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Abstract

Tulli, M.J., Herrel, A., Vanhooydonck, B. and Abdala, V. 2012. Is phylogeny

driving tendon length in lizards?—Acta Zoologica (Stockholm) 93: 319–329.

Tendons transmit tensile forces generated by muscles and are a crucial part of

the musculoskeletal system in vertebrates. Because tendons and tendon cells

respond to altered mechanical load by increasing collagen synthesis, we hypothe-

sized that a correlation between tendon morphology and the loading regime

imposed by locomotor style or habitat use exists. This makes tendons an inter-

esting model for studying the relationship between morphology and environ-

ment. In this study, we compare the general morphology of the palmar flexor

plate, the length of the digital tendons, and the length of the flexor carpi ulnaris

tendon in species of lizards that exploit a variety of structural habitats. The

results from statistical analyses show that phylogenetic relatedness has a major

impact on our ability to detect differences between habitat groups, and no differ-

ences in tendon length could be detected between iguanian species occupying

different habitats when taking into account the relatedness between species. Our

data for lizards diverge from the general mammalian paradigm where variation

in tendon is often associated with habitat use or locomotor style.

Virginia Abdala, Instituto de Herpetologı́a, Fundación Miguel Lillo, Miguel
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Introduction

Tendons are crucial elements in the transmission of the tensile

forces generated by muscles to the skeleton. Acute exercise

has been shown to induce alterations in the molecular struc-

ture of tendons, and there is considerable evidence supporting

a direct relationship between mechanical load and the tendon

cellular response (Benjamin et al. 1986, 1992; Carter et al.

1998). In vitro, tendon cells have been shown to up-regulate

collagen synthesis when subjected to tensile forces (Benjamin

et al. 2008). The environment provides mechanical input to

tissues through ground reaction forces, gravity, barometric

pressure, vibration, and contact with objects. Therefore, we

hypothesize that the overall morphology of the tendons of the

appendicular skeleton would be related to the use of different

structural habitats given the different mechanical constraints

imposed by these habitats on locomotion.

Indeed, previous studies have noted some relationship

between the length of the tendons of some limb muscles and

the mechanical constraints imposed by the environments in

which they are used. For example, the flexor carpi ulnaris ten-

don in didelphid mammals has been shown to be related to

habitat use (Abdala et al. 2006). The forelimb muscles of

some didelphid species possess extremely long tendons.

Phylogenetic mapping of relative tendon lengths suggested

that long tendons in the forelimb are a convergent adaptation

linked to yet unknown ecological requirements (Abdala et al.

2006). Abdala et al. (2008) also noted a similar trend in the

limb tendons of turtles, which are generally better developed

in the terrestrial forms relative to aquatic forms. Our observa-

tions of distal limb morphology in lizards also suggest a con-

nection between tendon morphology (i.e. tendon length) and

habitat use. More generally, previous authors (Losos 1990a,b;

Garland and Losos 1994; Arnold 1998; Bonine and Garland

1999) have shown that the locomotor capacity of lizards is

reflected in morphology, particularly in limb or limb segment

length. Thus, variation in habitat use and locomotor perfor-

mance is expected to be correlated with the morphology of

the appendicular system (Lundelius. 1957; Collette 1961;

Russell and Bauer 1989; Carrillo de Espinoza et al. 1990;

Colli et al. 1992; Vrcibradic and Rocha 1996; Etheridge

2000; Irschick et al. 2000; Zani 2000; Mc Elroy 2008). Along

these lines, Tulli et al. (2009) reported that a considerable

fraction of the variability in claw morphology in Neotropical

Iguanian lizards can be linked to habitat use.

The fore and hind limbs in lizards have differential roles

during vertical versus horizontal movements (Zaaf et al.

2001a,b). Whereas the forelegs mainly function to support
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body weight during level running, they provide propulsion

and pull the body toward the surface during climbing (Cart-

mill, 1985; Zaaf et al. 2001a). Accordingly, the hind legs,

which support body weight and provide most of the propul-

sion during level running, show a reduction in the normal

forces by one-sixth during climbing (Autumn et al. 2006).

