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FOREWORD

In putting together this book, we stand on the shoulders of others. The extensive bibliog-
raphy presented here spans centuries, and the resulting body of literature is based on the
work of researchers who dedicated their minds to a deeper understanding of chameleons.
We have taken pieces of this great puzzle and have made a start at constructing the whole
picture, but there are many glaring gaps. In some respects, it seems there are too many
pieces missing and the emerging picture is only a hazy nebula of unclear, scattered, and
fragmented bits. But the excitement that comes with the challenge of scientific thought,
of asking the questions “why” and “how,” is what compels us to keep looking for the miss-
ing pieces. For chameleons, the many missing pieces are the why and how of their remark-
able evolutionary radiation, and we must keep questioning, even if we never complete the
puzzle.

Although this book is built on the works of others, putting together this volume has
been a group effort of the authors, all of whom enthusiastically came to the party. Each
author brought their own expertise, and together we have made something more than any
one of us could have done alone. It has been an extraordinary experience working with this
team. As editors, we expected to be herding cats, but on the contrary, the process was sur-
prisingly smooth. Of course, each of the chapters was reviewed by our peers, all of whom
invariably provided positive and constructive criticism on the content. It is surprising how
many things we missed initially, and we owe much to our colleagues for taking time to
review and comment on these chapters: Salvidor Bailon, Bill Branch, Angus Carpenter,
Jack Conrad, Frank Glaw, Rob James, Charles Klaver, Lance McBrayer, John Poynton, Phil
Stark, Andrew Turner, James Vonesh, Bieke Vanhooydonck, and Martin Whiting. We are
grateful to several friends and colleagues who permitted complimentary use of their photos,
including Bill Branch, Marius Burger, Tania Fouche, Adnan Moussalli, Devi Stuart-Fox,
and Michele Menegon. We also owe much to Chuck Crumly for eagerly taking on the initial
responsibility of producing this book, as well as the National Research Foundation of South
Africa and Centre National de la Recherche Scientifique and Groupement de Recherche

Xi
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International for providing the funds that allowed the editors of this volume to collaborate
and to aspire. The follow-up production team at UC Press (Lynn Meinhardt, Ruth Weinberg,
Kate Hoffman, Blake Edgar, and Deepti Agarwal) were excellent in providing advice and
assistance throughout the process. In all, this has been a brilliant experience, despite initial
reservations in taking on such a big project. It’s clear that the ease of putting this together
was due to an outstanding team of authors, all of whom are passionate about their subject

and have not forgotten how to ask “why.”

Xii Foreword

5490036_FM.indd 12 21/09/13 12:40 PM



ONE

Biology of the Chameleons

An Introduction

KRYSTAL A. TOLLEY and ANTHONY HERREL

Chameleons so easily capture the imagination, and have done so for centuries. In
scientific writings, they first appear with Aristotle (350 BC), and although they were recog-
nized as being similar to lizards in some ways, he also likened them to fish, baboons, and
crocodiles. Since then, they have since been the subject of strange myths, amusing tales,
and nature documentaries and have even taken the form of popular cartoon characters. But
what makes them so fascinating that they have infiltrated the common psyche more than
other reptiles? Indeed, they are set apart to such a degree that many people are unaware
they are even lizards at all. They are simply, “chameleons.” In this book, we draw together
and review the body of literature that covers chameleons over several centuries by exploring
and summarizing our knowledge on this intriguing group of lizards.

Chameleons are highly specialized animals characterized by a suite of morphological,
physiological and functional adaptations. Much of what makes chameleons immediately
identifiable as such are these morphological specializations. Among these, the laterally
compressed body, the prehensile feet and tail, the independently moveable eyes (Figs. 1.1
and 1.2 in color insert), and a long tongue capable of being projected from the mouth are the
most striking. As detailed in Chapters 2 (Chameleon Anatomy) and 3 (Chameleon Physi-
ology), many of these features are intimately related to the unique behavior and lifestyle of
chameleons as highly specialized arboreal predators. The sensory system of chameleons,
for example, is highly tuned toward visual stimuli, as chameleons rely on visual signals in
both a social and a feeding-related context. As part of the specialization of the visual system,
chameleons have a negatively powered lens and use accommodation cues to judge distance,
features unique among lizards (Fig. 1.3 in color insert). Because of their visual specializa-
tion, the auditory system is less developed and shows lower sensitivity as compared with

5490036_CHO0001.indd 1 21/09/13 9:32 AM



that of other lizards. Little is known about the olfactory (smell), vomerolfactory, and gusta-
tory (taste) systems in chameleons, but all appear reduced as compared with other lizards.

Associated with the predominantly arboreal habitat of chameleons comes a number
of functional specializations such as their prehensile feet and tails. Chapter 4, Function
and Adaptation of Chameleons, examines how these specializations allow chameleons
to effectively explore the three-dimensional (mostly) arboreal habitat. However, as a con-
sequence of their specializations, chameleons are the slowest of all lizards, with sprint
speeds about 10 times slower than those of other lizards. The slow locomotion of chame-
leons is a result of the contractile capacities of the locomotor muscles, changes in limb
posture that allows them to move effectively on narrow substrates, and a lower overall
muscle mass. In contrast to the limb muscles, the tongue muscles of chameleons are any-
thing but slow; they produce high forces for their cross-sectional area. These unusually
fast, ballistic tongues permit them to capture a wide variety of prey. The supercontractile
tongue-retractor muscles are unique among vertebrates and allow them to reel in even
large vertebrate prey.

Chameleons are found among widely varying thermal regimes and climatic conditions,
including hot and dry desert habitats, tropical rainforests, Mediterranean climates, and high-
altitude environments. Similar to other lizards, however, chameleons carefully regulate body
temperatures using behavioral thermoregulation and color change to maintain temperatures
close to their preferred temperature of around 30 to 32°C. The preferred temperatures of cha-
meleons are low as compared with those of most other diurnal lizards. The temperature invari-
ant function of the ballistic tongue protraction and their low preferred temperatures may
consequently have allowed chameleons to invade high mountain habitats rarely accessible to
other lizards.

Ecologically, chameleons have taken control of the arboreal niche across Africa and
Madagascar. No other reptile (aside from their avian cousins) dominates to such a degree.
Walk through any montane forest in Africa or Madagascar with a spotlight at night, and you
are sure to see a sleeping chameleon perched on a branch or twig. Although they are best
known for their arboreal lifestyle, a number of species, indeed entire genera, are mainly
terrestrial (Fig. 1.4 in color insert). While chameleons are primarily associated with forests,
multiple species have capitalized on emerging habitats (grasslands and heathlands). In
fact, in some places, they occupy the entire strata from ground to high canopy. Chapter 5,
Ecology and Life History of Chameleons, summarizes the considerable body of studies on
the interactions of chameleons with their environment. Here, we learn not only the more
recognizable aspects of chameleon ecology, but are introduced to the lesser-known details.
We are provided with an overview of their reproductive traits, which range from seasonal
to year-round reproduction plus entire clades that are viviparous rather than oviparous. We
find that although they are primarily insectivorous, their diet can be wide and may on occa-
sion include their own kind. Even their foraging mode is thought to be exceptional among
reptiles, being a combination of active foraging with sit-and-wait, termed “cruise foraging,”
which allows them to remain cryptic, while actively in pursuit of prey.

2 Biology of the Chameleons: An Introduction
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FIGURE 1.8. Age (millions of years) of most squamate families with number
of species in that family. The Chamaeleonidae is shown as a black circle, and
Agamidae as a gray circle. Scincidae, Gekkonidae, and Colubridae are not
shown because of the large number of species in these families (1553, 917,
and 1772, respectively). Based on data from Hedges and Vidal (2009) and
Uetz (2012).

Despite their intensely cryptic lifestyle (Fig. 1.5 in color insert), chameleons have
evolved some interesting behavioral traits. Indeed, chameleons are famous for their some-
times flamboyant ornamentation and their ability to change color. Chapter 6, Chameleon
Behavior and Color Change, dispels the popular myths about chameleons and examines
the how and why of their behavior. We are introduced to the physiological aspects of color
change, and find that it is related to communication, camouflage, and thermoregulation
(Fig. 1.6 in color insert). We also discover how ornaments are involved in sexual selection
through display and aggression (Fig. 1.7 in color insert). Chameleon behavior is not limited
to conspecific interactions, and includes some tricks for predator avoidance that go beyond
crypsis, including free-falling from perches to avoid predation.

Moving from the individual level to the landscape level, chameleons have an interesting
history and are an unusually diverse group of lizards. They are, in fact, a young clade of liz-
ards, dating back only to the beginning of the Cenozoic, whereas most other lizard families
are much older (Chapter 77, Evolution and Biogeography of Chameleons). Despite their young
age, there are over 190 described species, and most experts agree that there are multiple
species awaiting discovery and description (Chapter 8, Overview of the Systematics of the
Chamaeleonidae). Actually, if the age of the clade is considered, the number of chameleon
species is relatively high as compared with other many other squamate families (Fig. 1.8),
which suggests a history of rapid lineage diversification. Chameleons are exceeded in this
respect by their relatives, the Agamidae, but also Gekkonidae, Lacertidae, Scincidae, Colu-
brid snakes (Colubridae), and vipers (Viperidae). It appears that chameleon diversification

Biology of the Chameleons: An Introduction 3
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FIGURE 1.9. The cumulative number of chameleon species described, starting
with the first description of Chamaeleo chameleon in 1758 by Linneaus.

is linked to their invasion of the arboreal habitat some 45 million years ago. Today, there are
distinct centers of diversity, particularly in East Africa and Madagascar, that have elevated
species richness and endemism. Although the fossil record is scarce, the clues provided by
fossils that lead up to chameleons is rich, giving us insight to the early history of the group
and ancestors. Chapter 9, Fossil History of Chameleons, takes us on a journey through
time, beginning in the Cretaceous with the ancestors of chameleons, the priscagamids, and
ends in the Holocene with fossils of extant species from Africa, Madagascar, Europe, and
the Middle East.

Chapter 10, Chameleon Conservation, provides a comprehensive and up-to-date exami-
nation on the state of these lizards in our modern world. The conservation status and major
threat categories are quantified and species are examined for their vulnerability. An alarm-
ing statistic that emerges, is that two thirds of chameleons already assessed by the Inter-
national Union for Conservation of Nature (IUCN) are considered Threatened or Near
Threatened, a figure that is much higher than that for other groups of reptiles. Of the tan-
gible threats, habitat alteration appears to be the most prevalent, with a disproportionate
impact on narrow-range endemics. Chameleons are also popular in the pet trade, and the
more than 30 years of trade statistics have been summarized in this chapter. The majority
of exported chameleons are harvested from wild populations, rather than through captive
breeding programs, and the largest importer of chameleons is the United States, which is
responsible for two thirds of the market.

The scientific literature available is surprisingly large and has filled this volume. Despite
this, there is still much to learn about these intriguing animals. Even simple facts about
their anatomy, physiology, and function remain unknown. Because of their cryptic nature,
we know little of their daytime activities, and our impressions of their interactions with con-
specifics and other animals are based on precious few studies. Aspects of their life history

4 Biology of the Chameleons: An Introduction
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appear to be the most well known, yet for most species we have no understanding of their
reproductive cycles, diets, home range sizes, and dispersal ability. Poorly explored forests
in Africa and Madagascar reveal new species with every survey. The number of species
described every year continues to rise (Fig. 1.9), and this is certainly not the end of a trend,
given molecular phylogenies that show numerous undescribed lineages. There are huge
gaps in the fossil record, particularly early in the history of this family, and new finds would
certainly shed light on the morphology of early arboreal chameleon lineages. In exploring
what we do know about chameleons, it seems we have succeeded in bringing to light the
vast gap of what we do not know. But these are exciting times in the world of chameleons,
and with the tools we have at our disposal today, it is clear that it will not take several more
centuries to uncover many of these mysteries.
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TWO

Chameleon Anatomy

CHRISTOPHER V. ANDERSON and TIMOTHY E. HIGHAM

The family Chamaeleonidae is a distinctive clade of squamate reptiles with a pleth-
ora of unusual structural adaptations. Chameleons exhibit numerous distinctive features,
including a laterally compressed body, forcep-like feet with toes grouped in opposing bun-
dles, prehensile tail, enlarged casque, independently rotating eyes, and long tongue capable
of being projected from the mouth. While chameleons are unique animals, they are also
extremely diverse, with species spanning an approximate 20-fold range in adult total length
and a 2000-fold range in body mass. Moreover, chameleons exhibit an extensive range of
ornamentation. In addition, chameleons live over incredible ranges of habitats and demon-
strate an abundance of variation in their behavior and ecology (Chapters 5 and 6), features
of which are often predicated on anatomical specializations.

As a result of their unique nature, people have been interested in the biology of chame-
leons for centuries. In order to understand many aspects of chameleon biology, however,
understanding the associated morphological underpinnings can be of vital importance.
Here we summarize what is known about the anatomy of chameleons, emphasizing the dif-
ferences between chameleons and other reptiles and the differences among chameleons.

2.1 MUSCULOSKELETAL MORPHOLOGY
Axial

Cranial
The lateral compression of the chameleon in conjunction with their enlarged eyes and the
formation of an enlarged casque have strong influences on the structure of the chameleon
skull and the distribution and orientation of various cranial muscles. The extent to which
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these characteristics are developed, however, is also variable within the family, and thus
examination of the anatomy of the skull and its musculature is not only of interest relative
to other lizard groups, but also within the chameleons.

Skull and Teeth The extensive studies of the chameleon skull have included discus-
sion and examination of the structure of the skull in Archaius (Hillenius, 1988; Rieppel and
Crumly, 1997), Bradypodion (Fig. 2.1¢,d,f) (Parker, 1881; Methuen and Hewitt, 1914; Brock,
1941; Engelbrecht, 1951; Rieppel, 1981; Hillenius, 1988), Brookesia (Fig. 2.1a,b) (Sieben-
rock, 1893; Methuen and Hewitt, 1914; Rieppel 1987; Rieppel and Crumly, 1997), Calumma
(Methuen and Hewitt, 1914; Hillenius, 1988; Rieppel and Crumly, 1997), Chamaeleo
(Parker, 1881; Siebenrock, 1893; Methuen and Hewitt, 1914; Prasad, 1954; Rieppel, 1987;
Hillenius, 1988), Furcifer (Methuen and Hewitt, 1914; Hillenius, 1988; Rieppel and Crumly,
1997), Kinyongia (Hillenius, 1988), Rhampholeon (Werner, 19o2b; Methuen and Hewitt,
1914; Frank, 1951; Rieppel, 1987; Hillenius, 1988), Rieppeleon (Rieppel, 1987; Hillenius,
1988), and Trioceros (Fig. 2.1€) (Rieppel, 1981, 1987, 1993; Hillenius, 1988). These studies
have amassed a list of variations between the skulls of different genera and developmental
stages. However, they have also resulted in varying interpretations of the skull bones, par-
ticularly of the temporal region. Here we summarize the morphology of the adult skull in
chameleons following the terminology and interpretations of Rieppel (1981).

The premacxilla of chameleons is unpaired (fused) and lies medially between the maxillae
(Fig. 2.1b,d) (Parker, 1881; Siebenrock, 1893; Werner, 1902b; Brock, 1941; Engelbrecht, 1951;
Frank, 1951; Rieppel, 1981, 1987). The premaxilla in Brookesia (Siebenrock, 1893), Chamae-
leo (Siebenrock, 1893), Rieppeleon (Rieppel; 1987), and Rhampholeon (Werner, 19o2b; Frank,
1951) bear two vestigial teeth, whereas the premaxillae in Trioceros do not bear teeth (Rieppel,
1981). Engelbrecht (1951) reports that Bradypodion pumilum also lack premaxillary teeth.
Rieppel (1981), on the other hand, observed indications of two vestigial teeth fused with
the premaxilla, noting, however, that histological investigation is required to verify whether
these are true teeth or paired bony projections on the transverse process of the premaxilla.

Ventrally, the vomerine (palatal) process of the premaxilla is reduced (Fig. 2.1f)
(Romer, 1956), extending only a short distance posteriorly, and in Bradypodion (Fig. 2.1f)
(Engelbrecht, 1951; Frank, 1951; Rieppel, 1981), it does not contact the vomer, as the palatal
process of the maxillae meets behind the premaxilla. The maxillae do not meet behind the
premaxilla in Brookesia (Siebenrock, 1893; Rieppel and Crumly, 1997), however. Typically,
the vomers are fused (unpaired) in chameleons (Frank, 1951; Rieppel, 1981); however, in
Bradypodion pumilum, the vomers are paired for most of their length and fused only ante-
riorly where they join with the maxillae (Engelbrecht, 1951; Rieppel, 1981). In Archaius, the
vomer is paired (Rieppel and Crumly, 1997). At the posterior end, the vomer joins the pala-
tines (Fig. 2.1f) (Engelbrecht, 1951; Rieppel, 1981). The palatines extend posteriorly and flare
laterally to join the maxillaries (Fig. 2.1f) (Werner, 1902b; Engelbrecht, 1951; Rieppel, 1981).

Dorsally, the nasal process of the premaxilla extends posteriorly and fully separates
the maxillae in most species (Fig. 2.1b,d) (Werner, 1902b; Engelbrecht, 1951; Frank, 1957;

8 Chameleon Anatomy
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FIGURE 2.1. The skull of Brookesia superciliaris (a, b), Bradypodion pumilum

(c, d, f), and Trioceros melleri (e) in lateral (a, c, e), dorsal (b, d), and ventral (f) views.

(a, b) redrawn from Rieppel (1987) and (c, d, e, f) from Rieppel (1981).
LABELS: ang = angular; ar = articular; bo = basioccipital; bs = basisphenoid;
¢ = coronoid; d = dentary; ec = ectopterygoid; f = frontal; j = jugal; m = maxilla;

n = nasal; p = parietal; pl = palatine; pm = premaxilla; po = prootic; pof = postorbi-

tofrontal; pf = prefrontal; prfo = prefrontal fontanelle; pt = pterygoid; q = quadrate;
sang = surangular; so = supraoccipital; sq = squamosal; st = supratemporal;

V = vomer.
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Rieppel, 1981, 1987; Rieppel and Crumly, 1997). In Bradypodion, Brookesia, and Chamaceleo,
the posterior edge of the nasal process of the premaxilla meets the fused nasals (Fig. 2.1b,d)
(Seibenrock, 1893; Camp, 1923; Parker, 1942; Engelbrecht, 1951; Romer, 1956; Rieppel,
1981, 1987). However, the nasal process of the premaxilla separates the nasals and meets
an anterior process of the frontal in Rhampholeon and Rieppeleon (Werner, 1902b; Parker,
1942; Frank, 1951, Rieppel, 1981, 1987). The nasals are paired and variably separated from
the frontals by the premaxilla in Calumma and Furcifer (Rieppel and Crumly, 1997).

In Brookesia, the nasals circumscribe the dorsal margin of the nasal aperture (Fig. 2.1a,b)
(Siebenrock, 1893; Engelbrecht, 1951; Romer, 1956; Rieppel, 1981). In Bradypodion (Fig. 2.1¢,d)
(Brock, 1941; Engelbrecht, 1951; Rieppel, 1981), Chamaeleo (Parker, 1881), and Trioceros
(Fig. 2.1e) (Rieppel, 1981), the nasals do not participate in circumscribing the nasal aper-
ture. The nasal aperture is bound by the maxillae on the anterior, ventral, and posterior
edges (Siebenrock, 1893; Engelbrecht, 1951; Rieppel, 1981) and in Bradypodion, Chamaceleo,
Rieppeleon, and Trioceros, the dorsal margin is bound by an anterior projection of the prefron-
tal lying lateral to the nasals (Fig. 2.1c—e) (Parker, 1881; Methuen and Hewitt, 1914; Engel-
brecht, 1951; Rieppel, 1981, 1987). In Bradypodion and Chamaeleo, a prefrontal fontanelle is
bound by the nasal, prefrontal, and frontal (Fig. 2.1d) (Parker, 1881; Engelbrecht, 1951; Riep-
pel, 1981). The prefrontal fontanelle is bound by the prefrontal, nasal, and maxilla in Trioceros
(Fig. 2.1€) (Rieppel, 1981). In Rhampholeon, however, the prefrontal fontanelles are continu-
ous with the nasal aperture and combined they are bound by the maxilla, prefrontal, nasal,
frontal, and in some cases, the premaxilla (Werner, 19o2b; Frank, 1951; Rieppel, 1981, 1987).

The prefrontal circumscribes the anterodorsal margin of the orbit in Bradypodion
(Fig. 2.1¢) (Parker, 1881; Engelbrecht, 1951; Rieppel, 1981), Brookesia (Fig. 2.1a) (Siebenrock,
1893; Romer, 1956; Rieppel, 1987), Chamaeleo (Parker, 1881), Rhampholeon (Werner, 19o2b;
Frank, 1951), Rieppeleon (Rieppel, 1987), and Trioceros (Fig. 2.1€) (Rieppel, 1981). The lac-
rimal is absent in Bradypodion (Brock, 1941; Engelbrecht, 1951; Rieppel, 1981), Brookesia
(Siebenrock, 1893; Rieppel, 1987), Calumma (Methuen and Hewitt, 1913), Rhampholeon
(Frank, 1951), and Rieppeleon (Rieppel, 1987), and the prefrontal joins the maxillae at the
anterior edge of the orbit, allowing them to circumscribe the anteroventral margin of the
orbit in these genera. In Chamaeleo (Parker, 1881; Camp, 1923) and Trioceros (Fig. 2.1e)
(Rieppel, 1981), however, the lacrimal is present and joins the prefrontal at the anterior edge
of the orbit, excluding the maxillae from involvement in circumscribing the orbit. Methuen
and Hewitt (1914) note that the lacrimal is absent in Furcifer lateralis, whereas Rieppel
and Crumly (1997) note that the lacrimal is usually observed in most Furcifer examined,
including F. lateralis and with the exception of in F. oustaleti. The jugal joins with the lacri-
mal in Chamaeleo (Parker, 1881) and Trioceros (Fig. 2.1e) (Rieppel, 1981), and with the max-
illa in Bradypodion (Fig. 2.1c) (Brock, 1941; Engelbrecht, 1951; Rieppel, 1981), Brookesia
(Fig. 2.1a) (Siebenrock, 1893; Romer, 1956; Rieppel, 1987), Calumma (Methuen and Hewitt,
1914), Furcifer (Methuen and Hewitt, 1914), Rhampholeon (Werner, 1902b; Frank, 1951), and
Rieppeleon (Rieppel, 1987); in both cases, they circumscribe the ventral and posteroventral
edge of the orbit.
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The frontal is fused and, when present, bears the pineal foramen (Romer, 1956; Rieppel,
1981). In Archaius (Rieppel and Crumly, 1997), Bradypodion (Fig. 2.1c,d) (Parker, 1881;
Methuen and Hewitt, 1914; Engelbrecht, 1951; Rieppel, 1981), Brookesia (Fig. 2.1a,b) (Sieben-
rock, 1893; Romer, 1956; Rieppel, 1987), Calumma species other than C. brevicorne (Methuen
and Hewitt, 1914; Rieppel and Crumly, 1997), Furcifer bifidus (Rieppel and Crumly, 1997),
Furcifer campani (Rieppel and Crumly, 1997), and Rhampholeon (Werner, 1902b; Frank,
1951), the frontal circumscribes the dorsal margin of the orbit and joins with the prefron-
tal anteriorly and the postorbitofrontal posteriorly. In Calumma brevicorne (Methuen and
Hewitt, 1914), Chamaeleo (Parker, 1881), Furcifer species other than F. bifidus and F. campani
(Methuen and Hewitt, 1914; Rieppel and Crumly, 1997), and Trioceros (Fig. 2.1€) (Rieppel,
1981, 1993); however, the frontal is excluded from involvement in circumscribing the orbit
by contact of the prefrontal with the postorbitofrontal. The postorbitofrontal joins the jugal
at the posterior margin of the orbit (Fig. 2.1a,c,e) (Parker, 1881; Engelbrecht, 1951; Frank,
1951; Rieppel, 1981) and extends deep to meet the ectopterygoid (Rieppel, 1981).

In Chamaeleo (Parker, 1881), Furcifer lateralis (Methuen and Hewitt, 1914; Rieppel and
Crumly, 1997), F. pardalis (Rieppel and Crumly, 1997), and Trioceros (Fig. 2.1e) (Rieppel,
1981), the dorsal tip of the jugal contacts the squamosal to form the upper temporal arch,
with a posterior projection of the postorbitofrontal extending dorsal to the squamosal. In
Calumma species other than C. brevicorne (Methuen and Hewitt, 1914; Rieppel and Crumly,
1997), Bradypodion (Fig. 2.1c) (Parker, 1881; Rieppel, 1981), Brookesia (Fig. 2.1a) (Siebenrock,
1893; Romer, 1856; Rieppel, 1987), F. bifidus (Rieppel and Crumly, 1997), Rhampholeon
(Werner, 1902b; Frank, 1951), and Rieppeleon (Rieppel, 1987), the jugal and squamosal do
not connect and the postorbitofrontal bridges the gap between them. Methuen and Hewitt
(1914) note that the jugal and squamosal come into contact in Calumma brevicorne and C.
nasuta, whereas Rieppel (1997) notes that the jugal may closely approach the squamosal in
C. nasuta but does not touch it. A fontanelle in C. brevicorne may influence the possibility
of contact between the jugal and squamosal. Further, Rieppel and Crumly (1997) note that
contact between the jugal and squamosal is variable in F. oustaleti and F. verrucosus.

In Archaius (Hillenius, 1988), Calumma (Hillenius, 1988), Chamaeleo (Parker, 1881;
Methuen and Hewitt, 1914; Hillenius, 1988), Furcifer (Hillenius, 1988), Kinyongia
(Hillenius, 1988), Rhampholeon (Werner, 1902b; Frank, 1951; Rieppel, 1987), Rieppeleon
(Rieppel, 1987), and Trioceros (Fig. 2.1e) (Rieppel, 1981; Hillenius, 1988), the parietal
narrows posteriorly to form a sagittal crest, the parietal crest, extending posterodorsally
to form the casque and meeting the supraoccipital ventrally. This posterior narrowing
is slower, forming a more trigonal shape, in Calumma and Rhampholeon (Hillenius,
1988; Rieppel and Crumly, 1997), with some Calumma species having a broadening
again posteriorly (Rieppel and Crumly, 1997). In Archaius (Rieppel and Crumly, 1997),
Calumma (Hillenius, 1988), Chamaeleo (Parker, 1881; Methuen and Hewitt, 1914),
Furcifer (Hillenius, 1988), Rhampholeon (Werner, 1902b; Frank, 1951; Rieppel, 1987),
Rieppeleon brevicaudatus (Rieppel, 1987), and Trioceros (Fig. 2.1e) (Rieppel, 1981), a dorsal
process of the squamosal meets the posterodorsal tip of the parietal crest, whereas in
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Rieppeleon brachyurus and Rieppeleon kerstenii, the dorsal process is reduced and no lon-
ger meets the parietal (Rieppel, 1981). In Bradypodion (Fig. 2.1d) (Parker, 1881; Methuen
and Hewitt, 1914; Engelbrecht, 1951; Rieppel, 1981; Hillenius, 1988) and Brookesia
(Fig. 2.1b) (Siebenrock, 1893; Rieppel, 1987), the parietal forms a tapered plate extend-
ing posterodorsally to form the casque. A sagittal crest is formed on the ventral surface
of the parietal, which meets the supraoccipital (Fig. 2.1a,c,e) (Rieppel, 1981) and a lat-
eroventral processes extends off the posterolateral edge of the parietal to meet the dorsal
process of the squamosal (Fig. 2.1a,c,e) (Parker, 1881; Methuen and Hewitt, 1914; Brock,
1941; Engelbrecht, 1951; Rieppel, 1981, 1987). A small supratemporal lies medial to the
squamosal, wedged between the otic capsule wall and the head of the quadrate and
squamosal (Fig. 2.1¢) (Brock, 1941; Engelbrecht, 1951; Rieppel, 1981). The supratemporal
is absent in Rieppeleon (Rieppel, 1987).

The lateral head of the quadrate’s cephalic condyle articulates with the anterior surface
of the squamosal’s posteroventral process (Fig. 2.1a,c,e) (Rieppel, 1981). The pterygoid joins
posteriorly with the palatine, laterally with the ectopterygoid, and posteromedially with the
basisphenoid (Fig. 2.1f) (Engelbrecht, 1951; Rieppel, 1981). The pterygoid extends postero-
laterally from the junction with the basisphenoid toward the quadrate, expanding into a
wing-shaped structure in the process, but does not reach the quadrate, forming only a liga-
mentous connection with it (Fig. 2.1a,c,e,f) (Romer, 1956; Rieppel, 1981). The basisphenoid
joins with the basioccipital at its posterior edge, and the occipital condyle is at the poste-
rior edge of the basioccipital (Fig. 2.1f) (Parker, 1881; Werner, 19o2b; Rieppel, 1981). In
Calumma, the occipital condyle can be formed by the exoccipital with only participation of
the basioccipital (Rieppel, 1987). The occipital condyle articulates with the proatlas of the
vertebral column (Hoffstetter and Gasc, 1969).

The anterodorsal edge of the squamosal, posterodorsal edge of the postorbitofrontal, and
the ventrolateral edge of the parietal circumscribes the upper temporal fossa (Fig. 2.1a—€)
(Parker, 1881; Werner, 1902b; Engelbrecht, 1951; Frank, 1951; Rieppel, 1981, 1987). The ante-
rior edge of the quadrate, ventral edge of the squamosal, posterior edge of the jugal, and
in Chamaeleo and Trioceros, the posteroventral edge of the postorbitofrontal, circumscribe
the posttemporal fossa (Fig. 2.1a—e) (Parker, 1881; Siebenrock, 1893; Werner, 1902b; Engel-
brecht, 1951; Frank, 1951; Rieppel, 1981, 1987).

The dentaries are the sole tooth-bearing bones of the lower jaw; they join at a symphysis
anteromedially (Fig. 2.1a,c,e) (Parker, 1881; Werner, 1902b; Engelbrecht, 1951; Frank, 1951;
Rieppel, 1981, 1987). The coronoid attaches to the dentary medially with a dorsal coro-
noid process extending beyond the dorsal edge of the dentary (Fig. 2.1a,c,e) (Parker, 1881;
Werner, 1902b; Engelbrecht, 1951; Frank, 1951; Rieppel, 1981, 1987). In Calumma, Chamaceleo,
and Trioceros, the tooth row extends posteriorly beyond the anterior edge of the coronoid
process (Fig. 2.1a) (Rieppel and Crumly, 1997). The angular attaches to the ventromedial
aspect of the dentary (Fig. 2.1a,e) (Parker, 1881; Engelbrecht, 1951; Frank, 1951; Rieppel,
1981, 1987). The surangular joins to the posterior aspect of the coronoid and medial
aspect of the dentary (Fig. 2.1a,c,e) (Parker, 1881; Engelbrecht, 1951; Rieppel, 1981, 1987).
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The articular joins at the posterior edge of the surangular (Fig. 2.1c,e) (Parker, 1881; Engel-
brecht, 1951; Frank, 1951; Rieppel, 1981, 1987). The retroarticular process in chameleons is
reduced (Romer, 1956).

Chameleons, as do Agamidae and Leiolepididae, possess an acrodont dentition (Camp,
1923; Romer, 1956; Schwenk, 2000). Acrodont teeth are ankylosed to the apical surface of
the upper and lower jaw, are added posteriorly to the tooth row during growth, and are worn
throughout life and not replaced (Schwenk, 2000). Because teeth are not replaced, the sta-
bility of tooth position allows for strong occlusion patterns (Camp, 1923; Schwenk, 2000).

Cranial Musculature The musculature of the skull can be divided into a few broad com-
plexes, the jaw abductor muscles, and the complex jaw adductor musculature, which is very
well developed in chameleons, and finally the constrictor dorsalis musculature. Muscles of
the throat, buccal cavity and hyobranchial apparatus are presented in the “Hyobranchial” sec-
tion below and those of the eye in the section titled “Eye,” which focuses on the eye as a whole.

JAW ABDUCTOR MUSCULATURE The Musculus (M.) depressor mandibulae complex in
chameleons has not been described in detail (Haas, 1973). It is noted, however, to consist
of an internus and externus division (Engelbrecht, 1951). Combined, it originates on the
ascending process of the squamosal (Meyers and Clarke, 1998), through the posterior sur-
face of the lateral ridge on the quadrate (Frank, 1951; Meyers and Clarke, 1998), and inserts
into the posterior end of the mandible (Mivart, 1870; Meyers and Clarke, 1998) on the artic-
ular bone (Meyers and Clarke, 1998).

In some species, however, some of the posterior superficial fibers, called the M. depres-
sor mandibulae pars auricularis, insert onto the lateral surface of the occipital lobes (Mey-
ers and Clarke, 1998). The M. depressor mandibulae pars auricularis function to abduct the
occipital lobes during display, which are then passively adducted by recoil of the skin and
connective tissue on the lobes’ medial surface (Meyers and Clarke, 1998). Utilization of a
portion of the M. depressor mandibulae for this function, however, also results in move-
ment of the occipital lobes during feeding (C.V. Anderson, personal observation).

JAW ADDUCTOR MUSCULATURE The quadratomaxillary ligament (the zygomatic liga-
ment of Mivart, 1870, and Ogilvie, 1966, and the ligamentum jugomandibulare of Mey-
ers and Clarke, 1998) lies beneath the skin on the side of the head, posterior to the corner
of the mouth, and spans between the bones along the posteroventral margin of the orbit
and the ventral end of the suspensorium (Mivart, 1870; Poglayen-Neuwall, 1954; Ogilvie,
1966; Rieppel, 1981; Meyers and Clarke, 1998). Deep to this ligament lies the rictal plate
(Poglayen-Neuwall, 1954), which serves as a site of muscle attachment for some of the jaw
adductor muscles (Schwenk, 2000). Finally, the jaw adductor tendon, called the “bodenapo-
neurosis” or “basal aponeurosis,” which is a large aponeurotic plate attached to the lower
jaw, spans between the lower jaw and some of the jaw adductor muscles in multiple sheets
or septa (Poglayen-Neuwall, 1954; Rieppel, 1981, 1987). The lateral septum of the bodenapo-
neurosis is a narrow dorsal projection that extends dorsally from the coronoid process
(Rieppel, 1981, 1987). The posterior sheet of the bodenaponeurosis extends dorsally from
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the posterior to the coronoid process (Rieppel, 1981). The anterior sheet of the bodenapo-
neurosis is narrow and fan-shaped; it also extends dorsally well into the upper temporal
opening from the coronoid process (Rieppel, 1981).

