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Abstract

Hydrophobicity is common in plants and animals, typically caused by high relief mi-
crotexture functioning to keep the surface clean. Although the occurrence and physi-
cal causes of hydrophobicity are well understood, ecological factors promoting its
evolution are unclear. Geckos have highly hydrophobic integuments. We predicted
that, because the ground is dirty and filled with pathogens, high hydrophobicity
should coevolve with terrestrial microhabitat use. Advancing contact-angle (ACA)
measurements of water droplets were used to quantify hydrophobicity in 24 spe-
cies of Australian gecko. We reconstructed the evolution of ACA values, in relation
to microhabitat use of geckos. To determine the best set of structural characteris-
tics associated with the evolution of hydrophobicity, we used linear models fitted
using phylogenetic generalized least squares (PGLS), and then model averaging based
on AIC_ values. All species were highly hydrophobic (ACA > 132.72°), but terres-
trial species had significantly higher ACA values than arboreal ones. The evolution
of longer spinules and smaller scales was correlated with high hydrophobicity. These
results suggest that hydrophobicity has coevolved with terrestrial microhabitat use in
Australian geckos via selection for long spinules and small scales, likely to keep their

skin clean and prevent fouling and disease.
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useful insights into the complex evolution of organisms and poten-

tial processes of adaptation, they only constitute the starting point

The study of evolutionary morphology tackles questions examin-
ing how morphological traits may have evolved (Richter & Wirkner,
2014). Common study designs include mapping traits onto a phy-
logeny (Finarelli & Flynn, 2006; Hwang & Weirauch, 2012; King &
Lee, 2015) or identifying correlations between traits and ecological
factors (Kohlsdorf, Garland Jr, & Navas, 2001; Mihalitsis & Bellwood,
2019; Riedel, Vucko, Blomberg, Robson, & Schwarzkopf, 2019;
Rothier, Brandt, & Kohlsdorf, 2017). Although these studies provide

of evolutionary research. Morphological traits often evolve to serve
certain (and often multiple) functions, and therefore, the ecomor-
phology paradigm predicts that natural selection does not act on the
morphological traits directly, but rather on their function (Garland Jr
& Losos, 1994; Kluge, 1983). Functional morphological units often
consist of complex multitrait structures, and there are multiple ways
for a functionally complex organ to evolve and be optimized for par-
ticular outcomes, which can be conceptualized with many-to-one
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mapping (Alfaro, Bolnick, & Wainwright, 2005; Wainwright, 2007).
However, if complex traits are analyzed as single traits, results can
be misleading or difficult to interpret, so evolutionary morphology
studies should address the evolution of functional outcomes directly
(Garland Jr & Losos, 1994; Hagey et al., 2017; Russell & Gamble,
2019; Tiatragul, Murali, & Stroud, 2017).

The integument, which is the outermost layer of an organism, is
a good example of a complex organ that serves multiple functions,
the most important of which is protection from the surrounding
environment (e.g., water loss, ultra-violet radiation, pathogens, and
predators). The integument can also be used for intra- or interspe-
cific communication (Schliemann, 2015), locomotion (e.g., feathers
in birds; Clarke, 2013; Homberger & de Silva, 2015; Maderson &
Alibardi, 2000), or adhesion (e.g., in anoles or geckos; Maderson,
1964; Russell, 2002).

To ensure its functionality, the integument must be kept clean
of dirt or debris, which may interfere with its functions. The ability
to shed dirt is essential to prevent wear and tear (Irish, Williams, &
Seling, 1988), to reduce the accumulation of excess weight, to avoid
interfering with crypsis, signaling, or other specialized functions
(Arnold, 2002; Gans & Baic, 1977; Hansen & Autumn, 2005), and to
reduce exposure to pathogens (Neinhuis & Barthlott, 1997; Watson,
Green, et al., 2015). Various functional and behavioral mechanisms
have evolved to keep living surface structures clean and patho-
gen-free. A common behavioral mechanism is grooming (i.e., Bauer,
1981; Sparks, 1967), and shedding may assist in dirt removal (B6hme
& Fischer, 2000; Fushida, Riedel, Nordberg, Pillai, & Schwarzkopf,
2020). A common structural solution to fouling is increased sur-
face hydrophobicity (Fusetani, 2004; Neinhuis & Barthlott, 1997;
Wagner, Furstner, Barthlott, & Neinhuis, 2003; Wagner, Neinhuis, &
Barthlott, 1996). This “self-cleaning” phenomenon, often termed the
“lotus effect” (Barthlott & Neinhuis, 1997; Carbone & Mangialardi,
2005), helps to avoid fouling (Neinhuis & Barthlott, 1997; Watson,
Cribb, Schwarzkopf, & Watson, 2015) or enable floating (Gao &
Jiang, 2004; Perez-Goodwyn, 2009) and occurs in plants, insects,
and vertebrates (Hiller, 2009; Neinhuis & Barthlott, 1997; Spinner,
Gorb, & Westhoff, 2013; Wagner et al., 2003).

Hydrophobic surfaces repel water via surface texture or chemis-
try, such that the forces within the water droplet are stronger than
those attracting the water to the surface; therefore, water beads on
hydrophobic surfaces (Cassie & Baxter, 1944). A surface is defined
as hydrophobic if the contact angle of a drop of water placed on
that surface is greater than 90°, and superhydrophobic if the contact
angle is greater than 150° (Li, Reinhoudt, & Crego-Calama, 2007).
In structural hydrophobicity, hydrophobic properties are enhanced
by increasing surface roughness, a product of complex hierarchical
microstructures, which greatly reduce the contact angles of water
droplets (Barthlott & Neinhuis, 1997; Cassie & Baxter, 1944; Shah
& Sitti, 2004).

The occurrence and function of hydrophobicity have been well
studied in plants (Neinhuis & Barthlott, 1997, 1998; Wagner et al.,
2003) and insects (Byun et al., 2009; Voigt, Boeve, & Gorb, 2012;

Watson et al., 2010). For example, the wings of insects are covered
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with self-cleaning microstructures, thought to maintain flying ability
(Wagner et al., 1996; Watson et al., 2010), and in plants, hydrophobic
self-cleaning surfaces may protect against harmful microorganisms,
which are growth-inhibited by the dry plant surface (Neinhuis &
Barthlott, 1997). In some plants (e.g., water fern [Salvinia]), hydro-
phobic leaf surfaces ensure efficient gas exchange by keeping a thin
film of air clinging to the surface when the leaves are submerged
(Cerman, Striffler, & Barthlott, 2009). Underwater breathing has
also evolved in insects (especially Heteroptera) and spiders, where
some species associated with water form a thin layer of air (plastron)
around the body (Perez-Goodwyn, 2009; Stratton & Suter, 2009),
and potentially also in some Anolis lizards (Swierk, 2019). Another
function of hydrophobic skin surfaces is to prevent submersion, al-
lowing animals to live on or at the water surface (e.g., water strid-
ers (Gerromorpha, Heteroptera; Gao & Jiang, 2004) and spiders
(Stratton & Suter, 2009)). In contrast, the hydrophobic properties of
the integument of vertebrates have not been well documented (but
see Hiller, 2009; Nirody et al., 2018; Stark & Mitchell, 2019; Watson,
Green, et al., 2015). More importantly, while the physical principles
and function of hydrophobic surfaces are well understood (Li et al.,
2007), it is unclear which selective pressures promote the evolution
of this functional adaptation.

Our study aimed to analyze the evolution of hydrophobic-
ity, specifically hydrophobic surface characteristics, using geckos
(Gekkota) as a model system. Geckos are an ideal model in that they
are a successful, species-rich clade with a worldwide distribution
(Meiri, 2020; Uetz & Jiri HoSek, 2019), and their skin surfaces are
hydrophobic because of small microstructures (spinules) covering
the outermost layer of the epidermis (Hiller, 2009; Ruibal, 1968).
Recent studies have demonstrated that these microstructures are
not only hydrophobic and lead to self-cleaning, but spinules are
also bactericidal, making them a good example of multifunctional
morphological traits (Watson, Cribb, et al., 2015; Watson, Green,
et al., 2015). This bactericidal quality occurs because larger bacteria
are pierced by the spinules and smaller bacteria get damaged by
stretching and tearing between spinules (Li et al., 2016; Watson,
Cribb, et al., 2015).

