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Abstract

Turbinal bones in mammals, due to their roles in thermoregulation and olfaction, are effective indicators for studying ecological habits. 
Hypothetically, larger respiratory turbinals aid in heat and moisture retention, particularly in challenging environments like those at high 
elevations. The Andes, with its diverse landscapes and high biodiversity, provides an ideal environment for such studies. Among Andean 
endemics, the genus Thomasomys—mostly restricted to montane forests and páramos—exhibits high species diversity and adaptability 
across elevational gradients, making it an ideal candidate for exploring the relationship between ecological niches, habitat selection, and 
turbinal morphology. Using 3D CT scans of Thomasomys turbinal bones, our study aims to understand the interplay between turbinal surface 
area and environmental factors (elevation and bioclimatic variables). Our findings reveal consistent turbinal morphological features among 
Thomasomys species, showing: (i) positive allometric relationships with skull length; (ii) an absence of evolutionary trade-offs between the 
nasoturbinals and maxilloturbinals and between respiratory and olfactory turbinals; (iii) influence of elevation on the turbinal surface area 
with lower-elevation species having comparatively smaller turbinal surface areas than higher-elevation species; and (iv) that bioclimatic 
variables show significant correlations with the proportion of respiratory and olfactory turbinals. Therefore, our results align with the general 
hypothesis that large respiratory turbinals may help in coping with harsh environmental conditions. However, the relation between eleva-
tion and olfactory turbinal surface areas remains puzzling. Various other ecological confounding factors appear to be present and are 
discussed. Overall, this study sheds light on the complex adaptations of turbinal bones and their interactions with environmental factors, 
contributing to our understanding of mammalian ecomorphology in montane forest habitats.
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Introducción a las adaptaciones de los huesos turbinados de Thomasomys (Rodentia: Cricetidae): perspectivas sobre 
la elevación y los desafíos ambientales

Resumen

Los huesos turbinados en mamíferos, debido a sus roles en la termorregulación y la olfacción, son indicadores efectivos en el estudio de 
los hábitos ecológicos. Hipotéticamente, huesos turbinados respiratorios más grandes ayudan a retener calor y humedad, especialmente 
en entornos desafiantes como aquellos en elevaciones altas. Los Andes, con sus paisajes diversos y alta biodiversidad, proporcionan un 
ambiente ideal para tales estudios. Entre las especies andinas endémicas, el género Thomasomys, principalmente restringido a bosques 
montanos y páramos, presenta una alta diversidad de especies y adaptabilidad a lo largo de varias gradientes altitudinales. Esto lo convierte 
en un candidato ideal para explorar la relación entre los nichos ecológicos, selección de hábitat y morfología de los huesos turbinados. 
Utilizando escaneos CT en 3D de los huesos turbinados de Thomasomys, nuestro análisis busca entender la interacción entre las adaptaciones 
de estos huesos y los factores ambientales (elevación y variables bioclimáticas). Nuestros hallazgos revelan que las características mor-
fológicas de los huesos turbinados consistentes entre las especies de Thomasomys, mostrando (i) relaciones alométricas positivas con respecto 
a la longitud del cráneo, (ii) ausencia de una compensación evolutiva entre los huesos nasoturbinados y maxiloturbinados, e interesante-
mente, entre los huesos turbinados respiratorios y olfatorios; (iii) influencia de la elevación en el área de la superficie de estos huesos, donde 
las especies de menor elevación tienen áreas de superficie más pequeñas comparativamente, que aquellas especies de mayor elevación; y 
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(iv) las variables bioclimáticas muestran correlaciones significativas con las proporciones de los huesos turbinados respiratorios y olfativos. 
Por lo tanto, nuestros resultados se alinean con la hipótesis general de que los huesos turbinados respiratorios más grandes pueden ayudar 
a afrontar condiciones ambientales adversas. Sin embargo, la relación entre la elevación y el área de la superficie de los huesos turbinados 
olfatorios sigue siendo un enigma. Varios otros factores ecológicos confusos que parecen estar presentes son discutidos. En general, este 
estudio provee información sobre las adaptaciones complejas de los huesos turbinados y sus interacciones con factores ambientales, con-
tribuyendo a nuestro entendimiento de la ecomorfología de mamíferos en hábitats de bosque montano.

Palabras clave: Andes, bosque montano, conservación de calor y humedad, olfacción, Sigmodontinae.

The study of anatomical adaptations in response to environmental 
factors is a cornerstone of evolutionary biology. Turbinal bones in the 
nasal cavity of tetrapods, particularly in mammals, are complex 
structures with a dual role in heat and moisture conservation, and 
olfaction (e.g., Parsons 1967; Schmidt-Nielsen et al. 1970; Hillenius 
1992; Green et al. 2012; Martinez et al. 2024a). These structures can 
be subdivided into 2 primary functional compartments (Fig. 1): (i) the 
anterior part, which contains the respiratory turbinals that warm 
and moisten inspired air before reaching the lungs, thereby optimiz-
ing respiratory efficiency; and (ii) the posterior part, which contains 
the olfactory turbinals involved in olfaction through their olfactory 
epithelium and connection to the olfactory bulb (e.g., Schmidt-
Nielsen et al. 1970; Green et al. 2012; Smith et al. 2012; Pang et al. 

2016; Martinez et al. 2024a, 2024b). Due to these combined roles, 
turbinal bones have emerged as potential ecological proxies for infer-
ring the dietary habits and other ecological habits of mammals (e.g., 
Van Valkenburgh et al. 2011, 2014; Green et al. 2012; Martinez et al. 
2024a). Exploring the complexities of turbinals not only unveils the 
complexity of physiological processes but also provides a unique per-
spective on how environmental conditions act as strong selective 
pressures driving evolutionary change (Green et al. 2012; Martinez et 
al. 2024a). Some studies have suggested a link between the relative 
surface area of the respiratory turbinals and environmental condi-
tions linked to elevation and latitude, although none have rigorously 
tested this hypothesis (Van Valkenburgh et al. 2011, 2014; Green  
et al. 2012; Martinez et al. 2020).

Fig. 1.  Sagittal plane of the skull and coronal cross-section and 3D representations of turbinal bones (respiratory and olfactory) of Thomasomys sp. 9 and  
T. aff. kalinowskii. Abbreviations: R, root; L, lamella; nt, nasoturbinal; mt, maxilloturbinal; sl, semicircular lamina; ft1, frontoturbinal 1; ft2, frontoturbinal 2; 
it, interturbinal; etI, ethmoturbinal I; etII, ethmoturbinal II; etIII, ethmoturbinal III.
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When examining the effects of elevation and environmental con-
ditions, specialized functions of turbinals become particularly rele-
vant. At higher elevations, the air is often less dense and cooler, with 
reduced oxygen levels, posing challenges for effective respiration and 
thermoregulation (Spence and Tingley 2020)—as such, selection 
related to habitat conditions would be expected to act mainly on 
respiratory turbinals more so than olfactory turbinals. Respiratory 
turbinals are mostly represented by the naso- and maxilloturbinal 
and are mostly covered by a highly vascularized respiratory epithe-
lium composed of ciliated structures and mucus glands (Harkema et 
al. 2006; Barrios et al. 2014; Ruf 2020; Smith and Bonar 2022; Martinez 
et al. 2024a). As organisms adapt to these high-elevation conditions, 
changes in turbinal structure may occur to optimize respiratory effi-
ciency. For example, the demands of heat and water retention are 
greater for species living at high elevations with cold and dry envi-
ronments than those living at lower elevations with more temperate 
and mesic environments (Withers et al. 2016a, 2016b). Similarly, the 
olfactory turbinals underscore their significance in detecting scents, 
which can be vital for survival and reproduction (Moulton 1967; Green 
et al. 2012; Martinez et al. 2024a). Different environments may expose 
organisms to distinct odors, influencing their ability to find food, avoid 
predators, and communicate with conspecifics (Apfelbach et al. 2005; 
Martinez et al. 2024a). Therefore, studying how elevation and envi-
ronmental conditions impact the structure and function of olfactory 
turbinals could contribute to our understanding of how animals 
adapt to their environment.

With its heterogeneous landscapes, the Andes offer an exceptional 
opportunity to study adaptive traits. Organisms inhabiting these 
regions have evolved a diverse array of morphological and physiolog-
ical traits to cope with harsh conditions (Voss 1988; Monge and 
Leon-Velarde 1991; Rezende et al. 2005; Withers et al. 2016a; Schenk 
and Steppan 2018) such as high elevation, low temperature, and vary-
ing humidity (e.g., high in montane and premontane forests, low in 
puna). High-elevation species mainly face the dual challenges of 
colder temperatures and increased respiratory demands due to lower 
oxygen levels (Withers et al. 2016a, 2016b; Luna et al. 2017; Butaric 
and Klocke 2018). The Andean environments are home to a rich diver-
sity of rodents (Patterson et al. 2012; Vallejos-Garrido et al. 2023), 
making them a prime group for investigating adaptive traits.