Clearly, during level running, the hind limb is more important

than the forelimb in determining stride length and in generat-

ing the propulsive forces, particularly in those lizard species in

which the hind limb is longer than the forelimb. According to

Goodman (2006), differences in limb length explain most of

the variation in performance among skink species, with sprint

speed being correlated with hind limb length. Climbing speed

and clinging ability, on the other hand, are correlated with

forelimb length (Goodman 2006). These data indicate a

differential role of the forelimb during locomotion, with the

forelimbs playing a crucial role during climbing.

In this study, we focus on the tendinous system of the

forelimbs as this likely plays a role in allowing a secure grip on

perches through digit flexion (Vanhooydonck and Van

Damme 2001). Previous studies (Abdala et al. 2009) demon-

strated a link between the tendinous pattern of the palm of the

hand and movement abilities in lizards. Arboreal lizards have

flexor tendons running independently to the tips of the digits,

and ground dwellers have fused tendons forming a single

tendinous plate (Moro and Abdala 2004; Abdala et al. 2009).

In the present study, we first describe the tendinous patterns

and the occurrence of tendon independence in the palm of

the hand for a wide range of lizards of different families

occupying different habitats. Next, we quantitatively analyze

tendon length in 50 species of iguanian lizards occupying a

variety of structural habitats in order to test for an association

between morphology of the forelimb tendons and habitat use.

For each species, we measured the length of the flexor carpi

ulnaris muscle and its tendon. We selected this muscle

because a substantial portion of its length is usually comprised

of tendon and prior observations suggested a potential role of

these tendons in arboreal locomotion (Abdala et al. 2006).

We also compared the length of the digital flexor tendons

among species. To account for the variation in the flexor

tendon associated with the different tendinous patterns of the

palm of the hand, we also measured the width of the palmar

flexor plate in addition to the flexor tendon length (Haines

1950; Abdala et al. 2009).

We decided to focus our study on tendon length instead of

the more conventional cross-sectional area measures because

of its relevance in transmitting forces from the muscle to the

structures interacting with the environment. Bobbert (2001)

already called the attention to one intriguing design aspect of

the musculoskeletal system in humans: distal muscle–tendon

complexes span the large distance between origin and inser-

tion with long tendinous structures and very short muscle

fibers suggesting an important role for tendons in force trans-

mission. This design is present also in lizards (VA, personal

observation). In this context, we predict that (1) climbing

lizards that utilize narrow substrates such as twigs or branches

have more individualized tendons in the palm of the hand

than ground-dwelling lizards; (2) ground-dwelling and climb-

ing lizards show significant differences in tendon length, with

climbing species having relatively longer flexor carpi ulnaris

tendons than ground-dwelling species because this may pro-

vide a more effective transmission of motion and force in ani-

mals with short limbs; and (3) given that limb length is

constrained in climbing lizards, effective force transmission to

the claws by relatively short muscles may be achieved by rela-

tively longer tendons. Thus, we predict that climbing lizards

have relatively longer digital flexor tendons.

Materials and Methods

Three hundred and thirty-four adult specimens of both sexes,

belonging to 71 species of Neotropical lizards were used in

our descriptive study of tendon morphology (Table 1;

Appendix S1). These specimens were selected to provide a

range of species from different families varying widely in habi-

tat use. From these, we obtained data on digit length, muscle

length, and tendon length for 240 adult specimens belonging

to 50 species (see supporting information Table S1) which

were used for our quantitative analyses. Specimens used in

the analysis were obtained from the herpetology collections of

the American Museum of Natural History (AMNH), the

Fundación Miguel Lillo (FML), the Museo Argentino de

Ciencias Naturales ‘Bernardino Rivadavia’, the Museum of

Comparative Zoology (MCZ), and the National Museum of

Natural History (USNM).