The most superficial of the jaw adductor muscles is the M. levator anguli oris, which
consists of an anterior and a posterior division (Rieppel, 1981, 1987). These divisions are
weakly separated in some taxa (e.g., Bradypodion pumilum [Rieppel, 1981]; Brookesia super-
ciliaris [Rieppel, 1987]), whereas in others they are more distinctly separated (e.g., Trioceros
melleri [Rieppel, 1981]). The M. levator anguli oris anterior originates on the upper tempo-
ral arch and the M. levator anguli oris posterior originates on the quadrate (Rieppel, 1981,
1987), with both inserting on the rictal plate at the corner of the mouth (Schwenk, 2000).
The M. tensor anguli oris is absent in chameleons (Rieppel, 1981).

Beneath the M. levator anguli oris and rictal plate is the M. adductor mandibulae exter-
nus superficialis (Rieppel, 1981). It originates on the medial surface of the upper temporal
arch and inserts on the dorsolateral surface of the lower jaw (Rieppel, 1981). Superficially,
the fibers of the M. adductor mandibulae externus superficialis extend dorsal to posterodor-
sally but the deeper fibers transition to more oblique angles approaching the more sharply
posterodorsal angle of the fibers of the M. adductor mandibulae externus medialis, which
lies beneath it (Rieppel, 1981).

The M. adductor mandibulae externus medialis lies deep to the M. adductor mandibulae
externus superficialis and originates and inserts broadly (Rieppel, 1981). The anteriormost
fibers originate on the dorsal and dorsoventral edge of the upper temporal fossa on the parietal
and squamosal bones, and insert on the dorsal part of the lateral septum of the bodenaponeu-
rosis (Rieppel, 1981, 1987). More medial fibers originate on the medial surface of the posterior
side of the upper temporal arch on the squamosal bone and from the cephalic condyle of the
quadrate and then insert on the posteroventral portion of the lateral septum of the bodenapo-
neurosis (Rieppel, 1981, 1987). The posteriormost fibers originate on the lateral surface of the
quadrate and insert on the posterior sheet of the bodenaponeurosis (Rieppel, 1981) or on the
surangular of the lower jaw (Rieppel, 1987). Some deep fibers of the M. adductor mandibulae
externus medialis originate on the parietal and ascending process of the squamosal and insert
on the lateral surface of the anterior sheet of the bodenaponeurosis (Rieppel, 1981).

The M. adductor mandibulae externus profundus is divided into three heads, or por-
tions, and overall is enlarged because of the formation of the casque (Rieppel, 1981). The
posteroventralmost portion, the so-called 3a-head, corresponds to fibers originating on the
anteromedial surface of the quadrate and insert on the dorsomedial surface of the jaw, deep
to the posterior sheet of the bodenaponeurosis, but in chameleons cannot be clearly defined
(Rieppel, 1981). The pattern of origin and insertion of the anterodorsalmost portion, the so-
called 3b-head, varies from one casque structure to another. In Trioceros, which have a strong
sagittal crest on the parietal bone, the 3b-head originates on the sagittal crest deep to the
M. adductor mandibulae externus medialis and inserts on the medial aspect of the anterior
sheet of the bodenaponeurosis (Rieppel, 1981). In Bradypodion, which have a broad parietal
bone with a ventrolateral process, the 3b-head originates on the lower surface of the parietal
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and on to the ventrolateral process and inserts on the medial surface of the anterior sheet of
the bodenaponeurosis (Rieppel, 1981). In both cases, the origin extends anteriorly over the
insertion of the M. pseudotemporalis superficialis (Rieppel, 1981) and in some cases onto
the posterior edge of the postorbital, where it meets with the parietal (Engelbrecht, 1951).
Between the 3a- and 3b-heads lies the so-called 3c-head of the M. adductor mandibulae exter-
nus profundus (Rieppel, 1981). The 3c-head originates on the lateral and ventral aspect of the
prootic (Rieppel, 1981, 1987), the covering of the surface of the otic capsule wall (Brock, 1941;
Engelbrecht, 1951), and the anterior and anterodorsal aspect of the paroccipital process of the
back of the skull (Rieppel, 1981). It inserts on the medial surface on the basal portion of the
bodenaponeurosis and on the medial surface of the coronoid process itself (Rieppel, 1981).

The M. adductor posterior lies deep to the M. adductor mandibulae externus profundus
and is rather large in chameleons (Rieppel, 1981). It originates on the medial edge of the
quadrate; on the membrane between the quadrate, prootic, and pterygoid; and on the
dorsolateral part of the pterygoid wing (Haas, 1973; Rieppel, 1981). The M. adductor posterior
inserts on the medial aspect of the surangular of the lower jaw (Rieppel, 1981).

Although regarded by some as not differentiated (Brock, 1941), the M. pseudotempo-
ralis consists of a superficialis and profundus division and is also deep to the M. adductor
mandibulae externus profundus (Haas, 1973; Rieppel, 1981, 1987). The M. pseudotempo-
ralis superficialis originates on the anteromedial aspect of the casque and inserts on the
dorsal portion of the tendinous raphe extending dorsally from the coronoid process deep
to the bodenaponeurosis (Rieppel, 1981). The M. pseudotemporalis profundus originates
on the anterior edge of the prootic and on the membranous sidewall of the braincase ante-
rior to it (Rieppel, 1981). Anterior fibers of the M. pseudotemporalis profundus insert
on the posterior base of the tendon, whereas the deeper and more posterior fibers of the
M. pseudotemporalis superficialis insert on the medial aspect of the lower jaw direction just
posteroventral to the coronoid process (Rieppel, 1981, 1987).

The M. pterygoideus consists of a superficial (ventral) and deep (dorsal) head (Riep-
pel, 1981). The superficial head originates on the ventral edge and ventromedial aspect of
the pterygoid wing and inserts on the lower edge and ventrolateral surface of the lower jaw
(Rieppel, 1981). The deep head originates on the lateral aspect of the posteroventral portion
of the pterygoid wing and inserts on the medial surface of the lower jaw, just ventral and
anteroventral to the jaw joint (Rieppel, 1981).

CONSTRICTOR DORSALIS MUSCULATURE The muscles of the constrictor internus dorsalis
complex, which are typically involved in cranial kinesis (Schwenk, 2000), are highly reduced
in chameleons (Brock, 1941; Engelbrecht, 1951; Frank, 1951; Haas, 1973; Rieppel, 1981).
This is in large part a result of the akinetic structure of the chameleon skull (Haas, 1973).

Whereas the M. levator pterygoidei has been reported in young Chamaeleo (Lakjer, 1926;
Rieppel, 1981), other research has failed to identify it (Lubosch, 1933; Brock, 1941; Engel-
brecht, 1951; Frank, 1951; Poglayen-Neuwall, 1954; Rieppel, 1981, 1987).

The M. protractor pterygoidei is strongly developed in some taxa but only weekly devel-
opedinothers (Frank, 1951; Haas, 19773; Rieppel, 1981, 1987). It originates on the basipterygoid
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process (Frank, 1951; Poglayen-Neuwall, 1954; Haas, 1973; Rieppel, 1981, 1987) and inserts
on the medial to dorsomedial aspect of the pterygoid wing (Haas, 1973; Rieppel, 1981, 1987).
In Bradypodion, it is also noted to insert on the ligament connecting the pterygoid wing and
the quadrate, thus acting as a quadrate protractor in these taxa (Rieppel, 1981).

The M. levator bulbi ventralis is also lacking in chameleons (Poglayen-Neuwall, 1954;
Haas, 1973). The M. levator bulbi dorsalis, however, is present and originates on the prootic
wing and inserts on the ventral portion of the eye (Poglayen-Neuwall, 1954; Haas, 1973).

Hyobranchial
One of the more highly specialized features in chameleons is the tongue. In order to
achieve ballistic tongue projection, the tongue apparatus has undergone a series of
anatomical changes from their agamid-like ancestors. Interest in the tongue of chame-
leons has resulted in a wide range of studies on its structure and function over the years.
These have subsequently resulted in a wide range of varying interpretations and names of
the tongue’s structures, particularly muscular structures. These name synonyms and the
names we've adopted are summarized in Table 2.1 and described in the following sections.

Tongue Skeleton The chameleon hyobranchial apparatus is comprised of a reduced
basihyoid, an elongate lingual process, and two pairs of cornua (Fig. 2.2a,b) (Bell, 1989;
Herrel et al., 2001b; Meyers et al., 2002). The hyobranchial apparatus is suspended in the
region of the neck and throat by muscle connection between it and the lower jaw, sternum,
and pectoral girdle (Zoond, 1933; Wainwright et al., 1991). The elongate lingual process lies
medially and extends anteriorly into the buccal cavity (Houston, 1828).

The elongate lingual process, called the “entoglossal process,” is parallel-sided over most
of its length, with a tapered anterior tip (Fig. 2.2a,b) (Gnanamuthu, 1930; van Leeuwen,
1997; Wainwright and Bennett, 1992b; Herrel et al., 2001b, 2009; de Groot and van
Leeuwen, 2004). The degree of tapering reported in the literature varies from the anterior
10% (Wainwright and Bennett, 1992Db) to 1 to 1.5% (Herrel et al., 2001b). Histological sec-
tions of the entoglossal process indicate that it is cartilaginous, with hyaline cartilage along
its body and a thick layer of dense fibrocartilage near the tip (Herrel et al., 2001b). Some
degree of calcification of the entoglossal process is evident, however, as the entoglossal pro-
cess on cleared and stained specimens stains for bone (Herrel et al., 2001b).

The anterior pair of cornua consists of the ceratohyalia, which are shorter than the poste-
rior pair of cornua (Fig. 2.2a,b) (Gnanamuthu, 1930; Bell, 1989; Wainwrightetal., 1991; Herrel
et al., 2001b, 2009; Meyers et al., 2002) and are completely cartilaginous (Wainwright et al.,
1991; Herrel et al., 2001b; Meyers et al., 2002). Each ceratohyal is divided into two parts, with
the proximal part being more robust and the distal part being more flexible (Herrel et al.,
2001b). The two parts of the ceratohyals articulate with a synovial joint and the proximal
part articulates on the anterior dorsal side of the basihyoid with a U-shaped synovial joint
(Herrel et al., 2001b). From the basihyoid, the ceratohyals extend anterodorsally when the
tongue apparatus is in its rest position and viewed laterally (Houston, 1828; Bell, 1989;
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TABLE 21 Muscle Synonomies of Chameleon Hyobranchial Musculature

This Review

Published Synonyms

Sources

Musculi (Mm.)
mandibulohyoideus
medialis?, lateralis
1° et lateralis 2¢

M. omohyoideus

Mm. sternohyoideus
superficialis® et
profundus®

Mm. geniohyoid “internal™
et “external”c

M. geniohyoid®

M. ceratomandibular®<

Mm. geniohyoideus medialis®
et lateralis®*

M. geniohyoideus

M. geniohyoideus?

M. genio-ceratoideus®*

M. mandibulohyoideus

Mm. mandibulohyoideus 1°, 22,
et 3¢

Mm. mandibulohyoideus 1¢, 22,
et 3°

M. omohyoid
M. scapula-hyoidien
M. omohyoideus

M. sternohyoideus?

M. sternoceratoideus®

M. sternothyroideus®

Houston, 1828; Dewevre, 1895

Mivart, 1870; Zoond, 1933

Mivart, 1870

Lubosch, 1932; Altevogt and
Altevogt, 1954; Altevogt,
1977, Wainwright et al., 1991;
So etal., 1992

Briicke, 1852a; Wainwright and
Bennett, 1992a

Kathariner, 1894;
Germershausen, 1913

Kathariner, 1894;
Germershausen, 1913

Meyers and Nishikawa, 2000;
Herrel et al., 2009

Herrel et al., 2001b

Meyers et al., 2002

Houston, 1828; Mivart, 1870

Dewevre, 1895

Kathariner, 1894;
Germershausen, 1913;
Lubosch, 1932; Herrel et al.,
2001b; Meyers et al., 2002

Houston, 1828; Mivart,
1870; Kathariner, 1894;
Germershausen, 1913;
Gnanamuthu, 1930, 1937,
Zoond, 1933; Altevogt and
Altevogt, 1954; Altevogt, 1977;
Wainwright et al., 1991; So
etal., 1992; Wainwright and
Bennett, 1992a; Meyers et al.,
2000; Herrel et al., 2001Db, 2009

Houston, 1828; Kathariner, 1894;
Germershausen, 1913

Mivart, 1870; Gnanamuthu,
1930, 1937; Zoond, 1933;
Wainwright et al., 1991; So
etal., 1992; Wainwright and
Bennett, 1992a; Meyers et al,,
2000; Herrel et al., 2001b
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TABLE 2.1 (Continued)

This Review

Published Synonyms

Sources

Mm. genioglossus
anterior® et
posterior®

M. constrictor colli

Mm. intermandibularis
anterior® et
posterior”

M. branchiohyoideus

M. hyoglossus
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Mm. sterno-hyoiden “anterieur™
et “postero-lateral”™

M. sternohyoidei

Mm. sternohyoideus
superficialis® et profundus®

M. genioglossus

M. génio-périglosse

Mm. genioglossus anterior?
et posterior”

Mm. genioglossus medialis®
et lateralis®

M. constrictor colli

M. mylohyoideus

Mm. mylohyoideus anterior®
and posterior®

M. intermaxillaris?

M. mylo-hyoideus posterior®

Mm. intermandibularis anterior®
et posterior®

M. ceratohyoideus

M. branchiohyoideus

M. hyoglossus

M. glosso-hyoidiens
“glossohyal muscle”
“retractor muscle”

“hyoglossal muscle”

Dewevre, 1895

Lubosch, 1932
Meyers et al., 2002

Mivart, 1870; Kathariner, 1894;
Gnanamuthu, 1930; 1937;
Bell, 1989

Dewevre, 1895

Herrel et al., 2001b

Meyers et al., 2002

Herrel et al., 2001b

Houston, 1828; Briicke,
1852a; Dewevre, 1895;
Gnanamuthu, 1930
Mivart, 1870; Kathariner, 1894

Germershausen, 1913

Germershausen, 1913

Herrel et al., 2001b; Meyers
etal., 2002

Mivart, 1870; Gnanamuthu,
1930
Herrel et al., 2001b

Houston, 1828; Briicke,
1852a; Kathariner, 1894;
Gnanamuthu, 1930, 1937;
Lubosch, 1932; Zoond, 1933;
Altevogt and Altevogt, 1954;
Altevogt, 1977; Bell, 1989;
So etal., 1992; Wainwright
and Bennett, 1992a; Herrel
etal., 2000, 2001a,b, 2002,
2009; Meyers and Nishikawa,
2000, 2002; de Groot and van
Leeuwen, 2004

Dewevre, 1895

Gans, 1967

Wainwright et al., 1991

Wainwright and Bennett, 1992a
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TABLE 2.1 (Continued)

This Review

Published Synonyms

Sources

M. accelerator linguae

M. “retractor pouch”

M. longitudinalis
linguae ventralis

M. pulvinaris

Mm. transversalis
linguae anterior® et

“Annular muscle”
“ring muscle”

“accelerator muscle”

M. accelerator

M. accelerator linguae

M. longitudinales linguae
adductoris

hyoglossus superficialis
pouch retractor
“retractor pouch”

submucosus
hyoglossus profundus
longitudinalis linguae
extensoris
longitudinalis linguae
ventralis

LTXX xXK

£

M. pulvinar
“Ringmuskel fiir den Fangnapf”
M. pulvinaris

M. lateralis linguae
M. transversalis linguae®

Houston, 1828

Gnanamuthu, 1930, 1937; Zoond,
1933

Gans, 1967; Wainwright et al.,
1991; So et al., 1992;
Wainwright and Bennett,
1992a,b; van Leeuwen, 1997;
Meyers et al., 2002; de Groot
and van Leeuwen, 2004

Kathariner, 1894; Lubosch, 1932;
Altevogt and Altevogt, 1954;
Altevogt, 1977; Herrel et al.,
2000, 2001a,b, 2009; Meyers
and Nishikawa, 2000

Briicke, 1852a; Kathariner, 1894;
Sewertzoff, 1923; Altevogt
and Altevogt, 1954; Altevogt,
1977; Schwenk and Bell,
1988; Bell, 1989

Briicke, 1852a; Gnanamuthu,
1930, 1937; Zoond, 1933; Bell,
1989

Kathariner, 1894

Herrel et al., 2000

Herrel et al., 2001b

Briicke, 1852a

Kathariner, 1894

Gnanamuthu, 1930, 1937;
Zoond, 1933; Bell, 1989

Herrel et al., 2001b

Briicke, 1852; Lubosch, 1932
Altevogt, 1977
Bell, 1989; Herrel et al., 2001b

Briicke, 1852a
Gnanamuthu, 1930, 1937

posterior® M. lateralis linguae® Gnanamuthu, 1930
M. transversalis linguae externi® Bell, 1989
M. superficialis linguae® Bell, 1989
Mm. transversalis linguae Herrel et al., 2001b

anterior® and posterior®

a. XXXXX.

b. Xxxxx.

€. XXXXX.
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FIGURE 2.2. Skeletal and muscular components of the chameleon tongue apparatus. Lateral (a)
and dorsal (b) views of the skeletal elements of the tongue of C. p. parsonii. Ventrolateral (c) and
dorsolateral (d) views of the muscular elements of the tongue of T. johnstoni at rest. Anterior end
of elements at left in (a), (b), and (d), and at right in (c). Scale bar at bottom left applies to (a) and
(b), and that at bottom right to (c) and (d). Modified from Anderson et al. (2012).

LABELS: ACC = M. accelerator linguae; ACT = articulating cartilaginous tip; BH = basihyoid; CB =
ceratobranchial; CH = ceratohyal; ENT = entoglossal process; HG = M. hyoglossus; TP = tongue pad.
Dotted lines between gray triangles in (c) and (d) indicate division between HG and ACC. Dotted line
between white triangles in (d) indicate posterior limits of the TP.

Herrel et al., 2001b). When viewed in a transverse plane, the ceratohyals form a U-shape. As
the entoglossal process is pulled forward during tongue protrusion, the ceratohyals rotate
and are pointed upward (Herrel et al., 2001b). In some species, the distal part of the cera-
tohyal has a flat triangular piece of cartilage attached to it (Gnanamuthu, 1930; Herrel et al., 2001b).

The posterior pair of cornua is the ceratobranchials, which are ossified and longer
than the ceratohyals (Fig. 2.2a,b) (Gnanamuthu, 1930; Bell, 1989; Herrel et al., 2001b;
Meyers et al., 2002). The ceratobranchials articulate with the posterior side of the basihy-
oid with a saddle-shaped synovial joint (Herrel et al., 2001b; Meyers et al., 2002). At rest,
the ceratobranchials extend anterodorsally (Gnanamuthu, 1930; Bell, 1989) to dorsally in a
nearly perpendicular direction to the long axis of the hyobranchial apparatus when viewed
laterally (Herrel et al., 2001b; Meyers et al., 2002). When viewed in a transverse plane, the
ceratobranchials form a U-shape. During protrusion of the tongue, the ceratobranchials
rotate and are folded backward (Wainwright et al., 1991; Herrel et al., 2009).

Hyobranchial Musculature The hyobranchial apparatus is suspended in the throat
by muscles that originate outside the hyobranchial apparatus and insert on the hyobranchial
skeleton (Bell, 1989; Wainwright et al., 1991). These muscles serve to draw the hyobranchial
apparatus forward and back during tongue protrusion and hyobranchial retraction (Gnana-
muthu, 1930; Bell, 1990; Herrel et al., 2009).
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The paired M. mandibulohyoideus consists of three distinct divisions (Gnanamuthu,
1930; Herrel et al., 2001b). The M. mandibulohyoideus medialis originates near the symphy-
sis of the lower jaw via a short aponeurosis and inserts on the ventral surface of the basihyoid
(Wainwright and Bennett, 1992a; Herrel et al., 2001b). The M. mandibulohyoideus lateralis
1 originates lateral to the symphysis of the lower jaw and inserts on the tip of the ceratohyal
(Herrel et al., 2001b). The M. mandibulohyoideus lateralis 2 originates on the jaw between
the M. mandibulohyoideus medialis and M. mandibulohyoideus lateralis 1, is attached to the
M. mandibulohyoideus lateralis 1 for most of the latter’s length, and inserts on the distal third
of the ceratobranchial (Herrel et al., 2001b). Together, the M. mandibulohyoideus serves to draw
the hyobranchial apparatus anteriorly during tongue protrusion and protraction and is active
during prey transport (Briicke, 1852a; Dewevre, 1895; Gnanamuthu, 1930; Zoond, 1933; Wain-
wright et al., 1991; Wainwright and Bennett, 1992a; Meyers and Nishikawa, 2000). The two
divisions of the M. mandibulohyoideus lateralis may also serve to facilitate articulation of the
cornua with the basihyoid by drawing the tips of the cornua forward as the M. sternohyoideus
draws the basihyoid back during hyobranchial retraction (Dewevre, 1895; Gnanamuthu, 1930).

The paired M. omohyoideus originates on the anterior, ventral side of the scapula and
inserts on the posterior side of the lateral aspect of the basihyoid (Mivart, 1870; Gnana-
muthu, 1930, 1937; Meyers et al., 2002). From the basihyoid, however, it extends dorsally to
wrap around the M. sternothyroideus before returning ventrally and curving under the M.
episternocleidomastoideus toward the scapula (Herrel et al., 2001b; Meyers et al., 2002). It
serves to draw the basihyoid upward (Mivart, 1870; Gnanamuthu, 1930).

The paired M. sternohyoideus consists of a superficialis and a profundus division (Mey-
ers et al., 2002). The M. sternohyoideus superficialis originates on the posteroventral sur-
face of the xiphisternum (xiphoid process) and inserts on the ventral side of the basihyoid
(Gnanamuthu, 1930; Herrel et al., 2001b; Meyers et al., 2002). It serves to draw the basi-
hyoid posteriorly during hyobranchial retraction (Gnanamuthu, 1930, 1937; Zoond, 1933;
Wainwright and Bennett, 1992a). The M. sternohyoideus profundus consists of two divisions
(Herrel et al., 2001b). The anterior division originates on the midbody connective-tissue
band anterior to the xiphisternum and inserts on the posterior tip of the ceratobranchial
(Herrel et al., 2001b). The posterior division also originates on the midbody connective-tis-
sue band but immediately anterior to the xiphisternum and inserts onto the posterior side
of the dorsal half of the ceratobranchial (Herrel et al., 2001b). Together, they serve to draw
the distal end of the ceratobranchials in a posteroventral direction during tongue protrusion
(Gnanamuthu, 1930, 1937; Wainwright and Bennett, 1992a).

Within the throat and buccal cavity, support and movement of the hyobranchial appara-
tus is facilitated by intermandibular musculature (Gnanamuthu, 1930; Herrel et al., 2001b).
These muscles originate on the skull and mandible and generally serve to elevate the throat
and gular regions, and in doing so elevate the hyobranchial apparatus within the throat and
buccal cavity (Gnanamuthu, 1930).

The paired M. genioglossus consists of an anterior and a posterior division (Herrel et al.,
2001b). They originate on the inner surface of the mandible and insert on the buccal-floor
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epithelium (Gnanamuthu, 1930; Bell, 1989; Herrel et al., 2001b), with the anterior portion
inserting via a tendon (Herrel et al., 2001b). The anterior division inserts at the level of the basi-
hyoid, whereas the posterior division inserts on an aponeurosis at the floor of the throat (Her-
rel et al., 2001b). The M. genioglossus forms a pouch around the tongue inside the mouth and
when contracted form paddle-like lips on either side of the tongue (Gnanamuthu, 1930, 1937;
Bell, 1989).

The paired M. constrictor colli originates on the dorsal nuchal/cervical fascia and
inserts on the midventral fascia (Herrel et al., 2001b; Meyers et al., 2002). From its origin,
it extends ventrally and then posterior to the lower jaw and curves medially toward the mid-
ventral fascia (Herrel et al., 2001b). It serves to elevate the throat (Gnanamuthu, 1930).

The paired M. intermandibularis consists of two divisions, an anterior and a posterior one
(Gnanamuthu, 1930; Herrel et al., 2001b), with the anterior division being further divided into
a principalis and profundus sheet by some researchers (Gnanamuthu, 1930, 1937). They origi-
nate broadly along the inner surface of the mandible and lower jaw, with the posterior division
originating via a short aponeurosis (Herrel et al., 2001b). The anterior division inserts on the
midventral fascia, which is attached to the jaw symphysis, and the posterior division inserts
on the midventral fascia via an aponeurosis (Herrel et al., 2001b; Meyers et al., 2002). The
M. intermandibularis anterior principalis runs anteromedially toward its insertion, whereas
the M. intermandibularis anterior profundus runs posteromedially toward its insertion
(Gnanamuthu, 1930). Together they serve to elevate the floor of the mouth.

Within the hyobranchial apparatus itself, the paired M. branchiohyoideus spans between
the posterior edge of the distal third of the ceratohyal and the anterior side of the distal
quarter of the ceratobranchial (Gnanamuthu, 1930; Herrel et al., 2001b). It enables move-
ment of the cornua with respect to each other, as the aforementioned muscles that insert on
them modulated their position.

The paired M. hyoglossus originates on the medial surface of the ceratobranchial along its
entire length and inserts under the strong outer layer of connective tissue on the lateral aspect
ofthe M. accelerator linguae at approximately a quarter of its length (Fig. 2.2¢,d) (Herrel etal.,
2001b; Meyers etal., 2002). The muscle is bulky near its origin and quickly narrows as it runs
ventrally to the proximal end of the ceratobranchial (Gnanamuthu, 1930; Bell, 1989; Herrel
et al., 2001b). It then passes under the ceratohyal by its articulation with the basihyoid
(Gnanamuthu, 1930; Bell, 1989; Herrel et al., 2001b). At rest, the M. hyoglossus is heav-
ily pleated around the posterior end of the entoglossal process until it reaches the posterior
edge of the M. accelerator linguae (Fig. 2.2¢,d) (Herrel et al., 2001b; Meyers et al., 2002).
The M. hyoglossus is surrounded by a sheath of epimysium between the M. accelerator
linguae and the base of the entoglossal process (Meyers et al., 2002). Fully elongated, the
M. hyoglossus extends up to 600% of its resting length (Herrel et al., 20014, 2002). This
extreme shortening capability is the result of supercontracting muscle fibers with perfo-
rated Z discs, which allow filaments within each muscle sarcomere to extend through the
Z discs and into adjacent sarcomeres (Rice, 1973; Bell, 1989; Schwenk, 2000; Herrel et al.,
20013, 2002). The M. hyoglossus serves to retract the M. accelerator linguae back onto the
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entoglossal process following tongue projection (Altevogt and Altevogt, 1954; Gans, 1967;
Bell, 1989; Wainwright and Bennett, 1992a).

The M. accelerator linguae surrounds the entoglossal process at rest and is surrounded
by an inner and outer tendinous connective-tissue sheath (Fig. 2.2¢,d) (Gnanamuthu, 1930;
Bell, 1989; Herrel et al., 2001b). The posterior three quarters form a muscular tube around
the entoglossal process (Gnanamuthu, 1930; Bell, 1989; Herrel et al., 2001b), with muscle
fibers extending radially between the inner and outer tendinous sheaths in a cross-helical fash-
ion (Gnanamuthu, 1930; Gans, 1967; Bell, 1989; van Leeuwen, 1997; Herrel et al., 2001b; de
Groot and van Leeuwen, 2004). The anterior quarter of the M. accelerator linguae divides into a
dorsal and a ventral projection (Gnanamuthu, 1930; Bell, 1989; Herrel et al., 2001b). The dorsal
bundle extends to the posterior edge of the tongue pouch, whereas the ventral bundle extends
all the way to the tip of the tongue (Herrel et al., 2001b). The dorsal bundle is continuous with
the posterior three quarters of the M. accelerator linguae, with muscle fibers oriented perpen-
dicularly to the long axis of the hyobranchial apparatus (Herrel et al., 2001b). The ventral bundle
has similarly oriented muscle fibers and is continuous with the posterior three quarters up to the
approximate location where the dorsal bundle ends, at which point a vertical connective-tissue
septum separates the remaining length of the ventral projection of the M. accelerator linguae
(Herrel et al., 2001b). The M. accelerator linguae serves to push the tongue off the entoglossal
process (Gans, 1967; Altevogt, 1977; Bell, 1989; Wainwright and Bennett, 1992a,b) and load
elastic elements involved in tongue projection (de Groot and van Leeuwen, 2004).

The paired M. “retractor pouch” originates on the dorsolateral side of the M. accelera-
tor linguae on the posterior third of its length and inserts medially on the inner side of the
membrana grandulosa of the tongue pad, which is invaginated at rest (Herrel et al., 2001b).
It serves to draw the center of the tongue pad posteriorly during prey prehension (Herrel
et al., 2000), thus invaginating the membrane grandulosa of the tongue pad.

The paired M. longitudinalis linguae ventralis originates immediately posterior to the
bifurcated tongue tip on the internal surface of the tongue pad and inserts on the lateral side
of the anteroventral, noncircular portion of the M. accelerator linguae (Bell, 1989; Herrel
et al., 2001b). Whereas some studies suggest that this muscle’s action involves extension
of the tongue (Gnanamuthu, 1930), it appears clear that it is not an extensor (Herrel et al.,
2001b) but likely serves to draw the ventral aspect of the tongue pad back, possibly drawing
the bifurcated tongue tip ventrally in the process.

The paired M. pulvinaris is restricted to the tongue pad, where it develops at its posterior
end, extends anteriorly, and ends immediately anterior to the tongue pouch (Briicke, 1852a;
Bell, 1989; Herrel et al., 2001b).

The M. transversalis linguae consists of an anterior and a posterior division. The paired M.
transversalis linguae anterior originates on the dorsal aspect of the anterior, noncircular portion
of the M. accelerator linguae and inserts immediately anterior to the pouch on the inner surface
of the tongue pad (Herrel et al., 2001b). The paired M. transversalis linguae posterior originates
on the dorsolateral surface of the M. accelerator linguae on its posterior end and inserts poste-
rior to the pouch on the medial inner surface of the tongue pad (Herrel et al., 2001b).
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Located between the entoglossal process and the tongue muscles that surround it is an
assortment of connective tissue (Gnanamuthu, 1930; Zoond, 1933; Gans, 1967; Bell, 1989;
Herrel et al., 2001b; de Groot and van Leeuwen, 2004) that is comprised of a series of nested
intralingual sheaths (Gnanamuthu, 1930; Bell, 1989; de Groot and van Leeuwen, 2004). At
the anterior tip of the entoglossal process, a short articulating cartilaginous projection, which
is folded back on the entoglossal process at rest, is found (Herrel et al., 2001b). This articulat-
ing cartilaginous tip connects the layer of longitudinal collagen fibers surrounding the ento-
glossal process, the perichondrium, to the innermost intralingual collagen sheath between
the entoglossal process and the M. accelerator linguae (de Groot and van Leeuwen, 2004). The
innermost intralingual sheaths are longer than more peripheral sheaths, as the inner sheaths
attach more proximally on the hyobranchial apparatus than the outer sheaths (de Groot and
van Leeuwen, 2004). The innermost sheath is attached at its posterior end to the fascia of the
M. hyoglossus, near the articulation of the entoglossal process and the certobranchials, and
each subsequent sheath attaches slightly anterior to the previous sheath (de Groot and van
Leeuwen, 2004). More peripheral sheaths eventually are connected to the inner fascia of the
M. accelerator linguae (de Groot and van Leeuwen, 2004). The inner sheaths are connected to
each other only via their attachment to the M. hyoglossus and are able to slide past each other in
a telescoping fashion as the tongue extends (de Groot and van Leeuwen, 2004). In addition to
their structural connection at their attachment, the more peripheral sheaths are also intercon-
nected by collagenous trabeculae (de Groot and van Leeuwen, 2004). The collagen fibers of the
peripheral sheaths, which lie medial to the M. accelerator linguae, are arranged in a cross-helical
pattern (de Groot and van Leeuwen, 2004). The fibers of the inner sheaths are also arranged
in a cross-helical pattern in the portions of these sheaths that lie medial to the M. accelerator
linguae; however, the fibers in the portions that are posterior to the M. accelerator linguae run
parallel to the long axis of the entoglossal process (de Groot and van Leeuwen, 2004).

Trunk and Tail
Chameleons are adapted to be able to produce a large amount of dorsoventral flexion. This
is particularly true in their highly prehensile tail, which they are able to curl tightly under
their body. Various works have been done on the vertebral column and tail of the chameleon
(e.g. Siebenrock, 1893; Camp, 1923; Ali, 1948; Romer, 1956; Etheridge, 1967; Hoffstetter
and Gasc, 1969; Zippel et al., 1999) but surprisingly little has been done on the trunk
musculature (e.g., Mivart, 1870; Sathe, 1959).

Vertebral Column and Ribs The vertebral column of chameleons has been exam-
ined in only a handful of taxa. These studies have found the vertebral column within the
family to be variable in a number of regards and to possess a number of functional special-
izations as compared with other Saurians.

One of the most variable features of the chameleon vertebral column is the number of verte-
brae. The number of presacral (cervical, thoracic, and lumbar) vertebrae is known to range from
14 (Bergmann and Irschick, 2011) to 23 (Hoffstetter and Gasc, 1969). Whereas having fewer
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FIGURE 2.3. Vertebral elements of a generalized Bradypodion (a), Brookesia
superciliaris (b, ¢, e, f) and Chamaeleo zeylanicus (d). Depicted are a lateral view of
the first four cervical vertebrae (a), a dorsal (b) and transverse (c) view of a trunk
(thoracic/lumbar) vertebrae, a lateral view of two proximal caudal vertebrae

(d), and a dorsal (e) and ventral (f) view of the sacral vertebrae (fused into a synsacrum
in Brookesia). (a) redrawn from Raw (1976; originally based on Hoffstetter and Gasc,
1969), (b, ¢, e, f) from Siebenrock (1893), and (d) from Ali (1948).

LABELS: acc.ext = accessory extension; acc.na = accessory neural arch; at = atlas; cb =
chevron bone (hemal arch); cent = centrum; fcr = first cervical rib; inc = intercentra;
ns = neural spine; pat = proatlas; poz = postzygapophysis; prz = prezygapophysis;
tp = transverse process.

than 23 presacral vertebrae is known only within Saurians that occur in the suborder Iguania,
this range represents a reduction in the typical number of presacral vertebrae seen in the Iguan-
idae and Agamidae (Hoffstetter and Gasc, 1969). Further, with 14 presacral vertebrae, Brookesia
superciliaris has among the lowest number of trunk vertebrae of all squamate reptiles
(Bergmann and Irschick, 2011). Posteriorly, there are two sacral vertebrae in all taxa (Hoffstetter
and Gasc, 1969) and caudal vertebrae are known to range from 17 (Necas, 2004) to 62 (Etheridge,
1967) with smaller, more terrestrial genera typically having fewer caudal vertebrae then larger,
more arboreal genera (Etheridge, 1967; Necas, 2004; Boistel et al., 2010).

