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Abstract 

 

 

Detailed examination and description of structures in nature, relative to the environments 

in which they occur, provides evidence for the function of these structures. Here I describe 

the oberhautchen (outer skin surface) of 24 species of Australian carphodactyline 

(Squamata: Carphodactylidae) and diplodactyline gecko (Squamata: Diplodactylidae). 

Using methods specially adapted for the purpose, I describe details of skin 

microornamentations, examined at high magnification, of these geckos, and examine 

relationships between these skin characteristics and environmental conditions, substrate 

use, hydrophobic properties, and evaporative water loss (EWL), with a view to determining 

the function of these features. 

 

I used 24 species (and populations therein) of geckos collected from northern and western 

Queensland, and from the Great Victoria Desert, South Australia, as subjects for my 

descriptions. To examine the oberhautchen of living lizards, I adapted and tested a method 

for creating extremely detailed moulds of surfaces using polyvinylsiloxane impression 

material and epoxy resin (Epirez 123®, ITW Polymers & Fluids). This method produces 

exceptional quality reproductions of complex microornamentations within the 

oberhautchen of living lizards. 

 

Using scanning electron microscopy on the moulds I created, I examined scale 

characteristics (primary scale size, secondary scale size, spinule length and density, pit 

diameter and density, furrow width and depth, percentage of knobs covering scales, and 

hair sensor characteristics including hair sensors per scale, hair sensors per square 

millimeter, bristles per sensor, bristles per square millimeter, and hair sensor diameter), I 

related these to body size, substrate use, environmental conditions at the centre of each 

species’ geographic range, and phylogeny, using univariate statistics and canonical 

discriminant function analysis. Carphodactyline geckos are quite different from 

diplodactyline geckos, and have larger body size, larger primary scales, shorter spinules, 

greater numbers of hair sensors and bristles per square millimeter, knobs and larger hair 

sensor diameters.  Examining both carphodactyline and diplodactylines together, I found 

that terrestrial geckos tend to be smaller, live in xeric conditions, and usually have smaller 
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scales and higher numbers of bristles and hair sensors per square millimeter.  Non-

terrestrial geckos tend to be larger, and live in more mesic and hydric conditions, and 

usually have larger scales and fewer hair sensors and bristles per square millimeter. 

Because geckos in xeric habitats live in dry conditions, they may need more sensory 

information about their environment, to enable them to select appropriate shelter. I traced 

the character evolution of hair sensor bristle shape, and found that bottlebrush-shaped hair 

sensors with many hairs appear to be primitive, whereas tapered hair sensors of various 

shapes with fewer hairs appear to be derived. The causes of evolutionary differences in 

bristle shape and hair sensor number was not clear from the variables I examined. 

 

Hydrophobicity is thought to enhance the adhesiveness of geckos with adhesive toe pads, 

by keeping these surfaces clean. Because specialized adhesive foot scales are 

evolutionarily derived from the body scales, I examined the hydrophobic properties of body 

scales. To estimate hydrophobicity, I used a sessile drop technique to quantify contact 

angles of droplets of distilled water. Tiny (0.25 µL) droplets of distilled water were 

incrementally increased in size and photographed at high resolution, and contact angles of 

droplets were used to predict the hydrophobic properties of the dorsal skin surface of 

geckos. I established which species were most hydrophobic and which dorsal scale 

characteristics had the strongest relationships with hydrophobic properties. Several 

species had superhydrophobic skin (advancing contact angles greater than 150°), 

including Lucasium damaeum, Strophurus taeniatus, Diplodactylus conspicillatus (Winton 

population), Oedura rhombifer, and Lucasium steindachneri. Geckos with high 

hydrophobicity were characterized by skin characteristics that promoted rough surface 

adaptation, especially small primary scales and long spinules. 

 

The great range of variation in gecko oberhautchen is likely to have some functional 

significance. However, most functions suggested in the literature (ecdysis, coping with 

varying temperatures on different parts of the body, pheromone capture, retention, and 

dispersal, the creation or reduction of friction, the reflection or channeling of solar 

radiation, wear prevention) can be rejected as explanations for variation in the 

oberhautchen of Australian gecko skin. I provide evidence that high hydrophobic 

properties of the skin help geckos remain clean. Hydrophobicity was, on average, higher in 

terrestrial species and in species living closer to the ground (and hence, likely to come into 

contact with dust and dirt), than in non-terrestrial species living away from the ground. 
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Terrestrial geckos, as a group, had longer spinules and smaller scales than saxicolous and 

arboreal geckos, enhancing their hydrophobic properties. With the effects of phylogeny 

removed hydrophobicity was related to distance from the ground, indicating that these two 

characters evolve together.  

 

Recent studies have linked evaporative water loss rates with scale characteristics of 

reptiles. I measured the EWL of Australian geckos gravimetrically, using the flow-through 

chamber technique, to examine patterns in water loss rates of Australian geckos in relation 

to scale characteristics, body size and habitat. Evaporative water loss was strongly 

correlated with body size, larger geckos had larger body surface area and lost more water 

than smaller geckos. Mass-specific water loss rates were correlated with habitat use; 

terrestrial species lost more water than arboreal and saxicolous species, which did not 

differ in their water loss. In addition, species with larger scales tended to have lower water 

loss rates, and the evolution of deeper scale furrows was correlated with the evolution of 

higher EWL.  

 

In summary, my work provides evidence that, not only are variations in Australian gecko 

skin morphology influenced by phylogenetic relationships, but at least some characters 

appear to have functional significance. Xeric-dwelling, terrestrial geckos have more 

sensory organs than do non-terrestrial mesic and hydric-dwelling geckos, likely because 

they require accurate information on environmental conditions. Terrestrial geckos tended 

to have smaller scales and longer spinules than non-terrestrial geckos, possibly to 

enhance their hydrophobicity. Terrestrial geckos also had higher EWL rates than 

saxicolous and arboreal geckos, but may be able to avoid high water loss by using 

burrows as shelter. Finally, terrestrial and xeric dwelling species tended to be smaller than 

non-terrestrial mesic and hydric dwelling species.  
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Chapter 1. General Introduction 

 

 

Skin covers all amniotic organisms and functions as the first line of defense and an 

important protective barrier against infectious disease, pathogens, and toxins (Russell et 

al., 2008). The skin also has sensory organs so that the organism can interact with the 

outside environment and detect changes. Skin in vertebrates, such as birds and mammals, 

acts as a heat transfer organ by dilating and constricting arterioles, thereby decreasing, or 

increasing the amount of heat that is transferred to inner organs (Russell et al., 2008). In 

frogs, it can act as a host defense by secreting antibacterial peptides (Rozek et al., 1997). 

In extant reptiles, which have descended from the most primitive, totally terrestrial 

tetrapods, skin is covered in a keratin layer, which is extremely durable and able to 

withstand harsh arid conditions (Young, 1991). In the Mesozoic era, an extensive radiation 

of squamate reptiles occurred between the beginning of the Triassic period (~250 million 

years ago [Ma]) until the end of the Cretaceous period (~65 Ma) producing lizard species 

with a great range of variation in body form (Evans, 2003). The surface topology of lizard 

skin has been of interest to scientists for many years (Ruibal, 1968; Gans and Baic, 1977; 

Peterson, 1984; Irish et al., 1988) and can vary in cell size, shape, and boundary 

morphology (Ruibal, 1968; Peterson and Bezy, 1985; Harvey, 1993; Arnold, 2002), and 

although this thin layer of β-keratin, also known as oberhautchen, is only 1 µm thick, it 

features spectacular microornamentations (Ruibal, 1968) and sensory organs (Harvey and 

Gutberlet Jr., 1995). A single scale can possess several different microornamentation 

patterns which are repeated throughout the scale and the entire body (Peterson and Bezy, 

1985). Studying reptile skin is important since reptiles were able to change the course of 

evolution by being the first to survive on land without water (Young, 1991). 

 

Recently, a great deal of the research on reptiles involves biomimicry (Crosby et al., 2005; 

Jin et al., 2005). Biomimicry is a recently developed concept that is not based on 

extracting from nature, but rather on learning from natural processes and structures, which 

have evolved over millions of years (Benyus, 1997). The steps to achieve proper 

biomimicry involve observing a natural process or structural design, describing it in detail, 

and trying to replicate it using artificial means. In doing this, researchers in the field of 

biomimetics may be able to answer life’s most important questions and change the way we 

think about technical products (Rice and Martin, 2007), waste management (Bociaga, 
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2004), producing energy (Repperger et al., 2005), business strategies (Desrochers, 2002), 

cultivating food, curing sickness, gathering information (Benyus, 1997), and producing 

strong, durable materials (Shah and Sitti, 2004). Biomimetic research on reptiles focuses 

exclusively on the creation of synthetic biomimetic adhesives (Crosby et al., 2005; Jin et 

al., 2005) inspired by the adhesive, yet hydrophobic, toe pads of gecko feet (Shah and 

Sitti, 2004). Gecko toe pads are derived from scale surfaces found elsewhere on the body 

(Ruibal, 1968; Russell, 1979), which are also extremely hydrophobic (Shah and Sitti, 2004) 

and deserve some attention.  

 

Many morphological studies on squamates have touched upon the oberhautchen in some 

way and have examined squamates in general (Ruibal, 1968; Stewart and Daniel, 1973; 

Stewart and Daniel, 1975; Price, 1982; Smith et al., 1982; Irish et al., 1988; Maderson et 

al., 1998), squamate sensory organs (Ananjeva et al., 1991; Matveyeva and Ananjeva, 

1995), geckkonid foot microornamentations (Ruibal and Ernst, 1965; Russell, 1979; 

Russell and Bauer, 1990b; Russell and Bauer, 1990a; Lauff et al., 1993; Autumn et al., 

2000; Autumn et al., 2002; Russell, 2002; Geim et al., 2003; Pianka and Sweet, 2005), 

and the skin micrornamentations of various squamate families including the Agamidae 

(Sherbrooke et al., 2006), Cordylidae (Harvey and Gutberlet Jr., 1995), Gekkonidae 

(Perret, 1963; Maderson, 1967; Stewart and Daniel, 1972; Schleich and Kästle, 1986; 

Bauer and Russell, 1988; Bauer, 1989; Bauer and Russell, 1990; Röll, 1999; Hoskin et al., 

2003; Bauer et al., 2006), Gerrhosauridae (Harvey and Gutberlet Jr., 1995), Iguanidae 

(Burnstein et al., 1974; Cole and Van Devender, 1976; Peterson, 1984; Lang, 1989; 

Malhotra and Thorpe, 1997b), Lacertidae (Bryant et al., 1967; Arnold, 2002), 

Phrynosomatidae (Stovall, 1985; Sherbrooke and Nagle, 1996), Scincidae (Horton, 1972), 

Uropeltidae (Gans and Baic, 1977; Gower, 2003), Viperidae (Stille, 1987), Xantusiidae 

(Peterson and Bezy, 1985), and Xenosauridae (Harvey, 1993). The skin characteristics of 

the oberhautchen have been used as phylogenetic characters to resolve taxonomic issues 

because they are very complex and varied among taxonomic groups (Peterson, 1984; 

Harvey, 1993; Harvey and Gutberlet Jr., 1995), they are consistent among conspecifics no 

matter what the age after the first shed (Harvey, 1993), and hardened by β-keratin, 

therefore resistant to wear, maintaining physical integrity (Irish et al., 1988). Variation in 

skin characteristics among groups also suggests that they may have functional 

significance: facilitating ecdysis (Arnold, 2002), coping with varying temperatures in 

different parts of the body (Matveyeva and Ananjeva, 1995), pheromone capture, 
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retention, and dispersal (Smith et al., 1982), the creation or reduction of friction in species 

living in small crevices (Stewart and Daniel, 1973), the reflection or channeling of harmful 

solar radiation (Porter, 1967), wear prevention (Cole and Van Devender, 1976), or dirt 

shedding (Gans and Baic, 1977). 

 

To study the tiny structures that are part of the oberhautchen, researchers have relied on 

scanning electron microscopy (SEM) of preserved specimens (Harvey, 1993). The longer 

a specimen is preserved and subsequently handled, the more chance the oberhautchen 

has of accumulating dirt particles, scratches (Peterson and Bezy, 1985; Irish et al., 1988), 

fractures and breaks (Sherbrooke et al., 2006), which can lead to the degradation of its 

structures (Peterson, 1984; Peterson and Bezy, 1985; Irish et al., 1988).This means that 

researchers may have to prepare many samples before finding structures in a condition 

suitable for examination, description or publication (A. Bauer, pers. comm.). 

 

In response to the problems of examining preserved specimens, I explore the use of 

different epoxies to make molds of reptile skin, and the ability of those epoxies to 

accurately reproduce the smallest features of the oberhautchen. Because the ability to 

assess correlates of phylogeny or function depend greatly on the ability to consistently 

score different epidermal characteristics, this method would standardize examination 

techniques and enable researchers to easily observe epidermal structures. This technique 

would be simple and quite beneficial to researchers examining skin structures, as long as 

the animals are easily cared for in captivity. It would allow control over when in the 

shedding cycle molds were made, providing opportunities to observe changes in the 

oberhautchen over time, on different parts of the body, and under different circumstances.  

 

Although variation in skin morphology within many different squamate groups have been 

examined using SEM (see above), there is paucity of descriptions on gekkonids (Perret, 

1963; Maderson, 1967; Stewart and Daniel, 1972; Schleich and Kästle, 1986; Bauer and 

Russell, 1988; Bauer, 1989; Bauer and Russell, 1990; Röll, 1999; Hoskin et al., 2003; 

Bauer et al., 2006), especially in Australian carphodactyline and diplodactyline geckos 

(Ruibal, 1968; Stewart and Daniel, 1975; Peterson and Bezy, 1985; Bauer and Russell, 

1988; Matveyeva and Ananjeva, 1995). For this reason I explore the skin characteristics of 

Australian carphodactyline (Squamata: Carphodactylidae) and diplodactyline (Squamata: 
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Diplodactylidae) geckos (Han et al., 2004; Gamble et al., 2008a; Gamble et al., 2008b) in 

relation to hydrophobicity, morphology, ecology, and phylogenetic relationships. 

 

Thesis Organization 

This thesis comprises several stand-alone, but theoretically interrelated, publications and 

is organized as follows: Chapter 2 describes a new, highly accurate method for the 

examination of living lizard epidermis using impression material and epoxy resin to create 

molds. In Chapter 3 I describe, in detail, the skin microornamentations of 24 species of 

Australian gecko (and populations therein), determine which skin characteristics are most 

highly correlated with ecology and phylogeny, and discuss functional significance of the 

skin. Chapter 4 describes a new method to measure variation in hydrophobicity. I use the 

sessile drop technique to quantify contact angles of droplets of distilled water in order to 

predict the hydrophobic properties of the dorsal skin surface of geckos and find which 

species are most hydrophobic. I also determine which skin characteristics are related to 

hydrophobicity. In Chapter 5 I examine the functional significance of the oberhautchen in 

more detail and determine that terrestrial lizards have higher hydrophobic properties to 

repel dirt, thereby reducing scale wear, obscuring of cryptic colouration, and excess 

weight. In Chapter 6 I examine evaporative water loss rates in Australian geckos and 

discover that evaporative water loss is correlated with substrate use and scale size. In 

Chapter 7 I discuss the relationship of gecko skin characteristics in general and how they 

relate to body size, other skin microornamentations, hydrophobicity, and ecology, and 

discuss possible directions for future research. 
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CHAPTER 2. A NEW METHOD TO EXAMINE THE OBERHAUTCHEN OF LIZARD SKIN 

 

Publication: Vucko, M. J., Schwarzkopf, L., and Scardino, A. A New Method to Examine 

the Oberhautchen of Lizard Skin. Copeia 2008 (4) 868-871. 

 

Introduction 

The outer layer of lizard skin has been of interest to scientists for many years (Ruibal, 

1968; Gans and Baic, 1977; Peterson, 1984; Irish et al., 1988). Although this thin layer of 

β-keratin, also known as oberhautchen, is only 1 µm thick, it features spectacular 

microornamentations (Ruibal, 1968) and sensory organs (Harvey and Gutberlet Jr., 1995). 

Because its morphology varies among taxonomic groups, the oberhautchen has been 

used as a phylogenetic character (Peterson, 1984; Harvey, 1993; Harvey and Gutberlet 

Jr., 1995), while variation among groups also suggests that it may play an ecological role 

(Gans and Baic, 1977; Matveyeva and Ananjeva, 1995).  

  

To study the tiny structures that are part of the oberhautchen, researchers have relied on 

scanning electron microscopy (SEM) of preserved specimens (Harvey, 1993). Obtaining a 

SEM sample typically involves removing a portion of the skin (Peterson, 1984; Harvey and 

Gutberlet Jr., 1995; Matveyeva and Ananjeva, 1995; Maderson et al., 1998), lifting the 

oberhautchen from the underlying layers of skin using a dissecting microscope (Ruibal, 

1968; Irish et al., 1988), or even excising whole body parts for examination (Irish et al., 

1988). In addition, each skin sample must be prepared for SEM before examination. This 

generally requires either dehydrating or critical-point drying the sample (Peterson, 1984; 

Irish et al., 1988; Matveyeva and Ananjeva, 1995), though some methodologies involve 

even more intense preparation procedures (Maderson et al., 1998). The longer a 

specimen is preserved and subsequently handled, the more chance the oberhautchen has 

of accumulating dirt particles, scratches (Peterson and Bezy, 1985; Irish et al., 1988), 

fractures and breaks (Sherbrooke et al., 2006), which can lead to the degradation of its 

structures (Peterson, 1984; Peterson and Bezy, 1985; Irish et al., 1988). This means that 

researchers may have to prepare many samples before finding structures in a condition 

suitable for examination, description or publication (A. Bauer, pers. comm.). 
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Here I describe a novel method that allows a high quality representation of the 

oberhautchen of living lizards, using a modification of a technique used to examine the 

surface microornamentation of bivalve shells (Scardino and de Nys, 2004). This technique 

involves making very high definition (0.5 µm) molds of the epidermal surface. I compared 

different versions of the technique, using two different epoxy resins to create molds of live 

Oedura castelnaui, and determine which method produced the fewest artifacts. I then 

produced molds of Phyllurus ossa, P. amnicola and Nephrurus levis, and compared them 

to published images from congeners to establish if this technique produced similar results. 

These images also established whether this technique could be used to reproduce small, 

complex epidermal microornamentations typical of these species. 

 

Materials and Methods 

All molds were made in the laboratory at James Cook University in Townsville, 

Queensland, at air temperatures ranging from 23° to 25° C. Healthy, adult specimens of 

O. castelnaui (Moorrinya National Park, QLD [S 21° 23’ 39”, E 144° 55’ 26”]), P. amnicola 

(Bowling Green Bay National Park, QLD [S 19° 28' 50" E 146° 58' 59”]), P. ossa (Conway 

National Park, QLD [S 20° 20’ 08”, E 148° 40’ 19”]), and N. levis (Great Victoria Desert, SA 

[S 29° 21’ 07”, E 132° 41’ 57”]) were captured and returned to the laboratory. All lizards, 

except for N. levis, were held in captivity in plastic containers (300 mm x 400 mm x 

550 mm) with a heat source (heat wires) and provided with food (European crickets, 

Acheta domestica) and water ad libitum until shedding occurred. Four days after shedding 

the skin had reached the ideal resting phase which is, visually, the most representative 

part of the cycle (Zucker, 1980). Once the epidermis had reached this ideal stage, the 

molds were prepared. 

  

Lizards were immobilized using 3M Micropore™ tape, which can easily be removed by 

wetting, preventing injury or damage to the skin (Hoefer et al., 2003). Because I was 

examining dorsal scale characteristics only, tape was placed around the pectoral and 

pelvic girdles to immobilize the limbs during the preparation of molds. Molds were formed 

using a low consistency, light bodied polyvinylsiloxane impression material (KERR’s 

Extrude® Wash, KERR, Romulus, MI 48174, USA). After the lizard was immobilized, the 

intended study surface was evenly covered in the wash. It was allowed to set for 15 

minutes, after which the impression material had cured and could be removed. Typically, a 

thin layer of β-keratin would remain attached to the wash and, therefore, before the molds 
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could be cut, the β-keratin would have to be carefully removed using forceps (0.10 x 

0.06 mm tip) under a Leica MZ6 dissecting microscope (x0.63 – x4 optical zoom). The 

clean negative impressions were cut to size, so that positives would fit onto 12.6 mm pin-

type SEM stubs. Once the molds were cut, two different epoxy resins (DEVCON 2-TON® 

[DEVCON, Wellingborough NN8 6QX, UK] and Epirez 123® [ITW Polymers & Fluids, 

Wetherill Park, NSW 2164, Australia]) were tested using O. castelnaui, to find which 

yielded better results. DEVCON 2-TON® (mixed viscosity = 8,000 cps) needed vigorous 

mixing while being heated whereas Epirez 123® (mixed viscosity = 300 cps) could be 

mixed more slowly and did not require heating. The epoxies were poured into the molds 

and allowed to cure for at least 24 hours at room temperature, producing a positive of the 

study surface. These positives were sputter-coated with platinum and examined using a 

JEOL JSM-5410LV scanning electron microscope. The molds made using DEVCON  

2-TON® and Epirez 123® were then visually compared.  

  

After establishing the best materials to use for this process, I prepared molds of P. ossa, 

P. amnicola and N. levis, which have ornate oberhautchen, for comparison with published 

images of congeners (Bauer and Russell, 1988). 

 

Results 

Visually comparing the two epoxy resins indicated that molds made using DEVCON  

2-TON® were of lower quality than those made with Epirez 123®. DEVCON 2-TON® 

generated a high number of air bubbles that appear as dark spherical masses between 

scales, and as blackened areas on the scales (Figure 1A). At higher magnifications, 

microscopic air bubbles, appearing as small white spheres on the images, covered the 

scale (Figure 1C). Epirez 123® reduced the presence of large air bubbles altogether 

(Figure 1B) and greatly reduced the number of microscopic air bubbles visible at higher 

magnifications (Figure 1D). 
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Figure 1. Molds of dorsal scales from live Oedura castelnaui using two different epoxy 

resins. (A) Mould made using DEVCON 2-TON®. Portions of the mould, created by large 

air bubbles (LB), have been ripped out while making the positive replicas of the study 

surface. Smaller air bubbles (SB) are also produced at the same time but not removed 

from the mould. Scale bar 500 µm. (B) Mould made using Epirez 123®. No air bubbles are 

present nor have any portions of the scale been removed due to air bubbles being 

trapped. Scale bar 500 µm. (C) DEVCON 2-TON® produces microscopic air bubbles (MB) 

present all over the scale. Three hair sensors (HS) are located at the posterior end of the 

scale as well as many lenticular sense organs (LSO). Scratches seen on the scale are 

superficial and occur due to rubbing on cage substrate. Scale bar 50 µm. (D) Epirez 123® 

greatly reduces the number of microscopic air bubbles. Three hair sensors are located at 

the posterior end of the scale as well as many lenticular sense organs all over the scale. 

Scale bar 100 µm. 
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I then examined P. ossa, a highly ornate species, using Epirez 123®. The lower 

magnification view of the scales (Figure 2A) shows no signs of air bubbles or any other 

artifacts. There were very few air bubbles visible, even at higher magnifications (Figure 

2B), while highly complex and microscopic microornamentations such as hair sensors 

(Figure 2C) and spinules (Figure 2D) remained intact. 

 

 

Figure 2. (figure caption on next page) 
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Figure 2 (figure on previous page). Molds produced of species with ornate 

oberhautchen. (A) Phyllurus ossa dorsal spine with hair sensors (HS) at the peak. The rest 

of the spine is bumpy, and each bump is covered in spinules. Scale bar 100 µm. (B) Deep 

furrows (F) split dorsal scales, in Phyllurus ossa, which each have one or two hair sensors, 

bumps covered in spinules, and spinulate areas with larger, thicker spinules (TS). Very few 

microscopic air bubbles (MB) can be found on the scales. Scale bar 50 µm. (C) A hair 

sensor in Phyllurus ossa which appears to be slightly raised above the scale because of a 

surrounding moat (MO). It has one thick bristle (BR) that has rows of small barbs, and is 

surrounded by very short spinules. Scale bar 5 µm. (D) Spinules to the right of the image 

project towards the microscope, whereas those to the left are on a flatter portion of the 

scale. Breaks between the two areas are outlines of the clear layer (CL) of the previous 

skin generation in Phyllurus ossa. Scale bar 1 µm. (E) Phyllurus amnicola has a slightly 

raised hair sensor surrounded by a wide moat. Bristle is barbed and surrounded by sparse 

spinules. Scale bar 5 µm. (F) Hair sensor from Nephrurus levis with four bottlebrush-

shaped bristles. Some spinules surround the bristles and the hair sensor is surrounded by 

a shallow moat. Scale bar 5 µm. 

 

Finally, I examined hair sensor images of P. ossa (Figure 2C), P. amnicola (Figure 2E) and 

N. levis (Figure 2F), and when I compared them to published images of hair sensors from 

P. caudiannulatus and N. levis (Bauer and Russell, 1988) I found that the hair sensors of 

all Phyllurus spp. examined were similar, in general. They had hair sensors with one bristle 

and rows of barbs along the vertical axis (Figures 2C and 2E). N. levis had hair sensors 

with five bottlebrush-shaped bristles, four of which remained intact through the molding 

process. Some spinules surrounding the bristles also remained intact (Figure 2F). 

 

Discussion 

My observations of dorsal scale SEM photographs suggest that making molds of living 

specimens allows extremely small (0.05 µm) and delicate structures to be observed. Molds 

were made at the ideal resting stage after shedding (Zucker, 1980), allowing us to observe 

details of the features present in the oberhautchen.  

  

Artifacts caused by bubbles (Figures 1A and 1C) in the epoxy resin positive occurred 

because of higher mixed viscosity in DEVCON® 2-Ton®. The vigorous mixing and heating 
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required for this product, caused air bubbles to be trapped in the epoxy during preparation, 

which then appeared as black areas or white spheres in the images. This problem was 

resolved by using Epirez 123® because its lower mixed viscosity did not necessitate 

vigorous mixing and the associated introduction of air bubbles. I was able to remove large 

air bubbles altogether (Figure 1B) and greatly reduce the number of microscopic air 

bubbles visible at higher magnifications (Figure 1D).   

  

The images of P. ossa, P. amnicola, and N. levis, species with complex oberhautchen, 

demonstrate that molds of living lizards, made at the appropriate time in the shedding 

cycle, provide an extraordinary view of even the smallest microornamentations. Images of 

hair sensors produced here (Figures 2C, 2E, and 2F) were similar, and in some cases 

more detailed than images of oberhautchen structures produced using traditional methods. 

Bauer and Russell (1988, Figures 7 and 12) examined the hair sensors of 

P. caudiannulatus and N. levis. Hair sensors structures of P. caudiannulatus were very 

similar to those of P. ossa and P. amnicola. All had one barbed bristle; clearly visible using 

this method. Comparing the N. levis images to those of Bauer and Russell (1988), 

revealed strong similarities as well, except that individual barbs (the “bottle-brush” 

structures) were clearer using this method than those depicted in their paper. As it was not 

possible to wait for N. levis to shed, molds were made late in the resting phase, which 

resulted in the absence of spinules surrounding the bristle. 

  

This technique is very simple and will be quite beneficial to researchers examining skin 

structures, as long as the animals are easily cared for in captivity until shedding occurs, or 

if shedding animals can be collected in the field and held for a few days in captivity. The 

method allows control over when in the shedding cycle the molds are made, providing 

opportunities to observe how the oberhautchen changes in one individual over time, on 

different parts of the body, and under different circumstances.  