Morphology

The muscles and tendons of the forearm and hand were dis-

sected using a binocular scope. Dissections of the right fore-

arm were performed on all specimens investigated. The

tendons of each hand were photographed in ventral view with

a high-resolution digital camera (SONY DSC-H 5; Sony

Corp., Tokyo, Japan) at the same magnification and from the

same distance (Fig. 1). Tendons were outlined in Corel Draw

12 (Corel Corp., Ottawa, Canada). The number of adult

specimens per species varied with availability and ranged

between 1 and 10.

Body size snout-vent length, (SVL) and 13 traits related to

the forearm and internal hand morphology (described below)

were measured in a subset of lizards (supporting information

Table S1). Snout-vent length and all measurements of the

forearm and hand were performed by MJT using digital cali-

pers (Mitutoyo CD-15B; ± 0.01 mm). For the forearm, we

measured the following: the length of the tendons of all digits

(LTD1-5, Figs 1A and 2) from the base of the tendon where

it separates from the palmar flexor plate (L and G patterns),

or from the m. flexor digitorum longus tendon (P-pattern) to its

insertion at the distal phalanx (Fig. 2); the length of the flexor

carpi ulnaris muscular fibers (LMF, Fig. 1A,B; Haines 1950;
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Table 1 Habitat use of the species examined in qualitative part of this study. Habitats were assigned based on literature data

Species Author Function Habits

Ameiva ameiva Vitt and Colli (1994) Ground-dwelling Terrestrial

Anolis cuvieri Schwartz and Henderson (1991) Clinging ability Arboreal

Anolis cupreus Schwartz and Henderson (1991)

Anolis cybotes Schwartz and Henderson (1991) Ground-dwelling Terrestrial

Anolis distichus Schwartz and Henderson (1991) Clinging ability Arboreal

Anolis equestris Schwartz and Henderson (1991)

Anolis garmani Schwartz and Henderson (1991)

Anolis graham Schwartz and Henderson (1991)

Anolis gundlachi Schwartz and Henderson (1991) Ground-dwelling Terrestrial

Anolis humilis Talbot (1979)

Anolis limifrons Talbot (1979) Clinging ability Arboreal

Anolis mestrei Schwartz and Henderson (1991) Clinging ability Saxicolous

Anolis monensis Schwartz and Henderson (1991) Ground-dwelling Terrestrial

Anolis pentaprion Savage (2002) Clinging ability Arboreal

Anolis pulchellus Schwartz and Henderson (1991)

Anolis sagrei Schwartz and Henderson (1991) Ground-dwelling Terrestrial

Basiliscus basiliscus Frost et al. (2001a, 2001b) Clinging ability Arboreal

Basiliscus plumifrons Savage (2002)

Basiliscus vitattus Savage (2002)

Cnemidophorus longicaudus Scolaro (2005) Ground-dwelling Terrestrial

Diplolaemus bibronii Scolaro (2005)

Diplolaemus darwinii Scolaro (2005)

Diplolaemus sexcintus Cei et al. (2003) Ground-dwelling Terrestrial

Urostrophus gallardoi Frost et al. (2001a,b) Clinging ability Arboreal

Hemidactylus mabouia Genise and Montanelli (1991)

Homonota fasciata Scolaro (2005) Ground-dwelling Terrestrial

Iguana iguana Hirth (1963) Clinging ability Arboreal

Liolaemus albiceps Abdala (2007) Ground-dwelling Terrestrial

Liolaemus bibronii Cei (1986)

Liolaemus canqueli Etheridge (2000) Bury in the sand Arenicolous

Liolaemus ceii Cei (1986) Clinging ability Saxicolous

Liolaemu coereleus Pincheira-Donoso et al. (2007)

Liolaemus crepuscularis Abdala and Diaz Gomez (2006) Ground-dwelling Terrestrial

Liolaemus cuyanus Halloy et al. (1998) Bury in the sand Arenicolous

Liolaemus darwinii Etheridge (2000) Ground-dwelling Terrestrial

Liolaemus dorbignyi Abdala and Quinteros (2008) Clinging ability Saxicolous

Liolaemus elongatus Cei (1986)

Liolaemus fitzingeri Etheridge (2000) Bury in the sand Arenicolous

Liolaemus irregularis Abdala (2007) Ground-dwelling Terrestrial

Liolaemus koslowskyi Etheridge (2000)

