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Abstract 

Rodents have been successful in times of adaptive radiation, leading to a large number of 

species that are specialized for their niche. They exhibit morphological variation across different 

modes of locomotion, some that are plain to see from the exterior of the animal and others that 

are only apparent in the skeleton. Rodents that glide or swim are the main focus of this study and 

are compared to terrestrial sister taxa found on a molecular phylogeny. Swimming rodents 

primarily kick with their hindlimbs while swimming with some species gaining assistance from 

their tail, and gliding rodents use their hindlimbs for patagium attachment and leaping to begin 

gliding. Morphological variation in the femora and pelvis of these locomotory modes was 

investigated through imaging and morphometric analysis. Landmarks were placed on specific 

points on the anterior of the femur and the lateral aspect of the innominate bone of the pelvis and 

ventral aspect of the pelvis. Linear distances were drawn from these landmarks and ratios were 

calculated from these linear distances to reduce the effect of size on variation. It was found that 

natatorial rodents were characterized by shorter more robust femora with a longer innominate 

bone of the pelvis and longer diameter of the antero-posterior measurement of the obturator 

foramen. Additionally, gliders were found to have substantially longer femora in relation to the 

pelvis, reduced diameters of the femoral epicondyle and reduced sites for muscle attachment on 

the femur with shorter innominate bones. 

 

Introduction 

 Members of the order Rodentia can be found on all continents in the world excluding 

Antarctica (Fabre et al. 2012). Extant rodents represent approximately half of all placental 
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mammalian diversity on Earth (Blanga-Kanfi et al 2009). Multiple species within Rodentia have 

developed morphological specializations to be successful in their respective habitats due to their 

high success rates during periods of adaptive radiation (Samuels and Valkenburgh 2008). Due to 

the rapid convergent evolution of specializations in rodents, their family relationships have been 

hard to describe in previous morphological phylogenetic studies (Blanga-Kanfi et al. 2009). 

Apart from the general terrestrial rodent, many species exhibit ecomorphological adaptation for 

fossorial, arboreal, natatorial, jumping and gliding lifestyles (Fabre et al. 2012). Rodents exhibit 

morphological variation across different modes of locomotion, some that are plain to see from 

the exterior of the rodent and others that are only apparent in the skeleton.  

This morphological variation across rodent locomotory modes is not always extreme or 

obvious. A well-resolved phylogeny is needed to complete a comparative morphological study 

within Rodentia (Steppan and Schenk 2017). Fabre et al. (2012) created a phylogeny of all 

known members of order Rodentia. This phylogeny was used to resolve familial relationships 

within the order and provided more accurate accounts of diversification rates within the history 

of Rodentia. Steppan and Schenk’s (2017) complete phylogeny of clade Muroidea resolves some 

of the discrepancies found in taxonomic organizations as well as diversification rates within that 

clade. Both massive species level phylogenies provide accurate genetic and evolutionary 

relationships of rodents. Since the use of genomic data has been of great importance to 

understanding organismal evolutionary relationships, studies in skeletal morphology have 

decreased. These studies do not yield accurate accounts of evolutionary relationships based on 

morphology, however they can be resolved through genomic sequencing. 

There are few comparisons of locomotory modes across different rodent groups (Samuels 

and Valkenburgh 2008). Even fewer have been conducted on pelvic morphology. Samuels and 
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Valkenburgh (2008) provided the following formal definitions of the different locomotory 

categories. The terrestrial mode was defined as a quadrupedal rodent that spends most of its time 

on the ground, that may make a burrow but it cannot be expansive, it can occasionally swim or 

climb but can never glide. The natatorial rodents were defined as those that swim frequently for 

avoiding predation, food acquisition, and dispersal. Lastly the gliding mode was defined as a 

rodent that regularly glides through the use of a patagium and is generally found in arboreal 

habitat.  

The patagium is a gliding membrane generally extending from the wrist to the ankle 

(Jackson 2016).  However, gliding members of clade Anomaluridae have a patagium that 

extends from the wrist of the forelimb to the ankle of the hindlimb with a cartilaginous extension 

protruding from the olecranon near the end of the ulnar bone. This differs from gliding members 

of clade Sciuridae that have this cartilaginous extension stemming from their wrist. Although 

both clades have members exhibiting the same mode of locomotion, they most likely converged 

on this adaptation through different mechanisms. It is thought that gliding mammals will have 

proportionally long humeri and femora (Runestad and Ruff 1995). Additionally, larger gliding 

mammals such as Anomalurus derbianus addressed in this study will have longer proximal limb 

bones to better support the larger body mass with a reduction in stress on the patagium and drag 

(Runestad and Ruff 1995).  Samuels and Valkenburgh (2008) did find that gliders have thin, 

elongate bones in the fore and hindlimbs that are proportional to each other. A commonality of 

shorter, more robust femora with muscle attachment sites that are large in comparison to the 

shape of the femur in natatorial rodents (Samuels and Valkenburgh 2008). Additionally, 

variation in femora shape among the locomotory types was easily observable in a side-by-side 

comparison. Conversely, shape variation in the pelvis was less obvious during observation for 
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the five chosen osteological elements to be measured. The lone exception to this was observable 

variation in the length of the pubic symphysis.  

The pelvis in mammals arises from the fusion of the ilium, ischium and pubis thus 

making the two innominate bones of the pelvis (Berdnikovs, Bernstein, Metzler, and German 

2007). It is sexually dimorphic within these rodents (Schutz, Donovan, and Hayes 2009, 

Berdnikovs et al. 2007). This presents an issue in measuring the length of the pubic symphysis 

because this will undergo parturition in parous females (Schutz et al. 2009). (Parous is defined as 

a female that has previously given birth; Schutz et al. 2009). This required sex specific sampling 

in previous studies focusing on the males of the population with a fully fused pubic symphysis. 

 I compared natatorial and gliding rodents to their closely related and more generalized 

terrestrial sister taxa. My questions are: (1) Do natatorial, and gliding rodents differ consistently 

in their pelvis and femur morphology from other locomotory groups?; and (2) What 

morphological adaptations evolved on the femur and pelvis for selection to act in these 

specialized modes of locomotion? To answer these questions, images were taken of the femora 

from an anterior view, the lateral view of the innominate bone of the pelvis and the ventral view 

of the pelvis. These images were digitized for 24 rodent species and analyzed using 

morphometric comparisons with phylogenetic comparative methods to find variation between the 

different modes of locomotion.   

 

Methods 

 Preliminary observations of rodent femora and pelvis for the three locomotory modes in 

question, and previous morphological studies led to the choice of the four osteological 
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anatomical attributes of the femur and five for the pelvis. The four femoral measurements 

included; 1) the height of the greater trochanter; 2) the height of the third trochanter; 3) the 

length of the femur; 4) femoral epicondylar breadth (= a proxy for diameter of the femoral 

epicondyle). The pelvic measurements consisted of; 1) the total length of the innominate bone; 2) 

width of the ischium; 3) length of the pubic symphysis; and finally 4-5) two diameters of the 

obturator foramen (Both diameters were defined directionally by the orientation and placement 

of the bone during imaging. The two diameters were in the anterior to posterior direction and the 

dorsal to ventral directions.) 

No field collection was done to obtain specimens for this study. Specimens came from 

individuals of P. xanthopygus in Dr. Scott Steppan’s possession derived from breeding colonies 

in collaboration with Angel Spotorno and Laura Walker at the University of Chile (LCM). Seven 

previously imaged species by PhD – candidate Carl Saltzberg from the Museum of Vertebrate 

Zoology at Berkeley (MVZ), and the Field Museum of Natural History in Chicago (FMNH). 

Four species were obtained from the Florida Museum of Natural History (UF) in Gainesville, FL 

and 11 species from the American Museum of Natural History (AMNH) in New York City, NY. 

Finally, one species, the terrestrial Parahydromys asper was obtained through a loan from the 

Bernice Pauahi Bishop Museum (BBM-NG) in Hawaii.  