In the realm of Andean mammalian diversity, the Thomasomys 
genus stands out for its remarkable adaptability to varying high-el-
evational zones, exclusively inhabiting montane forests (including 
premontane forests) and paramos. The genus spans an impressive 
range of 3,350 m elevation (from 1,150 to 4,500 m) with most species 
inhabiting between 2,000 to 3,500 m (Supplementary Data SD1). These 
species generally have very limited distributional ranges (see maps 
and remarks in Pacheco 2015). The mean annual temperatures of 
these forests vary, with upper montane forests (2,500 to 3,500 m) expe-
riencing 7 to 15  °C, and lower montane forests (1,500 to 2,500 m) 15 
to 19  °C (Young and León 1999). Some localities can have minimum 
temperatures of 6.8  °C or less (Wright and Zegarra 2000; Llerena- 
Zambrano et al. 2021). Significantly, Thomasomys species are com-
pletely absent from certain geographic areas such as the Guiana 
Shield, lowland tropical forests, desert regions, and oceanic islands 
(Pacheco 2003, 2015; Pacheco et al. 2015). As the most diverse genus 
of sigmodontine rodents, Thomasomys includes 51 valid and several 
undescribed species (Pacheco 2015; Pacheco and Ruelas 2023; Ruelas 
et al. 2024). Many species co-occur within the same montane habitat, 
with up to 7 or 8  in the same locality, most exhibiting semi-arboreal 
or scansorial behavior (Leo and Gardner 1993; Voss 2003; Brito et al. 
2012; Pacheco 2015). Morphologically, the genus spans a wide range, 
from the smaller T. daphne (head and body length = 80 mm) to the 
larger T. apeco (head and body length = 238 mm), with corresponding 

weights varying from 14 to 335 g (Pacheco 2015; Supplementary Data 
SD2). Such distribution patterns and morphological diversity under-
line ecological specialization and adaptation to mountain niches in 
Thomasomys, with elevational gradients playing a crucial role in hab-
itat selection. Unlike other diverse genera like Akodon (42 species) and 
Oligoryzomys (32 species)—which have fewer species confined to 
high-elevation forests (Pardiñas et al. 2015; Weksler and Bonvicino 
2015; Brandão et al. 2021; Hurtado, D’Elía 2022)—Thomasomys thrives 
in these habitats, potentially linked to specific adaptations. In semi-
aquatic rodents, Martinez et al. (2020) suggested that respiratory 
turbinals may be larger in species living in colder habitats (mediated 
by elevation), indicating a temperature-adapted evolutionary 
response—a pattern that could represent convergent evolution in 
response to similar ecological pressures. The high morphological 
variation and diversity of Thomasomys underscore its adaptability to 
diverse environmental conditions, allowing it to exploit a broad range 
of resources. However, despite its ecological success, limited under-
standing of Thomasomys hinders the formulation of evolutionary 
hypotheses about its adaptation and radiation in high-elevation hab-
itats. The diverse environmental conditions across Andean eleva-
tional gradients likely impose considerable selective pressures on 
Thomasomys morphology, driving their varied adaptations and eco-
logical success.

Therefore, Thomasomys species present a model system for testing 
the hypothesis that mammals through high-elevation habitats may 
display distinct morphological adaptations specifically linked to their 
capacity to conserve heat and moisture. In this sense, we expect that 
Thomasomys species inhabiting higher elevations present larger respi-
ratory turbinals due to their increased need for warm air. By using 
turbinal surfaces as a proxy for homeothermic function, our study 
aims to unravel the complex interplay between elevation, environ-
mental variables, and morphological structures.

Methods
Specimens
We employed 45 adult specimens of Thomasomys species preserved 
in ethanol, representing 19 taxa (Appendix I). The use of ethanol-pre-
served specimens ensured that the anterior part of the respiratory 
turbinal is not damaged due to cleaning methods, which is an import-
ant factor for a quantitative approach at this taxonomic scale. These 
specimens were collected in Peru and Colombia between 1,500 and 
3,380 m a.s.l. (Supplementary Data SD3 and SD4) and are housed in 
the Museum of Natural History of the Universidad Nacional Mayor 
de San Marcos (MUSM, Lima) and the Field Museum of Natural His-
tory (FMNH, Chicago). Species identification was made by D. Ruelas 
and V. Pacheco and taxonomic nomenclature follows Pacheco (2015) 
and Ruelas et al. (2024). Also, we downloaded CT scans of the skull 
of T. aureus (MEPN 6144) from MorphDbase (https://www.morphdbase.
de/).

In the absence of a multilocus phylogenetic hypothesis, we grouped 
Thomasomys species based on the morphological species groups pro-
posed by Pacheco (2015) and the unilocus phylogeny findings of 
Ruelas et al. (2024). Our specimens fell into 6 species groups: Baeops 
group (n = 10) with small-sized species found at elevations from 1,500 
to 2,950 m a.s.l.; Cinereus group (n = 11) with small- and medium-sized 
species distributed from 2,200 to 3,290 m a.s.l.; Gracilis group (n = 1), 
with small species at 2,880 m a.s.l.; Incanus group (n = 11) with medi-
um-sized species ranging from 2,200 to 3,380 m a.s.l.; and Notatus 
group (n = 2) represented by the medium-sized T. notatus found 
between 1,900 and 1,920 m a.s.l. The Aureus group, mainly comprising 
large-sized species distributed from 2,117 to 3,217 m a.s.l, was divided 
into Aureus W (n = 6) and Aureus E (n = 4) based on the findings of 
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Ruelas et al. (2024; Fig. 2; Supplementary Data SD2 and SD4). The 
relative size of each species is given in Supplementary Data SD4.

Data acquisition.
We acquired the 3D data using an EasyTom 150 microtomograph with 
a voxel size ranging from 0.018 to 0.027 mm. By using unstained eth-
anol-preserved specimens and classical CT technology, we were able 
to image only bony structures (high-density materials) and produce 
results comparable to most studies on turbinals, which primarily use 
dry skulls. We segmented only turbinals from the left side of the skull 
following Martinez et al. (2018) with Avizo Lite 9.0.1 (Fisher Scientific 
Inc., USA). In cases where the left side of the skull was damaged due 
to the use of snap traps for mouse collection, we segmented the right 
side. We manually segmented the turbinals every 2 or 3 images, and 
an interpolation was employed to bridge the gaps in segmentation—we 
then checked all interpolated images to correct any potential errors.

Variables
Explanatory variable sets were generated as follows:

Size
We extracted skull length (SL, in mm)—measured from the most 
anterior part of the nasal bone to the most posterior part of the 
occipital bone (Supplementary Data SD4) from the reconstructed CT 
data with Avizo Lite v. 9.0.1.

Turbinal surface area
We extracted the surface area of the segmented turbinals using 
Avizo Lite v. 9.0.1. (Supplementary Data SD4). We merged the tur-
binal surface areas (Fig. 1) into respiratory (naso- and maxillotur-
binal) and olfactory (ethmoturbinals, interturbinal, and 
semicircular lamina) turbinals following the turbinal functional 
partitioning by Martinez et al. (2018, 2024a, 2024b). In rodents, the 
epithelial cover of the maxilloturbinal is widely accepted when 
measuring surface area (Martinez et al. 2024a, 2024b). While the 
nasoturbinal is predominantly covered by respiratory epithelium, 
there are limited comparative histology data and this covering can 
vary significantly among mammalian species (e.g., Smith and  
Bhatnagar 2004; Smith and Rossie 2008; Smith et al. 2012; Pang et 
al. 2016; Martinez et al. 2024a). Therefore, we separately analyzed 
the naso- and maxilloturbinal to evaluate the potential impact of 
this functional partitioning on our findings (see Martinez et al. 
2018, 2020 for a similar methodology). Considering turbinal mor-
phology, we used the terminology of Ito et al. (2022) and Martinez 
et al. (2024a, 2024b).

Elevation
We extracted these data (in meters) from the Museum collection 
databases. If elevation was not provided, it was estimated based on 
either the geographic coordinates or details of the location where the 
specimen was collected (Appendix I).

Fig. 2.  Phylogeny and morphological diversity of the turbinal bones of Thomasomys species. The phylogenetic tree is derived from Ruelas et al. (2024) and 
associated with 3D representations of turbinal bones and coronal cross-section along the Thomasomys species used in this study (A-T).
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Bioclimatic variables
We retrieved climatic data variables with a resolution of 2.5 arc-min 
from the WorldClim 2.1 database (https://www.worldclim.org) for the 
period of 1970 to 2000 (Fick and Hijmans 2017). The 19 bioclimatic 
variables available were retrieved as follows: BIO1 = annual mean 
temperature; BIO2 = mean diurnal range (mean of monthly [max 
temp—min temp]); BIO3 = isothermality (BIO2/BIO7) (×100); 
BIO4 = temperature seasonality (standard deviation ×100); BIO5 = max 
temperature of warmest month; BIO6 = min temperature of coldest 
month; BIO7 = temperature annual range (BIO5-BIO6); BIO8 = mean 
temperature of wettest quarter; BIO9 = mean temperature of driest 
quarter; BIO10 = mean temperature of warmest quarter; BIO11 = mean 
temperature of coldest quarter; BIO12 = annual precipitation; 
BIO13 = precipitation of wettest month; BIO14 = precipitation of driest 
month; BIO15 = precipitation seasonality (coefficient of variation); 
BIO16 = precipitation of wettest quarter; BIO17 = precipitation of driest 
quarter; BIO18 = precipitation of warmest quarter; and BIO19 = pre-
cipitation of coldest quarter (Supplementary Data SD4).

Data correction.
In the study of turbinal structures, researchers commonly recom-
mend 2 forms of correction to account for variations: sizing by overall 
body size using metrics including SL, body length, or mass and sizing 
by total turbinal surface area (TTSA; e.g., Green et al. 2012; Martinez 
et al. 2018, 2020). Our research employs both corrections to explore 
functional morphology and adaptive significance of turbinal 
structures.

Sizing by body size allows for comparing morphological traits and 
shapes without size bias, facilitating the detection of differences and 
the investigation of evolutionary and ecological adaptations (e.g., 
Green et al. 2012; Porto et al. 2013; Weaver and Grossnickle 2020; 
Mitchell et al. 2024). Here, sizing by SL allows for proportional com-
parisons within the skull, allowing for testing of the hypothesis that 
larger turbinals may indicate adaptation to colder, high-elevation 
environments. For this, we performed a log-transformed standardized 
major axis (SMA) between SL as an independent variable and respi-
ratory (RTSA), olfactory turbinal surface area (OTSA), and total TTSA 
as dependent variables (Warton et al. 2006; Green et al. 2012). The 
SMA results were used to test for allometric variation. The slope from 
the SMA model was tested against 1 to determine if the scaling was 
isometric (slope = 1) or allometric (slope ≠ 1). SMA is better for testing 
allometry because it symmetrically treats both variables, accommo-
dates measurement errors, and accurately summarizes relationships 
on logarithmic scales (Warton et al. 2006).