Liolaemus laurenti Etheridge (2000) Bury in the sand Arenicolous

Liolaemus multimaculatus Halloy et al. (1998) Bury in the sand Arenicolous

Liolaemus olongasta Etheridge (2000)

Liolaemus ornatus Abdala (2007) Ground-dwelling Terrestrial

Liolaemus petrophilus Avila et al. (2004) Clinging ability Saxicolous

Liolaemus pictus Medel et al. (1988) Arboreal

Liolaemus poecilochromus Abdala field observations Ground-dwelling Terrestrial

Liolaemus riojanus Halloy et al. (1998) Bury in the sand Arenicolous

Liolaemus salinicola Halloy et al. (1998)

Liolaemus scapularis Halloy et al. (1998)

Liolaemus tenuis Medel et al. (1988) Clinging ability Arboreal

Liolaemus xanthoviridis Etheridge (2000) Bury in the sand Arenicolous

Leiosaurus belli Laspiur et al. (2007) Ground-dwelling Terrestrial

Leiosaurus catamarcensis Laspiur et al. (2007)

Mabuya frenata Vrcibradic and Rocha (1998) Terrestrial

Mabuya dorsivitatta Ávila-Pires (1995)
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Abdala et al. 2009); and the length of the tendon of the flexor

carpi ulnaris muscle when present (Fig. 1B). This corresponds

to the length of the visible tendon of this muscle, from the

myotendinous junction to its insertion onto the distal extreme

of the ulna. In addition, we measured the length of digits one

through five (DI-DV) (Fig. 2). Species means, standard devi-

ations and the number of individuals per species used are

included in the supporting information Table S1.

To test whether tendon length differed among species living

in different habitats, we classified each species as belonging to

one of the following habitat groups: generalized terrestrial,

sand-dwelling, saxicolous, and arboreal. The assignment of

habitat use in the lizards studied here is based on literature

data (Table 1) and follows Tulli et al. (2009).

Statistical analysis

Mean values of all morphometric traits were log10-trans-

formed prior to analyses to meet the requirements of normal-

ity and homoscedascity (Zar 1999). Because species are not

independent data points but related by their phylogenetic his-

tory, we used both traditional and phylogenetically informed

statistical analyses. To test for correlations between tendon

and digit lengths with overall body size (SVL), we ran regres-

sion analyses on the raw species means as well as on the inde-

pendent contrasts. Independent contrasts were calculated

using the PDAP package (Garland et al. 1999), and all regres-

sions were forced through the origin. The phylogenetic frame-

work for these analyses was constructed using the topologies

Table 1 (Continued)

Species Author Function Habits

Phymaturus antofagastensis Pereyra (1985) Clinging ability Saxicolous

Phymaturus somuncurensis Lobo and Quinteros (2005)

Phymaturus spectabilis Lobo and Quinteros (2005)

Phyamturus tenebrosus Lobo and Quinteros (2005)

Polychrus acutirostris Frost et al. (2001a,b) Arboreal

Polychrus marmoratus Frost et al. (2001a,b)

Pristidactylus achalensis Frost et al. (2001a,b) Ground-dwelling Terrestrial

Pristidactylus scapulatus Frost et al. (2001a,b)

Teius teyou Cei (1993) Terrestrial

Teius occulatus Scolaro (2005)

Tropidurus hispidus Frost (1992) Clinging ability Saxicolous

Tropidurus etheridgei Frost (1992) Ground-dwelling Terrestrial

Tropidurus oreadicus Frost (1992) Clinging ability Arboreal

Tropidurus plica Frost (1992)

Tupinambis rufescens Scolaro (2005) Ground-dwelling Terrestrial

A B

Fig. 1—Measurements of the forearm considered in the statistical

analysis: —A. LTD: length of the tendons of all digits; LMF: length

of the flexor carpi ulnaris muscular fibers; WFP: width of the flexor

plate of the hand; —B. LTM: length of the tendon of the flexor carpi

ulnaris muscle.