If hydrophobicity has evolved to promote self-cleaning and
bactericidal functions in geckos, we expect that terrestrial species
would be better adapted for self-cleaning and possess better bac-
tericidal skin properties than species using other habitats, as dust,
dirt, debris, and bacteria tend to accumulate on the ground (McCabe,
Reader, & Nunn, 2015; Nunn, Gittleman, & Antonovics, 2000; Ungar,
Teaford, Glander, & Pastor, 1995). Conversely, as microbial growth
rates are rapid in humid rainforest habitats, compared with more arid
environments, and as high humidity enhances soiling because water
facilitates the spread of dirt particles, hydrophobic and bactericidal
skin properties may also be more prominent in species from habitats
with a higher average humidity (Arnold, 2002; Bouskill et al., 2012).

A recent study of Australian geckos found that long, dense
spinules, in combination with small scales, were associated with ter-
restrial microhabitats, but not with a high habitat humidity (Riedel
et al., 2019). According to the ecomorphology paradigm, trait
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selection should operate on the function of a trait, in this case, on
its hydrophobic, self-cleaning, and bactericidal properties, instead
of directly on the morphology of the traits, scale size and spinule
length, density, or morphology. Therefore, if the association be-
tween small scales and long and dense spinules is truly an adapta-
tion to terrestrial microhabitats, these morphological traits should
affect the proposed function (hydrophobicity), which should in
turn be the target of natural selection. Subsequently, this selection
should be reflected in the evolutionary history of geckos (Garland
Jr & Losos, 1994; Kluge, 1983). Thus, we would expect terrestrial
gecko species to evolve hydrophobicity at greater rates than those
of arboreal or saxicoline (rock-dwelling) gecko species, and that hy-
drophobicity has evolved in association with terrestrial microhabi-
tat use. Using the same reasoning, species occupying habitats with
high average humidity (e.g., rainforests) may also select for higher
hydrophobicity compared with those from drier habitats (e.g., sa-
vannahs or deserts).

In this study, we examined the evolution of hydrophobicity of
gecko skin, using the Diplodactyloid families Diplodactylidae and
Carphodactylidae. The sessile drop technique (Drelich, 2013; Kwok,
Gietzelt, Grundke, Jacobasch, & Neumann, 1997) was modified for
use on living animals to quantify advancing contact angles (ACA) on
24 species, for which detailed measurements of skin microornamen-
tation have been made previously (Riedel et al., 2019). We analyzed
the correlation of ACA values with both microhabitat use and habitat
humidity in a phylogenetically informed context, using a modified
version of a published phylogeny from Brennan and Oliver (2017).
In addition, we reconstructed the ancestral states of the ACA val-
ues and microhabitat use and habitat humidity to test whether these
traits have evolved together. We predicted that (a) hydrophobicity
has evolved together with terrestrial microhabitat use in geckos and
may be associated with habitats that have high humidity, and (b) hy-
drophobicity is primarily driven by relatively dense, long spinules and
relatively small scale size. Both predictions are consistent with the
hypothesis that the hydrophobic integument of Australian geckos
has evolved as an adaptation to promote self-cleaning and bacteri-
cidal properties in a terrestrial microhabitat.

2 | MATERIAL AND METHODS
2.1 | Study species

Specimens of 24 species of Australian Carphodactylidae (6) and
Diplodactylidae (18) were collected at night by hand, and habitat hu-
midity (hydric, mesic, and xeric) (Bureau of Meteorology, 2018) and
microhabitat use (terrestrial, arboreal, and saxicoline) were assigned
to each species (Table 1) in the latter case using both data recorded
at the time of collection and the literature (Cogger, 2015; Meiri,
2018; Nordberg & Schwarzkopf, 2019). We classified white-striped
geckos (Strophurus taeniatus) as “terrestrial” for this analysis as this
species is strongly associated with spinifex hummock or porcupine

grass (Triodia spp.; Laver, Nielsen, Rosauer, & Oliver, 2017; Nielsen,

Oliver, Laver, Bauer, & Noonan, 2016), which is a very low growing
plant, and in our study, S. taeniatus was always found close to, or
on, the ground (pers. obs.). After collection, healthy adult specimens
were brought back to the laboratory to quantify hydrophobic prop-
erties. Microornamentation measurements were taken from Riedel
et al. (2019), which were obtained from the same specimens used for
the ACA measurements.

2.2 | Advancing contact-angle measurements

Increases in ACA of water droplets on surfaces are correlated with
increasing hydrophobic properties of that surface (Li et al., 2007).
Therefore, the sessile drop technique was used to quantify contact
angles of droplets of distilled water, incrementally increased in size
(see below), and photographed at high resolution. The contact an-
gles could then be used to predict the hydrophobicity of the dorsal
skin surface (Li et al., 2007). All contact-angle measurements were
carried out under laboratory conditions at room temperature (23°C)
between four and eight days after each individual shed its skin.

Measurements were only successful if the animals remained
completely still and, to ensure this, their fore and hind limbs were
outstretched and taped to the body using 3M Micropore™ tape,
which was easily removable, leaving no residue. Limb immobiliza-
tion was accomplished without touching the dorsal scales to avoid
affecting any dorsal scale microornamentation, or leaving chemical
residues from fingers or tape. In addition to being restrained, it was
necessary for each individual to present a flat surface for the accu-
rate measurement of contact angles. To compensate for vertebral
column unevenness and motion due to breathing, each lizard was
rolled slightly to one side, to ensure that the area just lateral to the
vertebral column was level. Movement due to breathing was miti-
gated by measuring contact angles toward the posterior of the torso
on a flat area, and within the area assessed for skin microornamenta-
tion in Riedel et al. (2019). If breathing movements affected the en-
tire length of the body, tape was placed lengthwise along each side
of the lizard for a short period (30 s maximum), minimizing breathing
movements, without affecting the well-being of the lizard.

Once the lizard was immobilized and a suitable, level area on the
dorsal surface was available (Figure 1a), ACA was quantified. Droplets
were placed onto the lizard's body using an Eppendorf® pipette with
a volume capacity of 0.1-2.5 pl and expanded slowly by adding water
to the droplet in increments of 0.25 ul (Figure 1b). The initial, sessile
drop was placed at the point at which the scales crested (Figure 1a),
and the ACA values were attained by adding 0.25 ul to the sessile
water droplet numerous times (Figure 1c). The expanding water drop-
let was photographed at each 0.25 ul increment, until the base of the
drop appeared to “pop” out to the side or the droplet started to roll
(Figure 1d). The ACA was measured on the photograph taken imme-
diately before the drop “popped out” or rolled (Figure 1c). Although
very difficult to see with the naked eye, on enlarged photographs ACA
was clearly visible. Typically, less than 12 increments of 0.25 ul (3 pl)

or 12 photographs were required to produce a drop suitable for an
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TABLE 1 Microhabitat use, habitat
humidity, and mean (+ SE) advancing
contact-angle (ACA) measurements for
each species. The number of specimens
measured for each species is given

(N), as well as the mean number of
measurements for each individual per
species (N,)

Species

Carphodactylidae

Carphodactylus laevis
Nephrurus asper
Phyllurus amnicola
Phyllurus nepthys
Phyllurus ossa
Saltuarius cornutus
Diplodactylidae
Amalosia rhombifer
Diplodactylus ameyi

Diplodactylus
conspicillatus

Diplodactylus platyurus
Diplodactylus tessellatus
Lucasium damaeum
Lucasium immaculatum
Lucasium steindachneri

Lucasium stenodactylum

Ecology and Evolution _ Jﬂ
o~ WILEY

Open Access,

Oedura bella
Oedura castelnaui
Oedura cincta
Oedura coggeri

Oedura monilis

Rhynchoedura ormsbyi

Strophurus krisalys

Strophurus taeniatus

Strophurus williamsi

ACA measurement. Angles were measured using ImageJ (v. 1.36b,
Schneider, Rasband, & Eliceiri, 2012), and median contact angles were
calculated for each individual (individuals within each species were
measured between 4 and 18 times on average; see Table 1) and used
to calculate means for each species.

