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Abstract
In previous studies, the superhydrophilic skin of moisture-harvesting lizards has been 
linked to the morphological traits of the lizards’ integument, that is, the occurrence 
of honeycomb-shaped microstructures. Interestingly, these structures can also cover 
the skin of lizards inhabiting wet habitats. We therefore tested the influence of the 
microstructures’ main features on the habitat choice and wettability in the genus 
Phrynosoma. The genus Phrynosoma comprises moisture-harvesting species as well 
as nonspecialists. Lizards of this genus inhabit large areas of North America with 
diverse climatic conditions. Remarkably, the differences in the manifestation of mi-
crostructures are just as versatile as their surroundings. The phylogeny of the lizards 
as well as the depth of their ventral microstructures, though independent of each 
other, correlated with the precipitation in their respective habitat. All other morpho-
logical traits, as well as the skin's wettability itself, could not predict the habitat of 
Phrynosoma species. Hence, it is unlikely that the microstructure influences the wet-
tability, at least directly. Hence, we presume an indirect influence for the following 
reasons: (a) As the ventral side cannot get wet by rain, but the belly could easily inter-
act with a wet surface, the microstructure might facilitate water absorption from wet 
soil following precipitation. (b) We found the number of dorsal microstructures to be 
linked to the occurrence of silt in the habitat. In our study, we observed scales being 
heavily contaminated, most likely with a mixture of dead skin (after shedding) and silt. 
As many lizards burrow themselves or even shovel sand onto their backs, deploying 
the substrate might be a mechanism to increase the skin's wettability.
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1  | INTRODUC TION

High temperatures as well as rare and irregular precipitation char-
acterize arid regions across the world. To survive in such a harsh 
environment, animals require specialized adaptations, for exam-
ple, avoiding of overheating and gathering enough water. Efficient 
water collection from rain, moist air, or soil has been described as 
“moisture harvesting” and evolved independently in several species 
(Cardwell, 2006; Lillywhite & Stein, 1987; Norgaard & Dacke, 2010; 
Repp & Schuett, 2008; Sherbrooke et al., 2007; Yenmiş et al., 2015). 
Moisture-harvesting lizards, as one example for these species, 
show a stereotypical behavior: In several species of the genera 
Phrynocephalus, Trapelus, and Phrynosoma, this behavior includes (a) 
lowering of head and tail, (b) raising of abdomen in an arch, (c) splay-
ing of legs, and (d) flattening of the body (Schwenk & Greene, 1987; 
Sherbrooke,  1990, 2004; Vesely & Modry,  2002). On the other 
hand, the integument (skin and appendages like scales) of such liz-
ards shows specific adaptations as well. Whereas in wet habitats, 
like rainforests, the lizards’ scales exhibit superhydrophobic and self-
cleaning properties to prevent infections (Joel & Weissbach, 2019; 
Watson et al., 2015), in arid regions they have to prevent water evap-
oration from their body and simultaneously absorb, retain, and/or 
facilitate drinking of water (Comanns, 2018; Joel et al., 2018).

The reptilian epidermis in general consists of an inner α- and 
an outer β-layer, mainly composed of α- and β-keratins, respec-
tively. These two layers are divided by the mesos layer (Alibardi & 
Maderson, 2003; Maderson et al., 1998). Because of its composition 
of lipids, it is responsible for the water impermeability of the lizard's 
integument and hence protects the lizard from desiccation. The 
outer β-layer is covered by the corneous protective Oberhäutchen 
(Nick, 2014). For harvesting water, the lizards’ scales overlap, form-
ing an interconnected channel network (Comanns et  al.,  2015; 
Gans et  al.,  1982; Sherbrooke et  al.,  2007). Because of capillary 
forces within these channels, water transportation takes place 
passively and sometimes even with a pre-determined flow direc-
tion toward the mouth (Comanns et al., 2011, 2015, 2016; Yenmiş 
et  al.,  2015). In addition to this channel network, the lizards must 
have a hydrophilic integument. The hydrophilicity was so far linked 
to a honeycomb-shaped microstructure (or microornamentation) 
on the Oberhäutchen, keeping a film of water after pre-wetting 
(Berthé et al., 2009; Comanns et al., 2011; Hofling & Renous, 2009; 
Riedel et al., 2015; Sherbrooke et al., 2007; Vesely & Modry, 2002; 
Yenmiş et al., 2015). This microstructure, however, is also found on 
nonmoisture-harvesting reptiles, such as the modest forest dragon 
Hypsilurus modestus (own observation) or the smooth helmeted 
iguana Corytophanes cristatus (Lang, 1989).

Our study focuses on the genus Phrynosoma (horned lizards), 
which comprises at least three moisture-harvesting species (P. cornu-
tum, P. modestum, and P. platyrhinos) as well as at least one nonspecial-
ist (P. hernandesi) (Dodge, 1938; Peterson, 1998; Sherbrooke, 1990, 
2002). Additionally, members are endemic to southwestern regions 
of North America and inhabit mainly, but not only, arid habitats (Baur 
& Montanucci, 1998; Bryson et al., 2012; Lara-Resendiz et al., 2014, 

2015; Newbold & MacMahon, 2014; Sherbrooke, 2002; Zamudio & 
Parra-Olea, 2000). In case the microstructure does indeed entail in-
creased wettability, we assume that Phrynosoma species inhabiting 
drier areas exhibit more and/or deeper honeycomb-shaped struc-
tures on their Oberhäutchen. Additionally, we assume that closely 
related species would inhabit similar habitats, as their morphological 
features would be beneficial for colonization. Hence, in this study 
we analyze the linkage between microstructure, phylogeny, habitat 
choice as well as wettability of Phrynosoma spp.

2  | MATERIAL AND METHODS

2.1 | Study animals

Six captive-bred Phrynosoma platyrhinos were kept in an arid terrar-
ium (146 cm × 55 cm × 80 cm). A soil mixture consisting of sand and 
clay was used as substrate. Below the heat lamp, temperature was 
45–50°C, whereas the cooler regions of the terrarium were 28°C. 
The lizards were fed with ants, cowpea weevils, and microcrickets. 
Please refer to Baur and Montanucci (1998) for further information 
about keeping Phrynosoma.

Additional to samples of our individuals, shed skin of captive-
bred P. asio, P. cerroense, P. coronatum, P. goodei, P. hernandesi, P. or-
biculare, P. modestum, and P. taurus was kindly provided by private 
breeders. Please note that we were not able to match these samples 
to individuals within one species, and thus, there might be pseudo-
replicates included in the shed skin data.

Museum specimens of wild-caught P. asio, P. cerroense, P. cornu-
tum, P. hernandesi, P. orbiculare, P. platyrhinos, P. solare, P. taurus, and 
Moloch horridus were obtained from the collection of the Zoological 
Research Museum Alexander Koenig, Bonn, Germany. The used bio-
logical material is also listed in the supplement (Table S1).

2.2 | Wetting experiments

We refrained from using museum specimens for wettability tests, 
as we observed ruptures of the Oberhäutchen in several specimens, 
leading to an absorption of the applied fluid by the subjacent skin 
layers. Hence, we chose to use only shed skin for wetting experi-
ments. Shed skin samples exhibiting a rupture within the region of 
interest were discarded.

Three pieces of shed skin, ventrally and dorsally, were taken for 
examination. Scale structure differs between ventral and dorsal sides 
in Phrynosomatidae, making discrimination easy. The pieces of shed 
skin were placed onto a glass slide, and 2 µl of distilled water with 
0.6% blue food dye (Queen Fine Foods PTY Ltd., Alderley, Australia) 
for coloration was applied. Spreading of the liquid was observed via 
a high-speed recording microscope (250 fps, VW-9000C; Keyence 
Cooperation, Osaka, Japan). The differences (%) of the area covered 
by the droplet (0 to 60 s) were evaluated with the help of a custom-
ized Python (3.5) script. For calculation of mean and statistics, we 
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replaced data for perfect wetting (i.e., droplet wets complete skin 
within 60 s and thus a rim is unidentifiable) with the largest value we 
were still able to measure in our data set (raw data: Table S7).

We validated our data with the wettability of living animals 
(P.  asio, P.  modestum, P.  platyrhinos, P.  solare, P.  taurus). For this, a 
droplet of tap water was applied to the dorsal side of the animal to 
visually check whether spreading occurs (“yes” vs. “no”). For all but 
P. platyrhinos, these data were provided by private breeders.

2.3 | Cleaning of samples

All skin samples were contaminated to varying degrees. This was 
not only true for museum specimens but also for shed skin samples. 
Hence, the contamination is not (only) due to storage and/or age of 
the museum samples. Different cleaning methods were exploited to 
remove the contamination on the shed skin of P. platyrhinos, without 
any success:

We first used an ultrasonic bath with different cleaning agents 
(distilled water, 70% ethanol, and chloroform) for 30 s and 60 s. In a 
second approach, shed skin samples were incubated and swirled for 
90 min in chloroform and subsequently treated for 30 s in chloro-
form in the ultrasonic bath. The same treatment was carried out with 
soapy water and the final cleaning with distilled water. Alternatively, 
the shed skin pieces were either fixed with double-sided sticky tape 
and cleaned with a fine brush and/or compressed air of 10 bar, or 
a second stripe of adhesive tape was slightly pressed onto the dis-
tal side of the shed skin and then slowly pulled off. In a last trial, 
the shed skin was fixed upside down to a centrifugation tube, either 
empty or filled with distilled water. The samples were then centri-
fuged with 2,000 g for 2 min.