Sizing by TTSA offers insight into the balance between respiratory 
and olfactory capabilities, offering insights into ecological and evo-
lutionary adaptations (e.g., Martinez et al. 2018, 2020, 2023a). We 
hypothesized an adaptive trend toward larger respiratory and reduced 
olfactory proportions in response to colder, high-elevation environ-
ments, enhancing heat, and moisture conservation while possibly 
reducing olfactory sensitivity. To test for this, we performed log-trans-
formed linear regressions between the TTSA as an independent vari-
able and both RTSA and OTSA as dependent variables.

For our subsequent analyses, we used residuals from these anal-
yses which are respectively referred to as (i) relative respiratory tur-
binal surface area (relative RTSA); (ii) relative olfactory surface area 
(relative OTSA); and (iii) relative total turbinal surface area (relative 
TTSA).

Phylogenetic correction.
We used a phylogenetic tree of the genus Thomasomys (Ruelas et al. 
2024) in NEXUS format, retaining only species with available turbinal 
surface area data. For species lacking representation in the molecular 

phylogeny including Thomasomys sp. 6, T. cf. pyrrhonotus, T. dispar, and 
Thomasomys sp. A, we provisionally placed them within the tree based 
on morphological and distributional affinities following Pacheco 
(2003, 2015) and Ruelas et al. (2024). These placements are tentative 
and designed to integrate these species into the phylogenetic frame-
work until further molecular data become available to refine their 
positions. For species with multiple specimens, we calculated the 
average for SL, RTSA, OTSA, and TTSA. After aligning these data with 
the phylogenetic tree, we applied Phylogenetic Generalized Least 
Squares (PGLS) to account for evolutionary relationships (Martins 
and Hansen 1997; Revell 2012), fitting models for both RTSA and OTSA 
as functions of SL and TTSA. This method incorporates the evolu-
tionary history of species into a generalized least squares framework, 
allowing phylogenetic correction to make more accurate inferences 
about trait correlations (Martins and Hansen 1997). We fitted PGLS 
models for both the respiratory and olfactory turbinal surface areas 
as a function of SL and TTSA. We tested 4 evolutionary models: (i) 
Brownian motion model, which assumes species evolve according to 
a random-walk process (Felsenstein 1985); (ii) OU (Ornstein-Uhlen-
beck) model, which represents stabilizing selection or attraction to 
an optimum trait value (Butler and King 2004); (iii) Grafen model, 
which is a transformation of branch lengths based on a power scaling 
of evolutionary distances (Grafen 1989); and (iv) without phylogeny. 
We then used the Akaike Information Criterion (AIC) to compare 
these models and select the best fit. The model with the lowest AIC 
score, which balances model fit and complexity, was chosen for final 
interpretation (Burnham and Anderson 2004). For our subsequent 
analyses, we used residuals from the best models.

Quantitative analyses.
To delve into the interplay between nasoturbinal and maxilloturbinal 
and between respiratory and olfactory turbinal surface areas of Thom-
asomys and their potential correlation after accounting for the size 
effect (SL sized), an initial step involved assessing the normality of 
the variables (relative surface areas), accomplished through the Sha-
piro-Wilk test. This test resulted in a non-normal distribution iden-
tified in both relative nasoturbinal (W = 0.909, P = 0.002) and 
maxilloturbinal (W = 0.935, P = 0.014) surface areas, as well as in the 
relative RTSA (W = 0.949, P = 0.045) and relative OTSA (W = 0.929, 
P = 0.009). Consequently, we used Kendall’s Tau correlation coefficient 
for analysis, a method supported by Bolboacă and Jäntschi (2006) and 
Ghent (1963) for its effectiveness with non-normal data. This 
approach helps determine the extent to which changes in one vari-
able are associated with changes in another (Jarantow et al. 2023).

To assess the influence of environmental factors (elevation and 
bioclimatic variables) on turbinal surface areas sized by SL, we con-
ducted a multiple robust regression analysis (MM-regression analysis; 
Yohai 1987; Koller and Stahel 2011), given the non-normal SMA resid-
uals. This method is an alternative to least squares regression and is 
less affected by outliers. Moreover, it handles non-normal errors, 
mitigates the influence of leverage points, and addresses heterosce-
dasticity better than ordinary least squares regression, making it 
more reliable for complex biological and environmental datasets 
(Yohai 1987; Lourenço et al. 2011; Koller and Stahel 2011; Bowlby and 
Gibson 2015). Conversely, for the data sized by TTSA, which displayed 
a normal distribution for both respiratory (W = 0.985, P = 0.807) and 
olfactory turbinals (W = 0.982, P = 0.691), we conducted multiple linear 
regressions. In these analyses, the relative surface areas of turbinals 
were defined as dependent variables, with elevation and bioclimatic 
variables as independent variables.

Then, to evaluate the relationship between turbinal surface areas 
and environmental factors, we analyzed the residuals from the 
AIC-selected phylogenetic models. This approach allowed us to assess 
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whether environmental factors significantly shaped turbinal surface 
areas, independent of phylogeny (Freckleton et al. 2002). Because 
environmental variables are given in different scales, we used mini-
mum and maximum values to represent elevation, and for biocli-
matic variables (2.5 arc-min resolution), we calculated averages. 
Using these data, we tested 4 models using PGLS: (i) Brownian motion 
model; (ii) OU (Ornstein-Uhlenbeck) model; (iii) Grafen model; and 
(iv) with no phylogeny effect. We then used the AIC to compare these 
models and select the best fit. Finally, we used visualization tech-
niques—including phenograms and phylogenetic plots—to map trait 
changes across phylogeny, and performed ancestral state reconstruc-
tion to illustrate trait evolution (Revell 2012).

For all analyses, we used the “ape” (Paradis and Schliep 2019), 
“devtools” (Wickham et al. 2022), “dplyr” (Wickham et al. 2023b), “DT” 
(Xie et al. 2024), “ggplot2” (Wickham et al. 2023a), “multcomp” (Hothorn 
et al. 2024), “nlme” (Pinheiro et al. 2024), “phytools” (Revell 2012), 
“reshape2” (Wickham 2020), “robustbase” (Maechler et al. 2024), 
“smatr” (Warton et al. 2018), “smplot2” (Min and Zhou 2021), and 
“writexl” (Ooms and McNamara 2024) packages within the R version 
4.1.3 environment (R Core Team 2022) and RStudio (RStudio Team 
2024).

Results
Scaling of turbinal surface areas.
In Thomasomys, the turbinal bones are consistently arranged through-
out species, showing 2 pairs of respiratory turbinals (nasoturbinal 

and maxilloturbinal), located in the anterior portion of the rostrum, 
and 7 pairs of olfactory turbinals (semicircular lamina, frontoturbinal 
1, frontoturbinal 2, ethmoturbinal I, interturbinal, ethmoturbinal II, 
and ethmoturbinal III) located more posteriorly within the nasal cav-
ity (Fig. 1). Despite interspecific differences, these turbinals showed 
slightly conserved morphological patterns (Figs 1 and 2; Supplemen-
tary Data SD5 and SD6). A detailed morphological description is pro-
vided in Appendix II.

To explore the interplay between turbinal surface areas and SL, 
we generated an array of regression plots involving the 3 distinct 
categories: RTSA, OTSA, and TTSA. We found statistically significant 
correlations in each comparison, with RTSA (Adjusted R2 = 0.58, 
P = 1.33e-09, S = 2.92; Fig. 3A), OTSA (adjusted R2 = 0.603, P = 3.68e-10, 
S = 2.64; Fig. 3B), and TTSA (adjusted R2 = 0.611, P = 2.32e-10, S = 2.7; Fig. 
3C) all showing positive allometric scaling since the slopes signifi-
cantly deviate from 1 (isometry). Adjusted R2 values indicate a rela-
tively strong relationship, indicating that a significant portion of the 
variance in turbinal surface areas is explained by SL. These findings 
underscore that, in general, large members of Thomasomys display 
similar or more developed turbinal surface areas when compared 
with their smaller counterparts (Fig. 3A–C; Supplementary Data SD7).

Interestingly, large Thomasomys species, such as T. antoniobracki (SL 
= 44.76 to 43.86 mm; occurring at 2,630 and 2,720 m) and T. aff. aureus 
(SL = 40.58 to 40.85 mm; occurring at 3,217 m), respectively from the 
Aureus E and W groups, display less developed turbinal surface areas 
when compared with smaller species like T. taczanowskii from the 
Baeops group (SL = 26.94 to 29.63; found between 1,500 and 2,950 m; 

Fig. 3.  Analyses using turbinal surface areas corrected by skull length. Above: Log-transformed SMA (Standardized Major Axes) regression plot of (A) 
respiratory turbinal surface area against skull length, (B) olfactory turbinal surface area against skull length, and (C) total turbinal surface area against 
skull length. Below: Multiple robust regressions of (D) relative respiratory turbinal surface area (RTSA) against elevation, (E) relative olfactory turbinal 
surface area (OTSA) against elevation, and (F) relative total turbinal surface area (TTSA) against elevation. Colors represent the species groups sensu 
Pacheco (2015). Abbreviations for species are listed in Supplementary Data SD4.
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Fig. 3). It is also interesting to note that some mid-sized species of the 
Cinereus group including T. sp. 10 (SL = 32.85 mm; occurring at 2,630 
and 2,780 m) and T. pagaibambensis (SL = 33.43 mm; occurring at 
2,946 m), and Incanus group, including T. kalinowskii (SL = 30.47 to 
33.25 mm; inhabiting at 2,757 m) and T. ischyrus (SL = 31.09 to 
32.05 mm; inhabiting at 2,757 and 2,900 m)—occurring at similar ele-
vations but different localities—showed turbinal surface areas com-
paratively as large as the large-sized species (Fig. 2; Supplementary 
Data SD4 and SD7). Moreover, we did not uncover a direct correlation 
between SL—as a proxy for body size—and elevation, indicating that 
Thomasomys species of various sizes coexist across a similar elevation 
range, specifically between 2,000 and 3,000 m (Supplementary Data 
SD7 and SD8). This distribution pattern is evident across different 
Thomasomys groups, including Aureus E, Aureus W, Baeops, Cinereus, 
and Incanus—highlighting a complex relationship between size and 
other factors beyond the influence of elevation alone.

