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Abstract

Sigmodontine rats are one of the most diverse components of the Neotropical mammal fauna. They exhibit a

wide ecological diversity and a variety of locomotor types that allow them to occupy different environments.

To explore the relationship between morphology and locomotor types, we analyzed traits of the postcranial

osteology (axial and appendicular skeletons) of 329 specimens belonging to 51 species and 29 genera of

sigmodontines exhibiting different locomotor types. In this work, postcranial skeletal characters of these rats

are considered in an ecomorphological study for the first time. Statistical analyses showed that of the 34

osteological characters considered, 15 were related to the locomotor types studied, except for ambulatory.

However, character mapping showed that climbing and jumping sigmodontines are the only taxa exhibiting

clear adaptations in their postcranial osteology, which are highly consistent with the tendencies described in

many other mammal taxa. Climbing, digging and swimming rats presented statistically differences in traits

associated with their vertebral column and limbs, whereas jumping rats showed modifications associated with

all the skeletal regions. Our data suggest that sigmodontine rats retain an all-purpose morphology that allows

them to use a variety of habitats. This versatility is particularly important when considering the lack of

specialization of sigmodontines for a specific locomotor mode. Another possible interpretation is that our

dataset probably did not consider relevant information about these groups and should be increased with other

types of characters (e.g. characters from the external morphology, myology, etc.).
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Introduction

A notable association between modifications of the

postcranial anatomy and locomotion has been observed in

many mammals, such as primates (Szalay, 1976; Taylor,

1997; Sarmiento, 1998; Shapiro et al. 2005; Manfreda et al.

2006), carnivores (Taylor, 1974; G�al, 1993; Youlatos, 2003;

Organ et al. 2009; Samuels et al. 2013), rodents (Hatt, 1932;

Lehmann, 1963; Elissamburu & Vizca�ıno, 2004; Morgan &

Verzi, 2006; Candela & Picasso, 2008; Morgan, 2008;

Samuels & Van Valkenburgh, 2008; Hopkins & Davis, 2009),

lagomorphs (Reese et al. 2013), marsupials (Elftman, 1929;

Argot, 2001, 2002, 2003a,b, 2004a,b; Szalay & Sargis, 2001;

Flores & D�ıaz, 2009; Ercoli et al. 2012), and scandentia

(Sargis, 2001, 2002a,b). These studies have found important

relationships between the shape of some skeletal structures

and different locomotor behaviors of species, identified on

the basis of comparative descriptions, morphological

indices, or quantitative methods of multivariate analysis.

In rodents, the subfamily Sigmodontinae is one of the

most diverse components of the Neotropical mammal fauna

(Reig, 1980). This group is mostly distributed in South

America, where it is represented by about 84 genera and

more than 370 extant species (Musser & Carleton, 2005;

D’El�ıa et al. 2007). These rodents are also very diverse in

terms of their ecology and lifestyles, and exhibit a great

variety of locomotor behavior, allowing them to occupy a

wide range of environments, such as wet and dry forests,

steppes, grasslands, savannas, deserts, paramo, and puna

(Hershkovitz, 1962; Voss, 1988; Rivas & Linares, 2006;

Weksler, 2006; Rivas et al. 2010). Despite this extraordinary

ecological diversity, only a few authors have attempted to

detect some correlations between morphology and locomo-

tor behavior in sigmodontines (Hershkovitz, 1962; Voss,

1988; Emmons & Feer, 1990; Rivas & Linares, 2006; Rivas
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et al. 2010). Hershkovitz (1962, 1969, 1972) provided the

first detailed study of these relationships. Based on external

morphological traits, he mentioned that sigmodontine taxa

are specialized primarily in locomotion on the ground, with

several groups also presenting functional adaptations

related to semiaquatic, fossorial, arboreal, and jumping

locomotion. Arboreal rats (e.g. Oecomys, Oligoryzomys,

and Rhipidomys) are characterized by the presence of

shorter and broader feet, well developed pads and a fifth

toe, short claws, and a very long tail; these characters

provide a more powerful and extensive grasp. Other

remarkable adaptive traits mentioned by Hershkovitz (1962,

1969, 1972) include: the spade-shaped hind feet with the

hairy cushion of its sole in jumping rats (e.g. Eligmodontia);

stout feet with weak claws and interdigital webbing,

characteristic of the semiaquatic forms (e.g. Holochilus,

Pseudoryzomys, Zygodontomys); and stout hands with long

and strong claws and a short tail in fossorial forms,

characteristics that allow them to dig into the ground.

Recently, Rivas & Linares (2006) and Rivas et al. (2010) have

re-evaluated such morphological characteristics considering

new traits of the head, tail, hands and feet of some

locomotor types. These authors studied the form–function

correspondence using geometric morphometric techniques

and multivariate analyses, and explored these characters in

relation to the type of locomotion and habitat of these

rats.

All those studies have examined the relationships

between form and locomotor types in sigmodontines using

mainly external morphological traits and observed morpho-

logical differentiation among predefined ecological groups.

