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Abstract 

Rodents show a wide range of anatomical, physiological, and behavioral adaptations to life 

underground. Cranial and postcranial bone morphologies are deeply impacted by the modes of 

digging, which can involve either incisors or claws. However, the morphological variation of 

these elements still needs to be accurately quantified to assess the degree of specializations of 

the fossorial rodent families in regards to their respective evolution. Here, we focus on the 

morpho-functional characteristics of the masticatory apparatus in two families of subterranean 

rodents, the Spalacidae and Bathyergidae. We quantify the skull shape in five spalacid genera 

using geometric morphometric methods, as well as biomechanical estimates for adductor 

muscles, which are compared with data previously published on bathyergids. We show that the 

skull shape of spalacids has a greater disparity and lower biomechanical estimates than 

bathyergids, in which the fossorial activity, notably chisel-tooth digging, more significantly 

impacted the evolution of the skull. Among spalacids, Spalax shows the most extreme 

specializations to life underground and displays the highest number of morphological 

convergences with chisel-tooth digging bathyergids, especially regarding its cranial shape and 

high biomechanical estimate for the temporalis muscle. Fewer morphological convergences 

were observed between other spalacids and bathyergids. Different evolutionary histories can 

potentially explain discrepancies observed between the two families, the first bathyergid 

morphological adaptations to fossorial life being much older than those of spalacids. 

Keywords: Skull shape, fossorial adaptations, life underground, rodents, geometric 

morphometrics 
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Introduction 

Fossorial habits are widespread among mammals, but it is especially the case in rodents, 

which include ten families displaying important specializations to fossorial life: Aplodontidae, 

Sciuridae, Bathyergidae, Ctenomyidae, Octodontidae, Echimyidae, Geomyidae, Spalacidae, 

Cricetidae, and Muridae (Agrawal 1967; Nevo 1999; Lacey et al. 2000; Begall et al. 2007). 

Some species, recognized as subterranean, live underground to forage for food, reproduce, and 

disperse (Nevo 1979). These rodents show a specialized digging lifestyle, which is reflected by 

a number of physiological (e.g., low basal metabolic rate) and anatomical convergences (e.g., 

eyes and pinnae reduced, massive masticatory muscles; Morlok 1983; Stein 2000; Burda 2006). 

Subterranean species convergently evolved different modes of digging, from “scratch digging” 

characterized by alternate flexing and extension of forearms bearing enlarged claws to “chisel-

tooth digging” involving the use of procumbent incisors to scrape the ground. Digging with 

incisors is also suggested to be combined with shoveling movements of the head in a few cases 

(Hildebrand 1985; Laville et al. 1989; Stein 2000). These different modes of digging are 

associated with important morphological variations of the body (e.g., head and limbs), which 

remain to be accurately described, to better understand the different adaptive events to 

burrowing life in rodents. 

Two phylogenetically distant rodent families, the Spalacidae and Bathyergidae, display 

some of the most extreme specializations to fossorial life. Spalacids belong to the superfamily 

Muroidea and comprise at least six genera from Asia (bamboo rats: Cannomys and Rhizomys; 

zokors: Myospalax and Eospalax), Eurasia and northern Africa (blind mole rats: Spalax and 

Nannospalax), and eastern Africa (African root-rats: Tachyoryctes; Norris 2017). Bathyergids, 

or African mole-rats, belong to Ctenohystrica and comprise six genera (Bathyergus, Fukomys, 

Cryptomys, Georychus, Heliophobius, and Heterocephalus; Kock et al. 2006). The spalacid and 

bathyergid current diversity is the result of adaptive radiations dating back from the middle to 



4 
 

late Miocene, while their origins probably took place during the Oligocene (Cook et al. 2000; 

Mein and Pickford 2008; Flynn 2009; de Bruijn et al. 2015; Steppan and Schenk 2017; He et 

al. 2020; Fig. 1). The two families show numerous physiological, anatomical, and behavioral 

convergences to life underground (e.g., Nevo 1979; Stein 2000; Sahm et al. 2018), including 

all recognized digging modes (Stein 2000; Fig. 1). For instance, the bathyergid Heterocephalus 

and the spalacid Spalax, representing the most studied genera in each family, evolved very 

similar adaptations to survive in hostile conditions, such as tolerance to hypoxia, extensive 

longevity (i.e., more than 20 years), and resistance to cancer (e.g., Sherman and Jarvis 2002; 

Kim et al. 2011, Manov et al. 2013; Fang et al. 2014; Kirby et al. 2018). The high number of 

convergences observed in Spalacidae and Bathyergidae represents a suitable case to study the 

morphological specializations related to their respective adaptation to fossorial life.  