  

Since the replicas do not harm the lizards, individuals can then be used for other studies or 

released back into their natural habitat. Thus, the molds provide an alternative to the use 

of preserved specimens, and can provide detailed images of oberhautchen 

microornamentation. I have continued to employ this method and have had great success 

with the skin of a range of different lizard species. 
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CHAPTER 3. MORPHOLOGICAL CHARACTERISTICS OF AUSTRALIAN GECKOS 

(SQUAMATA: CARPHODACTYLIDAE AND DIPLODACTYLIDAE) 

 

Publication: Vucko, M. J., Schwarzkopf, L., Vickers, M. J., and Robson, S. (in preparation) 

Morphological characteristics of Australian geckos (Squamata: Carphodactylidae and 

Diplodactylidae).  

 

Introduction 

In the Mesozoic era, an extensive radiation of squamate reptiles occurred producing lizard 

species with a great range of variation in body form and surface topology (Evans, 2003). 

This topology has been a subject of scientific interest for many years and researchers 

have relied on scanning electron microscopy (SEM) to examine variations within different 

squamate groups (Gans and Baic, 1977; Price, 1982; Peterson, 1984; Stovall, 1985; 

Schleich and Kästle, 1986; Irish et al., 1988; Harvey and Gutberlet Jr., 1995; Arnold, 2002; 

Gower, 2003). Only a handful of studies focus on gekkonids (Ruibal, 1968; Stewart and 

Daniel, 1972; Stewart and Daniel, 1975; Peterson and Bezy, 1985; Schleich and Kästle, 

1986; Matveyeva and Ananjeva, 1995) and among these, most only include geckos as a 

comparison to other squamates (Ruibal, 1968; Stewart and Daniel, 1975; Peterson and 

Bezy, 1985; Matveyeva and Ananjeva, 1995). 

 

Although the oberhautchen of lizards (i.e., the superficial layer of once-living β-keratin), is 

only 1 µm thick, it is highly variable in appearance because of differences among 

epidermal cells. These include differences in cell size and shape, boundary morphology 

(Ruibal, 1968; Peterson and Bezy, 1985; Harvey, 1993; Arnold, 2002), and variation in 

surface profile, including spectacular microornamentations (Ruibal, 1968) and sensory 

organs (Harvey and Gutberlet Jr., 1995). A single scale can possess several different 

microornamentation patterns which are repeated (Peterson and Bezy, 1985).  

 

Variation in the appearance of the oberhautchen is consistent among conspecifics no 

matter what the age after the first shed (Harvey, 1993). It is hardened by β-keratin, and 

therefore resistant to wear, maintaining its physical integrity (Irish et al., 1988). Because 

squamate skin morphology is consistent among species but very complex and varied 

among taxonomic groups, it has been used as a phylogenetic character to determine 
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relationships within a given clade, and to resolve taxonomic issues (Peterson, 1984; 

Harvey, 1993; Harvey and Gutberlet Jr., 1995).  

 

In general for lizards, skin characters are strongly related to the phylogenetic history of a 

group (Harvey, 1993; Harvey and Gutberlet Jr., 1995) and there may be a lack of 

association between the environment and microornamentation (Burnstein et al., 1974; 

Price, 1982; Peterson, 1984; Peterson and Bezy, 1985). There are, however, some 

features of the oberhautchen that have functional significance. Particular structures may 

facilitate: ecdysis (Arnold, 2002), dirt shedding (Gans and Baic, 1977), coping with varying 

temperatures in different parts of the body (Matveyeva and Ananjeva, 1995), pheromone 

capture, retention, and dispersal (Smith et al., 1982), the creation or reduction of friction in 

species living in small crevices (Stewart and Daniel, 1973), the reflection or channeling of 

harmful solar radiation (Porter, 1967), or wear prevention (Cole and Van Devender, 1976). 

 

A dichotomy in explanations of variation in oberhautchen morphology has arisen because 

studies typically address phylogeny and functionality separately, even though both are 

relevant to the evolution of characters (Gower, 2003). Interpretation problems are 

compounded if groups have homogeneous ecological backgrounds, there is only a small 

sample, or there is a clade with few described species (Arnold, 2002).  

 

In this study, I use scanning electron microscopy to (1) investigate and describe the dorsal 

scale oberhautchen characteristics of carphodactyline and diplodactyline squamates. I 

also analyze morphological characters of the oberhautchen of these geckos to (2) 

determine whether the occurrence of particular microornamentations are correlated, and to 

(3) examine correlations among microornamentations and other factors including body 

size, substrate use, or environmental conditions at the centre of each species’ geographic 

range. Finally, I (4) examine the differences in primary scale size, and sensory bristle 

shape and number with respect to the phylogenetic relationships of these geckos. 

Because these groups form a clade of gekkonids evolving only in Australia, New Zealand 

and New Caledonia (Han et al., 2004; Gamble et al., 2008a), it may be possible to 

determine which characters are more primitive, and shed light on why and when certain 

characters may have evolved. Outgroups used to determine the most primitive lineages 

within the Carphodactylidae and Diplodactylidae included certain species from the 

Eublepharinae and the Gekkoninae (Donnellan et al., 1999). 



Chapter 3. Scanning Electron Microscopy 

 14

Materials and Methods 

 

Study Species 

This study was conducted between April 31, 2005 and September 12, 2007. Geckos from 

Queensland (QLD) were captured at night by hand, with the aid of spotlights, and those 

from South Australia (SA) were captured in 20-liter pitfall traps. Only healthy, adult 

specimens were returned to the laboratory, and measurements were recorded within four 

to eight days after each individual shed its skin (Chapter 2), except for three species 

collected in SA, for which it was not possible to wait for shedding, in which measurements 

were obtained late in the resting phase. Obtaining images at this time is suboptimal, 

because skin accumulates wear and scratches over time after shedding. However, all 

measurements from these species were accurate as individual scales in good condition 

could still be measured.  

 

All dorsal epidermal scale samples were obtained from live specimens using molds of the 

epidermis to create positives that were subsequently photographed using SEM 

(Chapter 2). Twenty-seven individuals representing 9 genera of the Australian 

carphodactyline and diplodactyline gekkonids were examined (Table 1).  

 

Skin  Microornamentations 

Geckos were assigned to habitat groups using observations of habitat use made during 

collection, as well as published data (Cogger, 1994; Wilson and Swan, 2004). All dorsal 

epidermal scale images used for skin characteristic measurements were obtained from live 

specimens, using a technique where molds of the epidermis are made using an epoxy 

resin, to create positives that were subsequently photographed using SEM (Chapter 2). 

Images of microornamentations from each species were taken at magnifications of 

between x15 and x10,000 and analyzed using Image J v. 1.36b. The top of all SEM 

images reproduced here indicate the anterior end of the animal, unless otherwise stated. 

Measurements included (n indicates the number of items measured per individual): the 

area of primary and secondary scales (mm2 [n = 50]; Table 3), length of spinules 

(µm [n = 50]; Table 4), density of spinules per 10 µm2
 (n = 3; Table 4), diameter of pits 

(µm [n = 40]; Table 5), density of pits per 5 µm2
 (n = 3; Table 5), number of hair sensors 

per scale (n = 10; Table 6) and per square millimeter, number of bristles per sensor 



Chapter 3. Scanning Electron Microscopy 

 15

(n = 10; Table 6) and per square millimeter, the diameter of hair sensors (µm [n = 10]; 

Table 6), and the percent of each scale covered by knobs (Table 6), which included partial 

and fully formed knobs, thick spinule-like structures, and hillocks (n = 10). The spaces 

between scales (furrows) running longitudinally and anteroposteriorly (Table 7) were 

described as narrow (0 – 15 µm), medium (15 - 30 µm), or wide (30+ µm) and as shallow, 

medium, or deep. Depth was described qualitatively because it cannot be accurately 

measured from photographs. Spinule length (Table 4) is described here as short (0 - 0.39 

µm), medium (0.4 – 0.69 µm) and long (0.7 µm +). Hair sensors and number of bristles per 

square millimeter were estimated using surface area calculated from mass (Withers et al., 

2000). These estimates assume that the entire body of the gecko is covered in the same 

number of sensors or bristles per scale. However, in several different species of agamid, 

iguanid, and gecko, hair sensor numbers vary over the bodies’ surface (Lauff et al., 1993; 

Matveyeva and Ananjeva, 1995), i.e., scales on different parts of the body can evolve 

independently of one another (Arnold, 2002). Although numbers of hair sensors are likely 

to vary over gecko body surfaces as they do in agamids, iguanids, and other geckos, my 

measurements provide an accurate index of dorsal hair sensor and bristle numbers in 

each species, and although these may not represent a precise measure of whole body 

sensor numbers, my estimates are likely to be representative of the relative numbers of 

dorsal hair sensors and bristles among species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 1. Location names, latitude, and longitude where carphodactyline and diplodactyline gecko species 

were found for scanning electron microscopy. 

Species LocationA GPS Coordinates 
Carphodactylus laevis Mount Hypipamee NP, QLD S 17° 25’ 33”, E 145° 29’ 10” 
Diplodactylus conspicillatus Mingela Range, QLD S 20° 01’ 56”, E 146° 48’ 17” 
Diplodactylus conspicillatus  Great Victoria Desert, SA S 29° 21’ 07”, E 132° 41’ 57” 
Diplodactylus conspicillatus Winton, QLD S 22° 27’ 26”, E 142° 57’ 39” 
Diplodactylus granariensis Ifould Lake, SA S 30° 52’ 60”, E 132° 09’ 00” 
Diplodactylus tessellatus Boulia, QLD S 22° 35’ 50”, E 139° 42’ 59” 
Lucasium damaeum Great Victoria Desert, SA S 29° 24’ 13”, E 132° 50’ 19” 
Lucasium immaculatum Winton, QLD S 22° 28’ 34”, E 142° 55’ 45” 
Lucasium steindachneri Mingela Range, QLD S 20° 08’ 06”, E 146° 52’ 32” 
Lucasium stenodactylum Great Victoria Desert, SA S 29° 25’ 37”, E 132° 56’ 42” 
Nephrurus asper Mingela Range, QLD S 20° 06’ 39”, E 146° 52’ 39” 
Nephrurus laevissimus Great Victoria Desert, SA S 29° 21’ 07”, E 132° 41’ 57” 
Nephrurus levis Great Victoria Desert, SA S 29° 21’ 07”, E 132° 41’ 57” 
Oedura castelnaui Mingela Range, QLD S 20° 22’ 06”, E 146° 57’ 39” 
Oedura coggeri Hidden Valley, QLD S 19° 00' 06", E 146° 04' 47" 
Oedura marmorata  Population 1 Mt. Isa, QLD S 20° 51’ 42”, E 139° 27’ 42” 
Oedura marmorata  Population 2 Winton, QLD S 22° 27’ 18”, E 142° 58’ 18” 
Oedura monilis Eungella NP, QLD  S 21° 10' 07", E 148° 30' 09" 
Oedura rhombifer Airlie Beach, QLD  S 20° 20’ 08”, E 148° 40’ 19” 
Phyllurus amnicola Bowling Green Bay NP, QLD  S 19° 28' 50", E 146° 58' 59” 
Phyllurus nepthys Eungella NP, QLD S 21° 08' 43", E 148° 29' 57" 
Phyllurus ossa Airlie Beach, QLD  S 20° 20’ 08”, E 148° 40’ 19” 
Rhynchoedura ornata Winton, QLD S 22° 28’ 34”, E 142° 55’ 45” 
Saltuarius cornutus Crater Lakes NP, LE Section, QLD S 17° 17' 12", E 145° 37' 17" 
Strophurus krysalis Mt. Isa, QLD S 20° 35' 51", E 139° 34' 10" 
Strophurus taeniatus Mt. Isa, QLD S 20° 49' 30", E 139° 27' 42" 
Strophurus williamsi Mingela Range, QLD S 20° 12' 56", E 146° 52' 20” 
AQLD, Queensland; SA, South Australia; NP, National Park; LE, Lake Eacham. 

16 
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Descriptive Terminology 

Descriptive terminology used in this paper follows Ruibal (1968), Peterson (1984), Irish et 

al. (1988), Lang (1988), Harvey (1993, 1995) and Arnold (2002) and includes some new 

terms to describe structures and patterns seen only on these lizards. Although there has 

been no comprehensive, detailed description of the skin of Australian geckos, there are 

descriptions of some species (Bauer and Russell, 1988). The oberhautchen in this group 

are all similar in that they have two sizes of scale. Here I call the larger scales “primary” 

scales and the smaller scales that surround these “secondary” scales. It is important to 

note that many researchers study the oberhautchen without explaining whether the 

topography is intrinsic, or is caused by formations in deeper layers of the skin. I am using 

the features of the oberhautchen as taxonomic characters, but the reader should bear in 

mind that this superficial layer may not comprise the complete morphology of each cell, 

which may well be derived from deeper layers of the skin (Irish et al., 1988; Harvey, 1993).  

 

Statistical Analyses 

 

Univariate Analyses 

Typically, counts of skin characteristics were highly repeatable and normally distributed 

within each species; therefore I used species means for analyses (Tables 3, 4, 5, 6, 

and 7). I compared overall mean body size (Table 2) and overall mean values for skin 

microornamentations (primary and secondary scale size, Table 3; spinule length and 

density, Table 4; pit diameter and density, Table 5; knobbiness index and hair sensor data, 

Table 6; and furrow characteristics, Table 7) between carphodactyline and diplodactyline 

geckos (higher taxonomy, Table 2) using independent samples t-tests. To compare the 

size of primary scales between carphodactyline and diplodactyline geckos, relative to their 

body sizes, I used ANCOVA. I examined correlations among body size, skin 

microornamentations and environmental conditions at the centre of each species’ 

geographic range (Table 8) using linear regressions. In some cases, there were sections 

of dense and sparse pits and spinules on individual scales. In these cases for correlation 

analysis, I used measurements from the denser areas only, as they covered the greatest 

area (see below). 
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Canonical Discriminant Function Analysis 

According to univariate analyses based on skin characteristics, carphodactyline and 

diplodactyline geckos are two very different clades; therefore, multivariate examination of 

the two clades was done with the clades combined, as well as separate. To examine the 

extent to which size-corrected skin characteristics could correctly predict group 

membership of species into (1) genera [carphodactylines: Carphodactylus, Nephrurus, 

Phyllurus, or Saltuarius; diplodactylines: Diplodactylus, Lucasium, Oedura, Rhynchoedura, 

or Strophurus; Table 2 (Wilson and Swan, 2004; Oliver et al., 2007)], (2) substrates usually 

used [arboreal, terrestrial, and saxicoline; Table 8 (Wilson and Swan, 2004)], and (3) 

environmental conditions at the centre of each species geographic range [xeric, mesic, 

and hydric; Table 8 (Bureau of Meteorology, 2008)], I used canonical discriminant function 

analysis (CDFA). Classification tables, using within-groups covariance matrices were 

given, establishing the percent of cases that were correctly assigned to their respective 

groups. Examination of the CDFA was justified if discrimination between the groups was 

above 80% (Thompson and Withers, 1997). Canonical discriminants were considered 

significant if Eigenvalues were greater than 1 (Thompson and Withers, 1997) and 

canonical function plots were provided with group centroids and 95% confidence ellipses 

based on the standard error where possible. The pooled within-group correlation structure 

matrices (SM) were used to determine the skin characteristics that loaded most heavily on 

the first two canonical discriminants if they were significant and values were reported. 

Homogeneity of variance was achieved by log10 (x+1) transforming all the skin 

characteristics before analysis. Skin characteristics that expressed multicollinearity 

(variance inflation factor < 3) were removed from the analysis (Francis, 2001).  

 

SPSS 16 was used for all statistical analyses except for confidence ellipses which were 

created using SYSTAT 10. Alpha level for all tests was 0.05.  

 

A phylogeny was constructed for the twenty-four species (and populations therein; Figures 

31, 32, 33, 34, and 35; Chapter 5, Figures 1 and 3; Chapter 6, Figure 1) used for SEM 

measurements by combining trees (neighbour-joining) from other sources (Hoskin et al., 

2003; Oliver et al., 2007; Oliver, 2007 unpublished data) to assess the character history of 

primary scale size, bristle shape, and bristle number and to examine possible reasons for 

differences among species. Support for the monophyly of Carphodactylidae and 

Diplodactylidae is well established in other studies (Han et al., 2004; Gamble et al., 2008a; 
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Gamble et al., 2008b). Species and genera positions within the Carphodactylidae were 

based on phylogenetic relationships reported in Hoskin et al. (2003) produced using 

mitochondrial 12S rRNA and cytochrome b genes. Species and genera positions within the 

Dipodactylidae were based on phylogenetic relationships reported in Oliver et al. (2007) 

and Oliver (2007, unpublished data) produced using mitochondrial ND2 genes supported 

with morphological data. 

 

Results 

 

Morphological Comparisons 

All species observed in this study had several characteristic skin features in common: 

(1) Prior to shedding, squamate epidermis includes two epidermal generations forming the 

shedding complex (Alibardi and Toni, 2005); the new inner generation and the old outer 

generation (Maderson, 1967). Attachment between the two occurs because the uppermost 

oberhautchen layer of the inner generation inter-digitates with the corresponding denticles 

of the clear layer of the outer generation. This inter-digitation then becomes the line of 

separation between the two generations upon sloughing (Alibardi and Toni, 2005). 

Indications of clear layer (the bottom-most layer of the old epidermal generation) 

attachment appear as dark lines on the scales of all species in this study (see Figure 1D). 

(2) Primary and secondary scales lacked imbrication, where there is overlap at the back 

end of each scale, found in many other squamates species (Burnstein et al., 1974; 

Peterson, 1984; Lang, 1989; Alibardi and Toni, 2006). 

(3) The secondary scales were always triangular, but varied in size and shape (I used 

“equilateral” as a descriptor, if the shape of the secondary scale resembled an equilateral 

triangle).  

(4) Primary scales had spinule and pit characteristics that were uniform until the very edge 

of the scale, which sloped down into the furrows. In most cases I have only reported one 

mean measurement for each of these characteristics because of this uniformity in size until 

the very edge. If two measurements appear (i.e., in Lucasium damaeum, Oedura 

marmorata (both populations), and the Strophurus spp.; Tables 4 and 5) it is because the 

characteristics in question changed abruptly before the edge of the scale. For example, if 

one half of the primary scale was covered in a long, dense spinulate area while the other 

half was covered in short, sparse spinules (Figures 10A, 14A, and 14B), I would report two 

measurements. 
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(5) Three different types of tactile sense organs occurred in the species in this study: hair 

sensors, lenticular sense organs and so-called “craters”. Tactile sense organs differed 

among species in distribution, number and type.  

 

Carphodactylus sp. 

Carphodactylus laevis is the most primitive of the carphodactylines, and is a terrestrial 

rainforest specialist living in leaf litter and at the base of small-diameter trees. Primary 

scales were circular and collapsed in the centre (Figure 1B). Secondary scales were 

almost equilateral except at the end of a row where they taper. Primaries and secondaries 

were much less distinct from each than any other group in this study because they were 

separated by very narrow, shallow furrows running anteroposteriorly. Running 

longitudinally were very deep, narrow furrows which created strap-shaped areas up to 20 

primary scales in length (Figure 1A). Primary scales were covered in hillocks, with long 

dense spinulate areas, and flatter areas, with shorter, sparser spinules (Figure 1D). These 

were interrupted by 3 to 8 hair sensors per scale, which were slightly raised, surrounded 

by a deep moat and had between 2 to 6 bristles per sensor. The sensors resembled 

spinulate hillocks with the top replaced by a number of bottlebrush-shaped bristles each of 

which was surrounded by a smaller array of spinules at the base (Figure 1C). Spines in 

this species were only found in two rows along the vertebral column. They had smooth, 

rounded peaks while the lower portion of the spine was covered in hillocks and hair 

sensors similar to primary scales. No lenticular sense organs were found in this species. 
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Figure 1. Dorsal scale SEM images of Carphodactylus laevis. (A) Deep furrows running 

longitudinally (LF) form strap-shaped areas up to 20 primary scales in length. 

Anteroposterior furrows (AF) were comparatively shallow. Scale bar 100 µm. (B) Hair 

sensors (HS) found throughout the scale with hillocks (HI) covered in dense spinules. An 

anteroposterior shallow furrow between the primary and secondary scale is located to the 

right of the image. Scale bar 50 µm. (C) Hair sensor with five bottlebrush-shaped bristles 

(BR) surrounded by a deep moat (MO). Scale bar 10 µm. (D) Density of spinules on the 

hillock is greater than flatter portions of the scale in the top left and right of the image. 

Three darker lines splitting the hillock are separations between cells indicating the outline 

of the clear layer (CL) from the previous skin generation. Scale bar 5 µm. 
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Nephrurus spp. 

Nephrurus spp. all had primary scales that were covered in short spinulate areas varying 

in density among species. The only portions of the scale not covered in spinules were 

keratinized knobs (Figure 2D). All Nephrurus spp. had spines covering the dorsal surface 

each with a keel running along the anterior end of the scale. The spines had several hair 

sensors at the peak forming a V-shape around the keel, with the apex facing the posterior 

end of the scale. In Nephrurus asper the primary scales surrounding each peak were 

much larger than the other primaries and had many hair sensors that were located on the 

edge of the primary scale closest to the edge of the spine. N. laevissimus and N. levis had 

primaries which were similar all over the dorsal surface regardless of their position relative 

to a spine (Figures 2B and 3B). No lenticular sense organs were found in this genus. 

 

N. asper is a terrestrial species occurring in dry open woodlands on rocky outcrops. Its 

primary scales were flat and round while secondary scales were slightly rounded with 

occasional flattened tips. All anteroposterior furrows between scales were of medium 

depth and width while those running longitudinally were narrow and deep (Figure 2A). 

Primary scales had from 0 to 3 hair sensors positioned centrally or towards the posterior 

end, each with 4 to 7 bristles. The hair sensor was surrounded by a shallow moat and 

depressed into the scale. The shafts of the bristles were slightly barbed and resembled a 

mace. They were surrounded by extremely short and sparse spinules (Figure 2C).  
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Figure 2. Dorsal scale SEM images of Nephrurus asper. (A) Longitudinal furrows (LF) are 

narrow and deep. Anteroposterior furrows (AF) are of medium depth and width. 

Keratinized knobs (KK) and hair sensors are also visible at this magnification. Scale bar 

100 µm. (B) A spine, surrounded by scales much larger than those on the rest of the body 

and keeled towards the anterior end of the scale. Six hair sensors (HS) occurred at the 

peak forming a V-shape with the apex facing posteriorly while the rest of the spine is 

covered in keratinized knobs. The top right portion of the image is the edge of the sample 

and the bottom of the image faces the anterior end of the lizard. Scale bar 100 µm. 

(C) Hair sensor with seven, slightly barbed bristles (BR) which were divided into a series of 

knobs at the end. A shallow moat (MO) surrounds the hair sensor. Scale bar 5 µm. 

(D) One of many keratinized knobs found throughout each scale, devoid of spinules. Scale 

bar 5 µm. 
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N. laevissimus is a terrestrial species occurring on sandy desert ridges with Spinifex grass. 

Primary scales were round and dome-shaped, while secondaries were extremely reduced 

and look as though they are an extension of the primary scale on both the anterior and 

posterior ends. All separations between scales were of medium width and depth, except 

for those running anteroposteriorly between the primaries and secondaries, which were 

shallow. Between 1 and 2 hair sensors were located centrally on each primary scale and 

were depressed and surrounded by a deep moat. Each had from 5 to 9 bottlebrush-

shaped bristles surrounded by long but sparse spinules (similar to Figure 3D).  

 

N. levis is an arid, terrestrial specialist found on sandy dunes with Spinifex grass. Primary 

scales were round and dome-shaped, and secondary scales were wrinkled but did not 

have flattened tips as in N. asper (Figures 3A and 3C). Furrows running longitudinally were 

much deeper and narrower than those traveling anteroposteriorly which were shallow and 

of medium width (Figure 3A). Primary scales each had one hair sensor, located centrally 

or towards the posterior end of the scale, which was not depressed but surrounded by a 

shallow moat. Each had from 4 to 6 bottlebrush-shaped bristles with hairs from base to tip 

and surrounded by long but sparse spinules (Figure 3D). 
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Figure 3. Dorsal scale SEM images of Nephrurus levis. (A) Dome-shaped primary scales 

separated by deep, narrow furrows running longitudinally (LF) and shallow, medium-width 

furrows running anteroposteriorly (AF). Almost all primary scales have one hair sensor 

(HS) near the centre of the scale surrounded by keratinized knobs (KK). Scale bar 100 µm. 

(B) A spine, immediately surrounded by scales, which are similar to those covering the 

rest of the body, with a keel facing the anterior end of the scale. Three hair sensors occur 

at the peak of the spine forming a “V” with the apex facing posteriorly. The remainder of 

the spine is covered in several keratinized knobs. Scale bar 100 µm. (C) Dome-shaped 

scale with one centrally located hair sensor. Scale bar 50 µm. (D) Hair sensor with five 

bottlebrush-shaped bristles (BR), four of which have remained intact through the molding 

process. Some spinules surrounding the bristles also remained intact and the hair sensor 

is surrounded by a shallow moat (MO). Scale bar 5 µm. 
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Saltuarius sp. 

Saltuarius cornutus occur only in rainforest and shelter high in the canopy of large-

diameter lichen-covered trees, coming down at night to feed. Primary scales were oval and 

dome-shaped, and secondaries were reduced with flattened tips (Figures 4A and 4B). 

Furrows running longitudinally between scales were of medium depth and narrow while 

those running anteroposteriorly were wide and shallow due to the flattened corners of the 

secondary scales. The furrows running longitudinally created strap-shaped areas up to 6 

primary scales in length (Figure 4A). Primary scales were covered in evenly distributed 

mats of short, sparse spinules as well as keratinized knobs which were larger than those in 

Nephrurus spp. (Figures 4D and 4F). Between 0 and 5 hair sensors were positioned all 

over the scales, each with 1 or 2 bristles which were almost smooth rather than barbed, 

tapered at the end, and surrounded by a shallow moat (Figure 4E). No lenticular sense 

organs were found in this species. 
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Figure 4. Dorsal scale SEM images of Saltuarius cornutus. (A) Furrows running 

longitudinally between scales (FL) form strap-shaped areas up to 6 primaries in length. 

Those running anteroposteriorly (AF) were shallow and wide. Scale bar 100 µm. 

(B) Dome-shaped oval scale with large keratinized knobs (KK) and 4 hair sensors (HS) 

that occurred regularly all over the scale. Scale bar 50 µm. (C) Spine covered with 

keratinized knobs and hair sensors from the peak to the base. Scale bar 100 µm. 

(D) Keratinized knob devoid of spinules. Scale bar 5 µm. (E) Hair sensor with two bristles 

(BR) and a very shallow moat (MO). Scale bar 5 µm. (F) Spinulate area with keratinized 

knobs and separations between cells indicating the outline of the clear layer (CL) from the 

previous skin generation. Scale bar 10 µm. 
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Phyllurus spp. 