Postcranial traits have seldom been used as evidence in

these analyses (Miller & Anderson, 1977; Voss, 1988; Neves,

2003; Carvalho Coutinho et al. 2013). These studies have

focused on the analysis the morphometric variation of the

appendicular skeleton and its relation to the different types

of locomotion, and have revealed a greater association of

the appendicular characters with the distinct locomotion

modes and ecological habits of sigmodontine rats.

Here we examined qualitative traits of the axial and

appendicular skeletons to analyze the relationship between

the morphology of postcranial skeleton and locomotor

types of representatives of a wider range of sigmodon-

tines. Characters were selected considering that the axial

and appendicular skeletons are clearly linked to functional

aspects, such as posture, locomotor behavior, and specific

capacities of movements of the animals (Slijper, 1946; Hil-

debrand, 1985; Sargis, 2001; Argot, 2002; Biewener, 2003).

For example, it is well-known that saltatory mammals pres-

ent modifications of the cervical and lumbar vertebrae,

and hind limb related to mechanisms and techniques for

jumping (Hatt, 1932; Slijper, 1946; Samuels & Van Valken-

burgh, 2008; Olivares, 2009). Thoracic and lumbar regions

of climbing mammals display traits that increase the rigid-

ity of the vertebral column, and the limbs show attributes

that emphasize the abduction and flexion movements,

conditions important during climbing (Argot, 2001; Sargis,

2001; Shapiro et al. 2005; Flores & D�ıaz, 2009; Salton &

Sargis, 2009). In the fossorial mammals, the majority of

morphological modifications occur in the limbs, which are

subject to loads imposed by the action of strong muscle

groups and the resistance of the soil (Fern�andez et al.

2000; Hopkins & Davis, 2009; Carvalho Coutinho et al.

2013). Semiaquatic taxa also exhibit skeletal specializations

that improve their performance in the aquatic environ-

ment, while preserving mobility on land (Samuels & Van

Valkenburgh, 2008); for instance, a long olecranon pro-

cess, particularly large humeral epicondyles, and increased

femoral epicondyle size (Samuels & Van Valkenburgh,

2008). This study is the first to explore the above-

mentioned aspects in sigmodontines. Our main objectives

were: (i) to investigate the diversity of postcranial osteol-

ogy among sigmodontine rats exhibiting different locomo-

tor types (ambulatory, swimming, digging, climbing and

jumping; and (ii) to assess whether the statistically differ-

ences in characters related to the locomotor types have

adaptive value.

Material and methods

Material examined

The sample used in this study includes 329 specimens belonging to

51 species and 29 genera. Selected species belong to seven tribes of

sigmodontines (Abrotrichini, Akodontini, Oryzomyini, Phyllotini,

Reithrodontini, Thomasomyini, and group Incertae sedis) and dis-

play a diverse range of locomotor types. Species were identified on

the basis of cranial and external morphology characters described

in original descriptions and recent literature (e.g. Pearson, 1958;

Hershkovitz, 1962; Braun, 1993; Steppan, 1995; Anderson & Yates,

2000; Weksler, 2006; Jayat et al. 2007; Mares et al. 2008). These taxa

present a wide range of body sizes, from 111 mm (e.g. Eligmodon-

tia, Salinomys) to 465 mm (e.g. Rhipidomys, Neotomys) (Supporting

Information Table S1). All the specimens examined were adults of

both sexes, deposited in systematic collections (Supporting Informa-

tion Appendix S1).

Determination of locomotor types

Although we are aware that the average sigmodontine rodent is

capable of a wide range of locomotor modes, we selected the dif-

ferent locomotor types on the basis of their most frequent activity.

The assignment of locomotor types in the rats studied was based on

information from the literature and on field observations (Table 1).

Species were classified according to their locomotor types as fol-

lows: climbing – species that can occur in trees, bushes, and on rocks

(saxicolous); ambulatory – species that usually use the ground to

move about and do not have specializations that limit any particu-

lar activity; swimming – species that swim for dispersal, escape or

foraging; digging – species that regularly dig extensive burrows as

shelter or to forage underground; jumping – species in which the

progression is composed of a series of leaps in which both limbs

extend simultaneously, lifting the body completely off the ground

and forward.
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Postcranial osteological characters

Thirty-four osteological characters were recorded for each species,

19 corresponding to the axial skeleton and the remaining ones to

the appendicular skeleton (Supporting Information Figs S1-S9 and

Appendix S2). Some characters are the result of direct observation

of the material being studied (characters 1, 2, 3, 14, 15, 17, 18, 27,

31, and 32), whereas others were adopted from previous studies

(Carleton, 1980; Steppan, 1995; Horovitz & S�anchez-Villagra, 2003;

Pacheco, 2003; Weksler, 2006; Flores, 2009). For terminology of

bones, foramina, and processes we follow complete descriptions of

rodent and other groups of mammals (e.g. Howell, 1926; Hatt,

1932; Evans, 1993; Argot, 2001, 2002, 2003a,b; Szalay & Sargis, 2001;

Bezuidenhout & Evans, 2005; Flores & D�ıaz, 2009).