Fig. 2—Measurements of the digits and digit tendons considered in

the statistical analysis: 1 corresponds to digit length and 2 corresponds

to tendon length in both, L (left) and P (right) patterns.
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provided in Frost et al. (2001a,b), Nicholson (2002), Avila

et al. (2004), Morando et al. (2004), Lobo and Quinteros

(2005) and Abdala (2007); Fig. 3). All branch lengths were

set to unity because branch lengths were not available for all

taxa included in our analysis. To test whether branch lengths

of unit length were indeed appropriate for our analyses, we

used the diagnostics options in the PDTREE program and corre-

lated the absolute values of the standardized contrasts with

their standard deviations (Garland et al., 1992). The resulting

correlations were not significant, thus suggesting that these

branch lengths are indeed appropriate. Residual contrasts of

tendon and digit lengths were calculated based on regressions

of each variable on SVL and used in a regression analyses to

test for associations between the length of the digit and its

tendon, independent of variation in body size. All regression

contrasts were forced through the origin (Garland et al., 1992).

Simulation analyses were performed using the PDSIMUL and

PDANOVA programs (Garland et al. 1993). In the PDSIMUL pro-

gram, we used Brownian motion as our model for evolution-

ary change and ran 1000 unbounded simulations to create an

empirical null distribution against which the F-value from the

original data could be compared (note that simulations with

the lower limit constrained to 0 gave qualitatively similar

results). In the PDANOVA program, habitat use was entered as

factor, and tendon and digit lengths as dependent variables,

and SVL as a covariate. However, because of our independent

contrast analysis indicated a significant and positive associa-

tion between the residual standardized contrasts of the lengths

of the tendons and the lengths of their respective digits, we

also ran analyses of co-variance on the tendon lengths with

the length of the corresponding digit as covariate. We consid-

ered differences between categories significant if the original

F-value was higher than the F95-value derived from the empir-

ical distribution. All traditional analyses were performed with

SPSS v.15 (SPSS Inc., Chicago, USA).

We also calculated the phylogenetic signal present in our

data using the randomization test described by Blomberg et al.

(2003) and computed the K-statistic (an indicator of phyloge-

netic signal) for the morphometric traits included in our anal-

ysis. This analysis was implemented in MATLAB version 6.1.0

for PC (The MathWorks Inc., Natick, MA, USA) using the

module ‘PHYSIG’ (available upon request from Dr. T. Garland

Jr., University of California at Riverside). Finally, we ran an

ancestral character state reconstruction using parsimony on

the habitat use data in Mesquite (Maddison and Maddison

2004) to visualize how habitat use is clustered within the

phylogeny and may affect our ability to detect evolutionary

patterns.

Results

Morphological patterns

The flexor plate adopted different architectures in the lizards

examined here. Typically, it is composed of four triangular

surfaces, each continuing distally as a thick tendon that runs

within the fibrous digital flexor tunnels and inserts onto the

terminal phalanx of its respective digit. The belly of the

m. flexor carpi ulnaris originating from the distal end of the

ulna also inserts onto the flexor plate but is slightly separated

from the other two parts and persists as a bulky, divided ten-

don. This conventional L pattern (Moro and Abdala 2004)

was present in all leiosaurid species, Phymaturus, all Liolaemus

species analyzed except for L. tenuis, Iguana iguana, all teiids

analyzed, and Mabuya (Fig. 4A). The P-pattern (Moro and

Abdala 2004) occurred in all Polychrus and Anolis species

(Fig. 4B). In this pattern, the tendons of the m. flexor digito-

rum longus pass across the palmar surface and insert directly

onto the terminal phalanges. Developed flexor plates are

absent in the P-pattern; however, a reduced flexor plate and

palmar sesamoid bones can be observed in some Anolis speci-

mens. The geckos possess a G-pattern (Abdala et al. 2009),

by which each tendon is distributed to its respective digit from

a palmar flexor plate without sesamoid; however, the tendon

of digit V is slightly independent of the main flexor plate

(Fig. 4C).