All Phyllurus spp. had spines covering the dorsal surface each with several hair sensors 

just below the smooth, rounded peak. Each spine had keels beginning below the peak, 

and running down all sides. Thicker spinule-like structures filled the areas between the 

keels near the top of the spine and occurred on the keels themselves towards the bottom 

of the spine (Figures 5C and Chapter 2, 2A). Between the keels, from about halfway down 

were spinule-covered bumps in Phyllurus nepthys and P. ossa (Chapter 2, Figure 2A). In 

P. amnicola this area was covered in lenticular sense organs and flat spinulate areas 

(Figure 5C). The base of each spine, in all three species, also had several keratinized 

knobs resembling keels that broke into small sections (Figures 5C and Chapter 2, 2A). All 

three species had primary scales that were covered in centrally located larger, thicker 

spinulate areas and keratinized knobs (Figure 5D). P. nepthys and P. ossa were very 

similar to each other with respect to these characteristics, with reduced keratinized knobs 

and large areas of thick spinules (Chapter 2, Figure 2B). Transition areas also existed in 

these two species, where many thick spinules coalesced to form keratinized knobs 

(Figure 6D). P. amnicola had larger keratinized knobs, similar to Saltuarius cornutus, and 

smaller areas of thick spinules (Figures 5B and 5D). Both P. amnicola and P. nepthys had 

short, dense spinules (Figure 5F) while P. ossa had sparser, longer spinules (Chapter 2, 

Figure 2D). No lenticular sense organs were found in this genus. 

 

P. amnicola occur in rainforest and live on large boulders. Primaries were irregularly-

shaped scales which were slightly dome-shaped, with wrinkled secondaries (Figure 5B). 

All furrows between scales were of medium width and shallow (Figure 5A). 5 to 10 hair 

sensors were located around the edges of each scale, with one barbed bristle that 

appeared raised above the scale because of the wide moat surrounding it (Figure 5E). 
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Figure 5. (caption on next page) 
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Figure 5. (figure on previous page) Dorsal scale SEM images of Phyllurus amnicola. 

(A) Irregularly-shaped primary scales with shallow, medium-width furrows running 

longitudinally (FL) and anteroposteriorly (FA). Scale bar 100 µm. (B) Primary scale with 

many hair sensors (HS) around the edges. Keratinized knobs (KK) and areas of thicker 

and larger spinule-like structures (TS) are more centrally located. Scale bar 50 µm. 

(C) Spine with many keels and 8 hair sensors at the peak. Lenticular sense organs (LSO) 

cover the rest of the spine towards the base. Primary scales surrounding the spine were 

similar in size to the rest of the primaries on the dorsal surface. Scale bar 100 µm. 

(D) Centrally located keratinized knobs and thicker spinulate areas. Scale bar 100 µm. 

(E) Slightly raised hair sensor surrounded by a wide moat (MO). Bristle (BR) is barbed and 

surrounded by longer but sparser spinules. Scale bar 5 µm. (F) Spinules separated by pits 

(P), struts (S) and dark lines indicating the outline of the clear layer (CL) from the previous 

skin generation. Scale bar 1 µm. 

 
P. nepthys occur in rainforest and live on rough-barked trees. Their primary scales were 

high, rounded domes, whereas secondary scales were reduced and wrinkled. Furrows 

between all scales were narrow and shallow except for those running longitudinally which 

were of medium width (Figure 6A). Centrally located transition areas also existed, where 

many thick spinule-like structures came together to form small keratinized knobs 

(Figure 6D). Primary scales had between 1 and 3 hair sensors that were usually located 

towards the posterior end (Figure 6B). Hair sensors each had 1 thick, short bristle which 

was slightly barbed and surrounded by shorter spinules. The hair sensors were level with 

the rest of the scale and the surrounding moat was extremely shallow (Figure 6C). 

 



Chapter 3. Scanning Electron Microscopy 
 

31 

 

Figure 6. Dorsal scale SEM images of Phyllurus nepthys. (A) High dome-shaped scales 

surrounded by reduced, wrinkled secondaries amongst the shallow, medium-width 

longitudinal furrows (LF) and shallow, narrow anteroposterior furrows (AF). Scale bar 

100 µm. (B) A single primary scale with three hair sensors (HS) and a large, thick 

spinulate (TS) area. A handful of partially (PKK) and fully formed keratinized knobs (KK) 

can also be seen. Scale bar 50 µm. (C) Hair sensor surrounded by a shallow moat (MO) 

that is level with the rest of the scale, with a very short, thick bristle (BR), with short, 

rounded barbs. Scale bar 5 µm. (D) Thicker spinulate area covers most of the image with 

normal spinules at the top left corner and a partially formed keratinized knob to the right. 

Scale bar 10 µm. 

 

P. ossa occur in low-lying rainforest in rocky riverbeds. Primary scales were flat and 

irregularly shaped (Chapter 2, Figure 2A), and secondaries were extremely reduced and 

looked as though they were extensions of the primary scale on both the anterior and 

posterior ends (Chapter 2, Figure 2B). Furrows running longitudinally were wide and 

shallow due to reduced secondaries, while those running anteroposteriorly were deep and 
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narrow (Chapter 2, Figure 2B). Primary scales had from 1 to 3 hair sensors, which 

occurred throughout the scale, each with one bristle with short, rounded barbs surrounded 

by shorter spinules (Chapter 2, Figure 2C). The hair sensors were level with the rest of the 

scale and the surrounding moat was quite shallow. 

 

Diplodactylus spp. 

All Diplodactylus spp. had up to 7 rows of primary scales running along the vertebral 

column that were larger than primaries on the rest of the dorsal surface (Figure 9A). Hair 

sensors occurred at the posterior end of the primary scales and were slightly depressed 

into the scale with a much reduced moat and longer spinules around the base of the bristle 

(Figure 7B). Lenticular sense organs occurred around the edges of the primary scales in 

these three species (Figures 8B and 8C). In Diplodactylus conspicillatus they were usually 

anterior to the hair sensors, and situated towards the anterior end of the scales, in 

Diplodactylus granariensis they were numerous and found around the entire edge of the 

scale (Figure 8B), and in Diplodactylus tessellatus they were uncommon, but also 

occurred around edge of the primary scales towards the anterior end (Figure 9D). 

 

D. conspicillatus is a terrestrial termite specialist living throughout Australia in many 

different environmental conditions. Three different populations were examined, because 

there were obvious morphological differences among individuals from the Great Victoria 

Desert, SA, the Mingela Range, QLD and Winton, QLD. In all D. conspicillatus, large 

primaries were stretched out, irregularly-shaped, almost circular hexagons (Figure 7A) 

while small primaries were rounded, except at the anterior end where they appeared 

hexagonal (similar to Figure 8B). Secondary scales were extremely reduced in this 

species. All anteroposterior furrows were narrow and shallow, whereas longitudinal 

furrows were of medium width and depth, except for the Great Victoria Desert population, 

which were deep (Figure 7A). Long spinules covered each primary scale evenly. The two 

populations from Queensland each had 1 to 3 hair sensors per scale, whereas the South 

Australian population had 2 to 4. Bristles were barbed with a tapered distal end. 

D. conspicillatus populations from Queensland populations had very wide furrows between 

the scales, which were much narrower in the South Australian population (Figures 7C and 

7D).  
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Figure 7. Dorsal scale SEM images of Diplodactylus conspicillatus. (A) Large primary 

scales from the Mingela Range (QLD) population showing stretched, irregularly-shaped 

hexagons, and extremely reduced secondary scales. Hair sensors (HS) are present at the 

posterior end of the scale. All furrows running anteroposteriorly (AF) between scales are 

narrow and shallow while those running longitudinally (LF) are of medium width and depth. 

Scale bar 100 µm. (B) Slightly depressed hair sensor with a barbed bristle (BR) that is 

tapered at the distal end. Scale bar 5 µm. (C) Mingela Range and Winton (QLD) 

populations of D. conspicillatus had very wide gaps between the cells where the clear 

layer (CL) attached from the previous skin generation. Scale bar 5 µm. (D) Splitting 

between cells where the clear layer was attached from the previous skin generation is 

much narrower in the Great Victoria Desert (SA) population of D. conspicillatus. 

Scale bar 5 µm.  

 

D. granariensis is a terrestrial species and lives in semi-arid regions on low–lying 

branches. Both small and large primaries were dome-shaped and hexagonal but slightly 

rounded at the posterior end, and secondary scales were equilateral and heavily wrinkled. 
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Furrows between the scales were narrow and shallow except for those running 

longitudinally, which were deep (Figure 8A). Scales were covered in short spinules, and 

there were 2 to 5 hair sensors found on each primary scale at the posterior end. Each had 

one bristle that was quite smooth with no barbs, and somewhat tapered at the distal end 

(Figure 8D).  

 

 

Figure 8. Dorsal scale SEM images of Diplodactylus granariensis. (A) Primary scales 

were hexagonal but slightly rounded at the posterior end and secondary scales were 

equilateral and heavily wrinkled. Furrows running anteroposteriorly (AF) between the 

scales were narrow and shallow while those running longitudinally (LF) were narrow and of 

medium depth. Scale bar 100 µm. (B) One primary scale with lenticular sense organs 

(LSO) surrounding the scale and two hair sensors (HS) at the posterior end. 

Scale bar 100 µm. (C) Lenticular sense organ located at the edge of the scale where 

spinules were extremely short and sparse with clear layer (CL) outlines from the previous 

skin generation. Scale bar 5 µm. (D) Hair sensor with a smooth, tapered hair sensor at the 

edge of the scale where the spinulate area was less dense. The top of the image shows 

where the denser spinulate area begins. Scale bar 5 µm. 
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D. tessellatus is a terrestrial species living in cracked clay soils in arid regions. Large 

primaries were almost circular (Figure 9C) and small primaries appeared hexagonal at the 

anterior end of the scale, and rounded at the other end (Figure 9B). Secondaries were 

extremely reduced (Figure 9A). Furrows separating scales anteroposteriorly were narrow 

and of medium depth whereas longitudinally they were of medium width and deep. All 

primary scales had a centrally located bare area that was not caused by erosion but was 

part of the original oberhautchen surface structure (Figure 9A). Surrounding the bare areas 

were medium length spinules (Figure 9F) and between 3 and 6 hair sensors. Each had 1 

or 2 bristles that were smooth and tapered at the end (Figure 9E).  
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Figure 9. (figure caption on next page) 
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Figure 9. (figure on previous page) Dorsal scale SEM images of Diplodactylus 

tessellatus. (A) The vertebral column (along the right side of the image) hosts primary 

scales that were larger than the rest on the dorsal surface (at the left of the image). Bare 

areas (BA) are the dark areas visible in the center of each scale. Anteroposterior furrows 

(AF) separating scales were narrow and of medium depth and longitudinal furrows (LF) are 

of medium width and deep. Scale bar 500 µm. (B) Small primary scales that occur away 

from the vertebral column. Two hair sensors (HS) can be seen at the posterior end of the 

scale. Scale bar 100 µm. (C) A large primary scale from along the vertebral column. Four 

hair sensors (HS) are located at the posterior end of the scale. Scale bar 100 µm. 

(D) Lenticular sense organ (LSO) at the anterior end of the scale. Scale bar 5 µm. (E) Hair 

sensor with a smooth, tapered bristle (BR) located next to a bare area. Scale bar 5 µm. 

(F) Pits (P) and struts (S) occur amongst the spinules (at the top of the image) and a 

portion of a bare area is visible at the bottom. Scale bar 1 µm. 

 

Lucasium spp. 

All Lucasium spp. had primary scales that were domed-shaped, slightly rounded hexagons 

with more sharply defined points at the anterior end (Figures 10A, 11A, and 12A). 

Secondary scales for all Lucasium spp. were almost equilateral and wrinkled. All furrows 

between scales for this genus were narrow and of medium depth except for Lucasium 

damaeum where furrows were shallow. There were varying degrees of spinule density 

among species but all had extremely long spinules that covered the scale evenly 

(Figure 11D), except L. damaeum, which had areas of shorter spinules (Figure 10D). Hair 

sensors occurred at the posterior end of the scale (Figures 10A, 11B, and 12B).  

 

Lucasium damaeum is a terrestrial species living in semi-arid sandy areas. The primary 

scales had either no hair sensors, or 1 hair sensor (Figure 10A) with 1 smooth bristle, 

which tapered at the end and was surrounded by longer spinules. Hair sensors, if present, 

were slightly depressed into the scale and had no moat (Figure 10C). Lenticular sense 

organs occurred around the anterior edges and occasionally towards the centre of scales 

(Figure 10A and 10B). 
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Figure 10. Dorsal scale SEM images of Lucasium damaeum. (A) Several scales showing 

the visual difference between long (LS) and short spinule-covered areas (SS). Lenticular 

sense organs (LSO) occurred around the edges and near the centre of the scales. 

Longitudinal (LF) and anteroposterior (AF) furrows between scales were narrow and 

shallow. Note: the top of the image is towards the posterior end of the animal. 

Scale bar 100 µm. (B) Lenticular sense organ (LSO), which is depressed into the scale. 

Scale bar 5 µm. (C) Hair sensor with a distally tapered, smooth bristle surrounded by long 

spinules. Scale bar 5 µm. (D) Transition between short and long spinulate areas.  

Scale bar 5 µm.  

 

L. immaculatum is a terrestrial species living on red shale in arid regions. These lizards 

had 1 hair sensor on each primary scale (Figures 11A and 11B) with one bristle that was 

heavily barbed and tapered at the end. The hair sensors were slightly depressed and each 

hair was surrounded by slightly shorter spinules with no surrounding moat (11C). 

Lenticular sense organs were absent in this species.  
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Figure 11. Dorsal scale SEM images of Lucasium immaculatum. (A) Several primary 

scales with one hair sensor (HS) at the posterior end of each scale. Longitudinal (LF) and 

anteroposterior (AF) furrows between scales were narrow and of medium depth.  

Scale bar 100 µm. (B) One dome-shaped primary scale that appears more hexagonal at 

the anterior end because the posterior end is rounded. Scale bar 50 µm. (C) Hair sensor 

with a slight depression but with no surrounding moat. The bristle (BR) is heavily barbed 

and the surrounding spinules were sparser than those on the rest of the scale. 

Scale bar 5 µm. (D) Evenly spaced spinules amongst pits (P) and struts (S). Note the 

broken, fallen spinules. These occurred throughout the dorsal surface and may have been 

caused by rubbing of the oberhautchen on cage substratum. Scale bar 1 µm. 
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L. steindachneri is a terrestrial species living in a variety of habitats in semi-arid regions. 

There were either no hair sensors, or 1 hair sensor on each primary scale (Figure 12A), 

with one bristle, which was heavily barbed and tapered at the distal end. Hair sensors 

were slightly depressed into the scale, and each bristle was surrounded by elongate 

spinules, and no moat (Figure 12C). Lenticular sense organs (Figure 12D) occurred 

around the edges of the scale, including posteriorly to the hair sensors (Figure 12A).  

 

 

Figure 12. Dorsal scale SEM images of Lucasium steindachneri. (A) Lenticular sense 

organs (LSO) occurred all around the edges of the scales. Longitudinal (LF) and 

anteroposterior (AF) furrows between scales were narrow and of medium depth.  

Scale bar 100 µm. (B) Primary scales look circular because of flattened hexagonal tips 

(FHT). Hair sensors (HS) are visible at the posterior end of the scale. Scale bar 50 µm. 

(C) Hair sensor with a bristle (BR) that is barbed and tapered at the distal end. 

Scale bar 5 µm. (D) Lenticular sense organ near the anterior edge of the scale.  

Scale bar 5 µm.  
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Lucasium stenodactylum is a terrestrial species and lives in arid and semi-arid regions. 

Each primary scale had 1 to 3 hair sensors, with 1 smooth bristle, with the distal end 

tapered, and surrounded by long spinules (similar to Figure 10C). The hair sensor was 

flush with the rest of the scale and had no moat. Lenticular sense organs occurred around 

the anterior edges and occasionally towards the centre (similar to Figure 10A). 

 

Oedura spp. 

Oedura spp. were all very similar to one another, except for Oedura rhombifer (see below). 

Primary scales were very large (0.2 µm2 – 0.4 µm2; Table 1) and secondaries were much 

smaller and wrinkled. Furrows between all scales were narrow, while those running 

longitudinally were deep and those running anteroposteriorly were of medium depth except 

for O. coggeri where they were shallow (Figures 13A, 13B, 14A, and 14B).   

 

O. castelnaui is an arboreal species living in open woodlands. Primary scales were 

irregularly shaped and evenly covered in long spinules (Figure 13A). Each scale had 5 to 9 

hair sensors at the posterior end each with one smooth bristle which was split at the distal 

end and surrounded by longer spinules (Figure 13C). This species had numerous 

lenticular sense organs and craters occurring all over their scales (Figures 13E and 13F). 

 

O. coggeri is a rock-dwelling species living in open woodlands. Primary scales were 

irregularly-shaped and evenly covered in long spinules with 2 to 4 hair sensors at the 

posterior end (Figure 13B) each having one bristle that was smooth and split at the distal 

end and surrounded by longer spinules (Figure 13D). This species had numerous 

lenticular sense organs and craters that occurred all over the scale, but were not as 

numerous as those in O. castelnaui (Figures 13E and 13F).   
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Figure 13. (figure caption on next page) 
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Figure 13. (figure on previous page) Dorsal scale SEM images of Oedura castelnaui 

and Oedura coggeri. (A) Primary scale of Oedura castelnaui with small, wrinkled 

secondary scales and many lenticular sense organs (LSO) around the edge and craters 

(CR) away from the edge covering the entire surface of the scale. Hair sensors (HS) were 

also observed at the posterior end of the scale. Furrows are narrow and of medium depth 

running anteroposteriorly (AF) and narrow and deep running longitudinally (LF).  

Scale bar 100 µm. (B) Primary scale of Oedura coggeri with small wrinkled secondary 

scales. Lenticular sense organs and craters occurred throughout the scale, but fewer than 

in Oedura castelnaui. Hair sensors can be seen at the posterior end of the scale. Furrows 

running between scales anteroposteriorly are narrow and shallow while those running 

longitudinally are narrow and deep. Scale bar 100 µm. (C) Hair sensor of Oedura 

castelnaui with a smooth bristle (BR) split at the distal end and surrounded by long 

spinules and a shallow moat (MO). Scale bar 5 µm. (D) Hair sensor of Oedura coggeri with 

a smooth bristle split at the distal end and surrounded by long spinules and a larger moat 

than in Oedura castelnaui. Scale bar 5 µm. (E) Lenticular sense organs make up the 

majority of the sense organs on both Oedura castelnaui and Oedura coggeri and were 

found away from the centre of the primary scales. Scale bar 5 µm. (F) Craters were less 

numerous, but also found in both species and more centrally located than the lenticular 

sense organs. Scale bar 5 µm. 

 

O. marmorata were collected from two populations in arid western Queensland, Mt. Isa 

and Winton, and I have maintained descriptions of individuals from these two populations 

separate because they were obviously different in terms of both morphology and habitat. 

The Mt. Isa population was rock-dwelling. Primary scales were almost oval but irregularly 

shaped and covered in sections of long and short spinules (Figure 14A). Each had 1 or 2 

hair sensors at the posterior end (Figure 14C), each with one smooth bristle, which was 

forked at the distal end (similar to Figure 14E). This species had no lenticular sense 

organs or craters anywhere on the scales. In contrast, individuals from the Winton 

population were arboreal. Their primary scales were circular but somewhat hexagonally 

defined at the anterior end (Figure 14B). Primary scales were covered in sections of long 

and short spinules and each had 2 or 3 hair sensors at the posterior end of the scale 

(Figure 14D) each with one smooth bristle that was forked at the distal end (Figure 14E). 

Many lenticular sense organs were found around the edges of the scale but craters were 

absent (Figure 14D). 
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Figure 14. (figure caption on next page) 
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Figure 14. (figure on previous page) Dorsal scale SEM images from two populations of 

Oedura marmorata. (A) An individual from the Mt. Isa (QLD) population. The areas with 

longer, more densely packed spinules (LS) appear lighter-coloured and occurred in 

various locations throughout the dorsal surface. This population had narrow furrows 

between all scales, but had deep furrows running longitudinally (LF) and shallow furrows 

running anteroposteriorly (AF). The bottom of the image faces the anterior end of the 

scale. Scale bar 100 µm. (B) An individual from the Winton (QLD) population with longer, 

more densely packed spinules appearing as white patches on scales on the dorsal 

surface. This population had narrow furrows between all scales, but had deep furrows 

running longitudinally and shallow furrows running anteroposteriorly. Scale bar 100 µm. 

(C) One primary scale from the Mt. Isa population with an irregularly-shaped white area at 

the posterior end of the scale. The bottom of the image faces the anterior end of the scale. 

Scale bar 100 µm. (D) One scale from the Winton population with three hair sensors (HS) 

at the distal end of the scale and lenticular sense organs (LSO) around the edges.  

Scale bar 100 µm. (E) Hair sensor from the Winton population in a depression surrounded 

by a moat (MO) filled with small, densely packed spinules. Bristle (BR) is split at the distal 

end and surrounded by long spinules. Scale bar 5 µm. (F) Transition between spinule 

lengths in the Mt. Isa population. To the right of the darkened area in the centre of the 

image are the shorter, sparser spinules (SS) while to the left are the longer, denser 

spinules. Scale bar 5 µm. 

 

O. monilis is an arboreal species living in open woodlands and rainforests. Primary scales 

were irregularly shaped (similar to 13B) and evenly covered in long spinules with 11 to 14 

hair sensors at the posterior end. Each hair sensor had one bristle, which was smooth, 

split into 2 at the distal end, and surrounded by longer spinules (similar to Figure 14E). 

This species had few lenticular sense organs present towards the anterior ends of the 

scales, around the edges. 

   

O. rhombifer is an arboreal species living in open woodlands and lowland rainforests. 

Primary scales were similar to Diplodactylus granariensis and Lucasium stenodactylum, in 

that they were hexagonally defined at the anterior end but rounded at the posterior end 

and domed-shaped, while secondary scales were wrinkled and equilateral (Figure 15A). 

All furrows between scales were narrow and of medium depth (Figure 15A). Primaries 

were evenly covered in long spinules (Figure 15B) and had 1 hair sensor at the posterior 
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end with no bristle, only elongated spinules (Figure 15C). Lenticular sense organs were 

very rarely found in this species. 

 

 

Figure 15. (figure caption on next page) 
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Figure 15. (figure on previous page) Dorsal scale SEM images of Oedura rhombifer and 

Rhynchoedura ornata. (A) Oedura rhombifer’s domed-shaped primary scales were 

hexagonally defined at the anterior end and rounded at the posterior end, while secondary 

scales are wrinkled and equilateral. All furrows (F) between scales are narrow and of 

medium depth. One lenticular sense (LSO) organ can also be seen. Scale bar 100 µm.  

(B) One primary scale evenly covered in spinules. Hair sensors (HS) are extremely difficult 

to see even at this magnification. Scale bar 50 µm. (C) Hair sensors in this species were 

poorly defined and consisted of slightly denser and longer spinules without a bristle. Scale 

bar 5 µm. (D) Primary scales located away from the vertebral column were hexagonal but 

rounded at the posterior end and more hexagonally defined at the anterior end. 

Secondaries were equilateral and wrinkled. Each of these scales had one hair sensor 

located at the posterior end. All furrows between scales were narrow and of medium 

depth. Scale bar 100 µm. (E) Primary scales of Rhynchoedura ornata running along the 

vertebral column were elongated and oval while secondaries were very reduced and 

attached at the anterior and posterior ends. One hair sensor occurred on each scale at the 

posterior end, which is the peak of the scale. Furrows running anteroposteriorly (AF) were 

narrow and of medium depth, while those running longitudinally (LF) were of medium width 

and depth. Hair sensors at the posterior end of the scale had one bristle that was smooth 

and tapered (similar to Figure 8D), and lacked a moat, but were slightly depressed into the 

scale. Scale bar 100 µm. (F) Rhynchoedura ornata has the longest spinules observed in 

this study. Scale bar 1 µm. 

 

Rhynchoedura sp. 

Rhynchoedura ornata is a terrestrial species that lives in arid regions. This species was 

similar to the Diplodactylus spp. in that the primary scales running along the vertebral 

column were different from those on the rest of the dorsal surface. Primary scales running 

along the vertebral column were elongated and oval while secondaries were very reduced 

and attached at the anterior and posterior ends of the primaries. Furrows between 

vertebral scales running anteroposteriorly were narrow and of medium depth while those 

running longitudinally were of medium width and depth (Figure 15E). Primary scales 

covering the rest of the dorsal surface were hexagonal but rounded at the posterior end 

with more clearly defined points at the anterior end.  Secondaries were equilateral and 

wrinkled and all furrows between scales were narrow and of medium depth (Figure 15D). 

Both sets of primary scales peaked at the posterior end of the scale. Primaries were 
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evenly covered in long spinules (Figure 15F) and each scale had one hair sensor at the 

posterior end with one bristle that was smooth and tapered (similar to Figure 8D). Hair 

sensors lacked a moat but were slightly depressed into the scale. No lenticular sense 

organs were found in this species. 

 

Strophurus spp. 

Strophurus spp. had hexagonal primary scales and equilateral secondary scales. Furrows 

between all scales were narrow and of medium depth (Figures 16A, 17A, and 18A). They 

had no moat associated with hair sensors and the sensors lay flush with the scale 

(Figures 16B, 17C, and 18B). Higher densities of short spinules occurred at the centre of 

the scale and become sparser towards the edge. Surrounding the bare areas were 

spinules that were dense and short (Figures 16C and 18C), which became sparser 

towards the edges of the scale (Figures 16D, 17D, and 18D). No lenticular sense organs 

were found in this genus. 

 

S. krysalis is a shrub-dwelling species living in arid areas, on long thin branches. Primary 

scales had a peak at the centre, whereas secondaries were flat. Most primary scales had 

a centrally located bare area and each scale had from 1 to 2 hair sensors at the posterior 

end (Figure 16A), which had no bristle, only elongated spinules (Figure 16B).  
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Figure 16. Dorsal scale SEM images of Strophurus krysalis. (A) One hexagonal primary 

scale with a bare area (BA) at the peak and one hair sensor (HS) at the posterior end. 

Furrows (F) between all scales were narrow and of medium depth. Scale bar 100 µm. 

(B) Hair sensor lacking a bristle with elongated spinules surrounded by a sparse spinulate 

area towards the edge of the scale. The outline of the clear layer (CL) from the previous 

skin generation can also be seen. Scale bar 5 µm. (C) Dense spinulate area. Scale bar 

1 µm. (D) Sparse spinulate area with clearly visible pits (P) and struts (S). Scale bar 1 µm.  

 

S. taeniatus is a Spinifex-dwelling species living in arid zones. Primary and secondary 

scales were slightly dome-shaped (Figure 17A) unlike the other two species of this genus, 

that were characterized by scales with peaks in the centre. Bare areas were non-existent 

in this species and each scale had from 1 to 3 hair sensors at the posterior end 

(Figure 17B). They were filled with elongated spinules, and had no bristle (Figure 17C). 
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Figure 17. Dorsal scale SEM images of Strophurus taeniatus. (A) Primaries and 

secondaries were dome-shaped while primaries were hexagonal and secondaries were 

equilateral. Furrows (F) between all scales were narrow and of medium depth. Hair 

sensors (HS) occurred at the posterior end of each scale. Scale bar 100 µm. (B) Primary 

scale with two hair sensors at the posterior end of the scale. Scale bar 50 µm. (C) Hair 

sensor lacking a bristle with elongated spinules surrounded by a sparse spinulate area 

towards the edge of the scale. Scale bar 5 µm. (D) Sparse spinulate areas with clearly 

visible pits (P) and struts (S). Scale bar 1 µm. 