Here, our aim is first to evaluate the impact of modes of digging in Spalacidae 

throughout a 3D quantification of their skull morphology using geometric morphometric 

methods. These data will be then compared to those obtained for bathyergids in a previous study 

(Gomes Rodrigues et al. 2016). Such a comparison will enable us to unravel disparity patterns 

between these families, as well as to discuss morphological convergences. In addition, we will 

quantify the mechanical advantage for adductor muscles to consider some morpho-functional 

aspects in relation to masticatory efficiency. More generally, these different analyses will 

permit us to discuss and compare the evolutionary mechanisms (e.g., phylogenetic inertia, 

ecology) shaping the skull of spalacids and bathyergids in relation to their different degrees of 

adaptation to life underground. 

 

Material and Methods 

Sample composition 

The spalacid database is mainly composed of specimens stored in the Muséum National 
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d’Histoire Naturelle in Paris (MNHN) and complemented by a few scanned specimens from 

the Natural History Museum in London (NHM, or for specimens: British Museum of Natural 

History, BMNH). We analyzed 25 mandibles and 38 crania representing five spalacid genera 

(Table 1; Online resource 1). Despite recent studies suggesting the monophyly of both Spalax 

and Nannospalax (Hadid et al. 2012; Norris 2017), only the genus Spalax is mentioned in this 

study, following Musser and Carleton (2005), because of undefined “Spalax” specimens. All 

bathyergid data were taken prior to the commencement of this study (Gomes Rodrigues et al. 

2016). 

 

Geometric morphometric methods 

Mandibular and cranial forms of spalacids were quantified using 22 and 62 anatomical 

landmarks, respectively (Fig. 2; Online resource 2). This landmark dataset was based on 

previous studies (Hautier et al. 2012; Gomes Rodrigues et al. 2016) and was adapted to our 

sample. Landmarks #29, #37, #48, and #55 were not used in the analyses, but some landmarks 

were added at the tip of both the upper and lower incisors (landmarks #79, #80, #81, #82, #83, 

and #84). Digital data of all specimens were mostly acquired using a Microscribe 3-D digitizer. 

The skulls of Spalax and Myospalax were scanned using a Nikon Metrology HMX ST 225 at 

the CT facility of the NHM (London, UK) with a cubic voxel of 47.74 μm and 58.13 μm, 

respectively, in order to visualize virtual deformations within the Spalacidae dataset and for 

imaging. The scans of the bathyergids, Bathyergus and Heliophobius, used for imaging, were 

published in previous studies (Gomes Rodrigues et al. 2015, 2016).  Landmarks were then 

digitized on these reconstructed meshes using the ‘LANDMARK editor’ 

(http://graphics.idav.ucdavis.edu/research/EvoMorph). 

For the cranium, landmarks are mostly of type 1 (juxtaposition of tissues). Because the 

mandible of rodents is constituted of a unique dentary bone of relatively simple shape, most of 
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the landmarks taken on the dentary were of type 2 (e.g., maxima of curvature – Fig. 1; Bookstein 

1991). All configurations (sets of landmarks) were superimposed using the Procrustes method 

of generalized least squares superimposition (GLS scaled, translated, and rotated configurations 

so that the intralandmark distances were minimized) following the method used by Rohlf (1999) 

and Bookstein (1991). Shape variability of the cranium and mandible was analyzed by principal 

components analyses (PCA; Figs. 3 and 4). Analysis and visualization of patterns of shape 

variation were performed with the interactive software package MORPHOTOOLS (Lebrun et 

al. 2010). We calculated neighbor joining trees in order to propose an overall representation of 

the morphological distance between each spalacid specimen. We used the nj function from the 

ape R package (Paradis and Schliep 2019) computed on a matrix of Euclidian distances, 

previously calculated on the first PCs representing 90% of the shape variance (Fig. 5). The same 

analyses were performed separately with previously published data on bathyergids (Gomes 

Rodrigues et al. 2016). 