2.3 | Statistical analysis of ecology and
hydrophobicity

Phylogenetic generalized least square analysis (PLGS) (Martins &
Hansen, 1997; Revell & Collar, 2009) was used to examine the as-
sociation between hydrophobicity (ACA measurements), and the
microhabitat (terrestrial, arboreal, and saxicoline) and habitat hu-
midity (hydric, mesic, and xeric) used by geckos, respectively. A
modified version of the phylogenetic tree published by Brennan
and Oliver (2017) was used, which included all the species from this
study except for Phyllurus nepthys, for which no genetic sample was
available. Therefore, we replaced P. championae on the tree with
P. nepthys, as it is the closest relative for which data were available
(Hoskin & Couper, 2013; C.J. Hoskin, pers. com.). The PGLS models

Habitat Humidity ACA(°) Ng N,
Terrestrial Hydric 144.49 + 0.67 2 14
Terrestrial Mesic 133.94 +0.33 11 12
Saxicoline Hydric 143.40+0.71 1 16
Arboreal Hydric 137.43 £ 0.86 3 12
Saxicoline Hydric 138.32+0.53 5 18
Arboreal Hydric 136.02 £0.32 13 10
Arboreal Mesic 150.63 £0.70 6 13
Terrestrial Xeric 152.60 + 0.47 3
Terrestrial Xeric 149.57 £ 0.80 2 6
Terrestrial Mesic 146.81 + 0.40 12 11
Terrestrial Xeric 147.63 £ 0.57 12
Terrestrial Xeric 155.58 £ 0.52 7
Terrestrial Xeric 140.32 £ 0.64 4 13
Terrestrial Mesic 150.45 £ 0.39 23 8
Terrestrial Xeric 141.16 £ 0.61 2 14
Saxicoline Xeric 140.04 £ 0.79 1 16
Arboreal Mesic 134.66 £ 0.41 9 12
Arboreal Xeric 133.71+0.41 9 14
Saxicoline Mesic 136.82 £ 0.38 7 14
Arboreal Mesic 140.82 + 0.49 15 10
Terrestrial Xeric 147.23 £ 1.07 7 8
Arboreal Xeric 130.72 £ 0.45 16
Terrestrial Mesic 15243 +£1.14 1 4
Arboreal Mesic 136.23 £ 0.37 19 10

were fitted comparing three different models of trait evolution,
Brownian motion (A = 1; “BM”; Felsenstein, 1985), a relaxed maxi-
mum-likelihood value of A (“Pagel”), and without any phylogenetic
signal in the trait evolution (“star model,” A set to 0; Pagel, 1992).
The ACA values were the response variable, and microhabitat and
humidity were explanatory variables (both as fixed effects, com-
bined in each model without an interaction term). Model averag-
ing was then used (Bumham & Anderson, 2002), based on AIC,, to
combine the inferences from all valid models (AIC_ < 2) and type
I ANOVAs (Langsrud, 2003), followed by a Tukey's post hoc test
using the R package “emmeans” (R Core Team, 2018; Russell, 2018)
to determine significant differences.

The ancestral states of ACA values were constructed using
the “ace” function from the “ape” package in R (Paradis, Claude,
& Strimmer, 2004), and complemented with an ancestral state
reconstruction of the explanatory variable(s). A "symmetrical"
model was then fitted, which constrained forward transitions
to be equivalent to backward transitions, as preliminary analysis
demonstrated that there were not enough transitions to estimate
a more complicated model (Pagel, 1999; Schluter, Price, Mooers,
& Ludwig, 1997).
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FIGURE 1 Photographic sequence of a “growing” drop used

to obtain advancing contact-angle (ACA) measurements on the
dorsal scales of geckos. (a) Initial image of dorsal surface with the
exact location where the scales crested (CR). (b) Initial, sessile drop
placed on the dorsal surface with a contact angle (0). (c) Droplet
just previous to that which “popped out” (d), where 0 represents
the ACA that was obtained by adding 0.25 ul of distilled water to
the initial water droplet (b) numerous times. (d) One increment after
the ACA measurement (c) in which the droplet had popped out (PD)
and, in this case, projected toward the camera

2.4 | Statistical analysis of morphology and
performance

The morphological dataset from Riedel et al. (2019) was used to
analyze the influence of microornamentation and skin character-
istics (both log-transformed) on ACA values, but excluded all cuta-
neous sensilla measurements, as cutaneous sensilla only covered
a minute proportion of the skin surface and were unlikely to have
a large effect on hydrophobicity. Therefore, seven measurements
for microornamentation were used: spinule length (SL), spinule
density (SD), diameter (PDM) and density (PDE) of the pits (small
indentations between the spinules), the percentage of area cov-
ered by knobs (KI), and two measures of scale size (granule size
[GS] and intergranule size [IGS]). Two sets of PGLS models were
then constructed, one including all seven of these morphological
traits (M1), and one containing only those traits that contributed
strongly to separate the species by microhabitat (spinule length, pit
diameter, knobiness, granule size, and intergranule size) in Riedel
et al. (2019) (M2). To ensure the validity of these models, all traits
were tested for multicollinearity (Mundry, 2014). As the scale size
measurements for both types of scales (GS and IGS) are strongly
correlated (r (22) = 0.86; p < 0.001), the abovementioned models
were constructed twice, once containing only GS (M1G and M2G)

and once containing only IGS (M1l and M2I). This produced four

models with specific sets of predictor variables. Otherwise, the
models were constructed using the same approach already de-
scribed (see “Statistical analysis of ecology and hydrophobicity”).
Notably, as the optimal A value was inside a biologically meaning-
ful range of O to 1 only for the M2l model, the optimal A model
was not fitted or used for all other models in the set of candidate
models.

3 | RESULTS
3.1 | Advancing contact-angle measurements

All gecko species examined were hydrophobic, in that they had
contact angles above 90°, but some species were more hydropho-
bic than others, including several that were superhydrophobic, with
mean contact angles above 150° (Table 1). These included L. stein-
dachneri (150.45 + 0.39°), A. rhombifer (150.63 + 0.70°), S. taeniatus
(152.43 + 1.14°), D. conspicillatus (152.60 = 0.47°), and L. damaeum
(155.58 + 0.52°).

3.2 | Correlation between hydrophobicity and
microhabitat

There was a significant effect of microhabitat on ACA in all models,
such that terrestrial species had higher ACA values than arboreal
ones, and there were no significant differences between the saxico-
line species and the other two groups (Table 2B; Figure 2). Habitat
humidity did not have a significant effect on ACA in any of the models
(Table 2B). The optimal A value of the Pagel model was 0.85, and both
the Star model and the Pagel model had high support values (AAIC,
0.00 and 0.36, respectively). However, the BM model also had rea-
sonable support just outside the cutoff (Delta AIC_= 2.01; Table 2A);
therefore, an ANOVA (type Il) was used to determine significance of
terms for all evolutionary models. The reconstructed ancestral states
of the analyzed traits are presented in Figures 3 and 4. The recon-
structed evolution of the ACA values was reflected in the evolution
of microhabitat use, and both traits had a similar evolutionary history
(Figure 3). Notable exceptions from this pattern are Amalosia rhombi-
fer, which had a high ACA (150.63 + 0.70°) despite being arboreal,
and Nephrurus asper, which had a relatively low ACA (133.94 + 0.33°)
despite being terrestrial. The reconstructed evolution of habitat hu-
midity use did not show any correlation with the evolution of ACA

values (Figure 4).