 

S. williamsi lives in mesic to arid woodlands, and uses thin branches as perches. Primary 

scales had a peak at the centre, and the secondaries were dome-shaped. Most primary 

scales had a centrally located bare area at the peak and each scale had only 1 hair sensor 

at the posterior end (Figure 18A), each with one smooth bristle that was split at the distal 

end (Figure 18B). 
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Figure 18. Dorsal scale SEM images of Strophurus williamsi. (A) Primary scales with 

centrally located bare areas (BA) and furrows (F) between all scales that were narrow and 

of medium depth. One hair sensor (HS) is located at the posterior end of each scale. Scale 

bar 100 µm. (B) Hair sensor with one smooth bristle (BR) divided in two at the distal end. 

The outline of the clear layer (CL) from the previous skin generation can also be seen. 

Scale bar 5 µm. (C) Dense spinulate area in the centre of the scale with clearly visible pits 

(P) and struts (S). Scale bar 1 µm. (D) Sparse spinulate area with clearly visible pits and 

struts. Scale bar 1 µm.  



 

 

Table 2. Higher taxonomy and body size (mean ± standard deviation), of Australian carphodactyline and 

diplodactyline geckos. Species listed in order of snout-vent-length (SVL). 

SpeciesA Higher TaxonomyB SVL (mm) Mass (g) 
Strophurus taeniatus D            43.58          1.16 
Lucasium stenodactylum D            46.79          2.30 
Diplodactylus tessellatus D  47.31 ± 7.36     2.22 ± 0.61 
Diplodactylus conspicillatus (MR) D  49.11 ± 3.74     2.17 ± 0.40 
Rhynchoedura ornata D  49.38 ± 8.64     1.92 ± 0.49 
Lucasium immaculatum D  51.74 ± 5.23     2.65 ± 0.76 
Diplodactylus conspicillatus (W) D  54.06 ± 5.39     3.37 ± 0.59 
Lucasium steindachneri D  55.72 ± 3.58     2.72 ± 0.53 
Oedura rhombifer D  56.31 ± 3.21     3.01 ± 0.16 
Lucasium damaeum D  57.31 ± 3.76     2.45 ± 0.48 
Diplodactylus granariensis D            57.74          4.96 
Diplodactylus conspicillatus (GVD) D            58.13 ±           4.02 ±  
Strophurus williamsi D  58.52 ± 4.98    3.14 ± 0.64 
Nephrurus laevissimus C            59.79          4.06 
Nephrurus levis C            68.75 ± 13.41          8.76 ± 3.28 
Strophurus krysalis D  70.29 ± 6.19    5.32 ± 1.47 
Phyllurus ossa C  77.29 ± 7.05    8.36 ± 2.58 
Oedura marmorata (MI) D            77.41        10.97 
Oedura coggeri D  79.03 ± 3.57     7.34 ± 1.82 
Phyllurus nepthys C   87.17 ± 10.06   11.56 ± 4.26 
Oedura marmorata (W) D  90.48 ± 5.53   13.54 ± 1.78 
Nephrurus asper C  91.84 ± 7.87   18.42 ± 6.13 
Phyllurus amnicola C                 92        13.42 
Oedura castelnaui D 92.09 ± 3.11   15.36 ± 2.82 
Oedura monilis D 98.05 ± 5.75   16.04 ± 2.71 
Carphodactylus laevis C          110.24 ± 13.09   28.52 ± 2.65 
Saltuarius cornutus C          134.27 ± 8.95   35.62 ± 9.02 

AMR, Mingela Range, QLD; GVD, Great Victoria Desert, SA; W, Winton, QLD; MI, Mt. Isa, QLD. 
BC, carphodactyline geckos; D, diplodactyline geckos. 
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Table 3. Scale size (mean ± standard deviation) of Australian carphodactyline and diplodactyline geckos. 

Diplodactylus spp. and Rhynchoedura ornata each have two measurements associated with primary and 

secondary scale area. The first relates to scales running along the vertebral column and the second 

relates to scales running laterally along the dorsal surface adjacent to the vertebral column scales. 

Species listed in order of primary scale size. 

SpeciesA Primary Scale Area (mm2) Secondary Scale Area (mm2) 
Nephrurus laevissimus   0.02 ± 0.004    0.001 ± 0.0003 
Rhynchoedura ornata 0.02 ± 0.004, 0.02 ± 0.003 0.003 ± 0.001, 0.003 ± 0.001 
Lucasium immaculatum 0.03 ± 0.01  0.004 ± 0.001 
Lucasium steindachneri 0.03 ± 0.01  0.004 ± 0.001 
Nephrurus levis 0.03 ± 0.01  0.004 ± 0.001 
Oedura rhombifer 0.03 ± 0.01  0.004 ± 0.001 
Phyllurus nepthys 0.03 ± 0.01  0.003 ± 0.001 
Phyllurus ossa 0.03 ± 0.01  0.003 ± 0.001 
Nephrurus asper 0.04 ± 0.01   0.01 ± 0.001 
Strophurus taeniatus 0.04 ± 0.01   0.01 ± 0.001 
Lucasium damaeum 0.05 ± 0.01   0.01 ± 0.001 
Lucasium stenodactylum 0.05 ± 0.01   0.01 ± 0.001 
Phyllurus amnicola 0.06 ± 0.01   0.01 ± 0.003 
Carphodactylus laevis 0.06 ± 0.02   0.01 ± 0.003 
Saltuarius cornutus 0.07 ± 0.02  0.008 ± 0.002 
Strophurus williamsi 0.07 ± 0.02   0.01 ± 0.002 
Diplodactylus conspicillatus (MR) 0.08 ± 0.01, 0.04 ± 0.01 0.003 ± 0.001, 0.004 ± 0.001 
Strophurus krysalis   0.1 ± 0.03   0.02 ± 0.003 
Diplodactylus conspicillatus (GVD) 0.11 ± 0.01, 0.06 ± 0.01 0.01 ± 0.002, 0.01 ± 0.002 
Diplodactylus conspicillatus (W) 0.13 ± 0.02, 0.06 ± 0.01 0.01 ± 0.003, 0.01 ± 0.002 
Diplodactylus granariensis 0.13 ± 0.02, 0.08 ± 0.02 0.02 ± 0.003, 0.01 ± 0.002 
Diplodactylus tessellatus 0.18 ± 0.03, 0.07 ± 0.01 0.01 ± 0.002, 0.01 ± 0.001 
Oedura marmorata (W) 0.24 ± 0.05  0.02 ± 0.004 
Oedura castelnaui 0.26 ± 0.04  0.01 ± 0.003 
Oedura coggeri   0.3 ± 0.05  0.02 ± 0.003 
Oedura marmorata (MI)   0.3 ± 0.07  0.03 ± 0.007 
Oedura monilis 0.39 ± 0.07  0.03 ± 0.008 

A GVD, Great Victoria Desert, SA; MI, Mt. Isa, QLD; MR, Mingela Range, QLD; W, Winton, QLD. 53 



 

 

Table 4. Spinule length and spinule density (mean ± standard deviation) for Australian 

carphodactyline and diplodactyline geckos. Species with two measurements have dense 

and sparse sections on the primary scale. Those with one measurement have scales that 

are uniformly covered in spinules. Species listed in order of spinule length. 

SpeciesA Spinule Length 
(µm) 

Spinule Density 
(per 10 µm2) 

Nephrurus asper      0.28 ± 0.004 112 ± 3.8 
Diplodactylus granariensis   0.28 ± 0.05   159 ± 12.1 
Nephrurus levis      0.3 ± 0.07   62 ± 4.5 
Nephrurus laevissimus    0.42 ± 0.05   347 ± 10.1 
Strophurus williamsi  0.43 ± 0.05, 0.41 ± 0.04 117 ± 4.04, 73 ± 1 
Strophurus krysalis  0.43 ± 0.07, 0.21 ± 0.04 255 ± 11.5, 129 ± 3.1 
Saltuarius cornutus    0.46 ± 0.07 120 ± 1.7 
Phyllurus amnicola    0.47 ± 0.06   174 ± 18.9 
Diplodactylus tessellatus   0.48 ± 0.05   343 ± 26.8 
Phyllurus nepthys  0.54 ± 0.1   170 ± 25.5 
Carphodactylus laevis   0.73 ± 0.07   477 ± 12.2 
Oedura marmorata (MI) 0.77 ± 0.09, 0.55 ± 0.05 300 ± 10.1, 193 ± 11.2 
Oedura rhombifer  0.79 ± 0.1 112 ± 3.2 
Oedura coggeri   0.84 ± 0.08 287 ± 0.6 
Oedura monilis    0.86 ± 0.07 232 ± 7.4 
Diplodactylus conspicillatus (W)   0.91 ± 0.07 170 ± 1.5 
Lucasium steindachneri   0.94 ± 0.09 130 ± 7.5 
Strophurus taeniatus  0.96 ± 0.09, 0.48 ± 0.04 95 ± 5.8, 104 ± 4.6 
Lucasium stenodactylum 0.97 ± 0.1  115 ± 3.4 
Oedura castelnaui 0.97 ± 0.1   269 ± 14.4 
Oedura marmorata (W) 0.97 ± 0.1, 0.57 ± 0.06 274 ± 10.6, 188 ± 4.04 
Diplodactylus conspicillatus (MR)   0.98 ± 0.09 144 ± 5.5 
Lucasium damaeum 0.98 ± 0.14, 0.34 ± 0.05 213 ± 9.6, 137 ± 4.4 
Diplodactylus conspicillatus (GVD)   0.99 ± 0.14   169 ± 6.03 
Lucasium immaculatum   1.03 ± 0.17   84 ± 6.3 
Phyllurus ossa    1.05 ± 0.16   75 ± 5.5 
Rhynchoedura ornata   1.12 ± 0.13   77 ± 2.4 

A GVD, Great Victoria Desert, SA; MI, Mt. Isa, QLD; MR, Mingela Range, QLD; W, Winton, QLD. 54 



 

 

Table 5. Pit diameter and pit density (mean ± standard deviation) of carphodactyline and 

diplodactyline geckos. Species with two measurements have dense and sparse sections on 

the primary scale. Those with one measurement have scales that are uniformly covered in 

pits. Species listed in order of pit diameter. 

SpeciesA Pit Diameter 
(µm) 

Pit Density 
(per 10 µm2) 

Diplodactylus conspicillatus (W) 0.22 ± 0.03 130 ± 5.5 
Strophurus taeniatus  0.23 ± 0.03, 0.28 ± 0.03 233 ± 7.4, 198 ± 2.5 
Lucasium stenodactylum 0.24 ± 0.02 181 ± 4.5 
Carphodactylus laevis 0.24 ± 0.03 232 ± 5.3 
Diplodactylus conspicillatus (GVD) 0.25 ± 0.03 160 ± 3.5 
Oedura coggeri 0.25 ± 0.03 267 ± 2.6 
Nephrurus asper  0.25 ± 0.04 164 ± 6.5 
Lucasium steindachneri 0.26 ± 0.02 182 ± 6.8 
Lucasium damaeum 0.26 ± 0.02, 0.27 ± 0.03 191 ± 5.03, 206 ± 0.6 
Rhynchoedura ornata 0.26 ± 0.03   233 ± 10.4 
Strophurus krysalis  0.26 ± 0.03, 0.27 ± 0.03 112 ± 3.1, 156 ± 3.6 
Nephrurus laevissimus  0.28 ± 0.02   164 ± 12.5 
Saltuarius cornutus  0.28 ± 0.03 170 ± 4.7 
Nephrurus levis  0.29 ± 0.03 151 ± 3.1 
Oedura monilis  0.29 ± 0.03   158 ± 5.03 
Oedura marmorata (MI) 0.29 ± 0.03, 0.28 ± 0.03 162 ± 5.5, 186 ± 3.6 
Strophurus williamsi  0.29 ± 0.03, 0.28 ± 0.03 126 ± 13.2, 174 ± 3.6 
Phyllurus amnicola  0.29 ± 0.04 138 ± 5.6 
Phyllurus nepthys    0.3 ± 0.03 186 ± 6.7 
Oedura marmorata (W)  0.3 ± 0.03, 0.32 ± 0.03 174 ± 2.1, 180 ± 2.5 
Diplodactylus tessellatus 0.31 ± 0.03             180 ± 3 
Lucasium immaculatum 0.31 ± 0.05 152 ± 4.6 
Oedura rhombifer  0.32 ± 0.03 163 ± 6.1 
Phyllurus ossa  0.33 ± 0.04 144 ± 6.6 
Diplodactylus granariensis 0.34 ± 0.04     135 ± 10.97 
Diplodactylus conspicillatus (MR) 0.36 ± 0.04 134 ± 3.1 
Oedura castelnaui 0.39 ± 0.04   127 ± 5.03 

A GVD, Great Victoria Desert, SA; MI, Mt. Isa, QLD; MR, Mingela Range, QLD; W, Winton, QLD. 55 



 

 

Table 6. Hair sensor characteristics (hair sensors per scale, hair sensors per square millimeter, bristles per sensor, bristle per 

square millimeter, and diameter of hair sensors [mean ± standard deviation]) and a knobbiness index (KI, percent of scale 

area covered by partial and fully formed knobs, thick spinule-like structures, and hillocks) for carphodactyline and 

diplodactyline geckos. Species listed in order of hair sensors per scale. 

SpeciesA Hair Sensors 
per Scale 

Hairs Sensors 
per mm2 B 

Bristles per 
Sensor 

Bristles 
per mm2 B 

Hair Sensor 
Diameter (µm) 

KI (%) 

Lucasium damaeum 0 - 1 133 1 800 17.89 ± 1.64 0
Lucasium immaculatum 0 - 1 75 1 75 20.07 ± 0.74 0
Lucasium steindachneri 0 - 1 67 1 67 20.17 ± 0.63 0
Nephrurus asper  0 - 2 50 4 - 7 50 24.51 ± 1.68 6.85
Saltuarius cornutus  0 - 5 63 1 - 2 63 21.69 ± 1.45 5.53
Rhynchoedura ornata 1 86 1 171 17.26 ± 0.63 0
Nephrurus levis  1 20 4 - 6 20 24.25 ± 0.86 4.32
Oedura rhombifer  1 33 0 33 19.98 ± 1.07 0
Strophurus williamsi  1 33 1 33 17.84 ± 0.79 0
Nephrurus laevissimus  1 - 2 60 5 - 9 60 22.36 ± 1.23 11.32
Oedura marmorata (MI) 1 - 2 50 1 350 18.88 ± 0.45 0
Strophurus krysalis  1 - 2 100 0 900 19.88 ± 1.02 0
Diplodactylus conspicillatus (W) 1 - 3 33 1 200 15.82 ± 1.78 0
Diplodactylus conspicillatus (MR) 1 - 3 35 1 35 15.60 ± 0.86 0
Lucasium stenodactylum 1 - 3 13 1 13 17.49 ± 1.24 0
Phyllurus nepthys  1 - 3 7 1 7 23.39 ± 1.76 29.81
Phyllurus ossa  1 - 3 13 1 13 26.11 ± 0.91 25.97
Strophurus taeniatus  1 - 3 36 0 36 18.20 ± 1.02 0
Oedura marmorata (W) 2 - 3 33 1 0 18.72 ± 0.45 0
Diplodactylus conspicillatus (GVD) 2 - 4 167 1 167 15.60 ± 0.75 0
Oedura coggeri 2 - 4 100 1 100 19.04 ± 1.93 0
Diplodactylus granariensis 2 - 5 100 1 100 16.00 ± 1.23 0
Diplodactylus tessellatus 3 - 6 50 1 - 2 50 14.56 ± 1.39 0
Carphodactylus laevis 3 - 8 71 2 - 6 143 22.60 ± 1.60 11.21
Oedura castelnaui 5 - 9 20 1 0 19.18 ± 1.26 0
Phyllurus amnicola  5 - 10 75 1 0 22.57 ± 1.14 10.09
Oedura monilis  11 - 14 14 1 14 17.78 ± 0.92 0

A GVD, Great Victoria Desert, SA; MI, Mt. Isa, QLD; MR, Mingela Range, QLD; W, Winton, QLD. BEstimated from surface area 
[12.62 * mass0.642 (Withers et al., 2000)].
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Table 7. Anteroposterior and longitudinal furrow characteristicsB for carphodactyline and diplodactyline 

geckos. Species listed alphabetically. 

SpeciesA Anteroposterior 
Width 

Anteroposterior 
Depth 

Longitudinal 
Width 

Longitudinal 
Depth 

Carphodactylus laevis  1 1 1 3 
Diplodactylus conspicillatus (GVD) 1 1 2 2 
Diplodactylus conspicillatus (MR) 1 1 2 3 
Diplodactylus conspicillatus (W) 1 1 2 2 
Diplodactylus granariensis 1 1 1 2 
Diplodactylus tessellatus 1 2 2 3 
Lucasium damaeum 1 1 1 1 
Lucasium immaculatum 1 2 1 2 
Lucasium steindachneri 1 2 1 2 
Lucasium stenodactylum 1 2 1 2 
Nephrurus asper  2 2 1 3 
Nephrurus laevissimus  2 1 2 2 
Nephrurus levis  2 1 1 3 
Oedura castelnaui 1 2 1 3 
Oedura coggeri 1 2 1 3 
Oedura marmorata (MI) 1 2 1 3 
Oedura marmorata (W) 1 2 2 3 
Oedura monilis  1 2 1 3 
Oedura rhombifer  1 2 1 2 
Phyllurus amnicola  2 1 2 1 
Phyllurus nepthys  1 1 2 1 
Phyllurus ossa  1 3 2 1 
Rhynchoedura ornata 1 2 2 2 
Saltuarius cornutus  3 1 1 2 
Strophurus krysalis  1 2 1 2 
Strophurus taeniatus  1 2 1 2 
Strophurus williamsi  1 2 1 2 
A GVD, Great Victoria Desert, SA; MI, Mt. Isa, QLD; MR, Mingela Range, QLD; W, Winton, QLD. 
B1, narrow (0 – 15 µm)/shallow; 2, medium-width (15 – 30 µm)/medium-depth; 3, wide (30+ µm)/deep.
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Table 8. Environmental conditions, substrate, and environmental meansD for the centre of each species range for a 

variety of Australian carphodactyline and diplodactyline geckos. Numbers are yearly averages based on a standard 

30 year climatology (Bureau of Meteorology, 2008). Species listed in order of average yearly rainfall. 

SpeciesA Environmental 
ConditionsB SubstrateC R 

(mm) 
MT 
(°C) 

EV 
(mm) 

EVT 
(mm) 

H 9am 
(%) 

H 3pm 
(%) 

SE 
(Mj/m2) 

Diplodactylus conspicillatus (GVD) X T 200 27 2800 100 40 20 21 
Diplodactylus granariensis X A 200 24 2400 200 50 40 18 
Diplodactylus tessellatus X T 200 30 2800 300 40 20 21 
Lucasium damaeum X T 200 27 2800 100 40 20 18 
Nephrurus laevissimus X T 200 27 3200 200 30 20 21 
Nephrurus levis X T 200 27 2800 200 40 20 21 
Diplodactylus conspicillatus (W) X T 300 30 2800 300 40 20 21 
Lucasium immaculatum X T 300 30 3200 200 40 20 21 
Lucasium stenodactylum X T 300 27 2800 300 40 20 21 
Rhynchoedura ornata X T 300 30 2800 200 40 20 21 
Oedura marmorata (MI) X S 400 30 2800 300 40 20 21 
Oedura marmorata (W) X A 400 27 2400 400 50 30 21 
Strophurus krysalis X A 400 30 2800 300 40 20 21 
Oedura rhombifer M A 500 30 2800 300 40 20 21 
Strophurus taeniatus M A 500 30 2800 500 40 30 21 
Strophurus williamsi M A 500 27 1800 400 60 30 18 
Diplodactylus conspicillatus (MR) M T 600 27 2000 500 60 40 21 
Lucasium steindachneri M T 600 27 2000 400 50 30 21 
Nephrurus asper M S 600 27 2000 500 50 30 18 
Oedura monilis M A 600 27 2000 600 60 40 18 
Oedura castelnaui M A 800 27 2000 700 60 40 21 
Oedura coggeri M S 800 27 2000 800 70 50 21 
Phyllurus amnicola H S 1200 27 2000 900 70 60 18 
Phyllurus ossa H S 1600 24 1800 900 70 60 18 
Phyllurus nepthys H A 2000 21 2000 900 70 60 18 
Carphodactylus laevis H T 3200 24 1200 1000 80 60 15 
Saltuarius cornutus H A 3200 24 1200 1000 80 60 15 
AMR, Mingela Range, QLD; GVD, Great Victoria Desert, SA; W, Winton, QLD; MI, Mt. Isa, QLD. 
BH, hydric; M, mesic; X, xeric. CA, arboreal; S, saxicoline; T, terrestrial (Wilson and Swan, 2004). 
DR, rainfall; MT, maximum temperature; EV, evaporation; EVT, evapotransporation; H, humidity; SE, solar exposure. 58 
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Univariate Analysis 

 

Higher Taxonomy, Body Size, and Scale Characters 

There was a significant difference in body size (SVL and mass; Table 2) between 

carphodactyline and diplodactyline geckos (higher taxonomy; Table 2). On average, 

carphodactylines had larger mean SVL (t-test, t(25)  = 3.448, p = 0.002; Figure 19A), and 

mean mass (t-test, t(25)  = 3.696, P = 0.001; Figure 19B) than diplodactylines. 

There was a significant positive relationship between body size (SVL and mass; Table 2) 

and primary scale area (Table 3) in carphodactyline and diplodactyline geckos. Both mean 

SVL (ANCOVA(1,24) = 28.103, P < 0.001; Figure 20A) and mean mass 

(ANCOVA(1,24) = 15.641, P = 0.001; Figure 20B) were significant covariates for mean 

primary scale area. Primary scales in carphodactylines increased more slowly per unit 

body size among species than in diplodactylines.  

 

Carphodactylines had shorter mean spinule length than diplodactyline geckos (t-test, 

t(25) = -2.867, P = 0.008; Figure 21, Table 4). Carphodactyline geckos had a greater 

number of hair sensors (t-test, t(25) = 4.106, P < 0.001; Figure 22A) and bristles (t-test, 

t(25) = 3.319, P = 0.003; Figure 22B) per square millimeter than diplodactyline geckos 

(Table 6). Carphodactyline geckos had hair sensors with larger diameters (t-test, 

t(25) = 7.991, P < 0.001; Figure 22C), as well as various numbers of partial- and fully-formed 

knobs (t-test, t(25) = 11.527, P < 0.001; Figure 22D), while diplodactylines had none. 

 

There were no significant differences in furrow width (anteroposterior, t-test, t(25) = -0.169, 

P = 0.867; longitudinal, t-test, t(25) = 0.884, P = 0.385), furrow depth (anteroposterior, t-test, 

t(25) = -1.561, P = 0.131; longitudinal, t-test, t(25) = -1.077, P = 0.292), pit diameter (t-test, 

t(25) = -0.184, P = 0.856), pit density (t-test, t(25) = 0.006, P = 0.995), and spinule density  

(t-test, t(25) = 0.13, P = 0.898) between carphodactyline and diplodactyline geckos. 
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Figure 19. Significant differences in (A) log10 transformed mean SVL and (B) log10 

transformed mean mass between carphodactyline and diplodactyline geckos (± 95 % CI). 

 

 

Figure 20. Significant associations between mean primary scale area and body size (SVL 

and mass) of carphodactyline (diamonds) and diplodactyline (circles) geckos. (A) Mean 

SVL (mm) and (B) mean mass (g) of each species were significant covariates to mean 

primary scale area. 
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Figure 21. Significant difference in mean spinule length between carphodactyline and 

diplodactyline geckos (± 95 % CI). 
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Figure 22. Significant differences in hair sensor characteristics and the occurrence of 

knobs between carphodactyline and diplodactyline geckos (± 95 % CI). Carphodactylines 

had (A) more hair sensors per square millimeter, (B) more log10 (x+1) transformed bristles 

per square millimeter, (C) larger hair sensor diameters, and (D) a large occurrence of 

knobs. 

 

Substrate and Environmental Conditions 

There was a significant difference in log10 transformed mean SVL (ANOVA, F(2,24) = 4.69, 

P = 0.019; Figure 23A) and log10 transformed mean mass (ANOVA, F(2,24) = 3.81, 

P = 0.036; Figure 23B) among species using different substrates. Terrestrial geckos had 

significantly lower SVL and mass compared to saxicoline and arboreal geckos, which were 

larger and were not significantly different from each other (Tukey HSD, alpha = 0.05).  
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Figure 23. SVL and mass of arboreal, terrestrial, and saxicoline geckos (± 95 % CI). 

Overall there was a significant difference in size among species using different substrates, 

(A) mean SVL and (B) mean mass. Letters above error bars indicate significantly different 

means (Tukey HSD, alpha = 0.05).  

 

There were significant relationships between body size (SVL and mass; Table 2) and the 

environmental conditions at the centre of each species’ range (Table 8). Data was log10 

transformed to satisfy the equal variance assumption for regression analysis. Rainfall 

(y = 1.98 – 0.92x, r 2 = 0.509, P < 0.001; Figure 24A), evapotransporation (y = 1.42x - 0.03, 

r 2 = 0.408, P < 0.001; Figure 24B), morning humidity (y = 0.63x + 0.54, r 2 = 0.484, 

P < 0.001; Figure 24C), and afternoon humidity (y = 0.97x – 0.29, r 2 = 0.435, P < 0.001; 

Figure 24D) were significantly and positively related to mean SVL. On the other hand, 

maximum temperature (y= 1.73 – 0.16x, r 2 = 0.286, P = 0.004; Figure 25A), evaporation 

(y = 4.51 – 0.63x, r 2 = 0.514, P < 0.001; Figure 25B), and solar exposure  

(y = 1.71 – 0.23x, r 2 = 0.43, P < 0.001; Figure 25C) were significantly and negatively 

related to mean SVL. Relationships between these variables and mass had the same sign 

and were all statistically significant. 
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Figure 24. Significant positive associations between log10 mean SVL and environmental 

conditions at the centre of each species’ range including (A) log10 rainfall, (B) log10 

evapotransporation, (C) log10 morning humidity, and (D) log10 afternoon humidity. 
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Figure 25. Significant negative associations between log10 mean SVL and environmental 

conditions at the centre of each species’ range including (A) log10 maximum temperature, 

(B) log10 evaporation, and (C) log10 solar exposure. 
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Canonical Discriminant Function Analysis: Genera 

CDFA was used to examine the extent to which size-corrected skin characteristics could 

predict group membership of carphodactyline and diplodactyline species into their 

respective genera. 