Disparity analyses were conducted on cranial and mandibular datasets combining 

coordinates of both spalacids and bathyergids (excluding incisor landmarks missing in 

bathyergids). We used the geomorph version 3.2.1 function morphol.disparity, which used the 

Procrustes variation of both sets of landmarks (mandible and cranium) to measure pairwise 

morphological variance (Adams et al. 2020). Whole cranium and mandible disparities were 

then calculated for each family. 

 

Biomechanical analyses 

The mechanical advantage of each adductor muscle (i.e., temporalis, superficial masseter, and 

deep masseter) was estimated using the ratio of the inlever (distance from the condyle or 

fulcrum to the point of muscle attachment) and the outlever (distance from the condyle to the 

bite point; Hiiemae 1971). This method is not used here as a predictor of the absolute incisor 
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bite force (see Ginot et al. 2019), but allows for inter-generic comparisons of the relative 

efficiency of incisors for each masticatory muscle. Three adductor muscles have been 

considered for inlevers (Fig. 2f): the temporalis, which attaches on the coronoid process 

(landmarks #64 and #73), the superficial masseter, which attaches along the angular process 

(landmarks #68 and #77), and the deep masseter, which attaches on the masseteric crest 

(landmarks #69 and #78) (Cox and Jeffery 2011; Baverstock et al. 2013; Renaud et al. 2015; 

Gomes Rodrigues et al. 2016). The bite point at the tip of the incisor was generally not used, 

because of large intraspecific variation due to wear (see Casanovas-Vilar and Van Dam 2013). 

Measurements of biomechanical advantage in spalacids did not show different trends whether 

we used the tip of the incisor (landmark #83) or the posterior part of the alveolar margin of 

incisor (landmark #60, Online resource 3). Following Gomes Rodrigues et al. (2016) and for a 

relevant comparison with data previously acquired on bathyergids, the landmark #60 was then 

used for estimating the outlever. Three estimates of biomechanical advantage (inlever/outlever) 

were thus considered for a given mandible: T/I (temporalis/incisor), SM/I (superficial 

masseter/incisor), and DM/I (deep masseter/incisor; Fig. 6). Differences in the inlever/outlever 

ratios between spalacids as well as with bathyergids were tested using post-hoc multiple mean 

comparison tests: the Fisher’s Least Significant Difference test (LSD) and the Tukey’s Honestly 

Significant Difference test (HSD), the latter being less sensitive but more conservative than the 

former (Online resource 4). Estimates of biomechanical advantages were previously rank 

transformed data because they did not meet the assumptions (i.e., normality, homoscedasticity 

of variances) required for such parametric tests (Conover and Iman 1981). 

  

Results 

Comparison of skull shape among Spalacidae 

On the PCA performed on crania, the first component explains 53.21% of the variance, 
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while the second component explains 10.95%, and the third component explains 8.24% (Fig. 

3). Myospalax and Spalax show negative values on the first axis, associated with an antero-

dorsally elongated but poorly elevated snout, widened zygomatic arches with reduced jugal 

bones, a widened frontal area, and an occipital area dorsoventrally and laterally enlarged. In 

positive values, Rhizomys, Cannomys, and Tachyoryctes display more enlarged and procumbent 

incisors, and an enlarged squamosal area. On PC2, Tachyoryctes has positive values and is 

characterized by a long and thin snout, and enlarged incisors. In negative values, Rhizomys 

shows a short premaxilla and enlarged zygomatic arches. On PC3, Myospalax has the most 

negative values, with enlarged parietal, frontal, and basicranial areas. Specimens of Rhizomys, 

Tachyoryctes, and especially Spalax range from negative to positive values. In positive values, 

specimens are characterized by enlarged zygomatic arches, procumbent incisors, and a reduced 

molar row. 