All vertebrae have large procoelous centrums (Camp, 1923; Hoffstetter and Gasc, 1969;
Raw, 19776) with elongated, cylindrical centra (Camp, 1923; Romer, 1956) and intercentra
confined only to the cervical region (Fig. 2.3a) (Hoffstetter and Gasc, 1969). The neural
spine is generally quite tall and typically extends posterodorsally with a posterior incline
and terminates with a straight, axe-shaped dorsal edge (Fig. 2.3a,d) (Hoffstetter and Gasc,
1969). The neural spine can be elongated considerably in certain regions of the spine in
some species, such at Trioceros cristatus or T. montium (Case, 1909). In these cases, the dis-
tal ends of the neural spines are connected by strong connective tissue threads and covered
with a skin membrane forming a strongly elevated crest (Case, 1909). Zygosphenes and
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zygantra are absent from the vertebra (Raw, 1976). The articular facets of the prezygapophy-
ses and postzygapophyses are steep, resulting in near-vertical articulation, thus allowing for
increased dorsoventral flexion (Hoffstetter and Gasc, 1969). Precaudal vertebrae lack ven-
tral hypapophyses in some species (Raw, 19776); however, three or four cervical intercentra
are typical (Fig. 2.3a) (Hoffstetter and Gasc, 1969).

All chameleons have five cervical vertebrae (Siebenrock, 1893; Werner, 1902b; Hoffstetter
and Gasc, 1969; Raw, 1976; Necas, 2004). However, some researchers (Camp, 1923; Romer,
1956) have indicated the presence of only three, because the last two cervical vertebrae bear
long cervical ribs (Fig. 2.3a) (Siebenrock, 1893; Werner, 1902b; Hoffstetter and Gasc, 1969;
Raw, 1976; Necas, 2004). These cervical ribs do not fuse to the sternum, however (Sieben-
rock, 1893; Hoffstetter and Gasc, 1969). The first two cervical vertebrae are the proatlas
and atlas, respectively (Fig. 2.3a) (Hoffstetter and Gasc, 1969; Raw, 1976), with the proatlas
appearing among Saurians only in the chameleons (Hoffstetter and Gasc, 1969). The three
or four intercentra are always separated and maintain an intervertebral position on the ventral
aspect of the cervical region of the vertebral column (Fig. 2.3a) (Hoffstetter and Gasc, 1969).

Given a constant number of cervical vertebrae (Hoffstetter and Gasc, 1969; Raw, 1976;
Necas, 2004), the combined number of thoracic and lumbar vertebrae varies from ¢
(Bergmann and Irschick, 2011) to 18 (Hoffstetter and Gasc, 1969). Thoracic vertebrae have
both sternal and parasternal ribs (Hoffstetter and Gasc, 1969), and the first two lumbar vertebrae
typically have reduced lumbar ribs (Hoffstetter and Gasc, 1969; Raw, 19706).

The ribs in chameleons are unicipital, with a single articulation between the rib and the
vertebra (Hoffstetter and Gasc, 1969) on the lateral margin of the vertebra (Rieppel, 1993).
The ribs generally have two proximodistal segments, a bony vertebrocostal and a cartilagi-
nous sternocostal segment, although a third cartilaginous intercostal segment between the
two aforementioned segments is sporadically seen within the Chamaeleonidae (Hoffstetter
and Gasc, 1969). Three to four sternal ribs, which are joined to the sternum or mesosternum,
are seen (Methuen and Hewitt, 1914; Hoffstetter and Gasc, 1969). Parasternal ribs have their
distal cartilaginous segments fuse on the midventral line, forming a parasternum posterior
to the sternum (Camp, 1923; Hoffstetter and Gasc, 1969) and range in number from 5 to 11
(Sathe, 1959; Hoffstetter and Gasc, 1969). Two reduced lumbar ribs are observed on the ante-
riormost lumbar vertebrae (Hoffstetter and Gasc, 1969; Raw, 1967).

The thoracic and lumbar vertebrae in Brookesia are somewhat different from those
of other chameleons. Their thoracic and lumbar vertebrae have a bony arch between the
prezygapophyses and postzygapophyses on one side of a single vertebrae and an accessory
neural arch extending from this arch to the ridge of the neural spine (Fig. 2.3b,c) (Sieben-
rock, 1893; Parker, 1942; Rieppel, 1987). These bony shields (Romer, 1956) result in chan-
nels on either side of the neural spine, which have muscles running within them (Fig. 2.3¢)
(Siebenrock, 1893; Parker, 1942), and a more rounded dorsal crest with a less distinct ridge.
In addition, some Brookesia have accessory extensions projecting laterally off the arch
between the prezygapophyses and postzygapophyses, corresponding to their laterovertebral
spines (Fig. 2.3b,c,e,f) (Siebenrock, 1893; Parker, 1942).
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The sacrum is typical in possessing two vertebrae (Werner, 1902b; Hoffstetter and Gasc,
1969; Raw, 1976). These vertebrae bear wing-like transverse processes or sacral pleurapoph-
yses (Hoffstetter and Gasc, 1969; Raw, 19776), which are made up of fused sacral ribs (Hoff-
stetter and Gasc, 1969). The sacral vertebrae in Brookesia are fused to form a synsacrum
(Fig. 2.3e,f) (Siebenrock, 1893; Klaver, 1979; Necas, 2004).

The number of caudal vertebrae varies considerably between species (Etheridge, 1967;
Necas, 2004; Boistel et al., 2010). The transverse processes are dorsoventrally compressed
and project ventrally rather than laterally in Chamaeleo (Fig. 2.3d) (Ali, 1948); however, in
Furcifer, there is a transition from the transverse processes projecting ventrolaterally on the
proximal portion of the tail to more laterally on the more distal portions of the tail (Zippel
et al,, 1999). Intervertebral chevron bones form the hemal arch (Fig. 2.3d) (Ali, 1948; Romer,
1956; Etheridge, 1967; Hoffstetter and Gasc, 1969) and become smaller in size distally, disap-
pearing toward the end (Etheridge, 1967; Hoffstetter and Gasc, 1969). These chevron bones
start on the first caudal vertebra in Brookesia; however, in other chameleons they do not begin
immediately and result in up to four proximal caudal vertebrae lacking a chevron bone (called
“pygal vertebrae”) (Hoffstetter and Gasc, 1969). No caudal autotomy and no autotomy planes
exist in chameleons (Romer, 1956; Etheridge, 1967; Hoffstetter and Gasc, 1969).

A number of adaptations for increased dorsoventral flexion of the tail are seen in the mor-
phology of the caudal vertebrae. The surface of the anterior and posterior vertebral centrum
are not evenly rounded, with a reduced ventral lip on the concave surface of the anterior cen-
trum and a stronger sloped dorsal half of the convex surface of the posterior centrum (Ali,
1948). This pattern becomes more prominent distally and allows for increased dorsoventral
articulation between adjacent caudal vertebrae (Ali, 1948). In addition, the prezygapophy-
sis and postzygapophysis of the caudal vertebrae are elongated (Fig. 2.3d) (Ali, 1948; Zippel
et al., 1999). The steep slope of the facets on the prezygapophysis and postzygapophysis
(Ali, 1948; Hoffstetter and Gasc, 1969), allow for dorsoventral movement, while restricting
lateral movements, and their length allows the interlocking prezygapophysis and postzyg-
apophyses to remain in close contact even when the tail is fully coiled (Ali, 1948).

The form of the caudal vertebrae differs once again in Brookesia. Like the thoracic and
lumbar vertebrae, the more proximal caudal vertebrae of Brookesia have a bony arch extend-
ing from the ridge of the neural spine to an arch between the prezygapophysis and postzyg-
apophyses (Boistel et al., 2010). They also have an additional arch extending from the arch
between the zygapophyses and the ridge of the transverse processes, which extends ventro-
laterally in Brookesia (Boistel et al., 2010). More terminal caudal vertebrae, however, lack
this bony shield, likely resulting in increased vertebral mobility of the distal portion of the
tail (Boistel et al., 2010).

Trunk Musculature The trunk musculature in reptiles is broadly arranged into epax-
ial and hypaxial musculature based on innervation from either the dorsal or the ventral

branch of the spinal nerves, respectively, rather than on topographic criteria, as in fishes
(Gasc, 1981). In general, however, the trunk musculature in chameleons has not been
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thoroughly examined (see Mivart, 1870, and Sathe, 1959) and is only superficially discussed
here as a result.

In general, epaxial muscles of reptiles are divided into medial, central, and lateral columns,
consisting of the M. transversospinalis group, M. longissimus group, and M. iliocostalis
group, respectively (Gasc, 1981). The epaxial musculature in chameleons is highly reduced
(Gasc, 1981), largely because movements of the girdles substitute for bending of the body
column (Peterson, 1973; Gasc, 1981). Mivart (18770) refers to upper and inferior portions of the
longissimus dorsi, presumably referring to the M. transversospinalis and M. longissimus,
respectively, which extend onto the tail (see “Tail Musculature,” below). Muscles that could
be associated with the M. iliocostalis group are not clearly described by Mivart (1870) and the
arrangement in other Saurians is diverse (Gasc, 1981).

Hypaxial musculature in reptiles is typically divided into medial, lateral, and subverte-
bral layers (Gasc, 1981). The medial layer includes the M. transversus, M. obliquus internus,
M. intercostalis internus, and M. rectus (Mivart, 1870; Gasc, 1981). The lateral layer consists
of the M. intercostalis externus and M. obliquus externus (Mivart, 1870; Gasc, 1981). Finally,
the subvertebral layer is generally restricted to the neck in Saurians (Gasc, 1981), and mus-
cles that could be associated with this layer are not clearly described by Mivart (1870).

Tail Musculature The caudal muscles are primarily organized into four longitudinal
muscle bundle pairs (Ali, 1948; Zippel et al., 1999). Two of these pairs lie dorsal to the axis of
rotation of the vertebrae and represent the epaxial musculature of the tail (M. transversospi-
nalis and M. longissimus), whereas the other two pairs lie ventral to the axis of rotation and
represent the hypaxial musculature (M. iliocaudalis and M. inferocaudalis) (Ali, 1948; Zippel
etal,, 1999). One to two tendinous bands originate from each of these muscles every vertebral
length, creating a segmented pattern to the tail musculature (Zippel et al., 1999). These ten-
dinous bands insert onto one or more distal or proximal vertebral processes (Ali, 1948; Zippel
et al., 1999). Activity of the epaxial musculature is responsible for extending the tail, whereas
activity of the hypaxial musculature is responsible for curling it (Ali, 1948; Zippel et al., 1999).

The M. transversospinalis occupies the space between the neural spine and the zyg-
apophyses on each side of the caudal vertebrae (Ali, 1948; Zippel et al., 1999). Each segment
of this muscle gives rise to a single tendinous band, about halfway between two successive
neural spines, which extend posteroventrally (Zippel et al., 1999). Approximately halfway
between the posterior of the two aforementioned neural spines and the next most distal
neural spine, these tendons bifurcate, with one branch continuing to run posteroventrally
to insert on the next postzygapophysis and the second branch running posterodorsally to
insert on the next neural spine before continuing posteroventrally (Zippel et al.,, 1999). A
division of the M. transversospinalis, called the “M. interspinalis,” originates on a neural
spine and inserts on the next most distal neural spine via a tendon, which continues pos-
teroventrally (Zippel et al., 1999).

The M. longissimus occupies the space between the zygapophyses and the transverse pro-
cess on each side of the caudal vertebrae (Ali, 1948; Zippel et al., 1999). Each segment gives
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rise to a single, broad tendon posteroventrally to a zygapophysis (Zippel et al., 1999). This
tendinous band runs anteriorly past the next most proximal zygapophysis, where it extends
superficially from beneath the previous muscle segment’s tendon (Zippel et al., 1999). The
tendon continues anteriorly, where it is supplanted by the next tendon, to which it continues
to run dorsal, eventually inserting on a prezygapophysis a few vertebrae anterior to where its
associated muscle gave rise to it (Zippel et al., 1999). While the tendon is running superfi-
cially to the previous muscle segment’s tendon and before it is supplanted by the next muscle
segment’s tendon, a branch splits off the tendon and runs anteroventrally and inserts onto
circumferential connective tissue dorsal to the transverse processes (Zippel et al., 1999).

The M. iliocaudalis occupies the space below the transverse processes on each side of
the caudal vertebrae but also extends between and slightly above them as well (Ali, 1948;
Zippel et al., 1999). This muscle is composed of distinct dorsalis and ventralis divisions
(Ali, 1948; Zippel et al., 1999), but because of the transition of the transverse process from
a ventrolateral projection proximally to a primarily lateral projection more distally in some
species, their positions relative to this process may vary along the length of the tail (Zippel
et al., 1999). On the proximal portion of the tail, the tendinous band of the M. iliocauda-
lis dorsalis originates above the transverse process but transitions to originating below the
transverse process more distally (Zippel et al., 1999). This tendon runs posteriorly and spans
at least one vertebra before inserting on the tip of the transverse process on a more posterior
vertebrae on the proximal end of the tail or on the circumferential connective tissue more
distally (Zippel et al., 1999). As it runs across the transverse process of the vertebrae proxi-
mal to its insertion, a branch breaks off of this tendon and extends posterodorsally (Zippel et
al., 1999). The insertion of this branch, however, varies along the length of the tail (Zippel et
al., 1999). On the proximal portion of the tail, the tendinous band of the M. iliocaudalis ven-
tralis originates anteroventral to the transverse process but transitions to originating in the
cleft separating the M. iliocaudalis and M. inferocaudalis more distally (Zippel et al., 1999).
Although Ali (1948) finds that these tendons run anteriorly, Zippel et al. (1999) find that they
run posteriorly and emerge from within the muscle at the next transverse process. Zippel et
al. (1999) go on to describe that approximately halfway to the next transverse process, the ten-
don bifurcates, with the dorsal branch extending beyond that of the next transverse process
and inserting on the next more distal one; the ventral branch joins with the superficial cir-
cumferential connective tissue as it goes deep between the M. iliocaudalis ventralis and M.
inferocaudalis, presumably then inserting on the hemal arch (Zippel et al., 1999).

The M. inferocaudalis occupies the space along the ventral side of the caudal vertebrae
and is separated at the midline by a vertical septum (Ali, 1948). The tendinous bands from
this muscle originate along this septum and run posteriorly into the cleft between the two
sides of this muscle, where they presumably insert on the hemal arches (Zippel et al., 1999).
The number of vertebrae these bands span appears to increase distally (Zippel et al., 1999).
A branch off the more proximal tendons extends dorsally along the surface of the muscle
and joins with the superficial circumferential connective tissue as it runs deep between the
M. iliocaudalis ventralis and M. inferocaudalis (Zippel et al., 1999). In Brookesia, in which
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the proximal portion of the tail is largely immobile in many species, these ventromedial
tendons are more strongly developed distally where tail mobility is increased (Boistel et al.,
2010).

Appendicular

As with other aspects of chameleon biology, the appendicular musculoskeletal system is
highly specialized. This is likely influenced by the arboreal habitat in which most (but not
all) chameleons live. In particular, chameleons tend to use perches of relatively small diam-
eter, and there is often considerable perch discontinuity (Peterson, 1984). In addition to
the constraints imposed by an arboreal habitat (see Chapter 4), chameleons are cryptic and
move very slowly in their natural habitat (Hopkins and Tolley, 2o11). Despite the unique
morphological and behavioral attributes, a paucity of information exists on the locomotor
system of chameleons. This is in contrast to our understanding of general appendicular
morphology in other lizards (Jackson, 1973; Losos, 1990; Garland and Losos, 1994; Aerts
et al., 2000; Melville and Swain, 2000; Johnson and Russell, 2009; Higham and Russell,
2010). The terminology used in this section follows that of Russell and Bauer (2008) and
is somewhat different from the older terminology used by Mivart (1870). This section is not
meant to be exhaustive. Rather, we will focus on the skeletal elements and muscles that dif-
fer in anatomy from other lizards, such as Iguana iguana and Agama agama.

Pectoral Girdle and Forelimb

Skeletal Elements The shoulder region is probably one of the most noted features of
the chameleon locomotor apparatus (Peterson, 1984). When considering the anatomy of the
pectoral girdle, a common theme is the increased girdle mobility (Peterson, 1984). In addi-
tion, the girdle of chameleons is more laterally compressed, which has traditionally been
linked to a relatively upright posture as compared with other lizards. However, see Chapter 4
for a detailed discussion regarding posture in chameleons.

The breast—shoulder apparatus in chameleons differs in key respects from that of other liz-
ards. For example, the two halves of the sternum form an acute angle opposite the posterior end
of the coracosternal joint, and the sternum is compressed into a V-shape (Russell and Bauer,
2008). The midventral edge of the sternum is sharp and keeled, and the M. sternohyoideus
and the M. pectoralis attach here. Although the presternum is often perforated with fonta-
nelles in lizards, this is the derived state (Lecuru, 1968a). Interestingly, chameleons were
noted by Lecuru (1968a) as having an imperforate presternum, whereas others have noted the
presence of a sternal fontanelle, such as in the genus Bradypodion (Skinner, 1959). The pres-
ence of a sternal fontanelle in other chameleons was also noted by (Peterson, 1973).

Another key difference between chameleons and other lizards is the way in which the
sternum articulates with the coracoid (coracosternal articulation). In most lizards, this
articulation lies in the horizontal plane (Russell and Bauer, 2008). In chameleons, however,
this articulation is turned dorsally (Werner, 1902b). In this case the glenoid is located con-
siderably dorsal to the coracosternal articulations. This ultimately leads to a more depressed
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posture of the limb and passive closing (at least partially) of the coracosternal articulation
(Russell and Bauer, 2008).

The predominant feature of the scapulacoracoid that has distinguished different groups
of lizards is the fenestration pattern (Russell and Bauer, 2008). It was proposed by Lecuru
(1968D) that there are six types of lacertilian scapulacoracoid, based primarily on the pattern
of fenestrae. In this scheme, chameleons share a similar type with some geckos, character-
ized by an emarginated scapula and an unfenestrated coracoid separated by a scapulocora-
coid emargination (Lecuru, 1968Db).

The clavicle apparently appears early during development in Bradypodion and is then
reabsorbed and replaced (in terms of location) by the sternocoracoid ligament (Skinner,
1959). It has consequently been suggested that this ligament is homologous with the clavi-
cle. Interestingly, in a developmental study of Trioceros hoehnelii, there was no indication of
a clavicle at any stage (Rieppel, 1993). The interclavicle is also lacking in chameleons (Peter-
son, 1973; Russell and Bauer, 2008). However, the longitudinal arm of the sternocoracoid
ligament is homologous with the bony interclavicle (Peterson, 1973).

Another ligament, the scapulosternal, is important for preventing anterior and lateral
displacement of the girdle (Peterson, 1973). Although terrestrial lizards have a coracoidal
arm of this ligament, which limits displacement in the coracosternal joint, chameleons lack
this arm. This permits increased movement of the coracosternal joint during locomotion.

The humerus lies distal to the pectoral girdle and articulates with the glenoid (gleno-
humeral joint). In lacertilians, the glenohumeral joint is relatively flexible, approximat-
ing a ball-and-socket joint (Haines, 1952; Russell and Bauer, 2008). In chameleons, the
main articulation (there is a small second articulation on the lateral surface of the scapu-
locoracoid) faces posteriorly on the girdle (Peterson, 1973). In general, the ligaments of the
articulation tend to be looser and are fewer in number relative to other lizards. This likely
contributes to the increased range of movement of the humerus. The articular surface itself
is relatively larger in chameleons, as compared with generalized nonarboreal lizards.

The humerus of chameleons has a number of attributes that differ from other terres-
trial lizards. First, the humerus tends to be longer, there is reduced torsion, and the bone is
straighter (Peterson, 1973). In a study of eight species of lizard comprising both arboreal and
terrestrial forms, including Anolis (5 species), Dipsosaurus, Chamaceleo, and Agama, chame-
leons exhibited the longest standardized humerus length. In addition, Chamaeleo exhibited
22 degrees of long-axis torsion, which was considerably lower than that of other terrestrial
genera such as Dipsosaurus (44 degrees) and Agama (28 degrees) (Peterson, 19773). Other
differences between Chamaeleo and terrestrial lizards include a narrower humerus, and
muscle attachments that are located more proximally. Finally, the humerus is longer in ter-
restrial chameleons than in arboreal ones (Bickel and Losos, 2002).

Chameleons have extremely mobile forelimbs that emphasize an increased range
of motion associated with moving in an arboreal habitat. Their limb motion tends to be
more in a parasagittal plane than that of other lizards given the relatively upright posture.
This also results in a reduced amount of long-axis humeral rotation. The glenohumeral
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articulation is thus modified to enhance motion via expansion of the articular surfaces.
This allows the humerus to slide laterally during protraction. The lateral orientation of the
articular surface also enhances excursion into the anterior quadrants of the glenoid (Russell
and Bauer, 2008). Together, these morphological specializations allow up to 150 degrees of
movement in the horizontal plane (Peterson, 1973, 1984).

The wrist in chameleons is highly modified over that of other lizards, and this is asso-
ciated with their specialized pattern of locomotion. In both anatomical and developmental
studies, it is clear that fusion of elements in the carpus is prevalent among chameleons (Gasc,
1963; Rieppel, 1993). However, several aspects of this fusion have been the source of debate,
with studies presenting varying conclusions (for a discussion, see Russell and Bauer, 2008).

In terms of function, the proximal carpal row is aligned functionally with the antebrachium.
In this case, the wrist joint is a pivot between the proximal and distal rows of carpals. This joint,
which involves articulation between the ulnare and the large element of the distal carpal row,
has been interpreted as being mechanically equivalent to a ball and socket joint (Gasc, 1963).

The metacarpals of chameleons are extremely different from those of other lizards. The
metacarpals are divided into two bundles that articulate with the largest element of the dis-
tal carpal row (Gasc, 1963), where the first three digits form one bundle (mesial) and the
fourth and fifth form another (lateral). These two groups of digits form the grasping mecha-
nism of the forelimb.

Muscular Elements

AXIAL MUSCULATURE ACTING ON THE PECTORAL GIRDLE The M. episternocleidomastoideus
has been a challenging muscle for anatomists studying lizards, given that not all of the
skeletal elements are actually associated with this muscle in all species. The association
of the M. episternocleidomastoideus with the M. trapezius has been discussed previously,
and it has been suggested that this muscle is actually part of the M. trapezius (Jollie, 1962).
This muscle originates at the posterior aspect of the ascending process of the parietal and
the posterolateral margin of the paroccipital process of the exoccipital and inserts onto the
anterolateral borders of the sternum (Mivart, 1870; Skinner, 1959).

The M. trapezius is small and thin in chameleons, relative to other lizards. The fibers
insert along the anterior margin of the dorsal part of the scapula (Peterson, 1973). As for
the origin, cervical fibers are absent, which differs from other lizards. Instead, the origin is
from the first three thoracic vertebrae. The clavotrapezius is absent in chameleons.

The M. levator scapulae originates from the transverse processes of the first cervical
vertebra (atlas). The insertion is entirely marginal and lies dorsal to the acromial region
(Skinner, 1959). There is an additional origin of this muscle in chameleons. It is from the
basioccipital condyle of the skull, which is tendinous and shared with the cervical axial
muscles (Mivart, 1870). This muscle is typically associated with lateral undulation in terres-
trial lizards (Peterson, 1973). Given the reduced lateral undulation in chameleons (Peterson,
1984), and the lack of clavicular attachment, this muscle brings about scapular rotation in
the parasagittal plane.
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The M. serratus anterior is primarily involved in suspending the body from the pecto-
ral girdle. Lizards typically have both dorsal and ventral portions, including multiple bel-
lies within each portion (Russell and Bauer, 2008). This muscle is reduced in chameleons,
which have only two dorsal bellies and a single ventral belly (Mivart, 1870; Furbringer,
1900; Skinner, 1959). In addition to this reduction, the fibers of this muscle are all in line
with the M. levator scapulae (Peterson, 1973). Finally, the bellies of this muscle in chame-
leons are longer than in other lizards, and this is thought to assist in the displacement of the
girdle on the body wall (Peterson, 1973).

SHOULDER MUSCULATURE The shoulder musculature is typically important for
protraction and retraction of the humerus in lizards and also plays an important role in sta-
bilizing the shoulder joint. As described below, the shoulder musculature of chameleons
is drastically different from that of other lizards because of, or associated with, increased
mobility of the forearm. The M. sternocoracohumeralis is comparable to the M. clavodel-
toideus in lizards other than chameleons. However, it maintains a different name because
of the altered origin and the lack of a clavicle in chameleons (Peterson, 1973). There is also
considerable variation in the morphology of this muscle among lizards. In chameleons, a
small M. sternohumeralis belly originates from the superficial surface of the L. scapulo-
sternale anterior. This is near the junction of the transverse with the longitudinal arm of
the ligament. This region is analogous with the interclavicle—clavicle joint region (Peterson,
1973). The M. coracohumeralis portion exhibits a dorsolateral origin, at the level of the
glenoid. In chameleons, as compared with other lizards, the M. sternocoracohumeralis is
relatively small. The M. sternohumeralis fibers and the ventral M. coracohumeralis fibers
form a bipinnate tendon that inserts along the proximal part of the dorsolateral aspect of the
deltopectoral crest of the humerus (Peterson, 1973).

The M. supracoracoideus has been noted to be very different in chameleons as compared
with other lizards (Mivart, 1870; Furbringer, 19oo; Ribbing, 1938; Skinner, 1959; Gasc,
1963; Peterson, 1973). This muscle is divided into two discrete portions, originating from the
lateral surface of the coracoid and the ventral scapula. The dorsal limit of the origin is the
acromion. In chameleons, this muscle inserts along the anterior face of the lateral tuberosity
between the glenohumeral joint capsule medially and the insertion of the M. pectoralis later-
ally. This muscle pulls the head of the humerus forward, protracts the humerus, and stabi-
lizes the glenohumeral joint (Peterson, 1973).

The M. medial suprascapularis was first named by Peterson (1973) and is present only
in chameleons. This muscle is found on the anteromedial surface of the scapular blade and
is deep to the M. levator scapulae insertion. This muscle lies anterior to the origin of the
M. subscapularis (Peterson, 1973). The M. suprascapularis medialis inserts on the proximal
humerus. The origin includes the anteromedial margin of the scapula and suprascapular
cartilage and a sheet of dense fascia, which separates the muscle belly from the M. subscap-
ularis. Peterson (1973) noted the unique arrangement of fibers in this muscle. For example,
the dorsalmost origin is fleshy or has short, fine tendons arising from the fascial sheath.
Within a few millimeters of the dorsal limit of the origin, there exists a central tendon
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within the muscle belly. Interestingly, as muscle fibers stem from the scapular margin, they
coil anteriorly, then medially, and ultimately posteriorly and deep into the belly, where they
meet the tendon (Peterson, 1973). It is thought that the M. medial suprascapularis is derived
from the M. supracoracoideus complex, and that it shares the actions of this complex. In
addition, the evolutionary origin of this muscle suggests that it is related to the adaptation
for protraction and a greater range of forelimb movement in chameleons (Peterson, 1973).

The M. biceps originates between the origins of the M. supracoracoideus and the
M. coracobrachialis brevis, and near the ventral border of the coracoid (Peterson, 19773). The
tendon of chameleons, which is small and round, originates more dorsally and occurs at
the level of the inferior glenoid buttress. The M. biceps fuses with the M. brachialis over
the distal third of the arm and then inserts on the proximal portion of the radius and ulna
(Peterson, 1973).

The M. pectoralis is the largest muscle in the shoulder area; it covers the entire ven-
tral aspect. In chameleons, this muscle originates from a sternal keel in the midline and
the lateral surface of the sternum posterior to the first sternocostal articulation (Peterson,
1973). The insertion of the M. pectoralis is the deltopectoral crest, but is less tendinous and
involves a smaller humeral area in chameleons. Relative to other lizards, the insertion onto
the humerus is more proximal, which permits a greater range of motion (greater arc) of the
humerus. This muscle will retract the humerus.

The M. latissimus dorsi is biarticular, spanning both the coracosternal and glenohu-
meral articulations. It is essentially a flat sheet that originates from an aponeurosis near
the dorsal midline over the level of cervical vertebra 5 to thoracic vertebra 5 (Peterson, 1973).
The origin in chameleons also incorporates the third, fourth, and fifth thoracic ribs. The
M. latissimus dorsi inserts onto the proximal portion of the humerus. Like the M. pectora-
lis, this muscle is also a humeral retractor (within the parasagittal plane) with little ability
to rotate the humerus.

In lizards, the M. triceps complex is typically comprised of four bellies, two of which
originate from the shaft of the humerus and two of which originate from the primary
girdle (Russell and Bauer, 2008). They all have a common tendinous insertion on the ulna.
However, chameleons exhibit a three-headed condition, missing the coracoid arm of the
sternoscapular ligament and the M. coracotriceps. It is thought that the absence of this
ligament and the M. coracotriceps permits an increased range of motion and forward reach
in chameleons. In other species of lizard, this ligament and muscle impose limitations.

LOWER FORELIMB MUSCULATURE Much of what is known about forelimb musculature in
chameleons is related to the muscles acting at the girdle. This is likely due to the extreme
motion at the level of the girdle during locomotion. The function of the lower forelimb
(antebrachium) has not received as much attention, and future work will help illuminate the
functional consequences of the specialized morphology of chameleons.

The M. extensor digitorum longus typically occupies the anterior area of the forearm.
The origin, via a short tendon, is just dorsal to the radial condyle of the humerus (Russell
and Bauer, 2008). In chameleons, there are two bellies. The first runs along the ulna and
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inserts close to the proximal ends of the fourth and fifth metacarpals. The second belly
exhibits a tendinous insertion onto the third metacarpal. Although the exact function of
this muscle could be related to flexing the carpus dorsally during the swing phase or pull-
ing the antebrachium forward over the manus, more work is needed. The fact that the num-
ber of insertion points in chameleons is reduced from three (typical lizard) to two suggests
a relation to the pincer-like nature of the manus and the specialized locomotor behavior.

The M. flexor digitorum longus of chameleons exhibits substantial differences from
that of other lizards, but appears to share some similarities with Gekko (Russell and Bauer,
2008). This muscle is divided into four heads. Two of them originate from the humerus
and the other two originate from the ulna. The posterior head that originates from the
humerus inserts on digit five only. The other head, originating from the humerus, serves
the other digits. The ulnar heads follow an insertion pattern similar to that of the humeral
heads, with the anterior deep head inserting on digits one to four. The posterior deep head
inserts onto digit five.

Pelvic Girdle and Hindlimb

Skeletal Elements The pelvic girdle is comprised of the dorsal ilia, anteroventral
pubes, and the posteroventral ischia (Russell and Bauer, 2008). On each side, the three com-
ponents share a common suture, which is centered on the acetabulum. In the midventral
line, the pubes and ischia also share a suture. The epipubis is an ossified structure that is
between and anterior to the pubes in chameleons.

The femur articulates with the acetabulum via an oval and gently curving condyle. For
most lizards, an internal trochanter lies anterior and somewhat ventral to the condyle. How-
ever, the internal trochanter has been reduced to a ridge in chameleons (Cope, 1892). The
distal portion of the femur has rarely been examined in lizards, but it is clear that chame-
leons exhibit differences that are related to their locomotor mode. The lateral distal condyle
in lizards is typically larger than the mesial condyle, but chameleons do not follow this pat-
tern (Russell and Bauer, 2008). Instead the lateral and mesial condyles are comparable in
size. In addition, the demarcation of the patellar surface is absent in chameleons.

The tarsus is made up of a proximal row, including the astragalocalcaneum, and a dis-
tal row, which is functionally a part of the pes (Russell and Bauer, 2008). The mesotar-
sal joint (ankle joint) is located between the crus (lower limb) and the proximal tarsal row.
The astragalus and calcaneum of lizards typically develop as independent condensations,
with the astragalus ossifying first. The tarsus of chameleons, however, is unique in that
it originates from a single large cartilage distal to the tibia and fibula (Russell and Bauer,
2008).

With the exception of chameleons, all lizards that have been examined exhibit a flat-
tened astragalocalcaneum. (For a more detailed description for lizards other than chame-
leons, see Russell and Bauer [2008].) In chameleons, it is curved and depressed to form a
ventrally directed concavity. Tendons run within this concavity, and the astragalocalcaneum
takes on the role of a pulley. However, chameleons do not exhibit this modification.
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In chameleons, a globular fourth tarsal alone articulates with all of the metatarsals. As with
the metacarpals, the metatarsals are grouped into two bundles. However, unlike the forelimb,
the first and second are grouped together while the third, fourth, and fifth are grouped together

(Rieppel, 1993).

Muscular Elements The musculature of the hindlimb of the chameleon was first
determined by Mivart (1870), using the Parson’s chameleon (Calumma parsonii). A more
recent study of hindlimb muscle anatomy examined the veiled chameleon, Chamaeleo
calyptratus (Higham and Jayne, 2004a).

The M. caudofemoralis is a robust muscle originating from the transverse processes
of the four most proximal caudal vertebrae and inserting to both the greater trochanter of
the femur and the proximal portion of the fibula via an auxiliary tendon (Fig. 2.4 in the
color insert). This muscle typically slows femur protraction during late swing in lizards.
However, this does not seem to be the case in chameleons, which is likely due to their slow
locomotor speeds (Higham and Jayne, 2004a). Instead, the M. caudofemoralis likely flexes
the knee during early stance.

The M. iliofibularis originates via a tendon from the posterior and lateral margin of the
ilium and inserts on the fibula distal to the insertion of the M. caudofemoralis auxiliary
tendon (Fig. 2.4). Like other lizards, activity in the M. iliofibularis is predominantly during
swing (Higham and Jayne, 2004a).

In chameleons, the M. iliotibialis originates via a tendon from the posterior portion of
the ilium just dorsal to the origin of the M. iliofibularis and inserts to the proximal tibia via
the connective tissue on the anterior face of the knee.

The M. flexor tibialis externus originates from the ilioischiadic tendinous arch, runs
along the posterior and ventral portion of the thigh and sends a long tendon, running along
the posterior edge of the lower leg, to the plantar ossicle (Fig. 2.4). In addition, the M. flexor
tibialis externus sends a shorter tendon that crosses the M. iliofibularis and inserts on the
fibula just proximal to the insertion of the M. iliofibularis (Fig. 2.4).

The M. puboischiotibialis is on the ventral surface of the thigh and originates from the
puboischiatic symphysis (midventral line) and inserts on the proximal portion of the tibia
(Fig. 2.4). This muscle likely contributes to knee flexion and perhaps maintains the hori-
zontal orientation of the femur (Higham and Jayne, 2004a).

The M. gastrocnemius originates from both the distal part of the femur and the posterior
aspect of the tibia and runs along the posterior edge of the lower leg where it inserts on the plan-
tar ossicle (Fig. 2.4). This is a stance phase muscle and is primarily involved in ankle extension.