Using phylogenetic correction, the analysis showed that the 
best-fitting model for the RTSA as a function of SL was the Grafen 
model (AIC: −9.502, P < 0.001), suggesting that evolutionary history 
significantly influences this trait. For OTSA as a function of SL, the 
Brownian motion model provided the best fit (AIC: −8.694, P = 0.0002), 
suggesting a random and gradual evolutionary pattern. However, 
when analyzing both RTSA and OTSA as functions of TTSA, models 
without phylogenetic correction were chosen (RTSA, AIC = −33.544, 
P < 0.001; OTSA, AIC = −51.871, P < 0.001), suggesting that these rela-
tionships are primarily shaped by direct morphological scaling rather 
than phylogeny.

Correlation analysis.
Through correlation analyses, we found that after accounting for the 
size effect by SMA, there is a positive correlation between the relative 
nasoturbinal and maxilloturbinal surface areas (tau = 0.746, 
P = 4.441e−16) and between the relative respiratory and olfactory tur-
binal surface areas (tau = 0.624, P = 0.009). These findings underscore 
that smaller nasoturbinals are associated with smaller maxillotur-
binals (Fig. 4A; Supplementary Data SD5). Smaller relative RTSA in 
Thomasomys species like T. taczanowskii tend to coincide with smaller 
OTSA (Fig. 4B; Supplementary Data SD5); while species with larger 
RTSA like Thomasomys sp. 10, T. ischyrus, or T. aff. incanus, exhibit larger 
OTSA. Notably, larger species in the Aureus W group and smaller 

species in the Baeops group consistently showed smaller turbinal 
surface areas in both nasoturbinals and maxilloturbinals, as well as 
RTSA and OTSA. Conversely, mid-sized species of the Cinereus and 
Incanus groups displayed more extensive turbinals. Overall, our 
results suggest an absence of an evolutionary trade-off between the 
naso- and maxilloturbinals, as well as between the respiratory and 
olfactory turbinals.

Influence of elevation.
Remarkably, when considering SL as a sizing factor, elevation displays 
a statistically significant but slightly weak positive relationship with 
relative RTSA (Adjusted R2 = 0.015, P = 0.015; Fig. 3D), while relative 
OTSA exhibits a stronger and significant positive correlation with 
elevation (adjusted R2 = 0.126, P = 0.001; Fig. 3E), meaning a clear trend 
where species inhabiting lower-elevation habitats often display 
smaller relative RTSA and OTSA (Supplementary Data SD6). More-
over, there is a statistically significant, positive relationship between 
elevation and TTSA (adjusted R2 = 0.089, P = 0.001; Fig. 3F). Species 
groups with the widest elevation range, such as the Cinereus and 
Incanus groups, exhibited a dispersed pattern in the analysis involv-
ing RTSA (Fig. 3A), while their OTSA showed a slightly increasing trend 
(Fig. 3B). However, for the other groups, the relationship between RTSA 
or OTSA and elevation was not as evident. Together, these findings 
highlight the notable influence of elevation on the complex morpho-
logical attributes of turbinal surface areas within Thomasomys species. 
On the other hand, species size does not seem to correlate with ele-
vation (Supplementary Data SD8), indicating that diverse sizes of 
Thomasomys species coexist within the same elevation ranges. How-
ever, when considering TTSA as the sizing factor (Fig. 5A–B), the cor-
relation between elevation and both relative RTSA (adjusted R2 = 
0.050, P = 0.075; Fig. 5C) and relative OTSA (adjusted R2 = 0.046, 
P = 0.085; Fig. 5D) was not statistically significant. This result may 
indicate that while elevation influences turbinal surface areas, other 
factors might play crucial roles in shaping the proportion of respira-
tory and olfactory turbinals with the rostrum.

When considering phylogenetic correction scaled for SL, the OTSA 
and minimum elevation showed a significant positive correlation 
(P = 0.026). Contrarily, no significant relationships were found for the 
RTSA with either minimum or maximum elevation (Table 2; Supple-
mentary Data SD9). Moreover, when examining RTSA and OTSA as 

Fig. 4.  Plots of Kendall’s tau correlation between (A) residuals of nasoturbinal and maxilloturbinal surface areas and (B) residuals of olfactory (OTSA) and 
respiratory (RTSA) turbinal surface areas of Thomasomys. Colors represent species groups sensu Pacheco (2015). Abbreviations for species are listed in 
Supplementary Data SD4.
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functions of TTSA, neither minimum nor maximum elevation showed 
significant correlations, suggesting that elevation alone may not be 
a primary driver for turbinal adaptations (Table 3; Supplementary 
Data SD10).

Influence of bioclimatic variables.
The linear regression results showed varying associations between 
bioclimatic variables and the relative turbinal surface areas (RTSA, 
OTSA, and TTSA) in Thomasomys species (Table 1). When scaling by 
SL, a slight correlation was observed between BIO12 (annual precipi-
tation, P = 0.041), BIO14 (precipitation of driest month, P = 0.021), BIO15 
(precipitation seasonality, P = 0.019), and BIO18 (precipitation of warm-
est quarter, P = 0.040). No significant correlations were found in the 
other comparisons. Remarkably, there is no significant correlation 
between these environmental variables and elevation (PBIO12 = 0.3299, 
PBIO14 = 0.365, PBIO15 = 0.243, PBIO18 = 0.0623; Supplementary Data SD11).

Significant correlations were found between most bioclimatic vari-
ables and the relative RTSA and relative OTSA when sized by TTSA, 
with exceptions for temperature-related variables, including BIO05 
(maximum temperature of warmest month; PRTSA = 0.411, POTSA = 
0.491); BIO8 (mean temperature of wettest quarter; PRTSA = 0.079, POTSA 
= 0.101); BIO10 (mean temperature of warmest quarter; PRTSA= 0.116, 
POTSA= 0.141); and BIO01 (annual mean temperature; POTSA = 0.052) but 
only for relative OTSA (Table 1). These results suggest a complex 

relationship between proportions of the turbinal surface areas and 
environmental factors, suggesting that temperature-related variables 
may have a less noticeable effect on turbinal morphology compared 
to other bioclimatic factors.

When incorporating phylogenetic correction and using turbinal 
surface area residuals as a function of SL, we only found a significant 
correlation between relative RTSA and temperature seasonality 
(BIO04, P = 0.038) under the Grafen model (Table 2; Supplementary 
Data SD9). No other significant correlations were found in the other 
comparisons using residuals of RTSA and OTSA. In contrast, using 
turbinal surface area residuals as a function of TTSA, we found sev-
eral significant correlations between relative RTSA and 9 bioclimatic 
variables under the no-phylogeny model including mean diurnal 
range (BIO02, P = 0.013), isothermality (BIO03, P = 0.002), temperature 
seasonality (BIO04, P = 0.021), minimum temperature of the coldest 
month (BIO06, P = 0.012), temperature annual range (BIO07, P = 0.006), 
annual precipitation (BIO12, P = 0.024), precipitation of the driest 
month (BIO14, P = 0.002), precipitation seasonality (BIO15, P = 0.004), 
precipitation of the driest quarter (BIO17, P = 0.001), and precipitation 
of the coldest quarter (BIO19, P = 0.001) (Table 3; Supplementary Data 
SD10). For relative OTSA as a function of TTSA, we found a significant 
correlation for temperature seasonality (BIO04, P = 0.023) under the 
OU model. Under the no-phylogeny model, 9 significant correlations 
were found, including mean diurnal range (BIO02, P = 0.010), 

Fig. 5.  Analyses using turbinal surface areas corrected by total turbinal surface area (TTSA). Above: Log-log linear regressions (red line) of (A) respiratory 
turbinal surface area (RTSA) against TTSA, (B) olfactory turbinal surface area (RTSA) against TTSA. Below: Linear regressions of (C) relative RTSA against 
elevation, (D) relative OTSA against elevation. Colors represent species groups sensu Pacheco (2015). Abbreviations for species are listed in Supplementary 
Data SD4.
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isothermality (BIO03, P = 0.001), minimum temperature of the coldest 
month (BIO06, P = 0.014), temperature annual range (BIO07, P = 0.005), 
annual precipitation (BIO12, P = 0.016), precipitation of the driest 
month (BIO14, P = 0.001), precipitation seasonality (BIO15, P = 0.002), 
precipitation of the driest quarter (BIO17, P < 0.001), and precipitation 

of the coldest quarter (BIO19, P < 0.001). These results suggest that 
both temperature and precipitation factors have considerable influ-
ence on variation in the proportions (respiratory and olfactory) of 
turbinal surface areas in Thomasomys species (Table 3; Supplementary 
Data SD10).

Table 3.  Results of the PGLS between the residuals of the respiratory turbinal surface area (RTSA) and the olfactory turbinal surface area 
(OTSA) as functions of total turbinal surface area (TTSA) with elevation and bioclimatic variables.