Statistical analysis

To assess the ability of osteological traits (t) to discriminate among

the locomotor types (l ), we performed a statistical analysis based

on frequencies in different genera of sigmodontine rats (g). In the

analyses, each osteological trait is a nominal variable composed of

k (> 1) modalities (also called trait attributes), which are assumed to

show responses to changes in locomotor types. Consequently, the

overall set of attributes to be analyzed has a = ∑ i = 1,t ki elements,

where ki denotes the number of modalities exhibited by the

osteological trait i. We constructed two tables of study material,

namely table L, which represents locomotor types, and table T, oste-

ological traits. Table L is a (g 9 l ) matrix that codes the set of spe-

cies in an ecological structure (assigning 0 s and 1 s based on

whether species belong to ecological categories or not). The trait

table T is a matrix of size (g 9 a) that denotes the presence (1) or

absence (0) of a given trait attribute across the set of biological enti-

ties studied. This table was obtained after transforming the original

categorical variables into dummy variables. Dummy transformation

is a very common step in data analysis in which a nominal variable

is broken into as many binary variables as categories have the nomi-

nal variable. The next step was to combine the information con-

tained in the previous matrices into a single (a 9 l ) matrix,

hereafter called ecomorphological matrix E = [fij] (Supporting Infor-

mation Appendix S3a,b). Each entry eij reflects the number of bio-

logical entities characterized by a locomotor type j and the trait

attributes i. The matrix E is essentially a contingency table with

counts of the combined occurrence between locomotor type and

traits. It can be easily calculated via matrix multiplication of L by the

transpose of T, i.e. E = TTL.

We developed a simple quantitative framework to assess the

diagnostic value (for locomotor type status) of the traits by using

their frequencies in the matrix E (Fig. 1). We consider that a given

trait attribute is closely tied to a certain locomotor type if the fol-

lowing pair of conditions are met simultaneously: (i) the chosen

attribute is well represented inside the set of biological entities

with the target locomotor type and (ii) the chosen attribute is

absent or poorly represented in the remaining lifestyle sets. Two

calculations can be performed to address these rules numerically.

The first parameter is called intrinsic incidence and is estimated

through the fraction of observations with the target locomotor

type that show the analyzed attribute (Representativeness;

Table 2). The second parameter is inferred from the odds of

intrinsic incidence in relation to the highest extrinsic incidence of

the same characteristic in items belonging to a locomotor type set

other than the target one (Differentiation; Table 2). To determine

the compliance to both rules, the calculated parameters are

Table 1 Locomotor types of the species examined in this study based

on data from the literature (see text).

Genus Author Locomotor type

Abrothrix Jayat et al. (2008) Ambulatory

Akodon Emmons & Feer (1999) Ambulatory

Andalgalomys Williams & Mares (1978) Ambulatory

Andinomys Hershkovitz (1962) Ambulatory

Auliscomys Hershkovitz (1962) Ambulatory

Blarinomys Lena et al. (2008) Digger

Calomys Rivas et al. (2010) Ambulatory

Chelemys Alarc�on et al. (2011) Digger

Chinchillula Hershkovitz (1962) Climber

Eligmodontia Hershkovitz (1962) Jumper

Euryoryzomys Weksler (2006) Ambulatory

Euneomys Patterson et al. (2008) Ambulatory

Graomys Hershkovitz (1962) Ambulatory

Geoxus D’El�ıa et al. (2007) Swimmer

Holochilus Weksler (2006) Swimmer

Irenomys Pardi~nas et al. (2004) Climber

Juliomys Hershkovitz (1960) Climber

Loxodontomys Hershkovitz (1962) Ambulatory

Necromys Rivas et al. (2010) Ambulatory

Nectomys Weksler (2006) Swimmer

Oligoryzomys Weksler (2006) Climber

Oxymycterus Hershkovitz (1994) Digger

Phyllotis Hershkovitz (1962) Ambulatory

Reithrodon Pardi~nas et al. (2008) Ambulatory

Rhipidomys Carrizo & D�ıaz (2011) Climber

Salinomys Braun & Mares (1995) Jumper

Scapteromys Miller & Anderson (1977) Swimmer

Tapecomys Anderson & Yates (2000) Climber

Thaptomys Hershkovitz (1994) Digger

Fig. 1 Schematic representation of the quantitative framework used

to study the diagnostic value of trait attributes. Attributes that accu-

rately segregate one target locomotor type from another, have (i) a

high incidence within the target locomotor types and (ii) a null or low

outside incidence. The southeastern region of the plot is the domain

of diagnostic trait attributes.
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checked to be above meaningful thresholds (Supporting Informa-

tion Appendix S4). These thresholds are the lower tolerance for

the intrinsic incidence and the upper tolerance for its odds to the

best extrinsic incidence, respectively. We fixed these thresholds at

0.5 and 2 for the first and second parameters, respectively. This

setting ensures that the observed trait attribute is unambiguously

biased towards the target lifestyle. When translated into a plot

of the extrinsic against the intrinsic incidence, this setting divides

the domain area into four regions. The southeastern region

represents the joint occurrence of incidences beyond the pre-

established thresholds, so it represents a theoretical area of dis-

tinctiveness where discriminatory (or diagnostic) attribute traits

would fall because (i) they occur in most of the items with the

target lifestyle and (ii) they occur rarely throughout the items of

another lifestyle (Appendix S4). All calculations and figures were

made with R statistical software (R Development Core Team,

2011). Scripts are available from the authors upon request.