2.4 | Morphological examination of microstructures

Skin samples (approx. 5 × 10 mm, ventrally and dorsally) were taken 
with a scalpel from preserved museum specimens of P. asio, P. cer-
roense, P. cornutum, P. hernandesi, P. orbiculare, P. platyrhinos, P. solare, 
and P. taurus. Samples were dehydrated by an ascending ethanol se-
ries. Remaining alcohol was washed out with hexamethyldisilazane 
and dried overnight. Afterward, one side of the sample was clean cut 
with a razor blade. Slices were either placed flat or with the cutting 
edge facing up on SEM plates. Afterward, samples were sputtered 
with gold and observed with a scanning electron microscope (Philips 
AG, Amsterdam, the Netherlands). Shed skin samples of P. asio, P. cer-
roense, P. coronatum, P. goodei, P. hernandesi, P. modestum, P. orbicu-
lare, P. platyrhinos, and P. taurus were prepared as described above 
without the dehydration step.

Data are presented as mean ± SD, where SD is the standard de-
viation (raw data: Table S7, including biological material source). SEM 
samples were analyzed using Keyence VW-9000 Software (version 
1.4.0.0). The clean cut samples were used to measure the depth 
of the microstructure (with n as high as possible for each sample), 

whereas the flat samples were used to calculate the microstructures 
per mm2 (with three spots per sample).

2.5 | Histology

Histological examinations were performed with skin samples of mu-
seum specimens of P. solare, P. cornutum, and M. horridus. As museum 
specimens, they were wild-caught animals and not bred for several 
generations on a non-natural substrate. Thus, the contamination 
should appropriately reflect any contamination occurring in the wild. 
Samples were prepared and dehydrated as described before and 
then cut with razor blades into slices of ca. 1 mm width. These slices 
were embedded in epoxy resin. Semi-thin sections of ~0.7 µm thick-
ness were cut with an OM U3 microtome (Reichert, Vienna, Austria). 
For the subsequent staining, the epoxy resin was removed as de-
scribed by Mayor et al.  (1961). Prepared sections of each lizard and 
body side were stained with either methylene blue staining, alizarin 
red staining, periodic acid-Schiff staining, or gram staining (Mulisch 
& Welsch, 2015). Cover-slips with sections, stained with methylene 
blue, alizarin red, or periodic acid-Schiff stain, were glued to an object 
slide using Merckoglas. For gram-stained sections, Canada balsam 
was used for final fixation. All sections were examined with a BA310 
digital microscope (Motic Deutschland GmbH, Wetzlar, Germany).

2.6 | Phylogenetic tree

Depending on the taxonomic concept, the genus Phrynosoma cur-
rently comprises 17–21 species (Montanucci, 2015; Uetz et al., 2020; 
Zamudio et  al.,  1997). However, by testing several species delimi-
tation methods, Blair and Bryson (2017) found no support for the 
classification proposed by Montanucci (2015), who resurrected the 
names P.  brevirostris and P.  ornatissimum and used morphological 
information to describe two new taxa (P. bauri and P.  diminutum). 
Therefore, we follow the taxonomy proposed by Blair and Bryson 
(2017) within the present study.

Phylogenetic relationships within Phrynosoma were inferred with 
BEAST version 1.8.3 (Drummond et al., 2012), which estimates phy-
logeny using Bayesian MCMC. We used previously published data 
(Hodges & Zamudio, 2004; Leaché & McGuire, 2006; Nieto-Montes 
de Oca et al., 2014) of six nuclear loci (BDNF, EXPH5, NKTR, R35, 
RAG1, and SOCS5, Tables S2 and S3). Substitution models were cal-
culated using ModelTest (Posada & Crandall, 1998) as implemented 
in the package phangorn for Cran R. Model parameters were esti-
mated separately for each locus, but loci were not partitioned by 
codon positions in order to avoid overparameterization that impeded 
the MCMC mixing. The Yule speciation process was set as tree prior 
to using a random starting tree. Results of the BEAST analyses were 
summarized from four independent runs with 2 × 107 generations 
each, sampling every 2 × 103 trees and omitting the initial 10% as 
burn-in after checking for convergence and sufficient effective sam-
ple sizes with Tracer v1.7 (Rambaut et al., 2018).
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Divergence dates were estimated via a relaxed molecular clock 
approach with an estimated rate and uncorrelated lognormal dis-
tribution (Drummond et al., 2006). Three fossil taxa were used for 
calibration: Paraphrynosoma greeni (33.3 mya, stem of Phrynosoma; 
Holman,  1987; Smith,  2006; Wiens et  al.,  2013), Phrynosoma sp. 
(13.6 mya, oldest known fossil from the P. douglasii group; Estes & 
Tihen, 1964; Bryson et al., 2012), and Phrynosoma anzaense (1.8 mya, 
sister of P. mcallii; Norell,  1989) (Table  S4). Fossils represent mini-
mum ages of clades; thus, they were implemented as single-sided 
hard bounds by using a diffuse gamma shaped prior distribution with 
the fossil's age as offset.

2.7 | Hydrological and pedological niche assessment

With a spatial resolution of 30 arc seconds, climatic information 
characterizing humidity and precipitation conditions within the 
range of the studied Phrynosoma species was obtained from the 
CHELSA database representing an average between 1979 and 2013 
(Karger et al., 2017). As we were predominantly interested in the hy-
dric niche of the species, we downloaded monthly mean, minimum, 

and maximum temperature as well as precipitation and computed 
bioclimatic variables as listed in Table 1 using the ENVIREM package 
for R (Title & Bemmeis, 2017). These variables describe annual aver-
ages, extremes, and different aspects of the conditions the species 
experience within their habitats. Therefore, these parameters are 
likely to represent the selective landscape influencing the morpho-
logical adaptations associated with moisture harvesting. Soil data for 
the average conditions within a depth range of 0–5 cm and with a 
spatial resolution of 250 m were obtained from the SoilGrids data-
base (https://www.isric.org/explo​re/soilg​rids).

As geographic range surrogates, georeferenced records for each 
species were obtained from the global biodiversity information fa-
cility (www.gbif.org) and the VertNet database (www.vertn​et.org), 
wherein the final data set comprised in total 8,844 unique records 
(115 of P. asio, 1,143 of P. blainvillii, 44 of P. braconnieri, 191 of P. cer-
roense, 2,589 of P. cornutum, 2,183 of P. coronatum, 9 of P. ditmarsi, 40 
of P. douglasii, 105 of P. goodei, 699 of P. hernandesi, 314 of P. mcallii, 
873 of P. modestum, 554 of P. orbiculare, 1,574 of P. platyrhinos, 6 of 
P. sherbrookei, 407 of P. solare, and 74 of P. taurus).

Phylogenetic signals in hydric and pedological niche dimensions 
and morphological traits were assessed using two approaches: Pagel's 

TA B L E  1   Definitions and abbreviations of bioclimatic variables. A: Zomer et al. (2008); B: Hargreaves et al. (1985); C: Thornthwaite 
(1948); D: Busby (1991) E: Willmott and Feddema (1992); J: Vörösmarty et al. (2005); K: Metzger et al. (2013); L: www.soilg​rids.org vers. 2.0., 
average conditions at a depth range of 0–5 cm. PET = potential evapotranspiration

Abbreviation Description Units Source

annualPET Annual potential evapotranspiration: a measure of the ability of the 
atmosphere to remove water through evapotranspiration processes, 
given unlimited moisture

mm/yr A, B

aridityIndexThornthwaite Thornthwaite aridity index: index of the degree of water deficit below 
water need

– C

bio_12 Annual Precipitation mm/year D

bio_13 Precipitation of Wettest Month mm/month D

bio_14 Precipitation of Driest Month mm/month D

bio_15 Precipitation Seasonality Coefficient of variation D

bio_16 Precipitation of Wettest Quarter mm/quarter D

bio_17 Precipitation of Driest Quarter mm/quarter D

bio_18 Precipitation of Warmest Quarter mm/quarter D

bio_19 Precipitation of Coldest Quarter mm/quarter D

climaticMoistureIndex A metric of relative wetness and aridity – E, J

PETColdestQuarter Mean monthly PET of coldest quarter mm/month K

PETDriestQuarter Mean monthly PET of driest quarter mm/month K

PETseasonality Monthly variability in potential evapotranspiration mm/month K

PETWarmestQuarter Mean monthly PET of warmest quarter mm/month K

PETWettestQuarter Mean monthly PET of wettest quarter mm/month K

cfvo Volumetric fraction of coarse fragments (>2 mm) cm3/dm3 (vol‰) L

clay Proportion of clay particles (<0.002 mm) in the fine earth fraction g/kg L

sand Proportion of sand particles (>0.05 mm) in the fine earth fraction g/kg L

silt Proportion of silt particles (≥0.002 mm and ≤0.05 mm) in the fine earth 
fraction

g/kg L

soc Soil organic carbon content in the fine earth fraction dg/kg L

https://www.isric.org/explore/soilgrids
http://www.gbif.org
http://www.vertnet.org
http://www.soilgrids.org
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lambda (Pagel, 1999) and Blomberg´s K (Blomberg et al., 2003) using 
the phylosignal package for R (Keck et al., 2016).

