wagner and Ruf 2019, 2021). The IT between ET I and
IT is most prominent, and, in association with three ETs,
regarded as part of the placental template (Schrenk 1989;
Ruf2014). (4) We follow the scheme of Reinbach (1952a,
1952b) and other authors that ET I is rostrally separated

into two laminae, lamina anterior (LA) and lamina pos-
terior (LP), since both fuse to each other and continue
caudally into the cribriform plate as a uniform turbinal.
Each of them elongates rostrally and forms an anterior
process (Reinbach 1952a, 1952b; Wagner and Ruf 2021).
If no caudally positioned lamina merges with the LA, the
LP was considered as being absent. (5) In several placen-
tal groups including primates, the semicircular crest (LS)
forms an uncinate process (PU) (Maier and Ruf 2014;
Paulli 1900a, 1900b, 1900c).

In-text abbreviations: ET, ethmoturbinal; FT, fronto-
turbinal; IT, interturbinal; LA, lamina anterior (of ET I);
LP, lamina posterior (of ET I); LS, lamina semicircularis;
PU, processus uncinatus.

Recording of ontogenetic stages

The raw data for the intranasal development were collect-
ed descriptively. To compare the growth patterns between
individual morphological structures and across the age
series, we transformed the text-based ontogenetic stages
to distinct character states according to Sereno’s (2007)
approach of trait recording (“phenotyping”). The defi-
nition of seven ontogenetic character states was adapt-
ed from developmental mechanisms described by, e.g.,
Smith et al. (2021a) (Table 2). For each specimen, the
developmental stage for each structure (ETs, FTs, IT, LS,
PU) was assigned one of the seven character states. The
results were illustrated in schemes.

Results

Comparative developmental
morphology

Strepsirrhini

Lemur catta

In the earliest stage, a late fetal L. catta (DLC 6888; age
12 to 18 days prior to term), the entire nasal capsule, in-
cluding all turbinals, remains cartilaginous (Fig. 2A-E).
Chondrification appears complete throughout the nasal
capsule; no regions of mesenchymal tissue are apparent
in any parts of the capsule. The pars posterior houses four
ETs and an IT between ET I and II. ET I is divided into
the LA and LP (Fig. 2A—E). The leading edge of the LA is
thimble-shaped, with a posteriorly oriented cavity. There
are three FTs within the pars lateralis which are simpler
in morphology compared to the neonate (see below). The
most rostral one next to the LS is curled dorsally, the in-
termediate FT and the most caudal FT next to ET I point
ventrally (Fig. 2B). The LS and PU are entirely cartilag-
inous.
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Table 2. Coding of ontogenetic stages of the ethmoidal region across the age series in primates according to the phenotyping ap-

proach adapted from Sereno (2007). The trait (called locator in Sereno 2007) Ontogeny and its assigned variable Stage was assigned

seven distinct character states which refer to the developmental stages mainly according to Smith et al. (2021a). All three so-called
minimum standards (sensu Sereno 2007) are defined by using an ontology (Ontology Lookup Service, including the UBERON ID,
https://www.ebi.ac.uk/ols4/index) and references, respectively. For all age stages across the sample each structure (turbinals, semi-
circular crest, uncinate process) was assigned one state. The recording is illustrated in schemes (Figs S15, S16).

Minimum standard Definition

Locator — Ontogeny

“The process of individual development from a single cell, an egg cell or a zygote, to an adult organism is
known as ontogeny.” (Cabej 2012: 307); “the development of vertebrate embryos proceeds from general fea-
tures, which are shared by all of them, to more specific features” (Cabej 2012: 310).

Variable — Stage

“Stage defines ... a period of time. The word stage is explained as ‘one of the distinguishable periods of growth
and development of a plant or animal’ (Merriam Webster).” (Cabej 2012: 310); “[a] spatiotemporal region en-
compassing some part of the life cycle of an organism” (UBERON:0000105); the stages and their definitions
refer to the development of the turbinal skeleton.

Character states

— Epithelial bulge al. 2021a: 895).

Based on fissuration, the “[f]ormation of clefts into the nasal wall that result in projecting contours” (Smith et

— Mesenchymal condensation 2021a: 888).

Process by which “... a simple mass with well-vascularized dispersed mesenchyme ... condenses” (Smith et al.

“Portion of tissue composed of mesenchymal cells (motile cells that develop from epithelia via an epithelial
to mesenchymal transition) and surrounding extracellular material. ... In vertebrates, it derives largely from

~Mesenchyme mesoderm, and sometimes the terms are used interchangeably, e.g., lateral plate mesoderm/mesenchyme”
(UBERON:0003104).

_ Chondrification “Cell condensation that is an aggregation of mesenchymal cells that are committed to differentiate into chondro-
blasts and chondrocytes” (UBERON:0005863; synonym Cartilaginous condensation).

_ Cartilage “Skeletal tissue that is avascular, rich in glycosaminoglycans (GAGs) and typically includes chondrocytes with-

in isolated lacunae. Cartilage tissue is deposited by chondroblasts” (UBERON:0002418).

— Endochondral ossification

“Replacement ossification wherein bone tissue replaces cartilage” (UBERON:GO:0001958).

— Bone

“Skeletal tissue with a collagen-rich extracellular matrix vascularized, mineralized with hydroxyapatite and
typically including osteocytes located in lacunae that communicate with one another by cell processes (in ca-
naliculi). Bone is deposited by osteoblasts.” (UBERON:0002481). Entire cartilaginous tissue has fully ossified;
no cartilage remains (own definition F. Wagner).

In a neonatal specimen (DLC 6834, Fig. 2F-H), ossi-
fication of the LA and LP of ET I has commenced (Fig.
2F, G), whereas all more posterior turbinals (ET II to IV,
IT between ET I and II, FT 1 to 3) remain entirely carti-
laginous (Fig. 2H, F). The leading edge of the LA of ET
I is fully ossified, and the cone shape is now elongated,
such that the posteriorly oriented central cavity is larger.
The three FTs are now larger, with more complex mor-
phology; the one next to ET I has a ventral and a dorsal
lamella (i.e., double scroll; Fig. 2F, H). The LS and PU
are nearly completely ossified, with only a small remnant
of cartilage remaining.