Character mapping

To assess the evolutionary history of the characters related to the

locomotor types obtained through the statistical analysis, we

mapped those characters onto a selected phylogeny of sigmodon-

tines with the computer program TREE analysis using NEW TECHNOLOGY

(TNT; Goloboff et al. 2008). The cladogram used is based on mito-

chondrial and nuclear markers (Mart�ınez et al. 2012) and was

reduced to the taxa used in this analysis. This cladogram included

all the genera sampled in this work except Chinchillula.

Results

The characters showing the diversity of postcranial osteol-

ogy of sigmodontines are listed in Appendix S2.

Of the set of characters and state characters considered,

15 characters and 20 states were statistically related to four

of the locomotor types studied (Fig. 2A,B; Table 2): climbing,

digging, swimming, and jumping (Figs 3–5). Ambulatory

species showed no association with any particular postcra-

nial osteological traits. Climbing species present 36–40

caudal vertebrae (cvn; character 19 state 3; Fig. 2A). Digging

species present lumbar neural processes that are low and

long (npslv; character 17 state 0; Fig. 2A), and the olecranon

process is curved medially (leop, character 23 state 1; Fig.

2B). Swimming species present a compressed axis neural

process (axnp; character 7 state 2; Fig. 2A); 25–30 caudal ver-

tebrae (cvn; character 19 state 1; Fig. 2A); an oval radial

head (rhs; character 24 state 1; Fig. 2B), and a long tuber

calcaneus (tcl; character 31 state 1; Fig. 2B). Jumping species

present a dorsal tubercle of atlas (atdt; character 2 state 01;

Fig. 2A); cranial facet dorsally curved of atlas (atcf; character

4 state 01; Fig. 2A); oval shape of the caudal facet of atlas

(atcrf; character 5 state 1; Fig 2A); low axis neural process

(axnp; character 7 state 0; Fig. 2A); 4–7 cervical vertebrae

without neural process (cvpn; character 9 state 0; Fig. 2A);

third thoracic vertebra with the highest neural process

(tvpn; character 10 state 1; Fig. 2A); transverse processes of

the lumbar vertebrae (tplv; character 18 state 01; Fig. 2A);

31–35 caudal vertebrae (cvn; character 19 state 2; Fig. 2A);

proximal deltoid tuberosity (pdt, character 22 state 1; Fig.

2B); radius head shape (rhs; character 24 state 01; Fig. 2B);

lesser trochanter orientation (ltro; character 27 states 01–2;

Fig. 2B), and sigmoid-shaped tibia (tbs; character 28 state 1;

Fig. 2B).

Character mapping

Mapping analyses (Fig. 6) indicated that of the 15 characters

and 20 states exhibiting diagnostic value, only two charac-

ters showed clear adaptive trends when their phylogenetic

history was considered (Fig. 6). All climber sigmodontines

(Irenomys, Juliomys, Oligoryzomys, and Rhipidomys) had

36–40 caudal vertebrae (Fig. 6). Another clear adaptive

trait is the presence of a low neural process of the axis

(Fig. 6) found in jumping sigmodontines (Eligmodontia and

Salinomys).

Discussion

The main objective of this work was to relate the postcra-

nial osteological characters of sigmodontine rats to their

locomotor types and to consider the phylogenetic history of

the selected traits. The main outcome of our analysis is the

finding of two characters showing clear adaptive trends,

which are consistent with most of those described for other

Table 2 List of characters (with their fit scores) that were diagnostic

for a particular locomotive type.