 

Carphodactyline and Diplodactyline Geckos 

CDFA correctly classified 96.3% of the 27 carphodactyline and diplodactyline species to 

genus (Table 9A), so examination of canonical correlates was justified. The variation along 

canonical discriminant 1 (Eigenvalue = 303.62, Canonical correlation = 0.998) accounted 

for 84.6% of the total variance and the most important contributors were the occurrence of 

knobs (SM, 0.186) and increasing spinule length (SM, -0.061). The variation along 

canonical discriminant 2 (Eigenvalue = 28.85, Canonical correlation = 0.983) accounted for 

8% of the total variance and the most important contributors were increasing numbers of 

bristles per square millimeter (SM, 0.258) and larger primary scale size (SM, -0.222; 

Figure 26).  
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Table 9. Classification matrices of canonical discriminant function analysis performed on 

the skin characteristics of (A) all species, (B) carphodactylines, and (C) diplodactylines, 

describing differences among genera. Numbers along the diagonal indicate the number of 

correctly classified cases.  
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Carphodactylus 1         100
Diplodactylus  5        100

Lucasium   4       100
Nephrurus    3      100

Oedura     5     83
Phyllurus      3    100

Rhynchoedura       1   100
Saltuarius        1  100
Strophurus     1    3 100

Total 1 5 4 3 6 3 1 1 3 96

(B) Carphodactylines 
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Carphodactylus 1    100 
Nephrurus  3   100 
Phyllurus   3  100 
Saltuarius    1 100 

Total 1 3 3 1 100 

(C) Diplodactylines 
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Diplodactylus 5     100 
Lucasium  4    100 

Oedura   5   83 
Rhynchoedura    1  100 

Strophurus   1  3 100 
Total 5 4 6 1 3 95 
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Figure 26. The first two canonical scores comparing log10 (x +1) transformed skin 

characteristics among genera of carphodactyline and diplodactyline geckos. Canonical 

discriminant 1 explained 84.6% of the total variance (SP, longer spinules; KI, high 

knobbiness index), and discriminant 2 explained 8% (PS, large primary scale size; 

BR, many bristles per square millimeter). Genera are placed on the graph to ease 

interpretation. Only group centroids (stars) are displayed, as the majority of the 

discriminant scores were under or directly adjacent to group centroids. Confidence ellipses 

(95%) are given for each genus except for those with only one species (Carphodactylus 

laevis, Saltuarius cornutus, and Rhynchoedura ornata). 

 

Carphodactyline geckos 

CDFA correctly classified 100% of the 8 carphodactyline species to genus (Table 9B), so 

examination of canonical correlates was justified. The variation along canonical 

discriminant 1 (Eigenvalue = 195.88, Canonical correlation = 0.997) accounted for 93.7% 

of the total variance and the most important contributors were the occurrence of knobs 

(SM, 0.064) and large primary scale size (SM, 0.001). The variation along canonical 

discriminant 2 (Eigenvalue = 11.7, Canonical correlation = 0.96) accounted for 5.6% of the 
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total variance and the most important contributors were large primary scale size (SM, 

0.088) and large hair sensor diameter (SM, -0.282; Figure 27).  

 

 

Figure 27. The first two canonical scores comparing log10 (x +1) transformed skin 

characteristics among genera of carphodactyline geckos. Canonical discriminant 1 

explained 93.7% of the total variance (PS, large primary scales; KI, high knobbiness 

index), and discriminant 2 explained 5.6% (HSD, large hair sensor diameter). Genera are 

placed on the graph to ease interpretation. Only group centroids (stars) are displayed, as 

the majority of the discriminant scores were under or directly adjacent to group centroids. 

Confidence ellipses (95%) are given for each genus except for those with only one species 

(Carphodactylus laevis and Saltuarius cornutus). 

 

Diplodactyline Geckos 

CDFA correctly classified 94.7% of the 19 diplodactyline species to genus (Table 9C), so 

examination of canonical correlates was justified. The variation along canonical 

discriminant 1 (Eigenvalue = 26.96, Canonical correlation = 0.982) accounted for 83.7% of 

the total variance and the most important contributors were high numbers of bristles per 
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square millimeter (SM, 0.335) and large primary scale size (SM, -0.213). The variation 

along canonical discriminant 2 (Eigenvalue = 2.84, Canonical correlation = 0.86) 

accounted for 8.8% of the total variance and the most important contributors were large 

primary scale size (SM, 0.305) and long spinule length (SM, -0.345; Figure 28).  

 

 
Figure 28. The first two canonical scores comparing log10 (x +1) transformed skin 

characteristics among genera of diplodactyline geckos. Canonical discriminant 1 explained 

83.7% of the total variance (PS, large primary scale size; BR, many bristles per square 

millimeter) and discriminant 2 explained 8.8% (SP, longer spinules). Genera are placed on 

the graph to ease interpretation. Only group centroids (stars) are displayed, as the majority 

of the discriminant scores were under or directly adjacent to group centroids. Confidence 

ellipses (95%) are given for each genus except for Rhynchoedura, which only has one 

species. 
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Canonical Discriminant Function Analysis: Substrate 

CDFA was used to examine the extent to which size-corrected skin characteristics could 

be used to correctly classify terrestrial, saxicoline, and arboreal geckos. 

 

Carphodactyline and Diplodactyline Geckos 

CDFA correctly classified 88.9% of the 27 carphodactyline and diplodactyline species to 

the substrate they normally used (Table 10A), so examination of canonical correlates was 

justified. The variation along canonical discriminant 1 (Eigenvalue = 10.08, Canonical 

correlation = 0.954) accounted for 94.6% of the total variance and the most important 

contributors were high numbers of bristles per square millimeter (SM, 0.345) and large 

size of primary scales (SM, -0.134). Terrestrial geckos had more bristles per square 

millimeter and smaller primary scales than arboreal and saxicoline geckos. The variation 

along canonical discriminant 2 was not significant (Eigenvalue = 0.573, Canonical 

correlation = 0.603).  

 

Carphodactyline geckos 

CDFA correctly classified 100% of the 8 carphodactyline species to the substrate they 

normally used (Table 10B), so examination of canonical correlates was justified. The 

variation along canonical discriminant 1 (Eigenvalue = 11.59, Canonical 

correlation = 0.959) accounted for 96.2% of the total variance and the most important 

contributors were high numbers of hair sensors per square millimeter (SM, 0.157) and 

large primary scales (SM, -0.027). Terrestrial geckos had higher numbers of hair sensors 

per square millimeter and smaller primary scales, compared to arboreal geckos. Saxicoline 

geckos were midway between the two extremes of these variables. The variation along 

canonical discriminant 2 was not significant (Eigenvalue = 0.453, Canonical 

correlation = 0.558).  
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Diplodactyline Geckos 

CDFA correctly classified 100% of the 19 diplodactyline species to the substrate they 

normally used (Table 10C) so examination of canonical correlates was justified. The 

variation along canonical discriminant 1 (Eigenvalue = 68.82, Canonical 

correlation = 0.993) accounted for 92.6% of the total variance and the most important 

contributors were high numbers of bristles per square millimeter (SM, 0.153) and large 

size of primary scales (SM, -0.114). The variation along canonical discriminant 2 

(Eigenvalue = 5.5, Canonical correlation = 0.92) accounted for 7.4% of the total variance 

and the most important contributors were large size of primary scales (SM, 0.244) and 

high numbers of hair sensors per square millimeter (SM, -0.144; Figure 29).  

 

 

Figure 29. The first two canonical scores comparing log10 (x +1) transformed skin 

characteristics among the substrate choice of diplodactyline geckos. Canonical 

discriminant 1 explained 92.6% of the total variance (PS, large primary scale area; BR, 

many bristles per square millimeter), and discriminant 2 explained 7.4% (HS, many hair 

sensors per square millimeter). Confidence ellipses (95%) are displayed except for 

saxicoline geckos, for which there were only two data points.  
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Table 10. Classification matrices of canonical discriminant analysis performed on skin 

characteristics of (A) all species, (B) carphodactylines, and (C) diplodactylines, testing 

differences among terrestrial, saxicoline and arboreal geckos. Numbers along the diagonal 

indicate the number of correctly classified cases. 

(A) All species 

 Terrestrial Saxicoline Arboreal % Correct 
Terrestrial 12   100
Saxicoline  4 2 80
Arboreal  1 8 80

Total 12 5 10 90
 
(B) Carphodactylines 

 Terrestrial Saxicoline Arboreal % Correct 
Terrestrial 3   100
Saxicoline  3  100
Arboreal   2 100

Total 3 3 2 100
 

(C) Diplodactylines 

 Terrestrial Saxicoline Arboreal % Correct 
Terrestrial 9   100
Saxicoline  2  100
Arboreal   8 100

Total 9 2 8 100
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Canonical Discriminant Function Analysis: Environmental Conditions 

CDFA was used to examine the extent to which size-corrected skin characteristics could 

be used to correctly classify species into xeric, mesic, and hydric environmental 

conditions. 

 

Carphodactyline and Diplodactyline Geckos 

CDFA correctly classified 88.9% of the 27 carphodactyline and diplodactyline species to 

the correct environmental conditions at the centre of their geographic ranges (Table 11A), 

so examination of canonical correlates was justified. The variation along canonical 

discriminant 1 (Eigenvalue = 7.12, Canonical correlation = 0.936) accounted for 90.3% of 

the total variance and the most important contributors were the deep longitudinal furrows 

(SM, 0.42) and the occurrence of knobs (SM, -0.37). The variation along canonical 

discriminant 2 was not significant (Eigenvalue = 0.762, Canonical correlation = 0.658). 

Geckos found in hydric conditions had knobs and shallow longitudinal furrows, while 

geckos in xeric and mesic conditions had no knobs and deeper longitudinal furrows. 

 

Carphodactyline geckos 

CDFA correctly classified 100% of the 8 carphodactyline species to the environmental 

conditions at the centre of their range (Table 11B), so examination of canonical correlates 

was justified. The variation along canonical discriminant 1 (Eigenvalue = 28.12, Canonical 

correlation = 0.983) accounted for 75.9% of the total variance and the most important 

contributors were the large size of primary scales (SM, 0.075) and high numbers of hair 

sensors per square millimeter (SM, -0.438). The variation along canonical discriminant 2 

(Eigenvalue = 8.92, Canonical correlation = 0.948) accounted for 24.1% of the total 

variance. The most important contributors were high numbers of hair sensors per square 

millimeter (SM, 0.457) and large pit diameter (SM, -0.022; Figure 30).  
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Figure 30. The first two canonical scores comparing log10 (x +1) transformed skin 

characteristics among environmental conditions of carphodactyline geckos. Canonical 

discriminant 1 explained 75.9% of the total variance (HS, many hair sensors per square 

millimeter; PS, large primary scale size), and discriminant 2 explained 24.1% (PD, large pit 

diameter). A confidence ellipse (95%) is displayed for geckos living in hydric conditions, 

but not for mesic or xeric conditions, which have 1 and 2 data points respectively.  

 

Diplodactyline Geckos 

CDFA correctly classified 89.5% of the 19 diplodactyline species to the correct 

environmental conditions at the centre of their range (Table 11C) so examination of 

canonical correlates was justified. The variation along canonical discriminant 1 

(Eigenvalue = 1.46, Canonical correlation = 0.77) accounted for 100% of the total variance 

and the most important contributors were large primary scale size (SM, 0.105) found in 

mesic conditions and high numbers of bristles per square millimeter (SM, -0.317) found in 

xeric conditions. Only one canonical discriminant is given since there are only two groups. 

Geckos found in xeric conditions had smaller primary scales and more bristles per square 
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millimeter, while geckos in mesic conditions had the opposite. There were no 

diplodactyline geckos found in hydric conditions. 

 

Table 11. Classification matrices of canonical discriminant analysis performed on skin 

characteristics of (A) all species, (B) carphodactylines, and (C) diplodactylines, testing 

differences among xeric and mesic environmental conditions at the centre of each species 

range. Numbers along the diagonal indicate the number of correctly classified cases. 

(A) All species 

 Xeric Mesic Hydric % Correct 
Xeric 12 2  92
Mesic 1 7  78
Hydric   5 100
Total 13 9 5 89

 

(B) Carphodactylines 

 Xeric Mesic Hydric % Correct 
Xeric 2   100
Mesic  1  100
Hydric   5 100
Total 2 1 5 100

 

(C) Diplodactylines 

 Xeric Mesic % Correct 
Xeric 11 2 100 
Mesic  6 75 
Total 11 8 89.5 

 

Tracing Character Histories 

According to CDFA, the most highly correlated skin characteristics, separating different 

groups, were the size of primary scales and the number of bristles per square millimeter, 

which also varied greatly in shape among species. A phylogeny was constructed for the 

twenty-four species (and populations therein) by combining trees from other sources 

(Hoskin et al., 2003; Oliver et al., 2007; Oliver, 2007 unpublished data) to assess the 

character history of primary scale size and substrate use (Figure 31), primary scale size 

and environmental conditions (Figure 32), number of bristles and substrate use (Figure 

33), number of bristles and environmental conditions (Figure 34), and bristle shape, which 

was difficult to analyze statistically (Figure 35). 



 

 

 

Figure 31. Substrates used by Australian carphodactyline and diplodactyline geckos with varying primary scale size. I expect 

terrestrial geckos to have the smallest scales, and saxicoline and arboreal geckos to have the largest. 
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Figure 32. Environmental conditions at the geographic centre of Australian carphodactyline and diplodactyline species’ ranges with 

varying primary scale size. I expect geckos living under xeric conditions to have the smallest scales, and geckos under mesic and 

hydric conditions to have the largest. 
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Figure 33. Substrates used by Australian carphodactyline and diplodactyline geckos with varying numbers of bristles per square 

millimeter. I expect terrestrial geckos to have the greatest number of bristles, and saxicoline and arboreal geckos to have the least. 
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Figure 34. Environmental conditions at the geographic centre of Australian carphodactyline and diplodactyline species’ ranges with 

varying numbers of bristles per square millimeter. I expect geckos living under xeric conditions to have the greatest number of 

bristles, and geckos under mesic and hydric conditions to have the least. 
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Figure 35. Hair sensor shape and their placement on the phylogeny of Australian carphodactyline and diplodactyline geckos. 0, thick 

bottle-brush; 1, fine bottle-brush; 2, tall with rounded barbs; 3, short with rounded barbs; 4, mace-like structure with rounded barbs at 

the distal end; 5, barbed; 6, smooth and tapered; 7, smooth and split at the distal end; 8, hair sensor lacking bristles.
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Discussion 

Australian carphodactyline and diplodactyline geckos have spectacular skin 

microornamentations, which vary greatly among species, and strongly separated the two 

higher clades. The two skin characteristics that most clearly defined carphodactylines from 

diplodactylines were the presence of shorter spinules, and the occurrence of knobs. This 

clear division of the two clades based on skin morphology does not include 

Carphodactylus laevis, which was intermediate between the carphodactylines and the 

diplodactylines in terms of skin characters. Although it is classified as a carphodactyline, 

C. laevis is the most primitive species in these two groups (Donnellan et al., 1999), and 

shares characteristics with both clades including long spinules (as in diplodactyline 

geckos) and knobs (as in carphodactyline geckos). Evolution from this primitive state has 

apparently led to present day variation in microornamentations and may have occurred 

either because of drift or due to selection for phenotypic changes. By examining the skin 

microornamentations in multivariate space, and in each clade separately, we can 

determine which variations in the oberhautchen repeatedly stand out as important 

characteristics in different groups. 

 

Skin characteristics predicted genera membership very well in the combined clades, as 

well as in carphodactylines and diplodactylines separately. Therefore, there is a strong 

effect of phylogeny on lizard skin characteristics (Burnstein et al., 1974; Price, 1982; 

Peterson, 1984; Peterson and Bezy, 1985; Harvey, 1993; Harvey and Gutberlet Jr., 1995). 

However, I found that skin characteristics also predicted group membership with respect to 

substrates used and environmental conditions at the centre of each species’ geographic 

range. When I examined diplodactyline geckos, species with different environmental 

conditions at the centre of their geographic ranges, using different substrates, had 

predictable skin characters. Primary scale size, numbers of hair sensors and numbers of 

bristles were correlated with the use of particular habitats in diplodactyline geckos. 

Similarly, among carphodactyline geckos, primary scale size and the numbers of hair 

sensors per square millimeter also differed among species from different substrates and 

environmental conditions. This means that, for both clades, phylogeny is apparently not 

the only factor affecting the variation in skin microornamentations.  

 

Overall, carphodactyline geckos have a much greater number of hair sensors and bristles 

per square millimeter than do diplodactylines, but when these two very different groups are 
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examined separately, similar changes have taken place in response to substrate and 

environmental conditions. Note that having more hair sensors and having more bristles are 

functionally similar, because having more hair sensors, by definition, lead to more bristles 

(when hair sensors have bristles). Carphodactyline terrestrial geckos had higher numbers 

of hair sensors per square millimeter and smaller primary scales, compared to arboreal 

geckos (Figures 31 and 33). Saxicolous geckos were midway between the two extremes 

of these variables. Carphodactyline geckos living under xeric conditions had smaller 

primary scales and more hair sensors than carphodactylines living under mesic and hydric 

conditions (Figures 32 and 34). Similarly, terrestrial diplodactyline geckos had smaller 

primary scales and more bristles per square millimeter than both saxicolous and arboreal 

diplodactyline geckos (Figures 31 and 33). Diplodactylines living under xeric conditions 

had smaller primary scales and more bristles per square millimeter than diplodactylines in 

mesic conditions (Figures 32 and 34). 

 

Body size, in terms of both mass and SVL, was also correlated with both substrate and 

environmental conditions. In general, and regardless of group (carphodactyline or 

diplodactyline), body size was smaller in terrestrial geckos living in more xeric conditions 

and larger in non-terrestrial geckos living in mesic and hydric conditions. This may be 

because wetter habitats typically have more vegetation, which provides the geckos the 

opportunity to live higher off the ground, whereas vegetation is scarce in xeric habitats, so 

species are more likely to be terrestrial (Webb, 1967; Walker and Langridge, 1997). 

 

Overall, both clades tell the same story, smaller, terrestrial geckos, living under more xeric 

conditions, have smaller scales and higher numbers of bristles and/or hair sensors per 

square millimeter, while larger, non-terrestrial geckos living in more mesic and hydric 

conditions, have larger scales and fewer hair sensors and/or bristles per square millimeter. 

It is difficult to say whether either substrate use or environmental conditions have driven 

phenotypic changes in the epidermis and body size, since they are all correlated. A third 

factor, related to both substrate use and environmental conditions, may drive the variation 

in these characters. 

 

Hair sensors and bristles are found in higher numbers in small, terrestrial geckos and have 

been shown to be mechanoreceptive, detecting changes in wind velocity and other 

environmental conditions (Lauff et al., 1993; Matveyeva and Ananjeva, 1995). Small, 
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terrestrial geckos living in xeric conditions generally have access to microhabitats (e.g., 

burrows) that provide them with shelter against the elements (Beck and Jennings, 2003). 

However, because they live in harsh, dry conditions it may be more critical for them to 

have accurate information on how environmental conditions vary, either so they can locate 

appropriate shelter, or so that they know when to seek shelter. Small lizards in xeric 

conditions have smaller daily windows of opportunity in which to forage and do other 

activities critical to fitness, because the environment could take a toll on them more quickly 

than on larger lizards or species in less dry environments (Grant and Dunham, 1988).  

 

Not only does the number of hair sensors and bristles vary among species, but the shape 

of the individual bristles varies as well (Figure 35). The primitive condition in Australian 

carphodactylines and diplodactylines is to have thick bottlebrush-shaped bristles. Among 

species, the bristles vary in terms of their thickness, their shape, and the number of 

“brush” hairs they have. Carphodactylines tend to have very short, blunt bristles, with 

many brush hairs, whereas diplodactylines have thinner, elongate bristles with fewer hairs. 

Oedura and Strophurus generally have two hairs per bristle, whereas the other 

diplodactyline geckos have one hair. One Lucasium and one Diplodactylus lineage have 

evolved robust bristles (which could lead to future work on functional correlation). One 

Oedura and one Strophurus lineage have lost their bristles altogether. The selection 

pressures leading to similarities in bristle shape among groups are not clear from the data 

I collected here, as they do not correlate clearly with substrate, or environmental 

conditions at the centre of each species ranges. There are two different reasons why 

different bristle shapes may have evolved. Firstly, structural differences in shapes could 

strengthen bristles, benefiting geckos living in harder or rougher surroundings. Secondly, 

bristle shape could define function, if those with more filaments were more sensitive to 

changes in environmental conditions. Although beyond the scope of this investigation, 

testing bristle strength could be done quite easily whereas testing the sensitivity of bristles 

would prove more difficult. 

 

Function of Skin Microornamentations 

So what are the sources of variations in skin characteristics that may not have separated 

groups in the CDFA, but are still likely to be important to the biology of these animals? 

Many different functions of skin microornamentations have been proposed. 
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Skin microornamentations may aid in ecdysis by interdigitating with the old oberhautchen 

layer above it (Maderson et al., 1998). However, all squamates shed, and because of the 

incredible diversity in the oberhautchen of different species (Lang, 1989) and the fact that 

ecdysis occurs successfully in squamates with even smooth skin it is likely that ecdysis is 

independent of microornamentation (Arnold, 2002).  

 

Spinules and scale shape may be adaptations to absorb, reflect, or channel harmful solar 

radiation (Porter, 1967) or increase or decrease shine (Arnold, 2002) by using the 

refractive properties of  light. However these theories assume that the lizards are exposed 

to diurnal conditions. Being nocturnal, geckos would, presumably, not benefit much from 

these adaptations. One reason for large numbers of knobs and hillocks, present on the 

scales in the carphodactylines, could be to increase overall camouflage. Surfaces in 

nature are rarely perfectly flat so a skin surface that is bumpy may enhance camouflage 

relative to natural surfaces by reflecting light in a similar manner. Most diplodactylines are 

not as cryptic as carphodactylines (pers. obs.), and lack knobs and hillocks. It is possible 

that geckos have structural adaptations originally evolved in diurnal lizards, however, it is 

unlikely that a complex structure would remain completely unchanged if never used 

(Hogstrand et al., 1995; Hadany and Feldman, 2005). Since there is no evidence in these 

geckos for an altogether loss in spinule presence (except for bare areas), and there is 

great evidence of variation among species, it is likely that spinules are a functional 

adaptation in geckos.  

 

Smoothness of the epidermis on exposed parts of the oberhautchen may reduce friction 

when lizards move through their habitat (Arnold, 2002). However, for many lizards in this 

study, individuals move in complex environments such as layers of bark, rock crevices and 

burrows, and some of these groups retain long spinules and complex variations in skin 

microornamentations. Since most of these geckos have few smooth areas, either other 

lizards require extreme smoothness for reducing friction (Harvey and Gutberlet Jr., 1995; 

Arnold, 2002), or the reduction of friction may not be a good explanation for lack of 

ornamentation. 

 

On the other hand, spinules, may increase friction in species living in small crevices 

(Stewart and Daniel, 1973). In this study, species with longer spinules were those living 

closer to the ground and/or xeric environments. In such environments, burrows may be 
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their only source of refuge. In such habitat, friction from spinules may prevent slippage 

when suspended in burrows [for example at the mouth of a spider burrow (Pianka and 

Pianka, 1976)]. However, it is unlikely that these tiny, delicate microornamentations would 

be able to support the weight of even the smallest lizard or prevent slippage more 

efficiently than the claws or pads of the animal. 

 

All lizards require information about other members of their species, especially to locate 

mating partners, but may employ different means of detecting them. To gain this 

information, it has been proposed that microornamentations may enhance pheromone 

capture, retention, and dispersal (Smith et al., 1982). Interspecific communication between 

lizards occurs mainly via the vomeronasal gland (Labra et al., 2002) and can be measured 

by assessing the number of tongue-flicks (Steele and Cooper Jr., 1997). Because of the 

importance of chemosensory communication via other means and the fact that there are 

apparently no sexual differences in the microornamentations of the oberhautchen of 

geckos (pers. obs.), it is not clear from my study how skin characteristics could be related 

to pheromone capture, retention or dispersal.  

 

Skin microornamentations may strengthen the surface of the oberhautchen (Ruibal and 

Ernst, 1965) preventing wear (Cole and Van Devender, 1976). Preventing wear would be 

extremely important for terrestrial individuals where exposure to sandy or rocky substrates 

creates discrete scratches (Irish et al., 1988). If the epidermal layer were to wear away too 

quickly, injury and infection could ensue. However, because of the delicate nature of the 

oberhautchen, the fact that it is only 1 µm thick, and the extreme variation among species, 

it does not seem likely that it would function in strengthening the epidermis prevent 

scratching.  

 

Exposure to the environment could also wear scales, not by discrete scratching, but by the 

accumulation of dirt (Irish et al., 1988), which could obscure cryptic patterning, clog 

sensory structures,  and weigh lizards down (Arnold, 2002). Several mechanisms in nature 

have evolved to keep structures clean by increasing rough surface adaptation (Vrolijk et 

al., 1990; Barthlott and Neinhuis, 1997; Neinhuis and Barthlott, 1997; Fusetani, 2003; Gao 

and Jiang, 2004; Zhai et al., 2006) and reptile skin microornamentations may function in a 

similar way (Gans and Baic, 1977). Small, terrestrial geckos, which have long spinules and 

small primary scales, are characterized by their high and sometimes super-hydrophobic 
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properties, allowing them to eliminate dirt accumulation (Chapter 4). Thus, scale wear, 

excess weight, obscuring of cryptic colours, and contracting infectious disease associated 

with dirt accumulation should not be problems for these species. For similar reasons, 

microornamentations may aid in the reduction of ectoparasite attachment (Main and Bull, 

2000), however this function should be examined in more detail as it is likely to be an  

important influence on adaptations of the skin. 

 

Similar Microornamentations in Other Squamate Groups 

Other squamate groups have microornamentations comparable to those of Australian 

carphodactyline and diplodactyline geckos. By comparing skin microornamentations in 

different squamate lineages we may be able to determine which characteristics are 

ancestral and which are more derived. Several squamate families have species with 

spinules including Chameleonidae (Irish et al., 1988), Gekkonidae (Ruibal, 1968; Stewart 

and Daniel, 1975), Iguanidae (Peterson, 1984), Leiocephalidae (Irish et al., 1988), and 

Polychrotidae (Ruibal, 1968), however spinules in gecko groups seem to be the longest. 

The primitive condition in Phrynosomatidae is to have dense spinulate areas on scales 

lacking imbrication similar to all species in this study (Burnstein et al., 1974). Anolis cuvieri 

(Polychrotidae) also has sections of small and large spinules similar to Phyllurus amnicola 

(Peterson, 1984), while Hemidactylus brookii is similar to Carphodactylus laevis with 

scales covered with long spinules as well as spinule-covered hillocks (Irish et al., 1988). 

Hair sensors have not been described in such detail in many squamates, however, long 

tapered bristles similar to some Dipodactylus spp. and Lucasium spp. occur in Coleonyx 

variegatus [Gekkonidae (Stewart and Daniel, 1975)] and Anolis chlorocyanus cyanostictus 

[Polychrotidae (Irish et al., 1988)]. Scale shapes resembling those in this study occur in 

Xantusia vigilis (Xantusiidae), another nocturnal lineage, in which the skin resembles that 

of Lucasium damaeum, but with very reduced secondaries and deeper furrows. Keeled 

spines similar to those that occur in Nephrurus spp. also occur in Lepidophyma smithii 

(Peterson and Bezy, 1985). 
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CHAPTER 4. PREDICTING THE HYDROPHOBICITY OF AUSTRALIAN GECKO 

SKIN USING ADVANCING CONTACT-ANGLE MEASUREMENTS 

 

Publication: Vucko, M. J., Schwarzkopf, L. (in preparation) Predicting the Hydrophobicity 

of Australian Gecko Skin using Advancing-contact angle Measurements.  

 

Introduction 

Hydrophobicity is a well-studied field, but most research has focused on fabricating highly 

hydrophobic synthetic materials for industrial use (Yasuda and Okuno, 1994; McHale et 

al., 1997; Kwok and Neumann, 1999; Erbil et al., 2003; Alberti and DeSimone, 2005; 

Carbone and Mangialardi, 2005). Few studies examine natural occurrences of 

hydrophobicity (Neinhuis and Barthlott, 1997a; Neinhuis and Barthlott, 1997b; Gower, 

2003; Dahlstrom et al., 2004; Gao and Jiang, 2004; Shah and Sitti, 2004; Sun et al., 2005; 

Woche et al., 2005; Zhai et al., 2006) although studying naturally occurring hydrophobic 

surfaces may reveal structures that could be used to construct superhydrophobic synthetic 

materials (Feng et al., 2002).  