In an early infant (DLC 6938f), the ossification of all
turbinals (ET, FT, IT) and the LS is proceeding in an an-
tero-posterior sequence (Fig. S1). The PU has ossified
similarly to the rostral part of the LS (Fig. SIB). The
WCT scans reveal that in ET I the anterior process of the
LA has fully ossified, whereas in the caudal direction it
continues into cartilaginous tissue. In contrast, the LP of
ETI has not yet started its rostral elongation (Fig. S1A).
Ossification occurs from the distal free margin to the root,
as also observed in ET II and the IT between ET I and
II. ET II exhibits a bony fusion to the horizontal lamina,
which is also ossified, but the later-developed and smaller
IT positioned caudal to ET II has ossified only on its most
distal edge (Fig. S1D). Proximally, the IT continues into
cartilaginous tissue and its root is expected to attach to
the cartilaginous part of the horizontal lamina. Note that

cartilage is not displayed in uCT scans, but the pattern
is inferred from histology in other specimens (Fig. 2H).
Similar to the turbinals, the horizontal lamina has started
to ossify on its most distal, rostral end, whereas towards
the fusion to the dermal bones it remains cartilaginous at
this stage (Fig. S1C, D). ET Il is at the earliest stage of
ossification within the pars posterior; only a small part is
displayed in the pCT scan (Fig. S1E). Within the pars lat-
eralis, the most rostral FT 2 has proceeded the furthest in
development, FT 3 ventral to it has a smaller ossification
center, and FT 1 dorsal to FT 2 is recognized by a small
bony tip (Fig. SIA).

In the juvenile L. catta (LCD 100121), the entire tur-
binal skeleton and the LS including the PU have ossified,
i.e., in the uCT scan no “gaps” which would indicate
the presence of cartilaginous tissue are apparent in the
lamellae of the turbinals (Fig. S2). Instead, the turbinals
are attached to the horizontal lamina or to the enclosing
dermal bones along almost their entire length and are
caudally fused to the ossified cribriform plate (Fig. S2C).
Compared to the infant, the anterior process of the LA
of ET I has continued its rostral growth into the pars an-
terior. On the other hand, the LP of ET I remains as a
shortened lamina without a rostral process (Fig. S2A).
In cross-sectional view, only the LA of ET I has become
more complex to form a double scroll, whereas the LP of
ET I and the more caudal ETs form simpler single scrolls.
The three FTs form double scrolls, too (Fig. S2C). ET 11
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Figure 2. Histology series of two Lemur catta stages in coronal plane (rostral to caudal). A—E Mid to late fetal (DLC 6888). The
entire nasal capsule is cartilaginous; F—H newborn (DLC 6834). A Most anterior projection of the anterior lamina (LA) of ethmo-
turbinal I (ET I), and the semicircular crest (LS) are shown; the maxilloturbinal (MT) is most ventral. B ET I has a LA and posterior
lamina (LP) at this level. The pars lateralis (PL) is also shown, with three frontoturbinals (FT) within it. C At this level the LP begins
to attach to the roof of the nasal capsule (i.e., the cribriform plate); ventral to it is ET II, and an interturbinal (IT) is between them.
D Here ET II attaches to the roof, and ET 111 is ventral to it. E Most posteriorly, ET III attaches to the roof, and a fourth ethmoturbinal
(ET 1V) is seen. F-H In the newborn, the turbinals have started ossification as seen e.g., in the LP of ET I (G). Abbreviations: E,
eye; LAP, processus anterior of lamina anterior of ET I; LTP, lamina transversalis posterior; PN, paries nasi; SN, septum nasi. Scale

bars: 0.5 mm (A-E, shown in A only); 0.5 mm (F, H); 0.1 mm (G).

increases its complexity by a large lamella which attach-
es dorsally to its stem. It can be regarded as an epiturbi-
nal (Fig. S2C). The most outstanding observation in this
specimen is the asymmetry in the posterior part of the ol-
factory recess, namely a varying number and morphology
of its most posterior ETs. The right nasal fossa houses a
fourth ET that impedes the caudal expansion of ET III. In
the left nasal fossa, the absence of ET IV enables ET III
to expand far into the recess (Fig. S2D-F).

In medial 3D view, the overall shape of the turbinal
skeleton of the juvenile is similar to the adult (CMZ
930402); including the absence of the anterior process of
the LP of ET I which is continuous anteriorly with the
LA of ET I (Fig. 3). However, the turbinal shapes differ
in coronal view. All turbinals (both laminae of ET I, ET
IL, ET IIL, the IT between ET [ and ET 11, FT 1 to 3) form
well-developed single scrolls in the adult. ET I caudally
forms a “dorsal” and a “ventral lamina”. This separation
is not homologous to the LA and LP of ET I, but rath-
er each of them bifurcates dorsally and ventrally inde-
pendently. Each “dorsal lamina™ is continuous within the

olfactory recess, and each “ventral lamina” is continuous
within the nasopharyngeal duct. ET III expands caudally.
ET IV is absent in the adult specimen.

Otolemur ssp.

In a late fetal O. crassicaudatus (DLC 2810), three par-
tially or completely cartilaginous ETs have developed
(Fig. S3A-E). ET I has extensive ossification of the LA
and LP in process (Fig. S3B). The leading edge of the
LA of ET I is cone-shaped, with a posteriorly oriented
opening. Most caudal structures, including two additional
ETs, remain cartilaginous. The FT has commenced ossi-
fication anteriorly (Fig. S3A), but remains cartilaginous
posteriorly. The LS and PU, and the cribriform plate are
undergoing ossification.

In a neonatal specimen (DLC 2824), ossification of
all turbinals is nearly or entirely complete (Fig. S3F-I).
The anterior process of the LA of ET I is entirely ossi-
fied, whereas more caudally the fusion to the cribriform
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Figure 3. uCT scan of the turbinal skeleton in an adult Lemur catta (CMZ 930402). A Virtual 3D reconstruction showing the turbi-
nals in medial view in situ within the transparent left nasal fossa. Among primates, L. catta retained several patterns of the placental
template: ethmoturbinal (ET) I forms an anterior (LA) and a posterior lamina (LP), ET III expands far caudally into the ethmoidal
recess, and the pars lateralis houses three frontoturbinals (FTs). B-E pCT cross sections of the ethmoidal region (rostral to caudal)
in rostral view. The turbinals and the semicircular crest (LS) are highlighted. They are well-developed, though their shape remains
single scrolled in cross-section. Abbreviations: CC, cavum cranii; LC, lamina cribrosa; LH, lamina horizontalis; LT, lamina termi-
nalis; M1-3, upper 1st to 3rd molar; MT, maxilloturbinal; SM, sinus maxillaris; SN, septum nasi. Scale bars: 5 mm.
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plate exhibits some cartilaginous remnants (Fig. S3F, H).
Conversely, the anterior process of the LP of ET I retains
some “mature” cartilage and has completely ossified cau-
dally. Small parts of the more caudal ethmoturbinals (ET
IT and III), including parts of the connection to the crib-
riform plate, remain cartilage. The IT between ET I and
II consists of bony tissue only. Similar to the caudal por-
tions of the LA of ET I, hypertrophic chondrocytes and
other indications of impending endochondral ossification
are identified in the FT (Fig. S3H, I). The LS consists of
bone caudally and continues ossification at its rostral end
(Fig. S3F, G). The PU has ossification completed.