The M. extensor digitorum longus originates from the distal portion of the femur and
from the posterior portion of the fibula and inserts onto both the fourth and fifth digit
(Fig. 2.4). However, others have suggested that this muscle inserts only onto the third
metatarsal (Mivart, 1870). This muscle, according to the muscle-activation patterns, is pre-
dominantly a stance-phase muscle, with a smaller burst occurring during the swing phase
(Higham and Jayne, 2004a).

36 Chameleon Anatomy

5490036_CHO0002.indd 36 21/09/13 10:06 AM



The M. peroneus originates from the proximal portion of the anterior face of the fibula and
from the proximal portion of the posterior tibia and inserts on the proximal and dorsal por-
tion of the fifth metatarsal (Fig. 2.4 in the color insert). This muscle is typically active during
the first half of stance and is likely responsible for knee flexion (Higham and Jayne, 2004a).

The M. tibialis anterior originates from the proximal portion of the tibia and inserts
onto the proximal portion of the first metatarsal (Fig. 2.4). When measured under in vivo
conditions, this muscle exhibits variable activity and is often active for a large portion of the
stride (Higham and Jayne, 2004a).

2.2 EXTERNAL MORPHOLOGY AND INTEGUMENT

In addition to functions of protection, water balance, grasping and substrate interaction,
etc., the external integument in chameleons also contains an assortment of signaling capa-
bilities. These signals range from color and pattern changes, the mechanistic basis of which
range from sexual selection to species-recognition characteristics (Chapter 6). The struc-
ture of many of these external morphological characteristics is therefore important to much
of the broader biology of chameleons.

Scalation

Whereas superficial ossifications in the form of bony shield arches and accessory extensions
are found in Brookesia above portions of the vertebral column (Siebenrock, 1893; Romer,
1956; Boistel et al., 2010), body osteoderms, as in other iguanian lizards, are absent in cha-
meleons (Romer, 1956). Further, whereas some species exhibit small patches of bare skin
(e.g., Bradypodion damaranum), the majority of the skin and external surface in chame-
leons is covered with keratinous and generally nonoverlapping scales (Necas, 2004; Tilbury,
2010). These scales come in various sizes, shapes, and arrangements and are often the basis

of some of the larger ornamentations.

Scale Types and Scalation Patterns

Broadly, the scalation of chameleons is characterized by the consistency of the size and
shape of the scales. When the scales appear to be of much the same size and shape, the ani-
mal is said to exhibit homogeneous scalation. When the scales appear to be of highly vari-
able size and shape, the animal is said to exhibit strongly heterogeneous scalation. In species
with heterogeneous scalation, these scales can be distributed seemingly randomly or can
be organized into distinct patterns, such as rows of enlarged scales or circular rosettes of
scales on the flanks. Largely homogeneous or heterogeneous scalation patterns, however,
can involve a variety of scale types.

While all scale-type designations are intended to be descriptive of the shape of the dif-
ferent scales, scale shapes are often grouped differently (e.g., Necas, 2004; Tilbury, 2010).
Because there is no single accepted set of scale types for chameleons, our chosen set of scale
types may vary from other sources; however, examination of their respective descriptions
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should help rectify inconsistencies. Here we divide the scale types in chameleons into con-
ical, granular, labial, keeled, tubercular, lenticular, plate-like, and stellate and polygonal
scales.

Conical scales are elongate, lanceolate, or cone-shaped (Necdas, 2004; Tilbury, 2010).
They are typically found the dorsal and gular crests but can also be found on the flanks,
throat, tail, and head and rostral processes in some species (Necas, 2004).

Granular scales are small, bumpy, and granular-shaped. A more or less homogeneous
arrangement of granular scales, such as in Chamaeleo senegalensis or C. laevigatus, is seen
when these scales are spread across almost the entire body or in large patches with occa-
sional interspersed larger scales. Arrangements of these scales can also span the spectrum
to arrangements in which these granular scales are seemingly found only interstitially
between larger scale types (Tilbury, 2010).

Labial scales are semicircular scales found around the mouth. They are found in a single
row around the mouth in all chameleons and form what appear to be lips.

Keeled scales exhibit a ridge down the middle of the scale coming to a point. They are
uncommon in chameleons but are observed in the caudal scales of some Brookesia (Miiller
and Hildenhagen, 2009).

Tubercular scales are scales that form a rounded eminence or projection from the surface.
These scales are typically found on the cranial crests (Necas, 2004); however, some authors
group lenticular, plate-like, and stellate scales as forms of tubercular scales (Tilbury, 2010).

Lenticular scales are rounded, circular scales that are taller in their center than on their
periphery and are often lumped together with tubercular scales. They are often found on
the flanks but can also be found on the limbs, tail, throat, and head (Necas, 2004). They are
often interspersed among smaller granular scales and can be enlarged to varying degrees,
even within a single individual.

Plate-like scales are rounded, flat scales and are often considered a type of tubercular
scale. They are frequently found on the flanks but are also seen on the casque, rostral pro-
tuberances, occipital lobes, and extremities of some species (Necas, 2004). They are often
interspersed among smaller grandular and lenticular scales and can be of varying size, even
within a single individual.

Stellate and polygonal scales are scales typically found on the flanks that have irregular-
shaped sides. In some Brookesia, Rhampholeon, and Rieppeleon species, the scalation of the
body consists of heterogeneous, interlocking, star-shaped, or stellate, scales (Necas, 2004;
Tilbury, 2010). Some other chameleon species have body scalation consisting of heteroge-
neous polygon-shaped scales (Tilbury, 2010).

Feet
The scales on the palms and soles of the feet in chameleons are generally rounded to give
a cobblestoned or smooth appearance (Mariaux and Tilbury, 2006; Tilbury, 2010). In
Brookesia and Rieppeleon, however, the scales on the feet are sharply pointed or spinous
with acuminate spines (Mariaux and Tilbury, 2006; Tilbury, 2010). In Rhampholeon, one
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to three spinous projections, called “accessory plantar spines,” are found at the base of each
claw (Mariaux and Tilbury, 2006; Tilbury, 2010).

Dermal Pits
In many chameleon species dermal invaginations are found at the base of the limbs
(Mariaux and Tilbury, 2006; Tilbury, 2010), which frequently contain mites (Tilbury, 2010).
They take the form of axillary pits on the posteroventral base of the forelimbs and the inguinal
pits on the anteroventral base of the hindlimbs. At least one of these sets of pits are found
in most Calumma, Furcifer, Rhampholeon, and Rieppeleon species, but in some species their
presence is inconsistent between individuals (Tilbury, 2010).

Microstructure

Scanning electron microscope examination of the scales on the subdigital and subcau-
dal surfaces in chameleons shows a complex microstructure in many species. This can
include complex arrangements of adhesive bristles or setae (Schleich and Kistle, 1979, 198s;
Canham, 1999; Miiller and Hildenhagen, 2009), rectangular to hexagonal honeycomb shapes,
or thorny points (Miiller and Hildenhagen, 2009). The length, shape, and combination of
different microstructures in these regions varies between genera and species (Schleich and
Kistle, 1979; Canham, 1999; Miiller and Hildenhagen, 2009). For instance, the setae in
some species appear rounded, whereas in other species they appear to come to a point or even
appear heterogeneous in length and shape (Schleich and Kistle, 19779; Canham, 1999; Miiller
and Hildenhagen, 2009). There can also be variation in the length and shape of setae within
individual pads (Miiller and Hildenhagen, 2009). Finally, within the subcaudal region, there
also appears to be differentiation between different areas, with a scansorial pad displaying
distinct features relative to adjacent portions in some taxa (Schleich and Kistle, 1979).

Although most genera exhibit some form of setae and honeycomb-shaped surfaces on
their subdigital and subcaudal scales, there are also some distinct differences. The more
agama-like thorny points, for instance, are only found in Brookesia and Rieppeleon (Miiller
and Hildenhagen, 2009). Further, Brookesia lack adhesive bristles altogether, having only a
thorny point and/or rounded honeycomb structure (Miiller and Hildenhagen, 2009).

Claws

Chameleons have a claw projecting from each toe or two to three claws on each set of
fused digits for a total of five claws per foot. All species of Archaius, Bradypodion, Brookesia,
Calumma, Chamaeleo, Furcifer, Kinyongia, Nadzikambia, and Trioceros have a simple claw,
whereas all species of Rhampholeon (Rhinodigitum), Rhampholeon (Bicuspis), and Rieppe-
leon have bicuspid claws with the formation of a secondary point approximately midway
along the main claw Klaver, 1979; Necas and Schmidt, 2004; Mariaux and Tilbury, 2006;
Tilbury, 2010). These claws are strongly bicuspid in Rhampholeon (Rhinodigitum) and Rham-
pholeon (Bicuspis) but only weakly bicuspid in Rieppeleon, although Rieppeleon kerstenii may
have strongly bicuspid rear feet (Tilbury, 2010). Within Rhampholeon (Rhampholeon), on
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the other hand, only Rhampholeon (Rhampholeon) spectrum has bicuspid claws (Miiller and
Hildenhagen, 2009), whereas all others have simple claws (Tilbury, 2010).

Ornamentation

Chameleons exhibit a vast assortment of ornamentation based on their skeletal, dermal,
and other structures. This ornamentation takes the form of various crests, cranial protuber-
ances, fan-like elongations on the vertebral column, occipital lobes, and intricate arrange-
ments of their scalation.

Crests
The bones of the skull form a number of sharp angles and ridges on the head, which are
often subsequently adorned with tubercular scales of varying sizes. The degree to which
these crests are developed and their shape are often associated with species recognition and
sexual-selection characteristics.

The paired lateral crest extends anteriorly from the apex of the casque, over the orbits, and
to above the mouth tip, where they fuse (Necas, 2004). Each lateral crest is divided into three
parts: the rostral crest, orbital crest, and lateral crest proper (Necas, 2004). The rostral crests
extend from the anterodorsal margin of the orbit forward to just above the mouth tip, where
they join. They are formed by the prefrontals, maxillae, and premaxilla. The ocular crests are
constrained to the upper margin of the orbits and are formed by either the prefrontals and
postorbitofrontals, or the prefrontals, frontals, and postorbitofrontals, depending on whether
or not the prefrontals and postorbitofrontals join. The lateral crest proper extends from the
posterior margin of the orbit to the apex of the casque and is formed by the postorbitofrontal
and squamosal portion of the upper temporal arch and ascending process of the squamosal.

In species with a narrow parietal bone, the parietal crest lies medially and extends pos-
terodorsally from immediately posterior to the eyes to the apex of the casque (Necas, 2004)
and is formed by the elevated ridge of the parietal bone. The parietal crest can be flat or
highly concave and can be quite tall in some species. In species with a broad parietal bone,
such as Bradypodion and Brookesia, the lateral aspects of the parietal bone form a pair of
ridges lateral to the midline and medial to the lateral crests on each side called the “parasag-
ittal crests” (Raxworthy, 1991).

In some species, an additional crest, called the “temporal crest,” extends anteroventrally
from the lateral crest posterior to the eye (Necas, 2004). This crest is formed by the postor-
bitofrontal and in some cases the dorsal projection of the jugal.

Along the spine from behind the skull backward, a medial ridge is present in most cha-
meleons. A dorsal crest is said to be present when a series of enlarged, often conical, scales
are present along this ridge. The dorsal crest, however, can be limited to only a few conical
scales immediately behind the head or consist of a large number of conical scales extending
down the back and even onto the tail. In Brookesia species, a dorsal crest is not seen; how-
ever, many species have accessory extensions projecting laterally off the vertebrae to form
laterovertebral spines (Siebenrock, 1893).
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A ridge of enlarged scales is also frequently found along the midline on the ventral side of
the body, running from the symphysis of the lower jaw posterior to the cloaca. From the jaw
symphysis to the anterior edge of the sternum, this ridge is called the “gular crest,” whereas
from the sternum back to the cloaca it is called the “ventral crest.” In most species, the gular
crestis formed by a single medial row of enlarged scales, whereas in Trioceros tempeli it is formed
by two rows of enlarged scales and in Trioceros affinis it is formed by paired dermal ridges.

Cranial Protuberances
Perhaps the most notable ornamentations in chameleons are the variety of cranial protuber-
ances adorned by many members of the family. These protuberances are highly variable in
their form and function but include keratin-covered annulated horns, bony projections, and
soft dermal lobes.

Among the most recognized of these cranial protuberances are the true or annulated
horns. These horns have a bony base, are elongated and narrow, and are covered by an annu-
lated keratin sheath formed by a single hypertrophied scale (Necas, 2004). These horns are
typically located preorbitally or rostrally along the lateral crests; however, Trioceros melleri
has an unusual structure, in which a single annulated horn is located on the end of a medial
bony rostral projection separate from the rostral crest portion of the lateral crest (Rieppel,
1981). When present, preorbital annular horns are paired with a single horn projecting from
the anterodorsal aspect of each ocular crest. Rostral horns, on the other hand, can be either
one, two, four, or six in number, and project side by side from one another on the anterior
portion of the rostral crest.

Additional types of cranial protuberances are false or bony horns (Fig. 2.5). These horns
are formed by projections of the cranial bones with a layer of scale-covered skin over them
(Necas, 2004). These scales are typically enlarged tubercular or plate-like scales. Often
the false horns are paired and laterally compressed extensions of the rostral crest project-
ing forward beyond the tip of the jaw and formed by modified prefrontal and maxillary
bones (Fig. 2.5) (Rieppel and Crumly, 1997). In some species, these paired false horns have
become medially fused to each other, giving the appearance of a single laterally compressed
paddle. False horns can also take the form of smaller elevated points along the lateral crests,
such as the superior nasal cones and superior ocular cones in Brookesia (Raxworthy, 1991),
or the single elevated rostral cones of species like Trioceros hoehnelii.

The cranial protuberances of some species, however, are entirely flexible. These soft or
dermal horns lack a bony base and are made of soft, scale-covered skin (Necas, 2004). These
dermal horns are typically covered by granular scales or other slightly enlarged scales that
remain soft and pliant. They can be found preocularly or rostrally. Preocular dermal horns
are typically paired, and rostral dermal horns can be either bulbous or laterally compressed.

Finally, semipliant horns are seen in a couple species and appear as intermediaries
between false and dermal horns (Necas, 2004). These horns have a bony base and a flexible
tip (Necas, 2004). The rigidity of this tip varies, possibly because of a fibrous or cartilagi-

nous tissue structure in the distal portions.
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(a)

FIGURE 2.5. The skull of a male Furcifer bifidus in lateral (a), and dorsal (b) views
showing formation of false horn. Redrawn from Rieppel and Crumly (1997).

LABELS: ang = angular; ar = articular; bo = basioccipital; bs = basisphenoid;

¢ = coronoid; d = dentary; ec = ectopterygoid; f = frontal; j = jugal; m = maxilla;

n = nasal; p = parietal; pl = palatine; pm = premaxilla; po = prootic; pof = postorbi-
tofrontal; pf = prefrontal; prfo = prefrontal fontanelle; pt = pterygoid; q = quadrate;
sang = surangular; so = supraoccipital; sq = squamosal; st = supratemporal; v = vomer.

Sails
In some species, a tall sail along the vertebral column of the back or proximal portion of
the tail is seen. This sail is formed by elongated neural spines of the vertebrae with strong
connective-tissue threads between their distal ends and a skin covering (Case, 1909). These
elongations form a fan-like sailfin on the proximal portion of the tail in some male West
African Trioceros species, an elevated sail-like dorsal ridge in Trioceros cristatus and to a

lesser extent T. deremensis, and a crenulated dorsal crest in T. melleri.

Occipital Lobes

At the posterior margin of the head, many chameleon species have posteriorly oriented skin
flaps called “occipital lobes.” These lobes can vary from quite narrow strips to large ear-like
lobes. In some species, these occipital lobes have a connective-tissue structure and attach-
ment to the squamosal bone, giving the lobes a semirigid structure (Meyers and Clarke,
1998). This connective-tissue “skeleton” is covered with mostly plate-like scales and in some
species has an insertion by the M. depressor mandibulae pars auricularis, enabling the
lobes to be erected during display (Meyers and Clarke, 1998).

Tarsal Spurs
Whereas most species lack them, some species and some sexes of certain species exhibit a

short posterior projection from their hindfoot called the “tarsal spur,” which is a bony exten-
sion of the tarsal bone covered in skin and scales (Tilbury, 2010). Of the species that do
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exhibit them, in most it is more strongly developed in males; however, in some species they
are present in both males and females.

2.3 SENSORY STRUCTURES

Chameleons are known to have an increased dependence on visual cues relative to their
other senses. As a result, chameleons’ eyes have become highly developed. The remaining
sensory structures, on the other hand, have become reduced or even vestigial in some cases.

Eye

The eye of chameleons is their most developed sensory organ, with higher image mag-
nification than any other vertebrate eye when scaled to the same size (Ott and Schaeffel,
1995). The eyes are notably enlarged, are placed laterally on the head, bulge almost entirely
out of the orbit, and move independently of each other. They are surrounded exteriorly
by scale-covered eyelids, which are fused to the sclera of the eye and have only a small
center opening for the pupil. This arrangement allows for an impressive oculomotor range,
which exceeds both 180 degrees horizontally and 9o degrees vertically (Sdndor et al., 2001).
Moreover, they are likely the only reptiles to achieve binocular fixation with a central fovea
(Underwood, 1970).

Their oculomotor range is enabled by four rectus muscles and two oblique muscles
(Leblanc, 1924, 1925). The four rectus muscles have a fascicular origin posteroventrally on
the medial side of the orbit on the interorbital membrane (Leblanc, 1925). The two oblique
muscles, on the other hand, originate on the anteromedial aspect of the orbit at the junction
of the palatine and prefrontal (Leblanc, 1925).

The M. rectus superior is very broad and extends anterolaterally to inserts on the sclera
on the dorsal surface of the eye just behind the cornea (Leblanc, 1925). It serves to elevate the
cornea and rotate the dorsal surface of the eye posteroventrally (Leblanc, 1924, 1925). The
M. rectus medialis extends horizontally behind the eye and then turns laterally to insert on
the sclera on the anterior surface of the eye behind the cornea (Leblanc, 1925). It serves to
draw the cornea anteromedially (Leblanc, 1924, 1925). The M. rectus inferior has two bun-
dles (Leblanc, 1924, 1925) that extend ventrolaterally and insert on the sclera behind the
cornea on the ventral side of the eye and just ventromedially to the insertion of the M. rec-
tus medialis (Leblanc, 1925). They serve to draw the cornea ventromedially (Leblanc, 1924,
1925). Finally, the M. rectus lateralis has two bundles that extend laterally to slightly dorso-
laterally (Leblanc, 1924, 1925). The upper bundle inserts on the sclera behind the cornea
on the posterior side of the eye, whereas the lower bundle inserts on the anteroventral side
of the conjunctival sac (Leblanc, 1925). They serve to draw the cornea posteromedially and
draw the conjunctival sac over the Harderian gland (Leblanc, 1924, 1925).

The M. obliquus superior extends posteriorly in a dorsolateral direction and inserts broadly
onto the sclera of the dorsal portion of the eye immediately behind and below the M. rectus
superior (Leblanc, 1925). It serves to rotate the dorsal surface of the eye anteroventrally and
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thus is an antagonist to the M. rectus superior (Leblanc, 1925). The M. obliquus inferior
extends horizontally and slightly laterally to insert on the sclera on the ventral side of the eye,
perpendicular to the insertion of the M. rectus inferior, which inserts along the edge of the
cornea (Leblanc, 1925). It serves to rotate the ventral surface of the eye anterodorsally and thus
acts with the M. rectus superior as an antagonist to the M. obliquus superior (Leblanc, 1925).

The scleral cartilage (ring) is present and in Chamaeleo is formed by 11 scleral ossicles,
creating a conical form (Gugg, 1939; Underwood, 1970). It is confined to the orbital hemi-
sphere in the scleral layer of eye, with the cornea extending out of center (Leblanc, 1925;
Underwood, 1970; Pettigrew et al., 1999). This scleral ossicle is coated with fine muscle
fibers from the M. depressor palpebralis inferior of the eyelid just below the surface of the
skin (Leblanc, 1924, 1925). This eyelid depressor muscle extends from the rim of the eyelid
ventromedially around the eye in a thin sheet to the ventral and medial aspect of the orbit,
where it originates on the palatine and interorbital membrane (Leblanc, 1925). This mus-
cle serves to draw the rim of the eyelid and scleral ossicle ventrally to cover and protect the
eye (Leblanc, 1924, 1925), as seen when chameleons rub their eyes during cleaning. The
M. levator bulbi is absent in chameleons (Underwood, 1970).

Chameleons are unique among vertebrates in having a negatively powered lens (Ott and
Schaeffel, 1995), thus reducing the contribution of the lens and increasing the contribution
of the cornea to the total optical power of the eye (Ott and Schaeffel, 1995; Pettigrew et al.,
1999). This serves to elongate the focal length of the eye and create a large retinal image
(Ott and Schaeffel, 1995; Ott, 2001). Because the crystalline lens is relatively thick, with
its lateral and medial surfaces being relatively flat, the internal isoindical shells of the lens
are concave in shape in order to establish this negative refractive power (Ott and Schaeffel,
1995). The cornea is small (Underwood, 19770) and has a very small radius of curvature (Ott
and Schaeffel, 1995), indicating that the cornea extends abruptly outward. Corneal curva-
ture, however, is modulated for corneal accommodation by the M. cornealis, which inserts
directly onto the corneal stroma (Pettigrew et al., 1999).

Finally, chameleons have extremely high visual resolution. They have a deep-pit fovea,
with the retina being thick at its center and declining in thickness at its periphery (Ott and
Schaeffel, 1995; Pettigrew et al., 1999). This retina has a dense photoreceptor package, with
an estimated 756,000 cones/mm? (Harkness, 1977; Ott, 2001). This estimate is the higher
than in all other lizards, and whereas some researchers have indicated that this estimate is
likely high, it is within the range found in humans and birds of prey (Harkness, 1977).

Parietal Organ and Pineal Gland

The function of the parietal organ and pineal gland in chameleons is not clear, and it is
thought to be rudimentary in mature chameleons (Necas, 2004). The pineal gland in cha-
meleons is located dorsal to the midbrain and cerebellum (Schmidt, 1909; Quay, 1979).
Overall, it is tubular in shape, first extending posterodorsally and then bending at nearly a
right angle into a strongly inclined anterodorsal extension toward the roof of the skull, ter-
minating in a long, thin tip (Schmidt, 1909).
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When present, the parietal organ, or pineal eye, is dorsoventrally compressed and has either
a round or slight sagittally elongated shape (Schmidt, 1909). It lies just under the skin and con-
siderably anterior to the pineal gland, or pineal organ (Schmidt, 1909; Quay, 1979), in or above
the pineal (parietal) foramen of the frontal bone (Romer, 1956; Rieppel, 1981). The location of
this foramen in the frontal bone represents a forward shift from ancestral forms (Trost, 1956).

The parietal organ is connected to the pineal organ by the parietal eye nerve (Quay,
1979). A spot associated with the presence of the parietal organ, called the “parietal spot,” is
visible in Bradypodion, Brookesia, Chamaceleo, and Furcifer, but absent in Rhampholeon, Riep-
peleon, and Trioceros (Schmidt, 1909; Gundy and Wurst, 1976). The diameter of the parietal
organ relative to the diameter of the pineal foramen in chameleons is known to vary from
half'its size to nearly twice its size (Edinger, 1955), so estimating development of the parietal
organ based on the size of the pineal foramen is difficult.

Ear

The ear in chameleons is greatly reduced. There is no external ear opening or tympanic mem-
brane (Brock, 1941; Engelbrecht, 1951; Frank, 1951; Wever, 1968, 1973; Wever and Werner,
1970), and the traditional round window is absent or extreme reduced (Wever, 1968, 1969a,
1973). Some species further lack a tympanic cavity (Engelbrecht, 1951; Frank, 1951; Sim-
onetta, 1957; Toerien, 1963; Wever, 1968), and the columella is often reduced or modified to
a level that it is regarded as nonfunctional (Toerien, 1963; Wever, 1968, 1969b). Further, the
extracolumella exhibits various modifications and is noted to terminate on various tissues,
affecting potential conductance (Wever, 1968, 1969b; Wever and Werner, 1970). Whereas
these reductions have not resulted in the loss of ability to detect airborne sound, their hearing
is greatly reduced (Wever, 1968, 1969a,b, 1973; Wever and Werner, 19770).

Whereas Rhampholeon lack a tympanic cavity (Frank, 1951) and Bradypodion is said to
either lack (Engelbrecht, 1951; Simonetta, 1957) or possess a vestigial tympanic membrane
(Brock, 1941), in Chamaeleo and Trioceros the tympanic cavity is well defined and encloses
the middle ear (Wever, 1968, 1969b). In these taxa, the tympanic cavity is separated from
the pharyngeal region by a membrane, although a small oval-shaped opening correspond-
ing to the Eustachian tube is found (Wever, 1968).

The stapedial footplate of the osseous columella rests in the oval window at the floor of the
otic capsule (Fig. 2.6) (Toerien, 1963; Wever, 1968, 1969a,b). In Chamaeleo and Trioceros the
footplate is large and nearly fills the oval window (Fig. 2.6) (Wever, 1968, 1969b), whereas in
Bradypodion the footplate is small and does not fit closely within the oval window (Toerien, 1963)
and in Rhampholeon the footplate is extremely small or vestigial (Frank, 1951; Toerien, 1963).

In Bradypodion (Engelbrecht, 1951; Toerien, 1963) and Rhampholeon (Frank, 1951) the col-
umella is poorly developed and may not form a connection with the quadrate (Toerien, 1963).
When it does, a cartilaginous extracolumella lies at the distal end of the columella (Brock,
1941; Wever, 1968, 1969b). In Chamaeleo, the extracolumella has anterior and posterior pro-
cesses (Fig. 2.6a) (Wever, 1968), whereas the anterior process is lacking in Trioceros (Fig. 2.6b)
(Wever, 1969Db). The anterior process of Chamaeleo extends along a membrane between the
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FIGURE 2.6. Drawings of the inner aspects of the right ears of C. senegalensis
(a) and T. hoehnelii (b) from a ventral, medial, and slightly anterior direction.
(a) redrawn from Wever (1968) and (b) from Wever (1969b).

quadrate and pterygoid to the thin edge of the pterygoid wing, where it forms a ligamentous
attachment (Fig. 2.6a) (Wever, 1968). The posterior process of the extracolumella extends to
the ventral part of the quadrate, forming a flat plate in the process (Fig. 2.6) (Wever, 1968,
1969b), which is smaller in Trioceros (Wever, 1969b). Dorsal (superior) and ventral (inferior)
ligaments extend from the extracolumellar plate, with the dorsal ligament extending from
the proximal end of the plate along the quadrate toward the squamosal (Fig. 2.6) (Wever,
1968, 1969Db), and the ventral ligament extending from the distal end of the plate to the artic-
ulation between the quadrate and articular in Chamaeleo (Fig. 2.6a) (Wever, 1968), and to the
posterior end of the articular in Trioceros (Fig. 2.6b) (Wever, 1969b).

In Chamaeleo, it is hypothesized that the pterygoid wing and the membrane extending
to the quadrate, combined with the columellar system acts as a substitute tympanic mem-
brane by serving as a conductive mechanism for airborne sound (Fig. 2.6a) (Wever, 1968).
The lack of ligamentous connection between the columellar system and the pterygoid in
Trioceros, however, results in a lack of a tympanic membrane substitute (Wever, 1969Db).

Whereas a traditional round window is lacking in chameleons (Wever, 1968, 1969a,
1973), a substitute for it and its pressure discharge mechanism during oscillation of the oval
window is known in Chamaeleo and Trioceros (Wever, 1968, 1969a, 1973). This substitute is
present in the form of a fluid-filled path extending from the posterior wall of the scala tym-
pani of the ear, posteriorly into the exoccipital bone and then laterally through the foramen
of the glossopharyngeal nerve and into the tympanic cavity (Wever, 1968, 1969a).

The vestibular system of the inner ear has been examined in only a limited number
of taxa. It is characterized by three well-developed semicircular canals with the curves of
the posterior and anterior canals extending ventrally and the curve of the horizontal canal
extending medially (Boistel et al., 2010). These semicircular canals are relatively flattened
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and oblong in shape in Brookesia, whereas in Archaius, they are more rounded (Boistel et al.,
2010). Curiously, the horizontal canal in chameleons is only oriented horizontally when the
head it elevated (Boistel et al., 2010).

Tongue Pad and Taste Buds

The bulbous portion of the tongue in chameleons that is projected from the mouth can
be divided into the tongue tip, the foretongue, and the hindtongue (Herrel et al, 2001b).
The tongue tip is composed of the bifurcated anteroventral end of the tongue and the area
adjacent and posterior to it (Herrel et al., 2001b). The foretongue consists of the portion of
the tongue pad that is invaginated to create a lingual pocket, or dimple, with an upper and
lower lobe (Herrel et al., 2000, 2001b) and is often called the “membrana glandulosa” (Bell,
1989). The hindtongue consists of the epithelium surrounding the M. accelerator linguae
posterior to the tongue pad (Herrel et al., 2001b).

The tongue tip is bifurcated, with paired ventral plicae. This region is comprised of dense,
closely packed papillae that show little to no visible microstructure (Herrel et al., 2001b). At
the bifurcated tip, these papillae appear to be randomly oriented; however, posteriorly toward
the foretongue, they are arranged in transverse rows (Herrel et al., 2001b). Taste buds are
present on the tongue tip, but they are not abundant (Schwenk, 198s; Herrel et al., 2001b).

The foretongue or membrana glandulosa consists of densely packed reticular papil-
lae oriented in transverse rows and exhibiting a prominent microstructure (Herrel et al.,
2001b). Extending posteriorly, the density of these papillae decreases (Herrel et al., 2001b).
This region is rich in epithelial-gland cells producing serous and mucous secretions (Bell,
1989; Herrel et al., 2000; Schwenk, 2000). Free plumose cells are known to be scattered
occasionally on the edges of the foretongue in some species (Trioceros melleri; Herrel et al.,
2001b); however, they are reported to be numerous in the lingual pouch of chameleons
(Schwenk, 1983, 2000). Further, studies have found this region to lack taste buds in some
species (Trioceros melleri; Herrel et al., 2001b), whereas others have indicated that they are
present, although not abundant, in other species (Trioceros jacksonii; Schwenk, 198s).

The hindtongue lacks papillary structures and consists instead of a smooth epithelium
around the M. accelerator linguae (Herrel et al., 2001b). Still, a prominent microstructure
can be observed (Herrel et al., 2001b). Some studies have located taste buds in this region
at higher concentrations than in the anterior regions (Herrel et al., 2001b), whereas other
studies have found this region to be devoid of taste buds (Schwenk, 1985).

Overall, chameleons possess fewer gustatory receptors than other Iguanian lizards
(Schwenk, 198s5; Herrel et al., 2001b). More broadly, however, taste buds are said to always be
numerous in the oral epithelium of lizards, with the exception of varanids, which lack taste
buds altogether, and chameleons, which lack them on the oral epithelium (Schwenk, 198s).

Nasal Capsule and Nasal Cavity

Overall, the nasal capsule and nasal cavity is of reduced size, having been shortened and
compressed in the process of being pushed anterodorsally because of the enlarged eye and
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tongue (Brock, 1941; Malan, 1945; Engelbrecht, 1951; Frank, 1951; Visser, 19772; Slaby, 1984).
The reduction and poor development of a number of features of the nasal capsule and nasal
cavities, in addition to the olfactory nerves and olfactory nerve branches, has generally
resulted in chameleons being considered microsmatic at best (Haas, 1937).

The cartilaginous nasal capsule is highly complex and differs considerably from that in
ancestral lineages (Haas, 1937; Malan, 1945; Engelbrecht, 1951; Slaby, 1984; Hallermann,
1994). Its roof and sidewalls are quite complete, whereas the floor is relatively incomplete
(Haas, 1937; Engelbrecht, 1951). The interpretation of the formation or the floor, however, is
the subject of a variety of interpretations, particularly with regard to the presence or absence
of paraseptal cartilages (Haas, 1937; Brock, 1941; Malan, 1945; Engelbrecht, 1951; Slaby,
1984). Discussion of the specific fine structure of the nasal capsule is not discussed here but
can be reviewed elsewhere (Haas, 1937; Brock, 1941; Malan, 1945; Engelbrecht, 1951; Frank,
1951; Visser, 1972; Slaby, 1984; Hallermann, 1994).

The nostrils in chameleons are positioned laterally and enter the elongate and large
diameter nasal vestibules at an oblique anterior direction (Engelbrecht, 1951; Parsons, 1970;
Visser, 1972). The vestibular wall is composed of erectile muscular tissue with a layer of
keratinized epithelium covering it (Malan, 1945; Engelbrecht, 1951; Frank, 1951), whereas the
rest of the nasal cavities are lined with ciliated epithelium (Engelbrecht, 1951). The vestibules
open laterally at their posterior end into the olfactory chamber located beneath it via a wide
slit (Malan, 1945; Engelbrecht, 1951; Parsons, 19770). This slit is elongated in Bradypodion
but shorter in Chamaeleo, forming a blind cavity posterior to the opening to the olfactory
chamber (Malan, 1945; Haas, 1937; Parsons, 1970). The olfactory chamber is small, the most
reduced of any reptile, and the olfactory epithelium is highly reduced (Haas, 1937; Malan,
1945; Frank, 1951; Parsons, 1970). The nasal conchae, or turbinates, are reduced to a rudi-
mentary flat ledge (Haas, 1937) or absent altogether (Hallermann, 1994). The choanae lie
directly beneath the opening between the vestibules and olfactory chamber in Bradypodion
(Malan 1945; Engelbrecht, 1951). Inspired air is thus able to travel from the vestibules directly
into and through the choanae in Bradypodion (Malan, 1945; Engelbrecht, 1951), whereas air
must travel a more elaborate route in Chamaeleo through the olfactory chamber and into the
choanae (Haas, 1937; Malan, 1945). Inspired air then travels from the choanae into the oral
cavity (Engelbrecht, 1951). The paired choanal grooves in the palate of the oral cavity are deep
and bordered by choanal folds, which are supported by the ectochoanal cartilages, which
are in turn supported by the medial process of the maxillae (Engelbrecht, 1951; Frank, 1951).