Based on each set of records, the median position of the species in 
climate space was computed and median traits of all three morphologi-
cal variables were tested in a phylogenetic general least-squares (PGLS) 
framework in R using a Brownian motion model as phylogenetic con-
strain (Orme et al., 2018). We acknowledge the possibility of alpha error 
accumulation using false discovery rate (fdr) adjustment (p.adjust func-
tion in R). We performed a principal component analysis using 10,000 
random samples throughout the study area considering those variables, 
where we detected a significant relationship between morphological 
features and environmental parameters irrespective of potential alpha 
errors (see results). Based on the median positions of each species in the 
resulting principal components, we reconstructed ancestral conditions 
using the “fastBM” function and trait diagrams using the “phenogram” 
function of the phytools package for R (Revell, 2012). These trait dia-
grams illustrate a projection of the phylogenetic tree in a space defined 
by the climatic niche and time (Evans et al., 2009). The niche breadth of 
each species was illustrated using density profiles (function “ggdensity,” 
“ggpubr,” and “ggplot2” packages for R; Wickham (2016) and Kassambra 
(2020)). The multidimensional niche position and volume were quanti-
fied by computing hypervolumes based on support vector machines (hy-
pervolume package for R; Blonder, 2015; Blonder et al., 2014).

3  | RESULTS

3.1 | Phylogenetic tree and divergence times

Our dated phylogeny of Phrynosoma obtained from the BEAST anal-
yses is generally well supported, with most nodes having posterior 
probabilities >.95 (Figure 1). The inferred relationships largely reflect 
the subgeneric divisions of Phrynosoma and the topology is in con-
cordance to previously published phylogenies of the genus (Leaché 
& Linkem,  2015; Leaché & McGuire,  2006; Wiens et  al.,  2013). 
Estimated divergence times (Table  S4) between clades or species 
range between 45.93 mya (95% highest posterior density intervals 
33.30–64.00 mya) and 3.33 mya (0.87–6.28 mya).

3.2 | Phylogenetic signal in hydric niche dimensions

Based on phylogeny, we analyzed the dispersion of Phrynosoma 
across America. We indeed found strong evidence that the habitat 
choice of Phrynosoma is in dependence on its phylogenetic origin. 
There were significant phylogenetic signals analyzing hydric as well 
as the pedological niche dimensions (Table 2; i.e., Thornthwaite arid-
ity index, annual mean precipitation (bio_12), minimum (bio_14) and 
maximum (bio_13) precipitation of the driest/wettest month, precip-
itation of the wettest quarter (bio_16), the climatic moisture index, 
and the proportion of soil organic carbon compounds (soc) and clay). 
As suggested by both Pagel's lambda and Blomberg's K, a Brownian 
motion model of evolution may explain best the relationships in 

hydric niche dimensions. Phylogenetic signals in pedological niche 
dimensions were less pronounced.

3.3 | Characterization of the morphological traits in 
correlation to phylogeny

According to the phylogenetic signal when analyzing the niche di-
mensions, we assumed that likewise morphological traits correlate to 
habitat choice, as morphological traits are likely to be similar in closely 
related species. We therefore tested the linkage between phylogeny 
and microstructure characteristics. Phrynosoma's Oberhäutchen are 
covered with pentagonal or hexagonal microstructures (Figure 2). The 
surface of the scales was not uniformly structured, though, but micro-
structures were pronounced in the periphery projecting into the chan-
nels between the scales. A microstructure was often missing in the 
middle of the scales, especially on scales of P. cornutum and on ventral 
scales of almost all species (to a different degree) except for P. taurus. 
On the scales, ~ 1,300 to ~ 2,800 structures per mm2 were counted, 
whereas the mean depth varied from 0 to 7.5 µm (Figure 1, Table S5). 
On P. asio and P. taurus, deeper microstructures were characterized 
(ventral 7/7.5 µm, dorsal 6 µm). Flat structures were detected on the 
ventral side of P. modestum (0 µm) and P. platyrhinos (0.5 µm). The most 
microstructures were counted on P.  taurus (ventral ~2,800  mm−2), 
followed by P.  modestum (ventral ~2,700  mm−2) and P.  hernandesi 
(ventral and dorsal ~2,600  mm−2). Fewest structures were counted 
for the dorsal side of P. cornutum (~1,300 mm−2), followed by P. cer-
roense (ventral ~1,400 mm−2). Comparing depth as well as density of 
structures (ventrally and dorsally), we found no significant phyloge-
netic signal (Figure 1, Appendix S1). Hence, morphological traits of the 
Oberhäutchen are not linked to phylogeny of Phrynosoma.

3.4 | Correlation of morphology and habitat

Though morphological traits are independent of phylogeny, habitat 
choice was linked to morphological traits additionally to being linked 
to phylogenetic relations. By testing if morphological features can 
be explained by climatic factors, the phylogenetic generalized least 
squares regressions suggested a significant correlation in 9 of 175 
tests when treating tests separately (Table 3, Appendix S1, but see 
potential caveats below). Annual mean precipitation (bio_12), precip-
itation of the wettest month as well as quarter (bio_13, bio_16), pre-
cipitation seasonality (bio_15), potential evapotranspiration (PET) of 
the coldest quarter, and PET seasonality were significant predictors 
of ventral microstructure depth (six cases, Figure 3) and the interac-
tion of ventral and dorsal microstructure depth (two cases). Only one 
pedological parameter was significantly correlated with morphology 
(silt ~number of dorsal microstructures).

As our data analyses were explorative, we need to acknowledge 
the potential of alpha error accumulation, and indeed, accounting 
for false discovery rates (fdr), none of our correlations remained sig-
nificant. Testing 175 correlations at an alpha of 0.05 results in an 



     |  14151JOEL et al.

adjusted significance level of 0.00028, which is very unlikely to be 
met by any correlation considering our sample size and natural vari-
ation in both morphological and ecological space. Therefore, our re-
sults need to be interpreted with caution.

3.5 | Comparisons of hydric niches among taxa

A principal components (PC) analysis based on those habitat vari-
ables significantly correlated with morphological features suggested 

two PCs, which in total represent 84.7% of the total variation. PC1 
(63.1%, eigenvalue = 3.8) is strongly negatively correlated with PET 
seasonality and positively correlated with annual mean precipitation 
(bio_12), precipitation of the wettest month (bio_13), and quarter 
(bio_16). PC2 (21.7%, eigenvalue = 1.3) is mainly driven by precipita-
tion seasonality (bio_15) and PET of the coldest quarter (cf. correla-
tion circle in Figure 4).

Comparing the distribution of species in the environmen-
tal space revealed strongly varying degrees of niche position and 
breadth (Figure 5). The niche space as suggested by the hypervolume 

F I G U R E  1   Dated phylogeny of the genus Phrynosoma (left), traits measured (middle) as well as distribution records used in this study 
(right). The tree was obtained from a Bayesian relaxed-clock analysis of six nuclear loci. The outgroup (Sceloporus bicanthalis) is not shown 
for clarity. Gray bars show 95% highest posterior density (HPD) of divergence times, numbers on nodes refer to Table S4, where the detailed 
values are given. Solid nodes have posterior probabilities >.95 and the topology presented here is identical to the fully supported phylogeny 
based on phylogenomic data of Leaché and Linkem (2015). Next to the phylogenetic tree are the mean values for wettability (wet) as well 
as microstructure number (MSn) and depth (MSd), dorsally and ventrally of each species tested (compare to Tables S5 and S6). These traits 
are also presented below linked to habitat and annual precipitation (bio12). The traits are placed as centroid within the convex hull of the 
distribution records for each species. Inset: Phrynosoma taurus
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analyses revealed that P. orbiculare occupies the largest niche space 
(14.7), followed by P. cornutum (10.7), P. hernandesi (10.6), P.  solare 
(10.1), P. modestum (6.1), P. blainvillii (6.1), P. platyrhinos (5.7), P. asio 
(5.2), P. taurus (2.4), P. douglasii (1.8), P. cerroense (1.7), P. coronatum 
(1.6), P. sherbrookei (1.3), P. braconnieri (1.2), P. ditmarsi (0.4), P. goo-
dei (0.4), and P. mcallii (0.4). According to our niche volume analysis 
and ancestral character reconstruction (Figure 5), the realized niche 
breadth is comparatively smaller and more segregated in PC1 than 
in PC2.