3.3 | Correlation between
hydrophobicity and morphology

Pagel's 2 was only estimable (1 = 0.13) for the M2l model, which
included the subset of traits and IGS. 1 was negative for all other

models, indicating a poor fit of the lambda model to the data. Thus,
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(A) Results of the model selection for the different modes of trait evolution to test whether hydrophobicity (ACA

measurements) could be explained by either microhabitat use (substrate) or habitat humidity. (B) p-values for each of the two explanatory
variables for each model and results of a post hoc pairwise comparisons for the significant variables

Mode of trait evolution df log Likelihood AIC. AAIC AlCc weight Cumulated weight
(A) model comparison
Star 6 -74.23 165.39 0 0.45 0.45
Pagel (1=0.85) 6 -74.41 165.76 0.36 0.38 0.83
BM 6 -75.23 167.41 2.01 0.17 1
Tukey's Post hoc
Explanatory variable df ;(2 p pairwise comparison
(B) ANOVA results
Star model
Substrate 2 11.473 0.003 Terrestrial > Arboreal
Habitat humidity 2 0.164 0.921
Pagel model
Substrate 2 8.016 0.018 Terrestrial > Arboreal
Habitat humidity 2 1.912 0.384
BM model
Substrate 2 6.369 0.041 Terrestrial > Arboreal
Habitat humidity 2 1.316 0.518

only the BM and Star models were used for all other trait combina-
tions, producing nine estimate models (Table 3). The model compari-
son revealed two models with AAIC. < 2, namely the two variants
of the M2 model, which included only the traits that were strongly

correlated with microhabitat use in Riedel et al. (2019), and no

150

145

ACA ()

140

135

Arboreal Saxicoline Terrestrial

Substrate

FIGURE 2 Effects plot of the best model (Star model with 1 = 0)
of the ACA values grouped by microhabitat use. Terrestrial species
have significantly higher ACA values than arboreal species, with the
saxicoline ones falling in between both

phylogenetic signal in trait evolution assumed by the models (M2G.
Star and M2I.Star; Table 3).

In both models, spinule length was significantly positively associ-
ated with ACA values, whereas the scale size trait (GS or IGS) included
in each model was significantly negatively associated with ACA mea-
surements. In the second-best model, which used IGS, pit diameter
was also significantly negatively associated with the ACA measure-
ments (Table 4).

4 | DISCUSSION

The outcomes of our study were consistent with our first predic-
tion, and the hydrophobicity of geckos using terrestrial micro-
habitats was higher than those using arboreal habitats (Figure 2).
In addition, we found that hydrophobicity and terrestrial micro-
habitat use have coevolved (Figure 3). There was no support for
the second part of our first prediction that species from habitats
with high humidity (rainforest) would have more hydrophobic
skin (Figure 4). Our second prediction that hydrophobicity would
be driven primarily by relatively long spinules and small scale size
was supported, such that longer spinules and smaller scale size
were important predictors of higher hydrophobicity. Contrary
to our prediction, spinule density had no effect on hydrophobic-
ity, but pit diameter, which contributes to the spacing between
spinules, was an important predictor in the model using inter-
granule size, though not in the model using granule size. These
results support our hypothesis that the hydrophobic integument
of diplodactylid and carphodactylid geckos has probably evolved
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(a)

Oedura bella
Oedura cincta
Oedura castelnaui
Oedura coggeri
Oedura monilis
Amalosia rhombifer
Strophurus krisalys
Strophurus williamsi
Strophurus taeniatus
Lucasium immaculatum
Lucasium stenodactylum
Lucasium steindachneri
Lucasium damaeum
Rhynchoedura ormsbyi
Diplodactylus ameyi
Diplodactylus platyurus
Diplodactylus conspicillatus
Diplodactylus tessellatus
Phyllurus amnicola
Phyllurus nepthys
Phyllurus ossa
Saltuarius cornutus
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FIGURE 4 Reconstructed ancestral
states of hydrophobicity (a) and habitat
humidity (b). The hydrophobicity
reconstruction is identical to Figure 3a.
For habitat humidity, the dots correspond
to the reconstructed probability of
microhabitat use for nodes: H (blue),
humid (rainforest); M (green), mesic
(savanna); X (orange), xeric (desert).
Neither high nor low hydrophobic species
correspond with a particular habitat
humidity regime

(a)

as an adaptation to keep their surfaces clean of dirt and debris
and to inhibit the growth of potentially harmful bacteria preva-
lent in a terrestrial environment. Notably, the microhabitat was
apparently a stronger selective force than was habitat humidity
(Riedel et al., 2019). Hydrophobicity is related to highly irregu-
lar microscopic surface structures (Koch, Bhushan, & Barthlott,
2008; Wagner et al., 2003) that, in the case of geckos,
of small scales and long spinules (Hiller, 2009; Ruibal, 1968). Our
study confirms the importance of small scales and long spinules

for the hydrophobic, self-cleaning, and bactericidal functions of

gecko skin.

2
g

FIGURE 3 Reconstructed ancestral
states of hydrophobicity (a) and
microhabitat use (b). For hydrophobicity,
the size of the dots correlates with the
ACA measurements for the species of this
study (yellow dots) and reconstructed for
the nodes (blue dots). For microhabitat
use, the dots correspond to the
reconstructed probability of microhabitat
use for nodes: A (green), arboreal; S
(black), saxicoline; T (orange), terrestrial.
Note the correspondence between brown
nodes (terrestrial species) and large yellow
circles (hydrophobic species)

(b)
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(b)
Oedura bella
Oedura cincta
Oedura castelnaui
Oedura coggeri
Oedura monilis
Amalosia rhombifer
Strophurus krisalys
Strophurus williamsi
Strophurus taeniatus
Lucasium immaculatum
Lucasium stenodactylum
Lucasium steindachneri
Lucasium damaeum
Rhynchoedura ormsbyi
Diplodactylus ameyi
Diplodactylus platyurus
Diplodactylus conspicillatus
Diplodactylus tessellatus
Phyllurus amnicola
Phyllurus nepthys
Phyllurus ossa
Saltuarius cornutus
Carphodactylus laevis
Nephrurus asper
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We developed a method to quantify the hydrophobic properties
of lizard skin in living lizards for this study, and established that, while
all geckos were hydrophobic, several species were superhydropho-
bic and that most of the superhydrophobic species were terrestrial
(Table 1). Although working with living lizards prevented us from
strictly controlling humidity and vapor-level conditions at the time
consist of measurement as was suggested by Drelich (2013), all measure-
ments were conducted under stable laboratory conditions (23°C and
~50% relative humidity). Combined with relatively high numbers of
repeated measures, we received measurements with standard errors
within the range of those (1-3°) reported by Drelich (2013).
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TABLE 3 Model comparison for the morphological traits sorted by AAIC values. The two models with high support are highlighted in
bold. Morphological traits (explanatory variables) are spinule length (SL), spinule density (SD), pit diameter (PDM), pit density (PDE), granule
scale size (GS), intergranule scale size (IGS), and percentage of area covered by knobs (KI)

Model Explanatory variables A df
M2G.Star SL, PDM, KI, GS 0 6
M2|.Star SL, PDM; K1, IGS 0 6
M2I.Pagel SL, PDM, K1, IGS 0.13 6
M1G.Star SL, SD, PDM, PDE, GS, Kl 0 8
M2G.BM SL, PDM, KI, GS 1 6
M21.BM SL, PDM, K, IGS 1 6
M1l.Star SL, SD, PDM, PDE, IGS, Ki 0 8
M1G.BM SL, SD, PDM, PDE, GS, Kl 1 8
M1l.BM SL, SD, PDM, PDE, IGS, Ki 1 8

Log likelihood AIC. AAIC AlCc weight Cum. weight
-72.01 160.97 0 0.57 0.57

-72.99 162.91 1.95 0.22 0.79

-73.59 164.12 3.16 0.12 0.9

-70.48 166.56 5.59 0.03 0.94

-74.89 166.71 5.75 0.03 0.97

-75.39 167.72 6.76 0.02 0.99

-71.86 169.31 8.35 0.01 1

-74.31 174.21 13.25 0 1

-75.1 175.8 14.81 0 1

TABLE 4 Predictors (morphological traits) in the two models with the highest support. Significant p-values are highlighted in bold, and
coefficients represent a positive or negative correlation with the ACA measurements

M2G.Star M2l.Star
Trait coefficient p-Value P df coefficient p-Value P df
Spinule length 49.24 0.007 7.09 1 49.24 0.039 4.23 1
Granule size -84.44 0.006 7.52 1 NA NA NA NA
Intergranule size NA NA NA NA -912.39 0.019 5.45 1
Pit diameter -99.31 0.25 1.32 1 -99.31 0.049 3.89 1
Knobbiness -56.67 0.15 2.07 1 -56.67 0.161 1.97 1