The ethmoidal region of the infant O. crassicaudatus
(DLC 2728) houses one FT, three ETs, and one IT be-
tween ET I and II (Fig. S4). All turbinals, the LS, and the
PU have ossified. The FT, ET III and the lamella attached
dorsally to ET II (regarded as an epiturbinal, Fig. S4D-F)
form double scrolls in cross-sectional view. The LA and
LPof ET L, ET I, and the IT remain simpler single scrolls.
The anterior process of the LA of ET I does not only point
far rostrally, but stretches ventrally with a mostly sim-
ple shape in cross-sectional view. It nearly touches the
palate medial to the maxilloturbinal (Fig. S4A-D). The
LP of ET I forms an anterior process as well. Caudally,
the LA and the LP of ET I as well as ET II each form
a “dorsal lamina” and a “ventral lamina” (Fig. S4D, F).
The “ventral lamina” of the LP of ET I fuses to the “ven-
tral lamina” of the LA of ET I, and both continue into
the nasopharyngeal duct (Fig. S4D). The two individual
“dorsal laminae” of the LA and the LP of ET I merge over
a short distance and fuse to the cribriform plate separately
(Fig. S4D-F). The “dorsal lamina” of ET II connects to
the cribriform plate, too. The “ventral lamina” of ET II
forms a narrow crest on the transition between the olfac-
tory recess and the nasopharyngeal duct, and ends rostral
to the lamina terminalis (see Fig. S4F). ET III expands
into the olfactory recess (Fig. S4G). ET 11, the epiturbinal
attached to it, and ET III form rostral processes similar
to ET I (LA and LP). They are cone-like and nested into
each other (Fig. S4C, E).

In the adult O. garnettii (CMNH-B0748), both lami-
nae of ET I, ET II, ET III, and the IT between ET I and
IT form well-developed single scrolls in cross-sectional
view. The LA and the LP of ET I each forms an anterior
process. ET I and II caudally form a “dorsal” and a “ven-
tral lamina”, whose topologies are similar to the adult
L. catta (see above; Fig. S5C, D). The single FT within
the pars lateralis is double scrolled (Fig. S5C).

Haplorhini

Platyrrhini

Saguinus spp.

A mid-fetal S. geoffroyi (SG10) has a fully chondrified
nasal capsule showing no signs of incipient ossification
(Figs 4A, 5A-C). There are three ETs (Fig. 4A) which

descend as hanging folds. ET I and II cover meatuses,
whereas ET III encloses a small recess (Fig. 4A). In the
newborn S. geoffroyi (SG3) ET I and II are well ossified
(Fig. 4B). Ossification is complete in ET II, whereas the
dorsal root of ET I remains cartilaginous. There is no trace
of ET III visible in the newborn. In the infant (MM105),
the ETs appear dorsoventrally more elongated compared
to the newborn (Fig. 4C). At all age stages, ET I forms the
LA only; the LP is always absent.

In the mid-fetal S. geoffroyi, the cupular recess is bor-
dered laterally by the orbitonasal lamina, and ventrally
by the lamina transversalis posterior (Fig. 4D). The latter
may not ossify or may be the last part of the nasal capsule
to ossify, since it is present in a juvenile S. midas, and is
still typical hyaline cartilage (Fig. 4E, F). In the mid-fetal
S. geoffroyi, the LS is a small inwardly and downwardly
projecting process from the inner side of the nasal side
wall (Fig. 5A). The PU descends posteroinferiorly from
the LS, with which it is continuous (Fig. 5B), and extends
toward the maxilloturbinal; it does not directly contact
the maxilloturbinal, but is partially within the same mu-
cosa (Fig. 5C). Both structures are ossified in the new-
born and the infant. In the adult S. oedipus (So2), the
LS is an inwardly and downwardly projecting bony spur
(Fig. 5D) and the PU makes the identical downward pas-
sage to the maxilloturbinal as seen in the fetus (Fig. SE,
F). In the adult S. imperator (M60903; Fig. S6), the LA of
ET I forms a “dorsal” and a “ventral lamina” which both
fuse to the lateral wall—the “dorsal lamina” rostral to
the opening of the olfactory recess, the “ventral lamina”
within the nasopharyngeal duct. ET II remains as a solid
stretched lamina which does not expand into the lumen
with a free margin but instead is attached to the lateral
wall in cross-sectional view (Fig. S6C).

Aotus nancymaae

Smith et al. (2023) reported the presence of two ETs in
newborn 4. nancymaae (Aotus108 and Aotus101), and
three ETs in an adult (Aotus1). Here, we present addition-
al details. Similar to Saguinus, there is no trace of the LP
of ET I in any of the investigated specimens. In the new-
born Aotus108, both ETs are confirmed to be products
of endochondral ossification because they remain partly
cartilaginous (Fig. 6A—D). The LA of ET I and ET II each
form an anterior process, which caudally continues into
a straight lamina in coronal view. Caudally, both ETs di-
vide into a “dorsal lamina” continuing into the olfactory
recess dorsal to the transverse lamina, and a “ventral lam-
ina,” which runs ventral to the transverse lamina into the
nasopharyngeal duct, though the “ventral lamina” of ET
II is a narrow crest (Fig. 6C). The topology of ET I and I1
does not change in the older stages. The LS in newborn
Aotus101 has a small amount of cartilage remaining on
its very anterior end, the remainder of the LS and the en-
tire PU is ossified in this specimen. In the Aotus108, the
entire LS and PU is ossified.