3.6 | Wettability of Phrynosoma

Foreshadowing a link between morphology of the skin and habi-
tat choice, we finally tested whether surface structures indeed in-
crease wettability. We detected large differences in wettability of 

Phrynosoma species: Neither all species nor both body sides of one 
species (dorsal or ventral) were equally well wettable (Figures 1 and 6, 
Table S6). Only the shed skin of four of the nine tested species (P. asio, 
P. cerroense, P. hernandesi, and P. modestum) showed a prompt spread-
ing of water on their skin (i.e., perfect wetting), and only for P. mod-
estum, this was true for both body sides (Figure  6, Table  S6). This 
pattern of wettability could be replicated in live animals (only dorsal 
side): P. asio, P. modestum, and P. solare (no shed skin samples available 
for the latter species) proved to be perfectly wettable, whereas water 
did not spread well on the skin of P.  platyrhinos and P.  taurus. The 
differences in wettability were neither following an obvious phyloge-
netic nor morphological pattern. We additionally observed that the 
stereotypic moisture-harvesting behavior does not have to indicate 
a good wettability of the skin: Even though P. platyrhinos performed 
the stereotypical behavior (Figure 6a), the wettability of its skin was 
rather low compared to other Phrynosoma species.

Variable

Phylogenetic signal Significance (p-value)

K K* Lambda K K* Lambda

aridityIndexThornthwaite 1.16 1.15 1.05 0.02 0.02 0.05

bio_12 1.30 1.22 1.06 0.01 0.02 0.03

bio_13 1.23 1.14 1.08 0.02 0.03 0.00

bio_14 1.23 1.27 1.05 0.02 0.01 0.03

bio_16 1.23 1.14 1.08 0.01 0.02 0.00

climaticMoistureIndex 1.18 1.17 1.05 0.02 0.02 0.05

clay 0.86 0.88 0.89 0.01 0.01 0.04

soc 0.68 0.72 0.73 0.05 0.05 0.05

TA B L E  2   Significant phylogenetic 
signals in terms of Pagel's lambda and 
Blombergs K and K* in hydric and 
pedological niche dimensions (p < .05). 
For abbreviations, see Table 1. Appendix 1 
comprises data of all analyses

F I G U R E  2   Different manifestation 
of microstructures on ventral and dorsal 
scales of two exemplary Phrynosoma 
species. SEM images

(a)

(b)
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3.7 | Contamination as an influencing factor?

The “non-predictability” of wettability by neither morphological trait 
nor phylogeny would stay in contrast to the described correlation 
between some climatic factors and morphological traits. However, 
applying fdr corrections advise us to interpret some of our data 
with caution. During SEM analysis, we encountered problems with 
contaminants on the scales of almost all Phrynosoma species, vary-
ing in shape and size as well as quantity even within one individual 
(Figures 2 and 7). None of our cleaning approaches resulted in suc-
cessful removal of these contaminants. We hypothesized contami-
nation might be a concomitant feature of the microstructure and 
could be the link between morphology, phylogeny, and hydric and 
pedological niches.

For a first insight into such an interplay, we analyzed the origin 
of the contaminations on museum skin samples of P. cornutum, for 

which moisture harvesting has been described in literature, as well 
as P. solare, which has been observed to be perfectly wettable (tests 
in live animals). Additionally, we included the moisture-harvesting 
lizard Moloch horridus in our study. M.  horridus is often used as a 
comparison species for Phrynosoma, as it inhabits a similar habitat 
in Australia, but developed moisture-harvesting independently of 
Phrynosoma (Meyers & Herrel, 2005; Pianka & Parker, 1975; Pianka 
& Pianka, 1970; Sherbrooke, 1990, 1993; Sherbrooke et al., 2007). 
All three species exhibited a high amount of contamination on their 
skin.

Semi-thin sections of resin-embedded skin of P. cornutum, P. so-
lare, and M. horridus were stained with methylene blue. We observed 
the contamination to be stained more strongly than the skin and 
purple instead of blue (Figure 8). Alizarin red dyes inorganic parti-
cles, while, for example, skin layers stay unstained. We observed 
stained particles within the contamination, often measuring only a 

TA B L E  3   Summary statistics of significant phylogenetic generalized least-square regressions. P-values were adjusted using the FDR 
method of p.adjust in R. Significance is marked in red. For abbreviations, see Table 1. MS: microstructure

Correlation Estimate SE t Value Pr(>|t|) R2 Adj. R2 F-statistic df df p Adj. p

PETColdestQuarter ~ ventral MSs depth + dorsal MSs depth

(Intercept) 185.30 381.30 0.49 0.64 .63 .53 6.73 2 8 .019 .269

Ventral MSs depth 125.16 52.19 2.40 0.04

Dorsal MSs depth 102.34 98.92 1.03 0.33

bio_15 ~ ventral MSs depth + dorsal MSs depth

(Intercept) 35.43 19.25 1.84 0.10 .57 .46 5.27 2 8 .035 .269

Ventral MSs depth 4.88 2.65 1.84 0.10

Dorsal MSs depth 5.65 4.34 1.30 0.23

PETColdestQuarter ~ ventral MSSs depth

(Intercept) 534.78 177.53 3.01 0.01 .58 .53 12.30 1 9 .007 .147

Ventral MSs depth 154.42 44.04 3.51 0.01

PETseasonality ~ ventral MSs depth

(Intercept) 131,912.26 16,557.94 7.97 0.00 .43 .37 6.90 1 9 .028 .147

Ventral MSs depth −10788.23 4,107.52 −2.63 0.03

bio_12 ~ ventral MSs depth

(Intercept) 219.31 141.77 1.55 0.16 .37 .30 5.36 1 9 .046 .172

Ventral MSs depth 61.39 26.52 2.32 0.05

bio_13 ~ ventral MSs depth

(Intercept) 35.89 29.15 1.23 0.25 .48 .42 8.31 1 9 .018 .147

Ventral MSs depth 15.64 5.43 2.88 0.02

bio_15 ~ ventral MSs depth

(Intercept) 60.16 11.61 5.18 0.00 .37 .30 5.20 1 9 .049 .172

Ventral MSs depth 5.33 2.34 2.28 0.05

bio_16 ~ ventral MSs depth

(Intercept) 110.35 85.33 1.29 0.23 .44 .38 7.10 1 9 .026 .147

Ventral MSs depth 41.90 15.73 2.66 0.03

Silt ~ number of dorsal MSs

(Intercept) 413.52 61.73 6.70 0.00 .49 .44 8.81 1 9 .016 .336

Number of dorsal MSs −0.08 0.03 −2.97 0.02
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micrometer or less in diameter. To check for organic particles, we 
performed a gram staining and it colored both, skin and contami-
nation. Depending on the presence of α- or β-keratins, skin layers 
turned red (α-layer) or purple (β-layer). The contamination was mainly 
stained red. A test for collagens and cell walls of fungi via periodic 
acid-Schiff staining revealed no coloration in samples of P. cornutum 
nor M. horridus, but rod-shaped and spherical structures on P. solare, 
as also observed in SEM images (Figure 7), were heavily stained pink.

4  | DISCUSSION

Previous studies linked the superhydrophilic skin of moisture-
harvesting lizards to the occurrence of honeycomb-shaped mi-
crostructures. Our results show a correlation of precipitation in 
the habitat with the ventral microstructure depth as well as a cor-
relation of hydric as well as the pedological niche dimensions with 

F I G U R E  3   Significant correlations 
between hydric niche dimensions 
and ventral microstructure depth as 
revealed by pgls analyses. None of these 
correlations remained significant when 
correcting for alpha error accumulation 
using false discovery rates. Abbreviations: 
bio_12 annual mean temperature; bio_13 
precipitation of the wettest month; 
bio_15 precipitation seasonality; bio_16 
precipitation of the wettest quarter; PET 
potential evapotranspiration. Species are 
abbreviated with the first three letters of 
their specific epithet
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F I G U R E  4   Principal components (PC) and factor loadings based on significant correlations as revealed by pgls regressions. Abbreviations: 
bio_12 annual mean temperature; bio_13 precipitation of the wettest month; bio_15 precipitation seasonality; bio_16 precipitation of the 
wettest quarter; PET potential evapotranspiration
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phylogeny, though morphological traits and phylogeny were inde-
pendent of each other. However, all other morphological traits as 
well as the skin's wettability itself could not predict the habitat 
choice of Phrynosoma species. Furthermore, applying fdr corrections 
to control for potential alpha errors revealed that none of these cor-
relations remained significant. We conclude that it is unlikely that 
the microstructures influence the wettability, at least directly. We 
speculate that Phrynosoma and other moisture-harvesting lizards 
could deploy the soil of their habitat to influence the skin's wettabil-
ity. Future studies have to validate this hypothesis.