 The comparison of rodents consisted of six natatorial, six gliding, ten terrestrial, and an 

additional two arboreal species. The arboreal species were compared to two of the gliding 

species to gain a better understanding of the most likely path evolution took from a terrestrial 

ancestor, to derive a new rodent species capable of gliding. Two specimens per species were 

sampled. Forty-eight specimens representing twenty-four species were imaged.  
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I selected species based on their habits, habitat, and degree of specialization for each 

locomotory mode in pairing with the formal definitions of each locomotory category provided by 

Samuels and Valkenburgh (2008). Busher (2016), Denys and colleagues (2017), Kilpatrick 

(2017), Koprowski and colleagues (2016), Jackson (2016), and Paradiñas and colleagues (2016) 

were referenced in choosing the natatorial and gliding rodents, as well as their terrestrial sister 

taxa. The complete species list can be found in Table 1. A pruned phylogeny from Fabre and 

colleagues (2012) for the 24 taxa utilized in this study is presented in Figure 1.  

Table 1: Complete list of 24 species. Including common name, mode of locomotion, and raw measurement data in millimeters of 

each osteological element. 

MUSEUM VOUCHER 

NUMBER 

SCIENTIFIC NAME COMMON NAME LOCOMOTION 

AMNH_55766 Anomalurus derbianus Lord Derby's Scaly-Tailed Squirrel Gliding 

AMNH_52103 Anomalurus pusillus Dwarf Scaly-Tailed Squirrel Gliding 

MVZ_191928 Calomyscus bailwardi Zagros Mountains Mouse-Like Hamster Terrestrial 

UF_33544 Castor canadensis American Beaver Natatorial 

FMNH_149030 Colomys goslingi African Water Rat Natatorial 

AMNH_269919 Cricetomys gambianus Gambian Pouched Rat Terrestrial 

AMNH_62572 Glaucomys sabrinus macrotis Northern Flying Squirrel Gliding 

UF_31600 Glaucomys volans Southern Flying Squirrel Gliding 

UF_23863 Heteromys anomalus Trinidad Spiny Pocket Mouse Terrestrial 

MVZ_140454 Hydromys chrysogaster Rakali Natatorial 

AMNH_236384 Idiurus sp. Long-Eared Flying Mouse Gliding 

AMNH_169229 Mastomys natalensis Natal Multimammate Mouse Terrestrial 

AMNH_47775 Melanomys caliginosus Dusky Rice Rat Terrestrial 

AMNH_144767 Mesocrictus auratus Golden Hamster Terrestrial 

MVZ_197488 Nectomys squamipes Scaly-Footed Water Rat Natatorial 

UF_7290 Neofiber alleni Round-Tailed Muskrat Natatorial 

BBM-NG_55167 Parahydromys asper New Guinea Waterside Rat Terrestrial 

AMNH_188628 Perognathus flavus Silky-Pocket Mouse Terrestrial 

AMNH_184934 Petaurista petaurista Red Giant Flying Squirrel Gliding 

LCM_4025 Phyllotis xanthopygus Yellow-Rumped Leaf-Eared Mouse Terrestrial 

AMNH_35395 Ratufa sp. Oriental Giant Squirrel Arboreal 

MVZ_183268 Scapteromys tumidus Waterhouse's Swamp Rat Natatorial 

UF_33484 Sciurus carolinensis Eastern Grey Squirrel Arboreal 

UF_32139 Tamias sciurus Eastern Chipmunk Terrestrial 
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The less specialized terrestrial species were chosen with the same criteria as their specialized 

counter parts, in pairing with Fabre and colleagues (2012) and Steppan and Schenk (2017) 

phylogenies to locate terrestrial sister taxa to species representing my specialized locomotory 

modes.  

The femur was imaged from an anterior view while the pelvis was imaged from ventral 

and lateral views. An imaging stand was set up with a base to hold the specimen, and a mount for 

a Nikon D3200 digital camera utilized for imaging. A section of a millimeter scale   

 

Figure 1: Phylogenetic tree of Order Rodentia by Fabre and colleagues (2012), pruned down to the 24 investigated species. 
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was placed in each image. The museum voucher number was written in expo marker in the free 

space above the measuring marks on the millimeter scale. A separate small blank piece of a 

white board was used to add the imager’s initials and date of imaging into the image itself. 

Depending on size and fragility of the bone being imaged, a wooden peg with sticky tac on it 

was used to hold the bone in place. Alternatively, tweezers were used to hold and position bones 

within the images.  

Each imaging sequence began with an image of the box and/or label that held the 

preserved bones of the specimen. This was followed by imaging of the femur and then the pelvis. 

Images of femora were digitized by placing landmarks at nine points on the bone to yield 

measurements of total length, third trochanter height, greater trochanter height, and femoral 

epicondylar breadth (Fig. 2A). Two additional landmarks were placed at the ends of the scale. 

These landmarks were placed 20mm apart in each image. 

 

Figure 2: Landmark placements on femora and pelvis excluding landmarks 1-2 that were placed on measurement bar in image. 

A) Anterior view of left femur. B) Lateral view of left innominate bone of the pelvis. C) Ventral view of the pelvis. 
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The pelvis was digitized to measure the obturator foramen diameter, ischium width, 

length of pubic symphysis, and the total length (Fig. 2B, 2C). A total of eight landmarks were 

placed on the lateral view of the pelvis and two landmarks on the ventral view of the pelvis. 

Again, two additional landmarks were placed on the scale. All landmark definitions can be found 

in Tables 2-4. 

Table 2: Definitions of landmark placements for the anterior view of the femur depicted in Figure 2. 

NUMBER DEFINITION 

1 Scale bar landmark placement 

2 Scale bar landmark placement located 20mm from LM1 

3 Proximal end of greater trochanter 

4 Distal end of greater trochanter 

5 Highest point of third trochanter 

6 End of third trochanter and beginning of femoral body 

7 Most ventral point of femoral body in line with LM 5 and 6 

8 Tallest point at dorsal epicondyle 

9 Lowest point of ventral epicondyle 

10 Femoral head groove 

11 Center of patellar groove 

 

Table 3: Definitions of landmark placements for the lateral view of the innominate bone of the pelvis depicted in Figure 2. 

NUMBER DEFINITION 

1 Scale bar landmark placement  

2 Scale bar landmark placement located 20mm from LM1 

3 Highest projection of the iliac wing 

4 Dorsal projection of the ischial tuberosity 

5 Most caudal point of pubic symphysis 

6 Center of acetabulum 

7 Most anterior point in obturator foramen 

8 Most posterior point in obturator foramen 

9 Ventral point of obturator foramen centered between LM 7 and 8 

10 Dorsal point of obturator foramen completing cross sectional area 



 12 

Table 4:  Definitions of landmark placements for the ventral view of the pelvis depicted in Figure 2. 

NUMBER DEFINITION 

1 Scale bar landmark placement  

2 Scale bar landmark placement located 20mm from LM1 

3 Anterior end of pubic symphysis 

4 Posterior end of pubic symphysis 

 

Landmarks were placed on the femora and pelves using tpsUtil and tpsDig (Rohlf 2002). 

TpsUtil was used to add all the images of the femora and pelves into large tps files for 

subsequent uploading to tpsDig for digitization. The tps files made with tpsUtil were imported to 

tpsDig for landmark placement. Five tps files were created in relation to orientation of each bone 

and the side that each element was positioned. Two files for each femur, the left and right femora 

at the anterior view were created. These were labeled as F_A_L (femur anterior left), and F_A_R 

(femur anterior right). Two files for the lateral view of the pelvis were used for the left and right 

pelvis. These were labeled as P_L_L (pelvis lateral left) and P_L_R (pelvis lateral right). Finally, 

a fifth file was made representing the ventral view of each pelvis to obtain an image of the pubic 

symphysis. These were labeled as P_V (pelvis ventral).  

Tps files were opened in TextEdit to acquire the X and Y coordinates of each landmark 

placement. The coordinate locations were captured on a pixel scale, as opposed to a number 

scale for measurement. These coordinates were copied and pasted into Microsoft Excel for post 

hoc analysis. The imaged scale bar was used to convert the pixel coordinates into millimeters by 

taking the X and Y pixel coordinates of the first two landmarks in each photo. The X coordinate 

of Landmark 2 was subtracted by the X coordinate of Landmark 1. This was done for the Y 

coordinates as well. The resultant values were deduced from the difference in X and Y between 

the two coordinates. These two new numbers were equivalent to variables A and B in 
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Pythagorean’s Theorem A2 + B2 = C2. Using this equation, the value of C was found that 

represents the linear distance between Landmarks 1 and 2 in total number of pixels. Landmarks 1 

and 2 were placed 20mm away from each other on the scale bar so to deduce the pixel 

measurement in millimeters. The distance of 20mm was divided by the value found for C, thus 

giving a scaled value for pixel number and millimeter conversion.  