Ossification of the entire turbinal skeleton including
the LS and the PU is completed in the 14-day-old Ao-
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Figure 4. Histological serial sections of the nasal capsule in tamarins (Saguinus spp.) in coronal view (rostral to caudal). A Mid-fetal
S. geoffroyi (SG10) showing an entirely cartilaginous nasal capsule, in which three ethmoturbinals (ET I, II, and III) are visible. B In
anewborn S. geoffroyi (SG3), only two ETs are seen, and both are at least partly ossified. C In an older infant S. geoffroyi (MM105),
two ETs are present and are projected to a greater degree (C). Figs D through F are sectioned through the cupular recess (RC), which
is supported ventrally by the posterior transverse lamina (LTP). In the fetus (D) the LTP ends posteriorly as an isolated cartilaginous
process. E, F In a juvenile S. midas (Smidas), the LTP remains partially cartilaginous. Abbreviations: E, eye; LA, lamina anterior
of ET [; MT, maxilloturbinal; PN, paries nasi; SN, septum nasi. Scale bars: 0.4 mm (A, D); 0.5 mm (B, C); 0.2 mm (E); 0.1 mm (F).

tus104. In the two older infants (Aotus107 and Aotus102,
Fig. 6F), an increase of surface area occurs; most certain-
ly based on appositional bone growth. But the turbinal
morphology does not become markedly more complex.
Aotus104, Aotus102, and the adult (see above) possess
an additional third ET, which is positioned dorsal to the
transverse lamina within the olfactory recess. It devel-
ops as a small osseous bulge in Aotus104 (Fig. 6E) and
stretches to a dorsally pointing lamina in the adult (Fig.
6G). Histology of Aotus104 indicates that the bulge con-
stituting ET III is only supported by bone. Much of the
nasal side wall is already resorbed or ossified at this age;
in the vicinity of ET I, only an island-remnant of the nasal
side wall remains (Fig. S7).

Though Aotus107 and Aotus102 are at a similar stage
of dental development (all deciduous teeth in occlusion,

MI starting to erupt), an osseous ET III was not confirmed
in the pCT scan of Aotus107. Histological data are not yet
available to reveal whether ET III is completely absent or
might be present as a small epithelial bulge.

The three ETs form simple single scrolls in the adult
Aotusl, though the “ventral lamina” of the LA of ET I
complicates to a dendritic-like shape (Fig. S8B, C). The
narrowed space of the nasal cavity caused by the enlarged
orbits forces ET I and II to caudally form a “dorsal lam-
ina” and a “ventral lamina” (Fig. S8D, E). The former
continues into the olfactory recess, whereas the latter ex-
pands ventral to the lamina terminalis into the pars ante-
rior and the nasopharyngeal duct (Fig. SSE). Because the
rostral end of ET III does not reach notably rostral to the
lamina terminalis, ET III is entirely positioned dorsal to
it (Fig. S8E).
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Figure S. Histological serial sections (rostral to caudal) of the semicircular crest (LS) and uncinate process (PU) in tamarins (Sa-
guinus spp.) across age. A—C Mid fetal S. geoffioyi (SG10) showing the LS as a ridge projecting inward from the nasal side wall
(PN). The PU projects posteroventrally toward the maxilloturbinal (MT) from the LS (B, C). D-F The same spatial relationship is
seen in an adult S. oedipus (So2). Note that the PU does not articulate directly with the MT (F). Abbreviations: ET I, ethmoturbinal
I; LA, lamina anterior of ET [; LAP, processus anterior of the LA of ET I; SN, septum nasi. Scale bars: 0.2 mm (scale bar in A and
D apply to the entire row).

Pithecia pithecia

In the histologically sectioned newborn P pithecia
(Saki2), the LS is a downwardly projecting spur
(Fig. S9A). It is cartilaginous anteriorly, and ossified for
most of its middle region. The PU descends from it and is
sickle shaped and partially cartilaginous (Fig. S9B). Near
the maxilloturbinal it becomes completely cartilaginous
(Fig. S9C). The ET I (LA, the LP is absent) is cartilag-
inous near its connection to the lateral wall, but is oth-
erwise well ossified throughout its length. No ET 1II is

apparent. Since only every tenth section was stained, it is
possible the turbinal is present but small enough to exist
between stained sections. A second P. pithecia newborn
(Saki3) reveals a similar ET I and ET II as a small ep-
ithelial bulge (Fig. S9D-F), though the composition of
ET II as bone, cartilage, or only loose connective tissue is
unclear based on the diceCT data.

The adult P. pithecia (CMNH-11-F3) exhibits a pat-
tern in the three ETs similar to the adult A. nancymaae
(see above), though the ETs are markedly reduced in size
(Fig. S10). In particular, ET II and III appear as narrow
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Figure 6. Ethmoidal region of cross-age series of the night monkey (4otus nancymaae) in coronal view. A—D Histological serial
sections of a newborn (Aotus108). Shown are the first and second ethmoturbinal (ET L, II) (A, C), and enlarged views of each (B, D);
note some cartilage remains (*) in both turbinals. No ET III is visible in any newborn in our sample. E-G Coronal puCT slices in
rostral view in that the ETs are highlighted on the left side of the nasal fossa. ET III is visible as a bony ridge in a 14-days-old
A. nancymaae (Aotus104) (E), and is more elongated in an older infant (Aotus102; with full deciduous eruption) (F), and in an adult
(Aotusl) (G). Abbreviations: LA, lamina anterior of ET I; LT, lamina terminalis; M T, maxilloturbinal; SF, sinus frontalis; SM, sinus

maxillaris. Scale bars: 1 mm (A, C); 0.1 mm (B, D); 0.5 mm (E-G).

ridges along the lateral wall and do not expand as far cau-
dally as ET I, which continues as far into the nasopharyn-
geal duct as the maxilloturbinal (Fig. S10D, E).

Catarrhini

Macaca spp.

Previously, Maier (2000) described a fetal M. fascicu-
laris (CRL 55 mm) with a fully chondrified nasal capsule
showing no signs of incipient ossification (Fig. S11). This

specimen possesses two ETs—ET I forms only the LA
but no LP—and a LS. However, no PU was described by
Maier (2000).

A newborn M. mulatta (YNO09-175) in our sample
possesses two fully ossified ETs; the LS and the PU are
fully ossified as well. A subadult M. nemestrina (516-
A6; no recorded age; incomplete deciduous eruption)
possesses two ETs and the LS, which forms the PU (Fig.
S12). All named structures are fully ossified. The LA
of ET I is straight in cross-sectional view and points
ventrally. It forms an anterior process. The LP of ET I
is absent. ET II is reduced to a short and narrow crest
(Fig. S12C).
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Figure 7. Ethmoturbinal region in baboons (Papio anubis) across age, viewed in a coronal plane. A Schematic illustration of a
mid-fetal specimen (CRL 115 mm), redrawn after Maier (2000, fig. 5.4, serial section # 165). Two ethmoturbinals (ET I, II) are
indicated in this section. B Late fetal specimen (Papiol07, 150 days gestation), showing an ossified ET I and Il in a similar position
to the earlier stage fetus. C, D One year, 32 days old specimen (Papiol108), showing more fully grown ET I and II (C). More pos-
teriorly, a third ethmoturbinal (ET III) is visible as a small mucosal bulge only, with a small spur within it (D). E Adult individual
(amnh:mammals:m-51380) showing the rostrally elongated ET I, and ET II. Abbreviations: CC, cavum cranii; dP2, deciduous upper
2nd premolar; LA, lamina anterior of ET I; LAP, processus anterior of the LA of ET I; M1, upper 1st molar; MT, maxilloturbinal;
OR, orbita; PN, paries nasi; PU, processus uncinatus; SN, septum nasi; ZY, zygomatic. Scale bars: 10 mm.