Although the physical and functional basis of biological sur-
faces with hydrophobic properties has been well documented
(Autumn & Hansen, 2006; Carbone & Mangialardi, 2005; Neinhuis &
Barthlott, 1997; Stark, Ohlemacher, Knight, & Niewiarowski, 2015;
Stark, Palecek, et al., 2015; Zhai et al., 2006), there has been little
attention to the evolution of hydrophobic integumental properties.
Associations of hydrophobic microstructures with aquatic or semi-
aquatic microhabitats in Heteroptera (Perez-Goodwyn, 2009) are
typically made in descriptive studies not analyzed using evolutionary
statistics or in a phylogenetic context. For plants, Tellechea-Robles,
Salazar Cesefia, Bullock, Cadena-Nava, and Méndez-Alonzo (2019)
tested the hypothesis that plants from coastal wetlands would be
more hydrophobic if they grew in areas that flooded regularly, com-
pared with areas that stayed dry, but the hypothesis was not sup-
ported by their study. Therefore, this is the first study to successfully
test the predictions from a hypothesis about when and under which
circumstances hydrophobicity may have evolved in nature, and pro-
vides phylogenetic statistical support for the evolution of hydropho-
bic surfaces as an apparent adaptation to the ecological pressures of

living on the ground.
4.1 | Hydrophobicity in geckos and other
squamate reptiles

The ACA measurements in this study were within the range meas-

ured by previous studies for geckos. The arboreal gecko Phelsuma

laticauda has a relatively low ACA of 139° (Hiller, 2009), whereas
the highly derived ground-dwelling legless gecko Lialis jicari
(Pygopodidae) was superhydrophobic with an ACA of 160° on
body regions not modified for their snake-like locomotion (Spinner
et al., 2013). Both examples support our hypothesis that terrestrial
gecko species should be more hydrophobic than arboreal species.
Saxicoline species fall between arboreal and terrestrial species,
overlapping with both. Saxicoline species live on rock walls and in
crevices between boulders, which can range from a few centimeters
to many meters above the ground, and thus, species can be nearly
terrestrial to almost never terrestrial, with their hydrophobicity likely
varying in relation to their habitat requirements. Although variation
in hydrophobicity was highest within saxicoline species, both arbo-
real and terrestrial species also varied considerably in their meas-
ured ACA. This variation could be correlated with differences in the
rate of exposure to particle contamination within different micro-
habitats of the same category. For example, some tree species (e.g.,
paperbarks Melaleuca spp.) tend to be more granular and flaky than
some others (e.g., ironbarks Eucalyptus spp.), which may increase ex-
posure to bark debris. Similarly, different soil types may lead to dif-
ferences in exposure to dust particles. More detailed knowledge of
microhabitat use and particle exposure is necessary to elucidate this.

Long spinules as an adaptation to terrestrial microhabitats are
particularly interesting in conjunction with the evolution of adhe-
sive toepads. Adhesive toepads are adaptations to climbing, used
in arboreal or saxicoline microhabitats (Russell, 1972, 2002). Setae,

the microstructures generating adhesion in toepads, are proposed
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to have evolved by elongation of spinules (Ernst & Ruibal, 1966;
Ruibal & Ernst, 1965; Russell, Baskerville, Gamble, & Higham, 2015;
Russell & Gamble, 2019). Therefore, hair-like microstructures in
geckos appear to be an example in which a change in a morphologi-
cal structure, which has evolved as an adaptation to one microhabi-
tat, leads to a change in the trajectory of the adaptative potential of
the changed morphological structure. For example, the elongation
of spinules as an adaptation to terrestrial microhabitats may con-
tribute to the elongation of setae on the subdigital scales, which in
turn may lead to an enhanced adaptive potential to occupy climbing
(arboreal or saxicoline) microhabitats. The elongated setae on toe-
pads are still highly hydrophobic, and the hydrophobic properties
of the setae are important to maintain the adhesive properties of
the toepads in geckos, especially for species from humid environ-
ments with high rainfall such as rainforests (Stark & Mitchell, 2019;
Stark, Palecek, et al., 2015; Stark, Sullivan, & Niewiarowski, 2012).
More details on the relationship between spinule length and setae
length of geckos from a range of habitats are required to examine
evolution or coevolution of these characters.

Geckos are not the only reptilian taxon featuring spinule-covered
integuments. They share this trait with anoles and chameleons, as well
as with some clades of skinks, agamids, and iguanids (Peterson, 1984;
Ruibal, 1968). Anoles are a prime model group for ecomorphological
studies, but previous studies have focused on morphometrics, such as
relative limb dimensions, among species occupying different arboreal
niches (Irschick, Vitt, Zani, & Losos, 1997; Losos, 1990, 1992; Losos,
Jackman, Larson, de Queiroz, & Rodriguez-Schettino, 1998), and have
not examined the role of spinules. Chameleons are not only primarily
arboreal, but also have exclusively terrestrial species. Interestingly, the
mostly terrestrial pygmy chameleons (Brookesia, Palleon, Rhampholeon,
Rieppeleon) and the terrestrial Namib chameleon (Chameleo nam-
aquensis) have evolved honeycomb microstructures instead of, or in
addition to, spinules (Riedel, Bohme, Bleckmann, & Spinner, 2015).
Unfortunately, no studies on the hydrophobic properties of the integ-
ument of these two clades are available.

4.2 | Function of hydrophobicity in geckos

The proposed function of hydrophobic surfaces in nature is to
keep the surface of the integument free of dirt and debris, which
can seriously obstruct other skin functions (Barthlott & Neinhuis,
1997; Hansen & Autumn, 2005; Watson, Schwarzkopf, et al,,
2015). For this self-cleaning ability, the surface needs to be hydro-
phobic and also must exhibit low adhesion forces for dirt particles.
The integument of box-patterned geckos (Lucasium steindachentri)
has extremely low adhesion of artificial fouling particles (Watson,
Cribb, et al., 2015), consistent with the terrestrial microhabitat use
of this species, and the high ACA measures found in the present
study. This combination of high hydrophobicity and low adhesion
of fouling particles results in efficient self-cleaning properties
(Watson, Schwarzkopf, et al., 2015). Additional studies comparing

self-cleaning and adhesion forces for dirt particles could further

enhance our understanding of this functional link. The spinule-
covered integument of geckos also has bactericidal properties
(Li et al., 2016; Watson, Green, et al., 2015). Because exposure
to potentially harmful microorganisms is higher in a terrestrial
microhabitat (McCabe et al., 2015; Nunn et al., 2000) and bacte-
rial growth rates and thus prevalence of microorganisms may be
higher in habitats featuring high humidity (Bouskill et al., 2012),
bactericidal properties could be prevalent in both terrestrial mi-
crohabitats and habitats with high humidity (e.g., rainforests). We
found support only for the former expectation.

Possibly, hydrophobicity in rainforest geckos prevents drown-
ing. In some insects and spiders, hydrophobic integumental prop-
erties facilitate the prevention of submersion (Gao & Jiang, 2004;
Stratton & Suter, 2009). Although geckos are normally not associ-
ated with aquatic ecosystems, some geckos have advanced swim-
ming abilities due to their hydrophobic skin (Nirody et al., 2018).
Possibly, hydrophobicity may have evolved as an adaptation for
species that are regularly threatened by flooding of their habitat.
Under this hypothesis, we would expect terrestrial species to be
more hydrophobic than arboreal species, but we would also ex-
pect stronger hydrophobic properties in rainforest habitats due
to higher rainfall and more regular flooding. We would also expect
saxicoline rainforest species (e.g., Phyllurus amnicola or P. ossa)
to be strongly hydrophobic as they occur on boulders alongside
rainforest streams. Therefore, drowning prevention is a plausi-
ble function promoting the evolution of hydrophobicity in some
terrestrial geckos, but our results do not support drowning pre-
vention as the dominant cause, because in our study, geckos from
habitats most likely to flood were not the most hydrophobic. Our
results more clearly support self-cleaning as the main adaptive
purpose for hydrophobicity, because in our study, geckos from
dusty environments were the most hydrophobic.