There were a three images per specimen for a total of 144 images. Using the same 

procedure as the scaling measurements, linear distances were calculated for all images. 

Measurements on the anterior view of the femur were drawn between Landmarks 3 and 4, 

Landmarks 5 and 6, Landmarks 5 and 7, Landmarks 8 and 9, and Landmarks 10 and 11. 

Measurements for the lateral view of the pelvis were drawn between Landmarks 3 to 6 to 5, 

Landmarks 7 and 8, Landmarks 9 and 10, and Landmarks 4 and 10. Linear distances of between 

designated landmarks can be found in Tables 5-8, separated into Gliding, Natatorial, Terrestrial, 

and Arboreal locomotory modes respectively. 

Table 5: Gliding rodent raw measurement data in millimeters. 

SCIENTIFIC NAME GTH FEB FL TTH PSL OFA-PD OFD-VD IW PL 

A. derbianus 5.233 10.348 81.705 2.294 14.181 20.564 9.253 12.436 65.246 

A. derbianus 3.828 9.120 72.614 1.683 10.464 16.474 7.765 11.687 52.958 

A. pusillus 2.787 7.060 53.155 0.719 5.166 13.509 7.349 8.408 47.731 

A. pusillus 2.886 6.436 50.871 1.311 6.795 11.840 5.946 8.476 42.478 

G. sabrinus macrotis 1.615 4.764 33.711 0.945 2.725 7.135 3.560 4.023 24.749 

G. sabrinus macrotis 3.189 4.963 34.119 1.180 2.068 7.307 3.536 4.092 27.069 

G. volans 1.850 4.386 29.817 0.790 2.287 5.945 3.575 3.443 22.958 

G. volans 1.937 4.351 28.855 0.847 2.594 6.247 4.042 2.760 22.472 

Idiurus sp. 1.063 3.481 21.148 0.778 2.799 6.992 3.406 3.143 19.329 

Idiurus sp. 0.627 2.460 13.060 0.394 1.226 4.717 2.633 2.142 13.491 

P. petaurista 5.794 11.916 90.833 3.612 7.685 16.225 8.303 9.368 64.903 

P. petaurista 6.349 12.022 96.148 1.348 8.358 16.585 7.777 10.524 69.023 
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Table 6: Natatorial rodent raw measurement data in millimeters. 

SCIENTIFIC 

NAME 

GTH FEB FL TTH PSL OFA-PD OFD-VD IW PL 

C. canadensis 15.377 34.358 90.877 12.193 28.044 52.413 26.728 18.195 149.873 

C. canadensis 11.703 31.185 80.774 5.008 17.372 42.580 21.445 23.079 134.807 

C. goslingi 2.439 4.600 21.714 1.158 3.460 7.644 2.705 5.090 27.271 

C. goslingi 2.359 4.190 22.517 1.171 2.803 9.484 2.885 4.958 30.719 

H. chrysogaster 4.206 8.517 37.430 2.918 8.060 14.801 5.002 10.724 49.438 

H. chrysogaster 4.562 8.663 40.056 2.798 8.890 14.549 5.356 12.195 53.006 

N. squamipes 3.768 6.218 31.484 2.219 7.269 11.185 4.115 7.988 38.318 

N. squamipes 4.925 7.412 35.369 3.199 4.541 14.261 4.569 9.598 46.817 

N. alleni 3.632 7.059 32.561 3.066 3.210 14.270 6.308 6.858 47.642 

N. alleni 3.743 7.621 30.966 2.628 2.890 14.472 6.273 6.328 48.232 

S. tumidus 4.012 5.644 30.383 2.273 3.257 11.185 4.115 7.988 38.318 

S. tumidus 3.768 6.218 31.484 2.219 2.986 13.479 3.886 7.582 42.117 

 

Table 7: Terrestrial rodent raw measurement data in millimeters. 

SCIENTIFIC 

NAME 

GTH FEB FL TTH PSL OFA-PD OFD-VD IW PL 

C. bailwardi 0.998 1.811 9.136 0.622 1.804 5.024 2.411 2.186 16.250 

C. bailwardi 1.465 2.869 14.537 0.871 1.960 4.924 2.733 2.268 17.553 

C. gambianus 6.277 12.329 60.607 2.277 10.425 21.068 8.505 15.941 67.444 

C. gambianus 7.679 12.577 62.186 2.678 8.674 21.226 8.150 16.013 76.718 

H. anomalus 1.982 4.399 22.911 1.805 1.639 6.701 2.858 5.396 23.200 

H. anomalus 2.231 4.049 18.844 0.603 0.716 5.840 2.155 4.040 20.510 

M. natalensis 1.756 3.413 16.704 0.822 3.025 5.409 2.548 3.840 20.388 

M. natalensis 1.672 3.529 17.444 0.692 2.799 6.074 2.550 3.672 20.015 

M. caliginosus 2.668 4.079 20.055 2.275 2.319 6.430 2.703 4.777 23.922 

M. caliginosus 1.489 3.984 19.658 1.314 2.300 6.926 2.869 3.909 25.339 

M. auratus 2.477 5.341 25.060 0.857 2.542 5.608 4.472 3.470 22.854 

M. auratus 2.213 5.250 25.159 0.931 1.670 6.052 4.891 3.470 25.690 

P. asper 5.882 9.393 37.760 1.254 7.776 16.846 6.359 10.914 56.937 

P. asper 4.530 9.095 37.718 2.277 5.598 16.664 7.113 9.282 53.411 

P. flavus 1.114 2.232 10.520 0.614 0.887 3.565 1.328 2.095 12.682 

P. flavus 1.155 1.871 10.168 0.594 1.223 2.927 1.200 2.300 11.512 

P. xanthopygus 2.358 4.076 24.185 1.752 1.922 8.663 2.830 4.951 28.052 

P. xanthopygus 2.841 3.982 23.750 1.584 2.507 7.883 2.917 4.233 27.803 

T. sciurus 2.259 5.162 29.071 1.968 5.944 7.594 4.291 4.472 28.003 

T. sciurus 2.498 5.215 27.736 1.908 5.735 7.399 4.723 3.303 26.743 
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Table 8: Arboreal rodent raw measurement data in millimeters. 

SCIENTIFIC 

NAME 

GTH FEB FL TTH TTH PSL OFA-PD OFD-VD IW PL 

Ratufa sp. 6.898 15.129 74.675 3.797 10.199 16.280 19.606 10.153 13.099 72.659 

Ratufa sp. 7.974 13.254 75.682 3.522 8.387 17.438 20.863 10.626 7.975 72.199 

S. carolinensis 3.754 7.791 46.992 3.328 6.689 11.406 13.547 7.120 7.407 44.266 

S. carolinensis 4.814 9.452 50.922 3.420 7.393 11.685 13.407 6.769 7.405 45.837 

 

All raw converted data was imported into a Microsoft Excel version 16.24 spreadsheet 

for manipulation. To standardize size, the femora measurements for greater trochanter height, 

and femoral epicondylar breadth, were divided by their respective femoral lengths. Femur length 

was divided by pelvic length, and the third trochanter height was divided by the “width” of the 

femur, namely being the measurement between Landmarks 5 and 7 depicted in Fig. 2A. To 

standardize size in the pelvis, all measurements excluding the pelvic length were divided by 

pelvic length. Pelvic length was standardized using femur length.  