4.1 | Evolution of environmental niches

Wiens et  al.  (2013) suggested that Phrynosoma originated in com-
paratively arid environments and mesic habitats were occupied 
only later. Adaptation to arid environments may therefore be the 
ancestral condition. According to our dated phylogeny, diversifica-
tion within the genus mainly happened 15–46  Ma ago (Figure  1) 
and within this period, climatic conditions in Northern and Central 
America have been subject to numerous fluctuations and changes 
(Chapin,  2008). Interestingly, we found a phylogenetic signal for 
the choice of habitat, regarding precipitation-related variables and 
two of three pedological factors. This is partly in concert with previ-
ous findings: Analyzing both temperature and precipitation-related 
variables, Luxbacher and Knouft (2009) found strong phylogenetic 
signals only in a single climatic niche axis described by a principal 
component analysis (PCA) but not in morphological features. This 
niche axis was related to annual precipitation, precipitation of 

wettest month, precipitation of wettest quarter, temperature sea-
sonality, maximum temperature of warmest month, and temperature 
annual range. However, the authors suggested that when accounting 
for phylogenetic autocorrelation, climatic niche axes were correlated 
with morphological features (residuals of length measurements, 
excluding body size) indicating morphological adaptations to envi-
ronmental conditions. These findings are very similar to what we 
have found for the microstructures, which may have evolved after 
speciation as a response to habitat features (i.e., convergent evolu-
tion) rather than enabling habitat use in the first place. A comparison 
between P. goodei and P. cerroense illustrates this very nicely: They 
are distantly related and P.  cerroense inhabits the Baja California 
Peninsula whereas P. goodei lives on the mainland in a similar habi-
tat. This is reflected in very similar ecological niches, for example, 
regarding precipitation (Figure 3), but also very similar traits of mi-
crostructures (aside number of ventral structures). Interestingly 
enough, both species exhibit different wettability properties, with 
P. cerroense being well wettable and P. goodei is not.

In contrast, P. goodei and P. platyrhinos are closely related species 
with limited habitat overlap. In accordance with the prediction that 
phylogeny influences niche choice, their habitats showed, for exam-
ple, similar annual precipitation (Figure  3). Nevertheless, aside from 
the dorsal depth of microstructures, both are morphologically distinct 
and equally poorly wettable. On the contrary, the next related species, 
P. modestum, has no habitat overlap with both and is superhydrophilic. 
It has equally flat ventral microstructures compared to P. platyrhinos 
and similar quantity of dorsal microstructures compared to P. goodei. 
We found correlations for both these features with hydric (ventral 
depth), respectively, pedological (dorsal quantity) niche dimensions.

F I G U R E  5   (a) Two-dimensional 
hypervolumes of the niches of 
Phrynosoma. Niche space is defined 
as principal components as shown in 
Figure 4, wherein subclades are shown 
separately in the same PCA space to 
facilitate readability. (b) Phenograms 
showing the median distribution of 
Phrynosoma taxa in hydric niche space. 
While the tips of the phylogenies indicate 
the median position of the species in PC 
space, the positions of the internal nodes 
are derived from ancestral character 
reconstructions using Brownian motion. 
Density distributions indicating niche 
occupancy across PC space are derived 
from all species records and medians are 
indicated as dashed horizontal lines
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Though we found correlations between morphological traits and 
niche, applying fdr corrections to control for potential alpha errors 
erased all correlations. Hence, our data have to be interpreted with 
caution and we assume it is rather unlikely that the microstructures 
(directly) influence wettability. Skin structures have been shown to 
influence tribological properties (Baum et  al.,  2014), which could 
be reflected in worn down microstructures at exposed parts of the 
scales in Phrynosoma.

4.2 | Moisture harvesting in Phrynosoma spp

Phrynosoma is a typical exemplary genus for moisture (or rain) har-
vesting lizards, and for three species, the stereotypical behavior has 
already been described. For P. modestum, our study could confirm 
that moisture harvesting implies a superhydrophilic skin. However, 
for P. platyrhinos, we found the contrary: the stereotypical moisture-
harvesting behavior was accompanied by a badly wettable skin with 

F I G U R E  6   (a) Stereotypic moisture-
harvesting posture exhibited by 
Phrynosoma platyrhinos in captivity. (b–d) 
Three different wettabilities observed on 
dorsal shed skin of different Phrynosoma 
species. Phrynosoma coronatum (b) was 
not wettable and the droplet did not 
change its shape after 60 s. Phrynosoma 
asio (d) was perfectly wettable and direct 
spreading hampered measurements 
of droplet size after 60 s. Phrynosoma 
cerroense (c) represents an intermediate 
wettable Phrynosoma species and the 
droplet spread, but was still visible as 
droplet after 60 s

(a)

(b)

(c)

(d)
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only few and flat microstructures. Interestingly, P. hernandesi was for-
merly observed to conventionally drink when thirsty (Dodge, 1938), 
but we characterized their skin as superhydrophilic. Future studies 
hence should also focus on the important feature of the wettability 
of the skin when describing moisture harvesting in reptiles.

Four of the five species with the largest niche space character-
ization show a superhydrophilic skin (P.  cornutum is described as 
moisture harvesting having a predominant flow direction of spread-
ing water (Comanns et al., 2015)). Hence, this ability might enable 
a dispersal to new ecological niches and/or an evolutionary advan-
tage in comparison with other Phrynosoma. For example, the habitat 
of the very distantly related P.  asio and P.  taurus largely overlaps, 

F I G U R E  7   The skin sample of Phrynosoma solare with rod-like 
and spherical dirt particles. Such particles were only found on 
P. solare. SEM image

F I G U R E  8   Histological examination 
of contamination. Semi-thin sections of 
scales were stained with either methylene 
blue, alizarin red, gram staining, or 
periodic acid-Schiff staining (PAS). In 
methylene blue staining, visible skin 
layers (α- and β-layer) were tagged for 
the ventral side of Moloch horridus with 
the respective Greek letter for clearer 
depiction of used sections
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but the realized niche space of the superhydrophilic P. asio is larger. 
However, P. orbiculare occupies the largest realized niche space of 
all Phrynosoma and showed no special wettability characteristics. 
Harvesting water well is not the only selection pressure: P. cornutum, 
with the second largest niche space, is now listed as vulnerable (or 
worse) species in almost all its habitats in US states (https://explo​rer.
natur​eserve.org/). The number has declined due to loss of habitat, 
human eradication of prey ants, invading fire ants, and collection as 
pet animals (Pianka & Hodges, 2021).

4.3 | Origin of sample contamination

It was surprising to find an indicated link between deeper ventral 
microstructures and higher precipitation, as the ventral side of 
Phrynosoma is not exposed to rain. On the other hand, higher pre-
cipitation also leads to wetter soil, which has regular contact to the 
ventral integument. Analyzing the relation between Phrynosoma's 
morphological traits and soil parameters revealed that the occur-
rence of silt (particle size: ≥0.002 and ≤0.05 mm) in the habitat corre-
lates with the number of dorsally located microstructures. Particles 
of the contamination on our samples were stained by alizarin red 
and thus contain calcium (Mulisch & Welsch,  2015). Since most 
Phrynosoma, and also our comparison species Moloch horridus, live 
in desert regions containing limestone and/or sand and sandy loams, 
stained particles are most likely sand dust, including silt (American 
Association for the Advancement of Science,  1896; Pianka,  1991; 
Pianka & Pianka,  1970). There was no phylogenetic signal for silt, 
but other soil parameters in the habitat (clay and organic particles; 
Table  2). Hence, we speculate a link between silt and microstruc-
tures could have developed independently.

Additionally, there was a strong signal for shed skin, especially 
remnants of the lower α-layer. An accumulation of fragments of old 
skin seems plausible due to the lizards’ innate shedding behavior and 
these skin remnants would be stained by gram staining due to the 
amount of cystine in α-keratin (Alibardi, 1998; Fischer, 1953). The 
organic contamination on the P. solare scales (both sides) also con-
sisted of fungi, seen in the SEM as well as in our histological exam-
inations. Fungi are found on several healthy reptiles as biofilm (Paré 
et al., 2003). We found fungi only on P. solare, and hence, assume this 
contamination was due to a captured unhealthy animal or incorrect 
storage of samples and has no functionality.

4.4 | Influence of the honeycomb-shaped 
microstructure on wettability

If the microstructure of moisture-harvesting lizards’ scales would 
be the key factor for the efficient spreading of water on their skin, 
being clean would be essential. However, Phrynosoma were never 
directly observed nor described in literature to perform grooming or 
similar behavior. On the contrary, Phrynosoma as well as M. horridus 

evolved habits that increase their level of contamination: Depending 
on the species, behaviors like rubbing their venters on the ground, 
shoveling sand on their dorsal surface, or burrowing themselves in 
a sandy and dusty substrate were described (Comanns et al., 2016; 
Pianka et  al.,  1998; Sherbrooke,  1993; Weese,  1919). All of these 
can contribute to silt accumulating in the honeycomb-shaped micro-
structures of the lizards’ scales. Additionally, the lizards’ skin often 
sheds in pieces, especially the α-layer in direct contact with the new 
forming Oberhäutchen (Maderson et al., 1998). These residual skin 
pieces complement the contamination. Therefore, we hypothesize 
that the scales’ microstructure does not contribute to the lizards’ 
wettability directly, but can serve as container for contamination. 
Smaller particles, like shed skin and especially silt, would influence 
the wettability positively due to (a) smaller capillaries forming be-
tween the grains and particles and (b) in case of silt: reduced contact 
angle compared to the skin's keratin due to different material chem-
istry. Further investigations should evaluate this by, for example, 
comparing the wettability of freshly shed animals (no silt accumula-
tion) to animals exposed to silt in a controlled manner.