 

A surface is recognized as hydrophobic if the angle of contact for a drop of water placed 

on the surface is greater than 90°, and superhydrophobic if the contact angle is above 

150° (Li et al., 2007). Gecko skin surfaces are hydrophobic (Shah and Sitti, 2004), but 

presently, biomimetic research on geckos focuses exclusively on the creation of synthetic 

biomimetic adhesives (Crosby et al., 2005; Jin et al., 2005) and little attention has been 

paid to morphological characteristics of geckos associated with hydrophobicity. Compared 

to commercially produced adhesive surfaces, gecko toe pads, which bear longitudinal 

rows of lamellae do not become fouled with particles when used, losing adhesiveness 

(Shah and Sitti, 2004). The microtopology (or rough surface adaptation) of gecko feet, that 

generates adhesiveness through van der Waals forces (Autumn et al., 2002), also creates 

an extremely hydrophobic surface (Shah and Sitti, 2004). This phenomenon, termed the 

“lotus” or “self cleaning” effect (Carbone and Mangialardi, 2005) occurs because the hairs 

(termed setae) which form the longitudinal rows of lamellae, each have a terminal flattened 

expansion (termed spatulae), which reduce the surface area contacted by the toe pads 

(Shah and Sitti, 2004). Since foot pads evolved from scales similar to those on other parts  
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of the body (Ruibal, 1968; Russell, 1979), body scales of geckos may also have rough 

surface adaptation, and be hydrophobic.  

 

Hydrophobicity of geckos may be adaptive, or it may simply be an accidental property of 

scale morphology (Chapter 5). Either way, it is likely that the hydrophobic properties of 

gecko skin vary with scale morphology (Gower, 2003). I examined the dorsal scale 

morphology (Chapter 3), and associated hydrophobic properties, of endemic Australian 

geckos. 

 

Eighty two described species of carphodactyline and diplodactyline geckos occur in 

Australia (Wilson and Swan, 2004). These two groups evolved in Australia, and are highly 

variable, making them ideal candidates in which to examine morphological factors that 

correlate with differences in hydrophobicity among species. To describe variation in 

hydrophobicity, I use d the sessile drop technique (Li et al., 2007) to quantify contact 

angles of droplets of distilled water, incrementally increased in size and photographed at 

high resolution, which could then be used to predict the hydrophobicity of the skin surface 

of geckos. The central purposes of this study were to (1) establish which gecko lineages 

were most hydrophobic, and (2) determine which dorsal scale characteristics had the 

strongest relationships with hydrophobic properties. 

 

Materials and Methods 

 

Study Species 

This study was conducted between April 31, 2005 and September 12, 2008. I examined 9 

genera in the Australian carphodactyline and diplodactyline geckos (Table 2) including 21 

species (and populations therein; Table 3). I made advancing contact-angle 

measurements (see below for description of methodology) on 24 of the 27 individuals used 

for scanning electron microscopy, as well as additional individuals from the same localities 

(Chapter 3, Table 1) and others from different localities (this Chapter, Table 1). 

Diplodactylus granariensis, Nephrurus laevissimus, and N. levis were not included in 

advancing contact-angle analyses as these measurements could only be obtained late in 

the resting phase of the shedding cycle, which is not the ideal time to measure physical 

properties of skin (Chapter 2).  
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Table 1. Location names, latitude, and longitude for species used to examine advancing 

contact-angle measurements.  

Species LocationA GPS Coordinates 
Diplodactylus conspicillatus  Mt. Isa, QLD S 21° 08’ 43”, E 139° 15’ 41” 
Diplodactylus conspicillatus Hervey’s Range, QLD S 19° 26’ 48”, E 146° 03’ 43” 
Diplodactylus tessellatus Julia Creek, QLD S 20° 40’ 13”, E 141° 44’ 44” 
Lucasium immaculatum Boulia, QLD S 22° 30’ 49”, E 139° 41’ 45” 
Oedura castelnaui Moorrinya NP, QLD S 21° 23’ 39”, E 144° 55’ 26” 
Oedura rhombifer Happy Valley, QLD S 19° 00' 06", E 146° 04' 47" 
Saltuarius cornutus Mount Hypipamee NP, QLD S 17° 25’ 33”, E 145° 29’ 10” 
Saltuarius cornutus Ravenshoe, QLD S 17° 41' 59", E 145° 31' 28" 
Saltuarius cornutus Crater Lakes NP, LB section, QLD S 17° 15' 01", E 145° 38' 07" 
Strophurus krysalis Moorrinya NP, QLD S 21° 23’ 39”, E 144° 55’ 26” 
AQLD, Queensland; SA, South Australia; NP, National Park; LB, Lake Barrine. 

 

Geckos were captured by hand, by searching for them on the road, or with head torches in 

appropriate habitat. For each gecko, I recorded measurements of scale morphology 

(Chapter 3, Tables 3, 4, 5, 6, and 7) using molds of the epidermis to create positives that 

were subsequently photographed using SEM (Chapter 2). Spinule and pit characteristics 

occurred uniformly over the primary scales for most species, except for Lucasium 

damaeum, Oedura marmorata (both populations), and the Strophurus spp. (Chapter 3, 

Tables 4 and 5) which had sections of dense and sparse pits and spinules on each scale. 

For advancing contact-angle analysis, only measurements from the denser areas of 

spinules were used, as these covered a larger area of each scale. 

 

Advancing Contact-Angle Measurements  

All contact-angle measurements were carried out between four and eight days after each 

individual shed its skin (Chapter 2) under laboratory conditions at James Cook University 

in Townsville, Queensland and at the South Australian Museum in Adelaide, South 

Australia. Laboratory air temperature ranged from 23° to 25° C. 

 
Contact-angle measurements were only successful if the lizards remained completely still. 

To immobilize lizards, the fore and hind limbs were outstretched and taped to the body 

using 3M Micropore™ tape. This was done without touching the dorsal scales to avoid 

affecting dorsal scale microornamentations. Hydrophobicity tests were done with the lizard 

attached to a block of wood with Micropore™ tape and mounted onto a tripod. 

 
In addition to being motionless, it was necessary for the gecko to present a flat surface to 

obtain accurate contact angles. Although the dorsal surface was the flattest part of the 
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body, I still had to compensate for the unevenness of the vertebral column, as well as 

motion due to breathing. To make sure the area was level, I rolled the lizard slightly to one 

side before attaching it to the wooden block and took contact-angle measurements just 

lateral to the spine. This exposed the costal surfaces and muscular lateral area between 

the ribs and pelvis. In the case of the Diplodactylus spp. and Rhynchoedura ornata, there 

were two types of primary scales: those running along the vertebral column and those 

running more laterally along the dorsal surface (Chapter 3, Table 3). For these lizards, 

primary scales running immediately lateral to the vertebral column were used in analyses 

of advancing contact angles, as drops were placed on the side of the body. In the case of 

species with large projecting spines, Saltuarius cornutus, Nephrurus spp. and Phyllurus 

spp., drops were placed in between projecting spines where non-spinose primary scales 

could be observed clearly. 

 
Movement due to breathing could be controlled by measuring contact angles towards the 

posterior end of the torso. If movements associated with breathing included the entire 

length of the body, breathing was controlled by placing a piece of tape lengthwise along 

each side of the lizard. This was enough to minimize breathing movements without 

affecting the well-being of the lizard. 

 
Once the lizard was immobilized, and a suitable, flat area on the dorsal surface was 

available, advancing contact angles were measured. A tripod was set up beside the lizard 

with a Nikon E8800 digital camera attached. This camera has excellent macro capabilities 

(focus range of 3 cm) and good resolution (8.0 effective megapixels), that allowed images 

of the water droplet to be enlarged for analysis. The first picture was taken of the dorsal 

surface without a water droplet, to find the exact location where the scales crested 

(Figure 1A). This was where the initial, sessile drop was placed (Figure 1B), using an 

Eppendorf® pipette with a volume capacity of 0.1 - 2.5 µL. Advancing contact angles were 

attained by adding 0.25 µL to the sessile water droplet numerous times (Figure 1C). 
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Figure 1. Photographic sequence of a “growing” drop used to obtain advancing contact-

angle measurements on the dorsal scales of geckos. (A) Initial image of a dorsal surface 

revealing the exact location where the scales crested (CR). (B) Initial, sessile drop placed 

on the dorsal surface with a contact angle (θ). (C) Droplet just previous to that which 

“popped out”, or changed shape such that it was no longer symmetrical at the base 

(Figure 1D). θ indicates the advancing contact angle that was obtained by adding 0.25 µL 

of distilled water to the initial water droplet (Figure 1B) numerous times. (D) One increment 

after advancing contact-angle measurement (Figure 1C) in which the droplet had popped 

out (PD) and, in this case, projected towards the camera. 

 

The expanding water droplet was photographed at each increment, until the base of the 

drop appeared to “pop” out to the side or start to roll (Figure 1D). The critical angle, or 

advancing contact angle, was measured on the photograph taken immediately before the 

drop “popped out” (Figure 1C). Increases in advancing contact angles are correlated with 

increasing hydrophobic properties (Li et al., 2007). Although it was very difficult to see with 

the naked eye, on enlarged photographs, advancing contact angles were clearly visible. 
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Typically, approximately 120 increments (30 µL) or 120 photographs were needed to 

produce 3 to 10 drops suitable for advancing contact-angle measurements, depending on 

the individual. Since each drop had two sides and therefore two possible contact angles, 6 

to 20 advancing contact-angle measurements could be measured on a single lizard. 

Unfortunately, the number of contact angles that were obtained for an individual lizard 

could not be determined until the pictures were enlarged, so sample sizes for each lizard 

varied, but always included replicate contact angles. Angles were measured using Image J 

v. 1.36b.  

 

Statistical Analyses 

To examine differences among mean advancing contact angles (Table 3) among 

individuals, within each species, I used independent sample t-tests (when there were only 

two individuals), ANOVA, and Tukey HSD post-hoc tests (when there were more than two 

individuals). Median contact angles were calculated for each individual and then means for 

each family, genus, and species were obtained from these data for analyses (Table 2 and 

3). To explore relationships among mean advancing contact angles (Table 3) and scale 

morphology (primary and secondary scale size, spinule length and density, pit diameter 

and density, hair sensor characteristics and furrow characteristics; Chapter 3, Tables 3, 4, 

5, 6 and 7), I used linear regressions. To examine the combined relationships of significant 

skin characteristics on advancing contact angles, I used a stepwise multiple regression. 

SPSS 16 was used for all statistical analyses. Alpha level for all tests was 0.05.  

 
Results 
 
Hydrophobic Properties within Species 

There were no significant differences in advancing contact angles among individuals within 

species for any species, although a few approached significance.  Carphodactylus laevis: 

ANOVA, F(2,24) = 0.08, P = 0.92, Diplodactylus conspicillatus (Great Victoria Desert 

population): t-test, t(10) = 0.35, P = 0.736, Diplodactylus conspicillatus (Winton population): 

ANOVA, F(3,25) = 1.51, P = 0.235, Diplodactylus conspicillatus (Mingela Range population): 

ANOVA, F(9,73) = 2.004, P = 0.051, Diplodactylus tessellatus: ANOVA, F(8,63) = 1.45, 

P = 0.193, Lucasium damaeum: t-test, t(12) = -0.25, P = 0.808, Lucasium immaculatum: 

ANOVA, F(3,48) = 2.35, P = 0.085, Lucasium steindachneri: ANOVA, F(20,106) = 1.23, 

P = 0.247, Lucasium stenodactylum: t-test, t(17) = 1.17, P = 0.259, Nephrurus asper: 
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ANOVA, F(8,83) = 0.77, P = 0.634, Oedura castelnaui: ANOVA, F(4,39) = 0.25, P = 0.908, 

Oedura coggeri: ANOVA, F(6,81) = 1.57, P = 0.168, Oedura marmorata (Winton population): 

ANOVA, F(7,113) = 1.48, P = 0.183, Oedura monilis: ANOVA, F(12,141) = 1.57, P = 0.107, 

Oedura rhombifer: ANOVA, F(4,58) = 1.92, P = 0.119, Phyllurus ossa: ANOVA, F(4,73) = 1.43, 

P = 0.234, Phyllurus nepthys: ANOVA, F(2,33) = 1.79, P = 0.182, Rhynchoedura ornata: 

ANOVA, F(3,28) = 1.79, P = 0.171, Saltuarius cornutus: ANOVA, F(12,95) = 1.34, P = 0.208, 

Strophurus krysalis: ANOVA, F(12,90) = 1.81, P = 0.057, Strophurus williamsi: ANOVA, 

F(14,82) = 0.117, P = 0.318. 

 

Hydrophobic Properties among Species 

Hydrophobic properties varied between the Carphodactylidae and Diplodactylidae as well 

as between genera (Table 2). All gecko species I examined were hydrophobic, in that they 

had contact angles above 90°, but some species were more hydrophobic than others 

(Table 3). 

 
Table2. Advancing contact-angle (ACA) measurements (mean and median ± standard 

deviation [SD]; sample size n denotes the number of individuals examined to produce 

mean and median advancing contact angles for each species) for the higher taxonomy of 

Australian carphodactyline and diplodactyline geckos. Listed in alphabetical order. 

Higher Taxonomy Mean ACA Median ACA SD n 
Carphodactylidae 136.51 135.64 3.49 34 
Diplodactylidae 142.09 141.77 7.92 126 
Carphodactylus sp. 144.49 144.49 2.54 3 
Diplodactylus spp. 148.79 149.09 3.61 25 
Lucasium spp. 148.37 149.12 5.61 9 
Nephrurus sp. 133.94 133.56 1.83 29 
Oedura spp.  138.99 137.89 5.95 39 
Phyllurus spp. 138.59 138.38 3.25 9 
Rhynchoedura sp.  144.48 144.71 2.88 4 
Saltuarius sp. 136.02 135.87 1.99 13 
Strophurus spp.  134.23 133.55 5.52 29 
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Table 3. Advancing contact-angle (ACA) measurements (mean and median ± standard 

deviation [SD]; sample size n denotes the number of individuals examined to produce mean 

and median advancing contact angles for each species) for Australian carphodactyline and 

diplodactyline geckos. Species listed in order of mean ACA.  

SpeciesA Higher  
TaxonomyB 

Mean 
ACA 

Median 
ACA 

SD n 

Strophurus krysalis D 130.72 130.31 5.95 13 
Nephrurus asper C 133.94 133.53 3.7 9 
Oedura marmorata (W) D 134.02 134.23 4.55 8 
Oedura castelnaui D 134.66 136.17 4.2 5 
Saltuarius cornutus C 136.02 135.92 3.55 13 
Strophurus williamsi D 136.23 136.00 4.68 15 
Oedura coggeri D 136.82 137.19 3.71 7 
Phyllurus nepthys C 137.43 136.47 5.22 3 
Phyllurus ossa C 138.32 139.00 4.81 5 
Lucasium stenodactylum D 139.92 142.87 1.83 2 
Oedura marmorata (MI) D 140.04 140.04 3.16 1 
Lucasium immaculatum D 140.32 141.44 4.59 4 
Oedura monilis D 140.82 140.53 4.81 13 
Phyllurus amnicola C 143.40 143.40 2.82 1 
Carphodactylus laevis C 144.49 142.85 3.48 3 
Rhynchoedura ornata D 147.23 147.92 4.46 4 
Diplodactylus tessellatus D 147.89 148.43 6.04 9 
Diplodactylus conspicillatus (MR) D 148.71 148.16 4.78 10 
Diplodactylus conspicillatus (GVD) D 149.31 149.08 3.05 2 
Lucasium steindachneri * D 150.45 151.53 5.78 21 
Oedura rhombifer * D 150.63 151.46 6.03 5 
Diplodactylus conspicillatus (W) * D 152.00 151.71 3.52 4 
Strophurus taeniatus * D 152.43 152.43 2.28 1 
Lucasium damaeum * D 155.58 155.62 1.94 2 
AMR, Mingela Range, QLD; GVD, Great Victoria Desert, SA; W, Winton, QLD; MI, 
Mt. Isa, QLD. BC, carphodactyline; D, diplodactyline. 
*Species with superhydrophobic properties. 
 

Scale Morphology 

I examined correlations among advancing contact angles and scale morphological 

features. There was a significant negative relationship between log10 transformed mean 

primary scale size (Chapter 3, Table 3) and advancing contact-angle measurements 

among species (y = 132.57 – 8.58x, r 2 = 0.203, P = 0.027; Figure 2A). There was a 

significant positive relationship between mean spinule length (Chapter 3, Table 4) and 

advancing contact-angle measurements among species (y = 19.64x + 145.21, r 2 = 0.196, 

P = 0.03; Figure 2B). When combined in a stepwise multiple regression, both log10 



Chapter 4. Measuring Hydrophobicity 
 

96 

transformed mean primary scale size and log10 transformed mean spinule length explained 

a significant proportion of the variation in advancing contact angles  

(y = 2.13 – 0.03 [primary scale size] + 0.06 [spinule length], r 2 = 0.416, P = 0.004). Spinule 

length explained 22% of the variation in advancing contact angles, while primary scale size 

explained 20%.The smallest primaries belonged to Rhynchoedura ornata and were 

0.02 mm2, while the largest belonged to Oedura monilis and were 0.39 mm2 (Chapter 3, 

Table 3). The shortest spinules belonged to Nephrurus asper and were 0.28 µm, while the 

longest belonged to Rhynchoedura ornata and were 1.12 µm (Chapter 3, Table 4). 

Interestingly, very highly hydrophobic species had optimal combinations of primary scale 

size and spinule length, rather than having the longest spinules or the smallest primary 

scales. 

 

There were no significant relationships between mean advancing contact angles and 

secondary scale size, although this relationship approached significance  

(y = 146.05 – 27.06x, r 2 = 0.13, P = 0.083; Chapter 3, Table 3). Similarly, spinule density 

(y = 144.46 – 0.01x, r 2 = 0.018, P = 0.532; Chapter 3, Table 4), pit diameter  

(y = 155.69 – 46.21x, r 2 = 0.074, P = 0.199; Chapter 3, Table 5), pit density  

(y = 0.046x + 134.82, r 2 = 0.063, P = 0.235; Chapter 3, Table 5), hair sensors per square 

millimeter (y = 0.03x + 141, r 2 = 0.028, P = 0.431; Chapter 3, Table 6), log10 bristles per 

square millimeter (y = 143.41 – 0.48x, r 2 = 0.003, P = 0.811; Chapter 3, Table 6), furrow 

depth (anteroposterior, y = 150.02 – 4.3x, r 2 = 0.335, P = 0.11; longitudinal,  

y = 147.54 – 2.21x, r 2 = 0.225, P = 0.291; Chapter 3, Table 7), or furrow width 

(anteroposterior, y = 147.33 –3.99x, r 2 = 0.272, P = 0.199; longitudinal,  

y = 2.49x + 139.25, r 2 = 0.174, P = 0.416; Chapter 3, Table 7) did not influence advancing 

contact angles significantly. 
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Figure 2. Significant associations between (A) log10 transformed mean primary scale size, 

(B) mean spinule length, and mean advancing contact angles (CA).  

 

Discussion 

The Diplodactylidae were, in general, more hydrophobic than the Carphodactylidae except 

for Carphodactylus laevis, which had comparatively high hydrophobic properties and 

Strophurus spp., which had comparatively low hydrophobic properties. Species with 

superhydrophobic properties used different substrates and occurred in different 

environments: Lucasium damaeum is a terrestrial species living in semi-arid soft soil 

areas; Strophurus taeniatus, is Spinifex-dwelling and lives in arid zones; Diplodactylus 

conspicillatus (Winton population) is a terrestrial termite specialist living on hard soil; 

Oedura rhombifer is an arboreal gecko living in open woodlands and lowland rainforests, 

and Lucasium steindachneri, is terrestrial and lives in semi-arid regions on soft and hard 

soils. Species with the least hydrophobic properties, although still very hydrophobic (Li et 

al., 2007), included Strophurus krysalis, a shrub-dwelling species inhabiting long thin 

branches in semi-arid regions, Nephrurus asper, a terrestrial species that lives in dry open 

woodlands on rocky outcrops, Oedura marmorata (Winton population), a rock-dwelling 

species from arid zones; Oedura castelnaui, an arboreal species using open woodlands, 

and Saltuarius cornutus, an arboreal rainforest-dweller. Interestingly, some gecko species 

in the same genera (e.g. Strophurus and Oedura) showed the entire range of hydrophobic 

properties displayed by the group.  
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Geckos with high hydrophobicity were characterized by small primary scales and long 

spinules on their scales. Both of these skin characteristics are important contributors to 

rough surface adaptation. More rough surface adaptation causes a decrease in the 

surface area in contact with the water droplets, increasing advancing contact angles, and 

therefore increasing hydrophobic properties (Alberti and DeSimone, 2005; Carbone and 

Mangialardi, 2005; Nosonovsky and Bhushan, 2005). In the case of these geckos, rough 

surface adaptation was most enhanced by longer spinules and smaller scales. In 

comparison, shorter spinules and larger scales had the opposite effect, increasing surface 

area available for contact by water droplets by creating a smoother surface and reducing 

hydrophobic properties (Figure 3).  

 

 

Figure 3. Skin characteristics that have the greatest effect on rough surface adaptation. 

High hydrophobic properties are caused by (A) long spinules (Rhynchoedura ornata; scale 

bar 1 µm) and (B) small scales (Lucasium steindachneri; scale bar 100 µm), while low 

hydrophobic properties are caused by (C) short spinules (Strophurus williamsi; scale bar 

1 µm), and (D) large scales (Oedura castelnaui; scale bar 100 µm). 
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Factors Influencing Measures of Hydrophobicity 

As long as advancing contact angles were measured at the appropriate and same time 

relative to the shedding cycle in all individuals examined, the differences among 

individuals within a species were small. Thus, Oedura marmorata (MI), Phyllurus amnicola, 

and Strophurus taeniatus, for which I was only able to measure one individual, were likely 

to have produced reliable estimates of contact angles for the species. 

 

Although advancing contact angles were very similar among individuals within a given 

species, many factors contributed to measurement variation. A contact angle retrieved 

from any flat surface requires two assumptions. Firstly, that the surface is perfect: it must 

be solid, flat, chemically homogeneous, insoluble, and inert, and secondly, that those 

characteristics are independent of gravitational forces (Marmur, 2006). If these 

assumptions are satisfied then the drop would have three distinct surface tensions 

associated with its boundaries, which are the air-to-liquid boundary, the air-to-solid 

boundary, and the solid-to-liquid boundary (Zisman, 1964). When a drop is placed on an 

ideal surface, it is sessile when these three boundaries are at equilibrium with each other, 

at which point an ideal contact angle can be measured. 

 

Of course, in biology, ideal situations are rare, and several factors likely influenced the 

variation of contact angles on the living surface of a gecko. Small variations in humidity 

and temperature in the laboratory could have affected the air-to-liquid boundary surface 

tension of the system. However, the solid-to-liquid and solid-to-air boundary surface 

tensions should have remained relatively stable since the oberhautchen is not living, and 

because geckos are ectotherms, they reached thermal equilibrium with the conditions in 

the laboratory, so differences in temperature between the laboratory air temperatures and 

the lizard body surface temperatures were minimal. 

 

The heterogeneity of the dorsal skin surface of geckos in this study could have effected 

contact-angle measurements. The outer layer of oberhautchen, where the drop made 

contact, was inert, solid, and insoluble, but not smooth or chemically homogeneous (Kwok 

and Neumann, 1999). In addition, because geckos were living and breathing there was 

internal movement associated with blood circulation and respiration during measurements. 

In spite of these variations, both measurements of hydrophobicity on a single individual 

and among individuals of a species were very repeatable.  
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In theory, gravity may also have influenced contact-angle measurements, however, 

advancing contact angles in drops with a base diameter of less than 7 mm are typically not 

affected by gravitational forces (Drelich et al., 1996). Since the drops used in this study 

only had a maximum volume of 30 µL, and therefore a total spherical diameter of much 

less than 7 mm, gravity should have had no effect on my results. 

 
 
Future research should examine advancing contact angles on inert epoxy molds of gecko 

dorsal surfaces (Chapter 2), to determine whether contact angles depend purely on the 

structure of the skin or other factors associated with living organisms, such as skin 

chemistry. Since hydrophobic properties are affected by both spinule length and scale size 

in different ways, finding the best ratio between the two characteristics may enable 

researchers to obtain even higher hydrophobic properties than those found in nature. 
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CHAPTER 5. KEEPING IT CLEAN: THE FUNCTIONAL SIGNIFICANCE OF 

HYDROPHOBICITY IN AUSTRALIAN GECKOS (SQUAMATA: 

CARPHODACTYLIDAE AND DIPLODACTYLIDAE) 

 

Publication: Vucko, M. J., Schwarzkopf, L. (in preparation) Keeping it Clean: The 

Functional Significance of Hydrophobicity in Australian geckos (Squamata: 

Carphodactylidae and Diplodactylidae).  

 

Introduction 

In the Mesozoic era, an extensive radiation of squamate reptiles occurred producing lizard 

species with a great range of variation in body form (Evans, 2003). The surface topology, 

or oberhautchen, of lizard skin has been of interest to scientists for many years (Ruibal, 

1968; Gans and Baic, 1977; Peterson, 1984; Irish et al., 1988) and because this 

oberhautchen varies among species, scale morphology may vary with habitat use (Porter, 

1967; Stewart and Daniel, 1973) and phylogeny (Peterson, 1984; Harvey, 1993), or both 

(Arnold, 2002; Gower, 2003). Skin microornamentations could also have functional 

significance and particular structures may facilitate: ecdysis (Arnold, 2002), coping with 

varying temperatures in different parts of the body (Matveyeva and Ananjeva, 1995), 

pheromone capture, retention, and dispersal (Smith et al., 1982), the creation or reduction 

of friction in species living in small crevices (Stewart and Daniel, 1973), the reflection or 

channeling of harmful solar radiation (Porter, 1967), scale wear prevention (Cole and Van 

Devender, 1976), or dirt shedding (Gans and Baic, 1977). 

 

Terrestrial organisms are more often exposed to soil, and, consequently, to soil pathogens 

resulting in better developed immune systems than organisms that live much of their lives 

off the ground (Shuetrim, 2007). For example, terrestrial termites have better developed 

immune systems than do arboreal termites (Bulmer and Crozier, 2006). Reptiles active on 

the ground are also exposed to pathogens, including those causing respiratory ailments 

(Smith et al., 1998), and external parasites (Kerr and Bull, 2006). In addition to increased 

pathogen exposure, terrestrial reptiles may suffer from the accumulation of dirt per se 

(Gans and Baic, 1977). Dirt accumulation could cause scale wear (Irish et al., 1988), 

excess weight, and obscured cryptic patterning (Arnold, 2002). Thus, exposure to soiling 

has several disadvantages for terrestrial species. 
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In nature, various structural and behavioural mechanisms have evolved to keep living 

structures clean and pathogen-free, but a common method of remaining clean is 

increasing hydrophobicity of body surfaces (Vrolijk et al., 1990; Barthlott and Neinhuis, 

1997; Neinhuis and Barthlott, 1997; Fusetani, 2003; Gao and Jiang, 2004; Zhai et al., 

2006). Hydrophobicity of natural surfaces may be increased by chemical means (Lee and 

McCammon, 1984), or by increasing rough surface adaptation at a microscopic level 

(Shah and Sitti, 2004). Gecko dorsal epidermis is hydrophobic (Chapter 4); however, the 

functional significance of hydrophobicity in geckos is unknown. Here, I hypothesize that 

hydrophobicity may serve to increase dirt shedding. If dirt shedding is a reason for the 

evolution of hydrophobicity in geckos, I predict that terrestrial geckos, which are exposed 

to more dirt, sand, and debris, should be more hydrophobic (i.e., should have scale 

characteristics that promote hydrophobicity), compared to geckos that live in elevated 

habitats (such as trees and large boulders). High hydrophobicity would allow them to keep 

clean, reducing exposure to soil pathogens, and other negative effects of clinging soil. 