These ratios were then used in the specialized locomotory contrasts to that species’ 

terrestrial sister taxa. F-tests and t-tests were conducted using Microsoft Excel.  The equations 

used for the F-tests and t-tests can be found in Table 9. These tests were conducted between the 

group of natatorial rodents and their terrestrial sister taxa, and the group of gliding rodents to 

their terrestrial sister taxa. This was done for each osteological element yielding a total of 36 

tests. Once organized into groups of natatorial and terrestrial, and gliding and terrestrial, an F-

test was utilized to determine if a significant difference in variance between the comparisons 

exists. The unaveraged ratio data points for each locomotory group were used that make up 12 

data points for the specialized mode of locomotion and 12 data points for the terrestrial sister 

taxa that can be found in Tables A1-A3. Once the variances were found for the specialized 

locomotory mode and their terrestrial sister taxa, the larger variance was divided by the smaller 
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variance yielding the Fcalc. The critical values came from Ambrose and colleagues (2007) with 

degrees of freedom found from the equations in Table 9. Based on the F-test results, a t-test 

Table 9: Equations used in Microsoft Excel for the F-test and t-tests for statistical analysis of the raw ratio data for the 

locomotory comparisons. 

F-test 岫岫デ姉匝 伐 岫デ姉岻匝岻仔 岻仔 伐 層  
d.f. = (n – 1) 

t-test of equal 

means with 

equal 

variances 

】隙怠博博博 伐 隙態博博博】謬岫券怠 伐 な岻嫌態怠 髪 岫券態 伐 な岻嫌態態券怠 髪 券態 伐 に 謬 な券怠 髪 な券態
 

d.f. = 券怠 髪 券態 伐 に 

t-test of equal 

means with 

unequal 

variances 

】隙怠博博博 伐 隙態博博博】謬嫌態怠券怠 髪 嫌態態券態
 d.f. = 

磐濡鉄迭韮迭 袋濡鉄鉄韮鉄 卑鉄
峭濡鉄迭韮迭 嶌鉄

韮迭甜迭 袋 峭濡鉄鉄韮鉄 嶌鉄
韮鉄甜迭

 

 

of equal or unequal variances was conducted. Bar graphs with error bars at 95% confidence for 

the t-test results can be found in Figures A1-A4. Each of these specialized to terrestrial sister 

taxa analyses are contrasts. These show how different a specialized rodent is when compared to 

its terrestrial sister group and will be addressed as natatorial contrasts, or gliding contrasts. 

Additionally, two arboreal species were added to this comparison. Nine one-way ANOVA tests 

were ran comparing the now three locomotory contrasts being Gliding to Terrestrial (GT), 

Natatorial to Terrestrial (NT) and the newly added Gliding to Arboreal (GA) shown in Tables 

A4-A5. The difference between ratio values of the contrasts can be found in Tables A6-A7 as are 

the values the ANOVA tests used. The ANOVA graph results are shown in Figure A5.  
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Results 

The abbreviations used throughout the text, and tests with matching osteological 

measurement definitions, can be found in Table 10. The tests yielded eight traits that were 

significantly different from their terrestrial sister taxa. Each F-test and t-test was conducted with 

an =0.05. Nine ANOVA tests were conducted to compare the effects of locomotion on pelvic 

and femoral morphology in Natatorial, Gliding, and Arboreal contrasts. Out of the nine ANOVA 

tests for each osteological element between the three contrasts, only three tests were significant. 

Two of them being the FL:PL ratio and the PL:FL ratio. Each ANOVA was completed with 

=0.05. All measurements addressed are ratio values and as such are relative length 

measurements based on what the osteological element it is in ratio with.  

Table 10: Abbreviation definitions of osteological elements measured. 

ABBREVIATION OSTEOLOGICAL MEASUREMENT 

GTH Greater trochanter height 

FEB Femoral epicondylar breadth 

FL Femur length 

TTH Third trochanter height 

PSL Pubic symphysis length 

OFA-PD Obturator foramen antero-posterior diameter 

OFD-VD Obturator foramen dorso-ventral diameter 

IW Ischial width 

PL Pelvic length 

 

F-tests and t-tests 
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The proceeding tests were conducted following the order of the osteological elements of 

the femur and pelvis listed in Table 10. An F-test of equal variance determined whether or not 

the variances of the two data sets analyzed were equal or not. This information led to the use of 

an equation for a t-test of equal means based on the variance difference found. Degrees of 

freedom were calculated using the methodology of from Ambrose and colleagues (2007). The 

degrees of freedom, and test statistics from the tests can be found in Tables 11-12. The natatorial 

contrast yielded three osteological elements that significantly differed from their terrestrial sister 

taxa. These were the ratios of FL:PL, OFA-PD:PL and the PL:FL. This suggests that natatorial 

rodents exhibit significantly shorter femora relative to their pelvic length than their terrestrial 

sister taxa. With this longer innominate bone of the pelvis comes a longer antero-posterior 

diameter of the obturator foramen. 

Table 11: F-test of equal variances and subsequent t-test of equal or unequal variance for the Natatorial contrast. 

 GTH:FL FEB:FL FL:PL TTH: 

(TTH+FW) 

PSL:PL OFA-

PD:PL 

OFD-

VD:PL 

IW:PL PL:FL 

d.f. 
11 11 11 11 11 11 11 11 11 

FCALC 1.348 8.089 2.324 2.744 2.872 1.588 1.367 2.817 1.058 

FCRIT 
3.530 3.530 3.530 3.530 3.530 3.530 3.530 3.530 3.530 

p-value 0.629 0.00166 0.178 0.109 0.094 0.456 0.613 0.100 0.927 

d.f. 
22 14 22 22 22 22 22 22 22 

tCALC 1.964 1.581 3.165 1.529 1.076 2.811 0.842 0.653 3.101 

tCRIT 
2.074 2.145 2.074 2.074 2.074 2.074 2.074 2.101 2.101 

p-value 
0.062 0.137 0.00449 0.141 0.294 0.010 0.409 0.521 0.00521 

 

Likewise, the analysis of the glider contrast followed in the same manor. This contrast 

yielded five osteological elements that differed significantly from their terrestrial sister taxa. 
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These include: he ratios of GTH:FL, FEB:FL, TTH:(TTH+FW), FL:PL, and PL:FL. This 

suggests that rodents that glide exhibit morphological alterations to their femora relative to their 

terrestrial sister taxa. Gliders exhibit smaller muscle attachment points in this contrast at the 

greater trochanter, and the third trochanter. Also, these rodents exhibit smaller diameters of the 

femoral epicondyle and longer femora relative to The elongated femora are counterbalanced by a 

shorter innominate bone of the pelvis when compared with respect to the ratios. In both natatorial 

and glider contrasts, the t-test results yielded differences in femur length and pelvic length that 

was mirrored in each ratio of FL:PL and PL:FL. However, these tests yielded different shape 

variations in these contrasts showing natatorial rodents exhibit shorter femora while gliders 

exhibit elongate femora in relation to the length of their pelvis. 

Table 12: F-test of equal variances and subsequent t-test of equal or unequal variance for the Glider contrast. 

 GTH:FL FEB:FL FL:PL TTH: 

(TTH+FW) 

PSL:PL OFA-

PD:PL 

OFD-

VD:PL 

IW:PL PL:FL 

d.f. 
11 11 11 11 11 11 11 11 11 

FCALC 1.578 2.924 1.355 2.035 2.208 6.005 1.174 3.039 7.658 

FCRIT 
4.760 4.760 4.760 4.760 4.760 4.760 4.760 4.760 4.760 

p-value 0.479 0.165 0.626 0.281 0.232 0.026 0.779 0.097 0.00338 

d.f. 
18 18 18 18 18 16 18 18 9 

tCALC 6.415 7.264 5.567 3.008 0.092 0.237 1.217 0.716 3.674 

tCRIT 
2.101 2.101 2.101 2.101 2.101 2.120 2.101 2.101 2.262 

p-value 
4.87E-6 9.40E-7 2.77E-5 0.00756 0.928 0.816 0.239 0.483 0.00597 

 

ANOVA test

Likewise, the same order of analysis continues that began with the GTH:FL ratio. There 

was a significant effect of locomotion on the greater trochanter morphology at the p < 0.05 level 



 20 

for the three contrasts [F(2, 9) = 10.200, p = 0.0049]. The FEB:FL ratio exhibited a 

nonsignificant effect of locomotion on femoral epicondyle morphology at the p < 0.05 level for 

the three contrasts [F(2, 9) = 3.055, p = 0.0971]. The FL:PL ratio did show a significant effect of 

locomotion on the length of the femur at p < 0.05 level for the three contrasts [F(2, 9) = 13.310, 

p = 0.0020]. The final femur measurement was that of the TTH:(TTH+FW) ratio that showed a 

nonsignificant effect of locomotion on the morphology of the third trochanter at p < 0.05 level 

for the three contrasts [F(2, 9) = 4.230, p = 0.0507]. 