For the PCA performed on the mandible (Fig. 4), the first, second, and third components 

explain 46.71%, 15.71%, and 9.30% of the variance, respectively. On PC1, Rhizomys, 

Tachyoryctes, and Cannomys display negative values, while Myospalax and Spalax sit on the 

positive side. Regarding shape deformations, Spalax exhibit a mandible with procumbent 

incisors, a condyle posteriorly and medially projected, and a laterally projected angular process. 

For Rhizomys, Tachyoryctes, and Cannomys, the condyle and the angular process are in 

alignment with the mandibular body, while the mandibular ramus is enlarged and the coronoid 

more elevated and close to the condyle. On PC2, Rhizomys takes positive values, whereas 

Cannomys and notably Tachyoryctes have negative values. Spalax shows specimens ranging 

from the negative side to the positive side of the component. On the negative side of PC2, 

specimens have a much longer and less expanded angular process than the others. In addition, 

the condylar process is medially oriented compared to the angular process in specimens on 

positive values. On PC3, only Myospalax specimens set apart from other spalacids in showing 
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more positives values. They notably shows shorter incisors and a more robust and elevated 

mandible than other taxa.  

 

Comparison of morphological distances and disparity between spalacids and bathyergids 

We observed a very close pattern of morphological clustering between the crania and 

mandibles in spalacids according to the neighbor joining analyses, while it is not the case in 

bathyergids (Fig. 5). Moreover, the intra-generic (or intra-specific, cf. Fukomys) cranial 

distances are higher than for mandibular shapes, as some specimens are not clustered (e.g., for 

Tachyoryctes, Georychus, Fukomys), and this is true both for spalacids and bathyergids. In 

spalacids, Cannomys is morphologically closer to Tachyoryctes than to Rhizomys, and these 

taxa clearly set apart from Myospalax, and even more from Spalax. These differences are less 

marked when considering mandibular shape. In bathyergids, Bathyergus and Heterocephalus 

set apart from other taxa concerning crania, while the two species of Fukomys, Heliophobius, 

and Georychus are less morphologically distant. Mandibles of Bathyergus clearly depart from 

those of other bathyergids. Disparity results show that the spalacid mandibles and crania 

(Procrustes variances: 0.030 and 0.069, respectively) are significantly more disparate (p<0.001) 

than those of bathyergids (0.014 and 0.034, respectively).  

 

Comparison of biomechanical advantages between spalacids and bathyergids 

Spalacids tend to have lower lever arm ratio values than bathyergids, especially 

regarding the temporalis and deep masseter (Fig. 6). According to post-hoc tests (Online 

resource 4), Rhizomys, Cannomys, and Tachyoryctes do not show any significant difference, 

whereas Spalax significantly differ from other spalacids for the lever arm ratio of most muscles. 

More precisely, Spalax shows a high value for the lever arm ratio of the temporal muscle, like 

most bathyergids. Other spalacids, especially Tachyoryctes, have very low values for this ratio, 
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which are always significantly lower than those of most bathyergids. In contrast, Tachyoryctes 

displays a high value for the lever arm ratio of the superficial masseter muscle, slightly lower 

than Bathyergus, but significantly higher than other bathyergids and spalacids. Spalax and 

Myospalax show the lowest values for this lever arm ratio. Spalacids, especially Spalax, show 

the lowest values of the lever arm ratio of the deep masseter muscle. Only Myospalax shows a 

value close to that of bathyergids. 

 

Discussion 

Morphological disparity in spalacids and phylogenetic imprint 

Spalacids show a well-defined pattern of morphological differentiation, which is similar 

between the cranium and the mandible according to PCA and neighbor joining analyses. This 

pattern relies on the clustering of rhizomyines (Tachyoryctes, Rhizomys, and Cannomys), which 

clearly depart from Myospalax and Spalax. Such a pattern of morphological differentiation is 

in accordance with phylogenetic hypotheses, especially the monophyly of rhizomyines based 

on morphological and molecular data (e.g., Jansa and Weksler 2004; López-Antoñanzas et al. 