 

Eighty two described species of carphodactyline and diplodactyline geckos occur in 

Australia (Wilson and Swan, 2004). These two groups evolved locally and are widespread 

in different climates and habitats. Their cosmopolitan habitat use makes them ideal 

candidates in which to examine ecological factors correlated with differences in 

hydrophobicity among species. The central purposes of this study were to (1) determine 

whether there were differences in hydrophobicity among higher clades, (2) determine 

whether hydrophobicity was correlated with distance from the ground of each species, and 

(3) determine whether there was evidence that hydrophobicity has evolved in response to 

terrestrial habits in these geckos. 

 

Materials and Methods 

 

Study Species 

This study was conducted between April 31, 2005 and September 12, 2008. I examined 9 

genera in the Australian carphodactyline and diplodactyline geckos including 21 species 

(and populations therein; Figure 1). Geckos were captured by hand, by searching for them 

on the road, or with head torches in appropriate habitat. For each gecko, I recorded 

morphological measurements (Chapter 3, Table 2), and for geckos captured in natural 
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habitats I recorded distance from the ground (Table 1), and classified their activity in terms 

of substrate use (terrestrial, saxicoline, and arboreal; Chapter 3, Table 8).  

 

Advancing Contact-angle Measurements 

I used the sessile drop technique (Li et al., 2007) to quantify contact angles of droplets of 

distilled water, incrementally increased in size and photographed at high resolution, which 

could then be used to predict the hydrophobicity of the dorsal skin surface of geckos 

(Chapter 4). 

 

Skin Characteristics 

All dorsal epidermal scale images used for skin characteristic measurements were 

obtained from live specimens, using a technique where molds of the epidermis are made 

using epoxy resin, to create positives that were subsequently photographed using SEM 

(Chapter 2). I recorded measurements of scale morphology from these images (Chapter 3, 

Tables 3, 4, 5, 6, and 7).  

 

Statistical Analyses 

 
Univariate Analyses 

To examine the differences in advancing contact angles between carphodactyline and 

diplodactyline geckos, I used an independent samples t-test. To examine the relationships 

between mean advancing contact angles (Chapter 4, Table 3) and distance from the 

ground (Table 1), as well as body size (Chapter 3, Table 2), and primary scale size 

(Chapter 3, Table 3) and spinule length (Chapter 3, Table 4), I used linear regressions. To 

compare differences in body size among species using different substrates (arboreal, 

saxicoline, or terrestrial; Chapter 3, Table 8), I used ANOVA and Tukey HSD post-hoc 

tests. To meet assumptions of ANOVA, variables were log10 transformed if variation 

among means were unequal. SPSS 16 was used for all statistical analyses and alpha for 

all tests was 0.05. 

 

Phylogenetic Analyses 

Related species are not only a product of their environment but have also inherited a 

certain portion of their phenotype (Carvalho et al., 2005). This hierarchal configuration of 

ancestors and descendents (a phylogeny) does not allow each species to be treated as an 
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independent data point, although independence is needed to satisfy the assumptions of 

standard statistical analyses (Felsenstein, 1985). Lack of independence causes inaccurate 

parameter estimates when using conventional statistics (Felsenstein, 1985; Grafen, 1989; 

Martins and Garland, 1991; Pagel and Harvey, 1992b), if used to test for differences 

among species (Goodman et al., 2007). To remove the effects of phylogeny from a given 

data set, Felsenstein’s independent contrasts method finds the differences (contrasts) 

between pairs of sister species or nodes (Garland et al., 1992). Each contrast depends 

only on the events that occur in two branches of the phylogeny and therefore are 

independent of all others. Brownian motion is assumed, meaning character evolution is 

closely related to branch length and we expect that species will be more similar to each 

other the more recently they diverged (Martins et al., 2002). 

 

A phylogeny was constructed (Figure 1 and 3) for the twenty-one species (and populations 

therein) used for advancing contact-angle analysis (Chapter 4) by combining trees from 

other sources (Hoskin et al., 2003; Oliver et al., 2007; Oliver, unpublished data). Branch 

lengths were standardized by exponential transformation (Maddison and Maddison, 2007), 

at which point skin characteristics (primary and secondary scale size, spinule length and 

density, pit diameter and density, hair sensor characteristics and furrow characteristics; 

Chapter 3, Tables 3, 4, 5, 6, and 7) and advancing contact angles (Chapter 4, Table 3), 

which were log10 (x+1) transformed to improve normality (Sokal and Rohlf, 1995), were 

used to calculate independent contrasts using PDAP v. 2.0 (Midford et al., 2006; Maddison 

and Maddison, 2007). I examined diagnostic plots of the absolute value of independent 

contrasts versus the square root sum of the corrected branch length (standard deviation) 

to visually inspect for linear and non-linear trends in the data and ensure statistical 

correlations of each trait were not significant. There were no trends in the diagnostic plots 

(0.001 < r2 < 0.102, 0.111 < P < 0.968), indicating that the tree had been adequately 

standardized (pit characteristics were outliers and removed from the analysis). 

Independent contrasts were regressed through the origin, and to explore relationships 

among advancing contact angles, body size, skin characteristics, and distance from the 

ground with the effects of phylogeny removed, I used Pearson product-moment 

correlations.  
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Figure 1. Phylogeny constructed for the twenty-one species (and populations therein) 

used for advancing contact-angle measurements, by combining trees from other sources 

(Hoskin et al., 2003; Oliver et al., 2007; Oliver, unpublished data). GVD, Great Victoria 

Desert, SA; MI, Mt. Isa, QLD; MR, Mingela Range, QLD; W, Winton, QLD. 
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Results 
 
Hydrophobic Properties among Clades 

There was no significant difference between overall log10 transformed mean advancing 

contact-angle measurements of carphodactyline and diplodactyline geckos (overall mean 

[± standard deviation] for carphodactylines = 2.14 ± 0.13, overall mean for 

diplodactylines = 2.16 ± 0.23, t-test, t(22) = -1.508, P = 0.146), therefore all subsequent 

analyses were done with species from both groups combined. 

 

Hydrophobicity and Substrate 

There was a significant negative relationship between mean distance from the ground 

when the animals were first located (Table 1) and mean advancing contact angles 

(y = 147.23 – 0.08x, r 2 = 0.424, P = 0.001; Figure 2). Animals became more hydrophobic 

(i.e., advancing contact angles increased) as they approached the ground in their 

substrate use.  

 
Figure 2. Significant association between mean distance from the ground and mean 

advancing contact angles (CA). Circles = terrestrial species, triangles = saxicolous 

species, squares = arboreal species. 
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Table 1. Mean (± standard deviation) distance from the ground when captured of 

Australian carphodactyline and diplodactyline geckos. Species listed in order of 

distance from the ground. 

SpeciesA Distance (cm) n 
Carphodactylus laevis 0 3 
Diplodactylus conspicillatus (MR) 0 14 
Diplodactylus conspicillatus (GVD) 0 2 
Diplodactylus conspicillatus (W) 0 4 
Diplodactylus tessellatus 0 12 
Lucasium damaeum 0 5 
Lucasium immaculatum 0 4 
Lucasium steindachneri 0 40 
Lucasium stenodactylum 0 2 
Rhynchoedura ornata 0 8 
Strophurus taeniatus 20 1 
Nephrurus asper   50 ± 20.72 10 
Phyllurus nepthys   70 ± 20.82 6 
Oedura coggeri   80 ± 23.61 7 
Strophurus krysalis   90 ± 64.07 22 
Phyllurus ossa   98 ± 26.36 5 
Phyllurus amnicola 100 1 
Strophurus williamsi 100 ± 23.46 19 
Oedura rhombifer 100 ± 41.47 6 
Oedura castelnaui 120 ± 61.56 15 
Oedura monilis 125 ± 78.53 17 
Oedura marmorata (W) 128 ± 38.35 10 
Oedura marmorata (MI) 150 1 
Saltuarius cornutus 187 ± 131.4 18 

AMR, Mingela Range, QLD; GVD, Great Victoria Desert, SA; W, Winton, QLD; MI, 
Mt. Isa, QLD.  

 

Body Size 

The skin characteristics that correlated with hydrophobicity (advancing contact angles) 

were spinule length and primary scale size (Chapter 4, Figures 2A and 2B). When 

terrestrial, saxicolous, and arboreal geckos were combined in analysis, both primary scale 

size (SVL, y = 1.24x - 3.46, r 2 = 0.206, P = 0.026; mass, y = 0.41x - 1.49, r 2 = 0.216, 

P = 0.022) and spinule length (SVL, y = 2.17 - 0.75, r 2 = 0.171, P = 0.045; mass,  

y = 0.98 – 0.25x, r 2 = 0.172, P = 0.044) were significantly related to body size. There 

were, however, significant differences among terrestrial, saxicoline, and arboreal geckos in 

mean SVL (terrestrial = 57.97, saxicoline = 83.52, arboreal = 81.19 [ANOVA, F(2,21) = 4.89, 

P = 0.018]) and mean mass (terrestrial = 5.23, saxicoline = 11.7, arboreal = 11.64 

[ANOVA, F(2,21) = 4.06, P = 0.032]) in this study. There were no relationships between body 
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size and spinule length within terrestrial (SVL, y = 0.23 – 0.16x, r 2 = 0.027, P = 0.652; 

mass, y = -0.07x – 0.01, r 2 = 0.057, P = 0.508), or saxicoline/arboreal (SVL,  

y = 0.46 – 0.34x, r 2 = 0.052, P = 0.432; mass, y = -0.11x – 0.08, r 2 = 0.056, P = 0.414) 

geckos. Similarly, there were no relationships between body size and primary scale size in 

terrestrial (SVL, y = 0.37x – 2.02, r 2 = 0.046, P = 0.553; mass, y = 0.18x – 1.46, 

r 2 = 0.105, P = 0.361), or in saxicoline/arboreal (SVL, y = 1.08x – 3.1, r 2 = 0.098, 

P = 0.275; mass, y = 0.35x – 1.37, r 2 = 0.105, P = 0.259) gecko species. Arboreal and 

saxicolous geckos were combined as their advancing contact angle measurements were 

not significantly different from each other, but were significantly different from terrestrial 

geckos (terrestrial = 147.89, saxicoline = 138.5, arboreal = 139.18 [ANOVA, F  = 7.2, 

P = 0.004]). 

 

The lack of relationships between primary scale size, spinule length and body size within 

each group (terrestrial and saxicolous/arboreal), but the significant relationships among 

groups indicates that terrestrial geckos, as a group, have long spinules, small scales, and 

small body size, whereas saxicolous and arboreal geckos are more likely to have large 

scales, short spinules, and large body size, but that body size does not have an important 

influence on scale characters relevant to advancing contact angles within substrate-use 

groups. 

 

Phylogenetic Analysis 

I used independent contrasts to explore the influence of skin characteristics and distance 

from the ground on advancing contact angles after the effects of phylogeny were removed 

(Table 2). There was a significant positive relationship between mean advancing contact 

angles and mean spinule length (y = 6.18x, r 2 = 0.162, P = 0.05). Skin characteristics that 

approached significance were primary scales (negative relationship, y = -1.8x, r 2 = 0.126, 

P = 0.088) and hair sensors per square millimeter (positive relationship, y = 13.09x, 

r 2 = 0.149, P = 0.062). Distance from the ground also approached significance (negative 

relationship, y = -0.015x, r 2 = 0.14, P = 0.071). 
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Table 2. Phylogenetic Pearson product-moment correlation coefficients of mean 

advancing contact angles and skin characteristics and distance from the ground for 

Australian carphodactyline and diplodactyline geckos. 

Skin Characteristic Correlation Coefficient r 2 P 
Distance from the Ground (cm) -0.499 0.249    0.013** 
Primary Scale Size (mm2) -0.355 0.126    0.088* 
Secondary Scale Size (mm2) -0.303 0.092    0.149 
Spinule Length (mm) 0.403 0.162    0.050** 
Spinule Density (per 10 µm2) -0.104 0.011    0.628 
Hair Sensors (per mm2) 0.386 0.149    0.062* 
Bristles (per mm2) -0.267 0.071    0.207 
Anteroposterior Width -0.195 0.038    0.361 
Anteroposterior Depth -0.201 0.040    0.346 
Longitudinal Width -0.032 0.001    0.881 
Longitudinal Depth -0.314 0.098    0.135 
**Significant relationship (P < 0.05); *Relationship approaches significance. 

 

Tracing Character Histories 

Both spinule length and primary scale size characteristics were important contributors to 

rough surface adaptation (Chapter 4), which affected hydrophobicity. Hydrophobicity 

varied with the distance from the ground where each species was first located. A 

phylogeny was constructed for the twenty-one species (and populations therein) used for 

advancing contact-angle measurements to assess the character history of contact angles 

and distance from the ground (Figures 3). Mean advancing-contact angles ranged from 

130˚ to 160˚ and were divided in half a priori to represent the lower and higher ranges of 

hydrophobic properties within the Carphodactylidae and Diplodactylidae. Distance from the 

ground was split into two groups a posteriori, from 0 to 49 and from 50 to 200, as there 

were two clear groupings among the twenty-one species (Figure 2). 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 3. Hydrophobic properties among Australian carphodactyline and diplodactyline geckos found at different heights above the 

ground. Geckos found closer to the ground should have the highest hydrophobic properties while those living high above the ground 

should have the lowest. 
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Discussion 

Hydrophobicity (measured as advancing contact angles) was related to substrate use and 

was, on average, higher in terrestrial species, and in species living closer to the ground, 

than in non-terrestrial species living away from the ground (Figure 3). Terrestrial geckos 

had longer spinules and smaller scales than congeners living further from the ground, and 

phylogenetic analyses suggested that in both carphodactyline and diplodactyline geckos, 

species living closer to the ground were more likely to evolve longer spinules, smaller 

scales, and higher hydrophobic properties. Rough surface adaptation increases with 

longer spinules and smaller scales, which in turn increases the hydrophobic properties of 

the skin. Tracing hydrophobic properties of the skin on the phylogeny of the 

carphodactyline and diplodactyline geckos illustrates a repeated evolution of species living 

close to the ground with high hydrophobicity, and species living away from the ground with 

lower hydrophobicity (Figure 3).  

 

Squamate skin microornamentations probably have functional significance. Functions 

suggested in the literature include the facilitation of ecdysis (Arnold, 2002), coping with 

varying temperatures in different parts of the body (Matveyeva and Ananjeva, 1995), 

pheromone capture, retention, and dispersal (Smith et al., 1982), the creation or reduction 

of friction in species living in small crevices (Stewart and Daniel, 1973), the reflection or 

channeling of harmful solar radiation (Porter, 1967), or scale wear prevention (Cole and 

Van Devender, 1976). However, none of these possible functions are consistent with 

variation in Australian gecko skin characteristics (see Chapter 3 for discussion of each 

function).  

 

I suggest that the main function of rough surface adaptation in these geckos is to prevent 

the accumulation of dirt on the scales (Vrolijk et al., 1990; Barthlott and Neinhuis, 1997; 

Neinhuis and Barthlott, 1997; Gao and Jiang, 2004; Zhai et al., 2006). In geckos with toe 

pads, toe lamellae are highly hydrophobic (Shah and Sitti, 2004), and this enables the 

lamellae to remain unfouled by particulate matter, ensuring that they stay sticky even with 

repeated use in very dusty environments (Autumn et al., 2002). I propose that the 

hydrophobic skin of geckos also ensures that they remain clean. This is consistent with the 

observed evolution of higher hydrophobicity in terrestrial geckos that are extensively 

exposed to dust and dirt.  
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Other researchers have suggested that microornamentations might prevent the 

accumulation of dirt (Gans and Baic, 1977), but the mechanism for this has not been clear. 

I suggest that Australian terrestrial geckos have evolved long spinules and small primary 

scales, which increases rough surface adaptation, to promote high and sometimes super-

hydrophobic properties, allowing them to eliminate dirt accumulation. Problems associated 

with increased pathogen exposure, scale wear, excess weight, and obscuring of cryptic 

colouration, associated with dirt accumulation, should be reduced in highly hydrophobic 

species. 

 

Geckos with toe pads use them to adhere to vertical surfaces, and typically use elevated 

substrates. Such geckos are evolutionarily derived, compared to clawed, terrestrial 

species (Donnellan et al., 1999), and their toe pads are derived from scales similar to 

those found elsewhere on the body (Ruibal, 1968; Russell, 1979). I found that terrestrial 

geckos had more highly hydrophobic dorsal skin, with rougher surface adaptation, than did 

geckos with toe lamellae. This opens the interesting possibility that the evolution of highly 

hydrophobic skin surfaces in terrestrial geckos was an evolutionary preadaptation 

promoting the evolution of highly hydrophobic toe lamellae in padded geckos. 

 

Factors promoting hydrophobicity and dirt shedding may also protect geckos from 

ectoparasites (Main and Bull, 2000). Common parasites that reside on the skin of lizards 

include chiggers, mites, and ticks (Goldberg and Bursey, 1991) and they can often be 

found in mite pockets which are thought to reduce parasitic damage to the rest of the body 

by providing favorable conditions in one specific area (Arnold, 1986). In this study, even 

those geckos with the lowest hydrophobicity (Strophurus krysalis) still had extremely 

hydrophobic skin (Li et al., 2007), and these hydrophobic adaptations to keep the skin 

clean may also aid in the reduction of parasite attachment on the body, but this remains to 

be tested. 

 

In my study, the number of hair sensors per millimeter of body surface evolved in accord 

with advancing contact-angle measurements when the effects of phylogeny were 

removed. Hair sensors are thought to provide information on wind velocity surrounding 

reptiles (Lauff et al., 1993; Matveyeva and Ananjeva, 1995). It is unlikely that tiny hair 

sensors, which do not alter rough surface adaptation greatly (Chapter 4), would have had 

a direct effect on advancing contact-angle measurements.  
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Instead, I suggest that the evolution of high numbers of hair sensors is correlated with the 

evolution of terrestriality. Terrestrial geckos have more hair sensors than do arboreal and 

saxicolous geckos (Chapter 3). Thus, species with high hydrophobic properties (which 

tend to be terrestrial) have also evolved more hair sensors. Terrestrial geckos may need to 

obtain highly accurate information on how environmental conditions vary, at least in part 

because they have high mass-specific rates of evaporative water loss (Chapter 6). 

Species with lower hydrophobic properties (which tend to be arboreal and saxicolous) 

have evolved fewer hair sensors. Arboreal and saxicolous geckos may not need to obtain 

accurate information on how environmental conditions vary, at least in part because they 

have lower mass-specific rates of evaporative water loss (Chapter 6). 
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CHAPTER 6. CORRELATES OF EVAPORATIVE WATER LOSS IN 

AUSTRALIAN GECKOS (SQUAMATA: CARPHODACTYLIDAE AND 

DIPLODACTYLIDAE) 

 

Publication: Vucko, M. J., Schwarzkopf, L. (in preparation) Correlates of Evaporative 

Water Loss in Australian Geckos (Squamata: Carphodactylidae and Diplodactylidae).  

 

Introduction 

Evaporative water loss (EWL) is the moisture an animal loses via evaporation (Zucker, 

1980), and resistance to EWL is an important physiological trait allowing organisms to 

survive on land (Alibardi, 2003). Rates of EWL vary among reptiles in relation to 

environmental conditions, substrate use, body mass, body structure, and phylogeny 

(Dmi'el, 1972; Mautz, 1982; Thompson and Withers, 1998; Withers et al., 2000). The four 

most important pathways for EWL in lizards are via the epidermis, the respiratory system, 

the eyes (Mautz, 1982), and the excretory system (Thompson and Withers, 1998). 

However, adaptations among species have led to differences in the importance of one 

EWL path over another (Mautz, 1982). In geckos, the eyes are shielded by a fused 

spectacle, restricting EWL from that route (Mautz, 1982), and most of the remaining EWL 

is cutaneous (Dawson et al., 1965; Snyder, 1979). Thus, most of the variation in EWL 

among gekkonids occurs due to variation in the epidermis. Lizard epidermis consists of six 

layers [oberhautchen, beta layer, mesos layer, alpha layer, lacunar layer, and clear layer 

(Irish et al., 1988)], of which the most important barrier to cutaneous water loss (CWL) is 

the mesos layer (Kattan and Lillywhite, 1989; Eynan and Dmi'el, 1993).  

 

Various studies of squamates have found that scale characteristics, especially scale 

number, correlate with environmental characteristics, including precipitation, elevation, 

temperature and aridity (Horton, 1972; Soule and Kerfoot, 1972; Lister, 1976; Thorpe and 

Baez, 1987; Malhotra and Thorpe, 1997a; Malhotra and Thorpe, 1997b; Calsbeek et al., 

2006). Because water loss occurs across exposed skin between scales (Horton, 1972), we 

expect scale morphology to vary among reptiles experiencing differences in habitat aridity. 

General conclusions drawn from studies of groups with overlapping scales (mostly Anolis 

spp.) conclude that species or populations in arid habitats have larger scales, whereas 
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those in less arid habitats have smaller scales [i.e., more exposed skin (Calsbeek et al., 

2006)]. Geckos, have small, granular (non-overlapping) scales, and occur in arid 

environments (Calsbeek et al., 2006) and the scalation patterns in geckos relative to water 

loss rates and environmental conditions have not been examined. 

 

Although many studies conclude that habitat aridity is a major factor influencing EWL of 

reptiles, including lizards (Dmi'el, 1972; Steinberg et al., 2007), the major source of 

variation in water loss rates among Australian geckos was habitat use; climate aridity was 

not related to water loss rates (Withers et al., 2000). Among Australian species, saxicolous 

geckos had lower EWL than did arboreal species, while terrestrial species had the highest 

EWL rates (Withers et al., 2000). 

 

I examined the EWL of Australian carphodactyline and diplodactyline geckos to determine 

whether EWL was correlated with scale characteristics, habitat use, and environmental 

conditions. The central purposes of this study were to examine patterns in EWL relative to 

morphology, ecology, and phylogeny of these geckos. 

 

Materials and Methods 

For each gecko, I recorded morphological measurements (Chapter 3, Table 2), scale 

characteristics (Chapter 3, Tables 3, 4, 5, 6, and 7), and for geckos captured in natural 

habitats, I recorded the substrate on which they occurred (terrestrial, saxicoline, or 

arboreal; Chapter 3, Table 8) and the environmental factors at the centre of each species’ 

geographic range (xeric, mesic, and hydric; Chapter 3, Table 8). 

 

Study Species 

This study was conducted between November 31, 2006 and September 12, 2008. I 

examined the EWL of 9 genera in the Australian carphodactyline and diplodactyline 

geckos including 18 species (and populations therein; Figure 1) from the same localities 

used for scanning electron microscopy (Chapter 3, Table 1) and advancing contact angle 

measurements (Chapter 4, Table 1). In order to take into account morphological features 

such as skin shedding mechanisms (Zucker, 1980), EWL measurements were recorded 

between four to eight days after each individual shed its skin (Chapter 2). This meant that 

lizards were generally acclimated for at least two weeks at 25° C prior to the 
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commencement of measurements, during which time they always had access to water. All 

lizards were fasted for 4 days before measurements were taken. 

 

Evaporative Water Loss Measurements 

EWL was measured gravimetrically using the flow-through chamber technique (Buttemer, 

1990) in which the rate of body mass loss was recorded as dry air was passed at a 

constant rate over the gecko. Conscious geckos do not have significantly different rates of 

evaporative water loss from anesthetized geckos, as long as they remain motionless 

(Zucker, 1980). Therefore, in my experiment geckos were strapped to plastic mesh using 

Weller® plastic cable ties (2.5 mm wide) to keep them elongated and still. The cable ties 

were placed loosely around the neck in front of the forelimbs and around the pectoral 

girdle in front of the hindlimbs, and nowhere near the tail, to prevent tail detachment due to 

autotomy. The plastic mesh was 1 mm in diameter with large square holes (5 x 5 mm) 

allowing maximum airflow on all surfaces of the gecko. The mesh, with the gecko 

attached, was placed centrally inside a cylindrical plexiglass chamber (35 cm length, 

14 cm diameter) on a platform that rested on a Mettler balance (PM 400, sensitive to 

0.001 g).  

 

Before air entered the chamber, it was passed through a 45-cm column of self-indicating 

silica gel, and then regulated to 25 L min-1 by a mass-flow controller (Harris Calorific, 

Model 865) for all EWL measurements. Air entered the chamber through a funnel at one 

end, after which it passed through a piece of foam rubber (14 cm diameter, 2 cm 

thickness) to decrease turbulence and encourage laminar airflow through the chamber. 

The apparatus was located in a controlled temperature room set at 29° C and the air 

temperature and incurrent relative humidity (RH) were measured (mean ± standard 

deviation) using a Tinytag® datalogger (Ultra 2®, sensitive from 0 – 95% RH) placed 

inside the chamber. During EWL measurements, air temperature in the laboratory 

averaged 28.93 ± 0.85° C and RH averaged 3.32 ± 2.23%.  

 

Dry air was allowed to flow through the chamber with the animal inside for 20 minutes 

before it reached equilibrium. A tripod was set up beside the chamber, with a Nikon E8800 

digital camera attached, and the scale readout and lizard inside the chamber were 

photographed automatically every 5 minutes.  Animals were left in the chamber for 4 

hours.  
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Animals were removed from the final analyses if they moved or defecated during EWL 

measurements. Movement caused dramatic increases in both respiratory and cutaneous 

EWL (Mautz, 1980), and therefore unstable RH measurements, while defecation in the 

chamber caused a rapid increase in RH. To measure changes in RH due to lizard 

movement or defecation, I used a Cole Parmer® humidity meter (Digi-Sense®, sensitive 

from 0 – 100% RH) placed through a hole in the excurrent funnel.  

  

Statistical Analysis 

 

Univariate Analyses 

Since surface area is related to mass by a constant (surface area = 12.62 * mass0.642) for 

lizards (Withers et al., 2000), mass was used as a measure of body size for all analyses. 

Body mass differences among species play an important role in EWL variation (Mautz 

1982); therefore EWL was expressed as both absolute (mg h-1) and mass-specific  

(mg g-1 h-1) EWL (Table 1).  

 

To explore the relationship among mean absolute EWL and body size (Chapter 3, Table 2) 

as well as relationships among mean mass-specific EWL and other factors including 

advancing contact angles (Chapter 4, Table 3), and scale morphology (primary and 

secondary scale size, spinule length and density, pit diameter and density, hair sensor 

characteristics, and furrow characteristics; Chapter 3, Tables 3, 4, 5, 6, and 7), I used 

linear regressions. To compare differences among habitat substrate types used by each 

species, categorized into three groups (arboreal, saxicoline, and terrestrial; Chapter 3, 

Table 8) and environmental conditions at the centre of each species’ geographic range 

(xeric, mesic, and hydric; Chapter 3, Table 8), I used ANOVA and Tukey HSD post-hoc 

tests on mean mass-specific water loss rates (Table 1) among groups. To meet 

assumptions of ANOVA, variables were log10 transformed if variation among means was 

unequal. SPSS 16 was used for all statistical analyses and alpha level for all tests 

was 0.05. 