 The pelvic morphological elements began with the PSL:PL ratio. There was a 

nonsignificant effect of locomotion on the length of the pubic symphysis at p < 0.05 level for the 

three contrasts [F(2, 9) = 3.883, p = 0.0608]. The OFA-PD:PL ratio exhibited a nonsignificant 

effect of locomotion on morphology in the antero-posterior distance within the obturator foramen 

at p < 0.05 level for the three contrasts [F(2, 9) = 2.223, p = 0.164]. The OFD-VD:PL ratio also 

exhibited a nonsignificant effect of locomotion on morphology in the dorso-ventral distance 

within the obturator foramen at p < 0.05 level for the three contrasts [F(2, 9) = 1.424, p = 0.290]. 

The IW:PL ratio also exhibited a nonsignificant effect of locomotion on ischial width 

morphology at p < 0.05 level for the three contrasts [F(2, 9) = 0.170, p = 0.846]. Finally, the 

PL:FL ratio did show significant effects of locomotion on pelvic length at p < 0.05 level for the 

three contrasts [F(2, 9) = 6.608, p = 0.0171]. 

 

Discussion 

The purpose of this study was to document variation in specific osteological elements of 

the femora and pelvic bones in rodents that glide, swim, or are terrestrial. The osteological 
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differences in morphology for these modes of locomotion have been addressed in previous 

studies in the femur but not very much in the pelvis (Samuels and Valkenburgh 2008). A goal of 

this study was to give further insight into what aspects of the pelvis tend to change depending on 

the level of specialization within that species. I used this information to answer the following 

questions: (1) Do natatorial, and gliding rodents differ consistently in their pelvis and femur 

morphology from other locomotory groups?; and (2) What morphological adaptations evolved 

on the femur and pelvis for selection to act in these specialized modes of locomotion?  

 (1) Do natatorial, and gliding rodents differ consistently in their pelvis and femur morphology 

from other locomotory groups?  

When looking at the averaged ratio data for the six species of natatorial, and six species 

of gliders, there is little deviation from the group mean for the osteological elements of the 

femora and pelvis. Mean ratio data for the femora of GTH:FL, FL:PL, and TTH:(TTH+FW) all 

showed little deviation for all natatorial species that were sampled. The FEB:FL ratio showed 

greater variation among species hinting towards a different explanation outside of locomotion to 

the observed morphological variation.  

Two of the four osteological elements show little deviation from the sample mean. This is 

significant because the femur is the biggest contributor in building momentum in natatorial 

members in Cavioidea, a clade within order Rodentia (Elissamburu, and Vizcaíno 2004). 

Members of this clade exhibit habits of digging, running, jumping, and swimming thus having 

more generalized femora between habit type but still exhibiting some special adaptations in the 

femora for swimming (Elissamburu and Vizcaíno 2004). Considering the species examined have 

a wider range of specializations in locomotion, some of the extreme variations observed are 

reflective of extreme specialized modes of locomotion. Another study conducted on the 



 22 

capybara, Hydrochoerus hydrochaeris by Garciá-Esponda and Candela (2016) supported the 

findings by Elissamburu and Vizcaíno (2004) that the capybara’s hindlimb morphology is more 

generalized between its cursorial and semiaquatic life styles. Since rodents have been very 

successful in speciation and spreading globally, a more generalized skeletal structure would 

theoretically be an efficient mechanism to diversify into more niches than a specialized taxa 

(Blanga-Kanfi and colleagues 2009). Although it was found that a shortening of the hindlimbs 

did allow for better running and swimming capacities but not significant enough to attribute it to 

either mode of locomotion exhibited by this species (Garciá-Esponda and Candela 2016). 

The mean ratios for the innominate bone of the pelvis for the OFA-PD:PL, OFD-VD:PL, 

and the PL:FL showed very little deviation from the natatorial group mean. This information 

points towards these natatorial rodents having specific adaptations at the obturator foramen and 

the length of the pelvis that have positive effects towards facilitating swimming. However, the 

PSL:PL and IW:PL ratios showed high deviation from the group mean among the natatorial 

species. This points towards an explanation for morphological variation outside the realm of 

locomotion, perhaps related to scaling, as some of the species are very large in comparison to 

other rodents. 

 Rodents that glide showed substantial morphological differences in the femora and pelvis 

when compared to natatorial species. However, when looking within the group of gliders 

themselves, the averaged ratio data for the FEB:FL, FL:PL, and the TTH:(TTH+FW) showed 

little deviation from the mean amongst the six sampled species. The ratios for femur length were 

all above 1.0, showing that these animals have longer femora than pelves. Also, the glider 

contrasts yielded smaller heights of the third trochanter and smaller femoral epicondylar breadths 

than that of their terrestrial sisters. The GTH:FL showed higher deviation from the average 
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pointing towards a different explanation of variation outside of locomotion such as size. The 

gliders came from two clades, Sciuridae, and Anomaluridae. When looking within these clades, 

those in Anomaluridae exhibited little deviation from the gliding Anomalure mean in the 

GTH:FL, FL:PL, and FEB:FL ratios. Those in Sciuridae exhibited similarly negligible deviations 

in all aspects of the femur leading to a potential explanation of variation based on clade 

relationships, see Table 10. 

 When looking at the ratios for the pelvis for the gliding rodents in Table A1, the six 

gliding species from the two clades exhibit little deviation from the mean in all ratios except for 

that of PSL:PL. Likewise, members within clade Anomaluridae exhibited the same trend. Clade 

Sciuridae exhibited little deviation from the group mean in all aspects of the pelvis. This helps 

delineate variation differences within a mode of locomotion, showing the increased variation in 

osteological measurements to members of clade Anomaluridae are more variable in their 

morphology. 

 Finally, among the terrestrial sister taxa, morphological deviation from the mean in 

GTH:FL and FEB:FL ratios was modest. The two ratios of FL:PL and TTH:(TTH+FW) on the 

other hand exhibited large amounts of deviation. Relative greater trochanter height and femoral 

epicondylar breadth were significantly smaller in their ratio values. When looking at all of the 

data for all three different modes of locomotion, this generalization holds true with natatorial and 

gliding rodents all exhibiting small greater trochanters, and small femoral epicondyles in relation 

to each specimen’s femur length.  

 Pelvic morphological shape variation was significantly small only in the two 

measurements of the obturator foramen, OFA-PD:PL and OFD-VD:PL. The remaining three 

osteological elements of the pelvis exhibited substantial deviation between species of terrestrial 
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locomotion. The OFA-PD:PL and OFD-VD:PL ratios did differ in size however, showing that 

there was a greater distance in the antero-posterior orientation than in the dorso-ventral 

orientation that was supported by observation during imaging. All unaveraged ratio data was 

used in bivariate scatter plots found in Figures A6-A8 showing trends in variation within 

locomotory groups. 

 The three main modes of locomotion of natatorial, gliding and terrestrial rodents showed 

significant similarity within groups and significant variation amongst groups. Swimming rodents 

exhibited similar ratio values that did not deviate from the group mean for the GTH:FL, FL:PL, 

and TTH:(TTH+FW). The pelvic ratios showed little deviation from the natatorial group mean 

for PL:FL, OFA-PD:PL, and OFD-VD:PL. Gliding rodents displayed similar ratio values that 

did not deviate from the group mean for the FEB:FL, FL:PL, and the TTH:(TTH+FW). Their 

pelvic ratios displayed little deviation from the glider group mean for all pelvic measurements 

except for that of the pubic symphysis. Terrestrial rodents exhibited little deviation from their 

group means of femora measurements in FL:PL and TTH:(TTH+FW). This group’s pelvic ratios 

showed little deviation from the mean for the OFA-PD:PL and OFD-VD:PL. The specialized 

locomotory modes for their femora measurements differ consistently in the morphology of the 

height of the third trochanter, and the length of the femur. When looking at the pelvic 

measurements, these locomotory modes differ consistently in the two diameters of the obturator 

foramen and the length of the pelvis. These differences help narrow down the sites of change in 

evolution when adapting to new modes of locomotion, specifically the height of the third 

trochanter, the femora length, and the cross-sectional diameters of the obturator foramen. 