2013; Steppan and Schenck 2017). However, the morphology of Cannomys is more different 

than that of Rhizomys, while both Cannomys and Tachyoryctes display similar morphological 

traits such as more procumbent upper and lower incisors (Stein 2000). This result should 

however be taken with caution as only one specimen of Cannomys could be considered in our 

analyses. 

Myospalax and Spalax display similar morphological traits, such as non-procumbent 

upper incisors coupled to a poorly elevated snout, and a highly elevated posterior part of the 

cranium due to the enlargement of the occipital area (Fig. 7a and 7b). Jansa et al. (2009) 

proposed a close relationship between Spalax and Myospalax, but this assumption is weakly 

supported in their phylogenetic analysis. However, a more recent study (He et al. 2020) also 
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suggested that spalacines and myospalacines are sister taxa. These shared morphological traits 

might be plesiomorphic, but might have been independently acquired during the evolution of 

these two lineages.  

The position of myospalacines or spalacines as sister taxa of rhizomyines has also been 

debated. In our analyses, Myospalax is morphologically closer to rhizomyines than Spalax, 

which is also supported by our biomechanical estimates. This result corroborates previous 

phylogenetic assumptions based on paleontological and morphological data (Flynn 2009), or 

genomic approaches (Lin et al. 2014), but contradicts recent molecular studies suggesting that 

spalacines are sister clade to rhizomyines (e.g., Steppan and Schenck 2017). Discrepancies 

between the different phylogenetic studies (e.g., Lin et al. 2014; Steppan and Schenck 2017; 

He et al. 2020) could be explained by relatively close ages of divergence (i.e., between 25 and 

22 Ma) between spalacines, myospalacines, and rhizomyines.  

The putatively high phylogenetic component in the skull morphology of spalacids, 

which could not tested here because of low samples, is also corroborated by the high percentage 

of variance on each first axis of the PCA (53.2% for the cranium and 46.7% for the mandible). 

Interestingly, such a high phylogenetic component is not obvious in bathyergids, in which the 

ecological component is stronger, especially regarding the mandible (Gomes Rodrigues et al. 

2016). This difference can be observed through the results of our neighbor joining analyses, in 

which Bathyergus clearly sets apart from all bathyergids, while the phylogenetic position of 

Bathyergus is nested within bathyergids, close to Georychus (Faulkes et al. 2004; Patterson and 

Upham 2014; Visser et al. 2019). Bathyergus displays a gracile cranium and an elongated 

mandible associated with its scratch digging behavior in sandy soils (Fig. 7c; Gomes Rodrigues 

et al. 2016), while other bathyergids have a short and wide cranium with procumbent incisors 

to dig in harder soils. Such morphological differences are reinforced by our analyses of disparity 

with bathyergids being less disparate than spalacids. This major difference in the pattern of 
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morphological disparity between spalacids and bathyergids might be the result of their various 

degree of specialization for digging as well as different evolutionary histories.  

 

Digging abilities vs skull morphology in spalacids and bathyergids 

 Previous studies quantified the impact of fossoriality on the skull morphology in 

bathyergids and also rhizomyines (Gomes Rodrigues et al. 2016; McIntosh and Cox 2016a, 

2016b, 2019). In the neighbor joining analysis, the only scratch digging genus, Bathyergus, and 

chisel-tooth digging bathyergids clearly set apart. This is less obvious for spalacids, because of 

the putatively important phylogenetic component. Nonetheless, Spalax is clearly differentiated 

and this genus is often considered as the most adapted rodent to the subterranean life in having 

vestigial eyes and pinnae (Kingdon et al. 2013). It intensively uses incisors for digging and 

displays the widest zygomatic arches among spalacids, allowing for large insertions of adductor 

muscles (Morlok 1983), as well as procumbent shovel-shaped lower incisors used to remove 

the soil (Fig. 7b; Norris 2017). A similar cranial pattern was also observed and quantified in 

chisel-tooth digging bathyergids (Fig. 7d; Gomes Rodrigues et al. 2016), even if the latter 

display procumbent upper incisors.  