There were discernible interspecific differences within rep-

resentatives of the L-pattern. All Basiliscus species possess a

flexor plate with deeply embedded sesamoid bones. Addition-

ally, the large tendon of the m. flexor digitorum longus bifur-

cates and reinforces the flexor tendons of digits II and III in

this genus (Fig. 4D). In Liolaemus tenuis, the tendons are

interlaced in the palmar region and continue distally as sepa-

rate tendons (Fig. 4E). Tropidurids have a flexor plate with a

marginal sesamoid bone embedded. Individual tendons in the

flexor plate are distinguishable and independently course dis-

tally along their respective digits (Fig. 4F). Tropidurus plica

presents a noticeable small flexor plate with considerably

longer digital flexor tendons (Fig. 4G).

Is tendon length correlated with digit length?

Comparative analyses using phylogenetically independent

contrasts show significant correlations between tendon length,

digit length, and overall body size (all P < 0.001). Moreover,

a regression of the residual independent contrasts of tendon

length on the residual independent contrasts of digit length

forced through the origin indicates significant correlations

between the length of the tendon and the length of the corre-

sponding digit for digits 2-4 (T2-D2: r = 0.52, P < 0.01; T3-

D3: r = 0.44, P < 0.01; T4-D4: r = 0.39, P < 0.01). Thus,

the evolution of longer digits 2–4 is associated with the evolu-

tion of longer flexor tendons.

Do species that utilize different habitats differ in the length of the

digital flexor tendons?

An ANOVA testing for differences in snout-vent length in spe-

cies occupying different habitats indicated significant differ-

ences (F3,47 = 4.51; P = 0.007). Post hoc tests showed that
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Fig. 3—Ancestral character state reconstruction illustrating how habitat use is clustered within specific clades in the phylogeny, especially within

the Liolaemus group. To the right of the tree, the tendinous patterns observed are indicated by schematic drawings. The tree topology is based on

Frost et al. (2001a,b), Nicholson (2002), Avila et al. (2004), Morando et al. (2004), Lobo and Quinteros (2005), Abdala (2007) and was used as

a phylogenetic framework for the statistical analysis. White = terrestrial, light gray = saxicolous, dark gray = arboreal, black = arenicolous.
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sand dwellers were significantly smaller than arboreal and sax-

icolous species. Terrestrial and sand-dwelling species did not

differ in body size. The difference in body size between sand-

dwelling and climbing species did not remain, however, after

taking into account the phylogenetic relationships

(Fcrit = 9.95; P = 0.29).

Traditional analyses of co-variance indicate no differences

in digit length between species utilizing different habitats

(Table 2). In contrast, differences in the lengths of tendons of

digits 3–5 were significant (Table 2) with sand-dwelling spe-

cies having the shortest tendons and arboreal species having

the longest tendons for their body size. Terrestrial and saxico-

lous species were intermediate. However, when taking into

account the phylogenetic relationships between species, none

of these differences remained significant (Table 2). An analy-

sis of co-variance on the length of the flexor carpi ulnaris mus-

cle indicated no differences between habitat groups in either

traditional (F3,46 = 0.01; P = 0.99) or phylogenetically

informed analyses (Fcrit = 9.81; P = 1).

Analyses of co-variance testing for differences in tendon

length correcting for differences in digit length indicated

significant differences between species occupying different

A B C

D E

F G

Fig. 4—Illustration of the different patterns of the tendinous structures observed on the palmar surface of the hand. —A. Conventional L-pattern

as described by Moro and Abdala (2004); —B. P-pattern (Moro and Abdala 2004) with a trend to total independence of the tendons running to

the digits; —C. G-pattern present in the gecko analyzed as described in Abdala et al. (2009); —D. Flexor plate as in Basiliscus, with a reinforcing

of the flexor tendons of digits II and III; —E. Liolaemus tenuis incomplete flexor plate, comprised of separated but interweaved tendons; —F.

Tropidurid flexor plate with a marginal sesamoid bone embedded and some degree of independence of the tendons; —G. Tropidurus plica showing

a reduced flexor plate.