The LA of ET I expands far rostrally in the two adults
M. fascicularis (mcz:mamm:23812) and M. mulatta
(MCZ:Mamm:26475), and in the adolescent M. nemestri-
na (A3) due to their prognathic face (Smith et al. 2014b;
Fig. S13). In cross-sectional view, the LA of ET I forms
a bulbous anterior process and continues posteriorly as
a simple, non-diversified, and ventrally pointing lamina
(see e.g., Fig. S13J-L). ET II is hard to identify in all
three specimens because it is reduced to a narrow ridge
(Fig. S13D, K).

Papio anubis

A fetal P. anubis previously described by Maier (2000) has
a fully chondrified nasal capsule (Fig. 7A). This specimen
possesses two ETs, the LP of ET I is absent throughout
the Papio sample. The PU has started to ossify distally,
but the two ETs remain cartilaginous. In our sample, os-

sification of ET I and II appears complete even in the late
fetus (Papiol07), and they retain the simple morphology
of a hanging fold through future development (Fig. 7B).
In the older infant Papiol08, ET I forms a small lamella
extending ventrolaterally from the basal lamina (Fig. 7C).
ET I and II merge posteriorly, whereas a third ET is seen
in the form of a small ridge (Fig. 7D). A major distinc-
tion from the older infant is the marked rostral outgrowth
of ET I in the adult P. anubis (amnh:mammals:m-51380;
Fig. 7E). The shape and topology of ET I is similar to the
three Macaca species (see above, Fig. S14). ET II forms
a short ridge (Fig. S14D).

In the fetal P. anubis, the LS projects inward and
downward from the nasal side wall. A PU was observed
by Maier (2000); similar to the mid-fetal S. geoffroyi,
the PU continues posteroventrally into the same mucosa
as the maxilloturbinal (Fig. 8A). The LS and the PU are
ossified in the late fetus (Fig. 8B), and occupy a similar
position across the age (Fig. 7B-D).
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Ontogenetic states

In Strepsirrhines, the first structures of the turbinal skele-
ton, which start to ossify are the two laminae of ET I (LA
and LP), and the LS with its associated PU (Fig. S15).
The rostrally positioned PU is the first structure to com-
plete ossification in both L. catta and O. crassicaudatus,
whereas in the LS, ET I, and all more posterior turbinals
endochondral ossification is still proceeding. All turbinals
which are present in the ossified ethmoid emerge from the
paries nasi within the cartilaginous nasal capsule (Fig. 9),
and have completely replaced the cartilaginous precur-
sors before adulthood (Fig. S15).

Among platyrrhines (Fig. S16), endochondral ossi-
fication is nearly complete in the neonate S. geoffroyi,
whereas in the similar-aged 4. nancymaae and P. pithe-
cia all turbinals, the LS, and the PU are still partly carti-
laginous. Most conspicuously, in one neonate P. pithecia
(Saki3), ET II is even at the earliest state of an epithelial
bulge. Nevertheless, ossification proceeds comparatively
fast at least in A. nancymaae, because ET I to III, the LS,
and the PU are completely osseous in the 14-days-old
Aotus104. The most striking variation is the heteroge-
neous turbinal pattern between the cartilaginous template
and the ossified ethmoid, namely the presence of a car-
tilaginous ET III in the mid-fetal S. geoffroyi, whereas
this turbinal is entirely absent in all postnatal stages af-

Figure 8. The semicircular crest
(LS) and uncinate process (PU) in
baboons (Papio anubis) across age,
viewed in a coronal plane. A Sche-
matic illustration of a mid-fetal spec-
imen (CRL 115 mm), redrawn after
Maier (2000, fig. 5.4, serial section
# 124-2). The cartilaginous LS and
PU are visible. B-E pCT cross sec-
tions of the ethmoidal region. B Late
fetal specimen (Papiol07, 150 days
gestation), showing an osseous LS.
C One year, 32 days old specimen
(Papio108), showing an ossified LS
and PU. D Adult individual (amn-
h:mammals:m-51380) showing both
structures. Abbreviations: CC, cavum
cranii; dP2, deciduous upper 2™ pre-
molar; ET I, ethmoturbinal I; LA,
lamina anterior of ET I; LAP, pro-
cessus anterior of the LA of ET I; MT,
maxilloturbinal; PN, paries nasi; SN,
septum nasi. Scale bars: 10 mm.

ter ossification has begun (Fig. 9). In 4. nancymaae and
P, pithecia, the opposite is observed, namely the absence
of ET III in the neonates, whereas it is present as bone in
older stages.

In the two investigated catarrhine species ossification
is complete at birth (M. mulatta YN09-175) or already
before birth (P. anubis Papiol07) (Fig. S16). Whereas
the PU was not observed at the youngest Macaca stage
by Maier (2000), the PU is the first structure undergoing
endochondral ossification in the fetal P anubis (Maier
2000). In all other Macaca age stages in this study, a bony
PU is present. In contrast to platyrrhines, the number of
turbinals remains constant throughout development (two
ETs in Macaca spp. and P. anubis) (Fig. 9); except the
presence of a bony ET III in the older infant Papiol08.

Discussion

The therian—and derived primate—
grundplan

The tripartite nasal capsule of the therian grundplan con-
sists of the pars anterior (maxilloturbinal, nasoturbinal),
the pars posterior (ETs, ITs), and the pars lateralis (FTs,
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Figure 9. Phylogenetic tree (see Fig. 1 for reference) of the examined primates, that is expanded by three fossil species (dashed
lines, topology according to Lundeen and Kirk 2019 for Rooneyia, Kirk and Lundeen 2020 for Shoshonius, and Lundeen and Kay
2022 for Homunculus). The presence of the turbinals within the cartilaginous nasal capsule during early development and within the
ossified nasal cavity at late development are shown (for details on the individual age stages see Figs S15, S16). Strepsirrhines exhibit
the plesiomorphic pattern of three ethmoturbinals (ET I to III; up to ET IV in some L. catta specimens) and one interturbinal (IT) be-
tween ET I and II. The plesiomorphic number of frontoturbinals (FT 1 to FT 3) remains yet unknown. In contrast, all haplorhines are
recognized by the absence of all FTs, the IT, and the posterior lamina (LP) of ET I, which all have been present in stem haplorhines
represented by Rooneyia (Lundeen and Kirk 2019) and Shoshonius (Kirk and Lundeen 2020). Whether the damaged pars lateralis
of the examined Shoshonius specimen housed FTs cannot be assessed (Kirk and Lundeen 2020). The stem platyrrhine Homunculus
housed three ETs in its nasal cavity (Lundeen and Kay 2022), whereas among extant platyrrhines ET III exhibits a markedly het-
erochronic pattern. The most distinctive observation is the presence of a third ET in the cartilaginous template of Saguinus, which
is absent in the ossified ethmoid, and on the other hand the absence of ET III in the nasal capsule of Aotus and Pithecia, whereas a
bony ET IlI-like lamina was identified after ossification of the nasal region has completed. The presence of an uncinate process (PU)

in the fossils is not evident from the literature. Abbreviation: ET I (LA), lamina anterior of ET I.