Variable RTSA OTSA

Best Model AIC Intercept Slope P-value Best Model AIC Intercept Slope P-value

Min 
elevation

No phylogeny −37.218 0.198 0.000 0.075 No phylogeny −55.153 −0.113 0.000 0.093

Max 
elevation

No phylogeny −35.538 0.170 0.000 0.190 No phylogeny −53.957 −0.104 0.000 0.180

BIO01 OU −35.198 −0.154 0.011 0.230 OU −53.380 0.088 −0.007 0.255
BIO02 No phylogeny −40.771 0.464 −0.039 0.013 No phylogeny −59.499 −0.285 0.024 0.010
BIO03 No phylogeny −45.172 −0.887 0.011 0.002 No phylogeny −63.650 0.536 −0.006 0.001
BIO04 No phylogeny −39.731 0.078 −0.001 0.021 OU −57.901 −0.048 0.001 0.023
BIO05 OU −33.761 −0.083 0.004 0.652 OU −52.028 0.040 −0.002 0.716
BIO06 No phylogeny −40.859 −0.098 0.016 0.012 No phylogeny −58.835 0.058 −0.010 0.014
BIO07 No phylogeny −42.240 0.313 −0.022 0.006 No phylogeny −60.827 −0.191 0.013 0.005
BIO08 No phylogeny −34.777 −0.143 0.010 0.303 OU −52.958 0.079 −0.006 0.334
BIO09 No phylogeny −36.625 −0.186 0.014 0.103 OU −54.710 0.105 −0.008 0.118
BIO10 OU −34.516 −0.126 0.009 0.356 OU −52.753 0.071 −0.005 0.384
BIO11 OU −36.550 −0.180 0.014 0.106 OU −54.655 0.104 −0.008 0.122
BIO12 No phylogeny −39.430 −0.135 0.000 0.024 No phylogeny −58.632 0.086 0.000 0.016
BIO13 No phylogeny −36.769 −0.125 0.001 0.095 No phylogeny −55.053 0.074 0.000 0.098
BIO14 No phylogeny −44.933 −0.079 0.002 0.002 No phylogeny −65.492 0.050 −0.002 0.001
BIO15 No phylogeny −43.082 0.267 −0.005 0.004 No phylogeny −63.370 −0.172 0.003 0.002
BIO16 No phylogeny −36.087 −0.118 0.000 0.139 No phylogeny −54.521 0.072 0.000 0.131
BIO17 No phylogeny −45.540 −0.081 0.001 0.001 No phylogeny −66.100 0.052 0.000 0.000
BIO18 No phylogeny −37.048 −0.116 0.000 0.082 No phylogeny −55.944 0.075 0.000 0.061
BIO19 No phylogeny −45.841 −0.083 0.001 0.001 No phylogeny −66.047 0.052 0.000 0.000

The best-fitting model for each variable is indicated, along with the AIC value, intercept, slope, and P-value. Significant correlations (P < 0.05) are in bold.

Table 2.  Results of the PGLS between the residuals of the respiratory turbinal surface area (RTSA) and the olfactory turbinal surface area 
(OTSA) as functions of skull length (SL) with elevation and bioclimatic variables.

Variable RTSA OTSA

Best Model AIC Intercept Slope P-value Best Model AIC Intercept Slope P-value

Min elevation Grafen −8.825 −0.033 0.000 0.842 Brownian −14.444 −0.453 0.000 0.026
Max elevation Grafen −8.792 −0.012 0.000 0.914 Brownian −10.378 −0.276 0.000 0.228
BIO01 Grafen −8.817 −0.022 0.002 0.856 Brownian −8.940 0.100 −0.007 0.646
BIO02 Grafen −9.869 0.403 −0.033 0.332 Brownian −9.112 −0.287 0.024 0.548
BIO03 Grafen −12.195 −1.071 0.013 0.086 Brownian −9.046 0.396 −0.005 0.582
BIO04 Grafen −13.775 0.190 −0.003 0.038 Brownian −8.724 −0.015 0.000 0.872
BIO05 Grafen −8.780 0.016 0.000 0.969 Brownian −8.867 0.122 −0.006 0.700
BIO06 Grafen −9.371 −0.035 0.007 0.475 Brownian −9.215 0.051 −0.009 0.503
BIO07 Grafen −11.233 0.400 −0.026 0.146 Brownian −9.019 −0.158 0.011 0.597
BIO08 Grafen −8.782 −0.002 0.001 0.957 Brownian −8.980 0.113 −0.008 0.620
BIO09 Grafen −8.961 −0.051 0.004 0.692 Brownian −8.972 0.095 −0.007 0.625
BIO10 Grafen −8.782 −0.002 0.001 0.956 Brownian −8.923 0.102 −0.007 0.657
BIO11 Grafen −8.978 −0.053 0.005 0.678 Brownian −8.964 0.094 −0.007 0.630
BIO12 Grafen −9.820 −0.078 0.000 0.343 Brownian −8.785 −0.037 0.000 0.780
BIO13 Grafen −10.063 −0.111 0.001 0.293 Brownian −9.026 −0.081 0.001 0.593
BIO14 Grafen −9.256 −0.019 0.001 0.521 Grafen −9.107 0.038 −0.002 0.098
BIO15 Grafen −9.309 0.095 −0.002 0.499 Brownian −8.975 −0.106 0.002 0.623
BIO16 Grafen −9.755 −0.101 0.000 0.359 Brownian −9.129 −0.097 0.000 0.540
BIO17 Grafen −9.199 −0.019 0.000 0.547 Grafen −9.164 0.043 −0.001 0.095
BIO18 Grafen −10.283 −0.109 0.000 0.255 Brownian −9.119 −0.081 0.000 0.545
BIO19 Grafen −9.227 −0.021 0.000 0.534 Brownian −9.112 0.044 0.000 0.549

The best-fitting model for each variable is indicated, along with the AIC value, intercept, slope, and P-value. Significant correlations (P < 0.05) are in bold.
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Discussion
High-elevation adaptations.
High-elevation adaptations in small mammals have been primarily 
studied through physiological responses, such as metabolic rate (e.g., 
Schippers et al. 2012; Arias-Reyes et al. 2021), breathing (e.g., Arias-
Reyes et al. 2021), blood oxygen-carrying capacity (e.g., Tufts et al. 
2013; Lui et al. 2015; Arias-Reyes et al. 2021), and water loss (e.g., 
Cortés et al. 1990, 2003; Withers et al. 2016b)—this study provides the 
first statistical evidence of adaptation using turbinal surface areas 
as a proxy of heat and moisture conservation in high-elevation envi-
ronments. Specifically, we found a significant positive correlation 
between relative RTSA—when scaled by SL—and elevation (Fig. 3A; 
Supplementary Data SD6), supporting the hypothesis that species at 
higher elevation develop some morpho-physiological adaptation to 
minimize heat loss and to cope with harsh environmental conditions 
(Green et al. 2012; Withers et al. 2016b; Martinez et al. 2020, 2024a).

Large respiratory turbinals such as those in Thomasomys, with 
increased epithelial surface area and covered in moist mucous mem-
branes, likely play a critical role in warming inhaled air and regulating 
moisture in high-elevation environments (Van Valkenburgh et al. 
2004, 2014; Withers et al. 2016a, 2016b; Yuk et al. 2023). These adap-
tations enhance survival and success of species in Thomasomys, a 
genus that predominantly inhabits diverse high-elevation forests, 
mainly up to 2,000 m (Supplementary Data SD1). Their evolutionary 
success in colonizing and diversifying in these high-elevation forests 
during the Pliocene (Parada et al. 2015) further highlights their effi-
cient adaptation to such environments. Our findings further found 
that Thomasomys species at higher elevations, such as T. caudivarius 
at 3,290 m and T. aff. incanus at 3,380 m, have significantly larger (size 
adjusted) and more complexly scrolled respiratory turbinals com-
pared to their lower-elevation counterparts like T. taczanowskii from 
Cajamarca (1,500 m), suggesting morphological adaptation to high- 
elevation conditions (Fig. 3; Supplementary Data SD6). In addition, 
mid-sized Thomasomys species at higher elevations may exhibit a 
more efficient respiratory system due to their relatively well-devel-
oped RTSA (Fig. 3D–F). This enhanced surface area likely facilitates 
the warming of inhaled air, which is essential in high-elevation envi-
ronments. Similar mechanisms involving the use of maxilloturbinals 
to warm inhaled air for body temperature regulation have been 
reported in other mammals, including rabbits and some rodents (e.g. 
Jackson and Schmidt-Nielsen 1964; Schmidt-Nielsen et al. 1970; 
Caputa 1979; Xi et al. 2023).

Interestingly, we found a significant positive correlation between 
relative OTSA, adjusted for phylogenetic scaling, and minimum ele-
vation under the Brownian motion model suggesting an elevation-re-
lated olfactory adaptation in Thomasomys (Table 2). This result 
suggests that OTSA evolves gradually along the phylogenetic tree 
(Supplementary Data SD9). Additionally, within a phylogenetic con-
text, OTSA adjusted for SL showed a positive correlation with eleva-
tion (Fig. 3). In mammals, olfactory adaptations are often linked to 
ecological factors such as habitat complexity, diet, and behavior 
rather than elevation alone (Barton 2006; Martinez et al. 2024a). This 
finding suggests that olfactory capabilities in Thomasomys may be 
shaped not only by elevation but also by a broader set of ecological 
factors that vary with altitude such as resource availability, vegeta-
tion complexity, and environmental predictability.

The lack of significant correlations between turbinal variables cor-
rected by TTSA with elevation (Fig. 5), contrasting with the common 
expectation, suggests that respiratory turbinal proportions do not 
directly adapt to elevation in Thomasomys. Instead, our findings align 
with the idea that other high-elevation adaptations such as breathing 
rate may also play an important role rather than turbinal morphology 
alone (Storz et al. 2010; Ivy and Scott 2015; Withers et al. 2016b). 

Furthermore, other environmental factors such as temperature or 
humidity could also be driving the evolution of turbinal structures 
(Green et al. 2012; Martinez et al. 2020; Flekkøy et al. 2023), suggesting 
that turbinal adaptations in Thomasomys are likely to involve both 
morphological and physiological adaptations to cope with high- 
elevation environments, highlighting the need for a multifactorial 
approach to understanding nasal adaptations in mammals.