Vomeronasal Organ

The predominating theory on the presence and development of a vomeronasal, or Jacob-
son’s, organ in chameleons is based on that of Haas (1947), who described the presence
of a “reduced” and “functionless” vomeronasal organ in Chamaeleo chamaeleon. Based on
this study, many report chameleons in general to possess a rudimentary or vestigial vom-
eronasal organ (Necas, 2004; Gehring and Lutzmann, 2011); however, some others simply
state that the vomeronasal organ is absent in chameleons (Dgving and Trotier, 1998). In
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reality, there is no standard condition within the family (Parsons, 19770). For instance, the
vomeronasal organ has been reported to be completely absent in some taxa (Slaby, 1984),
including in Trioceros hoehnelii (Malan, 1945) and Rhampholeon platyceps (Frank, 1951),
whereas it is regarded as rather rudimentary in C. dilepis (Born, 1879) and C. chamaceleon
(Born, 1887; Haas, 1947) and well developed in Bradypodion pumilum (Malan, 1945; Engel-
brecht, 1951; Visser, 1972) and B. ventrale (Brock, 1941). This lack of ubiquity within the
family is not typically discussed, because while we know very little about the structure of
the vomeronasal organ in different chameleons, we know even less about its functionality.

When present, the paired vomeronasal organs are located in the roof of the mouth anterior
to the nostrils (Brock, 1941; Malan, 1945; Haas, 1947; Engelbrecht, 1951; Visser, 1972). Their
openings into the oral cavity lie between the anterior tip of the vomer and maxillae (Brock, 1941;
Haas, 1947; Engelbrecht, 1951), and the vomeronasals are separated from the choanae by Fuchs
secondary palate rather than opening into them (Malan, 1945; ngelbrecht, 1951). Their height is
reduced, and whereas the vomeronasal organ in most lizards lies beneath the nasal vestibules,
they lie medial to them in chameleons (Brock, 1941; Malan, 1945; Engelbrecht, 1951; Visser,
1972). This more anterior and dorsal positioning is thought to be due to the need to accommo-
date the large eyes and tongue (Malan, 1945; Engelbrecht, 1951; Visser, 1972; Slaby, 1984).

The vomeronasal organs are covered dorsally and laterally by two cartilaginous plates
(Brock, 1941; Malan, 1945; Engelbrecht, 1951), likely derived from the roofing cartilage,
forming their own cartilaginous roof (Malan, 1945; Engelbrecht, 1951). Coverage by these
cartilaginous plates is interrupted dorsolaterally by a fontanelle (Brock, 1941; Malan, 1945;
Engelbrecht, 1951), which is not covered by the septomaxillary as in other lizards, as it is
absent in chameleons (Malan, 1945; Engelbrecht, 1951; Frank, 1951; Visser, 1972;
Hallermann, 1994). The ventral edges of the lateral cartilaginous plates are bent medially,
forming a floor for the lateral portions of each vomeronasal organ (Brock, 1941; Malan, 194s;
Engelbrecht, 1951). The vomeronasal organs are lined with ciliated epithelium (Engelbrecht,
1951). There is no connection between the ductus nasolacrimalis and the vomeronasal
organs in chameleons (Malan, 1945; Engelbrecht, 1951).

Brain and Nervous System

The neurology of the chameleon has been studied by a number of researchers over the
years. Here we very briefly comment on a couple of general trends as compared with other
reptilian brains that apply more broadly to trends seen in other aspects of chameleon anat-
omy and ecology.

The cerebellum in chameleons is highly developed; it is long, narrow, and curved
forward in shape, possibly because of its function in maintaining equilibrium, which is
important in arboreal animals (Shanklin, 1930). Further, whereas the olfactory bulbs are
typically large in reptiles, in chameleons they are minute, and the peduncles are very
slender, adding further support to the notion that chameleons are microsmatic (Shanklin,
1930; Goldby and Gamble, 1957). Similarly, the main vomeronasal-recipient structure, the
nucleus sphaericus, is reduced in size and devoid of a cortical-like arrangement (Senn and
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Northcutt, 1973; Northcutt, 1978). The basal optic-root ganglion is well developed and likely
correlated with the wide range of eye movements in chameleons (Shanklin, 1930). Finally,
the hypoglossal nucleus is highly differentiated, likely in association with the complex and
highly evolved tongue and its complex projection mechanism (Shanklin, 1930).

Further information on the neurology of the chameleon brain can be found in Shanklin
(1930). Other studies of the chameleon brain and nervous system have focused on the cerebral
tube (Bergquist, 1952), neopallium (Dart, 1934), wall of the forebrain (Killén, 1951a,b), motor
pathways of the eye (Stefanelli, 1941), and the nucleus opticus tegmenti (Shanklin, 1933).

2.4 VISCERAL SYSTEMS

In general, relatively little is known about the visceral systems in chameleons. Of note, how-
ever, are the lung and hemipenal morphology, which has been extensively examined for tax-
onomic purposes. Here we briefly describe the anatomy of these and other visceral systems.

Circulatory

Overall, the circulatory system of chameleons has not been well studied. The pathways and
branching patterns of aspects of the arterial (Rathke, 1857; Mackay, 1886; Beddard, 1904;
Adams, 1953, 1957) and venous (Beddard, 1904; Bruner, 1907) systems have been described
in detail elsewhere and are not discussed here. Instead, a brief summary is provided on the
aspects of the anatomy of the three-chambered heart of chameleons, which has received
only minimal attention from researchers.

Internally, the ventricle of the heart is known to have seven apical chambers, as is typi-
cal of most reptilian hearts, but little else is known of the internal structure (Farrell et al.,
1998). Externally, the sinus venosus is well developed, with visible swelling at the conflu-
ence of the postcaval and right precaval veins (Kashyap, 1960; Farrell et al., 1998). The ter-
minal portion of the left precaval vein is also swollen but has a considerable constriction at
its junction with the aforementioned confluence (Kashyap, 1960; Farrell et al., 1998). The
right and left atria are of approximately equal size and an atrial diverticulum is present
between the paired carotid arteries (Kashyap, 1960; Farrell et al., 1998). Whereas in most
reptiles the conus arteriosus has been absorbed into the ventricle, traces of a vestigial conus
arteriosus are visible at the base of the arterial trunk in chameleons (Kashyap, 1960; Farrell
et al.,, 1998). The apex of the heart is attached to the pericardium by a gubernaculum
cordis and the apical two thirds of the ventricle is attached to the pericardium by a mesocar-
dial membrane (Kashyap, 1960; Farrell et al., 1998).

Respiratory

The lungs in chameleons are highly variable and can be extremely elaborate. Their struc-
ture has been extensively studied for use as a taxonomic marker (e.g., Klaver, 1973, 1977,
1979, 1981) as the configuration of the pulmonary septa are conserved within groups of
related species (Klaver and Bshme, 1986).
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The larynx is formed, as in other reptiles, by the cricoid cartilage and arytenoid carti-
lages (Germershausen, 1913). In some species, an inflatable sac, called the “gular pouch,” is
connected with the ventral wall of the trachea just behind the larynx (Germershausen, 1913;
Klaver, 1981; Klaver and Bshme, 1986).

The lungs in chameleons occupy a large portion of the body cavity, with lung volumes
that are among the largest for their size of any reptile (Perry, 1998). The luminal walls of the
lungs have numerous terminal air sacs for gas exchange, called “edicula,” which are at least
as wide as they are deep (Perry, 1998) and supported by a trabeculated smooth-muscle net-
work (Klaver, 1981; Perry, 1998; Tilbury, 2010). The lungs can be simple and sac-like or can
have internal septa that project into the lumen of the lung in one of five patterns (Klaver,
1981; Klaver and Béhme, 1986; Tilbury, 2010). Further, diverticula of differing shape, size,
position, and number can project off the ventral and terminal aspects of the lungs in some
species (Beddard, 1907; Methuen and Hewitt, 1914; Klaver, 1973, 1977, 1979, 1981; Klaver
and Bohme, 1986; Tilbury, 2010).

A nonseptate condition is seen in all Brookesia, Rhampholeon, and Rieppeleon spe-
cies (Klaver, 1979; Klaver and Bshme, 1986; Tilbury, 2010), except Rhampholeon spinosus
(Klaver, 1981). In this condition, the lung lumen forms a simple sac devoid of any septae
(Klaver, 1979; Klaver and Bshme, 1986; Tilbury, 2010).

The first septation condition lacks long longitudinal septa, but the lungs are clearly
divided, with the dorsal, cranial and ventral walls having varying numbers of small to mod-
erately sized septa (Klaver, 1973, 1977, 1981; Klaver and Bshme, 1986; Tilbury, 2010). This
pattern is seen in Rhampholeon spinosus (Klaver, 1981) and members of the Bradypodion,
Calumma, Furcifer, Kinyongia, and Nadzikambia genera (Klaver, 1973, 1977, 1981; Klaver and
Bshme, 1986; Tilbury, 2010).

The remaining four types of divisions are characterized by large longitudinal septa run-
ning posteriorly through the lumen from the orifice of the bronchus (Klaver and Bshme,
19806). One of these types, as seen in Chamaeleo species, has two septa that end freely in the
lumen (Klaver, 1973, 1977; Klaver and Bshme, 1986; Tilbury, 2010). The other three types
are seen in the genus Trioceros and have one, two, and three septa that connect to the ven-
tral wall at their distal end, completely subdividing the lumen into chambers (Klaver, 19,73
1977, 1981; Klaver and Bshme, 1986; Tilbury, 2010).

Digestive

A limited number of studies have discussed the anatomy of the digestive system in chame-
leons, and most of this is related to the folding relief of the gastrointestinal tract. Therefore,
here we only briefly describe some of the structure of the digestive system in chameleons.
Whereas in most lizards the esophagus has smooth-surfaced longitudinal folds of
relatively consistent diameter, the esophageal folds in chameleons are rough-surfaced and
of varying diameter (Parsons and Cameron, 1977). The liver in chameleons is typically
brownish gray in color and has two lobes, with the left lobe being larger and having the
greenish-colored gallbladder positioned on its dorsolateral edge (Beddard, 1907; Necas, 2004).
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The pancreas is yellowish in color (Necas, 2004) and bilobed, although these lobes are not
always distinct, forming instead a single curved, elongated mass (Beddard, 1907). Part of
the pancreas lies on the ventral side of the stomach, between the stomach and duodenum,
with an additional portion extending toward the dorsal side of the stomach and back toward
its posterior end (Beddard, 1907). The spleen is purplish red in color and located just ventral
to the stomach (Necas, 2004).

Longitudinal folds in the stomach are of varying diameter and are not parallel, with
both wavy and straight portions (Parsons and Cameron, 1977). The wall of the stomach
between the longitudinal folds has a fine pebble-like surface (Parsons and Cameron, 1977).
The tunica muscularis of the stomach is smooth muscle with an inner circular and outer
longitudinal layer (Luppa, 1977). The muscular layer is of reduced thickness toward the
pylorus of chameleons (Luppa, 1977).

The intestinal tract is short and poorly differentiated (Necas, 2004). Longitudinal folds
of the duodenum have an irregular pattern with tall, thin folds that can appear membra-
nous (Parsons and Cameron, 1977). Their borders are crenulated and the edges bear pro-
jections (Parsons and Cameron, 1977). The wall of the duodenum between the folds is very
rough and has occasional fine longitudinal ridges (Parsons and Cameron, 1977). The rest
of the small intestine has thicker folds with borders that are even more irregular (Parsons
and Cameron, 1977).

The colon has very large, thick, transverse folds that are separated by deep clefts (Par-
sons and Cameron, 1977). These folds have smaller, randomly arranged, longitudinal folds
running along their surface (Parsons and Cameron, 1977). The large folds are very rough,
with grooves and small projections similar to villi (Parsons and Cameron, 1977). Intestinal
glands (glands of Lieberkithn) are reported in the colon of chameleons (Luppa, 1977). The
cloaca also is reported to have simple tubular (unbranched) glands, which are independent

of one another (Luppa, 1977).

Urogenital

Most of our knowledge of the chameleon urogenital system stems from the use of the male
reproductive parts as taxonomic markers (e.g., Klaver and Bshme, 1986). Here we only
briefly discuss the structure of other urogenital structures and focus on the hemipenes,
because of their importance in species differentiation and taxonomy.

The kidneys are located in the posterodorsal portion of the body cavity along the spine
(Necas, 2004) and are elongate pear-shaped to uniformly elongate (Fox, 1977). A urinary
bladder is present in chameleons and opens ventrally into the cloaca (Fox, 1977). The uri-
nary bladder may be used for water storage (Burrage, 1973).

In females, the oviducts and eggs occupy a large portion of the body cavity when a clutch
is being developed (Necas, 2004). In males, the testes are black and the seminal vesicles
have a tubular arrangement (Fox, 1977).

Male chameleons, like other squamates, have a paired intromittent organ called the
“hemipenes.” The hemipenes are held inside the body in an inverted position while at rest.
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FIGURE 2.7. Schematic sulcal views of hemipenis morphology for F. lateralis
(@), R. platyceps (b), and C. calyptratus (c). Redrawn from Klaver and Bshme (1986).

It is held in a pocket posterior to the vent in the base of the tail, often forming a hemipenal
bulge, which can be useful in determining the sex of individuals.

Each hemipenis in chameleons has either a strong clavate shape, in the case of Brookesia,
Rhampholeon, and Rieppeleon species (Fig. 2.7b), or weakly clavate to subcylindrical shape,
as in other genera (Fig. 2.7a,c), when everted (Klaver and Bshme, 1986). Overall the hemi-
penis can be divided into three regions: the pedicle, the truncus, and the apex (Fig. 2.7¢)
(Klaver and Boshme, 1986). The pedicle is the proximal base of the hemipenis, the truncus
is the medial portion, and the apex is the distal tip (Fig. 2.7¢) (Klaver and Bshme, 1980).

The pedicle of the hemipenis has a relatively smooth surface (Klaver and Bshme, 19806).
The truncus can either be calyculate, with reticulated honeycomb-like pits, called “calyces,”
ornamenting its surface (Fig. 2.7¢), or acalyculate, with a smooth surface, making differen-
tiation between the pedicle and truncus difficult (Fig. 2.7b) (Klaver and Béhme, 1980).

A channel-shaped groove, called the “sulcus spermaticus,” bordered by sulcal lips, runs
along the hemipenal surface of the pedicle and truncus for sperm transport during copula-
tion (Fig. 2.7) (Klaver and Boshme, 1986; Necas, 2004). The sulcus spermaticus is smooth,
whereas the sulcal lips can be smooth or have ridge traces from the surrounding calyces
(Klaver and Bshme, 1986). The sulcal lips may exhibit a capitate state, where they diverge
distally to form a clear ridge boundary between the truncus and apex, or be noncapitate
(Klaver and Boshme, 19806).

The apex is simple to slightly bilobed at its distal end and is often elaborately ornamented,
with ornamentation being arranged bilaterally (Klaver and Bshme, 1986). Ornamentation
may include papillae, pedunculi, auriculae, rotulae, horns, and crests (Klaver and Bshme,
1980). Papillae are fleshy and flexible projections that vary in size and shape and can be sin-
gle, paired, scattered, arranged in rows, or concentrated in papillary fields (Fig. 2.7a) (Klaver
and Bshme, 1986; Necas, 2004). Pedunculi are thick stalks protruding over the distal end of
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the sulcus spermaticus and can be papillate themselves (Fig. 2.7a) (Klaver and Bshme, 1980).
Auriculae, on the other hand, are curved dentriculate ridges that occur on the asulcal side
of the apex— that is, the opposite side of the hemipenis from where the sulcus spermaticus
occurs (Fig. 2.7a) (Klaver and Bshme, 1986; Necas, 2004). Rotulae are similar to auriculae
but are more developed and semicircular discs with a denticulate or serrated outer margin
(Fig. 2.7¢) (Klaver and Bshme, 1986). Horns, as seen in many Rhampholeon species, are broad,
rotund projections that taper toward their distal ends and curve toward the sulcal side of the
apex (Fig. 2.7b) (Klaver and Bshme, 19806). Finally, crests, as seen in some Brookesia species,
are papillate or dentriculate crests or crested lobes on the apex of the hemipenis (Klaver and
Bohme, 1980). Interestingly, the development of these apical structures appears to be related
to seasonal and hormonal factors, and specimens may exhibit intraspecific variation depend-
ing on reproductive state or the time of year (Klaver and Bshme, 1986; Tilbury, 2010).

Endocrine and Exocrine

Our knowledge of the anatomy of endocrine and exocrine structures in chameleons is
extremely limited. Endocrine glands in chameleons have been examined only to a limited
extent, and the description of their morphology is extremely superficial or limited to the
broader context of larger groups of lizards (e.g., Lynn and Walsh, 1957; Gabe and Martoja,
1961; Bockman, 1970; Gabe, 19770; Girons, 1970; Lynn, 1970), and is therefore not discussed
here. Examinations of exocrine structures in chameleons are similarly limited; however, a
unique, suspected holocrine gland is known in some chameleons.

Whereas chameleons lack the femoral glands common to many other lizards (Camp,
1923), some do have a structure that is thought to be similar to the femoral gland in lizards
and analogous to the sebaceous gland of mammals (Ogilvie, 1966). This structure, called
the “temporal gland,” is a dermal pouch in the temporal region of the head that excretes
decaying cornified skin cells (Ogilvie, 1966). When present, it is located between the super-
ficial muscles of the temporal region of the skull and the external layer of skin, anterior
to the M. depressor mandibulae (Ogilvie, 1966). Its base lies beneath the quadratomaxil-
lary ligament, and the pouch opens into the commissure of the jaws when the lower jaw is
depressed (Ogilvie, 1966). It is believed that this pouch may have arisen as a result of an
increased area of skin present at the angle of the jaw (Ogilvie, 1960).

The development of the temporal gland is highly variable between chameleon spe-
cies and genera, with some of the most developed examples occurring in Trioceros, whereas
Rieppeleon have only a small temporal pouch that is difficult to detect under a microscope, and
Rhampholeon are believed to lack the pouch altogether (Ogilvie, 1966). Overall, the pouch has
been observed to varying degrees of development in Bradypodion, Chamaeleo, Kinyongia, Riep-
peleon, and Trioceros, but it is absent in Calumma, Furcifer, and Rhampholeon (Ogilvie, 1966).

In addition, some chameleons are known to excrete salt from nasal salt glands (Burrage,
1973). The structure of the nasal salt glands has not been examined in chameleons specifi-
cally; however, in lizards the salt gland is formed by the modified lateral nasal gland (Dunson,
1976; Hazard, 2004) and consists of branching secretory tubules projecting radially around
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a central duct (Burrage, 1973; Dunson, 1976) that opens into the nasal vestibule (Peaker
and Linzell, 1975). These glands produce a brine of potassium, sodium, and chloride that is
exuded from the nostrils and dries, forming deposits around the nares (Burrage, 1973).

While the multitude of unique features of chameleons has resulted in many researchers
examining various aspects of chameleon anatomy over the years, a considerable gap in our
knowledge remains. Future work will likely reveal morphological differences between spe-
cies and genera of chameleons, especially those that live in different types of habitats.

Not all chameleons, for example, are arboreal, although terrestrial chameleons still
appear to maintain many of the same morphologies as their arboreal relatives. Key ques-
tions regarding commonalities and divergence between disparate groups of chameleons
remain, however. As noted by Tolley and Burger (2007), terrestrial chameleons tend to be
small, and they typically exhibit relatively short tails. How internal morphology relates to a
terrestrial lifestyle in chameleons remains relatively unknown.

Further, a great deal of behavioral variation exists between different lineages within the
family. Many of these behavioral differences may have underlying morphological variations
associated with them. Behavioral observations of tongue-touch behavior in various species
(Ogilvie, 1966; Gehring and Lutzmann, 2011; C.V. Anderson, personal observation) suggest
a need for more in-depth examination of the morphological variation and functionality of

the vomeronasal organ, for example.
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THREE

Chameleon Physiology

ANTHONY HERREL

3.1 NEUROPHYSIOLOGY
Sensory Physiology

The sensory system of chameleons is highly tuned toward visual stimuli. Not only do cha-
meleons rely on visual signals in a social context, they are also visual predators (Gans,
1967). As such, a large body of literature has been devoted to the functioning and anatomy
of the visual system. For example, it has been shown that chameleons have a negatively
powered lens (Land, 1995; Ott and Schaeffel, 1995) and use accommodation cues to judge
distance (Harkness, 1977), features convergent with the sandlance (Pettigrew et al., 1999).
The auditory system has also been studied in some detail and shows lower hearing sensi-
tivity as compared with that of other lizards (Wever, 1968, 1969a,b). Little is known about
the physiology of the olfactory (smell), vomerolfactory, and gustatory (taste) systems in cha-
meleons beyond anatomical descriptions (Schwenk, 198s; Halpern, 1992). In general, the
reduced development of these systems is thought to be associated with reduced functional-
ity, which is attributed to the highly visual nature of chameleons (Chapter 2).

Visual System
Chameleons rely heavily on the visual system for a wide variety of behaviors ranging from
foraging and prey capture to social signaling and predator detection. Many of the unusual
features of the eyes (e.g., their ability to move the eyes independently over 18c degrees
horizontally and over 9o degrees vertically; Sdndor et al., 2001), and of the visual system
in general, have evolved in tight relationship with their unique ballistic tongues used dur-
ing prey capture (Chapters 2, 4). Although initially it was believed that chameleons used
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stereopsis (i.e., binocular vision) to judge distance (Duke-Elder, 1957), it was later demonstrated
that prey distance is estimated using accommodation cues (i.e., changing of lens shape to
maintain focus on an object as its distance varies; Ott and Schaeffel, 1995). Consequently,
chameleons are capable of successfully capturing prey with one eye occluded (Kirmse
etal., 1994). The accommodation range is large in chameleons, and the focusing precision
is better than in other vertebrates (Ott and Schaeffel, 1995; Ott et al., 1998). Surprisingly,
chameleons are similar to nonhuman primates in having a vestibuloocular reflex response
that optimally stabilizes the entire retinal image (Haker et al., 2003). Although chame-
leons use independent eye movements to scan their environment directly preceding prey
capture, chameleons use binocular fixation at the moment of prey capture (Flanders, 1985;
Ott, 2001).

In addition to functional and physiological studies, a series of papers has investigated
the neuroanatomy of the visual system in chameleons (Bennis et al., 2001, 2005). The neu-
ronal organization of the visual system in chameleons suggests several features unique
to chameleons. First, the ipsilateral retinofugal projection is absent; second, an additional
hypothalamic visual center is present; and third, the nucleus opticus tegmenti is unusually
large as compared with other lizards (Bennis et al., 1994; 19906). Studies on the optic nerve
and retina show that chameleons have a complex retina that is in some ways similar to the
mammalian one (El Hassni et al., 1997; Bennis et al., 2005). Moreover, the retina possesses
four distinct types of single cones (Bowmaker et al., 2005), rendering the visual system of
chameleons sensitive to visible light and the near ultraviolet with a cutoff at about 350 nm
(Hunt et al., 2001; Bowmaker et al., 2005). This suggests that signaling in the ultraviolet
range may make up an important component of the behavioral repertoire in chameleons
(Stuart-Fox and Moussalli, 2008; Chapter 6).

Auditory System
Several studies have been devoted to the auditory system of chameleons (Wever, 1968,
1969a,b). Chameleons are unusual in having no external ear opening and no visible tym-
panic membrane. Moreover, the round window of the cochlea is lacking (Wever, 1968). Con-
sequently, chameleons have a relatively poor auditory sensitivity as compared with other
lizards (Wever, 1968, 1969a). Interestingly, different auditory sensitivities were recorded for
species of the genus Chamaeleo versus the genus Trioceros, with T. hoehnelii and T. jacksonii
having poorer auditory performance than all species of Chamaeleo (Wever, 1968, 1969a).
Moreover, severing of the columella decreased hearing performance in species of the
genus Chamaeleo but not Trioceros. This was explained by a difference in the sound-reception
mechanisms in the two genera. Whereas aerial sounds are received by the pterygoid plate
embedded in the tissues at the side of the head in species of Chamaeleo (Wever, 1968,
1969b), this system is dysfunctional in Trioceros because of the lack of the anterior pro-
cess of the extracolumella (Wever, 1969a). Although at the time it was unknown that these
species with different morphologies belonged to different genera (Townsend and Larson,
2002; Chapter 7), this observation suggests a strong phylogenetic effect. Unfortunately,
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given the lack of data for other genera, the basal condition of the group cannot be deter-
mined. Moreover, whether the difference in anatomy and hearing sensitivity is related to
differences in habitat use (with Trioceros typically being forest dwellers) remains unknown.

Sleep

Although in general, relatively little is known about sleep in reptiles, one study has inves-
tigated sleep in chameleons (Tauber et al., 1966). One of the big debates in the literature
is whether rapid eye movement (REM) sleep is present in reptiles other than birds
(Tauber et al., 1968; Siegel, 2008). Although the evidence is equivocal, most studies tend
to suggest that, although reptiles do sleep, no true REM sleep can be demonstrated based
on recordings of brain activity (Ayala-Guerrero and Mexicano, 2008; Siegel, 2008). Yet,
Tauber and colleagues (1966) demonstrated an intriguing pattern of eye movements in cha-
meleons during physiological sleep states. Specifically, they demonstrated that typically
brief periods of REM are present while sleeping. Unilateral eye movements with the eyelid
opened are also observed without any changes in sleep posture. However, their electroen-
cephalographic recordings from the telencephalon suggested no true REM sleep is present.
Given the radically different anatomy of the lizard brain, recordings from the brain stem
(where the structures homologous to those recorded in mammals and birds reside) would
be needed to confirm this. In conclusion, neurophysiological studies in reptiles are woefully
lacking behind those of other vertebrates and much remains to be investigated.

3.2 MUSCLE PHYSIOLOGY

Studies on chameleon muscle physiology are rather scarce and can be subdivided into two
groups: those that investigate the physiological basis of the slow locomotion in chameleons,
and those interested in the structure and physiology of the tongue muscles. Chameleons
are well known for being slow, with sprint speeds being about 10 times slower than those
of closely related agamid lizards of similar size (Abu-Ghalyun et al., 1988; Losos et al.,
1993; Herrel et al.,, 2011; see also, Chapter 4). To better understand the physiological basis
of this slow locomotor behavior, several studies have examined the histochemical,
ultrastructural, and metabolic profiles of chameleon muscle (Guppy and Davison, 1982;
Abu-Ghalyun, 1990; Mutungi, 1992). These studies show that chameleons possess,
on average, more slow fibers in the arm and leg muscles as compared with other lizards
(Abu-Ghalyun, 1990; Mutungi, 1992). Moreover, fast lizards such as skinks have higher
metabolic potential in skeletal and cardiac muscle than chameleons, yet both skinks and
chameleons have mammalian-level metabolic capacities, as indicated by levels of citrate
synthase and B-hydroxybutaryl-coenzyme A dehydrogenase in the heart (Guppy and Davison,
1982). The slow locomotion of chameleons thus likely resides in the contractile capacities of
its locomotor muscles (Abu-Ghalyun et al., 1988) coupled with the changes in limb posture
(Chapter 4), and lower overall muscle mass as compared with that of other lizards of similar
size (A. Herrel, personal observation). The contractile properties of the iliofibularis muscle
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show generally slower (up to four times slower) contraction velocities as compared with sim-
ilarly sized agamids (Abu-Ghalyun et al., 1988).

In contrast to the limb muscles, the tongue muscles of chameleons are anything but
slow. Indeed, histochemical profiling revealed only fast glycolytic and fast oxidative glyco-
lytic fibers in the tongue muscles (Herrel et al., 2001b). Consistent with this observation,
muscle innervations were always of the “en plaque” type (Herrel et al., 2001b). Muscle-physiology
experiments showed that the tongue retractors in chameleons are somewhat slower than
those in closely related agamid lizards (time to peak tension, 42 vs. 23 ms; time to half
relaxation, 35 vs. 23 ms), yet they produce high forces for their cross-sectional area (Herrel
et al., 20013, 2002; Anderson and Deban, 2013). Chameleons have unusual tongue-retractor
muscles that are of the supercontractile type (Rice, 1973; Herrel et al.,, 2001a, 2002, 2009).
These muscles are characterized by perforated Z discs and high, nearly invariant force-gen-
eration capacity over a wide range of muscle lengths (Herrel et al., 20013, 2002). Despite
the thermal independence of overall tongue projection (Anderson and Deban, 2010), the
physiology of the accelerator muscle responsible for tongue projection is highly
temperature-dependent (Anderson and Deban, 2013). Thus, the reduced thermal sensitivity
of tongue-projection performance appears to be the result of the morphologic arrangement
and the incorporation of elastic elements into the projection mechanism rather than physi-
ological specialization of the associated muscles (Anderson and Deban, 2013).

3.3 METABOLISM, SALT, AND WATER BALANCE

Surprisingly few studies have investigated the metabolism of chameleons (Burrage, 1973;
Wheeler, 1984; Zari, 1993). Given their slow sit-and-wait or cruise foraging behavior and
generally cryptic lifestyle (Butler, 2005; Chapter 5), chameleons could be expected to have
low standard metabolic rates. Yet, metabolic rates of chameleons are similar to those mea-
sured for other lizards and are highly dependent on body mass (Burrage, 1973; Bennett and
Dawson, 1976; Andrews and Pough, 198s5; Zari, 1993). Moreover, standard metabolic rate is
highly temperature-dependent, with Q  values of 3.38 to 3.81 in the range from 20 to 30°C
for C. calyptratus (Zari, 1993) but with lower Q  values for C. namaquensis and B. pumi-
lum (1.26 to 2.91) (Burrage, 1973). Interestingly, for the desert-dwelling species (C. calyptra-
tus and C. namagquensis) Q  values decrease above 30 to 35°C, suggesting an adaptation to
their hot desert environment (Burrage, 1973; Zari, 1993). One study investigated the water
relationships and dehydration rates of chameleons (Burrage, 1973). Differences between
species were observed in dehydration rates with the desert-dwelling C. namaquensis dehy-
drating much more slowly than B. pumilum (note that the B. pumilum included in the study
by Burrage, 1973, are likely individuals belonging to both B. pumilum and B. occidentale).
Furthermore, the C. namaquensis excreted salt around the nares suggesting the presence of
salt glands (Burrage, 1973). This has been suggested to be an adaptation of desert-dwelling
lizards that feed on halophytic plants (Norris and Dawson, 1964) and/or the presence of clo-
acal water reabsorption (Schmidt-Nielsen, 1963).
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3.4 TEMPERATURE

Chameleons are found among widely varying thermal regimes and climatic conditions
ranging from hot and dry desert habitats, through tropical rainforests and Mediterranean
climates, to high-altitude environments (Burrage, 1973; Hebrard et al., 1982; Reilly, 1982;
Bennett, 2004; Chapter 5). Although chameleons are often described as being thermocon-
formers (e.g., Dimaki et al., 2000), more recent studies show that chameleons carefully reg-
ulate body temperatures using behavioral thermoregulation and color change to maintain
temperatures of around 30 to 32°C (Bennett, 2004; Andrews, 2008). The preferred temper-
atures of chameleons are low compared to those of most other diurnal lizards, including
closely related agamid lizards (Burrage, 1973; Andrews, 2008a,b) suggesting an adaptation
to lower temperatures. This, in combination with the temperature-invariant function of the
ballistic tongue protraction (Anderson and Deban, 2010) may have allowed chameleons to
invade high-mountain habitats rarely accessible to other lizards. Moreover, chameleons in
cold environments will change skin reflectance at low temperature, allowing them to heat up
more rapidly and thus reduce time spent basking (Burrage, 1973; Walton and Bennett, 1993).

3.5 SKIN PIGMENTATION, COLOR CHANGE, AND THE ROLE OF
ULTRAVIOLET LIGHT

Despite the long-standing interest in color change in chameleons dating back to Aristotle
(350 BC), surprisingly few studies have investigated the mechanism of color change in cha-
meleons (Briicke, 1852b; Hogben and Mirvish, 1928; Zoond and Eyre, 1934; Canella, 1963).
The current consensus is that melanophores and other chromatophores in the skin (e.g.,
xanthophores, erythrophores and iridiophores; see Cooper and Greenberg, 1992) are under
the control of the autonomic nervous system (Berger and Burnstock, 1979; but see Canella,
1963, for a possible example of hormonal color change in T. jacksonii) unlike those in, for
example, amphibians, which are typically under hormonal control (Hogben and Slome,
1931; Camargo et al., 1999). It is thought that the melanophores are maintained in a state
of tonic contraction that is inhibited by light (Zoond and Eyre, 1934). In addition, visual
stimuli may suppress the tonic contraction of the melanophores, resulting in color change
and background matching (Zoond and Eyre, 1934). The light-dependent color change allows
chameleons to optimize heating rates and minimize basking time (Walton and Bennett,
1993). However, basking may play a role not only in thermoregulation, but it has also been
suggested to play a role in the regulation of the vital hormone vitamin D, in chameleons
and other lizards (Ferguson et al., 2003, 2005; Karsten et al., 2009a). Vitamin D, has an
important function in the calcium—phosphorous hormonal regulation system enhancing
calcium uptake through the gut when calcium levels are low (Ferguson et al., 2003, 2005).
Finally, the nervous control of the chromatophores allows rapid color change. Consequently,
color change is important in social-signaling contexts and is thus likely under strong sexual
selection (Berger and Burnstock, 1979; Stuart-Fox and Moussalli, 2008; Chapter 6).
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3.6 DEVELOPMENTAL PHYSIOLOGY

A considerable body of work has been devoted to the effects of temperature on egg devel-
opment and growth in chameleons. Chameleons are unusual because in some species
embryos are in the gastrula stage at the time of oviposition and may remain at this stage
for several months (Bons and Bons, 1960; Chapter 5). The duration, and end, of this so-
called embryonic diapause is dependent on temperature but not on moisture (Andrews
and Donoghue, 2004; Andrews et al., 2008; Adams et al., 2010). Temperature also affects
speed of development, growth of the yolk sac, as well as the final hatching phenotype (Diaz-
Paniagua and Cuadrado 2003; Andrews, 2007, 2008; Diaz-Paniagua, 2007). Lower tem-
peratures result in longer developmental times and larger hatchlings (Diaz-Paniagua and
Cuadrado, 2003; Diaz-Paniagua, 2007). Temperature also affects the physiology and anat-
omy of the amnion and the rhythmic contractions thereof during development (Nechaeva
etal., 2005). Although the function of these contractions is poorly understood, it is thought
that they help mix the amniotic fluid, thus preventing adhesion between the embryo and
the amnion (Romanoff, 1960). Hatching success is also dependent on temperature, being
higher at low temperatures (Diaz-Paniagua and Cuadrado, 2003). Interestingly, the dura-
tion of the cold period is determinant. Periods of colder temperature of intermediate
lengths produced the largest offspring (Diaz-Paniagua, 2007). Moderate temperatures
also provide optimal embryonic and posthatching development in desert species such as
C. calyptratus (Andrews, 2008). The temperature to which eggs are exposed during devel-
opment does not, however, affect subsequent sprint performance or selected body temper-
atures (Andrews, 2008). The access of females to ultraviolet light has been shown to be
important and to affect the development and hatching success of the eggs (Ferguson et al.,
2002). Moreover, essentials vitamins such as vitamins A and E have been detected in eggs
of chameleons (Dierenfeld et al., 2002), suggesting an important contribution of maternal
effects to hatchling development, growth, and survival. Finally, developmental temperature
in chameleons does not affect hatchling sex ratio in C. calyptratus and F. pardalis, indicating
that chameleons most likely all have genetic sex determination despite scattered reports to
the contrary (Andrews, 2005).