Table 2 Results of ANCOVAS with snout-vent length as co-variate test-

ing for differences between habitat groups in tendon and digit length

d.f. F P Fphyl Pphyl

Digit I 1,46 0.28 0.84 9.22 0.96

Digit II 1,46 1.73 0.18 9.6 0.67

Digit III 1,46 2.27 0.09 9.2 0.55

digit IV 1,46 2.30 0.09 9.71 0.54

Digit V 1,46 1.54 0.22 9.62 0.71

Tendon DI 1,46 1.21 0.32 9.64 0.77

Tendon DII 1,46 1.19 0.33 9.40 0.78

Tendon DIII 1,46 3.22 0.031 9.46 0.54

Tendon DIV 1,46 4.18 0.011 9.94 0.31

Tendon DV 1,46 4.78 0.006 9.47 0.25

D, digit; d.f., degrees of freedom.
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habitats for the tendons of all digits except digit 2

(Table 3). Again, sand-dwelling species had the shortest

and arboreal species the longest tendons for a given digit

length with terrestrial and saxicolous species being interme-

diate. However, none of these differences remained signifi-

cant after taking into account the relationships between

species (all P > 0.05).

Phylogenetic signal and habitat clustering

Our calculations indicate significant phylogenetic signal in the

data (K > 1) for all traits with the exception of the length of

digit one (Table 4). Moreover, our ancestral character state

reconstructions indicate only few transitions between habitat

types within clades (Fig. 3). This suggests that clades have

radiated within specific habitats while retaining their morphol-

ogy, especially among Liolaemus lizards.

Discussion

The different morphological patterns of the palmar tendon in

lizards described here are modified versions of the previously

described L-pattern (Moro and Abdala 2004; Abdala et al.

2009). The P-pattern of Anolis or Polychrus, however, repre-

sents a distinguishable shift to independence in the digital

flexor tendons (and a concomitant reduction or absence of

the palmar tendon, i.e. the flexor plate) relative to the L-pat-

tern of most species of Liolaemus and Iguana. Minimal or

absent tendon independence results in a more rigid palmar

structure, which may be beneficial during terrestrial locomo-

tion, as it may allow the animal to effectively use its entire

hand as a pivot (Abdala et al. 2009).

Interestingly, the distribution of the L-pattern across the

different species indicates that almost all modifications of this

pattern are present in taxa considered as arboreal (Fig. 3).

Yet, some climbing taxa, such as Iguana iguana, Urostrophus

gallardoi, and Liolaemus pictus, have palmar tendons corre-

sponding to the conventional, relatively rigid, L-pattern

(Fig. 4A). These results reject our hypothesis that arboreal liz-

ards possess only independent flexor tendons and illustrate

how climbing lizards can have any of the previously described

arrangements of palmar tendons. However, most of the arbo-

real groups were characterized by having a narrow flexor plate

and long digital flexor tendons, e.g. Tropidurus plica (Fig. 4G).

Here, we propose that at least part of this incongruence may

be linked to the definition of what an arboreal habitat actually

is and suggest that perch diameter should be considered when

defining arboreal habitat categories. Abdala et al. (2009), for

example, showed that tendon independence improves the

capacity to flex the hand in lizards, allowing them to move

effectively on narrow substrates (i.e. perches of small diame-

ter). Although often overlooked in ecomorphological analysis,

perch diameter has been used extensively in defining Anolis

ecomorphs (Collette 1961; Losos and Sinervo 1989; Losos

1990a,b), indicating the importance of this structural habitat

variable. If we subcategorize the arboreal habitat into one

comprising large branches and the other narrow ones, our

data would support most of our hypotheses. In this case,

Iguana iguana, Urostrophus gallardoi, Liolaemus pictus, L. tenuis,

Tropidurus plica, and T. oreadicus would be ranked in the first

subcategory comprised of animals utilizing principally wide

branches, while lizard species possessing a P-pattern (more

elongate, independent palmar flexor tendons) would be

ranked in the second subcategory (Fig. 3). Interestingly, most

tropidurids posses a flexor plate with a marginal sesamoid

bone embedded and some degree of independence of the ten-

dons, a morphology that we suggest may allow them to utilize

different habitats. For example, whereas different populations

of Tropidurus etheridgei have specialized in occupying different

microhabitats (Cruz et al. 1998), no differences can be

observed in their hand tendon morphology (MJT and VA

personal observation.).