ACKNOWLEDG MENTS
We want to thank private breeders for the provision of the shed skin 
and wettability data of their live animals. Martin Singheiser provided 
valuable and helpful information about breeding and husbandry of 
P. platyrhinos. Many thanks to the veterinary office, LANUV, as well 
as to Kira Scherer and the team of the Institut für Versuchstierkunde 
from UKA for enabling us to keep and study P. platyrhinos (permis-
sion of animal keeping and handling: 39.3-60.06.04-mü-an/bra and 
84-02.01.04.2015). Thanks to Nadine Böttcher and Caroline C. F. 
Grannemann for assistance in the morphological examination. This 
work was supported by the European Commission within the project 
“LiNaBioFluid” [665337]. Open access funding enabled and organ-
ized by Projekt DEAL.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTION
Anna-Christin Joel: Conceptualization (lead); Data curation (equal); 
Investigation (equal); Supervision (equal); Visualization (equal); 
Writing-original draft (lead). Jenice R. N. Linde: Data curation (equal); 
Investigation (equal); Writing-original draft (supporting). Philipp 
Comanns: Conceptualization (equal); Funding acquisition (lead); 
Project administration (equal); Supervision (equal); Writing-review 
& editing (supporting). Caroline Emonts: Data curation (equal); 
Investigation (equal); Writing-review & editing (supporting). Margret 
Weissbach: Data curation (equal); Investigation (equal); Writing-
review & editing (supporting). Morris Flecks: Data curation (equal); 
Formal analysis (equal); Visualization (equal); Writing-review & ed-
iting (equal). Dennis Rödder: Conceptualization (equal); Data cura-
tion (equal); Formal analysis (equal); Investigation (equal); Validation 
(equal); Visualization (equal); Writing-original draft (equal).

https://explorer.natureserve.org/
https://explorer.natureserve.org/


     |  14159JOEL et al.

DATA AVAIL ABILIT Y S TATEMENT
The supplement includes the following tables: S1 Samples used for 
investigation. S2 Taxon sampling and GenBank accession numbers. 
S3 Used loci and dataset properties. S4 Estimated divergence times. 
S5 Mean morphological traits. S6 Mean wettability of shed skin of 
Phrynosoma. S7 Raw data. Additionally, Appendix S1 includes the de-
tailed statistical tables. Our phylogenetic data are also provided as 
nexus and newick file.

ORCID
Anna-Christin Joel   https://orcid.org/0000-0002-7122-3047 
Jenice R. N. Linde   https://orcid.org/0000-0002-7677-1480 
Philipp Comanns   https://orcid.org/0000-0002-2020-0515 
Caroline Emonts   https://orcid.org/0000-0001-6252-8351 
Margret Weissbach   https://orcid.org/0000-0003-1879-3048 
Dennis Rödder   https://orcid.org/0000-0002-6108-1639 

R E FE R E N C E S
Alibardi, L. (1998). Differentiation of the epidermis during scale forma-

tion in embryos of lizard. Journal of Anatomy, 192, 173–186. https://
doi.org/10.1046/j.1469-7580.1998.19220​173.x

Alibardi, L., & Maderson, P. F. (2003). Observations on the histochemis-
try and ultrastructure of the epidermis of the Tuatara, Sphenodon 
punctatus (Sphenodontida, Lepidosauria, Reptilia): A contribution 
to an understanding of the lepidosaurian epidermal generation and 
the evolutionary origin of the squamate shedding complex. Journal 
of Morphology, 256, 111–133. https://doi.org/10.1002/jmor.10079

American Association for the Advancement of Science (1896). Life habits 
of Phrynosoma. Science, 3, 763–765.

Baum, M. J., Heepe, L., & Gorb, S. N. (2014). Friction behavior of a micro-
structured polymer surface inspired by snake skin. Beilstein Journal 
of Nanotechnology, 5, 83–97. https://doi.org/10.3762/bjnano.5.8

Baur, B., & Montanucci, R. R. (1998). Krötenechsen. Lebensweise, Pflege, 
Zucht. Herpeton Verlag.

Berthé, R. A., Westhoff, G., Bleckmann, H., & Gorb, S. N. (2009). Surface 
structure and frictional properties of the skin of the Amazon tree 
boa Corallus hortulanus (Squamata, Boidae). Journal of Comparative 
Physiology a-Neuroethology Sensory Neural and Behavioral Physiology, 
195, 311–318. https://doi.org/10.1007/s0035​9-008-0408-1

Blair, C., & Bryson, R. W. (2017). Cryptic diversity and discordance in 
single-locus species delimitation methods within horned lizards 
(Phrynosomatidae: Phrynosoma). Molecular Ecology Resources, 17, 
1168–1182.

Blomberg, S. P., Garland, T. Jr, & Ives, A. R. (2003). Testing for phyloge-
netic signal in comparative data: Behavioral traits are more labile. 
Evolution, 57, 717–745. https://doi.org/10.1111/j.0014-3820.2003.
tb002​85.x

Blonder, B. (2015). Hypervolume: High-dimensional kernel density estima-
tion and geometry operations. R package version 1.4.1. Retrieved 
from http://CRAN.R-proje​ct.org/packa​ge=hyper​volume

Blonder, B., Lamanna, C., Violle, C., & Enquist, B. J. (2014). The n-
dimensional hypervolume. Global Ecology and Biogeography, 23, 
595–609.

Bryson, R. W., García-Vázquez, U. O., & Riddle, B. R. (2012). Diversification 
in the Mexican horned lizard Phrynosoma orbiculare across a dy-
namic landscape. Molecular Phylogenetics and Evolution, 62, 87–96. 
https://doi.org/10.1016/j.ympev.2011.09.007

Cardwell, M. D. (2006). Rain-harvesting in a wild population of Crotalus s. 
scutulatus (Serpentes: Viperidae). Herpetological Review, 37, 142–144.

Chapin, C. E. (2008). Interplay of oceanographic and paleoclimate events 
with tectonism during middle to late Miocene sedimentation 

across the southwestern USA. Geosphere, 4, 976–991. https://doi.
org/10.1130/GES00​171.1

Comanns, P. (2018). Passive water collection with the integument: 
Mechanisms and their biomimetic potential. Journal of Experimental 
Biology, 221, jeb153130. https://doi.org/10.1242/jeb.153130

Comanns, P., Buchberger, G., Buchsbaum, A., Baumgartner, R., Kogler, 
A., Bauer, S., & Baumgartner, W. (2015). Directional, passive liq-
uid transport: The Texas horned lizard as a model for a biomimetic 
'liquid diode'. Journal of the Royal Society Interface, 12, 20150415. 
https://doi.org/10.1098/rsif.2015.0415

Comanns, P., Effertz, C., Hischen, F., Staudt, K., Böhme, W., & 
Baumgartner, W. (2011). Moisture harvesting and water transport 
through specialized micro-structures on the integument of liz-
ards. Beilstein Journal of Nanotechnology, 2, 204–214. https://doi.
org/10.3762/bjnano.2.24

Comanns, P., Withers, P. C., Esser, F. J., & Baumgartner, W. (2016). 
Cutaneous water collection by a moisture-harvesting lizard, the 
thorny devil Moloch horridus. Journal of Experimental Biology, 219, 
3473–3479.

Dodge, N. N. (1938). Amphibians and reptiles of Grand Canyon National 
Park. Grand Canyon Natural History Association.

Drummond, A. J., Ho, S. Y. W., Phillips, M. J., & Rambaut, A. (2006). 
Relaxed phylogenetics and dating with confidence. PLoS Biology, 4, 
e88. https://doi.org/10.1371/journ​al.pbio.0040088

Drummond, A. J., Suchard, M. A., Xie, D., & Rambaut, A. (2012). Bayesian 
phylogenetics with BEAUti and the BEAST 1.7. Molecular Biology 
and Evolution, 29, 1969–1973. https://doi.org/10.1093/molbe​v/
mss075

Estes, R., & Tihen, J. A. (1964). Lower vertebrates from the Valentine 
Formation of Nebraska. American Midland Naturalist, 72, 453–472. 
https://doi.org/10.2307/2423518

Evans, M. E. K., Smith, S. A., Flynn, R. S., & Donoghue, M. J. (2009). 
Climate, niche evolution, and diversification of the "bird-cage" eve-
ning primroses (Oenothera, sections Anogra and Kleinia). American 
Naturalist, 173, 225–240.