62 Chameleon Physiology

5490036_CH0003.indd 62 21/09/13 10:08 AM



FOUR

Function and Adaptation of Chameleons

TIMOTHY E. HIGHAM and CHRISTOPHER V. ANDERSON

Lizards have often been noted for their ability to move and capture prey in
complex three-dimensional habitats (Huey and Pianka, 1981; Higham et al., 2001;
Vanhooydonck et al., 2002; Mattingly and Jayne, 2004; Russell and Johnson, 2007; Montuelle
et al.,, 2008). Given this, it is not surprising that many lizards are specialized for a
particular type of locomotion and/or feeding. Chameleons, however, exhibit special-
ized feeding and locomotor behaviors. Their locomotor system has garnered substantial
attention, given their purported upright limb posture and ability to perform complex
maneuvers within their habitat. Their feeding apparatus is equally elaborate; they
have the ability to project the tongue a considerable distance in order to latch onto prey
(Zoond, 1933; Wainwright et al., 1991; Wainwright and Bennett, 1992a,b; Herrel et al.,
2000; Anderson and Deban, 2010). Despite their unique and somewhat flamboyant
characteristics, it is surprising that we are far from uncovering the functional mecha-
nisms underlying their unique behaviors. However, there has been a recent surge of
research that is exposing some aspects of chameleon function in relation to both ecol-
ogy and morphology.

Chameleons are a diverse group of lizards found in Africa, Madagascar, southern
Europe, Asia Minor, India, Sri Lanka, the Seychelles and Comoro Islands of the Indian
Ocean, and via introduction, areas of North America (Ferguson et al., 2004; Tolley and
Burger, 2007; Tilbury, 2010; Chapter 7). They can be fairly small (Rhampholeon, Rieppeleon,
and Brookesia) or quite large (Calumma, Furcifer, and Trioceros) and may inhabit a wide
range of habitats, including fynbos, forest, sandy desert, and grass (Bickel and Losos, 2002;
Hofer et al., 2003; Tolley et al., 2006; Herrel et al., 2011; Chapter 5). Although most are
arboreal, some species live predominantly on the ground and others frequently move on the
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ground between clumps of arboreal substrate. The diet of chameleons consists primarily of
insects, but it can include small vertebrates such as lizards, mammals, and birds. Given the
incredible diversity within chameleons and their specialized behavior, they are an attractive
group for studying the functional consequences of phenotypic diversity. The goals of this
chapter are: (1) to integrate the current literature that exists for chameleon locomotion and
feeding, and (2) to indicate areas for future studies of biomechanics and functional mor-
phology of chameleons.

4.1 LOCOMOTION

Lizards exhibit many types of specialization for locomotion, such as adhesive systems
for climbing (Irschick et al., 1996; Russell and Higham, 2009), toe fringes for enhanced
traction in sandy environments (Carothers, 1986), and claws for gripping (Zani, 2000).
Chameleons, in particular, are specialized for slow arboreal locomotion (Mivart, 1870;
Peterson, 1973, 1984; Abu-Ghalyun et al., 1988; Abu-Ghalyun, 1990; Mutungi, 1992;
Losos et al., 1993; Bickel and Losos, 2002; Higham and Jayne, 2004b; Tolley and Burger,
2007; Boistel et al., 2010; Fischer et al., 2010; Herrel et al., 2011). Given that chameleons
often live in arboreal habitats, where perches are small, gripping tightly with their feet,
hands, and tail is critical for maintaining stability. Effective and stable progression is vital
because of the limited and narrow base of support (Fig. 4.1) (Peterson, 1973; Cartmill,
198s5; Foster and Higham, 2012). This is increasingly important for larger chameleons
given that larger animals tend to experience greater toppling moments when moving on a
branch (Cartmill, 1985). Chameleons have solved this problem by having prehensile (also
termed “zygodactylous” by some authors) hands and feet in which the metacarpals and
metatarsals are grouped into two opposing bundles (Fig. 4.1) (Gasc, 1963; Gans, 1967;
Peterson, 1984; Losos et al., 1993; Russell and Bauer, 2008). In the forelimb, the first
three digits form one group (mesial) and the fourth and fifth form the second group (lat-
eral). However, the hindfoot contains a different pattern. In this case, the first and second
metatarsals are bundled, and the third, fourth, and fifth metatarsal form the opposing
group (Rieppel, 1993). These opposing bundles, having skin fused together between dig-
its, are effective for grasping, as they are able to exert an adduction force on a branch with
a circular cross section. This adduction force essentially squeezes the branch and gener-
ates friction. In addition to increasing stability during regular locomotion, grasping onto
thin branches in this fashion is well suited for maneuvers because it increases control of
pitching and rolling motions (Cartmill, 198s). It is the integration of multiple specializa-
tions that permit the effective movement of chameleons. The tail of chameleons is pre-
hensile and can act like a fifth limb, gripping perches and aiding in stability (Zippel et al.,
1999; Boistel et al., 2010; Herrel et al., 2012). This, coupled with their specialized hands
and feet, extremely mobile pectoral girdle, and laterally compressed body, is ideal for an
animal that moves in an arboreal habitat.
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FIGURE 4.1. Lateral images of Bradypodion occidentale moving on a level, 3.2-mm-diameter wooden
dowel at approximately 5 cm/sec. The black lines on the dowel are at 4-cm intervals. From top

to bottom, the images indicate hindlimb footfall, midstance of the hindlimb, end stance of the
hindlimb, midswing of the hindlimb, and the subsequent footfall of the hindlimb. Note the
extreme forward reach of the hindlimb at footfall. These video stills are from unpublished data
collected by Timothy Higham, John Measey, Krystal Tolley, and Anthony Herrel using a Photron
APX RS camera operating at 250 Hz.
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Limb Kinematics

Forelimb and hindlimb kinematics during locomotion in chameleons have been exam-
ined in several studies spanning over 30 years (Peterson, 1984; Higham and Jayne, 2004b;
Fischer et al., 2010; Krause and Fischer, 2013). The techniques used to assess limb move-
ments range from biplanar X-ray imaging, to regular video (25 frames per second), to high-
speed video (250 frames per second). In all cases, the three-dimensional patterns of limb
movement were determined.

Peterson (1984) conducted the first kinematic study of chameleons, although she focused
solely on the forelimb. From this study and others, it is evident that Chamaeleo moves slowly
relative to most other lizards and exhibits a slow trot-like walk. Peterson (1984) found that
Chamaceleo (one species is now in the genus Trioceros) exhibited substantially less lateral
undulation of the body as compared with a generalized, yet closely related, lizard species,
Agama. Specifically, only 6% of the step was accounted for by undulation in Chamaeleo,
as compared to 24% in Agama. One of the key observations in this study is the extreme
pectoral girdle movement relative to the body wall. The displacement at the shoulder joint
can increase the excursion arc by as much as 33 degrees to create an additional 28% of the
step length (Peterson, 1984). This facilitates the long excursion arcs that are important for
chameleons during arboreal acrobatic maneuvers (e.g., bridging gaps). Another benefit of
substituting lateral body undulation with girdle excursion is that the center of mass dis-
placement relative to the perch is reduced. This likely contributes to stability by minimizing
toppling moments. As discussed below, the conclusions about overall chameleon locomo-
tion in this study were based solely on the forelimb, and it turns out that the hindlimbs and
pelvic girdle are not functioning like the anterior locomotor structures.

The three-dimensional movements of the hindlimbs during locomotion in chameleons
was examined by Higham and Jayne (2004b). Again, this study examined Chamaeleo, which
is currently the only genus for which kinematic data exist. In addition to the forward reach
of the forelimb, which was studied by Peterson (1984), chameleons also appear to have exten-
sive forward reach of their hindlimbs. Rather than stemming from excursion at their hip
joint, hindlimb protraction appears to be increased by large amounts of femur protraction and
knee extension (Figs 4.1 and 4.2a) (Higham and Jayne, 2004b). This increased reach, coupled
with the knee flexion that is observed early in the stance phase (Fig. 4.2a), suggests that the
hindlimb acts to pull the body forward early and then push the body forward later in stance.
This is unlike the action in other terrestrial lizards, which exhibit minimal knee flexion early
in stance. How are chameleons able to pull with their hindlimbs? The gripping feet secure the
limb to the perch, facilitating the effective propulsion that arises from pulling the body for-
ward. For a lizard that does not grasp (or adhere) to the substrate, knee flexion early in stance
would tend to pull the foot away from the ground. Another key result from Higham and Jayne
(2004Db) is that pelvic rotation, unlike pectoral rotation, is rather large in chameleons as com-
pared with terrestrial lizards. This conflicts with the results of Peterson (1984), who suggested
that lateral undulation is not a major contributor to locomotion in chameleons.
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Utilizing a motor-driven rope-mill (treadmill for arboreal animals) and X-ray motion
analysis, Fischer and colleagues (2010) examined the kinematics of the whole body of cha-
meleons (Chamaeleo calyptratus) during locomotion (see Fig. 4.3). They discovered that,
unlike most lizards, chameleons exhibit a unique mode of axial undulation. Lateral bend-
ing of the vertebral column is limited to the lower spine. The anterior part of the spine
remains fairly rigid, indicating that the spine does not contribute to pectoral translation but
does contribute to pelvic translation (Fischer et al., 2010). This supports the conclusions of
Higham and Jayne (2004b). Thus, lateral undulation is important for chameleons but is not
driven by the entire spine, as is the case with other lizards. Pectoral girdle mobility com-
pensates for the decreased anterior undulation, whereas pelvic girdle mobility is limited and
posterior undulation is higher.

It is clear that understanding the three-dimensional movements of the body and limbs
of chameleons is a key to linking their unique morphology and ecology with function. How-
ever, we must be circumspect when generalizing about all chameleons using the existing
data. Chameleons are very diverse, yet almost all studies have focused on Chamaceleo calyp-
tratus (e.g., Higham and Jayne, 2004a,b; Fischer et al., 2010). This is likely a result of their
manageable size, ability to be kept in captivity, and availability in the pet trade. However,
future work should explore the diversity within chameleons, and even between popula-
tions that live in diverse habitats (Hopkins and Tolley, 2011). A key group that could illu-
minate our understanding of chameleon locomotion is the Dwarf Chameleons from the
genus Bradypodion (South Africa). The biogeography and phylogenetic relationships among
Dwarf Chameleons have been the foci of recent studies (Tolley et al., 2004, 2006; Tolley
and Burger, 2007). Thus, there is a wonderful opportunity to link morphology, biogeogra-
phy, and function in a diverse group of chameleons.

Limb Posture: Are Chameleons Really Upright?

Most lizards exhibit a relatively sprawled posture, which involves limbs whose major move-
ments are closer to a horizontally than vertically oriented plane (Rewcastle, 1981, 1983; Blob
and Biewener, 1999; Russell and Bels, 2001). A hallmark of the sprawled posture is the con-
tribution of lateral undulation to forward movement. Because undulation is in the same
plane (horizontal) as the proximal segments of the limbs, lateral movement of the body will
move the contact point of the limb. Given the relatively low contribution of lateral undu-
lation to step length, as noted above, the general sense is that chameleons are relatively
upright. There are a couple of other reasons that lead to the perception that chameleons
employ a relatively upright posture. When chameleons are stationary on a branch, for exam-
ple, they tend to hold their knees and elbows close to the body and therefore appear to be
in a parasagittal plane. Second, chameleons are often observed moving on narrow perches
that necessarily require their limbs to make contact more medially than those of other ter-
restrial lizards. In contrast, evidence suggests that chameleons do not exhibit an upright
posture relative to other lizards. In a comparison of a terrestrial specialist and a terrestrial general-
ist, Higham and Jayne (2004b) found, by looking at locomotion on a flat surface, that
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FIGURE 4.3. Dorsal (top) and lateral view (bottom) of an animated chameleon skeleton (X-ray
Reconstruction of Moving Morphology, or XROMM) based on a biplanar cineradiographic record.
The left forelimb and right hindlimb are in stance phase and the right forelimb and left hindlimb
on the verge of lift off. The pictures at the bottom show details in transversal perspective at the
height of the shoulder joint (1) and the hip joint (2). Note the high degree of abduction of the
forelimb during stance phase and of the hindlimb during liftoff (left extremities). Forelimbs are
in a parasagittal position during liftoff and hindlimbs during touchdown (right extremities).
Prepared by J. Laustréer und A. Andikfar and reproduced (with permission from Elsevier, license
2892041208388) from Fischer et al. (2010).
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maximum femur depression was greater in Dipsosaurus dorsalis (terrestrial) than Chamaeleo
calyptratus (arboreal). Greater femur depression indicates a femur that is more aligned with
the vertical plane, indicative of a more upright posture. Fischer et al. (2010) confirmed that
maximum limb abduction is as high as in other, more terrestrial, lizards. A basic question
that still lingers in comparative biomechanics is how to define posture. Vertebrates com-
monly move in a dynamic fashion, which means their limbs are moving into different posi-
tions throughout a stride. As noted by Fischer et al. (2010), chameleons exhibit parasagittal
movements for at least part of the stride. Thus, perhaps the more upright posture that is
often noted for chameleons is a result of transient parasagittalization (Fig. 4.3). Future work
should aim to solidify a broadly applicable method for defining posture in lizards and use
this to more extensively test whether chameleons are indeed more upright.

Limb Mechanics

A single study has examined three-dimensional substrate reaction forces during chame-
leon (Chamaeleo calyptratus) locomotion (Krause and Fischer, 2013). Both the forelimbs and
hindlimbs were measured using a force-sensitive element mounted to a force plate. This,
coupled, with two high-speed video cameras (500 Hz) facilitated a cohesive assessment of
chameleon locomotor mechanics. On a level pole, with a diameter of 2 cm, the forelimbs
and hindlimbs exhibit a peak vertical force at 74% and 277% of stance, respectively. Medially
directed forces on a level perch are quite small and the magnitudes are comparable between
the limbs. When moving uphill at 30 degrees and 6o degrees, the propulsive impulses from
both the forelimbs and hindlimbs increase and the braking impulses almost disappear. The
vertical impulse increase on the 30- and 6o-degree inclines and on the —30-degree decline,
but do not continue to decrease as the decline increases to —6o degrees (Krause and Fischer,
2013). Overall, it is clear that future work detailing the mechanical function of the forelimbs
and hindlimbs will continue to reveal interesting functional ramifications of morphological

and ecological diversity among chameleons.

Muscle Function

Given the strong differences in muscle anatomy and physiology in chameleons relative to
other lizards (Abu-Ghalyun et al., 1988; Mutungi, 1992; Russell and Bauer, 2008; Chapter
2), it is commonly assumed that the function of the muscles during locomotion might also
differ in relation to other, more generalized, terrestrial lizards. A single study has exam-
ined and muscle activation patterns of limb muscles during locomotion in chameleons (Fig.
4.2b) (Higham and Jayne, 2004a). In this study, the timing and magnitudes of electrical
activity in nine hindlimb muscles were assessed using electromyographic (EMG) electrodes
implanted directly into each muscle. Following surgery, adult veiled chameleons
(Chamaeleo calyptratus) moved on perches of varying diameter and incline. Overall, changes in
the characteristics of the EMG signals with habitat structure are driven primarily by amplitude
differences rather than by changes in timing. For example, most propulsive muscles exhibit
an increase in amplitude with an increase in incline, indicating an increase in recruitment
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and possibly force. This is important for moving up an incline given that muscle work (mus-
cle force times muscle strain) must increase in order to increase the height of the animal.
In addition, it appears that the function of the proximal muscles, as compared with the dis-
tal muscles, is altered to a greater extent when chameleons deal with changes in habitat
structure.

As described above, a key aspect of chameleon locomotion that sets it apart from that
of other lizards is the ability to pull the body forward with the hindlimbs during the first
portion of the stance phase of the stride (Higham and Jayne, 2004a,b). Thus, it is possible
that muscles that flex the knee will increase in activity when greater propulsion is required
and might be enlarged relative to those of other lizards. Indeed, the amplitude of activity of
the M. flexor tibialis externus and the M. puboischiotibialis (see Chapter 2) increases sub-
stantially while moving uphill as compared with move on level ground, and the peak ampli-
tude occurs immediately after footfall at the beginning of stance (Fig. 4.2b) (Higham and
Jayne, 2004a). Elucidating the underlying physiological mechanisms of chameleon loco-
motion is critical for understanding the evolution of this unique mode of movement. How-
ever, available data are currently limited to the hindlimb in a single species. Future work
should examine forelimb muscle activation patterns and mechanics in relation to kinemat-
ics. Based on the morphological differences in the forelimb musculature of chameleons as
compared with other lizards (Peterson, 1973), it is likely that muscle activity patterns also
differ considerably. In addition, muscle activation patterns and mechanics in relation to
morphological and ecological diversity within chameleons would reveal how chameleons

move in different ways.

Tail Use

Prehensile tails are those that are involved in grasping or clinging, and they can often sup-
port the weight of the animal. Prehensile tails are found in a wide variety of vertebrates,
including mammals (especially New World monkeys), reptiles (lizards and snakes), amphib-
ians (some salamanders and caecilians) and fishes (syngnathids) (Hurle et al., 1987; Hale,
1996; Bergeson, 1998; Meldrum, 1998; Garber and Rehg, 1999; Zippel et al., 1999; Spickler
et al., 2000). Despite the common occurrence of prehensile tails in lizards, there is a
paucity of studies examining tail function in relation to locomotion. Tail morphology can
be significantly different between chameleons, and even between populations of a single
species (Herrel et al., 2011; Hopkins and Tolley, 2o11).

A study by Hopkins and Tolley (2011) examined the morphological differences between
populations of the Cape Dwarf Chameleon (Bradypodion pumilum) that occupy habitats that
differ considerably in structure. One morph lives in relatively closed (forested) vegetation,
whereas the other morph lives in more open (fynbos) vegetation in South Africa. The for-
mer is larger and more colorful than the latter. One of the main differences between the two
morphs was tail length, which was longer in the closed-habitat morph. Longer tails could
enhance locomotion through the canopy of a closed habitat, whereas longer limbs (not tail)
might enhance locomotion in an open habitat.
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Tails are often shorter in more terrestrial species of chameleons, including Malagasy
Dwarf Chameleons from the genus Brookesia (Boistel et al., 2010). Although these species
have prehensile feet for grasping, they often ambulate over broad surfaces. Under these
circumstances, the distal portion of the tail is used to stabilize the body by making con-
tact with the substrate. Morphologically, Brookesia appear to have fewer vertebrae and the
mobile regions are restricted to the distal portion (Boistel et al., 2010). Thus, even chame-
leons that are not arboreal can use their tails for enhancing stability, although stability in a
terrestrial habitat is achieved in different ways.

Ecology and Locomotion

Although the impact of morphology on performance is often examined in lizards (Bonine and
Garland, 1999), habitat structure can dictate both performance and morphology in diverse
groups (Garland and Losos, 1994; Irschick and Losos, 1998; Melville and Swain, 2000;
Goodman et al., 2008; Higham and Russell, 2010). However, linking habitat use with a pre-
dictable suite of morphological characteristics can sometimes be challenging or may not yield
differences (Vanhooydonck and Van Damme, 1999). For groups of lizards that contain both
terrestrial and arboreal species, there can be a trade-off between climbing performance (on
relatively narrow perches) and sprinting speed (on a level surface) because of the conflicting
demands of these behaviors (Losos and Sinervo, 1989; Sinervo and Losos, 1991). However, a
key question is whether there is a trade-off between climbing and locomotor speed in chame-
leons. For two species of chameleons from Kenya (Chamaeleo dilepis and Trioceros jacksonii),
this seems to be the case (Losos et al., 1993). In this study, clinging ability, measured by pull-
ing each chameleon along a dowel attached to a spring scale, decreased for both species as
the diameter was increased from 2 mm to 11 mm. Conversely, sprinting performance steadily
increased as the diameter was increased from 1.5 mm to a flat surface (Losos et al., 1993).
Although clinging ability was used as a proxy for climbing ability, it is still unclear whether
there is a direct relationship between these two. However, it is assumed that the ability to
grasp a perch will likely be positively correlated with climbing ability given that locomotor sta-
bility will increase with increasing grasping ability (Cartmill, 198s).

4.2 FEEDING

Historical Perspectives

As one of the more extraordinary features of chameleon biology, the way chameleons feed
has been the subject of scientific attention for centuries. Hypothesized mechanisms of
tongue projection have included pneumatic action, tumescence, and muscle action. Despite
the long history of scientific attention, however, we are still gaining insight into this highly
specialized system today.

Some of the first hypothesized mechanisms of tongue projection in chameleons involve
pneumatic extension of the tongue. In 1676, Claude Perrault proposed that an inflow of air
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from the lungs into the hollows of the tongue caused the extension of the tongue, while its
retraction was caused by withdrawal of that air (Houston, 1828; Gnanamuthu, 1930). This
view was similarly held by A.M.C. Duméril in 1836 (Gnanamuthu, 1930; Altevogt and Alte-
vogt, 1954; Bell, 1989), while Antonio Vallisneri in 1715 and Mauro Rusconi in 1844 pro-
posed that a cecum, or bladder of the trachea would inflate and thrust the tongue forward
(Gnanamuthu, 1930). Subsequent research, however, revealed a lack of connection between
the lungs and the tongue (Duvernoy, 1836) and suggests that a tracheal cecum would not be
able to project the tongue the observed distances (Gnanamuthu, 1930).

A second proposed mechanism of tongue projection involves tumescence and vascu-
lar erection of the tongue. In addition to pneumatic action, Perrault suggested that inflow
of blood into the hollows of the tongue, and the resultant tumescence, could serve as an
alternative mechanism for tongue projection (Gnanamuthu, 1930). Houston (1828) sug-
gested a similar mechanism, whereby blood flows into a vast vascular network within the
tongue, causing tumescence and projection in a manner similar to erectile organs. It has
been pointed out, however, that such a mechanism would cause thickening rather than
thinning of the tongue as it extends and that it occurs too slowly to explain the rapid projec-
tion (Mayer, 1835; Gnanamuthu, 1930).

As early as 1805, however, Cuvier proposed that muscle action was a possible mecha-
nism for tongue projection, but the nature of the suggested muscle action has varied consid-
erably. Among some of these theories, Mayer (1835) proposed a muscular hydrostat model in
which contraction of circular fibers in the tongue would cause the tongue to become thin-
ner and longer, thus projecting the tongue out of the mouth. Duvernoy (1836), on the other
hand, proposed that rapid protrusion of the hyolingual apparatus from the mouth would
cause the tongue to be launched as the tongue skeleton suddenly stopped. A similar theory
was also proposed by Dewevre (1895), who indicated that the entoglossal process would act
like a billiard cue on the tongue as it was rapidly protruded forward. Finally, work by Briicke
(1852a) suggested that the radial fibers of the M. accelerator linguae contracting around the
tapered portion of the entoglossal process would push the tongue forward.

With these and subsequent studies, our knowledge of the morphology and mechanism
of tongue projection has improved greatly. Despite all this interest in chameleon feeding,
however, there are still unanswered questions about the exact mechanism of tongue projec-

tion and retraction in chameleons.

Functional Specializations

Given their proclivity to life in an arboreal setting, and on an often precarious substrate, it
seems likely that ballistic tongue projection in chameleons may have evolved as a means
to minimize lunge and chase during prey capture (Schwenk, 2000). Such a special-
ized feeding method, however, clearly necessitates a number of functional and anatomi-
cal adaptations. While the anatomical conditions of chameleons have been reviewed (see
Chapter 2), their functional consequences are important to the mechanics and behavior
of chameleons’ feeding.
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The tongue in nonchameleon iguanians, for instance, is unable to protrude far out of
the mouth because the base is tightly adhered to the basihyal (Schwenk, 2000). In chame-
leons, however, the base of the tongue is free from the basihyal and overall is attached to
the hyobranchial apparatus only at the origin of the M. hyoglossus (Schwenk, 2000; Herrel
et al., 2001b). This frees the tongue to protrude greater distances.

In order to protrude the tongue greater distances, however, the length of the tongue
itself must increase as well. In chameleons, the M. hyoglossus has become greatly elongated
to cover the span of observed projection distances (Schwenk, 2000). In order to pack this
lengthy muscle within the buccal cavity and onto the base of the hyobranchial apparatus
when the tongue is retracted, the M. hyoglossus is pleated at rest and is comprised of super-
contracting muscle fibers with perforated Z discs (Rice, 1973; Schwenk, 2000; Herrel et al.,
2001a,b, 2002). These supercontracting muscle fibers allow the tongue to lengthen up to
600% of its resting length and exert high force during contraction across a broad range of
sarcomere lengths (Herrel et al., 20013, 2002).

The development of a rapid projectile mechanism itself is also important to reduce the
opportunity for prey to evade capture while the tongue is traveling increased distances from
the mouth to the prey. This rapid mechanism is accomplished by the combined special-
ization of aspects of the tongue skeleton, tongue muscles, and collagenous elements. The
M. accelerator linguae of chameleons is formed by the M. verticalis linguae, which has
hypertrophied and become modified to encircle the lingual process of the tongue skeleton
(Schwenk and Bell, 1988; Wainwright and Bennett, 1992b; Meyers and Nishikawa, 2000;
Schwenk, 2000). Rather than being tapered along its entire length, the lingual process
of the tongue skeleton, called the “entoglossal process” in chameleons, has become more
robust and parallel sided along most of its length, except for a tapered tip (Wainwright and
Bennett, 1992b; Schwenk, 2000; Herrel et al., 2009). Finally, the space between the ento-
glossal process, and the M. accelerator linguae and M. hyoglossus contains a layer of dense
connective tissue (Gnanamuthu, 1930; Zoond, 1933; Gans, 1967; Bell, 1989; Herrel et al,,
2001b; de Groot and van Leeuwen, 2004) and a viscous lubricating fluid similar histochem-
ically to synovial fluid (Bell, 1989; Schwenk, 2000). This connective-tissue layer is com-
prised of a nested series of collagenous intralingual sheaths with the anterior portion of
the sheaths containing helical collagen fibers, which can store and release energy (de Groot
and van Leeuwen, 2004). These specializations allow the tongue muscle to load elastic ele-
ments of the tongue without projecting out of the mouth before the elastic elements are
completely loaded.

Feeding Performance

Chameleons are able to project their tongues relatively long distances at extremely high
performance. Published estimates of the maximum length chameleons are able to project
their tongues vary but have tended to indicate projection distances from one to two times
the snout-vent length of the animal (Zoond, 1933; Gans, 1967; Altevogt, 19777; Schwenk and
Bell, 1988; Bell, 1990; So et al., 1992; Wainwright and Bennett, 1992a; Schwenk, 2000;
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FIGURE 4.4. Lateral image of maximal tongue projection length
during a feeding in Rhampholeon spinosus. The length of the
snout vent in this specimen is 4.7 cm and it projects its tongue
10.4 cm from the mouth, for a projectile distance of 2.21 times
the body length. From unpublished data collected by Christopher
V. Anderson using a Photron Fastcam 1024 PCI camera operating
at 3000 Hz.

Herrel et al.,, 2001b, 2002, 2009; de Groot and van Leeuwen, 2004; Miiller and Kranen-
barg, 2004). Recent research, however, has indicated that interspecifically, the length of
the M. hyoglossus, and thus projectile distance, may scale with negative allometry relative
to snout—vent length (Anderson et al., 2012). This would result in proportionately longer
maximum tongue projection distances in smaller chameleon species than in larger spe-
cies (Anderson et al., 2012). Because many studies have used larger chameleon species
(Bell, 1990; Wainwright et al., 1991; So et al., 1992; Wainwright and Bennett, 1992a,b; de
Groot and van Leeuwen, 2004; Herrel et al., 2009), the potential projectile distance of some
smaller species may not yet have been recognized. For instance, Rhampholeon spinosus, a
species smaller than those used in most studies, has been observed projecting its tongue
2.21 times its snout-vent length (Fig. 4.4).

The performance of the tongue as it is projected from the mouth is similarly impressive.
While muscle alone is known to produce peak mass-specific power outputs of only 1121 W
kg™ (Askew and Marsh, 2001), chameleons project their tongues with peak mass-specific
power outputs that more than double this value, thus indicating that tongue projection is
not powered by muscle activity alone, but also by elastic recoil (de Groot and van Leeuwen,
2004). Incorporation of an elastic recoil mechanism in tongue projection imparts spectac-
ular performance with mass-specific power outputs in chameleons recorded up to 3168 W
kg™ (de Groot and van Leeuwen, 2004), peak accelerations of up to 486 m sec™? (Wain-
wright et al., 1991), or 50 g (50 times the acceleration due to gravity), and peak velocities of
up to 5.8 m sec " (Wainwright et al., 1991). These performance parameters tend to be posi-
tively correlated with the projection distance within an individual (Bell, 1990; Wainwright
etal., 1991; Anderson and Deban, 2010), indicating that as an individual projects its tongue
longer distances, the performance tends to increase. Further, while velocity is expected to be
size-independent (Hill, 1950), acceleration and power output are negatively correlated with
size so smaller individuals would be expected to produce higher accelerations and power
outputs than larger individuals (Hill, 1950; Herrel et al., 2009; Anderson et al., 2012). As
discussed previously, since most studies use larger species, potential peak acceleration and
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peak mass-specific power output values attained by chameleons may be underestimated in
the literature. Kinematic analysis of Rieppeleon brevicaudatus, for instance, has shown peak
acceleration values of up to 1642 m sec™?, or 170 g, and peak mass-specific power output
values up to 11,392 W kg™ (C.V. Anderson, unpublished results).

Prey Capture Kinematics

Previous studies on the kinematics of chameleon feeding have identified five phases of
prey capture: (1) fixation, (2) tongue protrusion, (3) tongue projection, (4) tongue retrac-
tion, and (5) hyobranchial retraction (Fig. 4.5) (Altevogt and Altevogt, 1954; Schuster, 1984;
Bell, 1990; Wainwright et al., 1991; Schwenk, 2000). These phases, however, do not cor-
respond with standard gape-cycle phases (Fig. 4.5) (Bramble and Wake, 1985) and are not
all distinct (Wainwright and Bennett, 1992a; Schwenk, 2000). That said, despite having
a highly specialized hyolingual apparatus, with the addition of the projectile phase in the
feeding sequence, and a prolonged retraction phase, the kinematics of feeding in chameleons
is otherwise relatively similar to that of generalized iguanians (Bramble and Wake, 198s;
Schwenk and Bell, 1988; Schwenk and Throckmorton, 1989; Bell, 1990; Wainwright et al.,
19971; So et al., 1992; Schwenk, 2000).

Prior to the onset of mouth opening or movement of the hyobranchial apparatus, the
chameleon must orient and prepare for feeding movements during the fixation phase of
prey capture (Fig. 4.5). During this phase, the chameleon turns toward the prey, reduces
the distance between them and rotates both eye turrets forward, focusing on the prey (Bell,
1990; Schwenk, 2000). Once oriented toward the prey, the chameleon braces the head and
body to be able to withstand the forces imparted during aiming, tongue projection, and
tongue retraction (Schwenk, 2000).

Tongue protrusion occurs during the slow open I (SO I) and slow open II (SO II) phases of
the gape cycle (Fig. 4.5) (Bramble and Wake, 1985; Bell, 1990; Wainwright et al., 1991; Schwenk,
2000). During the SO I phase, the gape of the jaws slowly increases and the anterior portion of
the tongue is slowly protruded through the forward margin of the mouth via hyoid protraction
(Bell, 1990; Schwenk, 2000). Hyoid protraction and tongue protrusion continues into SO II
and may cease in a plateau of movement where the tongue is held in a protracted position prior
to projection (Bell, 1990; Schwenk, 2000). Also during the SO II phase, the folded membrana
glandulosa of the tongue pad is evaginated, exposing the glandular inner surface on the tongue
(Altevogt and Altevogt, 1954; Altevogt, 1977; Bell, 1990; Herrel et al., 2000; Schwenk, 2000).

Toward the end of SO II, tongue projection and tongue—prey contact occurs (Fig. 4.5).
At the onset of tongue projection, the hyoid experiences a short yet rapid forward thrust
(Wainwright et al., 1991; Wainwright and Bennett, 1992a; Meyers and Nishikawa, 2000; Herrel
et al., 2001b; de Groot and van Leeuwen, 2004). The tongue is then projected rapidly from
the mouth, and a slight decrease in gape is observed (Bell, 1990; Wainwright et al., 1991;
Wainwright and Bennett, 1992a; Schwenk, 2000). This decrease in gape may be the result
of the inertial reaction forces from the tongue projection or of changes in the muscle activity
pattern (Schwenk, 2000), but it is unique to chameleons (Wainwright et al., 1991; Schwenk,
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FIGURE 4.5. Kinematic profile of a feeding sequence in Rieppeleon kerstenii.
Gape width is shown above on inverted y-axis with time correlated tongue
protrusion distance below. Gape width and tongue protrusion distance
are relative to the tip of the snout. Fine dashed lines and associated
lower-case letters correspond with start points of chameleon feeding
phases (sensu Altevogt and Altevogt, 1954; Schuster, 1984; Bell, 1990;
Wainwright et al., 1991; Schwenk, 2000). The fixation phase occurs
prior to the onset of the tongue protrusion phase (a), which continues
until the onset of the tongue projection phase (b). The tongue retraction
phase (c) begins at maximal tongue projection and continues beyond the
onset of the hyobranchial retraction phase (d). Broad dashed lines and
associated upper-case letters correspond with start points of standard
gape cycle phases (sensu Bramble and Wake, 1985). The transition
between slow open I and slow open II is somewhat ambiguous in some
feedings and corresponds approximately with (A). The onset of the fast
open phase begins following a sudden decrease in gape after the onset of
tongue projection and corresponds with (B). The onset of the fast close
phase begins following maximal gape and corresponds with (C). From
unpublished data collected by Christopher V. Anderson using a Photron
Fastcam 1024 PCI camera operating at 3000 Hz.
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2000). The final portion of the SO II phase is the onset of prey prehension (Bell, 1990;
Schwenk, 2000) and the beginning of tongue retraction.

After tongue retraction begins, the gape cycle progresses into the fast open (FO) phase with
a rapid increase in the gape (Fig. 4.5) (Bell, 1990; Schwenk, 2000). Tongue retraction occurs
throughout FO (Bell, 1990; Schwenk, 2000) but likely extends into the beginning of the fast
close (FC) phase as well. Maximum gape and the transition between FO and FC coincides with
hyobranchial retraction, which thus overlaps with tongue retraction and begins at the end of
FO (Wainwright et al., 1991; So et al., 1992; Wainwright and Bennett, 1992a; Schwenk, 2000).
Most of the hyobranchial retraction occurs during FC, however, when feeding on large prey,
during which initial jaw closure results in a bite and a slow close-power stroke (SC-PS) phase is
present, hyobranchial retraction can extend into SC-PS (Schwenk, 2000).