ITs); the latter is rostrally separated by the LS, a posteri-
or projection of the lateral wall of the pars anterior (Voit
1909; Reinbach 1952a; Smith and Rossie 2008; Marti-
nez et al. 2024b). Primates are visual specialists, and the
stereoscopic orbits which enable a depth perception are
closely linked to the shape of the nasal capsule which
in turn functions as a temporary template (“Stemmkor-
per”) for the enclosing dermal bones (Maier 1993b, 2000;
Smith et al. 2014b). If we assume that the basal placen-
tals” pars posterior housed three ETs and an IT between
ET I and II (Schrenk 1989; Ruf 2014), strepsirrhines con-
served the plesiomorphic number (Fig. 9). It is also pos-
sible that the placental grundplan exhibited four ETs, in
which case ET IV became lost in crown primates. Our as-
sumed number of three to four ETs and an IT between ET
I and II for the earliest primates agrees with Lundeen and
Kirk (2019). However, the plesiomorphic number of FTs
remains so far unresolved, but for basal Euarchontoglires
(Fig. 1) two FTs are supposed to have been present in the
pars lateralis (Maier and Ruf 2014). Lundeen and Kirk
(2019) also assert that two FTs might be the primitive
condition for Euarchonta, but they point to a possible ho-
moplastic pattern with regard to the variable FT number

within strepsirrhines. Their assertion is confirmed by our
data and other studies, reporting a range from one (e.g.,
O. garnettii, present study) to three FTs (L. catta, present
study; Daubentonia, Maier and Ruf 2014).

Strepsirrhines (Otolemur and Lemur, present study;
Daubentonia, Maier and Ruf 2014) exhibit a distinctively
higher number and complexity of turbinals compared to
haplorhines, though the current descriptive data need to
be confirmed by morphometric analyses. On the contrary,
the great degree of orbital convergence in platyrrhines
and catarrhines (Ross 1995) compresses the olfactory re-
cess and the ETs. Further, a rostro-caudal compression
is associated with the reduced midfacial length (Smith
et al. 2014Db). In both haplorhine groups, the constrained
space coincides with (1) the reduction of the pars lateralis
with an associated loss of all FTs; (2) the narrowing of the
ethmoturbinal recess which forms the caudal end of the
nasal cavity dorsal to the transverse lamina; and (3) the
simplification and size reduction of ETs to narrow ridges
(Maier 1993b; Smith et al. 2014b).

Individual turbinals are still difficult to homologize
among placental taxa because a comprehensive develop-
mental pattern across a vast species sample is still lacking
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(Maier 1993b; Werneburg et al. 2013). However, ET I is
identifiable in all mammals (excepting those that have
lost turbinals) by virtue of its relationship with the rest of
the nasal capsule. Its LA overlaps the pars intermedia and
juts rostrally as the antero-most element of the pars poste-
rior (e.g., Lagomorpha, Ruf 2014; Canis, Wagner and Ruf
2019, 2021; Chiroptera, Ito et al. 2021; Eulipotyphla, Ito
et al. 2022). The spatial relationship in all therians makes
its homology exceedingly likely. Although perhaps less
certain, the LP of ET I (ET I, for some authors) likewise
has consistent spatial relationships across many mam-
mals suggesting homology. This element shares a basal
lamella, at least for part of the nasal cavity, with the LA
(e.g., Paulli 1900a, 1900b, 1900c; Maier 1993a; Smith
and Rossie 2008; Macrini et al. 2023). Strikingly, no such
turbinal bears this relationship to the LA of ET I in any
haplorhine studied here. The second lamina within the
pars posterior does not fuse to ET I and merges with the
cribriform plate as an independent turbinal. This pattern
corresponds to the topology observed in ET II in the the-
rian template (Paulli 1900a, 1900b, 1900c). We confirm
Maier’s (2000) identification of the second lamina within
the pars posterior as ET II, though he highlighted that it
might possibly be the LP of ET 1. This leads us to in-
fer that the LP of ET I is lost in haplorhines, as suggest
by others (e.g., Maier and Ruf 2014), and as apparently
occurs in parallel in many bats (Ito et al. 2021). We hy-
pothesize that the LP of ET I, being a far smaller element
than the LA, is more prone to phylogenetic loss. This will
require testing using a broader sample of mammals across
developmental age, while taking phylogeny into account
(e.g., Homunculus, see below). Similarly, the catarrhine
template is lacking ET III, though it is present in one Pa-
pio specimen (see below). Our current study of primates
suggests that reduced and simplified structures may also
be properly recognized if their ontogeny is thoroughly in-
vestigated (turbinals, Maier 1993b; teeth, Hautier et al.
2016), even though the identity of lost elements is not
always certain. Indeed, inferences about the loss, gain, or
possible fusion vs. duplication of specific turbinals still
remain largely unresolved (Smith and Rossie 2008; Van
Valkenburgh et al. 2014).

Whereas within the pars posterior ET I, ET II and the
IT in-between are quite easily distinguished, the termi-
nology within the pars lateralis remains obscure. The
investigated age series in L. catta did not provide any
differentiation between FTs and ITs. As in the youngest
available stage (fetal) all three turbinals exhibit a similar
size, single-scrolled shape, and topology, we identified
them as three FTs. In the infant however, ossification is
most advanced in FT 2 that projects the most rostrally.
FT 1 is at the least advanced stage of ossification. Based
on the present sample, it is so far impossible to elucidate
which FT in L. catta might be homologous to the single
FT in O. garnettii. For instance, the three FTs remain sim-
ple single scrolls in the adult L. catta, whereas in O. gar-
nettii the FT is more complex (double scroll). We adapted
the scheme emphasized by, e.g., Smith and Rossie (2008)
and simply counted the turbinals from medial (turbinal
next to LS labeled as FT 1) to lateral/ventral in L. catta.

Similarly, O. garnettii houses a single FT within its pars
lateralis, designated as FT “1” based solely on position
and not necessarily homology.