Another hypothetic function of hydrophobic surfaces could be
to reduce evaporative chill caused by water accumulation on non-
hydrophobic surfaces (Cowles, 1958). If this was the main func-
tion of hydrophobicity in geckos, we would expect species from
habitats with higher average rainfall (like rainforests) to be more
hydrophobic than species from drier habitats, and no difference
among microhabitats (arboreal, saxicoline, terrestrial). As the op-
posite signal was found in our study, this hypothesis was not sup-

ported by our results.

ACKNOWLEDGMENTS

We would like to thank lan Brennan for providing the phylogeny and
Mathew Vickers for helping in fieldwork. We would like to thank
Conrad Hoskin for advice on the phylogenetic placement of Phyllurus
nepthys, and two anonymous reviewers for helping us greatly to im-
prove the manuscript.

CONFLICT OF INTEREST

The authors declare no conflict of interest.



RIEDEL ET AL.

AUTHOR CONTRIBUTION

Nils Jendrian Riedel: Conceptualization (equal); Formal analysis
(lead); Investigation (lead); Writing-original draft (lead); Writing-
review & editing (lead). Matthew John Vucko: Conceptualization
(equal); Formal analysis (supporting); Investigation (lead); Writing-
original draft (supporting); Writing-review & editing (supporting).
Simone P. Blomberg: Conceptualization (equal); Formal analysis
(lead); Investigation (supporting); Writing-original draft (support-
ing); Writing-review & editing (supporting). Lin Schwarzkopf:
Conceptualization (equal); Formal analysis (supporting); Investigation
(lead); Supervision (lead); Writing-original draft (supporting);
Writing-review & editing (supporting).

ETHICAL APPROVAL

Specimens were collected under the Scientific Purpose Permit
No. WISP03476106 (Queensland Department of Environment
and Heritage Protection, QLD, Australia), the Natural Resources
Permit No. WITK03036906 (Department of National Parks, Sports,
and Racing for protected areas, QLD, Australia), and the Permit
to Undertake Scientific Research No. C25337 (Department of
Environment and Water, South Australia, Australia). All work was
carried out under the James Cook University Animal Ethics Approval
A997.

DATA AVAILABILITY STATEMENT

A summary of the measurements (mean and SD of the ACA values
for each species) is given in the manuscript. Detailed measurements
for each specimen are available from the corresponding author on
reasonable request and were stored at Dryad under https://doi.
org/10.5061/dryad.xwdbrv19s.

ORCID
Jendrian Riedel https://orcid.org/0000-0002-3947-3679
https://orcid.org/0000-0003-1062-0839

https://orcid.org/0000-0002-1009-670X

Simone P. Blomberg

Lin Schwarzkopf

REFERENCES

Alfaro, M. E., Bolnick, D. I., & Wainwright, P. C. (2005). Evolutionary con-
sequences of many-to-one mapping of jaw morphology to mechanics
in labrid fishes. The American Naturalist, 165, E140-E154.

Arnold, E. N. (2002). History and function of scale microornamentation
in lacertid lizards. Journal of Morphology, 252, 145-169.

Autumn, K., & Hansen, W. R. (2006). Ultrahydrophobicity indicates a
non-adhesive default state in gecko setae. Journal of Comparative
Physiology A, 192, 1205.

Barthlott, W., & Neinhuis, C. (1997). Purity of the sacred lotus, or escape
from contamination in biological surfaces. Planta, 202, 1-8.

Bauer, R. T. (1981). Grooming behavior and morphology in the decapod
crustacea. Journal of Crustacean Biology, 1, 153-173.

Bohme, W., & Fischer, E. (2000). Ein Bodenchamileon mit
Pflanzenbewuch: Zweiter Nachweis von Moosen auf einem leben-
den Wirbeltier. Herpetofauna, 22, 5-10.

Bouskill, N. J., Lim, H. C., Borglin, S., Salve, R., Wood, T. E., Silver, W.
L., & Brodie, E. L. (2012). Pre-exposure to drought increases the re-
sistance of tropical forest soil bacterial communities to extended
drought. The Isme Journal, 7, 384.

Ecology and Evolution o 4649
= WILEY- L%

Brennan, I. G., & Oliver, P. M. (2017). Mass turnover and recovery dy-
namics of a diverse Australian continental radiation. Evolution, 71,
1352-1365.

Bumham, K. P., & Anderson, D. R. (2002). Model selection and multimodel
inference: A practical information-theoretic approach. New York, NY:
Springer-Verlag.

Bureau of Meteorology (2018). Climate and past weather. Retrieved from
http://www.bom.gov.au/climate/.

Byun, D., Hong, J., Saputra Ko, J. H., Lee, Y. J., Park, H. C,, ... Lukes, J.
R. (2009). Wetting characteristics of insect wing surfaces. Journal of
Bionic Engineering, 6, 63-70.

Carbone, G., & Mangialardi, L. (2005). Hydrophobic properties of a wavy
rough substrate. The European Physical Journal E, 16, 67-76.

Cassie, A. B. D., & Baxter, S. (1944). Wettability of porous surfaces.
Transactions of the Faraday Society, 40, 546-551.

Cerman, Z., Striffler, B. F., & Barthlott, W. (2009). Dry in the water: The
superhydrophobic water fern Salvinia-a model for biomimetic sur-
faces. In S. N. Gorb (Ed.), Functional surfaces in biology (pp. 97-111).
Berlin: Springer.

Clarke, J. (2013). Feathers Before Flight. Science, 340, 690-692.

Cogger, H. G. (2015). Reptiles and Amphibians of Australia. Collingwood,
Victoria: CSIRO.

Cowles, R. B. (1958). Possible origin of dermal temperature regulation.
Evolution, 12, 347-357.

Drelich, J. (2013). Guidelines to measurements of reproducible con-
tact angles using a sessile-drop technique. Surface Innovations, 1,
248-254.

Ernst, V., & Ruibal, R. (1966). The structure and development of the digi-
tal lamellae of lizards. Journal of Morphology, 120, 233-265.

Felsenstein, J. (1985). Phylogenies and the comparative method. The
American Naturalist, 125, 1-15.

Finarelli,J. A.,&Flynn, J.J.(2006). Ancestral State Reconstruction of Body Size
in the Caniformia (Carnivora, Mammalia): The Effects of Incorporating
Data from the Fossil Record. Systematic Biology, 55, 301-313.

Fusetani, N. (2004). Biofouling and antifouling. Natural Product Reports,
21, 94-104.

Fushida, A., Riedel, J., Nordberg, E. J., Pillai, R., & Schwarzkopf, L. (2020).
Can geckos increase shedding rate to remove fouling? Herpetologica,
76,22.

Gans, C., & Baic, D. (1977). Regional specialization of reptilian scale sur-
faces: Relation of texture and biologic role. Science, 195, 1348-1350.

Gao, X., & Jiang, L. (2004). Water-repellent legs of water striders. Nature,
432, 36.

Garland, T. Jr, & Losos, J. B. (1994). Ecological morphology of locomotor
performance in squamate reptiles. In P. C. Wainwright (Ed.), Ecological
morphology: Integrative organismal biology (pp. 240-302). Chicago, IL:
University of Chicago Press.

Hagey, T. J., Uyeda, J. C., Crandell, K. E., Cheney, J. A., Autumn, K., &
Harmon, L. J. (2017). Tempo and mode of performance evolution
across multiple independent origins of adhesive toe pads in lizards.
Evolution, 71, 2344-2358.

Hansen, W. R., & Autumn, K. (2005). Evidence for self-cleaning in gecko
setae. Proceedings of the National Academy of Sciences of the United
States of America, 102, 385-389.

Hiller, U. (2009). Water repellence in gecko skin: How do geckos keep
clean? In S. N. Gorb (Ed.), Functional Surfaces in Biology: Little
Structures with Big Effects, Vol. 1 (pp. 47-53). Dordrecht: Springer,
Netherlands.

Homberger, D. G., & de Silva, K. N. (2015). Functional microanatomy
of the feather-bearing integument: Implications for the evolution
of birds and avian flightl. Integrative and Comparative Biology, 40,
553-574.