Fischer, R. (1953). The selectivity of the gram-stain for keratins. 
Experientia, 9, 20–21. https://doi.org/10.1007/BF021​47699

Gans, C., Merlin, R., & Blumer, W. (1982). The water-collecting mecha-
nism of Moloch horridus re-examined. Amphibia-Reptilia, 3, 57–64. 
https://doi.org/10.1163/15685​3882X​00167

Hodges, W. L., & Zamudio, K. R. (2004). Horned lizard (Phrynosoma) 
phylogeny inferred from mitochondrial genes and morphological 
characters: Understanding conflicts using multiple approaches. 
Molecular Phylogenetics and Evolution, 31, 961–971. https://doi.
org/10.1016/j.ympev.2003.11.005

Hofling, E., & Renous, S. (2009). Scale architecture of the palmar and 
plantar epidermis of Polychrus acutirostris Spix, 1825 (Iguania, 
Polychrotidae) and its relationship to arboreal locomotion. 
Zoologischer Anzeiger, 248, 183–193. https://doi.org/10.1016/j.
jcz.2009.09.002

Holman, J. A. (1987). Some amphibians and reptiles from the Oligocene 
of northeastern Colorado. Dakoterra, 3, 16–21.

Joel, A.-C., Buchberger, G., & Comanns, P. (2018). Moisture-harvesting 
reptiles: a review. In S. N. Gorb, & E. Gorb (Eds.), Functional surfaces 
in biology III (93–106). https://doi.org/10.1007/978-3-319-74144​
-4_4

Joel, A.-C., & Weissbach, M. (2019). Same principles but different pur-
poses: Passive fluid handling throughout the animal kingdom. 
Integrative and Comparative Biology, 59, 1673–1680. https://doi.
org/10.1093/icb/icz018

Karger, D. N., Conrad, O., Böhner, J., Kawohl, T., Kreft, H., Soria-
Auza, R. W., Zimmermann, N. E., Linder, H. P., & Kessler, M. 
(2017). Climatologies at high resolution for the earth’s land sur-
face areas. Scientific Data, 4, 170122. https://doi.org/10.1038/
sdata.2017.122

https://orcid.org/0000-0002-7122-3047
https://orcid.org/0000-0002-7122-3047
https://orcid.org/0000-0002-7677-1480
https://orcid.org/0000-0002-7677-1480
https://orcid.org/0000-0002-2020-0515
https://orcid.org/0000-0002-2020-0515
https://orcid.org/0000-0001-6252-8351
https://orcid.org/0000-0001-6252-8351
https://orcid.org/0000-0003-1879-3048
https://orcid.org/0000-0003-1879-3048
https://orcid.org/0000-0002-6108-1639
https://orcid.org/0000-0002-6108-1639
https://doi.org/10.1046/j.1469-7580.1998.19220173.x
https://doi.org/10.1046/j.1469-7580.1998.19220173.x
https://doi.org/10.1002/jmor.10079
https://doi.org/10.3762/bjnano.5.8
https://doi.org/10.1007/s00359-008-0408-1
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
http://CRAN.R-project.org/package=hypervolume
https://doi.org/10.1016/j.ympev.2011.09.007
https://doi.org/10.1130/GES00171.1
https://doi.org/10.1130/GES00171.1
https://doi.org/10.1242/jeb.153130
https://doi.org/10.1098/rsif.2015.0415
https://doi.org/10.3762/bjnano.2.24
https://doi.org/10.3762/bjnano.2.24
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.2307/2423518
https://doi.org/10.1007/BF02147699
https://doi.org/10.1163/156853882X00167
https://doi.org/10.1016/j.ympev.2003.11.005
https://doi.org/10.1016/j.ympev.2003.11.005
https://doi.org/10.1016/j.jcz.2009.09.002
https://doi.org/10.1016/j.jcz.2009.09.002
https://doi.org/10.1007/978-3-319-74144-4_4
https://doi.org/10.1007/978-3-319-74144-4_4
https://doi.org/10.1093/icb/icz018
https://doi.org/10.1093/icb/icz018
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1038/sdata.2017.122


14160  |     JOEL et al.

Kassambra, A. (2020). ggpubr: 'ggplot2' Based Publication Ready Plots. R 
package version 0.3.0. Retrieved from https://CRAN.R-proje​ct.org/
packa​ge=ggpubr

Keck, F., Rimet, F., Bouchez, A., & Franc, A. (2016). Phylosignal: An R pack-
age to measure, test, and explore the phylogenetic signal. Ecology 
and Evolution, 6, 2774–2780. https://doi.org/10.1002/ece3.2051

Lang, M. (1989). The morphology of the Oberhäutchen with the de-
scription and distribution of scale organs in Basiliscine iguanians. 
Amphibia-Reptilia, 10, 423–434. https://doi.org/10.1163/15685​
3889X​00061

Lara-Resendiz, R. A., Gadsden, H., Rosen, P. C., Sinervo, B., & Mendez-De 
La Cruz, F. R. (2015). Thermoregulation of two sympatric species of 
horned lizards in the Chihuahuan Desert and their local extinction 
risk. Journal of Thermal Biology, 48, 1–10. https://doi.org/10.1016/j.
jther​bio.2014.11.010

Lara-Resendiz, R. A., Jezkova, T., Rosen, P. C., & Mendez-de La Cruz, F. R. 
(2014). Thermoregulation during the summer season in the Goode's 
horned lizard Phrynosoma goodei (Iguania: Phrynosomatidae) in 
Sonoran Desert. Amphibia-Reptilia, 35, 161–172.

Leaché, A. D., & Linkem, C. W. (2015). Phylogenomics of horned lizards 
(Genus: Phrynosoma) using targeted sequence capture data. Copeia, 
103, 586–594.

Leaché, A. D., & McGuire, J. A. (2006). Phylogenetic relationships of 
horned lizards (Phrynosoma) based on nuclear and mitochondrial 
data: Evidence for a misleading mitochondrial gene tree. Molecular 
Phylogenetics and Evolution, 39, 628–644. https://doi.org/10.1016/j.
ympev.2005.12.016

Lillywhite, H. B., & Stein, B. R. (1987). Surface sculpturing and water-
retention of elephant skin. Journal of Zoology, 211, 727–734. https://
doi.org/10.1111/j.1469-7998.1987.tb044​83.x

Luxbacher, A. M., & Knouft, J. H. (2009). Assessing concurrent patterns 
of environmental niche and morphological evolution among species 
of horned lizards (Phrynosoma). Journal of Evolutionary Biology, 22, 
1669–1678.

Maderson, P. F. A., Rabinowitz, T., Tandler, B., & Alibardi, L. (1998). 
Ultrastructural contributions to an understanding of the cellular 
mechanisms involved in lizard skin shedding with comments on 
the function and evolution of a unique Lepidosaurian phenome-
non. Journal of Morphology, 236, 1–24. https://doi.org/10.1002/
(SICI)1097-4687(19980​4)236:1<1:AID-JMOR1​>3.0.CO;2-B

Mayor, H. D., Hampton, J. C., & Rosario, B. (1961). A simple method 
for removing the resin from epoxy-embedded tissue. The Journal 
of Biophysical and Biochemical Cytology, 9, 909–910. https://doi.
org/10.1083/jcb.9.4.909

Meyers, J. J., & Herrel, A. (2005). Prey capture kinematics of ant-eating 
lizards. Journal of Experimental Biology, 208, 113–127. https://doi.
org/10.1242/jeb.01345

Montanucci, R. R. (2015). A taxonomic revision of the Phrynosoma doug-
lasii species complex (Squamata: Phrynosomatidae). Zootaxa, 4015, 
001–177.

Mulisch, M., & Welsch, U. (2015). Romeis-Mikroskopische Technik. 
Springer-Verlag.

Newbold, T. S., & MacMahon, J. A. (2014). Determinants of habitat se-
lection by desert horned lizards (Phrynosoma platyrhinos): The im-
portance of abiotic factors associated with vegetation structure. 
Journal of Herpetology, 48, 306–316.

Nick, P. (2014). The Oberhäutchen principle—growth and integrity. 
Protoplasma, 251, 1263–1264. https://doi.org/10.1007/s00709​
-​014-0715-z

Nieto-Montes de Oca, A., Arenas-Moreno, D., Beltrán-Sánchez, E., 
& Leaché, A. D. (2014). A new species of horned lizard (genus 
Phrynosoma) from Guerrero, Mexico, with an updated multilocus 
phylogeny. Herpetologica, 70, 241–257.

Norell, M. A. (1989). Late genozoic lizards of the Anza Borrego Desert, 
California. Contributions in Science, 414, 1–31.

Norgaard, T., & Dacke, M. (2010). Fog-basking behaviour and water col-
lection efficiency in Namib Desert Darkling beetles. Frontiers in 
Zoology, 7, 23. https://doi.org/10.1186/1742-9994-7-23

Orme, D., Freckleton, R., Thomas, G., Petzoldt, T., Fritz, S., Isaac, N. & 
Pearse, W. (2018). Comparative Analyses of Phylogenetics and 
Evolution in R. Cran R package version 1.0.1. https://cran.r-proje​
ct.org/web/packa​ges/caper/​vigne​ttes/caper.pdf

Pagel, M. (1999). Inferring the historical patterns of biological evolution. 
Nature, 401, 877–884. https://doi.org/10.1038/44766

Paré, J. A., Sigler, L., Rypien, K. L., & Gibas, C. (2003). Survey for the 
Chrysosporium anamorph of Nanizziopsis vriesii on the skin of healthy 
captive squamate reptiles and notes on their cutaneous fungal my-
cobiota. Journal of Herpethological Medical Surgery, 13, 10–15.