Mechanism of Hyobranchial Protrusion and Retraction

At rest, the tongue skeleton is positioned in the throat with the ceratobranchials and cerato-
hyals positioned nearly perpendicular to the entoglossal process (Herrel et al., 2001b). The
tongue skeleton is protruded from the mouth by muscle action that pulls the hyoid horns
backward and downward and brings the entoglossal process upward and forward as the gape
of the mouth opens (Gnanamuthu, 1930; Bell, 1990; Herrel et al.,, 2009). As the lower jaw
is depressed, the M. sternohyoideus profundus and M. mandibulohyoideus show a burst of
activity corresponding with tongue protrusion (Wainwright and Bennett, 1992a). Activity of
the M. sternohyoideus profundus draws the distal end of the ceratobranchials ventrocaudally
toward the sternum, causing the ceratobranchials to rotate with respect to the basihyal until
positioned nearly parallel with the entoglossal process (Gnanamuthu, 1930; Wainwright and
Bennett, 1992a). Meanwhile, the activity of the M. mandibulohyoideus draws the distal end of
the tongue apparatus forward through the opening gape of the mouth (Gnanamuthu, 1930;
Zoond, 1933; Wainwright et al., 1991; Meyers and Nishikawa, 2000). This burst of activity
from these muscles continues through the slow protraction phase and ends prior to tongue
projection during the stationary phase of SO II (Wainwright and Bennett, 1992a).

During tongue retraction and at the end of FO, the M. sternohyoideus superficialis shows
a burst of activity corresponding with hyobranchial retraction (Wainwright and Bennett,
1992a). Shortly after the onset of M. sternohyoideus superficialis activity, jaw adductor
muscles become active as the FC begins (Wainwright and Bennett, 1992a). Activity of the
M. sternohyoideus superficialis draws the basihyoid posteriorly toward the sternum, draw-
ing the entoglossal process and tongue into the mouth (Gnanamuthu, 1930; Zoond, 1933;
Wainwright and Bennett, 1992a) and presumably in the process, allowing the ceratobran-
chials to articulate back into their resting position.

Mechanism of Tongue Projection and Retraction

Following tongue protrusion, the posterior, circular portion of the M. accelerator linguae
becomes active and remains active until immediately before tongue projection (Wainwright and
Bennett, 1992a; Herrel et al., 2000; Anderson and Deban, 2012). This results in the posterior,
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circular portion of the M. accelerator linguae contracting around the parallel-sided poste-
rior portion of the entoglossal process (Wainwright et al., 1992b; de Groot and van Leeuwen,
2004). During this contraction, the diameter of the M. accelerator linguae is reduced, causing
elongation of the muscle along the length of the entoglossal process because that muscle must
maintain a constant volume (Herrel et al., 2000; de Groot and van Leeuwen, 2004). Because
the tongue is unable to elongate posteriorly because of the presence of the M. hyoglossus,
this elongation occurs in the forward direction toward the tapered tip of the entoglossal pro-
cess (de Groot and van Leeuwen, 2004). In the process of this elongation, it is hypothesized
that the intralingual sheaths between the entoglossal process and the M. accelerator linguae
are loaded with elastic potential energy by compression and shear stress from the contraction
and elongation of the M. accelerator linguae (de Groot and van Leeuwen, 2004). This elonga-
tion stretches the intralingual sheaths and causes the angle of their helically wound collagen
fibers to change, resulting in energy storage in a longitudinal plane (de Groot and van Leeu-
wen, 2004). Once tension has been built up in the muscle and intralingual sheaths, activity of
the M. accelerator linguae ceases (Wainwright and Bennett, 1992a,b). Tension in the muscle
and intralingual sheaths is maintained, however, for a considerable period of time, allowing
the onset of projection to occur after the muscle activity has ceased but without a loss of force
(Wainwright and Bennett, 1992b; Anderson and Deban, 2012).

The onset of tongue projection is triggered by a second, sudden contraction of the
M. mandibulohyoideus, which produces a forward thrust of the entoglossal process
(Wainwright et al., 1991; Wainwright and Bennett, 1992a; Meyers and Nishikawa, 2000;
de Groot and van Leeuwen, 2004). This thrust is responsible for only a small portion of
the total momentum of the tongue (de Groot and van Leeuwen, 2004), but activity of the
M. mandibulohyoideus braces the hyobranchial apparatus and resists the posterior
reaction force exerted by the tongue as it is projected off the entoglossal process (Meyers and
Nishikawa, 2000; de Groot and van Leeuwen, 2004).

The forward thrust of the entoglossal process presumably causes the M. accelerator lin-
guae and intralingual sheaths, still under high tension from the activity of the muscle itself,
to slide forward over the tapered tip of the entoglossal process (Wainwright and Bennett,
1992b; de Groot and van Leeuwen, 2004). As the radial forces exerted by the M. accelerator
linguae around the parallel sides of the entoglossal process are transferred into longitudi-
nal forces at the tapered tip of the entoglossal process, the M. accelerator linguae rapidly
pushes itself off the entoglossal process (Wainwright and Bennett, 1992a; de Groot and
van Leeuwen, 2004). In the process, the elastic energy stored in the intralingual sheaths
is also released to help power projection as the helically wound fibers are able to recoil to
their resting fiber angles (de Groot and van Leeuwen, 2004). The sudden contraction of the
M. mandibulohyoideus in conjunction with the largely parallel-sided entoglossal process with a
tapered tip thus act as a passive trigger for the onset of tongue projection rather than having
an antagonistic muscle that releases the tongue (Wainwright and Bennett, 1992a,b). Once
the M. accelerator linguae has lost contact with the entoglossal process, the tongue travels

forward toward the prey under its own momentum.
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Immediately following the onset of tongue projection, the anterior, noncircular por-
tion of the M. accelerator linguae becomes active and the posterior, circular portion of the
M. accelerator linguae shows a second burst of activity (Wainwright and Bennett, 1992a).
The activity of the M. accelerator linguae after tongue projection is presumably to pro-
vide a rigid structure for the M. “retractor pouch” of the tongue pad to act against dur-
ing prey prehension (Wainwright and Bennett, 1992a). In addition, the M. hyoglossus
becomes active between 10 ms before and 20 ms after the onset of tongue projection
(Wainwright and Bennett, 1992a). The two portions of the M. accelerator linguae and the
M. hyoglossus remain active throughout tongue and hyobranchial retraction (Wainwright
and Bennett, 1992a). The early activity of the M. hyoglossus is presumably to decelerate
the tongue as it approaches the prey and prevent overshoot (Bell, 1990; Wainwright and
Bennett, 1992a). The M. hyoglossus remains active following prey contact and is responsi-
ble for retracting the tongue back onto the entoglossal process (Wainwright and Bennett,
1992a,b; Herrel et al., 2009; Anderson and Deban, 2012).

Mechanism of Prey Prehension

During rest the membrana glandulosa of the tongue pad is folded inward to create a lingual
pocket or dimple (Altevogt and Altevogt, 1954; Altevogt, 1977; Schwenk, 1983; Bell, 1989;
Bell, 1990; Herrel et al., 2000; Schwenk, 2000). During tongue protrusion, the membrane
glandulosa is evaginated so that the center of the tongue pad, which is highly glandular
and possesses numerous papillae, is at the apex of the tongue and becomes the contact
zone for prey during feeding (Altevogt and Altevogt, 1954; Altevogt, 1977; Schwenk, 1983,
2000; Bell, 1990; Herrel et al.,, 2000). The tongue pad remains evaginated during tongue
projection until just before contact with the prey, at which point the contact zone begins to
invaginate, once again forming an upper and a lower lobe (Bell, 1990; Herrel et al., 2000;
Schwenk, 2000). As the tongue contacts the prey, the center of the tongue pad is retracted
at a higher rate than the upper or lower lobes, thus engulfing the prey item (Herrel et al.,
2000). This invagination is caused by activity of the M. retractor pouch, which is active
from just prior to prey contact through when the tongue is fully retracted into the mouth
(Herrel et al., 2000, 2001b).

A combination of interactions is responsible for grasping the prey during tongue retrac-
tion. The first are surface phenomena, such as wet adhesion and interlocking, between the
prey and the tongue, which are provided by serous and mucous secretions and a high con-
centration of filamentous papillae and plumose cells on the tongue pad (Schwenk, 1983,
2000; Bell, 1989; Herrel et al., 2000). The force of these adhesive properties is increased by
the shape change of the tongue pad as it engulfs the prey, thus increasing the contact area
with the prey and possibly reorienting the tongue’s papillae (Herrel et al., 2000). Finally,
more than two thirds of the total force grasping the prey is generated by suction result-
ing from negative pressure produced as the center of the tongue pad is retracted by the
M. retractor pouch (Herrel et al., 2000).
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Thermal Effects on Feeding Performance

Chameleons inhabit a broad range of environments (see Chapter 5), from deserts, where
body temperature can reach over 39°C (Burrage, 1973), to alpine zones, where temperatures
can drop below freezing (Reilly, 1982). Within this range of environments, some chameleon
species are known to feed at remarkably low body temperatures (Burrage, 1973; Hebrard
et al,, 1982; Reilly, 1982; Bennett, 2004; Andrews, 2008), including as low as 3.5°C (Burrage,
1973) and at body temperatures below which sympatric lizard species are active (Hebrard
etal., 1982).

Temperature, however, exhibits strong effects on a wide range of physiological processes,
some of which can have strong impacts on whole-organism performance. Thermal effects
on muscle physiology, for instance, can have a profound impact on the contractile rates, and
thus locomotor capabilities, of organisms (Huey and Stevenson, 1979; Bennett, 1985; Huey
and Bennett, 1987; Rome, 1990; Lutz and Rome, 1996; Herrel et al.,, 2007a). Because their
body temperature is dictated by environmental conditions, ectotherms, like chameleons,
are particularly vulnerable to the effect of low environmental temperatures.

While sprint speed in lizards, jump distance in frogs, and swimming speed in fish
declines at least 33% with a 10°C decline in body temperature (Huey and Bennett, 1987;
Rome, 1990), tongue-projection performance in chameleons declines significantly less
(Anderson and Deban, 2010). In fact, as body temperature declines from 25°C to 15°C, peak
velocity of tongue projection declines less than 11%, while peak power output declines only
19% (Fig. 4.6) (Anderson and Deban, 2010). Tongue retraction, on the other hand, exhib-
its a decline in peak velocity of more than 42% across the same temperature range, and a
decline in peak power output of more than 64% (Fig. 4.6) (Anderson and Deban, 2010).

While tongue retraction is powered by muscle contraction alone, tongue projection is
powered largely by elastic recoil of collagenous tissue that was preloaded by muscle contrac-
tion (de Groot and van Leeuwen, 2004). The observed difference in temperature effects is
because muscle contractile rate properties are strongly affected by temperature (Bennett,
1985), while static contractile properties, like peak tension, are weakly affected by temper-
ature (Bennett, 1985; Rome, 1990; Lutz and Rome, 1997), and elastic properties exhibit
almost no effect of temperature (Rigby et al., 1959). As a result, the M. accelerator linguae
is able to exert close to the same level of force during contraction to load the intralingual
sheaths prior to the onset of tongue projection (Anderson and Deban, 2010). This loading
occurs at a slower rate, but because the mechanism is preloaded, it is able to contract fully
prior to the onset of tongue projection and the elastic elements then recoil at close to the
same rate as they would at warmer temperatures once projection occurs (Anderson and
Deban, 2010). Tongue retraction, on the other hand, is strongly affected by temperature as it
relies directly on muscle contractile velocity (Anderson and Deban, 2010).

With an effective prey-prehension mechanism able to capture and hold large prey (Herrel
et al., 2000) and a weak effect of temperature on the tension produced by muscle (Bennett,
1985; Rome, 1990; Lutz and Rome, 1997; Anderson and Deban, 2012), chameleons are at a
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FIGURE 4.6. Performance parameters (mean *SE) as a percent of maximum for
tongue projection (open/dashed) and retraction (solid) in Chamaeleo calyptratus
showing low thermal dependence of projection as compared with retraction.
Absolute values of means are shown in native units. Modified from Anderson and
Deban (2010).

limited risk of losing prey once it has been grasped by the tongue. Thus, low thermal depen-
dence of tongue projection serves to increase the thermal breadth of their feeding mecha-
nism (Anderson and Deban, 2010). This increased thermal breadth likely grants chameleons
a temporally expanded thermal niche (Anderson and Deban, 2010) and allows them to feed
early in the morning before behavioral thermoregulation can elevate their body temperature

(Reilly, 1982) and sympatric lizard species are rendered inactive (Hebrard et al., 1982).

Future Directions for Chameleon Feeding Research

While it is now clear how each muscle is involved during the process of tongue projec-
tion and retraction, our understanding of the elastic energy storage component is extremely
limited. Clearly an elastic power amplifier is involved in powering tongue projection, as is
evident by the power output values exceeding that known to be produced by muscle contrac-
tion alone (de Groot and van Leeuwen, 2004), but the proposed mechanism has never been
shown definitively.

Rectifying how the nested series of collagenous intralingual sheaths interact with
each other is one issue that needs continued research. Because of their size, it is diffi-
cult to even determine accurately the exact number of sheaths present (de Groot and van
Leeuwen, 2004). Further, because the more superficial sheaths, which are attached at their
proximal end to the inner fascia of the M. accelerator linguae, are connected to each other by
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collagenous trabeculae, while the deeper sheaths, which are attached at their proximal end
to the fascia of the M. hyoglossus, have no structural connection at their distal end (de Groot
and van Leeuwen, 2004), it is unclear how different sheaths interact with each other, par-
ticularly those that are not connected by trabeculae.

Of particular interest is how energy stored in the intralingual sheaths is imparted on the
tongue to power forward projection. Because the intralingual sheaths do not appear to be
connected at their distal end to the entoglossal process, it is unclear how the recoil of these
sheaths acts against the tongue skeleton to project the tongue forward. This is particularly
confusing because the sheaths must be well enough lubricated so as to slide along each
other and the entoglossal process without losing energy to friction, but at the same time,
they must exert a force in the posterior direction in order to impart a forward force. Further,
direct attachment to the entoglossal process would limit projectile distance because of the
short length of each sheath.

Finally, direct measurement of the mechanical properties of the intralingual sheaths
still needs to be done. Based on the weight of the sheaths, the energy needed to be stored in
them in order to produce the observed energy output during tongue projection is calculated
to be significantly lower than the observed capacity of other tendons under maximal stress
(de Groot and van Leeuwen, 2004). This indicates that the intralingual sheaths should have
the capacity to power tongue projection; however, direct measurement of their mechanical
properties is needed to confirm this.
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FIVE

Ecology and Life History of Chameleons

G. JOHN MEASEY, ACHILLE RASELIMANANA, and ANTHONY HERREL

Chameleons have been relatively neglected in terms of their ecology, perhaps in
part, because of their cryptic nature. As detailed in this review, the majority of studies on
chameleons in situ have been conducted relatively recently (during the past 15 years), and
most of these center on the extremely diverse island of Madagascar. Although there are
some data on chameleon ecology in southern Africa and Europe, mainland African chame-
leons represent a relatively overlooked group of lizards.

Chameleons display a unique set of morphological characteristics that set them apart
from all other lizards, including gripping feet, independently moving eyes, a ballistic tongue
and prehensile tail (Chapter 2), and it may be expected that these unique traits would also
set them apart ecologically. While ecological data on some chameleons suggests that they
adhere to many lizard generalities, the exceptions show that there is far more to learn about
the ecology of chameleons.

Although some arboreal lizards are arranged into many specialist guilds (e.g., Anolis
lizards), only two morphologically and taxonomically distinct guilds are recognized for
chameleons: arboreal and ground-dwelling forms. Their cryptic behavior and camouflage
continues to complicate their study, but new information on life-history traits is opening up
insights into niche partitioning. Chameleon life-history traits exhibit many of their most
unusual features. Like other lizards, chameleons lay eggs with late stage embryos and have
viviparity in extremes of altitude and latitude. Unlike any other lizards, some chameleons
lay eggs with early gastrula, which develop slowly and can undergo diapause in order for
hatchlings to emerge during optimal seasons. Unlike any other tetrapod, one chameleon
species (Furcifer labordi) is known to have an extreme annual life cycle, in which the popu-
lation exists as developing eggs for 8 to 9 months of the year. However, like other lizards,
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many chameleons survive less favorable seasons by seeking out dry and stable conditions in
which to aestivate.

Chameleons are lizards that do not conform to either sit-and-wait or active foraging
strategies. Instead, it has been proposed that they have an unusual intermediary behav-
ior, termed “cruise foraging.” Most chameleons studied appear to be generalist opportun-
ists, increasing their range of food sizes as they get larger, so that the largest include both
vertebrate and invertebrate food items in their diet. Like other lizards, chameleons (espe-
cially xeric-adapted species) regularly ingest plant matter, presumably in order to supple-

ment their water intake.

5.1 HABITAT

Existing data suggest that chameleon assemblages are divided according to habitat (Fig. 5.1
in the color insert), with the major division falling between open-canopy habitats (savanna,
heathland, grassland, and woodland and closed-canopy habitats (forest). Species that fre-
quent open habitats appear to be most tolerant of disturbance, while forest species are most
often reported as being habitat specialists and thus restricted. Forest-dwelling chameleons
appear to make up the majority of taxa. Around 132 species (ca. 67%) of chameleons are for-
est dwelling (Tilbury [2010] estimates that 70% of mainland African taxa are restricted to
forest habitats). It appears most likely that the ancestor of all chameleons was a forest leaf-
litter specialist from mainland Africa (Tolley et al., 2013; Chapter 7). Some chameleon taxa
appear to be typically forest dwelling: Brookesia, Kinyongia, Rhampholeon, and Calumma.
One genus is typically open habitat: Chamaeleo, with a last group that appears to have mem-
bers occupying both forest and open habitats: Bradypodion, Trioceros, Furcifer, and Rieppe-
leon. A recent phylogenetic analysis of habitat use in chameleons concludes that nonforest
taxa are ecologically derived (Tolley et al., 2013).

Forest Chameleons

Chameleon communities appear to reach peaks of species diversity within forested habitats
(Fig. 5.1A,C). For example, up to eight species have been found at a single site in northern
Madagascar (Brady and Griffiths, 2003); four species from Mount Manengouba and Mbulu
Hills, Cameroon (Gonwouo et al., 20006), and eight species in the East Usambaras, Tan-
zania (Patrick et al., 2011). Note that these numbers for species that occur in sympatry are
much lower than those reported from relatively small areas such as 20 species in a 1-degree
square in northern Madagascar (Chapter 7). Diverse sympatric assemblages have given rise
to the hypothesis that chameleons are arranged into the sorts of specialist guilds observed
in Anolis lizards. Caribbean Anolis lizards have radiated repeatedly into different arboreal
niches (twig, trunk, crown) and show associated morphological specializations. While the
convergence of these ecomorphs in the different islands of the Greater Antilles has become
a textbook case for adaptive radiations, we are still largely ignorant of how forest chameleons
may partition their niches beyond the division (both taxonomic and functional) of leaf-litter
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and arboreal guilds (but see Townsend et al., 2011 b). In addition, much of the data collected
is based on sleeping (roosting) animals, as chameleons are cryptic and difficult to observe
during the day. Consequently, detailed investigations exploring the relationship between
daytime and nighttime substrate use are required in order to properly interpret these data.

Density

Chameleon densities have been measured in a number of studies and often involve a com-
parison of sympatric species within and between habitats based on roosting data. Densities
of some species get particularly high, exceeding 100 chameleons ha™, but other, sympatric
species (recorded in the same surveys and therefore with presumably the same accuracy)
can have particularly low densities, with <1 chameleon ha™. For example, Karsten and col-
leagues (2009b) found Furcifer verrucosus at high densities (97.7 ha™; 95% confidence inter-
val [CI], 60.2 to 158.0) in the arid southwest of Madagascar, but F. antimena in the same
surveys reached only a fifth of this density (17.0 ha™; 95% CI, 9.3 to 30.9). In the central
high plateau of Madagascar, Randrianantoandro et al. (2009) estimated a density of
39.7 ha™ for Calumma crypticum, 277.3 ha™ for F. lateralis, and 16.4 ha™ for F. minor at the same
site. Differences in density within a community of Brookesia have been observed in the west-
ern region of Madagascar, where ubiquitous species most tolerant to habitat disturbance are
the most abundant (Randrianantoandro et al., 2007b). Raxworthy (1991) searched forests at
mid and low altitudes in northwest Madagascar during the day, finding Brookesia stumpffi to
be more than 10 times more abundant than three other Brookesia species. In dry deciduous
forests of northern Madagascar, B. stumpffi can reach exceptionally high densities of nearly
150 ha™, more than twice as high as sympatric F. petteri and F. oustaleti (Lowin, 2012). In
summer surveys in southern Madagascar, B. nasus was found at 37 ha™ but C. malthe in the
same area reached only 10 ha™ while C. oshaughnessyi was at <1 ha™ (Brady and Griffiths,
2003). By winter, the same authors had found clear changes in the densities of many spe-
cies, and this change appeared to relate to body size groups. It would, however, be interesting
to test this hypothesis at other sites and with other species assemblages.

Some changes in densities between seasons are directly attributable to the life history of
the species concerned, especially where seasonal influences are strong. In such cases, cha-
meleons may aestivate or even die (see below and Box 5.1). However, the degree to which
densities vary between seasons, as well as between years, in the same habitat (e.g. Brady and
Griffiths, 1999, 2003; and see below) is likely to depend on a host of biotic (e.g. predation)
and abiotic (e.g. precipitation, fire) factors, none of which have been investigated using suf-
ficiently extensive time scales.

Vertical Distribution
Most information on vertical distributions of chameleons in forests consists of data from
roosting sites when chameleons are found at night using torchlight searches. Roosting sites
may be selected for their size (e.g., branch diameter) and proximity to other chameleons
(e.g., Randrianantoandro et al., 2007a). Anecdotal observations suggest that chameleons
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BOX 5.1

Chameleons that inhabit highly seasonal cli-
mates are likely to synchronize their life his-
tories with the most productive seasons. One
extreme example of this is Furcifer labordi,
which inhabits the arid southwest of Madagas-
car; a region that has a distinct biphasic an-
nual climate of low temperatures and low rain-
fall (April to October) and high temperatures
and high rainfall (November to March). During
their study in the cold dry season, Karsten
etal. (2008) did not find chameleons (F. labordi,
F. verrucosus), although adult F. labordi have
been seen in the field from October until early
April (A. Raselimanana, personal observa-
tion). At the onset of the warm, rainy season,
there is synchronous hatching of eggs of both
species. During this relatively short (5 months)
active season one of these species (F. labordi)
undergoes juvenile growth, maturation, court-
ship, and death, leaving only eggs to continue
through the next generation (Karsten et al.,
2008). However, a captive male overwintered
without taking food from June until October
(A. Raselimanana, personal observation), and
it may be that future studies will reveal sur-
vival of a small number of adults.

Life History of Furcifer Labordi: An Annual Chameleon

In their study of F. labordi, Karsten et al.
(2008) documented synchronous hatching
and rapid daily growth rates of juveniles wof
nearly 2% snout-vent length (mass: 4% for
males, 2% for females) for fewer than 60 days
(November to January). At this time, growth
ceased, and snout-vent length even reduced
in some individuals after this time. During the
next 30 days, most females in the popula-
tion became gravid and laid eggs (February).
Once egg-laying ceased, adults quickly disap-
peared from the area in as little as 2 weeks
such that by early March, no adults could be
found. Over the next 3 months (April to July)
the eggs were thought to be in torpor, as tem-
peratures in this region plummet, with embry-
onic development occurring only from August
through November. The onset of rains and the
concurrent rise in temperature signal the syn-
chronous hatching of the next cohort, with
few to no adults remaining in the environment.
While no other chameleon is currently known
to have such an extreme life history as that of
F. labordi, very few data exist on the majority
of species.

change roost sites, as well as the position on a perch, depending on weather conditions;
for example, rain, high winds, and cold temperatures result in roosting sites that involve
inner branches or areas under leaf cover (Raselimanana and Rakotomalala, 2003; Rahold-
ina, 2012). Some authors suggest that roost sites are a limited resource and as such are
vigorously defended (cf. Burrage, 1973). Concordantly, most chameleons are found roosting
alone, although in some leaf species, males and females have been found to roost in pairs
during the mating season (Wild, 1994; A. Raselimanana, personal observation). Some leaf
chameleons roost vertically on stems with their head orientated upward, and some stay in
mate-guarding position overnight during the breeding season (Brookesia exarmata,
B. minima, B. nasus, and B. ramanantsoai; Glaw and Vences, 2007; A. Raselimanana, personal
observation). Mate guarding, using roosts in close proximity, appears to be relatively com-
mon in chameleons (Toxopeus et al., 1988; Cuadrado, 2001; Chapter 6). Most authors agree
that roost sites are selected to minimize nocturnal predation, especially from snakes (see
below). Newly hatched or newborn chameleons also roost close to each other at the extrem-
ity of leaves, vines, or small branches. Perch diameters are not random with respect to
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available perches (e.g. Razafimahatratra et al., 2008), and their selection is likely related to
hand and foot size because of the relationship between the latter and gripping performance
(cf. Herrel et al., 2011; Chapter 4). This implies that maintaining a good grip on a perch
during the night is an important roosting requirement. Perch sites for arboreal species are
typically on isolated branches or leaves (often at the distal tip), presumably as the smallest
branches are less likely to support the weight of many predators, and/or so that potential
predators that do approach provide vibrations that give the chameleon advance warning.
While there are no empirical observations to back up these inferences, some chameleons
readily drop from perches if disturbed (see below). The importance of the selection of noc-
turnal roosting sites may have played a fundamental role in the evolution of arboreality in
chameleons. Roosting most likely evolved in the chameleon ancestor to reduce predation by
nocturnal ground-dwelling predators.

We do know that roosting site is disassociated from foraging habitat in leaf chameleons,
which hunt in the leaf litter during the day and perch in low vegetation at night. Moreover,
arboreal species move from their nighttime perches during the day, but there are few data
on daytime foraging areas. One study in which arboreal forest chameleons (Trioceros oweni,
Calumma gracilis, and T. cristatus) were followed moving from their roost to foraging areas
suggested that all species moved up from roost sites toward the highest branches by midday
and returned to lower roosts in the evening (Akani et al., 2001). In this study, the majority
of feeding took place midmorning (from 9 to 11 AM) and in the evening (from 3 to 5 PM)
for all species (Akani et al., 2001). These authors attribute the inactive period during the
middle of the day to a time when chameleons escape from the heat (although this contra-
dicts data on forest temperatures, see Gehring et al., 2008) and avoid predation by hiding
behind large leaves. In a study of captive chameleons in a large tropical house, Gehring
etal. (2008) found that radio-tracked Furcifer pardalis spent most of their time in the top third
and on the periphery of available trees (see below), descending only to make longer lateral
movements. Although it has been asserted that roost sites are good indicators of foraging
locations (Carpenter and Robson, 2005), there appear to be no data on the majority of spe-
cies to back up this claim.

Leaf chameleons (e.g., Fig. 5.1D) are known to forage on the forest floor, but also catch
insects from low vegetation (e.g., Raxworthy, 1991; see below). Moreover, these chameleons
spend the night roosting in low vegetation. In the East Usambara Mountains, leaf chame-
leons (Rhampholeon temporalis) roost close to the ground (mean = SD, 0.60 * 0.45 m), while
larger (typically arboreal) species roosted from 2.0 to 4.5 m high (Patrick et al., 2011). In
Cameroon, most R. spectrum were found roosting below 1 m, but some individuals were
found as high as 2 m (Wild, 1994). Broadley and Blake (1979) report roosting sites up to 4.5 m
for R. marshalli, and they suggested that this may be indicative of a difference in predators
in the eastern highlands of Zimbabwe. Sympatric species may differ in the precise choice
of roost site, both by vegetation type, substrate diameter, and roost height (Carpenter and
Robson, 2005; Randrianantoandro et al., 2007a; Herrel et al., 2011; Patrick et al., 2011). In
Madagascar, sympatric leaf chameleons show different roosting heights, with hatchlings
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and juveniles being found lower than adults (see Razafimahatratra et al., 2008). However,
even species such as Brookesia stumpffi, which has relatively high roosts for a leaf chame-
leon (mean height, 0.43 m), still roost 2 m lower than sympatric Furcifer angeli (Carpenter
and Robson, 2005). In two studies of leaf chameleons, no significant differences between
sexes were found for roost height (Randrianantoandro et al., 2007a; Razafimahatratra
et al., 2008). However, male F. pardalis were found to roost higher than females (Andreone
etal., 2005). As we now know that gripping strength is related to perch choice (Herrel et al.,
2011), future studies will need to disentangle observed perch differences in ontogeny, sex,
and species from morphological constraints.

Only one member of the genus Brookesia (B. ebenaui) is always found in trees during
the day, roosting between 2 to 3 m high (Glaw and Vences, 2007). Conversely, one of the
large forest species from the arboreal genus Trioceros (T. cristatus) appears to inhabit the
leaf litter on the forest floor or low-lying shrubs (Akani et al., 2001). Data on diet suggest
that this species may rely on large prey not available to smaller sympatric leaf chameleons
(Rhampholeon spectrum), and others have commented that stomach contents contained
mainly terrestrial insects (Klaver and Bshme, 1992). Trioceros cristatus also has a relatively
short tail, which is typically associated with ground dwelling (Klaver and Boshme, 1992;
Boistel et al., 2010).

Few searches have been made specifically in forest canopies, and suggestions of parti-
tioned use of this habitat type are based mostly on anecdotal observations and thus remain
speculative. For example, large species have been suggested to be canopy specialists (Rax-
worthy, 1988; Necas, 2004), yet quantitative data are lacking. Large species were rarely
observed in the forest canopy of Nosy Be, Madagascar, and only a single Furcifer pardalis
was found in a 1o-day canopy search, but otherwise it appeared to be absent from the for-
est (Andreone et al., 2005). Parcher (1974) reported that F. willsii inhabits only the upper
canopy, as few animals were found roosting with sympatric species but five adults were found
in the upper canopy. Similarly, in the Anjozorobe Forest in the central high plateau of
Madagascar, F. willsii was the only species recorded from the upper canopy area (A. Raseli-
manana, personal observation).

The available data are not sufficient to confirm or reject the existence of more than a sin-
gle partition of forest chameleons into arboreal and leaf-litter guilds. Whether or not more
complex partitioning exists, and existence of specializations toward the use of the forest
canopy or understory niches, remains a challenge for future studies of these lizards.

Horizontal Distribution
Within forests, chameleons have been said to favor tree falls or ecotones between forest
and adjacent habitat (e.g., Metcalf et al., 2005; Reisinger et al., 2006). While it is certainly
true that forest chameleons can be found in gaps and on edges, this may be because the
forest canopy is mostly unavailable to human observation. Therefore, the important caveat
for observations made from ground surveys for chameleons (which make up the majority
of studies) is that chameleons may remain unobserved in the canopy and understories.

90 Ecology and Life History of Chameleons

5490036_CHO0005.indd 90 21/09/13 10:29 AM



Several authors have investigated edge effects on the abundance of chameleons in for-
ests. The periphery of the forest appears to be an environment where both forests and non-
forest species co-occur (e.g., Patrick et al., 2011). These (often unnatural) ecotones might be
attractive to chameleons for a number of reasons, including increases in prey diversity and
abundance, basking opportunities, visibility for intraspecific communication, and vegeta-
tion structure. Natural edge effects, such as those produced by tree falls or along streams
and rivers, are present in many forests, and there is evidence to suggest that these areas also
have an increased abundance of chameleons. Gaps from tree falls seem to be important,
with more Bradypodion caeruleogula roosting in them than on forest edges or in the for-
est interior (Reisinger et al., 2000). Furcifer pardalis, which normally does not enter forest,
has been found within forest along river transects (Andreone et al., 2005; Raselimanana,
2008), and Calumma were more abundant in riparian vegetation while for Brookesia, the
converse was true (Andreone et al., 2005). However, riparian habitat had equal or higher
densities of all of chameleon species (including Brookesia species) in other surveys (Jenkins
et al., 2003; Rabearivony, 2012). Yet, it is not clear that it is the river or the canopy open-
ing around which chameleons cluster. For example, Rhampholeon spectrum was particularly
abundant in riparian forest vegetation, independent of whether streams were running or
dry (Wild, 1994). Metcalf et al. (2005) investigated the edge effect from forest paths, which
represent a relatively small canopy opening. They found a significant decrease in abun-
dance away from paths for two species of Furcifer (F. oustaleti and F. rhinoceratus). In addi-
tion, there is a suggestion that some chameleons may migrate to riparian vegetation during
the dry season (Brady and Griffiths, 1999; Rabearivony et al., 2007).

Because many forest species are restricted to forest patches, discontinuation of habitat
does not allow migration between populations. This appears to be the most common cause
of disjunct distributions in East Africa (e.g., Measey and Tolley, 2011), and it may also contrib-
ute to speciation (Tolley et al., 2011; Chapter 7). Exceptions also occur; for example species like
Furcifer lateralis and F. oustaleti are regularly found walking across open ground from one for-
est patch to another (A. Raselimanana, personal observation). Where habitat is continuous,
there appears to be a distinct altitudinal turnover of some species, while others inhabit a wide
range of altitudes. In West Africa, Rhampholeon spectrum is found from 500 to 1900 m, pass-
ing through discontinuous distributions of 10 species of Chamaeleo and Trioceros (Wild, 1994;
Akani et al., 2001), while in East Africa, altitudinal partitioning is reported between R. tem-
poralis and R. brevicaudatus (Emmett, 2004). Luiselli (2006) conducted simulations based on
survey data in West Africa, which suggested that chameleons in lowland forests are distrib-
uted according to food niche resources rather than spatial niche resources, while the opposite
was true for montane species. In Madagascar, Calumma and Furcifer exhibit a distribution
structure along altitudinal gradients (Nussbaum et al., 1999; Raselimanana et al., 2000), but
this seems particularly pronounced in species of the genus Brookesia (Raxworthy and
Nussbaum, 1995; see Andrews, 2008). Species assemblages in general can change in structure
even within contiguous blocks of undisturbed forest (Brady et al., 1996; Brady and Griffiths,
1999; Jenkins et al.,, 1999; Rabearivony, 1999). Landscape features (e.g., rivers) are often

Ecology and Life History of Chameleons 91

5490036_CHO0005.indd 91 21/09/13 10:29 AM



suggested to be barriers (see Chapter 77), but as Raselimanana and Rakotomalala (2003) point
out, chameleons are likely to be able to traverse even large rivers when these are bridged
by fallen trees. Further research is required to help define the ecological niches of most
chameleons, especially in relation to species turnover in continuous habitat.