(2) What morphological adaptations evolved on the femur and pelvis for selection to act in these 

specialized modes of locomotion?  
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Álvarez et al. (2013), found evidence that variation in mammalian skeletal morphology 

was attributed to locomotion only in certain aspects while others are not. The bones chosen were 

attributed to natatorial rodents primarily using their two hindlimbs and sometimes the tail to 

assist in swimming. It is then thought that since these rodents specialized their hindlimbs for 

swimming, observable variation across the chosen locomotory modes would be seen within these 

hindlimb elements. The hypothesized differences between gliders and their terrestrial sister taxa 

are posited to reflect selection for  climbing, leaping and gliding on the femur and pelvis of the 

rodent.  

Based on my preliminary observations, natatorial femora seemed to be short in length, 

thick in width, and in showing tall third trochanters. The ratios for these osteological elements 

were FL:PL and TTH:(TTH+FW) respectively. Data discussed in the subsequent paragraphs 

comes from Tables A8-A11 with the average ratios for each osteological element. The natatorial 

species in question had a similar ratio ranging from about 0.6-0.8 with respect to the length of 

the pelvis. This means that the femora of these rodents tended to be 20%-40% shorter than the 

pelvis. Given the action of swimming requiring consistent, short, synchronous kicks, a shorter 

femur with larger surface areas for muscle attachment would be better suited for this mode of 

locomotion. Since water is a more viscous medium to inhabit, it could require more power from 

the rodent to efficiently propel itself through the water leading to stronger muscles and larger 

surface areas for attachment. This is attributable to different locomotory modes requiring specific 

morphological adaptions due to mechanical stress imposed on the bones by the organism 

(Álvarez and colleagues 2013). The height of the third trochanter tended to range anywhere from 

30% - 50% of the total width of the femur in swimming rodents. 
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However, based on the t-test results, natatorial rodents showed significant variation from 

their terrestrial sister taxa in femur length, pelvic length, and the antero-posterior diameter of the 

obturator foramen. This suggests that natatorial rodent species may require a shorter femoral 

length than that of their terrestrial sister taxa. Additionally, they require longer pelves than their 

terrestrial sister taxa that could also account for the wider antero-posterior diameter of the 

obturator foramen. A larger sample size of natatorial rodents would be needed to determine 

defining characteristics of natatorial rodents. Potentially a recording of specimen size and mass 

would help delineate variation from those caused by scaling versus mode of locomotion. 

To better understand why gliding rodents were different from terrestrial, and possibly 

suggest a sequence of evolutionary changes, two species of arboreal rodents were added to this 

study. Sargis (2002) showed that arboreal tree shrews exhibited similar morphology to those of 

their terrestrial relatives. This supports the theory of going from a terrestrial ancestor to an 

arboreal descendent. Then the extreme specialization of gliding required immensely more 

skeletal changes in order to achieve the act of gliding from tree to tree. Gliding rodents are 

observed in arboreal niches a majority of the time with little reason to go to the terrestrial level. 

Keeping the small sample size of this study into account, the amount of variation within each 

osteological ratio minimally deviated for all taxa that were analyzed. When compared to the 

terrestrial taxa, the arboreal specimens showed similar to almost identical ratio variation to the 

gliders in all osteological elements except for the ratios of PL:FL and FL:PL. This supports the 

hypothesis that the transition from terrestriality to arboreality rodents required less skeletal 

morphological adaptation than from arboreal to gliding modes, not to mention more external 

morphological adaption.  
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Based on preliminary observations of femora in gliding rodents, it seemed that rodents 

that glide appeared to have elongate, thin femora and large femoral epicondyles. Elongate 

proximal bones allow gliders to increase surface area of the patagium to achieve a smoother 

glide from tree to tree thus enabling potentially longer glides. However, based on the t-test 

results gliders had consistent characteristic differences in the height of the greater trochanter, the 

breadth of the femoral epicondyle, the height of the third trochanter, and the length of the pelvis. 

The femora of gliders in both clades Sciuridae, and Anomaluridae exhibited high variation in all 

four osteological elements measured in this study. It can be attributable to the patagium being the 

most important exterior morphological adaptation to gliders that requires the higher surface area 

to volume ratio as stated previously.  

The statistical test for the natatorial contrasts showed that these rodents were defined by 

short femora in relation to the length of the innominate bone of the pelvis, and a lengthened 

antero-posterior diameter of the obturator foramen. These findings suggest natatorial rodents at 

least require these two skeletal morphological modifications to the femur and pelvis to be an 

efficient swimmer. Since these rodents were defined by a longer pelvic innominate bone and a 

shorter femur, it was expected that the antero-posterior diameter of the obturator foramen would 

also test significantly different in its contrast to the terrestrial sister taxa. The statistical test for 

the glider contrasts to terrestrial and arboreal sister taxa were defined by the shortened height of 

the greater trochanter, a reduced diameter of the femoral epicondyle, a shortened height of the 

third trochanter and an elongate femur. These suggest that to enable gliding in a rodent, the 

organism would require these skeletal morphological adaptations to be an efficient glider in the 

arboreal habitat.  
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Defining morphological variations within Rodentia for different modes of locomotion is 

important in comparative paleontological studies and comparative studies of extant mammals. 

Examination of newly found fossils allows for a vision into the past based on extant species 

available to researchers. A recognition of the path of evolution and the homology between 

species allows for interpretation of bone morphology of extinct species. These addressed 

modifications pertaining to specialized modes of locomotion can be used to determine the 

locomotory mode the animal in question exhibited thus providing insight into its inhabited 

environment.  This comparative morphological study of Rodentia is potentially applicable to 

comparative mammal studies across mammalian groups for organisms that exhibit the same 

modes of locomotion. Potentially assisting in defining morphological adaptations that could be 

specific to locomotory modes across different groups of mammals. 
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Appendix 

Table A1: GﾉｷSｷﾐｪ ヴﾗSWﾐデゲげ ヴaw ratio data of the nine aspects of the femora and pelvis measured. 

SCIENTIFIC 

NAME 

GTH:FL FEB:FL FL:PL TTH:(TTH+FW) PSL:PL OFA-PD:PL OFD-VD:PL IW :PL PL:FL 

A. derbianus 
0.064 0.127 1.252 0.389 0.217 0.315 0.142 0.191 0.799 

A. derbianus 
0.053 0.126 1.371 0.337 0.198 0.311 0.147 0.221 0.729 

A. pusillus 
0.052 0.133 1.114 0.162 0.108 0.283 0.154 0.176 0.898 

A. pusillus 
0.057 0.127 1.198 0.309 0.160 0.279 0.140 0.200 0.835 

G. sabrinus 

macrotis 0.048 0.141 1.362 0.302 0.110 0.288 0.144 0.163 0.734 

G. sabrinus 

macrotis 0.093 0.145 1.260 0.325 0.076 0.270 0.131 0.151 0.793 

G. volans 
0.062 0.147 1.299 0.255 0.100 0.259 0.156 0.150 0.770 

G. volans 
0.067 0.151 1.284 0.298 0.115 0.278 0.180 0.123 0.779 

Idiurus sp. 
0.050 0.165 1.094 0.291 0.145 0.362 0.176 0.163 0.914 

Idiurus sp. 
0.048 0.188 0.968 0.222 0.091 0.350 0.195 0.159 1.033 

P. petaurista 
0.064 0.131 1.400 0.441 0.118 0.250 0.128 0.144 0.715 

P. petaurista 0.066 0.125 1.393 0.186 0.121 0.240 0.113 0.152 0.718 

 

Table A2: Natatorial ヴﾗSWﾐデゲげ ヴ;┘ ratio data of the nine aspects of the femora and pelvis measured. 