Response to bioclimatic factors.
The positive and negative correlations observed between turbinal 
surface areas of Thomasomys and bioclimatic variables highlight the 
potential adaptive significance of these structures in response to 
diverse environmental conditions (Tables 1–3; Supplementary Data 
SD10). Notably, the significant correlation of RTSA—when accounting 
for TTSA and for phylogeny using RTSA as a function of TTSA—with 
a wide range of bioclimatic variables (Tables 1 and 3) suggests that 
Thomasomys species have specific adaptations in response to diverse 
temperatures and precipitation levels, with a proportional adjust-
ment of respiratory turbinals that may contribute to water balance. 
This result mirrors findings in some bats and rodents that use their 
nasal turbinals to minimize water loss in arid environments (Cortés 
et al. 1990; Nelson et al. 2007; Van Sant et al. 2012). The correlations 
with precipitation suggest that the Thomasomys species adapt their 
turbinal structures to manage moisture through efficient air humid-
ification and dehumidification processes in forest habitats that 
include diverse ecosystems spanning pre-montane, montane, and 
paramo regions across different phytoregions and ecoregions in the 
Tropical Andes (Tejedor Garavito et al. 2012; Pacheco 2015; Britto 
2017). The diverse climatic conditions influenced by Pacific and Atlan-
tic winds, the rain shadow effect, and atmospheric circulation pat-
terns, create a complex environment (Kattan et al. 2004; Killeen et al. 
2007). Precipitation is particularly influential in affecting forest struc-
ture, nutrient dynamics, and topography in the Tropical Andes (Clark 
et al. 2014; Shrestha et al. 2021). This complex interplay of environ-
mental conditions has likely driven the evolution of unique adapta-
tions in Thomasomys species, facilitating their survival in varied 
Andean forests. Features such as complex scrolling, increased turbi-
nal size, and variations in turbinal proportions at higher elevations 
and in areas of high precipitation suggest that these adaptations 
enhance the ability of Thomasomys species to thrive in diverse envi-
ronments of the Tropical Andes.

On the other hand, the significant correlation between relative 
RTSA—adjusted by phylogeny using RTSA as a function of SL—and 
temperature seasonality (Bio 4; Table 2) suggests an adaptation to 
fluctuating temperatures, which is consistent with findings in other 
mammals inhabiting arctic and desert habitats, where nasal turbinals 
play an important role in thermoregulation (Dawson and 
Schmidt-Nielsen 1966; Van Valkenburgh et al. 2011; Green et al. 2012; 
Martinez et al. 2024a). In Thomasomys, this adaptation may facilitate 
efficient heat and moisture conservation in the fluctuating tempera-
tures of montane forests by increasing the RTSA. However, our regres-
sion results for the other comparisons with RTSA and OTSA, when 
sizing by SL, are nonsignificant for the bioclimatic variables (Table 1). 
Such an absence of correlation does not necessarily indicate that 
these structures do not have adaptations to cope with their environ-
mental factors. Rather, it suggests that environmental factors other 
than temperature and precipitation might play a more substantial 
role in their ecological adaptations. As an example, in canid and arc-
toid carnivorans, Green et al. (2012) did not find a significant relation-
ship between RTSA and climate as estimated by latitude. This finding 
suggests that the scaling of respiratory turbinals is not strongly driven 
by climate-related factors. Instead, other ecological parameters such 
as diet and habitat appear to have a more significant impact (Green 
et al. 2012).
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The significant correlation found between relative OTSA—when 
accounting for TTSA and for phylogeny using OTSA as a function of 
TTSA—and most bioclimatic variables (Tables 1and 3; Supplementary 
Data SD10), may reflect the ecological and biological significance of 
olfactory capabilities in Thomasomys. Olfaction is essential for the 
survival of most mammals, playing key roles in finding food, identi-
fying mates and offspring, avoiding threats, and marking of territory 
(e.g. Buck and Axel 1991; Rosell and Sanda 2006; Niimura 2012; Pod-
dar-Sarkar and Brahmachary 2014; McClanahan and Rosell 2020). 
Beyond allometric scaling, the relative size of olfactory turbinals have 
been shown to evolve in response to ecological pressures, such as 
diet, lifestyle, or prey detection (Green et al. 2012; Martinez et al. 2018). 
This evolution is evident across several mammalian taxa, with ongo-
ing debates about the functional link between the size of olfactory 
turbinals and correlated olfactory capabilities, such as olfactory sen-
sitivity, particularly in carnivores and insectivores (Green et al. 2012; 
Martinez et al. 2018, 2023b, 2024c). Even herbivores like rabbits known 
for their relatively simple diets possess highly sensitive olfaction 
(Schalken 1976; Schaal et al. 2003). Their unique nose-wiggling behav-
ior enhances their ability to detect chemical molecules and phero-
mones, which are essential for environmental navigation and mating 
(Melo and González-Mariscal 2010; Kromin and Ignatova 2014). This 
functional diversity of olfaction across different mammalian taxa 
highlights the potential adaptive flexibility of olfactory turbinals in 
Thomasomys.

Thomasomys species have a diverse array of diets ranging from 
herbivory to omnivory (López-Arévalo et al. 1993; Pacheco 2015; Sah-
ley et al. 2015). As a result, enhanced olfactory capabilities could be 
critical for locating food sources in diverse montane forests. Studies 
based on stomach contents (Noblecilla and Pacheco 2013) and fecal 
analysis (Sahley et al. 2015) have found dietary variations. Mid-sized 
species like T. notatus and T. kalinowskii, as well as the larger species 
like T. aff. aureus, primarily consume seeds (acting as seed dispersers), 
while smaller species, such as Thomasomys sp. 8 (identified as T. oreas), 
exhibit more varied or insectivorous diets. The mid-sized species  
T. laniger has been described as an opportunistic eater, consuming 
more insects during the rainy season and a diverse array of seeds 
when fruits are abundant (López-Arévalo et al. 1993). Our findings 
show that the mid-sized species of the Cinereus and Incanus groups, 
which likely rely on seed consumption, have a proportionally larger 
turbinal surface area compared to the larger species T. aureus or  
T. antoniobracki (Fig. 3; Supplementary Data SD4). The significant cor-
relation between OTSA and most bioclimatic variables (Tables 1 and 
3; Supplementary Data SD10) suggests an adaptive response to envi-
ronmental pressures in montane ecosystems where climatic condi-
tions also influence food availability, although it will be difficult to 
test due to the lack of ecological data for this genus. Despite this 
scarcity, discrete observation on the olfactory turbinals of T. pardignasi 
and T. aureus of the Aureus group lead Brito et al. (2021) to hypothesize 
that these species are omnivorous, based on the complex olfactory 
turbinals (found to be related to earthworm consumption; Martinez 
et al. 2018) and their hypsodont teeth, which could be a response to 
an herbivorous diet. However, further quantitative research such as 
stomach content analysis or metabarcoding is required to fully val-
idate the link between olfactory turbinals and diet in these rodents.

Overall, these findings align with the broader concept that turbi-
nals are multifunctional structures in mammals, evolving under a 
suite of environmental pressures (Jackson and Schmidt-Nielsen 1964; 
Green et al. 2012; Martinez et al. 2024a). In Thomasomys, the complex-
ity of these adaptations likely reflects the unique ecological chal-
lenges of their montane environments in the Andes. Although this 
study does not include Thomasomys species living at the highest ele-
vations such as T. silvestris (1,800 to 4,500 m) and T. vulcani (1,400 to 

4,500 m) belonging to the Cinereus group, both of which thrive in 
paramo and high montane forests, these species likely exhibit similar 
adaptations to counterparts of this group analyzed here. The capacity 
of Thomasomys to occupy a wide altitudinal range reinforces their 
specialization in coping with the environmental challenges in these 
forests.

The interdependence of respiratory and olfactory 
turbinals.
This study primarily emphasizes the respiratory turbinals of Thoma-
somys as a proxy of heat and moisture conservation; however, olfac-
tory turbinals also provide valuable insights into their potential 
olfactory capabilities. The positive correlation between the RTSA and 
OTSA and between the naso- and maxilloturbinals (Fig. 4) may carry 
potential biological implications, hinting at possible co-dependence 
in response to certain environmental or physiological demands. These 
findings contrast with the traditionally observed evolutionary trade-
offs between these structures in various mammalian groups (e.g., 
Van Valkenburgh et al. 2011; Green et al. 2012; Martinez et al. 2018, 
2020, 2024a), where the development of one set of turbinals often 
comes at the expense of the other. The absence of such a trade-off 
in Thomasomys implies greater developmental flexibility, allowing 
simultaneous optimization of both respiration and olfaction. This 
flexibility may facilitate the ability of Thomasomys to adapt to a range 
of selective pressures such as the need for efficient respiration at high 
elevations or enhanced olfactory capabilities, potentially contributing 
to their success in the montane forests.

Furthermore, our findings—possibly influenced by focusing on 
closely-related species from the same genus—indicate that evolu-
tionary trade-offs in turbinal morphology may vary across different 
taxonomic categories as has been found in other studies (e.g., Green 
et al. 2012; Martinez et al. 2018, 2024a, 2024b). The diversity in turbinal 
surface area observed along elevational gradients could be related to 
the speciation process in Thomasomys, likely driven by the varying 
habitats and environmental conditions at different elevations. For 
example, species at higher elevations may experience distinct obsta-
cles concerning heat and moisture conservation compared to those 
in lower, more humid locations, thereby influencing the evolution of 
their turbinal structures (Marks et al. 2019; Martinez et al. 2020, 
2024a).

This interdependence may reflect broader evolutionary adapta-
tions in Thomasomys, where the ability to optimize both respiratory 
and olfactory functions offers an adaptive advantage in diverse 
Andean environments. Further research, such as examining sensory 
ecology alongside respiratory physiology, could provide further infor-
mation about how these interrelated traits have shaped evolutionary 
pathways in the genus.

Other factors influencing the evolution of turbinals.
Our findings reveal that, in general, medium- and large-seized Thom-
asomys species have larger respiratory turbinal surface area relative 
to their skull size compared to their counterparts (positive allometry, 
S = 2.92, Fig. 3D). This trend aligns with previous studies in murine 
rodents as well as on the scale of small non-flying mammals and 
Carnivora, where the correlation between the respiratory turbinals 
and SL shows positive allometry (S = 2.21, 2.49, and 2.27, respectively; 
Green et al. 2012; Martinez et al. 2018, 2020). Similarly, the correlation 
between the maxilloturbinal and SL on the scale of mammals also 
shows positive allometry (S = 2.60; Martinez et al. 2024a). However, 
deviations from this trend were noted in larger Thomasomys species, 
such as those of the Aureus group, which tend to have relatively 
reduced respiratory surface area relative to their skull size compared 
to their counterparts (Fig. 3D; Supplementary Data 7). This finding 
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suggests that increasing body size may be associated with a relative 
reduction in respiratory turbinal surface area. Such reductions could 
reflect functional adaptations because larger-bodied animals often 
exhibit lower mass-specific metabolic rates (Harrison 2018). Green et 
al. (2012) found an isometric relationship between the surface area 
of respiratory turbinals and the volume of the nasal chamber, sug-
gesting that larger caniform species tend to have relatively less respi-
ratory surface area compared to the volume of their nasal chamber. 
This reduction was interpreted as an adaptation to reduce heat loss 
in larger species because their larger body size naturally provides 
greater thermal stability (Green et al. 2012). Overall, this pattern high-
lights that results may vary using different size proxies, ecological 
factors, and taxonomic groups when interpreting these morpholog-
ical traits.