Character

number

Character/

state Rp df

Locomotor

type

19 cvn/3 0.67 10.00 C

2 atdt/01 0.50 ∞ J

4 atcf/01 0.50 ∞ J

5 atcrf/1 1.00 2.00 J

7 axnp/0 1.00 ∞ J

9 cvpn/0 1.00 3.00 J

10 tvpn/1 0.50 3.75 J

18 tplv/01 0.50 ∞ J

19 cvn/2 0.50 3.75 J

22 pdt/1 1.00 6.00 J

24 rhs/01 0.50 3.75 J

27 ltro/2 0.50 7.50 J

27 ltro/01 0.50 ∞ J

28 tbs/1 1.00 3.00 J

7 axnp/2 1.00 3.00 Sw

19 cvn/1 0.67 2.00 Sw

24 rhs/1 1.00 2.00 Sw

31 tcl/1 0.67 2.00 Sw

17 npslv/0 0.67 2.50 Dg

23 leop/1 0.67 2.00 Dg

Rp indicates the chance of observing each character within a

given locomotive type (representativeness score). df represents

the quotient of the previous score vs. the highest probability of

observing such character in another locomotor type (differentia-

tion score). C, climbing; Dg, digging; Sw, swimming; J, jumping.
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A

B

Fig. 2 (A) Relative affinities of features across the locomotive types. The size of squares is proportional to the fraction of taxa from each locomotive

type in which the respective trait modality occurs. Trait modalities diagnostic for a locomotive type are highlighted with solid squares. Abbreviations

correspond to characters of vertebral column and are defined in Appendix S2. (B) Relative affinities of features across the locomotive types. The size

of squares is proportional to the fraction of taxa from each locomotive type in which the respective trait modality occurs. Trait modalities diagnostic

of a locomotive type are represented by solid squares. Abbreviations correspond to characters of limbs and are defined in Appendix S2.
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mammals (e.g. Hatt, 1932; Hildebrand, 1985; Sargis, 2001;

Argot, 2003a). We will focus our discussion mainly on those

characters considered adaptive after the optimization

analysis; however, some interesting trends shown by the

statistical analysis will be also considered.

The two locomotor types that exhibit those adaptations

are climbing and jumping. Indeed, the tail of climbing sigm-

odontines is composed of 36–40 caudal vertebrae, this

being our first adaptive character. Our data support the fre-

quently proposed idea of a correlation between tail length

and number of caudal vertebrae (Olds & Anderson, 1989;

Steppan, 1995): the longest tails have the highest number

of vertebrae. In the climbing taxa studied, Oligoryzomys is a

member of the tribe Oryzomyini (Weksler, 2003, 2006),

Rhipidomys of the tribe Thomasomyini (Pacheco, 2003),

A

B

Fig. 3 Osteological traits present in digging sigmodontines: (A) lateral

view of the lumbar region of Blarinomys breviceps (CM 2640) showing

low (dorsoventrally) and long (craniocaudal) neural processes, and (B)

cranial view of the ulna of Chelemys macronyx (CNP 440). Note the

marked medial curvature of the olecranon process. i, ilium; L2–L6,

second to sixth lumbar vertebrae; np, neural process; olp, olecranon

process; rn, radial notch; trn, trochlear notch. Scale bars: 5 mm.

A

C

B

Fig. 4 Osteological traits of the swimming: (A-C) Scapteromys aquati-

cus (ILPLA 052, CNP 711). (A) Cranial view of the atlas showing the

neural process very high and laterally compressed and (B) oval shape

of the radial head in proximal view. (C) Dorsal view of calcaneus,

exhibiting a long calcaneus tuber. caf, calcaneoastragalar facet; crf,

cranial facet; d, dens; np, neural process; rh, radial head; suf, susten-

tacular facet; tc, tuber calcaneus; tp, trochlear process; trp, transverse

process. Scale bars: 5 mm.

A B C

D

F

G

H I

E

Fig. 5 Osteological traits of the jumpers Eligmodontia (CML 8322,

8392, 8397) and Salinomys (CML 3171). (A-C) Cranial and lateral view

of vertebrae of the cervical region, illustrating rudimentary or absent

neural process and curved cranial facets of the atlas. (D,E) Lateral view

of thoracic region and dorsal view of the lumbar region. Note the

position of the highest neural process in the third thoracic vertebrae

and the elongated shape of transverse processes. (F,G) Proximal view

of radius and femur, showing oval shape of radius head and posterior

orientation of lesser trochanter of femur. (H,I) Sigmoidal shape of tibia

in medial view and position proximal to the deltoid tubercle in a lat-

eral view of humerus. Ax, axis; det, deltoid tuberosity; dt, dorsal

tubercle; C4–C7, fourth and seventh cervical vertebrae; crf, cranial

facet; fh, femoral head; L3-L7, third to seventh lumbar vertebrae; ltr,

lesser trochanter; i, ilium; np, neural process; T2-T12, second to

twelfth thoracic vertebrae, trp, transverse process. Scale bars: 5 mm

(2 mm in F).