 

Phylogenetic Analyses 

A phylogeny was constructed (Figure 1) for the eighteen species (and populations therein) 

used for evaporative water loss measurements by combining trees from other sources 

(Hoskin et al., 2003; Oliver et al., 2007; Oliver, unpublished data) and Felsenstein’s 
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independent contrasts method was used to remove the effects of phylogeny from the data 

set (Felsenstein, 1985). Standardization of branch lengths, calculations of independent 

contrasts (using skin characteristics [Chapter 3, Tables 3, 4, 5, 6, and 7] and mass-specific 

EWL [Table 2]), and inspections for trends in the data followed similar procedures used for 

advancing contact angles (Chapter 5) using PDAP v. 2.0 (Midford et al., 2006; Maddison 

and Maddison, 2007). No significant trends occurred in the diagnostic plots (0.001 < r 2 < 

0.158, 0.095 < P < 0.994), indicating that the tree had been adequately standardized (pit 

characteristics and anteroposterior width could not be adequately standardized and were 

removed from the analysis). Independent contrasts were regressed through the origin 

(Garland Jr. et al., 1992), and to explore relationships between mass-specific water loss 

and skin characteristics, with the effects of phylogeny removed, I used Pearson product-

moment correlations.  
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Figure 1. Phylogeny constructed for the eighteen species (and populations therein) used 

for EWL measurements, by combining trees from other sources (Hoskin et al., 2003; Oliver 

et al., 2007; Oliver, 2007 unpublished data). GVD, Great Victoria Desert, SA; MI, Mt. Isa, 

QLD; MR, Mingela Range, QLD; W, Winton, QLD. 
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Results 

 

Body Mass 

I examined relationships among absolute EWL (Table 1) and body mass (Chapter 3, 

Table 2). The eighteen species used in mass-specific EWL measurements varied greatly 

in body mass (from 1.74 g [Rhynchoedura ornate] to 35.65 g [Saltuarius cornutus]), and 

because of this, absolute EWL varied widely as well. There was a significant positive 

relationship between log10 transformed mean absolute EWL and log10 transformed mean 

body mass (y = 0.537x + 0.991, r 2 = 0.668, P < 0.001; Figure 2).  

 

 

Figure 2. Significant association between log10 transformed mean mass and log10 

transformed absolute EWL for eighteen species (and populations therein) of Australian 

geckos. 



 

 

Table 1. Absolute and mass-specific evaporative water loss (EWL) rates of Australian carphodactyline and diplodactyline 

geckos with differences in body mass (mean ± standard deviation, sample size n denotes the number of individuals examined 

to produce mean water loss rates for each species). Species listed in order of mass-specific EWL. 

SpeciesA Absolute EWL (mg h-1) Mass-specific EWL (mg g-1 h-1) Mass (g) n 
Nephrurus asper 21.43 ± 9.23 1.17 ± 0.56     18.17 ± 7.02 9 
Saltuarius cornutus    56.24 ± 16.36 1.7 ± 0.6    35.65 ± 10.14 10 
Oedura castelnaui                43.14                  2.37     18.23 1 
Oedura marmorata (MI)                34.06                  3.11     10.97 1 
Phyllurus amnicola                44.96                  3.38     13.42 1 
Oedura marmorata (W)    33.34 ± 20.97 2.38 ± 1.29  13.54 ± 1.78 10 
Phyllurus ossa    19.7 ± 3.69 2.48 ± 0.53    8.36 ± 2.58 9 
Oedura monilis      52.1 ± 28.68 3.14 ± 1.66  16.61 ± 2.73 8 
Phyllurus nepthys 33.73 ± 6.85 3.77 ± 1.23       9.15 ± 1.17 4 
Oedura coggeri 37.69 ± 12.2                  4.59 ± 0.6    7.63 ± 1.96 4 
Diplodactylus conspicillatus (MR)   9.22 ± 3.63 4.83 ± 2.24    1.96 ± 0.23 7 
Strophurus krysalis  22.08 ± 9.44 5.28 ± 2.79    4.61 ± 1.40 7 
Diplodactylus conspicillatus (W) 20.54 ± 12.1 5.92 ± 2.81    3.37 ± 0.59 5 
Oedura rhombifer 18.99 ± 2.53 6.06 ± 0.71       3.13 ± 0.05 3 
Rhynchoedura ornata 12.06 ± 1.05   6.8 ± 1.43    1.74 ± 0.44 5 
Carphodactylus laevis  148.33 ± 51.75 6.87 ± 3.54  25.46 ± 5.62 4 
Lucasium immaculatum 21.01 ± 5.35 7.29 ± 0.81       2.25 ± 0.42 3 
Strophurus williamsi 19.76 ± 5.28 7.29 ± 1.17    2.82 ± 0.47 5 
Diplodactylus tessellatus 19.21 ± 6.98    8 ± 2.2    2.86 ± 0.59 10 
Lucasium steindachneri 21.62 ± 5.24 8.89 ± 1.58    2.66 ± 0.53 7 

AMR, Mingela Range, QLD; W, Winton, QLD; MI, Mt. Isa, QLD. 
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Scale Morphology 

I examined correlations among mass-specific EWL (Table 1) and a range of morphological 

scale features. There was no significant relationship between mean mass-specific EWL 

and primary scale size (y = 5.68 – 8.34x, r 2 = 0.169, P = 0.072; Chapter 3, Table 3), 

although this relationship approached significance. There were no significant relationships 

between mass-specific EWL and secondary scale size (y = 5.63 – 79.34x, r 2 = 0.086, 

P = 0.209; Chapter 3, Table 3), spinule length (y = 1.484x + 3.66, r 2 = 0.027, P = 0.486), 

spinule density (y = 0.001x + 4.57, r 2 = 0.002, P = 0.844; Chapter 3, Table 4), pit diameter 

(y = 8.54 – 13.01x, r 2 = 0.054, P = 0.326; Chapter 3, Table 5), pit density 

(y = 0.01x + 2.99, r 2 = 0.034, P = 0.438; Chapter 3, Table 5), hair sensors per square 

millimeter (y = 4.94 – 0.003x, r 2 = 0.003, P = 0.806; Chapter 3, Table 6), bristles per 

square millimeter (y = 0.001x + 4.73, r 2 = 0.001, P = 0.908; Chapter 3, Table 6), 

anteroposterior width (y = 5.41 – 0.25x, r 2 = 0.004, P = 0.803; Chapter 3, Table 7), 

anteroposterior depth (y = 4.82 – 0.03x, r 2 = 0.001, P = 0.978; Chapter 3, Table 7), 

longitudinal width (y = 4.93 – 0.12x, r 2 = 0.001, P = 0.913; Chapter 3, Table 7), longitudinal 

depth (y = 5.19 – 0.19x, r 2 = 0.003, P = 0.806; Chapter 3, Table 7). 

 

Substrate and Environmental Conditions 

Mean mass-specific EWL differed significantly among species using different substrates 

(ANOVA, F(2,17)  = 10.34, P = 0.001; Figure 3). Terrestrial geckos had significantly higher 

mean mass-specific water loss compared to saxicolous and arboreal geckos, which were 

not significantly different from each other (Tukey HSD, alpha = 0.05). Absolute EWL did 

not differ among species using different substrates (ANOVA,  

F(2,17) = 0.03, P = 0.97). 

 

Neither mean absolute EWL, nor mean mass-specific EWL differed among species from 

xeric, mesic, and hydric environmental conditions at the centre of their geographic range 

(mean absolute EWL, ANOVA, F(2,17) = 3.23, P = 0.065; mean mass-specific EWL, 

ANOVA, F(2,17) = 1.01, P = 0.386). The differences among mean absolute EWL of geckos 

from different environments approached significance because Carphodactylus laevis, a 

rainforest, ground-dwelling gecko had an extremely high rate of EWL compared to the 

other species. 
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Figure 3. Significant differences among log10 transformed absolute EWL for eighteen 

different species (and populations therein) of Australian geckos using different substrates. 

Overall species using different substrates differed significantly in terms of mean mass-

specific water loss. Letters above error bars indicate significantly different means 

(Tukey HSD, alpha = 0.05).  

 

Phylogenetic Analyses 

I used independent contrasts to explore the effects of body size and skin characteristics on 

mass-specific EWL, after the effects of phylogeny were removed (Table 2). There were no 

significant relationships between the evolution of mean mass-specific EWL and primary 

scale size, secondary scale size, spinule length, spinule density, hair sensors per square 

millimeter, bristles per square millimeter, anteroposterior width, anteroposterior depth, 

longitudinal width, or longitudinal depth, although longitudinal furrow depth approached 

statistical significance (Table 2).  
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Table 2. Phylogenetic Pearson product-moment correlation coefficients of mean mass-

specific water loss and skin characteristics for Australian carphodactyline and 

diplodactyline geckos. 

Skin Characteristic Correlation Coefficient r 2 P 
Primary Scale Size (mm2) -0.318 0.101 0.172 
Secondary Scale Size (mm2) -0.102 0.011 0.668 
Spinule Length (mm) 0.136 0.019 0.566 
Spinule Density (per 10 µm2) 0.335 0.112 0.148 
Hair Sensors (per mm2) 0.186 0.034 0.433 
Bristles (per mm2) -0.099 0.010 0.678 
Anteroposterior depth -0.354 0.125 0.163 
Longitudinal width 0.398 0.159 0.112 
Longitudinal depth 0.434 0.188   0.082* 
*Relationship approaches significance. 

 

Discussion 

Recent studies suggest that the size of scales is under selection to maintain water balance 

in reptiles with overlapping scales (Calsbeek et al., 2006), In my study, in non-phylogenetic 

comparisons, there was a marginally non-significant effect of primary scale size on water 

loss rates (correlation marginally non-significant at P = 0.07). Thus species with larger 

scales tended to have lower water loss rates than those with smaller scales. This effect, 

though weak, may occur because geckos with larger scales exposed less skin surface to 

desiccation. In the evolutionary correlations, the depth of some furrows between scales 

was correlated with water loss rates (correlations marginally non-significant at P = 0.08). 

Thus, gecko species with deeper scale furrows tended to evolve higher water loss rates, 

which is consistent with the hypothesis that skin exposure between scales influences 

water loss rates.  

 

Scale characteristics of Australian geckos may be under selection to enhance skin 

hydrophobicity (Chapter 5). Small scales (among other scale features uncorrelated with 

EWL, most notably, long spinules) enhance hydrophobicity, which in turn enhances the 

ability to remain clean and free of soil pathogens (Chapter 5). It is possible that strong 

selection on terrestrial geckos to be hydrophobic has traded-off with the ability to conserve 

water. It is interesting to note that Australian terrestrial geckos are small, which reduces 

their absolute EWL. Perhaps selection for small scales to enhance dirt-shedding has been 

correlated with selection to stay small to reduce overall water loss rates. Of course, 
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selection on body size is complex, and balances the influence of selection on many 

different aspects of the life-history of organisms (Maurer et al., 1992). 

 

Similar to Withers et al.’s (2000) study of Australian geckos, I found no significant 

differences in the EWL rates among species living in xeric, mesic, and hydric 

environmental conditions. Perhaps geckos, because they are nocturnal, are not as 

strongly influenced by aridity as are diurnal lizards and snakes (Dmi'el, 1972; Thompson 

and Withers, 1997). Nocturnal organisms often avoid extremes of temperature and aridity 

compared to their diurnal counterparts (Kearney, 2002).  Other studies of within-species 

variation in EWL of geckos (Snyder, 1979; Nava, 2004; Steinberg et al., 2007) found that 

EWL was related to habitat aridity within species. This could be the case for Australian 

geckos, however I did not study within-species variation extensively. Water loss rates 

within one species (O. marmorata) did correspond broadly to this hypothesis, as water loss 

of populations from Mount Isa, QLD (a more mesic area) were higher than those from 

Winton, QLD (a more arid area). Variation among populations of Diplodactylus 

conspicillatus were not consistent with this trend, however, as individuals from populations 

from Winton, the driest location, had higher water loss rates than individuals from the 

Mingela Ranges, a more coastal, mesic location. This inconsistency is difficult to resolve, 

and more studies of smaller-scale variation in within-species EWL in response to variation 

in climate is required to determine if Australian species show patterns similar to those 

reported for sphaerodactylines (Snyder, 1979; Nava, 2004; Steinberg et al., 2007). 

 

Consistent with Withers et al.’s (2000) study, I found that, although it was difficult to 

compare actual EWL measurements because of differences in measuring techniques, the 

ranks of absolute EWL in gecko species overlapping in the two studies are broadly similar. 

Rhynchoedura ornata had the lowest absolute EWL, followed by Diplodactylus 

conspicillatus and Oedura marmorata. I also found a significant difference in the mass-

specific EWL rates of terrestrial and non-terrestrial geckos. In my study, terrestrial geckos 

occurred in some of the driest habitats (Chapter 3). It seems counter-intuitive that any 

geckos from arid areas would have high mass-specific rates of EWL, but terrestrial species 

have access to high humidity and low wind velocity when in shelter, such as burrows 

(Thompson and Withers, 1997). In contrast, non-terrestrial geckos had high rates of 

absolute EWL but lower rates of mass-specific EWL. Geckos in rocky habitats and in trees 

are exposed to higher wind velocity and lower humidity than those in burrows and on the 



Chapter 6. Evaporative Water Loss 
 

126 

ground (Thompson and Withers, 1997), and therefore may need to conserve water more 

efficiently than terrestrial species. Similarly, arboreal frogs show specialized adaptations to 

avoid water loss, such as high skin resistance to water loss and “waterproof” skin 

secretions, compared to their terrestrial counterparts in hot, dry environments (Buttemer, 

1990).  
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Chapter 7. General Conclusion 

 

 

Description of structures in nature has a long historical tradition, rooted in a desire to 

understand and make sense of the natural world. Although discredited at times as a 

means of scientific understanding (Popper, 1963; Mayr, 1988), description, correlated with 

observations of use, or of occurrence in conjunction with an environment, remains a 

powerful method for understanding the reason structures occur (Gould, 1989). More 

recently, scientific description of natural structures has taken on a commercial significance 

in the new science of biomimetics, which uses nature to provide engineering solutions to 

problems, all or parts of which might be mimicked by engineers (Benyus, 1997). With a 

view to possible biomimetic uses for the structures I uncovered, I examined and described 

the oberhautchen (outer surface layer of skin) of 24 species of Australian carphodactyline 

(Squamata: Carphodactylidae) and diplodactyline geckos (Squamata: Diplodactylidae).  I 

found that the skin was characterized by a variety of structures, which were highly 

variable, had functional significance, and were correlated with ecological and 

environmental variables.   

 

Typically, scanning electron microscopy (SEM) is used to study and describe microscopic 

structures, including those that occur on lizard skin oberhautchen (Ruibal, 1968; Harvey, 

1993; Harvey and Gutberlet Jr., 1995). The preparation of samples for SEM usually 

involves killing and preserving specimens (Peterson, 1984; Bauer and Russell, 1988; Irish 

et al., 1988). I modified techniques used for the preparation of detailed moulds of biological 

surfaces (Scardino and de Nys, 2004) to produce highly accurate, exceptional-quality 

reproductions of complex microornamentations within the oberhautchen of living lizards. If 

adopted, this method will benefit researchers examining skin structures in squamates. The 

method allows control over when in the shedding cycle the molds are made, providing 

opportunities to observe how the oberhautchen changes in one individual over time, on 

different parts of the body, and under different circumstances. Moulds of the oberhautchen 

structures are most representative if made during the ideal resting phase 4 days after 

shedding (Zucker, 1980). If individuals are easily cared for in captivity until shedding 

occurs, or if shedding animals can be collected in the field and held for a few days in 

captivity, it is not necessary to kill and preserve them to produce images of skin structures. 
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Since the replicas do not harm lizards, individuals can then be used for other studies or 

released back into their natural habitat.  

 

My studies using the moulding technique revealed that Australian carphodactyline and 

diplodactyline geckos have a great range of variation in surface topology, similar to those 

described for other reptile groups (Ruibal, 1968; Burnstein et al., 1974; Stewart and 

Daniel, 1975; Peterson, 1984; Peterson and Bezy, 1985; Irish et al., 1988).  Structures 

present in the two gecko groups (carphodactylines and diplodactylines) strongly separated 

the two higher clades. Variation between these groups may be due to phylogenetic history 

(Harvey, 1993; Harvey and Gutberlet Jr., 1995), functional adaptation (Smith et al., 1982) 

or both. There is a strong effect of phylogeny on lizard skin characteristics (Burnstein et 

al., 1974; Price, 1982; Peterson, 1984; Peterson and Bezy, 1985; Harvey, 1993; Harvey 

and Gutberlet Jr., 1995). I found that carphodactyline geckos are quite different from 

diplodactyline geckos, and have larger body size, larger primary scales, shorter spinules, 

greater numbers of hair sensors and bristles per square millimeter, knobs and larger hair 

sensor diameters. In addition to the differences between the major taxonomic groups I 

found that within the carphodactylines, Phyllurus and Carphodactylus had the largest 

percentage of knobbiness cover, while Saltuarius had the largest scales. Within the 

diplodactylines, Diplodactylus, Lucasium, and Rhynchoedura had the highest numbers of 

bristles per square millimeter, while Oedura had the largest scales.  

 

I also found that phylogenetic history was not the only factor affecting the variation. 

Squamate skin microornamentations likely have functional significance (Porter, 1967; 

Stewart and Daniel, 1973; Cole and Van Devender, 1976; Smith et al., 1982; Irish et al., 

1988; Matveyeva and Ananjeva, 1995; Arnold, 2002). For example, parallel evidence from 

both clades suggested that evolution occurred in response to similar selection pressures. 

Terrestrial geckos and geckos living in xeric conditions had more bristles and hair sensors 

per square millimeter of body surface area. The bristles of the hair sensors detect changes 

in wind velocity (Matveyeva and Ananjeva, 1995), or humidity and temperature of the 

surrounding environment (Ananjeva et al., 1991). Arboreal and saxicolous geckos living in 

mesic and hydric conditions had fewer hair sensors and bristles per square millimeter. It is 

plausible that geckos in xeric conditions, or on the ground, require more information about 

wind velocity, humidity and temperature than do geckos living in trees and rock crevices, 
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and this has lead to the evolution of larger numbers of these sensory structures in animals 

whose ecology requires them. 

 

In addition, the distance from the ground used by different species was correlated with 

scale size, and spinule length, two skin characteristics that enhance rough surface 

adaptation. Increasing rough surface adaptation is a means of increasing hydrophobicity, 

which keeps surfaces clean and pathogen-free. High hydrophobic properties have evolved 

several times in nature (Vrolijk et al., 1990; Barthlott and Neinhuis, 1997; Neinhuis and 

Barthlott, 1997; Fusetani, 2003; Gao and Jiang, 2004; Zhai et al., 2006), and are seen in 

geckos with toe pads, where toe lamellae are highly hydrophobic (Shah and Sitti, 2004). 

This enables the lamellae to remain unfouled by particulate matter, ensuring that they stay 

sticky even with repeated use in very dusty environments (Autumn et al., 2002). Skin 

microornamentations on other body surfaces in reptiles may function in a similar way 

(Gans and Baic, 1977). 

 

Using a sessile drop technique (Li et al., 2007) to quantify contact angles of droplets of 

distilled water, which could then be used to predict the hydrophobicity of the dorsal skin 

surface of geckos, I measured the correlations between gecko skin surface 

microornamentation and hydrophobicity. Hydrophobicity was related to the size of primary 

scales of geckos (smaller scales enhanced hydrophobicity), and to the length of spinules 

on the scales (longer spinules enhanced hydrophobicity). Phylogenetic analysis revealed 

that the evolution of hydrophobicity was correlated with the ecology of these lizards, and 

was a function of the average distance from the ground used by each species. Terrestrial 

geckos were more hydrophobic than arboreal and saxicolous geckos. Phylogenetic 

analyses also suggested that in carphodactyline and diplodactyline geckos, species living 

closer to the ground were more likely to evolve longer spinules and smaller scales, both of 

which are important contributors to rough surface adaptation, increasing the hydrophobic 

properties of the skin.  

 

Small, terrestrial geckos, which have evolved long spinules and small primary scales, 

increasing rough surface adaptation, are characterized by their high and sometimes super-

hydrophobic properties, allowing them to eliminate dirt accumulation. Thus, problems of 

increased pathogen exposure, scale wear, excess weight, and obscuring of cryptic 
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colouration associated with dirt accumulation should be reduced in highly hydrophobic 

species. 

 

Recent studies of geckos (Withers et al. 2000, Steinberg et al. 2007) and other lizard 

species (Calsbeek et al. 2005) suggest that evaporative water loss (EWL) rates are 

correlated with scale numbers, as well as body size and ecology.  I examined the EWL 

rates of this group of geckos in relation to their body size, scale characters and ecology.  

Body size had a profound effect on rates of EWL: smaller geckos lost much more water 

than larger geckos, because they have higher surface to volume ratios (Pough et al., 

2005).  Mass-specific EWL rates were related to habitat selection in these geckos, such 

that terrestrial species had higher rates of water loss than did saxicolous or arboreal 

species.  This result echoes that of Withers et al. (2000) for a different group of Australian 

geckos.  There was a trend for scale characteristics to be related to EWL, geckos with 

larger scales lost less water than did geckos with smaller scales. Scale size was also 

related to body size: smaller gecko species have smaller scales than larger geckos. 

Finally, scale size, body size and EWL rates were all related to habitat: smaller, terrestrial 

geckos had smaller scales, high mass-specific water loss, whereas larger arboreal or 

saxicolous geckos had larger scales, and lower mass-specific water loss. 

 

It is plausible that there may be a trade-off among selection pressures acting on these 

geckos. Geckos higher from the ground (i.e., arboreal and saxicolous species) are 

exposed to strongly desiccating conditions, such as higher wind velocity and lower relative 

humidity (Thompson and Withers, 1997) and may, therefore experience selection for larger 

scales to reduce skin exposure and lower mass-specific water loss. Selection for larger 

scales may select for large body size, although selection on body size is complex, and 

influenced by many factors (Maurer et al., 1992).  Because they have lower mass-specific 

EWL, it is possible that they tend to have fewer hair sensors, because they may not need 

detail about the surrounding environment since finding moist shelter may not be as critical 

to survival for such species.  

 

On the other hand, terrestrial geckos may live on the ground, perhaps in part because they 

tend to occur in more xeric habitats with less vegetation (Walker and Langridge, 1997). 

Because they experience higher aridity, they may require more hair sensors, because it 

would be more critical for them to have accurate information on how environmental 
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conditions vary, so they can locate appropriate shelter, at the appropriate time. Terrestrial 

geckos also have small body size, perhaps due to selection for small scale size, and rough 

surface adaptation, allowing them to keep clean, or alternatively, to reduce EWL caused 

by the evolution of small scales. It seems counter-intuitive that terrestrial geckos in xeric 

environments would have smaller body size, and smaller scales, exposing more skin, and 

increasing EWL, but terrestrial species have access to microhabitats (e.g., burrows) that 

provide them with shelter against the elements (Beck and Jennings, 2003), and the 

benefits of keeping clean when close to the ground may outweigh the disadvantages of 

small size and small scales.  

 

In summary, this thesis presents a new method with which to describe the skin of reptiles 

in great detail using live animals, and a way to examine hydrophobic properties of the 

dorsal surfaces of living reptiles. This thesis also provides evidence that smaller, xeric-

dwelling, terrestrial geckos have smaller scales and higher rates of EWL than larger, non-

terrestrial mesic and hydric-dwelling geckos, but that they also have more sensory organs 

with which to collect information on surrounding xeric environmental conditions. With more 

hair sensors they can properly adjust their behaviour as they have smaller windows of 

opportunity in conditions that would likely take a heavy toll on them more quickly than 

larger, non-terrestrial geckos living in wetter environments. Although smaller scales in 

terrestrial, xeric-dwelling geckos may increase mass-specific EWL rates, I provide 

evidence that scale size and spinule length are under selection pressure to increase rough 

surface adaptation, and therefore hydrophobicity. Terrestrial geckos use those properties 

to shed dirt efficiently, avoiding problems associated with dirt accumulation. 

 

Future Directions for Research 

 

Testing Evolutionary Hypotheses 

It would be beneficial for future research to examine more species of Australian 

carphodactyline and diplodactyline geckos, as well as scales from other parts of the body. 

Such studies would help reveal why certain characteristics have evolved, and whether the 

changes in skin microornamentation are adaptive or simply a function of the phylogenetic 

history of each taxon. Critically, to test hypotheses I have advanced in my thesis, 

advancing contact-angle measurements should be made on species such as Diplodactylus 

granariensis and D. vittatus. These two species are closely related to padless terrestrial 
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Diplodactylus spp. and Lucasium spp. but are, themselves, arboreal and saxicolous. I 

predict that these species should have lower hydrophobicity than terrestrial diplodactylines 

caused by some combination of shorter spinules and larger scales. This would further 

support my contention that skin microornamentations are adaptive and not simply the 

result of phylogenetic history. 

 

Determining the Cause of Scale Hydrophobicity 

Although I found a strong correlation between scale structure and hydrophobicity, the 

possibility remains that variation in hydrophobic properties among geckos may be, in part, 

explained by variation in skin surface chemistry. Thus, future research should measure 

advancing contact angles on chemically inert epoxy molds of gecko dorsal surfaces, which 

have identical structure, but different chemistry from real skin. Such experiments would 

determine whether contact angles depend purely on the structure of the skin or other 

factors associated with living organisms, such as skin chemistry.  

 

Creating Artificial Hydrophobic Surfaces 

Since hydrophobic properties conveyed by the structure of gecko skin were affected by 

both spinule length and scale size in different ways, it should be possible to find the 

optimal ratio between the two characteristics, enabling researchers to obtain higher 

hydrophobic properties than those found in nature. 

 

Testing Functions of Hydrophobic Skin 

Factors promoting hydrophobicity and dirt shedding may also have other functions, for 

example, they may protect geckos from ectoparasites (Main and Bull, 2000). Experiments 

exposing geckos with skin of different hydrophobic properties to ectoparasites such as 

ticks, and comparing the number of parasites that attach successfully would reveal 

whether these properties aid in reducing parasite attachment.  Similarly, experimentally 

exposing lizards with different hydrophobic properties to soil with pathogen loads, then 

measuring disease levels, would reveal the importance of hydrophobicity in disease 

avoidance. Natural experiments, examining the dirt load on lizards of different hydrophobic 

properties in different phases of the shedding cycle may also reveal the function of 

hydrophobic skin. 
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Hydrophobicity and Adhesiveness 

Geckos with hydrophobic toe pads use their pads to adhere to vertical surfaces, and 

typically use elevated substrates. Such geckos are evolutionarily derived, compared to 

clawed, terrestrial species (Donnellan et al., 1999), and their toe pads are derived from 

scales similar to those found elsewhere on the body (Ruibal, 1968; Russell, 1979). I found 

that terrestrial geckos had more highly hydrophobic dorsal skin, with rougher surface 

adaptation than did geckos with toe lamellae. This suggests the hypothesis that the 

evolution of highly hydrophobic skin surfaces in terrestrial geckos was an evolutionary 

preadaptation promoting the evolution of highly hydrophobic toe lamellae in padded 

geckos. Since hydrophobic skin surfaces apparently came before toe lamellae, it would be 

interesting to determine whether the hydrophobicity of toe lamellae is correlated with skin 

hydrophobicity among groups, or if toe lamellae have diverged in hydrophobicity from 

associated scale surfaces of geckos. 

 

In general, few studies have described lizard skin, and no other studies have examined the 

adaptive significance of hydrophobicity in vertebrates. This study has opened a field ripe 

with possibilities for future research and discovery. 
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