Phylogeny

The pars posterior of the two fossil primates Shoshonius
cooperi (early Eocene) and Rooneyia viejaensis (late
middle Eocene) housed three ETs (including the LP of
ET I) and an IT between ET I and II (Fig. 9). Where-
as Rooneyia exhibited one FT, the presence of turbinals
within the largely damaged pars lateralis of Shoshonius
remains yet unknown. Though the number and the com-
plex morphology of all turbinals was more similar to
strepsirrhines, both species were regarded as stem hap-
lorhines (Lundeen and Kirk 2019; Kirk and Lundeen
2020). The Miocene Homunculus patagonicus represents
a stem platyrrhine which conserved three ETs, whereas
the LP of ET I, the IT between ET I and II, and the pars
lateralis were absent (Lundeen and Kay 2022) (Fig. 9).
The turbinal surface area was larger compared to extant
platyrrhines (Lundeen and Kay 2022), and the morphol-
ogy in cross-section most closely resembled that of adult
Aotus] in our sample. Though all adult catarrhines and
one platyrrhine (S. imperator) are lacking ET III, we ob-
served an osseous ET III in an infant P. anubis (Catarrhi-
ni) and a cartilaginous ET III in a mid-fetal S. geoffroyi
(Platyrrhini). On the other hand, in the two platyrrhines
in which ET III is present in adults (P, pithecia, A. nancy-
maae) the neonate nasal capsule shows no evidence of a
cartilaginous or ossifying third ET (Fig. 9). The heteroge-
neous presence of ET III could result from two different
evolutionary scenarios:

(1) Phylogenetic constraints. ET III has become lost con-
vergently in catarrhines and platyrrhines due to its pres-
ence in Homunculus (Lundeen and Kay 2022) and the
young S. geoffroyi. In S. geoffroyi, the cartilaginous ET
IIT gets resorbed instead of ossifying, which might rep-
resent a transitional state of undergoing turbinal loss. On
the other hand, in A. nancymaae and P. pithecia ET 1II
does not emerge from a cartilaginous precursor within
the nasal capsule but instead develops through apposi-
tional outgrowth after the cartilaginous nasal sidewall
has largely been resorbed. This implies a different devel-
opmental origin of ET IlI—and in P. pithecia additional-
ly of ET II—and reveals an apomorphic condition com-
pared to turbinals formed from the cartilaginous nasal
capsule at an earlier ontogenetic stage. Our observation
too might explain the smaller size and varying topology
of ET III in 4. nancymaae, namely its position dorsal to
the transverse lamina, which develops at an earlier onto-
genetic stage as result of the ossified lamina transversa-
lis posterior (partly connecting with the ossified vomer,
Smith et al. 2021b). Similarly, ET II and III are conspic-
uously smaller compared to the endochondrally ossified
ETI(LA) in P, pithecia, even though they partly contin-
ue into the nasopharyngeal duct ventral to the transverse
lamina.
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The phenomenon of ET III appearing in some platyr-
rhines is striking. Since ET III is not present as a carti-
laginous structure in newborns of 4. nancymaae, nor is
it an ossecous lamella at birth, we infer that it is absent
in the cartilaginous template. There are other examples
of portions of turbinals forming without cartilaginous
precursors. Smith et al. (2016) surmised that tertiary
lamellae of maxilloturbinals in some strepsirrhines form
as bony outgrowths from nonchondrally ossified turbi-
nals. Whereas the appositional nature of these accesso-
ry lamella was an inference based on comparisons of
infants to adults (Smith et al. 2016), our Aofus sample
appears to form the entire ET “III” through progressive
stages of development. At birth, no trace of either a car-
tilaginous or osseous ET “III” is seen. In an early infant
stage, ET “III” appears to be only a bony ridge (Fig.
6E). In one of the older infants, ET “III” is a small, up-
wardly projecting bony spur, appearing to be a smaller
precursor to ET “III” of the adult, an upwardly project-
ing bony fold (Fig. 6F, G). Since such bone forms as
appositional outgrowth of existing endochondral bone,
Smith et al. (2016) noted a similarity to the occurrence
of membranous bone that emanates away from the car-
tilaginous cranial base during fetal development, called
Zuwachsknochen in the German literature (e.g., Maier
1993a). Recently, DeLeon et al. (2022) suggested the
term “ectochondral” bone for bones that ossify from en-
dochondral bone before or after it ossifies. It is contex-
tually distinct from intramembranous bone which forms
earlier in development, with no precursor. Ectochondral
bone, in contrast, is a means of elaboration of osseous
structure at fetal or later stages of development. As such,
ectochondral bone (a.k.a., Zuwachsknochen) may be an
especially important means for generating novel osse-
ous structures, or in this case, “reacquisition” of a third
ET.

Unlike the third ET described above for some hap-
lorhines, in strepsirrhines with presumably derived addi-
tional turbinals, these structures were intrinsically part of
the cartilage template. For example, the suggested apo-
morphic third FT in L. catta emerges from a cartilaginous
precursor. This observation may imply either that varying
turbinal numbers are based on heterochronic develop-
mental timing (early as cartilage, or late as bone) or that
stem primates (or earlier lineages up to therians) housed
three FTs in their pars lateralis.

(2) Intraspecific variation. Previous studies asserted that
there is a species-specific number of ETs and FTs (e.g.,
Ruf 2014; Wagner and Ruf 2021). However, the use of
different terminologies impedes a generalization of this
observation. For instance, Smith et al. (2016) observed
a variation of turbinal number within the pars lateralis
in three L. catta specimens (three vs. four); they were
identified as FT1 to FT3 and FT4, respectively. The au-
thors emphasized that two turbinals were conspicuously
larger (apparently called FT1 and FT2), indicating that
the smaller turbinals were more likely ITs whose number
varies between one and two. Similarly, Macrini (2012)
observed two and three ectoturbinals within one Notoryc-

tes skull; suggesting that, beside two FTs, the third ecto-
turbinal may be an IT that is missing on one side of the
nasal fossa. Our own observation of a variable ET num-
ber within the nasal cavity of a juvenile L. catta (four in
the right and three in the left nasal fossa) further refutes
the theory of uniform ET — and similarly FT — numbers
among placental species; indicating that ETs, at least,
might be subject to intraspecific variation.