The ethmoturbinals (= olfactory turbinals) hold significant taxo-
nomic relevance as noted by Pacheco (2015), Pacheco and Ruelas 
(2023), and Brito et al. (2021), who observed distinct variations in their 
relative sizes across different species. These authors noted that mid-
sized species, such as T. caudivarius, T. incanus, T. ischyrus, and  
T. kalinowskii, along with the smaller species T. taczanowskii exhibit 
larger olfactory turbinals. In contrast, the large-sized species T. aureus 
and mid-sized species, such as T. auricularis, T. cinereus, T. lojapiuranus, 
T. notatus, and T. shallqukucha tend to have moderately sized olfactory 
turbinals. Meanwhile, mid-sized species including T. pagaibambensis, 
T. pardignasi, and T. pyrrhonotus stand out with smaller and less devel-
oped turbinals. These observations, primarily based on external 
examinations, underline the potential of ethmoturbinals as a taxo-
nomic tool. However, our quantitative data show that small-sized 
species tend to have smaller turbinals (e.g., T. taczanowskii, T. daphne), 
while mid- and large-sized species have larger turbinals (e.g., T. pagai-
bambensis, T. ischyrus; Fig. 3A–C). These findings contrast with earlier 
observations that T. taczanowskii has larger turbinals and that mid-
sized species of the Cinereus group has moderately- or smaller-sized 
turbinals compared to its counterparts. To resolve these discrepan-
cies, it will be necessary to increase sample sizes of specimens and 
species for a more comprehensive analysis.

Additionally, some species groups showed different trends in our 
analysis. For instance, species of the Aureus E, Aureus W, Incanus, 
and mid-sized species of the Cinereus groups displayed noticeably 
slight increase or decrease trends in some analyses, while in the 
remaining groups no trend was noticed. This remark is significant 
because it is possible that some of these trends are associated with 
phylogenetic inertia, though it is crucial to increase sampling for 
confirmation. Of the 53 valid species (Brito et al. 2024), we have data 
for only 10 (including Thomasomys cf. dispar). The 9 remaining species 
used here are candidates proposed by Pacheco (2003; 2015) and 
Ruelas et al. (2024), and not all have molecular data available. Previ-
ous studies in other mammals have found a significant phylogenetic 
signal related to turbinal variation (e.g., Green et al. 2012; Martinez 
et al. 2018, 2020, 2024a). Our phylogenetic scaling analysis suggested 
that RTSA and OTSA as a function of SL are influenced by evolution-
ary history (Grafen model) and gradual evolution (Brownian motion), 
respectively. In contrast, RTSA and OTSA—when analyzing as func-
tion of TTSA—are influenced primarily by direct morphological scal-
ing, suggesting a different evolutionary dynamic. These findings point 
to the need for a more comprehensive sampling to fully explore the 
taxonomic and evolutionary significance of turbinal variations in the 
Thomasomys species.

Our study included a significant representation of the small-sized 
and widely distributed species T. taczanowskii, ranging from 1,500 to 
2,950 m in elevation (Appendix I). Notably, the turbinal surface areas 
(both respiratory and olfactory) of T. taczanowskii showed relative 
consistency across all elevations, with no apparent pattern in any of 

the variables analyzed (Fig 5). Additionally, we observed size and tur-
binal surface area variations between 2 adult specimens of the mid-
sized T. notatus, aged ∼3 and 5 (following Pacheco and Ruelas 2023). 
Typically, taxonomic studies focus on ages 3 and 4 because older 
specimens can have flatter and broader skulls, which might affect 
statistical analyses (Ruelas D, [UNMSM, Lima, Peru], personal obser-
vation, [06 July 2025]). Our observations suggest that in Thomasomys, 
age may significantly influence morphological characteristics, with 
younger specimens having smaller turbinals than those in the older 
specimens. Despite being based on only 2 specimens, these findings 
align with other studies (Mason et al. 2020; Ito et al. 2022), showing 
turbinal size and complexity differences between juvenile and adult 
stages in some species.

We previously hypothesized that turbinals of Thomasomys might 
reflect adaptations to live in high-elevation environments. Given the 
likely Amazonian origin of the Thomasomyini tribe—which includes 
Tropical Andes specialist genera, including Aepeomys, Chilomys, and 
Thomasomys, along with the widely distributed Rhipidomys—and their 
subsequent migration into the Andes (Schenk and Steppan 2018), 
ancestral forms may have had smaller, less-developed turbinals. 
Scans from Brito et al. (2022) showed that Andean thomasomyines 
such as C. instans and C. georgeledecii (ranging from 1,502 to 2,350 m), 
have less scrolled and simpler turbinals compared to C. neisi (ranging 
from 2,500 to 2,900 m) and C. percequilloi (ranging from 1,090 to 
3,400 m). In contrast, turbinals in the lowland species R. leucodactylus 
(FMNH 68654) were observed to be less developed and less scrolled 
than those seen in Thomasomys (Ruelas D, [UNMSM, Lima, Peru], per-
sonal observation, [06 July 2025]; also see Pacheco 2003). This finding 
suggests a significant evolutionary adaptation to high-elevation envi-
ronments such as montane forests, leading to their successful radi-
ation in these challenging habitats. To substantiate this hypothesis, 
comprehensive molecular studies involving multiple genetic loci are 
necessary. Furthermore, examining adaptations in other high-eleva-
tion rodents like the deer mouse Peromyscus maniculatus (Snyder 1982; 
Storz et al., 2007, 2010), provides valuable comparisons for under-
standing potential genetic adaptations in Thomasomys. This broader 
perspective will enhance our understanding of the evolutionary and 
ecological significance of respiratory turbinals in adapting Thoma-
somys to diverse environmental conditions.

Furthermore, future research should also explore other adaptive 
factors such as epithelium thickness, venous system expansion, and 
specialized aquaporin distributions in turbinals hypothesized to be 
involved in high-elevation habitat adaptation (Gallardo et al. 2008; 
Smith et al. 2022). The relationship between bony respiratory turbi-
nals and physiological traits like basal metabolic rate or body tem-
perature remains unclear (Martinez et al. 2024a, b), and addressing 
this gap is important to fully understand the scope of turbinal adap-
tations. Cellular-level research using histology and diceCT techniques 
to identify specific alterations associated with the venous system, 
mucus glands, or ciliated structures will provide deeper insight into 
the physiological changes in high-elevation species.
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Appendix I
List of collection localities and specimens of Thomasomys spp. analyzed 
in this study. Abbreviations: MUSM, Museo de Historia Natural de la 
Universidad Nacional Mayor de San Marcos (Lima); FMNH, Field Muse-
um of Natural History (Chicago); and MEPN, Museo de Historia Natural 
“Gustavo Orcés V.” de la Escuela Politécnica Nacional (Quito). Sex: f, 
female; m, male.

Thomasomys antoniobracki (n = 2): PERU: Piura, Huancabamba, El Car-
men de la Frontera, Minera Majaz, Campamento Alto Parramata, 
−4.894 −79.368, 2630 m (2 m: MUSM 23754, 23755).

Thomasomys aureus (n = 1): ECUADOR: Bolivar, Cruz de Lizo, Tatahuazo 
river, −1.72 −79, 2,600 m (1 f: MEPN 6144).

Thomasomys aff. aureus (n = 2): PERU: Junín, Tarma, Huasahuasi, San 
Pedro de Churco, −11.030 −75.543, 3,217 m (2 m: MUSM 52859, 52860).

Thomasomys aff. caudivarius (n = 3): PERU: Cajamarca, San Ignacio, Tab-
aconas, Piedra Cueva in Cerro Coyona (Tabaconas-Namballe National 
Sanctuary), −5.268 −79.270, 3,290 m (1 m: MUSM 46711). Piura, Huan-
cabamba, El Carmen de la Frontera, Minera Majaz, Campamento Alto 
Parramata, −4.90 −79.37, 2,762 m (2 f: MUSM 23562, 23750).

Thomasomys daphne (n = 3): PERU: Cusco, Paucartambo, Kosñipata, La 
Esperanza, −13.178 −71.605, 2,880 m (2 f: MUSM 20014, 20017; 1 m 
FMNH 175229).

Thomasomys cf. dispar (n = 2): COLOMBIA: Huila, San Agustin, San Anto-
nio, 1.948 −76.500, 2,200 m (1 f: FMNH 72397, 1 ?: FMNH 72400)

Thomasomys incanus (n = 2): PERU: Pasco, Oxapampa, Oxapampa, San 
Alberto, −10.531 −75.350, 2,788 m (1 m: MUSM 46187). Junín, Tarma, 
Huasahuasi, San Pedro de Churco, −11.030 −75.552, 3,309 m (1 m: 
MUSM 52873).

Thomasomys aff. incanus (n = 2): PERU: San Martín, Mariscal Cáceres, 
Huicungo, Parque Nacional Río Abiseo, La Playa, −7.645 −77.48, 2,650 m 
(2 m: MUSM 7985, 8002).

Thomasomys ischyrus (n = 3): PERU: Huánuco, Huánuco, Chinchao, 
Caserío San Pedro de Carpish, −9.72418 −76.0994, 2757 m (1 f: MUSM 
18346; 1 m: MUSM 18347); Huánuco, Pachitea, Chaglla, Palmapampa, 
−9.88667 −75.88944, 2,900 m (1 f: MUSM 17848).

Thomasomys kalinowskii (n = 2): PERU: Huánuco, Huánuco, Chinchao, 
Caserío San Pedro de Carpish, −9.724 −76.099, 2,757 m (1 m: 18374; 1f: 
MUSM 18381).