Such convergent morphological trends are not surprising because Spalax shows 

biomechanical advantage of the input lever arms for the temporalis similar to that of 

bathyergids, while the biomechanical estimates for its masseter muscles are very low. However, 

the explanations for such extreme biomechanical values are slightly different. As chisel-tooth 

digging bathyergids, Spalax has a mandible with enlarged coronoid processes (Fig. 7b), 

although less elevated than in other spalacids (Fig. 4). It, however, displays condyles projected 

posteriorly far from the coronoid processes (Figs. 4 and 7b), which permit it to increase the 

inlever of the temporalis. This result concurs with the fact that the temporalis, inserted on the 

coronoid process, represents the main jaw-closing muscle that produces substantial forces at 
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the incisors (Hiiemae 1971), and is generally large in chisel-tooth digging rodents (Van Daele 

et al. 2009; Druzinky 2010; Cox and Faulkes 2014; Cox et al. 2020). The biomechanical 

advantage of the temporalis might be increased at the expense of the masseters, especially the 

superficial masseter favoring speed of the mandible rather than output forces observed in chisel-

tooth digging rodents (Gomes Rodrigues et al. 2016).  

The scratch digger Myospalax has less expanded zygomatic arches, reduced insertions 

for the temporalis, and upright incisors (Fig. 7a). This association of morphological features 

was also observed in Bathyergus, the only scratch digging bathyergid (Fig. 7c). Their overall 

morphofunctional characteristics remain, however, very different because Myospalax skull is 

shorter and more robust than that of Bathyergus (Fig. 7; see Gomes Rodrigues et al. 2016; 

McIntosh and Cox 2016a), probably in relation to occasional chisel-tooth digging. Subsequent 

output forces estimated for the temporalis and the superficial masseter also differ significantly 

between these genera. The study of forearms might provide more information on the scratch 

digging function and on the potential morphofunctional convergences between Myospalax and 

Bathyergus (Stein 2000; Lessa et al. 2008). Myospalax also presents enlarged occipital and 

frontal areas, like Spalax. These enlarged areas are mainly associated with powerful occipital 

muscles related to the tapping behaviors of spalacines and myospalacines and corresponding to 

“head drumming or thumping” against the ceiling of their burrows to produce seismic vibration 

(Rado et al. 1987; Heth et al. 1987; Kingdon et al. 2013; Norris 2017). This mode of 

communication is frequently used between individuals and represents another adaptation to life 

underground (Kingdon et al. 2013; Norris, 2017). This behavior is only described in spalacids 

and was recently observed in Tachyoryctes (Hrouzková et al. 2013, 2018), which however does 

not present these enlarged occipital and frontal areas. Another explanation might be that these 

traits, coupled with a peculiar shape of the snout in Spalax, and to a lesser extent in Myospalax, 

could also enable them to perform important head movements. This behavior, absent in 
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bathyergids, would allow these spalacids to push the soil up and compact it while digging or to 

pull it out of the burrows (Hildebrand 1985; Laville et al. 1989; Stein 2000). 

Procumbent incisors are highly efficient for chisel-tooth digging. Rhizomyines 

generally display more procumbent upper incisors than spalacines and myospalacines. Contrary 

to chisel-tooth digging bathyergids, the root of their upper incisors ends in front of the molars 

and not behind, which would have permitted them to increase the mechanical efficiency at 

biting (Landry 1957; McIntosh and Cox 2016b). In addition, they are characterized by lower 

values of input lever arm for the temporal muscles than Spalax and all bathyergids due to a 

reduced distance between the condylar and coronoid processes. Nonetheless, they display 

higher biomechanical advantage for the superficial masseter. Such a combination of 

morphological and biomechanical characteristics might be explained by the fact that 

rhizomyines are less subterranean than all other spalacids, and forage extensively aboveground 

(Norris 2017). However, bamboo rats (Rhizomys and Cannomys) still present wide zygomatic 

arches and short snout in relation to their chisel-tooth digging activity, which likely implies the 

presence of massive masticatory muscles (see Morlok 1983), as in most subterranean rodents 