© 2013 Anatomical Society

Postcranial ecomorphology in sigmodontines, L. V. Carrizo et al.474



Tapecomys and Chinchillula of the tribe Phyllotini (Steppan,

1995; Anderson & Yates, 2000), and Irenomys and Juliomys

are genera currently considered as incertae sedis within Sig-

modontinae (Salazar-Bravo et al. 2013). The elongate tails

of these taxa would similarly seem to represent convergent

traits related to balance (Fig. 6). The prehensile tail of Rhipi-

domys may possibly have arisen independently from that of

Irenomys and Juliomys. According to Essner (2002), the

arboreal non-gliding squirrels have the longest tails, fol-

lowed by gliding and ground-dwelling forms. This pattern

was also recovered by our data because the longest tails

were found to be present in the climbing sigmodontine rats

(Chinchillula, Irenomys, Juliomys, Oligoryzomys, Tapecomys,

and Rhipidomys). Tails are functionally critical and versatile,

playing primary roles in locomotion, balance, and sexual

display (Gillis et al. 2009). Additionally, the tail augments

in-air stability during jumping (Gillis et al. 2009), acts as a

counterbalance to increase running speed in ambulatory

species, and is used for balance while climbing in arboreal

species, such as lizards (Ballinger & Tinkle, 1979). The use of

the tail in the extremely heterogeneous environment of the

forest has often been highlighted (Hatt, 1932; Cartmill,

1985; Sargis, 2001; Youlatos, 2003) and the general trends

observed in other mammals are found also among sigm-

odontine rats. Thus, climbing sigmodontines present a tail

which helps them to cope with the balance and safety prob-

lems posed by the random disposition of branches in the

forest, their often narrow size, and the slippery substrate.

Jumping sigmodontines (Salinomys and Eligmodontia)

have a cervical region characterized by the curved dorsal

portion of the cranial facets of atlas, oval-shaped caudal

facet of atlas, rudimentary or absent dorsal tubercle of the

Fig. 6 Postcranial characters mapped that

showed a clear adaptive trend for the

phylogeny of the sigmodontine rats (Mart�ınez

et al. 2012).
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atlas, low neural process of the axis (our second adaptive

character), and absent neural processes of the cervical verte-

brae C4–C7 (Fig. 5A–C). All these characters are related to a

reduction of the rotational movement of the neck, which

ensures stability of the body while jumping. The curved

shape of the cranial facet of atlas has been related to a

wide range of dorsoventral movements of the skull in the

atlas–occipital articulation (Flores & D�ıaz, 2009). The wide

movement possibilities could be related to the occipital con-

dyles, which are less developed posteriorly in lateral view

and are present in jumping sigmodontines. This association

has been highlighted in arboreal marsupial and arboscanso-

rial canids (Argot, 2003a,b) and seems to be related to their

searching behavior adapted to obtain small food. By con-

trast, ambulatory forms such as Graomys, Calomys, and

Phyllotis exhibit condyles better developed craniocaudally

(L. V. Carrizo, pers. obs.). The oval shape of the caudal facet

is a trait that may be related to greater range of move-

ments of the skull. This facet articulates with the second cer-

vical vertebra, atlanto–axial articulation, and provides for

most cranial mobility, forming a pivot joint between the

head and the neck (Evans, 1993; Argot, 2003a). Interesting,

and although these characters also were not recovered as

adaptive by the optimization analysis, is the structure of the

thoracic region. Jumping sigmodontines present the highest

neural process in T3 (Fig. 5D). The neural process of T2 is

high in climbing sigmodontines, and its height is similar to

that of their posterior thoracic vertebrae. In ambulatory

sigmodontines the highest neural process is that of the T2,

decreasing its size in the posterior vertebrae. The highest

neural process of the thoracic region provides the site of

attachment for the nuchal ligament, a stout tendon from

which two large muscles (splenius and rhomboideus) of the

neck and shoulder regions originate (Rinker, 1954; Voss,

1988). According to Argot (2003a), the dorsoventral short-

ening of the neural processes of the last thoracic vertebrae

is more emphasized in the fast-running terrestrial taxa. This

feature is an indicator of the strong flexion and extension

of the vertebral column during bounding and running. In

the case of jumpers, the neural processes of this region are

dorsoventrally short (except in T3), becoming higher

towards the posterior part of the thoracic and lumbar

region, as in many other rodents that show saltatory behav-

ior (Hatt, 1932; Samuels & Van Valkenburgh, 2008; Olivares,

2009). In the lumbar region, the vertebrae possess elongate

transverse processes, oriented downward and forward (Fig.

5E). In swimming (Scapteromys, Nectomys and Holochilus)

and digging sigmodontines (Blarinomys, Chelemys and

Geoxus) the lumbar transverse processes are short and

slightly horizontal. The muscles primarily associated with

the modification of the lumbar transverse processes are the

longissimus dorsi, quadratus lumborum, and psoas magnus.

The functions of these muscles are to extend the vertebral

column, support the forward part of the body in bipedal

progress, assist in flexing the column, and accompany leap-

ing (Hatt, 1932). Interestingly, jumping sigmodontines also

present a high neural process with a marked reduction in

the antero-posterior diameters in the lumbar region of the

column, a trend that has been described by Hatt (1932),

Argot (2003a), and Olivares (2009) in the lumbar vertebrae

of other jumping mammals. The increase in length of these

processes is associated directly with the increase leverage

for the muscle multifidus spine, which supports the fore

end of the body (Hatt, 1932). Another trait obtained in the

statistical analysis related to this locomotor type is the tail

composed of 31–35 vertebrae; this is a long tail, although

not as long as that of the typical arboreal rats. The elongate

tail is important in reducing torques and pitching during

takeoff and landing. When the animal is in the air, the posi-

tion of the tail also influences the orientation of the body

during the jump (Hatt, 1932; Emerson, 1985).