Peterson, C. C. (1998). Rain-harvesting behavior by a free-ranging desert 
horned lizard (Phrynosoma platyrhinos). Southwestern Naturalist, 43, 
391–394.

Pianka, E. R. (1991) Phrynosoma platyrhinos. Catalogue of American 
Amphibians and Reptiles (CAAR).

Pianka, E. R. & Hodges, W. (2021). Horned Lizards, Part 2. http://uts.
cc.utexas.edu/~varan​us/phryn​o2.html. Retrieved 24 May 2021.

Pianka, E. R., & Parker, W. S. (1975). Ecology of horned lizards - Review 
with special reference to Phrynosoma platyrhinos. Copeia, 1975(1), 
141–162.

Pianka, E. R., & Pianka, H. D. (1970). The ecology of Moloch horridus 
(Lacertilia: Agamidae) in Western Australia. Copeia, 1970, 90–103. 
https://doi.org/10.2307/1441978

Pianka, G. A., Pianka, E. R., & Thompson, G. G. (1998). Natural history 
of thorny devils Moloch horridus (Lacertilia: Agamidae) in the Great 
Victoria Desert. Journal of the Royal Society of Western Australia, 81, 
183–190.

Posada, D., & Crandall, K. A. (1998). MODELTEST: Testing the model 
of DNA substitution. Bioinformatics, 14, 817–818. https://doi.
org/10.1093/bioin​forma​tics/14.9.817

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., & Suchard, M. A. (2018). 
Posterior Summarization in Bayesian Phylogenetics Using Tracer 
1.7. Systematic Biology, 67(5), 901–904. https://dx.doi.org/10.1093/
sysbio/syy032

Repp, R. A., & Schuett, G. W. (2008). Western diamond-backed rattlesnakes, 
Crotalus atrox (Serpentes: Viperidae), gain water by harvesting and 
drinking rain, sleet, and snow. Southwestern Naturalist, 53, 108–114.

Revell, L. J. (2012). phytools: An R package for phylogenetic comparative 
biology (and other things). Methods in Ecology and Evolution, 3, 217–
223. https://doi.org/10.1111/j.2041-210X.2011.00169.x

Riedel, J., Böhme, 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.

Schwenk, K., & Greene, H. W. (1987). Water collection and drink-
ing in Phrynocephalus helioscopus: A possible condensation 
mechanism. Journal of Herpetology, 21, 134–139. https://doi.
org/10.2307/1564473

Sherbrooke, W. C. (1990). Rain-harvesting in the Lizard, Phrynosoma 
cornutum: Behavior and integumental morphology. Journal of 
Herpetology, 24, 302–308. https://doi.org/10.2307/1564398

Sherbrooke, W. C. (1993). Rain-drinking behaviors of the Australian 
Thorny Devil (Sauria: Agamidae). Journal of Herpetology, 27, 270–
275. https://doi.org/10.2307/1565147

Sherbrooke, W. (2002). Phrynosoma modestum (round-tailed horned 
lizard). Rain-harvest Drinking Behavior. Herpetological Review, 33, 
310–312.

Sherbrooke, W. C. (2004). Integumental water movement and rate of 
water ingestion during rain harvesting in the Texas horned lizard, 
Phrynosoma cornutum. Amphibia-Reptilia, 25, 29–39. https://doi.
org/10.1163/15685​38043​22992814

https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=ggpubr
https://doi.org/10.1002/ece3.2051
https://doi.org/10.1163/156853889X00061
https://doi.org/10.1163/156853889X00061
https://doi.org/10.1016/j.jtherbio.2014.11.010
https://doi.org/10.1016/j.jtherbio.2014.11.010
https://doi.org/10.1016/j.ympev.2005.12.016
https://doi.org/10.1016/j.ympev.2005.12.016
https://doi.org/10.1111/j.1469-7998.1987.tb04483.x
https://doi.org/10.1111/j.1469-7998.1987.tb04483.x
https://doi.org/10.1002/(SICI)1097-4687(199804)236:1%3C1:AID-JMOR1%3E3.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-4687(199804)236:1%3C1:AID-JMOR1%3E3.0.CO;2-B
https://doi.org/10.1083/jcb.9.4.909
https://doi.org/10.1083/jcb.9.4.909
https://doi.org/10.1242/jeb.01345
https://doi.org/10.1242/jeb.01345
https://doi.org/10.1007/s00709-014-0715-z
https://doi.org/10.1007/s00709-014-0715-z
https://doi.org/10.1186/1742-9994-7-23
https://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
https://cran.r-project.org/web/packages/caper/vignettes/caper.pdf
https://doi.org/10.1038/44766
http://uts.cc.utexas.edu/%7Evaranus/phryno2.html.
http://uts.cc.utexas.edu/%7Evaranus/phryno2.html.
https://doi.org/10.2307/1441978
https://doi.org/10.1093/bioinformatics/14.9.817
https://doi.org/10.1093/bioinformatics/14.9.817
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.2307/1564473
https://doi.org/10.2307/1564473
https://doi.org/10.2307/1564398
https://doi.org/10.2307/1565147
https://doi.org/10.1163/156853804322992814
https://doi.org/10.1163/156853804322992814


     |  14161JOEL et al.

Sherbrooke, W. C., Scardino, A. J., de Nys, R., & Schwarzkopf, L. (2007). 
Functional morphology of scale hinges used to transport water: 
Convergent drinking adaptations in desert lizards (Moloch horridus 
and Phrynosoma cornutum). Zoomorphology, 126, 89–102. https://
doi.org/10.1007/s0043​5-007-0031-7

Smith, K. T. (2006). A diverse new assemblage of Late Eocene squa-
mates (Reptilia) from the Chadron formation of North Dakota, USA. 
Palaeontologia Electronica, 9, 1–44.

Title, P. O., & Bemmeis, J. B. (2017). ENVIREM: An expanded set of biocli-
matic and topographic variables increases flexibility and improves 
performance of ecological niche modeling. Ecography, 41, 291–307. 
https://doi.org/10.1111/ecog.02880

Uetz, P., Freed, P., & Hosek, J. (2020). The Reptile Database. Retrieved 
from http://www.repti​le-datab​ase.org, accessed 17.06.2020

Vesely, M., & Modry, D. (2002). Rain-harvesting behavior in agamid liz-
ards (Trapelus). Journal of Herpetology, 36, 311–314.

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, bio-
compatible, antibacterial surface. Acta Biomaterial, 21, 109–122. 
https://doi.org/10.1016/j.actbio.2015.03.007

Weese, A. O. (1919). Environmental reactions of Phrynosoma. The 
American Naturalist, 53, 33–54. https://doi.org/10.1086/279692

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. 
Springer-Verlag.

Wiens, J. J., Kozak, K. H., & Silva, N. (2013). Diversity and niche evolution 
along aridity gradients in North American lizards (Phrynosomatidae). 
Evolution, 67, 1715–1728. https://doi.org/10.1111/evo.12053

Yenmiş, M., Ayaz, D., Sherbrooke, W. C., & Veselý, M. (2015). A com-
parative behavioural and structural study of rain-harvesting 

and non-rain-harvesting agamid lizards of Anatolia (Turkey). 
Zoomorphology, 135, 137–148. https://doi.org/10.1007/s0043​
5-015-0285-4

Zamudio, K. R., Jones, K. B., & Ward, R. H. (1997). Molecular systemat-
ics of short-horned lizards: Biogeography and taxonomy of a wide-
spread species complex. Systematic Biology, 46, 284–305. https://
doi.org/10.1093/sysbi​o/46.2.284

Zamudio, K. R., & Parra-Olea, G. (2000). Reproductive mode and fe-
male reproductive cycles of two endemic Mexican horned liz-
ards (Phrynosoma taurus and Phrynosoma braconnieri). Copeia, 
222–229.

SUPPORTING INFORMATION
Additional supporting information may be found in the online version 
of the article at the publisher’s website.

How to cite this article: Joel, A.-C., Linde, J. R. N., Comanns, P., 
Emonts, C., Weissbach, M., Flecks, M., & Rödder, D. (2021). 
Phylogenetic and morphological influence on habitat choice in 
moisture-harvesting horned lizards (Phrynosoma spp.). Ecology 
and Evolution, 11, 14146–14161. https://doi.org/10.1002/
ece3.8132

https://doi.org/10.1007/s00435-007-0031-7
https://doi.org/10.1007/s00435-007-0031-7
https://doi.org/10.1111/ecog.02880
http://www.reptile-database.org
https://doi.org/10.1016/j.actbio.2015.03.007
https://doi.org/10.1086/279692
https://doi.org/10.1111/evo.12053
https://doi.org/10.1007/s00435-015-0285-4
https://doi.org/10.1007/s00435-015-0285-4
https://doi.org/10.1093/sysbio/46.2.284
https://doi.org/10.1093/sysbio/46.2.284
https://doi.org/10.1002/ece3.8132
https://doi.org/10.1002/ece3.8132