SCIENTIFIC 

NAME 

GTH:FL FEB:FL FL:PL TTH:(TTH+FW) PSL:PL OFA-PD:PL OFD-VD:PL IW :PL PL:FL 

C. canadensis 
0.169 0.378 0.606 0.433 0.187 0.350 0.178 0.121 1.649 

C. canadensis 
0.145 0.386 0.599 0.239 0.129 0.316 0.159 0.171 1.669 

C. goslingi 
0.112 0.212 0.796 0.403 0.127 0.280 0.099 0.187 1.256 

C. goslingi 
0.105 0.186 0.733 0.400 0.091 0.309 0.094 0.161 1.364 

H. 

chrysogaster 0.112 0.228 0.757 0.425 0.163 0.299 0.101 0.217 1.321 

H. 

chrysogaster 0.114 0.216 0.756 0.431 0.168 0.274 0.101 0.230 1.323 

N. squamipes 
0.120 0.197 0.822 0.450 0.190 0.292 0.107 0.208 1.217 

N. squamipes 
0.139 0.210 0.755 0.514 0.097 0.305 0.098 0.205 1.324 

N. alleni 
0.112 0.217 0.683 0.524 0.067 0.300 0.132 0.144 1.463 

N. alleni 
0.121 0.246 0.642 0.454 0.060 0.300 0.130 0.131 1.558 

S. tumidus 
0.132 0.186 0.793 0.508 0.085 0.292 0.107 0.208 1.261 

S. tumidus 
0.120 0.197 0.748 0.450 0.071 0.320 0.092 0.180 1.338 
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Table A3: Terrestrial ヴﾗSWﾐデゲげ ヴ;┘ ヴ;デｷﾗ S;デ; ﾗa デｴW ﾐｷﾐW ;ゲヮWIデゲ ﾗa デｴW aWﾏﾗヴ; ;ﾐS ヮWﾉ┗ｷゲ ﾏW;ゲ┌ヴWSく 

SCIENTIFIC 

NAME 

GTH:FL FEB:FL FL:PL TTH:(TTH+FW) PSL:PL OFA-PD:PL OFD-VD:PL IW :PL PL:FL 

C. bailwardi 
0.109 0.198 0.562 0.497 0.111 0.309 0.148 0.135 1.779 

C. bailwardi 
0.101 0.197 0.828 0.457 0.112 0.281 0.156 0.129 1.208 

C. gambianus 
0.104 0.203 0.899 0.286 0.155 0.312 0.126 0.236 1.113 

C. gambianus 
0.123 0.202 0.811 0.308 0.113 0.277 0.106 0.209 1.234 

H. anomalus 
0.086 0.192 0.988 0.513 0.071 0.289 0.123 0.233 1.013 

H. anomalus 
0.118 0.215 0.919 0.271 0.035 0.285 0.105 0.197 1.088 

M. natalensis 
0.105 0.204 0.819 0.346 0.148 0.265 0.125 0.188 1.221 

M. natalensis 
0.096 0.202 0.872 0.326 0.140 0.303 0.127 0.183 1.147 

M. caliginosus 
0.133 0.203 0.838 0.625 0.097 0.269 0.113 0.200 1.193 

M. caliginosus 
0.076 0.203 0.776 0.446 0.091 0.273 0.113 0.154 1.289 

M. auratus 
0.099 0.213 1.097 0.210 0.111 0.245 0.196 0.152 0.912 

M. auratus 
0.088 0.209 0.979 0.226 0.065 0.236 0.190 0.135 1.021 

P. asper 
0.156 0.249 0.663 0.201 0.137 0.296 0.112 0.192 1.508 

P. asper 0.120 0.241 0.706 0.378 0.105 0.312 0.133 0.174 1.416 

P. flavus 
0.106 0.212 0.829 0.387 0.070 0.281 0.105 0.165 1.206 

P. flavus 
0.114 0.184 0.883 0.385 0.106 0.254 0.104 0.200 1.132 

P. xanthopygus 
0.097 0.169 0.862 0.472 0.069 0.309 0.101 0.177 1.160 

P. xanthopygus 
0.120 0.168 0.854 0.467 0.090 0.284 0.105 0.152 1.171 

T. sciurus 
0.078 0.178 1.038 0.521 0.212 0.271 0.153 0.160 0.963 

T. sciurus 
0.090 0.188 1.037 0.526 0.214 0.277 0.177 0.124 0.964 
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Table A4: Averaged ratio data of the femora and pelvis measured, organized by gliding/arboreal locomotion to terrestrial sister 

taxa comparisons. 

Scientific 

Name 
Locomotion 

GTH: 

FL 

FEB: 

FL 

FL: 

PL 

TTH: 

(TTH+FW) 

PSL: 

PL 

OFA-

PD: 

PL 

OFD-

VD: 

PL 

IW: 

PL 

PL: 

FL 

A. derbianus Gliding 0.058 0.126 1.312 0.363 0.207 0.313 0.144 0.206 0.764 

H. anomalus Terrestrial 0.102 0.203 0.953 0.392 0.053 0.287 0.114 0.215 1.051 

A. pusillus Gliding 0.055 0.130 1.156 0.235 0.134 0.281 0.147 0.188 0.866 

C. bailwardi Terrestrial 0.105 0.198 0.695 0.477 0.111 0.295 0.152 0.132 1.493 

Idiurus sp. Gliding 0.049 0.176 1.031 0.256 0.118 0.356 0.186 0.161 0.974 

C. 

gambianus 

Terrestrial 
0.114 0.203 0.855 0.297 0.134 0.295 0.116 0.223 1.173 

G. volans Gliding 0.065 0.149 1.291 0.276 0.108 0.268 0.168 0.136 0.774 

T. striatus Terrestrial 0.084 0.183 1.038 0.524 0.213 0.274 0.165 0.142 0.964 

P. petaurista Gliding 0.065 0.128 1.396 0.313 0.120 0.245 0.120 0.148 0.716 

Ratufa sp. Arboreal 0.099 0.189 1.038 0.396 0.233 0.279 0.143 0.145 0.963 

G. sabrinus 

macrotis 

Gliding 
0.071 0.143 1.311 0.314 0.093 0.279 0.137 0.157 0.764 

S. 

carolinensis 

Arboreal 
0.087 0.176 1.086 0.480 0.256 0.299 0.154 0.164 0.921 

 

Table A5: Averaged ratio data of the femora and pelvis measured, organized by natatorial to terrestrial sister taxa comparisons. 

Scientific 

Name 
Locomotion 

GTH: 

FL 

FEB: 

FL 

FL: 

PL 

TTH: 

(TTH+FW) 

PSL: 

PL 

OFA-

PD: 

PL 

OFD-

VD: 

PL 

IW: 

PL 

PL: 

FL 

C. canadensis Natatorial 0.157 0.382 0.603 0.336 0.158 0.333 0.169 0.146 1.659 

P. flavus Terrestrial 0.110 0.198 0.856 0.386 0.088 0.268 0.104 0.182 1.169 

C. goslingi Natatorial 0.109 0.199 0.765 0.401 0.109 0.295 0.097 0.174 1.310 

M. natalensis Terrestrial 0.100 0.203 0.845 0.336 0.144 0.284 0.126 0.186 1.184 

H. 

chrysogaster Natatorial 0.113 0.222 0.756 0.428 0.165 0.287 0.101 0.223 1.322 

P. asper Terrestrial 0.138 0.245 0.685 0.290 0.121 0.304 0.122 0.183 1.462 

N. squamipes Natatorial 0.129 0.204 0.789 0.482 0.143 0.298 0.102 0.207 1.270 

M. caliginosis Terrestrial 0.104 0.203 0.807 0.535 0.094 0.271 0.113 0.177 1.241 

N. alleni Natatorial 0.116 0.231 0.663 0.489 0.064 0.300 0.131 0.138 1.510 

M. auratus Terrestrial 0.093 0.211 1.038 0.218 0.088 0.240 0.193 0.143 0.967 

S. tumidus Natatorial 0.126 0.192 0.770 0.479 0.078 0.306 0.100 0.194 1.299 

P. 

xanthopygus Terrestrial 0.109 0.168 0.858 0.469 0.079 0.296 0.103 0.164 1.165 
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Table A6: Differences of averaged ratio data between gliding/arboreal locomotion and terrestrial sister taxa contrasts. 