(e.g., Van Daele et al. 2009; Druzinsky 2010; Cox et al. 2020). Tachyoryctes also forages 

aboveground, usually in the vicinity of its burrow entrance. It is considered to be less 

specialized to underground life than other spalacids and African mole-rats in that it builds 

shorter burrow systems and displays large pinnae to detect predators more efficiently (Jarvis 

and Sale 1971; Kingdon 1974; Kingdon et al. 2013, Šumbera et al., 2018). Its reduced 

zygomatic arches could be related to the presence of larger eyes. This configuration potentially 

constrains the morphology of the masticatory apparatus, precluding the insertion of massive 

masticatory muscles, as shown in some rodent species (Hautier et al. 2012). In sum, 

rhizomyines, although less specialized than spalacines, have a global cranial conformation 

much closer to chisel-tooth bathyergids than to scratch diggers, as previously shown by 
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McIntosh and Cox (2016a), once again demonstrating the impact of this mode of digging on 

the masticatory apparatus of rodents. 

 

Adaptation to fossorial life and evolutionary history of spalacids and bathyergids  

Spalacids, especially Spalax, show some morphological traits convergent with 

bathyergids. They also display more disparate morphologies associated with less advanced 

specialization to life underground, which is overall underscored by lower values for estimated 

biomechanical advantages of the masticatory muscles. As a result, spalacids show an important 

mosaic of morphological characters, likely related to the independent evolution of fossoriality 

in each lineage (i.e., spalacines, myospalacines, and rhizomyines). Skull morphologies are less 

disparate in bathyergids, probably because they adapted to the subterranean life early during 

their evolutionary history (Fig. 1; Nevo 1979; 1999; Bennett and Faulkes 2000). Morphological 

adaptations to fossorial life in bathyergids date back to their first appearance in the fossil record, 

during the early Miocene (Mein and Pickford 2008), while strong adaptations for burrowing in 

each spalacid subfamilies are not known before the late Miocene, when they started to diversify 

(Cook 2000; Flynn 2009; López-Antoñanzas et al. 2015; Steppan and Schenk 2017). Moreover, 

the first known bathyergids already displayed chisel-tooth digging morphologies (e.g., Mein 

and Pickford 2008; Gomes Rodrigues et al. 2016), whereas the first fossorial spalacids were 

considered as non-obligate scratch-diggers living more predominantly aboveground (e.g., Sen 

1977; Flynn et al. 1985, Flynn 2009; Fig. 1). 

 Despite the fact the different lineages of bathyergids diverged earlier than the lineages 

of spalacids, their masticatory apparatus appears quite stable, especially regarding the anatomy 

of their adductor muscles (Cox et al. 2020). Heterocephalus diverged from other bathyergids 

between 35 and 23 Ma depending on the phylogenetic analyses (Patterson and Upham 2014; 

Bryja et al. 2018; Visser et al. 2019), but displays a configuration of masticatory muscles very 
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similar to other chisel-tooth digging genera or to the scratch digger Bathyergus. This latter has 

a masticatory apparatus, although significantly modified, likely inherited from a chisel-tooth 

digging ancestor (Gomes Rodrigues et al. 2016; Cox et al. 2020). Therefore, an independent 

acquisition of fossoriality does not constitute the most parsimonious assumption for 

bathyergids. The case of bathyergids contrasts with the situation observed in spalacines, 

myospalacines, and rhizomyines that diverged more recently (between 25 and 22 Ma; Fig. 1; 

Steppan and Schenk 2017; He et al. 2020).  

A convergent adaptation to fossorial life in spalacids could be more accurately 

understood by considering the variable shapes of the infraorbital foramina, generally enlarged, 

and of the zygomatic plate, generally reduced, contrary to most muroids (Figs. 7a and 7b; see 

Flynn 2009, for more details). Yet, the masticatory apparatus of all bathyergids is derived 

compared to most Ctenohystrica, in having secondarily reduced infraorbital foramina involving 

the reduction of the anterior insertion of the infraorbital portion of the zygomaticomandibularis 

muscle, probably enhancing chisel-tooth digging (Figs. 7c and 7d; Cox and Jeffery 2015; Cox 

et al. 2020). These morphological characters, generally used for defining the main muscular 

morphotypes in rodents (Wood 1965), should be quantified and put in relation to adductor 

muscle insertions and configuration, which remain to be accurately investigated and compared 

in spalacids. Such studies will enable us to more precisely compare the morphological diversity 

in spalacids and bathyergids, and to better understand the evolutionary paths taken by each 

lineage in relation to adaptation to fossorial life. 
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Table 1: List of taxa and material used for geometric morphometric analyses, and associated 

modes of digging (*additional specimen used for biomechanical estimates).  