Thomasomys aff. kalinowskii (n = 1): PERU: Pasco, Oxapampa, Oxapampa, 
San Alberto, 7 Km al este de Oxapampa, límite este del P. N. Yanachaga 
Chemillén, −10.55 −75.4, 2,200 m (1 m: MUSM 14993).

Thomasomys notatus (n = 2): PERU: Cusco, Paucartambo, Kosñipata, Sue-
cia, Km 138.5 Carretera Shintuya, −13.100 −71.567, 1,900 m (1 f: MUSM 
17021), −13.101 −71.569, 1,920 m (1 f: FMNH 170690).

Thomasomys pagaibambensis (n = 1): PERU: Cajamarca, Chota, Querocoto, 
Agua de la Montaña, −6.371 −79.153, 2,946 (1 m: MUSM 39737).

Thomasomys cf. pyrrhonotus (n = 2): PERU: Piura, Huancabamba, El Car-
men de la Frontera, Habas Pite, −5.091 −79.344, 2,117 m (1 m: MUSM 
55555); Piura, Huancabamba, El Carmen de la Frontera, Machete, 
−5.096 −79.347, 2,169 m (1 m: MUSM 55553).

Thomasomys taczanowskii (n = 10): PERU: Cajamarca, San Miguel, La 
Florida, San Miguel, La Florida, Agua Azul, −6.885 −79.075, 1,500 m 
(2 f: MUSM 15066, 15067); Cajamarca, Chota, Querocoto, Peña Brava, 
−6.354 −79.140, 2,265 m (1 f: MUSM 39741); Cajamarca, Chota, Quero-
coto, Agua de la Montaña, −6.371 −79.153, 2,933 m (2 m: MUSM 39735, 
39738). Lambayeque, Ferreñafe, Uyurpampa, −6.220 −79.362, 2,827 m 
(1f: MUSM 21802). Piura, Huancabamba, El Carmen de la Frontera, Ha-
bas Pite, −5.091 −79.344, 2,117 m (3 m: MUSM 55562, 55567, 55558); Piu-

ra, Huancabamba, El Carmen de la Frontera, Machete, −5.096 −79.346, 
2,169 m (1 m: MUSM 55583).

Thomasomys sp. 1 sensu Pacheco (2003) (n = 3): PERU: Cusco, Paucartam-
bo, Kosñipata, Morro Leguía, carretera Paucartambo-Pillcopata, Km 
135, −13.197 −71.5767, 2,250 m (1 m: MUSM 9349); Cusco, Paucartam-
bo, Kosñipata, Pillahuata, −13.162 −71.620, 2,460 m (1 m: MUSM 19581); 
Cusco, Quispicanchi, Marcapata, Amacho, −13.575 −70.926, 2,750 m 
(1 m: FMNH 75588).

Thomasomys sp. 6 sensu Pacheco (2003) (n = 1): PERU: Pasco, Oxapam-
pa, Huancabamba, Santa Bárbara −10.339 −75.642, 3,368 (1 f: MUSM 
46249).

Thomasomys sp. 9 sensu Pacheco (2003) (n = 1): PERU: Cusco, Paucar-
tambo, Kosñipata, La Esperanza, −13.178 −71.605, 2,880 m (1 m: MUSM 
20023).

Thomasomys sp. 10 sensu Pacheco (2003) (n = 2): PERU: Piura, Huanca-
bamba, El Carmen de la Frontera, Minera Majaz, Campamento Alto 
Parramata, −4.894 −79.368, 2,630 m (1 f: MUSM 23763); Piura, Huan-
cabamba, El Carmen de la Frontera, Minera Majaz, Campamento Alto 
Parramata, −4.901 −79.372, 2,780 m (1 m: MUSM 23764).

Appendix II
Morphological description and variation of the 
turbinal bones.
The genus Thomasomys presents consistent organized and structurally 
complex turbinals, with clear distinction between respiratory turbi-
nals (nasoturbinal and maxilloturbinal) and olfactory turbinals (semi-
circular lamina, frontoturbinal 1, frontoturbinal 2, ethmoturbinal I, 
interturbinal, ethmoturbinal II, and ethmoturbinal III; Figs. 1 and 2). 
Despite this, notable interspecific variation has been noticed in as-
pects like lamellar branching, scroll orientation, and relative robust-
ness. We provide a qualitative description of turbinals, including some 
variations among species.

The nasoturbinal, in coronal view, has 1 root and 2 lamellae: the 
first, shorter lamella is lateral and located closer to the nasal bone, 
exhibiting variations such as simple (e.g. T. antoniobracki, T. daphne, 
T. taczanowskii), or branching (e.g., T. ischyrus, T. pagaibambensis). The 
second, longer lamella is medial and branches and scrolls angularly 
(clockwise on the right nasoturbinal and counterclockwise on the left 
nasoturbinal). Typically, when the scroll is a complete turn or less, it 
is like a square (e.g., T. antoniobracki); when it is 1 or 1.5 turns, it is tri-
angular-shaped or square-shaped (e.g., T. aff. kalinowskii, T. cf pyrrhono-
tus). Along the nasoturbinal, the midsection in lateral view is notably 
more robust in some species, such as those of the Incanus group and 
larger species of the Cinereus group (Fig. 2; Supplementary Data SD5 
and SD6). However, in T. taczanowskii or T. daphne, the robustness of the 
entire nasoturbinal remains relatively uniform (Fig. 2; Supplementary 
Data SD5). In addition, the posterior part of the nasoturbinal slight-
ly overlaps with the anterior section of the ethmoturbinal I, with the 
degree of overlap varying between species, being more conspicuous 
in some species such as T. ischyrus, T. kalinowskii, and T. sp. 6; and less 
pronounced in others like T. notatus or T. aureus (Fig. 1; Fig. 2).

The maxilloturbinal, attached to the maxillary bone and located 
under the nasoturbinal in coronal view, exhibits considerable variation 
along its length (Fig. 2; Supplementary Data SD5). The maxilloturbinal 
has 1 or 2 roots and 2 major lamellae: the first, longer lamella ascends 
and comes closer to the nasoturbinal, scrolling dorsally and angular-
ly for one complete turn (clockwise on the left maxilloturbinal and 
counterclockwise on the right maxilloturbinal). This lamella typically 
features 1 or 2 small branches, but occasionally it is simple (as seen 
in T. daphne and T. aff. aureus). The second lamella is shorter, ventral-
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ly angular scrolled, and sometimes branches in the middle into 2 or 
3 slightly straight sub-lamellae, 1 longer than the others. Along the 
maxilloturbinal, the robustness can also remain relatively constant 
from the anterior to the posterior part in sagittal view, but the pos-
terior portion always tapers to a sharp point, being unattached to the 
maxillary bone (Fig. 2; Supplementary Data SD5). The maxilloturbinals 
are anteriorly placed similarly to the nasoturbinal. Both structures are 
of similar size and respectively positioned ventrally and dorsally in the 
rostrum. However, significant exceptions exist (Fig. 2). Notably, in T. cf 
caudivarius and T. aff. incanus the nasoturbinal is more elongated than 
the maxilloturbinal (Fig. 2; Supplementary Data SD5).

In all species, the semicircular lamina—which is the superiormost 
olfactory turbinal—displays notable variation in its structure (Fig. 2). In 
a sagittal view, it is anteroposteriorly elongated and protruded medially 
in the dorsoventral direction. This protrusion joins the dorsal side of the 
ethmoturbinal I. The frontoturbinal 1, in coronal view, has 1 root and 2 
divergent lamellae, both exhibiting a slight dorsoventral scroll, typically 
less than 1 full turn. Sometimes, the lamellae closer to the semicircular 
lamina may feature a single straight small projection, as observed in 
T. pagaibambensis or T. ischyrus. The frontoturbinal 2, in coronal view, 
is typically composed of 1 lamella that is slightly scrolled dorsoven-
trally, as seen in species like T. oreas. However, in less common cases, it 
consists of 2 divergent lamellae—1 positioned dorsally and the other 
ventrally in relation to their orientation within the nasal cavity. Both 
lamellae are slightly scrolled, with the dorsal one being shorter and the 
ventral one being longer, as seen in T. kalinowskii. Usually, frontoturbinal 
1 is as long as frontoturbinal 2, except for T. cf. dispar and T. daphne (Fig. 

2). The ethmoturbinal I, being the largest olfactory turbinal, exhibits a 
prominent projection toward the rostral side. Its structure in coronal 
view is characterized by a delicate, very complex arrangement of thin 
scrolls and plates. The ethmoturbinal I protrudes medially in the dorso-
ventral direction, which is notably wide in T. daphne and T. antoniobracki, 
and its anterior part extends to the posterodorsal region of the naso-
turbinal. The interturbinal, located between the ethmoturbinal I and 
ethmoturbinal II—seen in coronal view—consists of a single lamella 
that is slightly ventrally scrolled, typically less than 1 full turn. It is the 
simplest turbinal, and its structure remains relatively consistent with 
minimal variation along its length in sagittal view. The ethmoturbinal 
II formed 1 root and 2 lamellae, one lamella dorsal and straight and 
the other lamella ventral and slightly scrolled, less than 1 full turn. 
The ethmoturbinal III, seen in coronal view, formed one slightly scrolled 
lamella, which sometimes has a small projection in the middle before 
scrolling, as observed in species of the Incanus group. In most Thoma-
somys species, the frontoturbinals, interturbinals, and ethmoturbinals 
are notably elongated in sagittal view, except for smaller species like 
T. daphne and T. taczanowskii where these structures are shorter (Fig. 2).

Variation in turbinal bones is evident not only in the complexity of 
branching of individual lamellae, but also in how these structures oc-
cupy the nasal cavity. Species with larger and more complex turbinals, 
as evidenced by our quantitative analyses such as those from the In-
canus group, can be easily identified because turbinals fill almost the 
entire nasal cavity. While in species with smaller and less complex tur-
binals, such as the small-sized species T. taczanowskii or Thomasomys 
sp. 9, their nasal cavity is not filled with turbinals (Fig. 2).
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