Traits related to the forelimb present in jumping sigm-

odontines that were recovered by our statistical analysis are

the proximally located deltoid tuberosity of the humerus

and the oval or subrectangular shape of the radius head

(Fig. 5F,I). The deltoid tuberosity is the site of insertion of

the deltoid and pectoralis muscles, which contribute to

forelimb retraction (Hildebrand, 1985; Fern�andez et al.

2000; Morgan & Verzi, 2006; Lessa et al. 2008; Olivares,

2009). The proximally located deltoid tuberosity of the

humerus in jumping species, would increase the velocity

ratio for the limb protracting and retracting muscles and

would potentially facilitate rapid take-off when jumping, as

these taxa are quadrupedal saltators rather than ricochetal.

This would also potentially allow greater ranges of motion,

effectively increasing stride length. Regarding the shape of

the radius head, a slightly ovoid radius head is also present

in other mammals, such as the extant porcupines, probably

allowing rotation of the radius, and consequently supina-

tion–pronation of the antebrachium (Candela & Picasso,

2008). As a general Bauplan in mammals, a more circular

radial head allows a greater rotational mobility of the

radius, whereas a more rectangular one limits them (Taylor,

1974; Szalay & Sargis, 2001; Candela & Picasso, 2008). Thus,

jumping sigmodontines tend to have forelimbs with greater

range of movement.

The characters of the hind limb obtained from our statisti-

cal analysis and that define the jumping locomotor type are

orientation of the lesser trochanter and shape of the tibia

(Fig. 5G,H). Jumping sigmodontines can display the lesser

trochanter oriented medially, posteromedially and posteri-

orly (present only in Salinomys). The iliacus and psoas major

muscles, as well as the flexors, rotators and protractors of

the femur, insert on the lesser trochanter (McEvoy, 1982;

Evans, 1993). The orientation of the trochanter has been

interpreted as a good indicator of muscle function and

locomotor types. The posteromedial and posterior orienta-

tions of the trochanter suggest an antero-posterior orienta-

tion of the fibers of the iliopsoas complex. This complex

acts as a pronator of the femur, allowing the parasagittal
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movements in terrestrial forms (Argot, 2002, 2003b; Sargis,

2002b; Candela & Picasso, 2008). Argot (2002) showed that

arboreal genera are also characterized by a lesser trochan-

ter that is much more prominent and oriented more medi-

ally than in terrestrial forms; its medial position emphasizes

the external rotation and flexion functions of the muscle

during the recovery phase of climbing. By contrast, a

reduced lesser trochanter, which tends to be posteriorly

located in saltatorial forms as well as in the sigmodontine

rats surveyed, would indicate a more antero-posterior ori-

entation of the muscles protractor of the femur (iliacus and

psoas major), facilitating parasagittal movements (Argot,

2002). In jumping sigmodontines, the tibia is sigmoid in

medial view, with the diaphysis exhibiting a proximal con-

vexity. It has been hypothesized that this curvature of the

tibial shaft is most likely correlated with the enlarged lateral

femoral condyle in marsupials (Argot, 2002; Salton & Sargis,

2009). The sigmoid shape was also attributed to a position

of the tibia into the same vertical plane as the fibula, pro-

viding the leg with more resistance to load pressure and

muscular constraints (Argot, 2002).

The swimming group of sigmodontines, composed of

Scapteromys, Nectomys, and Holochilus, is mainly defined

by having 25–30 caudal vertebrae, a well developed and lat-

erally compressed axis neural spine, oval shape of the radial

head, and a long calcaneus tuber (Fig. 4). Scapteromys is a

member of the Akodontini (Fabre et al. 2012), and Holochi-

lus and Nectomys belong to the Oryzomyini (Weksler, 2003,

2006). Similar axial skeleton features and elongate tuber

calcanei in these taxa would suggest convergent traits

related to locomotor behavior. The high and laterally com-

pressed neural spines provide a robust attachment for the

deep musculature of the neck (Argot, 2003a). The more

robust neck musculature would stiffen the neck and stabi-

lize the head, helping the animal maintain directional

control. Meanwhile, undulation of the tail would help the

animal to maintain control rather than in propulsion, such

as was described in the muskrat (Ondatra) (Hildebrand,

1985). All these characters probably contribute to the drag-

based oscillatory mode of swimming present in most

rodents, which use a pelvic paddling (Fish, 1996, 2000). The

presence of a long tuber calcaneus increases the area of

insertion for the gastrocnemius and soleus muscles, which

act in plantar flexion of the pes and are involved in the

power stroke during swimming (Fish, 1996; Samuels & Van

Valkenburgh, 2008). As explained above, a more circular

radial head allows more mobility at the elbow joint, facili-

tating the rotational movements of the radius, which sug-

gests that forelimb movements are important in swimming.