Suborder Family Genus Cranium Mandible Mode of digging 

Myomorpha Spalacidae Cannomys 1 1(2*) 
Chisel-tooth, 

Scratch  

  Myospalax 3 2 

Scratch,  

Chisel-tooth 

(with head) 

  Rhizomys 9 6 
Chisel-tooth, 

Scratch  

  Spalax 14 11 
Chisel-tooth 

(with head) 

  Tachyoryctes 11 4 Chisel-tooth 

Ctenohystrica Bathyergidae Bathyergus 12 7 Scratch 

  Fukomys vandewoestijneae 10 5 Chisel-tooth 

  Fukomys mechowii 10 7 Chisel-tooth 

  Georychus 2 3 Chisel-tooth 

  Heliophobius 14 9 Chisel-tooth 

  Heterocephalus 10 10 Chisel-tooth 

Number of specimens   96 66   
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Fig. 1 Phylogenetic relationships between the investigated spalacid and bathyergid species, 

including extinct relatives (in grey) and modes of digging. Phylogenetic trees and stratigraphic 

ranges were based on previous studies using molecular and paleontological data (Cook, 2000; 

Mein and Pickford, 2008; Patterson and Upham, 2014; Steppan and Schenck, 2017; He et al., 

2020). 
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Fig. 2 Landmarks digitized on the cranium (a, dorsal view; c, ventral view; e, lateral view) and 

the mandible (with the left incisor partly reconstructed; b, lateral view; d, occlusal view) of 

Spalax sp. (BMNH.10.3.12.10) imaged by using X-ray conventional microtomographic 3D 

rendering. f, Measure of inlevers (black lines), and outlevers (grey lines) between landmarks 

digitized on the mandible of Spalax. T: Temporalis, SM: Superficial Masseter, DM: Deep 

Masseter, I and I2 Incisor (Gomes Rodrigues et al. 2016). 
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Fig. 3 Principal component analyses realized on crania of Spalacidae and associated virtual 

deformation on the extreme sides of each axis. Symbols used: (◊) Cannomys, (ӿ) Myospalax, 

(□) Rhizomys, (Δ) Spalax, (×) Tachyoryctes. Yellow and violet code for increases and decreases 

in surface area, respectively. 
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Fig. 4 Principal component analyses realized on mandible of Spalacidae and associated virtual 

deformation on the extreme sides of each axis. Symbols used: (◊) Cannomys, (ӿ) Myospalax, 

(□) Rhizomys, (Δ) Spalax, (×) Tachyoryctes. Yellow and violet code for increases and decreases 

in surface area, respectively. 
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Fig. 5 Trees illustrating morphological distances between Spalacidae and between 

Bathyergidae resulting from neighbor joining analyses on coordinates data from the PCAs 

performed on crania and mandibles. Spalacidae - Ca: Cannomys, My: Myospalax, Rh: 

Rhizomys, Sp: Spalax, Ta: Tachyoryctes. Bathyergidae - Ba: Bathyergus, Fm: Fukomys mech., 

Fv: Fukomys vand., He: Heliophobius, Ht: Heterocephalus.  
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Fig. 6 Graphs representing the mean inlever (muscles)/outlever (incisor) ratio with 

corresponding standard deviations for spalacids (in black) and bathyergids (in grey). 
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Fig. 7 Skulls of bathyergids and spalacid imaged using X-ray conventional microtomographic 

3D renderings with main morphological characters. Dorsal view of crania and lateral views of 

both crania and mandible of a, Spalax sp. (BMNH.10.3.12.10); b, Myospalax sp. 

(BMNH.9.1.1.206; with right zygomatic arch partly reconstructed); c, Bathyergus sp. (no 

number); and d, Heliophobius argenteocinereus (ID13).  
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