Despite the significant differences in tendon length

observed among habitat groups in the traditional analyses,

phylogenetically informed analyses indicated that these cannot

be interpreted as being adaptive (Table 2). Indeed, these

analyses indicated a very strong effect of phylogeny on the

distribution of the characters, leading to significant phyloge-

netic clustering (Vanhooydonck and Van Damme 1999; see

Fig. 3) and thus reducing our power to detect differences.

Interestingly, Grizante et al. (2010) also found significant

Table 3 Results of ANCOVAs testing for differences in tendon length

between habitat groups with respective digit lengths as covariates

d.f. F P Fphyl Pphyl

Tendon DI 1,46 4.39 0.008 9.23 0.26

Tendon DII 1,46 1.56 0.21 8.80 0.69

Tendon DIII 1,46 2.73 0.055 9.66 0.47

Tendon DIV 1,46 3.45 0.024 8.90 0.39

Tendon DV 1,46 4.81 0.005 9.39 0.25

D, digit; d.f., degrees of freedom.

Table 4 Results of the calculation of phylogenetic signal

K P

Length digit 1 0.705 0.051

Length digit 2 2.353 <0.0001

Length digit 3 2.058 <0.0001

Length digit 4 2.341 <0.0001

Length digit 5 1.472 <0.0001

Length tendon digit 1 1.932 <0.0001

Length tendon digit 2 2.385 <0.0001

Length tendon digit 3 2.461 <0.0001

Length tendon digit 4 2.444 <0.0001

Length tendon digit 5 1.565 <0.0001

Length flexor muscle 2.83 <0.0001

Snout-vent length 1.887 <0.0001
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phylogenetic signal in some forelimb traits in their analysis of

limb morphology in tropidurid lizards. More generally, lizard

anatomical structures appear to be rather conservative in

many clades of Neotropical lizards such as Liolaemini.

Indeed, lizards of the genus Liolaemus display far less morpho-

logical variation when compared with members of the highly

species-rich Anolis clade (Medel et al. 1988; Tulli et al. 2009).

Interestingly, with respect to tendon morphology, our sample

of Anolis lizards is as conservative as the Liolaemus lizards

examined. This is particularly noticeable because this lizard

group has always been reported as having a morphology that

varies strikingly in relation to habitat use (Collette 1961;

Losos 1990a,b,c; Losos 2009; Irschick et al. 1997). However,

it should also be noted that our sample does not encompass

the entire morphological and ecological variability known to

exist in Anolis lizards (e.g. we did not include any twig anoles

in our analysis that are known to be divergent from other

Anolis ecomorphs), and thus we may not be capturing some of

the variation in the group.

Our data suggest that Liolaemus lizards retain an all-

purpose morphology that allows them to use a variety of

habitats (see also Medel et al. 1988). This all-purpose mor-

phology may also lie at the basis of the over-arching effect

of phylogeny observed in our analyses. Indeed, not only did

our analyses detect significant phylogenetic signal in the

data set, ancestral character state reconstructions indicate

that habitat use is strongly nested within the phylogeny with

only a limited number of transitions between habitat types

within clades. Possibly, an analysis comparing similar mor-

phometric traits across lizard families or even across differ-

ent groups of tetrapods may provide more insights into the

adaptive nature of variation in the length of the tendons of

the distal forelimb. Alternatively, our data may simply

reflect varying levels of constraint on the evolution of inter-

nal structures such as tendons versus the evolution of limb

dimensions often documented in animals such as Anolis

lizards (Collette 1961; Losos 1990a,b,c, 2009; Irschick et al.

1997). In summary, our data suggest that in contrast to

what is observed for mammals (McNeill Alexander 1984;

Abdala et al. 2006), tendon length is determined more

by phylogeny than by habitat use at least in neotropical

iguanian lizards.
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