Scientific 

Name 
GTH:FL FEB:FL FL:PL 

TTH: 

(TTH+FW) 
PSL:PL 

OFA-PD: 

PL 

OFD-VD: 

PL 
IW:PL PL:FL 

A. derbianus / 

H. anomalus 
-0.044 -0.077 0.359 -0.029 0.155 0.026 0.030 -0.009 -0.287 

A. pusillus / 

C. bailwardi 
-0.050 -0.068 0.460 -0.242 0.023 -0.014 -0.005 0.056 -0.627 

Idiurus sp. / 

C. gambianus 
-0.064 -0.026 0.176 -0.040 -0.016 0.061 0.070 -0.062 -0.200 

G. volans/ 

T. striatus 
-0.019 -0.034 0.254 -0.247 -0.106 -0.005 0.003 -0.005 -0.189 

P. petaurista / 

Ratufa sp. 
-0.034 -0.061 0.358 -0.083 -0.113 -0.034 -0.023 0.003 -0.247 

G. sabrinus 

macrotis / 

S. carolinensis 

-0.017 -0.032 0.225 -0.167 -0.163 -0.020 -0.017 -0.008 -0.157 

 

Table A7: Differences of averaged ratio data between natatorial locomotion and terrestrial sister taxa contrasts. 

Scientific 

Name 
GTH:FL FEB:FL FL:PL 

TTH: 

(TTH+FW) 
PSL:PL 

OFA-PD: 

PL 

OFD-VD: 

PL 
IW:PL PL:FL 

C. canadensis / 

P. flavus 
0.047 0.184 -0.254 -0.050 0.070 0.065 0.064 -0.036 0.490 

C. goslingi /  

M. natalensis 
0.008 -0.004 -0.081 0.065 -0.035 0.010 -0.030 -0.012 0.126 

H. 

chrysogaster / 

P. asper 

-0.025 -0.023 0.072 0.138 0.045 -0.017 -0.021 0.041 -0.140 

N. squamipes / 

M. caliginosis 
0.025 0.001 -0.019 -0.053 0.049 0.027 -0.011 0.030 0.029 

N. alleni /  

M. auratus 
0.023 0.021 -0.375 0.271 -0.024 0.059 -0.062 -0.006 0.544 

S. tumidus /  

P. 

xanthopygus 

0.017 0.024 -0.088 0.010 -0.001 0.010 -0.003 0.030 0.134 
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Table A8: Mean ratios of osteological elements for the gliding rodents. 

SCIENTIFIC 

NAME 

GTH:FL FEB:FL FL:PL TTH:(TTH+FW) PSL:PL OFA-PD:PL OFD-VD:PL IW :PL PL:FL 

A. derbianus 
0.058 0.126 1.312 0.363 0.207 0.313 0.144 0.206 0.764 

A. pusillus 
0.055 0.130 1.156 0.235 0.134 0.281 0.147 0.188 0.866 

G. sabrinus 

macrotis 0.071 0.143 1.311 0.314 0.093 0.279 0.137 0.157 0.764 

G. volans 
0.065 0.149 1.291 0.276 0.108 0.268 0.168 0.136 0.774 

Idiurus sp. 
0.049 0.176 1.031 0.256 0.118 0.356 0.186 0.161 0.974 

P. petaurista 
0.065 0.128 1.396 0.313 0.120 0.245 0.120 0.148 0.716 

 

Table A9: Mean ratios of osteological elements for the natatorial rodents. 

SCIENTIFIC 

NAME 

GTH:FL FEB:FL FL:PL TTH:(TTH+FW) PSL:PL OFA-PD:PL OFD-VD:PL IW :PL PL:FL 

C. canadensis 
0.157 0.382 0.603 0.336 0.158 0.333 0.169 0.146 1.659 

C. goslingi 
0.109 0.199 0.765 0.401 0.109 0.295 0.097 0.174 1.310 

H. 

chrysogaster 0.113 0.222 0.756 0.428 0.165 0.287 0.101 0.223 1.322 

N. squamipes 
0.129 0.204 0.789 0.482 0.143 0.298 0.102 0.207 1.270 

N. alleni 
0.116 0.231 0.663 0.489 0.064 0.300 0.131 0.138 1.510 

S. tumidus 
0.126 0.192 0.770 0.479 0.078 0.306 0.100 0.194 1.299 

 

Table A10: Mean ratios of osteological elements for the terrestrial rodents. 

SCIENTIFIC 

NAME 

GTH:FL FEB:FL FL:PL TTH:(TTH+FW) PSL:PL OFA-PD:PL OFD-VD:PL IW :PL PL:FL 

C. bailwardi 
0.105 0.198 0.695 0.477 0.111 0.295 0.152 0.132 1.493 

C. gambianus 
0.114 0.203 0.855 0.297 0.134 0.295 0.116 0.223 1.173 

H. anomalus 
0.102 0.203 0.953 0.392 0.053 0.287 0.114 0.215 1.051 

M. natalensis 
0.100 0.203 0.845 0.336 0.144 0.284 0.126 0.186 1.184 

M. caliginosus 
0.104 0.203 0.807 0.535 0.094 0.271 0.113 0.177 1.241 

M. auratus 
0.093 0.211 1.038 0.218 0.088 0.240 0.193 0.143 0.967 

P. asper 
0.138 0.245 0.685 0.290 0.121 0.304 0.122 0.183 1.462 

P. flavus 
0.110 0.198 0.856 0.386 0.088 0.268 0.104 0.182 1.169 

P. xanthopygus 
0.109 0.168 0.858 0.469 0.079 0.296 0.103 0.164 1.165 

T. sciurus 
0.084 0.183 1.038 0.524 0.213 0.274 0.165 0.142 0.964 
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Table A11: Mean ratios of osteological elements for the arboreal rodents. 

SCIENTIFIC 

NAME 

GTH:FL FEB:FL FL:PL TTH:(TTH+FW) PSL:PL OFA-PD:PL OFD-VD:PL IW :PL PL:FL 

Ratufa sp. 
0.099 0.189 1.038 0.396 0.233 0.279 0.143 0.145 0.963 

S. carolinensis 
0.087 0.176 1.086 0.480 0.256 0.299 0.154 0.164 0.921 

 

Table A12: Arboreal ヴﾗSWﾐデゲげ ヴ;┘ ヴ;デｷﾗ S;デ; ﾗa デｴW ﾐｷﾐW ;ゲヮWIデゲ ﾗa デｴW aWﾏﾗヴ; ;ﾐS ヮWﾉ┗ｷゲ ﾏW;ゲ┌ヴWSく 

SCIENTIFIC 

NAME 

GTH:FL FEB:FL FL:PL TTH:(TTH+FW) PSL:PL OFA-PD:PL OFD-VD:PL IW :PL PL:FL 

Ratufa sp. 
0.092 0.203 1.028 0.372 0.224 0.270 0.140 0.180 0.973 

Ratufa sp. 
0.105 0.175 1.048 0.420 0.242 0.289 0.147 0.110 0.954 

S. carolinensis 
0.080 0.166 1.062 0.498 0.258 0.306 0.161 0.167 0.942 

S. carolinensis 0.095 0.186 1.111 0.463 0.255 0.293 0.148 0.162 0.900 

 

 

Figure A1: Average means ratio data results of the femora between the group of gliding rodents to the group of terrestrial sister 

taxa comparisons with error bars set on confidence intervals calculated from data. 
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Figure A2: Average means ratio data results of the pelvis between the group of natatorial rodents to the group of terrestrial 

sister taxa comparisons with error bars set on confidence intervals calculated from data. 
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Figure A3: Average means ratio data results of the femora between the group of natatorial rodents to the group of terrestrial 

sister taxa comparisons with error bars set on confidence intervals calculated from data. 
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Figure A4: Average means ratio data results of the pelvis between the group of natatorial rodents to the group of terrestrial 

sister taxa comparisons with error bars set on confidence intervals calculated from data. 
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Figure A5: One-way ANOVA results for contrasts of gliding to arboreal (GA) sister taxa locomotion, gliding to terrestrial (GT) 

sister taxa, and natatorial to terrestrial (NT) sister taxa. 
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Figure A6: Bivariate scatter plot of  the four modes of locomotion for  the relative lengths of the pelvis against the antero-

posterior diameter of the obturator foramen with 90% confidence ellipses. 

 

 

Figure A7: Bivariate scatter plot of the four modes of locomotion for the relative heights of the third trochanter against the 

greater trochanter with 90% confidence ellipses. 
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Figure A8: Bivariate scatter plot of the four modes of locomotion for the relative length of the femur against the relative 

diameter of the femoral epicondyle with 90% confidence ellipses. 