Despite the still ongoing debate about a vision-olfac-
tion tradeoff, morphological reduction may characterize
all haplorhines and even most strepsirrhines (though to
a lesser degree in the latter group) (Smith and Bhatnagar
2004; Smith et al. 2004, 2014a, 2019; Melin et al. 2009;
Lundeen and Kirk 2019). A relaxed or neutral selective
pressure promotes variation (polymorphism) of a struc-
ture (Darwin 1859), in the present example the turbinal
skeleton. Evidence for this assertion is provided by the
CT scans of adult P. pithecia, in which one specimen ex-
hibited one ET, the second two ETs, and the third two ETs
on one side of the nasal fossa and three on the other side
(unpublished data). A field study confirmed that P. pithe-
cia prefers unripe fruits, which emit low levels of alde-
hydes and are hence primarily selected based on visual
stimuli (Urbani 2002). In this context, it may be critical
to realize that anthropoids (at least platyrrhines) distrib-
ute much olfactory epithelium on non-turbinal surfaces,
such as the septum and “roof” of the nasal cavity (Smith
et al. 2004). Some authors suggest numbers of turbinals
are unreliable proxies for olfactory capabilities, at least in
some mammals (e.g., Wagner and Ruf 2019, 2021; Mar-
tinez et al. 2023, 2024a, 2024b). This may be the case for
anthropoid primates as well.

Beside the turbinal number, the reduced nasal cavity
in haplorhines affected the morphology of the ETs, which
either simplify or remain less complex single scrolls, up
to double scrolls at most, in cross-sectional view. Since
the turbinals in tree shrews (Scandentia) have a larger
surface area compared to primates and colugos (Dermop-
tera), a simplification linked with a decreased surface
area of the turbinal skeleton in Primatomorpha seems
evident (Lundeen and Kirk 2019) (Fig. 1). However, to
our best knowledge, hypotheses about the plesiomorphic
turbinal shape in placentals are scarce, although Lundeen
and Kirk (2019) inferred that the ancestral morphology of
ethmoturbinals in primates is bullar.

Due to lack of certainty about homology, ETs and FTs
are still simply counted according to their growth series
from rostral (ET I and FT 1) to caudal throughout the
species. A particularly challenging terminology refers to
structures in the pars lateralis, because FTs and ITs are
difficult to distinguish, especially when pre-adult stages
are lacking.

The current sample neither confirms nor refutes the
assumed number of two FTs in basal Euarchontoglires
(Maier and Ruf 2014). Assuming that number is correct,
in L. catta a third FT emerged, O. garnettii lost one FT.
We need to enlarge the sample of strepsirrhine species
and to include more ontogenetic series to receive reliable
evidence of evolutionary changes within this lineage’s
pars lateralis (e.g., which FT is lost or gained).
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Challenges for phenotypic analyses
and trait recording

The use of morphological traits of the nasal cavity in phe-
notypic studies (e.g., associations with OR genes, Christ-
mas et al. 2023) requires their homology across the spe-
cies. As early developmental stages closely resemble the
placental template, they enable the reliable identification of
individual structures of the intranasal skeleton (Reinbach
1952a, 1952b). Provided that comprehensive developmen-
tal series are available, the growth patterns from these bas-
al and mostly simple morphologies and topologies can be
easily reconstructed up to their fully-grown and sometimes
highly diverged adult stage (Zeller 1983, 1989).

We revealed the terminology of intranasal morpholo-
gies to establish a primate-specific template for record-
ing traits according to Sereno’s (2007) phenotyping ap-
proach. A trait (i.e., a morphological structure) is either
absent or present, and its expression is described based on
qualitative (shape) or quantitative (e.g., size) data (Sere-
no 2007; Stefen et al. 2022). Our data strikingly revealed
two challenges for the use of the phenotyping approach.
First, phenotypic data ignores polymorphism (e.g., three
and four ETs in the Lemur series) because it requires the
assignment of one character state (i.e., three or four) to
a trait (number of ETs). Second, different developmen-
tal origins might indicate that although turbinals share a
similar topology in adults, they may be not necessarily
homologous (in our present example ET “III” in platyr-
rhines to ET III in strepsirrhines and non-primate placen-
tals). Both findings may bias the analyses of phenotypic
data like their alignment with genotypes or their use in
phylogenetic analyses. The application of phenotyping
still requires its user to take a close look at the primary
(i.e., descriptive, text-based) data, too, in order to entirely
unravel possible contrary results. For instance, we strong-
ly suggest that ET III has become lost independently in
catarrhines and platyrrhines (Lundeen and Kay 2022),
and that a convergent turbinal has evolved in some platyr-
rhine lineages as an apomorphic trait (Fig. 9). However,
this may apply to the osseous turbinals; we cannot extend
the argument to turbinals as mucosal folds. The early,
likely programmed outgrowth of the turbinal as a soft tis-
sue structure may well still be homologous.

Conclusions

The primary aim of the current study was the identifica-
tion of intranasal structures—the individual turbinals in
particular—across a limited sample of primates based on
comparative ontogenetic series. The exact identification
of homologous morphological structures is a prerequisite
for linking phenotypes to other data like genotypes (e.g.,
Prudent et al. 2016; Zoonomia Project, Christmas et al.
2023), and plotting traits on phylogenetic trees (Stofel et
al. 2010; Christmas et al. 2023). Otherwise, such analy-
ses may incorrectly estimate character states for ancestral

nodes. We revealed three key features that challenge as-
sumptions about homology. First, across the age series we
observed varying growth patterns of several structures.
Turbinals which seem to be homologous between species
in adult specimens exhibit in fact different ontogenet-
ic origins (ET III in strepsirrhines vs. ET “III”” in Aotus
and Pithecia). These heterochronic patterns need to be
considered when depending on the homology of traits.
Second, based on our sample we cannot yet infer the
homology of the FTs in strepsirrhines; and accordingly
followed the simple count from medial to lateral/ventral
(Smith and Rossie 2008). Third, we found evidence that
the number of ETs and FTs may not be species-specific as
previously suggested (Ruf 2014; Wagner and Ruf 2021).
Whether variations in some placental species are com-
mon, or the microsmatic haplorhines are just consistent
with Darwin’s (1859) observation that traits which are not
subjected to selective pressure vary, needs to be evaluated
on larger samples.

Our study used a limited species sample. Future stud-
ies should expand the number of species, and consider
other phenotypic traits beside the turbinal number like
morphometric data (e.g., surface area), geometric mor-
phometrics (e.g., topology), and physiology (e.g., distri-
bution and thickness of olfactory epithelium). These traits
are considered to be more associated with the number of
OR genes, and to represent more reliable proxies to in-
fer olfactory performance (Smith et al. 2004; Yohe et al.
2022; Martinez et al. 2023). When referring to grundplan
reconstruction, fossil species need to be included into
phylogenetic analyses as they provide basic information
about plesiomorphic traits (Lundeen and Kirk 2019; Kirk
and Lundeen 2020; Lundeen and Kay 2022).
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