Digging sigmodontines (Blarinomys, Chelemys, Geoxus,

Oxymycterus and Thaptomys) are defined by modifications

at the level of the lumbar region and forelimbs: lumbar neu-

ral processes dorsoventrally low and long craniocaudally

and olecranon process medially curved (Fig. 3). Chelemys

and Geoxus are member of the Abrotrichini (D’El�ıa et al.

2007), and Blarinomys, Oxymycterus, and Thaptomys of the

Akodontini (Fabre et al. 2012). This would suggest similar

lumbar structure and forelimb morphology, convergent

traits related to digging in these taxa. Species examined

show a tendency toward linear uniformity in the length of

lumbar neural processes: low and long. This morphological

pattern has been functionally associated with mobility (or

lack of this) of the vertebral column (Sargis, 2001; Argot,

2003a; Shapiro et al. 2005). Gambaryan (1974) has demon-

strated that the wide spinous processes restrict vertebral

mobility by decreasing intervertebral space. Another charac-

ter associated to rigidity of the vertebral column is the short-

ening of the lumbar transverse processes, which probably

prevent the ventral flexion of the column (Shapiro, 1993,

1995; Johnson & Shapiro, 1998; Argot, 2003a; Flores & D�ıaz,

2009). A medially curved olecranon process was also

described for other digging mammals (Hildebrand, 1985;

Vassallo, 1998; Lessa et al. 2008). The medial surface of the

olecranon process is an important point of origin and inser-

tion of the main muscles involved in the movements of the

antebrachium (e.g. through the triceps and anconeous mus-

cles), carpus and hand digits (through the flexor digitorum

communis and flexor carpi ulnaris muscles), which are very

well developed in fossorial animals that use their fore limbs

as a tool for digging (Vassallo, 1998; Fern�andez et al. 2000).

This characteristic of the ulna, along with others such as the

great development of the deltoid tuberosity, related to

increased development of stabilizing shoulder muscles,

show a fore limb with all the traits clearly adapted to dig-

ging (Lehmann, 1963; Argot, 2001; Sargis, 2002a; Morgan &

Verzi, 2006).

Distinctive traits for the ambulatory class could not be

detected. The circumstance of finding no trait unequivocally

restricted to this locomotive type is an interesting outcome

of our work. Indeed, two profiles of attribute occurrences

preclude us of raising some trait as representative of the

ambulatory condition, namely (i) when a given trait was

present in the great majority of ambulatory taxa, it was also

frequently recorded for items belonging to other locomo-

tive groups, and (ii) when a given trait present in the ambu-

latory class was rare (or absent) in the out-groups, it showed

also a low intragroup incidence, providing inadequate sup-

port for an ambulatory locomotive type (Fig. 2A,B).

Our data suggest that sigmodontine rats retain an all-

purpose morphology that allows them to use a variety of

habitats. This all-purpose morphology may be the basis for

the overarching effect of phylogeny observed in our analy-

ses, which left only two adaptive characters (see also

Carvalho Coutinho et al. 2013). It should be noted that the

average sigmodontine rodent is capable of a wide range of

locomotor modes, opportunistically shifting habits to facili-

tate foraging or escape predators. For example, Nowak

(1999), based on Barlow (1969), describes Scapteromys as

having “excellent swimming ability and agility in climb-

ing onto tall plants” and that “it digs to obtain food but
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apparently does not excavate burrows”. This versatility is

particularly important when considering the lack of special-

ization of sigmodontines for one locomotor mode or

another (Carvalho Coutinho et al. 2013). Furthermore, the

locomotive versatility in addition to other attributes such as

small body size and high dental diversity can be linked to

the broad evolutionary radiation of sigmodontine (see

Smith & Patton, 1999; Jansa & Weksler, 2004; Steppan et al.

2004; Fabre et al. 2012). It maybe also the case that conser-

vation of the internal gross morphology may represent a

mechanism that is able to accommodate a wide array of

environmental challenges by permitting adequacy in all

such circumstances (Gans, 1993).

Conclusions

Our study shows that only a few of the characters of the

postcranial skeleton of sigmodontines exhibit clear adaptive

trends that are highly consistent with the trends described

in many other mammal taxa. Adaptive traits associated with

the climbing and jumping locomotor types were obtained

with the mapping analysis. Other selected postcranial char-

acters showed a statistically significant association with

climbing, swimming, digging and jumping sigmodontines.

Since these characters are observed among taxa of different

tribes, the hypothesis of convergent skeletal morphology

associated to the functional performance of locomotive

types is sustained. None of the characters observed for the

ambulatory was enough to define this category. Our data

suggest that sigmodontines retain an all-purpose morphol-

ogy that allows them to use a variety of habitats. Another

possible interpretation is that our dataset did not consider

relevant information about these groups, and should be

increased with other types of characters (e.g. characters

from the external morphology and myology).
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