Hoskin, C. J., & Couper, P. J. (2013). A spectacular new leaf-tailed gecko
(Carphodactylidae: Saltuarius) from the Melville Range, north-east
Australia. Zootaxa, 3717, 543-558.


https://doi.org/10.5061/dryad.xwdbrv19s
https://doi.org/10.5061/dryad.xwdbrv19s
https://orcid.org/0000-0002-3947-3679
https://orcid.org/0000-0002-3947-3679
https://orcid.org/0000-0003-1062-0839
https://orcid.org/0000-0003-1062-0839
https://orcid.org/0000-0002-1009-670X
https://orcid.org/0000-0002-1009-670X
http://www.bom.gov.au/climate/

RIEDEL ET AL.

4650 WI LEY_ECObe and Evolution

Open Access,

Hwang, W. S., & Weirauch, C. (2012). Evolutionary history of assassin
bugs (Insecta: Hemiptera: Reduviidae): Insights from divergence dat-
ing and ancestral state reconstruction. PLoS ONE, 7, e45523.

Irish, F. J., Williams, E. E., & Seling, E. (1988). Scanning electron mi-
croscopy of changes in epidermal structure occurring during the
shedding cycle in squamate reptiles. Journal of Morphology, 197,
105-126.

Irschick, D. J., Vitt, L. J., Zani, P. A., & Losos, J. B. (1997). A comparison
of evolutionary radiations in mainland and Caribbean Anolis lizards.
Ecology, 78, 2191-2203.

King, B., & Lee, M. S. Y. (2015). Ancestral state reconstruction, rate het-
erogeneity, and the evolution of reptile Viviparity. Systematic Biology,
64,532-544.

Kluge, A. G. (1983). Cladistic relationships among gekkonid lizards.
Copeia, 1983, 465-475.

Koch, K., Bhushan, B., & Barthlott, W. (2008). Diversity of structure, mor-
phology and wetting of plant surfaces. Soft Matter, 4, 1943-1963.
Kohlsdorf, T., Garland, T. Jr, & Navas, C. A. (2001). Limb and tail lengths in
relation to substrate usage in Tropidurus lizards. Journal of Morphology,

248, 151-164.

Kwok, D. Y., Gietzelt, T., Grundke, K., Jacobasch, H.-J., & Neumann, A.
W. (1997). Contact angle measurements and contact angle inter-
pretation. 1. Contact angle measurements by axisymmetric drop
shape analysis and a goniometer sessile drop technique. Langmuir,
13,2880-2894.

Langsrud, @. (2003). ANOVA for unbalanced data: Use Type Il instead of
Type Il sums of squares. Statistics and Computing, 13, 163-167.

Laver, R. J., Nielsen, S. V., Rosauer, D. F., & Oliver, P. M. (2017). Trans-
biome diversity in Australian grass-specialist lizards (Diplodactylidae:
Strophurus). Molecular Phylogenetics and Evolution, 115, 62-70.

Li, X., Cheung, G. S., Watson, G. S., Watson, J. A, Lin, S.-M., Schwarzkopf,
L., & Green, D. W. (2016). The nanotipped hairs of gecko skin and bio-
templated replicas impair and/or kill pathogenic bacteria with high
efficiency. Nanoscale, 8, 18860-18869.

Li, X.-M., Reinhoudt, D., & Crego-Calama, M. (2007). What do we need
for a superhydrophobic surface? A review on the recent progress
in the preparation of superhydrophobic surfaces. Chemical Society
Reviews, 36, 1350-1368.

Losos, J. B. (1990). Ecomorphology, performance capability, and scaling
of West Indian Anolis lizards: An evolutionary analysis. Ecological
Monographs, 60, 369-388.

Losos, J. B. (1992). The evolution of convergent structure in Caribbean
Anolis communities. Systematic Biology, 41, 403-420.

Losos, J. B., Jackman, T. R., Larson, A., de Queiroz, K., & Rodriguez-
Schettino, L. (1998). Contingency and determinism in replicated
adaptive radiations of island lizards. Science, 279, 2115-2118.

Maderson, P. F. A. (1964). Keratinized epidermal derivatives as an aid to
climbing in gekkonid lizards. Nature, 203, 780-781.

Maderson, P. F. A., & Alibardi, L. (2000). The development of the sau-
ropsid integument: A contribution to the problem of the origin and
evolution of feathers. American Zoologist, 40, 513-529.

Martins, E. P., & Hansen, T. F. (1997). Phylogenies and the comparative
method: A general approach to incorporating phylogenetic informa-
tion into the analysis of interspecific data. The American Naturalist,
149, 646-667.

McCabe, C. M., Reader, S. M., & Nunn, C. L. (2015). Infectious dis-
ease, behavioural flexibility and the evolution of culture in pri-
mates. Proceedings of the Royal Society B: Biological Sciences, 282,
20140862.

Meiri, S. (2020). What geckos are - an ecological-biogeographic perspec-
tive. Israel Journal of Ecology & Evolution, 1(aop), 1-11.

Meiri, S. (2018). Traits of lizards of the world: Variation around a suc-
cessful evolutionary design. Global Ecology and Biogeography, 27,
1168-1172.

Mihalitsis, M., & Bellwood, D. R. (2019). Morphological and functional
diversity of piscivorous fishes on coral reefs. Coral Reefs, 38(5), 945-
954 https://doi.org/10.1007/s00338-019-01820-w

Mundry, R. (2014). Statistical issues and assumptions of phylogenetic
generalized least squares. In L. Z. Garamszegi (Ed.), Modern phyloge-
netic comparative methods and their application in evolutionary biology
(pp. 131-153). Berlin: Springer.

Neinhuis, C., & Barthlott, W. (1997). Characterization and distribution
of water-repellent, self-cleaning plant surfaces. Annals of Botany, 79,
667-677.

Neinhuis, C., & Barthlott, W. (1998). Seasonal changes of leaf surface
contamination in beech, oak, and ginkgo in relation to leaf micromor-
phology and wettability. New Phytologist, 138, 91-98.

Nielsen, S. V., Oliver, P. M., Laver, R. J., Bauer, A. M., & Noonan, B. P.
(2016). Stripes, jewels and spines: Further investigations into the
evolution of defensive strategies in a chemically defended gecko ra-
diation (Strophurus, Diplodactylidae). Zoologica Scripta, 45, 481-493.

Nirody, J. A, Jinn, J., Libby, T., Lee, T. J., Jusufi, A., Hu, D. L., & Full, R. J.
(2018). Geckos race across the waters surface using multiple mecha-
nisms. Current Biology, 28, 4046-4051.e2.

Nordberg, E. J., & Schwarzkopf, L. (2019). Reduced competition may
allow generalist species to benefit from habitat homogenization.
Journal of Applied Ecology, 56, 305-318.

Nunn, C. L., Gittleman, J. L., & Antonovics, J. (2000). Promiscuity and the
primate immune system. Science, 290, 1168-1170.

Pagel, M. (1992). A method for the analysis of comparative data. Journal
of Theoretical Biology, 156, 431-442.

Pagel, M. (1999). The maximum likelihood approach to reconstructing
ancestral character states of discrete characters on phylogenies.
Systematic Biology, 48, 612-622.

Paradis, E., Claude, J., & Strimmer, K. (2004). APE: Analyses of phyloge-
netics and evolution in R language. Bioinformatics, 20, 289-290.
Perez-Goodwyn, P. (2009). Anti-wetting surfaces in Heteroptera
(Insecta): Hairy solutions to any problem. InS.N. Gorb (Ed.), Functional
surfaces in biology: Little Structures with Big Effects Volume 1 (pp.

55-76). Dordrecht, Netherlands: Springer

Peterson, J. A. (1984). The microstructure of the scale surface in iguanid
lizards. Journal of Herpetology, 18, 437-467.

R Core Team (2018). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Revell, L. J., & Collar, D. C. (2009). Phylogenetic analysis of the evolution-
ary correlation using likelihood. Evolution, 63, 1090-1100.

Richter, S., & Wirkner, C. S. (2014). A research program for evolution-
ary morphology. Journal of Zoological Systematics and Evolutionary
Research, 52, 338-350.

Riedel, J., Bohme, W., Bleckmann, H., & Spinner, M. (2015).
Microornamentation of leaf chameleons (Chamaeleonidae: Brookesia,
Rhampholeon, and Rieppeleon) - with comments on the evolution of
microstructures in the chamaeleonidae. Journal of Morphology, 276,
167-184.

Riedel, J., Vucko, M. J., Blomberg, S. P, Robson, S. K. A., & Schwarzkopf,
L. (2019). Ecological associations among epidermal microstruc-
ture and scale characteristics of Australian geckos (Squamata:
Carphodactylidae and Diplodactylidae). Journal of Anatomy, 234,
853-874.

Rothier, P. S., Brandt, R., & Kohlsdorf, T. (2017). Ecological associations
of autopodial osteology in Neotropical geckos. Journal of Morphology,
278, 290-299.

Ruibal, R. (1968). The ultrastructure of the surface of lizard scales.
Copeia, 1968, 698-703.

Ruibal, R., & Ernst, V. (1965). The structure of the digital setae of lizards.
Journal of Morphology, 117, 271-294.

Russell, A. P.(1972). The foot of gekkonid lizards: A study in comparative and
functional anatomy. King’s College London (University of London).


https://doi.org/10.1007/s00338-019-01820-w

RIEDEL ET AL.

Russell, A. P. (2002). Integrative functional morphology of the gekko-
tan adhesive system (Reptilia: Gekkota). Integrative and Comparative
Biology, 42, 1154-1163.

Russell, A. P., Baskerville, J., Gamble, T., & Higham, T. E. (2015). The evo-
lution of digit form in Gonatodes (Gekkota: Sphaerodactylidae) and
its bearing on the transition from frictional to adhesive contact in
gekkotans. Journal of Morphology, 276, 1311-1332.

Russell, A. P., & Gamble, T. (2019). Evolution of the Gekkotan adhesive
system: Does digit anatomy point to one or more origins? Integrative
and Comparative Biology, 59, 1-17.

Russell, L. (2018). Emmeans: estimated marginal means, aka least-squares
means. R Package Version, 1.

Schliemann, H.(2015). Integument und Anhangsorgane. In W. Westheide,
& R. Rieger (Eds.), Spezielle Zoologie, Teil 2: Wirbel- oder Schddeltiere
(pp. 15-33; 3rd ed.). Heidelberg: Spektrum Akademischer Verlag.

Schluter, D., Price, T., Mooers, A. @., & Ludwig, D. (1997). Likelihood of
ancestor states in adaptive radiation. Evolution, 51, 1699-1711.

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to
ImagelJ: 25 years of image analysis. Nature Methods, 9, 671-675.

Shah, G. J., & Sitti, M. (2004). Modeling and Design of Biomimetic
Adhesives Inspired by Gecko Foot-Hairs. 2004 IEEE International
Conference on Robotics and Biomimetics, 873-878.

Sparks, J. S. (1967). Allogrooming in Primates: A Review. In D. Moris
(Ed.), Primate ethology (pp. 148-175). New Brunswick, NJ: Aldine
Transaction.

Spinner, M., Gorb, S. N., & Westhoff, G. (2013). Diversity of functional
microornamentation in slithering geckos Lialis (Pygopodidae).
Proceedings of the Royal Society B: Biological Sciences, 280, 20132160.

Stark, A. Y., & Mitchell, C. T. (2019). Stick or slip: Adhesive performance
of geckos and gecko-inspired synthetics in wet environments.
Integrative and Comparative Biology, 59, 214-226.

Stark, A. Y., Ohlemacher, J., Knight, A., & Niewiarowski, P. H. (2015). Run
don’t walk: Locomotor performance of geckos on wet substrates.
Journal of Experimental Biology, 218, 2435-2441.

Stark, A. Y., Palecek, A. M., Argenbright, C. W., Bernard, C., Brennan, A.
B., Niewiarowski, P. H., & Dhinojwala, A. (2015). Gecko adhesion on
wet and dry patterned substrates. PLoS ONE, 10, e0145756.

Stark, A. Y., Sullivan, T. W., & Niewiarowski, P. H. (2012). The effect of
surface water and wetting on gecko adhesion. Journal of Experimental
Biology, 215, 3080-3086.

Stratton, G. E., & Suter, R. B. (2009). Water repellent properties of spi-
ders: Topographical variations and functional correlates. In S. Gorb
(Ed.), Functional Surfaces in Biology: Little Structures with Big Effects
Volume 1 (pp. 77-95). Dordrecht, Netherlands: Springer.

Swierk, L. (2019). Anolis aquaticus (Norops aquaticus) (Water Anole).
Underwater Breathing. Herpetological Review, 50, 134-135.

Tellechea-Robles, L. E., Salazar Cesefa, M., Bullock, S. H., Cadena-Nava,
R. D., & Méndez-Alonzo, R. (2019). Is leaf water-repellency and cu-
ticle roughness linked to flooding regimes in plants of coastal wet-
lands? Wetlands, https://doi.org/10.1007/s13157-019-01190-7.

Ecology and Evolution o 4651
= WILEY- L%

Tiatragul, S., Murali, G., & Stroud, J. T. (2017). Digest: Different evolu-
tionary dynamics led to the convergence of clinging performance in
lizard toepads. Evolution, 71, 2537-2538.

Uetz, P, & Jiri Ho3ek, P. (2019). The reptile database. Retrieved from
http://www.reptile-database.org.

Ungar, P. S., Teaford, M. F., Glander, K. E., & Pastor, R. F. (1995). Dust
accumulation in the canopy: A potential cause of dental microwear in
primates. American Journal of Physical Anthropology, 97, 93-99.

Voigt, D., Boeve, J.-L., & Gorb, S. N. (2012). Surface properties of the
integument in larvae of the sawflies Rhadinoceraea micans and
Nematus pavidus (Hymenoptera, Tenthredinidae). Mitteilungen Der
Deutschen Gesellschaft Fiir Aligemeine Und Angewandte Entomologie,
18, 117-120.

Wagner, P, Furstner, R., Barthlott, W., & Neinhuis, C. (2003). Quantitative
assessment to the structural basis of water repellency in natural and
technical surfaces. Journal of Experimental Botany, 54, 1295-1303.

Wagner, T., Neinhuis, C., & Barthlott, W. (1996). Wettability and contam-
inability of insect wings as a function of their surface sculptures. Acta
Zoologica, 77, 213-225.

Wainwright, P. C. (2007). Functional versus morphological diversity in
macroevolution. Annual Review of Ecology, Evolution, and Systematics,
38, 381-401.

Watson, G. S., Cribb, B. W., Schwarzkopf, L., & Watson, J. A. (2015).
Contaminant adhesion (aerial/ground biofouling) on the skin of a
gecko. Journal of the Royal Society Interface, 12, 20150318.

Watson, G. S., Green, D. W., Schwarzkopf, L., Li, X., Cribb, B. W., Myhra,
S., & Watson, J. A. (2015). A gecko skin micro/nano structure - A low
adhesion, superhydrophobic, anti-wetting, self-cleaning, biocompat-
ible, antibacterial surface. Acta Biomaterialia, 21, 109-122.

Watson, G. S., Schwarzkopf, L., Cribb, B. W., Myhra, S., Gellender, M.,
& Watson, J. A. (2015). Removal mechanisms of dew via self-pro-
pulsion off the gecko skin. Journal of the Royal Society Interface, 12,
20141396.

Watson, G. S., Watson, J. A., Hu, S., Brown, C. L., Cribb, B. W., & Myhra,
S. (2010). Micro and nanostructures found on insect wings-de-
signs for minimising adhesion and friction. International Journal of
Nanomanufacturing, 5, 112.

Zhai, L., Berg, M. C,, Cebeci, F. C., Kim, Y., Milwid, J. M., Rubner, M.
F., & Cohen, R. E. (2006). Patterned superhydrophobic surfaces:
Toward a synthetic mimic of the Namib desert beetle. Nano Letters,
6,1213-1217.

How to cite this article: Riedel J, Vucko MJ, Blomberg SP,
Schwarzkopf L. Skin hydrophobicity as an adaptation for
self-cleaning in geckos. Ecol Evol. 2020;10:4640-4651. https://
doi.org/10.1002/ece3.6218



https://doi.org/10.1007/s13157-019-01190-7
http://www.reptile-database.org
https://doi.org/10.1002/ece3.6218
https://doi.org/10.1002/ece3.6218