Disturbance

Disturbed forests lack certain chameleon species while other species appear more toler-
ant or apparently even thrive after disturbance (e.g., Rabearivony et al., 2007; Irwin et
al., 2010). Regardless, leaf chameleons generally seem to be negatively affected by habitat
disturbance, which results in a reduced abundance of their leaf-litter habitat. Brookesia
minima, for example, was absent from highly disturbed habitats (Jenkins et al., 2003). In
another study on Brookesia distributions, abundance was generally higher at undisturbed
sites (B. thieli, 58 ha™; B. minima, 7 ha™) as compared with burnt sites (B. thieli, 20 ha™;
B. minima, 0.0 ha™) (Rabearivony, 1999). Small patches of forest appear to be able to maintain
individuals (e.g., Wild, 1994), although it is not known whether such populations are
sustainable in the long term. Nevertheless, it is also worth noting that some species, like
B. stumpffi, reach high densities in plantations (e.g., of coffee and cacao; F. Glaw, personal
communication).

A significant interaction between habitat type (high-disturbance, low-disturbance, and
riparian) and the presence of Calumma spp. was found in eastern Madagascar (Jenkins
et al., 2003). High-disturbance habitats were found to have a negative effect on all species
in that study. However, at least some species, such as C. brevicorne and C. nasutum, appear
to increase in density whenever the habitat is disturbed (Brady and Griffiths, 1999, 2003).
Densities of Furcifer pardalis are much higher along roads or transformed habitats, and this
species is absent from pristine or closed forest (Andreone et al., 2005; Rabearivony et al.,
2007). Brady and Griffiths (2003) found low densities of C. brevicorne in undisturbed for-
est at several sites, but high densities along the forest edge. At a high-altitude site in central
Madagascar, Furcifer species dominated in open heathland and agricultural lands, while
Calumma dominated in humid forest (Randrianantoandro et al., 2010). While exceptions
do occur, these mostly consist of individuals of Furcifer species being found at the forest
periphery. It has been speculated that highly disturbed habitats represent a sink for some
chameleon populations, being maintained by dispersing individuals or newly hatched juve-
niles from adjoining forest (Jenkins et al., 2003).

One consistent feature of disturbed foresthabitats is that species with a preference for open-
canopy habitats are quick to move in. A difference in distribution of seven species was found
during transect walks in the East Usambara Mountains (Patrick et al., 2011). Interestingly,
the sample contained the typical savanna species Calumma dilepis, which was occasionally
found on the forest edge, but absent from within the forest. Hebrard and Madsen
(1984) also report the presence of C. dilepis, becoming sympatric with forest species in
deforested areas. Other species such as Kinyongia matschiei and Rhampholeon temporalis
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were found only within the forest (Patrick et al., 2011). In West Africa, C. gracilis moved into
disturbed forest patches that were previously inhabited by Trioceros spp. (Akani et al., 2001).

Nonforest Chameleons

While the majority of chameleon species occur in forested habitats, a smaller group has
radiated into habitats that have been broadly classified as: (i) bushes and heathland scrub,
grassland (Fig. 5.1E), (ii) open canopy dry forest and savanna, and (iii) desert (Fig. 5.1F). The
movement out of forests to open-canopy habitats occurred in multiple lineages of Chamae-
leo and Furcifer in the early Miocene, while the transition into grassland and heathlands
in Bradypodion and Trioceros occurred much later, at the start of the Pliocene (Tolley et al.,
2013). The unifying feature of all of these nonforested or open habitats is that the chame-
leons have increased exposure, as this environment is less buffered from solar radiation,
with a notable decrease in humidity. These chameleons (together with those from the dry
forests of southwest Madagascar) have had to undergo physiological adaptations to deal with
water stress as well as behavioral and morphological adaptations to cope with new substrate
types. Living in a more open habitat, these chameleons may be more visible to potential
predators (Herrel et al., 2013; Chapter 3); consequently, the most brightly colored and highly
ornamented species are typically forest dwellers (e.g., Fig. 5.1B) and are frequently missing
from open habitats, although there are exceptions. Unlike forest chameleons, open-habitat
species are typically allopatric, with occasional range overlaps and sympatry of arboreal and
leaf forms (e.g., Rieppeleon and Chamaeleo in East African savannas). The vegetation types
they inhabit are also vulnerable to fire, which is able to impose dramatic reductions in cha-
meleon populations, but also results in a changed landscape for any individuals that sur-
vive the fire. A total of 47 chameleon species (26% of all chameleons, not including morphs
or species for which habitat is not known) are recognized as inhabiting such open habitats.

Like chameleons in forests, open-habitat species are often bounded by the vegetation
types that they inhabit. This implies that in continental Africa, where open habitats are
now extensive, these species are characteristically wide ranging. However, some species
inhabit a restricted range of vegetation; well-documented examples of this occur in southern
Africa, with ecomorphs adapted to open habitats occurring in the genus Bradypodion
(Measey et al., 2009; Herrel et al., 2011; Hopkins and Tolley, 2011). Bradypodion ecomorphs
adapted to open habitats are generally smaller, have less bright coloration, and have smaller
ornaments than their sister taxa living in forest or woodland (Tolley and Burger, 2007;
Stuart-Fox and Moussalli, 2008) (Fig. 5.1F). The history of the radiation of certain lineages
of this genus of dwarf chameleons out of forest can be found in Box 5.2.

Mountaintops often emerge out of the forest zone and are frequently dominated by erica-
ceous scrub. Some chameleons that enter this habitat appear to have speciated there. The
genus Calumma is mostly forest dwelling, but three species C. vatosoa, C. peyrierasi, and C. jejy
all occur in shrubland adjacent to forest. C. peyrierasi also seems to be in the high-altitude
heathland above the forest belt. Raholdina (2012) found higher densities (42.7 ha™) of Furcifer
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BOX 5.2 Bradypodion Radiation out of Forests

All chameleons of the genus Bradypodion
were once considered to be a single species
(B. pumilum), with a bewildering array of forms
(Hillenius, 1959; Mertens, 1966), although now
the genus is considered to be composed of 17
species. These chameleons are allopatrically
distributed from the coast to roughly 300 km
inland in southern Africa, an area that passes
through seven vegetation biomes (Branch,
1988; Tolley et al., 2004; Tolley and Burger,
2007). Today, arid biomes dominate the interior
of the subcontinent (savanna, grassland, and
Nama Karoo) following a process of aridifica-
tion that occurred in two pulses of substantial
uplifting of the east coast: 250 m and 900 m
at 20 Mya and 5 Mya, respectively (McCarthy
and Rubidge, 2005). These geological pro-
cesses saw the end to much of the dominant
forested vegetation in the area with aridifica-
tion of the interior and a concurrent diversifica-
tion of the ancestors of the chameleons.

The presence of a relatively large number
of fairly recent lineages of dwarf chameleons
in southern Africa, their mixture of preferred
habitats in a number of biomes, and the ex-
istence of a robust phylogeny (Tolley et al.,
2004, 2006, 2013), has allowed workers to
investigate the evolutionary consequences
of movement of these species from ancestral
forested areas to biomes with open habitat
types. In order to interpret these studies, it has
been critical to determine the direction of this
evolutionary radiation, which has been done
by optimizing habitat on a phylogeny of the
genus, confirming that the historical habitat for
the most recent common ancestor was forest
(Tolley et al., 2008).

Moreover, repeated radiations out of
the forests of southern Africa into savanna
(B. thamnobates, B. transvaalense), grassland
(B. melanocephalum), and fynbos (ecomorphs

of B. pumilum, B. damaranum, B. gutturale) took
place. Reconstruction of ancestral vegetation
for these lineages shows radiations into open
habitat, corresponding with most dramatic up-
lifting 5 Mya (Tolley et al., 2008), a period that
also corresponds to rapid diversification of the
fynbos biome (Fig.5.1e).

The movement from closed to open habitat
carries with it an increased exposure to preda-
tors (e.g., Stuart-Fox et al., 2006a; Stuart-Fox
and Moussalli, 2008). Consequently, Bradypo-
dion show a clear shift from bright to dull col-
ors corresponding to the radiation into more
open habitats (Branch, 1988; Stuart-Fox and
Moussalli, 2007; Measey et al., 2009; Hopkins
and Tolley, 2011). However, a study that inves-
tigated whether this change in habitat related
to a change in camouflage found no evidence
for increased crypsis in open habitat species;
instead, Bradypodion inhabiting forests were
found to exhibit greater changes in color as-
sociated with increasing contrast against back-
ground for social signaling (Stuart-Fox and
Moussalli, 2008).

Morphologically, forest lineages are typi-
cally larger-bodied species with long tails,
high casques, and long hands and feet, while
those in open habitats are smaller, have
lower casques, and have shorter hands and
feet (Branch, 1998; Stuart-Fox and Moussalli,
2007; Measey et al., 2009, Tolley and Hopkins,
2011). There are some data (for B. pumilum)
to suggest that these changes are adaptive,
such that long tails can be used to increase
grip force on wider perches (Herrel et al.,
2011). However, an increased bite-force per-
formance in open-habitat B. pumilum could
not be attributed to a change in diet (Measey
et al., 2011), but was instead postulated to be
due to a reduction in ability to settle disputes
by signaling.
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campani in the central plateau highland of Madagascar associated with ericoid vegetation, as
compared with lower densities (28.6 ha™) in other areas. In mainland Africa, Trioceros kineten-
sis, T. rudis, T. hoehnelii, T. affinis, T. bitaeniatus, T. goetzei, T. harennae, T. nyirit, and T. schubotzi
all inhabit similar shrubby habitats at high elevations. The species of the bitaeniatus group of
Trioceros are also noteworthy, as they all exhibit viviparity in addition to inhabiting regions up
to and above 3000 m. Kinyongia are usually strongly associated with forest, although there are
a few notable exceptions which suggest some Kinyongia species have flexibility. For example,
K. gyrolepis has been found in shrubby habitats at high altitudes (Greenbaum et al., 2012), and
K. boehmei is sometimes found in ericaceous habitat above cloud forests, in low-intensity agri-
cultural areas, and into the alien vegetated shrubland below the forest limits in the Taita Hills
(G.J. Measey, personal observation). This suggests that even forest-dwelling species may occa-
sionally move into adjacent non-forested habitats when conditions are favourable, although
there to appear to be limits. For example, despite being able to use vegetation adjacent to pri-
mary forest, K. boehmei are separated into distinct populations associated with forests that are
separated by only a few kilometers of savanna (Measey and Tolley, 2011).

Forest ecotones appear to be strongly associated with an increased diversity of chameleons
(see above), and it appears that many species utilize disturbed habitat outside of forests. Such
habitat types do arise naturally; for example, hurricanes or cyclones can remove large sec-
tions of forest. Forest can also be impacted by landslides and mudslides, so perhaps it is not
surprising that some species appear to be specially adapted to the fringe areas and disturbed
forest (see above for examples). Broad habitat distributions are considered to result in different
life histories for chameleons in Madagasar, where large sexually dimorphic species (Furci-
fer) require more open habitat for basking and intraspecific communication (Andreone et al.,
2005). Many of the species that inhabit the forest edge ecotone are some of the largest, bright-
est species (e.g., F. pardalis, Trioceros jacksonii). Temperature and humidity variation should
increase at the forest-edge ecotone, and many species that can tolerate this also have wide dis-
tributions, suggesting that they are also capable of migrating over larger distances. Outside
the forest, different species also appear to have different vegetation height preferences. Lin
and Nelson (1980) found that sympatric T. hoehnelii and T. jacksonii inhabited different vegeta-
tion within their study area: T. hoehnelii were found predominantly in areas of open secondary
scrub, rarely above 2 m, while T. jacksonii were mostly in trees above 2 m.

Savanna species have the largest distribution of all chameleons, in part because the savanna
now covers large areas of continental Africa (see Chapter 7). The open nature of the habitat
makes them more visible, and one of the few studies of chameleon behavior during the day
comes from a common sub-Saharan species, Chamaeleo dilepis. Unlike other chameleons C. dil-
epis is usually found alone (Toxopeus et al., 1988; see below), and a behavioral study found diver-
gent microhabitats between the sexes. Hebrard and Madsen (1984) investigated diel perches and
observed sexual differences in perch height and perch type. During the dry season, males chose
higher perches (2.8 m, vs. 1.5 m for females) without leaves (but no measures of roosting sites
were made). Higher male perch heights have previously been associated with the sexual displays
of male lizards (Andrews, 19771). However, in the rainy season no sexual differences in habitat
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use were found, and males were found to move significantly further than females (males, 4 to
17 m per day; females, 1 to 3 m) (Hebrard and Madsen 1984). It is also worth noting here that
male C. chamaeleon are thought to spend more time on the ground and that females perch lower
in trees during summer (Pleguezuelos et al., 1999). Savanna species appear to be tolerant of
disturbance and regularly take up residence in gardens. The majority of species of the genus
Chamaceleo are not forest dwelling (only two species seem to inhabit wet forest: C. necasi in the
coastal forest of the Dahomey Gap, West Africa and C. zeylanicus in India and Sri Lanka).

In addition to the radiation of large arboreal chameleons into the savannas, some mem-
bers of one genus of leaf chameleons—Rieppeleon—appear to have moved out of the rainfor-
est into adjacent savanna (Matthee et al., 2004). These small chameleons live in low bushes
and grasslands and can frequently be found walking on the ground. Savannas have large
areas of grassland where all these chameleons can be found, frequently sitting in isolated
bushes. Madagascar has relatively small natural savanna areas, but they are inhabited with
chameleons such as Furcifer lateralis and F. campani.

Another well-studied chameleon inhabits scrubland areas of southern Europe; Chamaceleo
chamaceleon were found to select habitats with south to southwesterly facing slopes in south-
ern Spain to take advantage of the increased radiance (Hédar et al., 2000). Moreover, these
chameleons were found to favor trees with increasing density above 1 m and to avoid shrubs
and dead trees.

There appear to be several evolutionary radiations of chameleons into arid habitats, and
specific adaptations are associated with these. The first radiation was into seasonal forests that
undergo distinct arid periods during which some chameleons are active, while others aestivate
(see below). Adaptations for survival in these areas of climatic extremes include reproductive
diapause (see Box 5.3), aestivation and for at least one species, and a complete change of the life
cycle (see Box 5.1). Movement into extremely seasonal forests appears to be gradual. Only three
species from the genus Furcifer (F. major, F. oustaleti, and F. verrucosus) inhabit the most arid
deciduous forests in the southwestern regions of Madagascar, where mean rainfall is around
420 mm, typically confined to only 3 months, from December to February. Others appear in
transitional and deciduous forest in the southwest and western region of Madagascar; includ-
ing F. antimena, F. labordi, Brookesia bonsi, B. decaryi, B. brygooi, B. perarmata, and B. stumpffi
(Raxworthy and Nussbaum, 1995; A. Raselimanana, personal observation). During the dry
season, adult Brookesia aestivate under debris, or dig into loose soil (Brady and Griffiths, 2003).

A second radiation into arid habitat involves several species from the genus Chamaeleo that
have moved into arid regions and even true deserts. For example, Swakopmund, which is within
the range of C. namaquensis, has annual rainfall of around 14 mm (although horizontal precipi-
tation in the form of coastal fog may be much higher) (Fig. 5.1g,h). These chameleons experience
extreme diel temperatures: from & to 56°C (Burrage, 1973). They appear to cope with these stress-
ors by means of behavioral and physiological adaptations, including what Burrage (1973) referred
to as “ploughing.” This behavior involves digging groves into the substrate where the chame-
leon makes contact with warmer or cooler sand. Together, body compression, color (brightness)
change, and ploughing allow daily behavioral thermoregulation when ambient temperatures are
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BOX 5.3 Embryonic Diapause

Embryonic diapause in chameleons is a unique
form of developmental arrest that is unknown
in other squamates (Andrews and Karsten,
2010). Embryonic diapause occurs when eggs
are in gastrulae at the time of laying, and gas-
trulation occurs so slowly that development
is effectively arrested for periods of several
months (Bons and Bons, 1960; Andrews and
Donoghue, 2004; Ferguson et al., 2004). In ad-
dition to embryonic diapause, embryos of some
chameleon species also undergo cold torpor. In
Chamaeleo chamaeleon, eggs with embryos in
diapause are laid prior to the onset of winter,
with the onset of winter conditions causing a
second suspension of embryonic development.
Despite C. chamaeleon egg clutches being laid
over the course of several weeks, hatching
is synchronous over a number of days more
than 10 months after being laid. Ferguson et al.
(2004) suggested that high temperatures dur-
ing diapause prolongs developmental resting,
whereas low temperatures during diapause, fol-
lowed by an elevation in temperature, ends the
diapause and accelerates development to term.

In experiments and field-measured nests,
Andrews et al. (2008) manipulated the temper-
ature of nests of C. chamaeleon to determine

how nest temperatures and embryonic
development were synchronized. By maintain-
ing egg clutches at prewinter temperatures,
they were able to prevent embryos from enter-
ing the period of cold torpor and to show that
development continues to hatching. In both
the field and laboratory clutches held at field
temperatures, Andrews and colleagues showed
that embryonic development began as soon as
temperatures began to rise after winter. This
general warming of all nests synchronizes the
development of embryos, giving rise to syn-
chronous hatching and emergence of juveniles
in late summer, which may be important in di-
luting predation pressure and optimizing hatch-
ing at the time of maximum food availability.

Synchronous hatching of juveniles is known
in many chameleons that inhabit highly sea-
sonal environments. The dry deciduous forests
of southwestern Madagascar are a good ex-
ample, and researchers there believed that that
embryo development was inhibited during the
winter (dry colder) season so that hatchlings
from different clutches emerge synchronously
(Brady and Griffiths, 1999). Documentation of
this is provided by two species that inhabit this
environment (see Box 5.1).

not favorable. Burrage also notes that these chameleons are known to burrow completely into the
substrate. Similarly, at night C. namaquensis were reported to make use of burrows, presumably
to escape the cold temperature typical of the desert. This is the only species of chameleon that
does not necessarily roost at night; instead, animals lie on the ground, possibly to maximize the
ventral area in contact with the substrate (G.]. Measey, personal observation).

Chamaeleo calcaricarens inhabits the dry savanna and semidesert of Ethiopia, but there appear
to be far fewer ecological data on this species. Spawls (2000) notes that, like C. namaquensis,
C. calcaricarens is capable of moving rapidly and that it may aestivate throughout the dry season.

5.2 LIFE-HISTORY TRAITS

Chameleons exhibit a diverse array of life-history traits, from annual species, that spend most
of their year as an egg, to large and long-lived species. The body size of extant lizards in this
family covers four orders of magnitude and includes candidates for the world’s smallest ver-
tebrate (Brookesia tristis, 0.2 g, and the even smaller B. micra) (Glaw et al., 2012) to one of
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the largest arboreal lizards (Calumma parsonii, 700 g) (Abate, 1998). Live young are known to
have evolved 108 times in squamates (Blackburn, 1999, 20006), and at least twice in chameleons
(Tinkle and Gibbons, 1977; Andrews and Karsten, 2010; Schulte and Moreno-Roark, 2010; see
also Tolley et al. 2013). Egg retention is considered to be the first step to viviparity, but most
squamates either lay eggs with embryos about one-third developed (stage 30) or retain eggs
until development is complete (i.e., are viviparous) (Shine and Thompson, 2006). However,
chameleons lay eggs that can have one of three distinct strategies: eggs with early gastrula, eggs
with well-developed embryos, and completely formed embryos (viviparous). Laying eggs with
an early-stage gastrula allows chameleons to remain in the egg for unfavorable periods, and it
has emerged that in some species a period of diapause allows eggs to remain unhatched for up
to a year (see Box 5.3). The presence of the early embryologic stage in chameleons is thought to
have evolved from an ancestor with (conventional) late-stage oviposition (Shine and Thompson,
2000). In their phylogeny, Andrews and Karsten (2010) suggest exactly the opposite: from late-
stage oviposition (Brookesia and Rhampholeon) to viviparity (Bradypodion) to late arrested devel-
opment and late early-stage oviposition (Chamaeleo and Furcifer). A model wherein the majority
of squamates are prevented from this early-stage oviparity by nest sites that are not sufficiently
hydrically stable (Shine and Thompson, 2006) suggests that female chameleons would have
highly selective nest choice to maintain stable soil moisture levels.

Oviparity and Viviparity

Viviparity is thought to have its origins in cold environments: high latitudes or altitudes
(Shine, 1985), and this hypothesis appears to holds true for chameleons (Andrews and
Karsten, 2010; Schulte and Moreno-Roark, 2010). Viviparity has evolved in southern Afri-
can Bradypodion, which occur at relatively high latitudes (up to 34.7°S), and Trioceros, which
inhabit the highest montane areas in central Africa (up to 4 ooo m asl). It is worth noting
that Bradypodion are not at the most extreme latitude, which is taken up by an oviparous
species Chamaceleo chamaceleon (up to 37°N), which has an embryonic diapause and goes into
a state of torpor to avoid the coldest period (see Box 5.3). However, our current climate is at
an interglacial stage, and some chameleon distributions are likely to have shifted during
glacial periods. There are also oviparous chameleons at high altitudes, such as the Malagasy
species: Calumma hilleniusi and Furcifer campani. Both are adapted to high elevations and
cold montane habitats (temperatures <o°C during winter), but incubation periods vary,
about 9o days for the former and 140 to 265 days for the latter (Glaw and Vences, 2007).
Variation in reproductive traits is thought to be an adaptation to unpredictable variation
in the environment, notably rainfall (Shine and Brown, 2008). Although the majority of cha-
meleon species live in forests, where the hydric environment is relatively stable, many spe-
cies have moved into totally arid environments and yet others have moved into environments
where the rainy season is particularly short. A good example of this is the dry deciduous for-
ests of southwestern Madagascar, where the chameleons exhibit some of the most extreme
life-history traits. The population of Furcifer labordi spends the 9-month dry season as eggs,
synchronously hatching at the onset of rains (Karsten et al., 2008) (Box 5.1). The sympatric
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F. verrucosus can be found throughout the year, with juveniles reaching adult size during the
rains and aestivating during the long, cold, dry season (Karsten et al., 2008).

Several species of chameleons have been documented to store sperm, and it has been sug-
gested that storage in this family of lizards may be considerably longer than in other more
mobile species (Birkhead and Megller, 1993). However, this suggestion was based on a study
with a low sample size (four species) and there are few new data to indicate whether dura-
tion of sperm storage is related to low densities or slow movement. Detailed studies of the
phenology of viviparous and oviparous chameleon species exist, and there are examples of
both species with continuous reproduction as well as species with distinct annual cycles. The
entire genus Bradypodion, which inhabits the subtropical and Mediterranean climatic zones
of southern Africa (see Box 5.3) is bear live young (Branch, 1998; Tolley and Burger, 2007).
Reproduction in B. pumilum females is aseasonal; they can give birth year round and are capa-
ble of bearing multiple generations within a year (Jackson, 2007). Males had distinct bian-
nual testicular peaks before and after the dry summer. This species also seems capable of
sperm storage (Atsatt, 1953), and it is possible that other Bradypodion spp. share these life-history
traits (Jackson, 2007). Similarly, Trioceros bitaeniatus gives birth to live young throughout the
year in Kenya and T. montium lays eggs in both wet and dry season in Cameroon (Bustard,
1966; Herrmann and Herrmann, 2005). Lin (1980) made a detailed study of the reproductive
traits of live-bearing and oviparous species of Trioceros: T. jacksonii and T. hoehnelii, respec-
tively. T. jacksonii exhibited a distinctly annual reproductive cycle. Males were found to have
an annual testicular cycle, peaking just before the onset of the rains in March and prior to
mating observed in May. Females began the production of yolked follicles at this time, with a
peak of ovulation in August. Gestation began in August and continued until February, when
females were observed giving birth until March. Toxopeus et al. (1988) found that T. jacksonii
could regularly be found in male—female pairs throughout pregnancy, suggesting some form
of mate guarding. Following parturition, females entered a period of postreproductive quies-
cence, as fat bodies accumulated to reach their peaks in May (Edgar, 1979).

In his examination of the sympatric oviparous, Trioceros hoehnelii, Lin (1980) noted
that this species was mostly aseasonal, with high testicular activity year round and mat-
ing observed in nearly every month. Females had yolked follicles throughout the year, with
eggs with advanced embryos being laid year round. Females were also able to store sperm.
Toxopeus et al. (1988) also studied T. hoehnelii, finding that while animals were often found
in male—female pairs, these partners were frequently changed, although duration in pairs
increased when females were notably gravid. Lin (1980) speculated that T. hoehnelii and
T. jacksonii had evolved in allopatry, although they are now sympatric in the anthropogenically
altered habitat of the central Kenyan highlands. Based on the presence of juveniles through-
out the year, Wild (1994) suggested that Rhampholeon spectrum probably breeds all year
round. Dominancy of juvenile Furcifer campani (91% vs. 3% subadults and 9% adults) has
been reported at the beginning of the warm and rainy season in Madagascar, while adults
were abundant during the wet season (80% vs. 20% subadults and 0% juvenile) and in win-
ter (85.4% vs. 4.1% juveniles and 10.5% subadults; Raholdina, 2012).
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In their study of another oviparous species, Chamaeleo chamaeleon in southwestern
Spain, Andrews et al. (2008) again found a distinctly annual reproductive cycle. Males in
this species were also found to practice mate guarding for a short period (around 2 weeks)
during a distinct mating season when females were receptive to mating (Cuadrado, 2001)
and leave once females show specific body coloration and behavior to indicate that they were
gravid (Cuadrado, 2000). Chameleons are capable of continuous reproduction or annual
cycles irrespective of whether the species is oviparous or viviparous. However, any species
with diapause in eggs would be expected to exhibit an annual cycle.

Clutch size and hatchling size have both been shown to be strongly correlated with
female body size. This has been shown intraspecifically for Trioceros hoehnelii and T. jacksonii
(Lin, 1980), T. montium (Herrmann and Herrmann, 2005), Chamaeleo chamaeleon (Diaz-
Paniagua et al., 2002) and over 33 other species (Andrews and Karsten, 2010). The largest
recorded clutch sizes are from some of the largest egg-laying species, which may lay nearly
100 eggs (C. calyptratus and T. melleri), while those giving birth to live young reach approx-
imately half this number (T. jacksonii). The smallest chameleons have clutches of 2 eggs
(e.g., Brookesia tristis). Residuals of body size and hatching size indicated the existence of a
trade-off between these traits as has been observed for most lizards: larger clutches result in
smaller hatchlings and smaller clutches in larger hatchlings (Andrews and Karsten, 2010).
Further, the strength of this relationship was found to increase when independent phyloge-
netic contrasts were included. Hence, like many other lizards, chameleons exhibit a contin-
uum of reproductive strategies between large clutches with small hatchlings (<10 mm) and
small clutches with large hatchlings (around 100 mm).

Egg-layingchameleonsburytheireggs meticulouslyinthe ground. Some ground-dwelling
species deposit eggs singly within depressions under large leaves, while others dig holes of
varying depths. Eggs of Brookesia stumpffi can be found in depressions under dead leaves
on the forest floor (Raxworthy, 1991). Many people have observed female chameleons laying
eggs, noting the vulnerability of the female during this long process. Hédar et al. (2000)
and Brain (1961) both remarked on the search by females of C. chamaeleon and C. dilepis
(respectively) for suitable ground conditions in which to dig holes. As many species may
select different habitats for their offspring (see below), females move over considerable dis-
tances in order to oviposit. It is also the only time when chameleons have been seen to be
active at night (C. dilepis, Brain, 1961). Egg chambers are dug obliquely into the soil, and
eggs in small clutches are normally deposited singly, with soil separating each one, while
large clutches are deposited together. Optimal nesting sites may be in high demand as pre-
cisely the same nesting site has been seen to be used multiple times by different individuals
of Kinyongia boehmei (Measey, 2008).

Temperature changes with soil depth, decreasing and becoming more stable as depth
increases. For example, temperature in areas inhabited by Kinyongia boehmei was constant
by a depth of 30 cm (irrespective of whether the soil was in forest or cultivated areas). Yet,
temperature changed by nearly 4°C over 700 m of altitude (Measey et al., 2009). Chamae-
leo calyptratus was found to have consistent developmental rates between 28 and 30°C.
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Development was significantly slower, yet hatchlings were significantly heavier at 25°C
(Andrews, 2008). In southwestern Spain, nests of C. chamaeleon are laid up to 45 cm deep,
where they undergo a seasonal change in temperature of nearly 20°C (Andrews et al.,
2008). In contrast, nest temperature for K. boehmei eggs buried at 18 cm in a Kenyan forest
underwent a change of only 4°C over a year (Measey, 2008). No temperature-dependent sex
determination takes place in chameleons, as suggested by experiments with C. calyptratus
(Andrews, 2005). Archaius tigris is notable in that females deposit their eggs in the leaf
funnels of the introduced wild pineapple plants that are common in the Seychelles (Van
Heygen and VanHeygen, 2004). Whether other plants (such as palms) would have been
used before the arrival of the bromeliads is not known.

Once laid, chameleon eggs are susceptible to any number of vertebrate and invertebrate
predators (see below). Likewise, hatchlings are likely to have high mortality between emer-
gence from the nest and their first movement into surrounding vegetation. Chameleons are
known to exhibit a diverse period of development, ranging from a few weeks to as long as a
year. Andrews and Karsten (2010) proposed three groups with respect to other squamates
for these highly divergent developmental rates: normal (50 to 70 days), slow (70 to 175 days),
and arrested (175 to 365 days; see Box 5.3).

Ontogenetic Habitat Shift

Ontogenetic habitat shifts are hypothesized to occur widely within chameleons as they do
in other arboreal lizards, as this prevents interactions between adults and juveniles (e.g.,
Irschick et al., 2000; Vanhooydonck et al., 2005). Ontogenetic habitat shifts may avoid
cannibalism (see below) and competition and also aid in dispersal. Moreover, juveniles
may inhabit areas with large numbers of small prey, which may not be suitable for adults
(see below). In both experimental studies and observations on free-ranging Chamaeleo
chamaeleon, juveniles were found to forage and sleep at lower heights than adults, which
generally climbed to the top of available vegetation (Keren-Rotem et al., 2006). Juveniles
were found to avoid adults (but not other juveniles), and when provided with an opportu-
nity, most adults attempted to feed on juveniles.

Ontogenetic shifts in perch size may be facultative if, as observed in other arboreal rep-
tiles, branch selection is dependent on animal size (Irschick and Losos, 1998). Keren-Rotem
et al. (2000) found that adult Chamaeleo chamaeleon foraged and slept on thicker branches
than juveniles. Specifically, most juveniles were found sleeping on grasses while adults
slept on woody vegetation. Stratification of roosting level is well illustrated by Brookesia
decaryi, whose hatchlings roost almost among the leaf-litter followed by juveniles, then
by adults at the top (Razafimahatratra et al., 2008). Herrel et al. (2011) studied the perch
selection of Bradypodion pumilum ecomorphs in heathland and wooded environments, con-
cluding that perch and hand/foot size were well correlated. Moreover, larger hands were
found to be stronger on larger perches (see Chapter 4). These authors excluded juveniles
and subadults from their study, but observations suggest that juveniles of B. pumilum regu-
larly occupy microhabitats distinctly different from those of adults, such as grasses at the
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periphery of wooded areas (G.]. Measey and A. Herrel, personal observation). Similarly,
gravid B. thamnobates have been observed to deposit their young in grassland before return-
ing to woodland type gardens (J. Herd, Howick, South Africa, personal communication).
When eggs or juveniles are placed in a different environment by females, their migration
becomes obligatory as they age.

Seasonality

Many of the studies that have been conducted on chameleons over time have suggested
some degree of seasonality in density, reproduction, and other life-history traits. Lin and
Nelson (1980) studied two Kenyan species, finding that Trioceros hoehnelii was aseasonal,
while T. jacksonii showed distinct seasonal patterns of reproduction in both males and
females. T. jacksonii gave birth in January, when insect abundance peaked. Despite the com-
parative aseasonality, the reproductive output of T. hoehnelii was found to be significantly
reduced in the dry season (Lin and Nelson 1980), suggesting that reproduction is linked to
climatic parameters.

Chameleon densities have been found to be lower in winter than in summer at one east-
ern Malagasy site for some species (Brookesia nasus, B. superciliaris, Calumma brevicorne,
and C. oshaughnessyi) (Brady and Griffiths, 2003), while for others there was no change (C.
gastrotaenia), or even an increase in winter densities (C. nasutum 51.7 ha™ in winter as com-
pared with 16.7 ha™ in summer). Density fluctuations between seasons are suggested to cor-
relate with body size (Brady and Griffiths, 2003). Similarly, at Ranomafana National Park,
density estimates were greater in the summer (B. superciliaris, 39 ha™; B. nasus, 41 ha™; B.
thieli, <o.1 ha™) as compared with the winter (B. superciliaris, 14 ha™'; B. nasus, 6 ha™; B.
thieli, <o.1 ha™) (Rabearivony, 1999). Smaller-bodied chameleon species at Andranomay (C.
glawi and C. nasutum) displayed increases in population density between the summer and
winter seasons, while the densities of larger-bodied species (C. brevicorne and C. oshaugh-
nessyi) tended to decline over the same period (Brady and Griffiths, 1999).

Despite the considerable seasonal variation in densities of chameleons, there is little
explanation of why some individuals are active and others inactive during unfavorable sea-
sons. An unpublished study on Bradypodion pumilum suggests that reduced winter den-
sities are not attributable to a reduction in population size, but rather to a reduction in
the number of animals seen on exposed perches during winter. Different animals were
found roosting on different nights, with the total number of observations related to weather
conditions (K. Dicks, personal communication). Conversely, some species really do have a
dramatic change in their seasonal abundance (Box 5.1), and it remains to be seen how wide-
spread this phenomenon is.

Individual chameleons may disappear during winter in very cold or high-elevation
areas, when they are thought to hibernate. Anecdotal reports suggest C. calcaricarens may
aestivate during winter in Jijiga, Ethiopia (Spawls, 2000). Bradypodion thamnobates in the
Drakensberg have been seen to move inside houses or under boxes in garages, remaining
inactive for many months. Rhampholeon marshalli has diapause for around 6 months in the
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Vumba Mountains of Zimbabwe (1730 m asl) (Broadley and Blake, 1979). Aestivation may
also occur in extremely dry seasons (see Box 5.1). Like other lizards, chameleons appear to
seek out dry and stable conditions in which to aestivate.

Growth and Longevity

Most reports of chameleon growth appear to come from animals bred in captivity, with
relatively few studies conducted in natural populations. One notable exception compared
the growth of caged juveniles (but not adults) with those from recaptures of Trioceros
hoehnelii and T. jacksonii, finding that caged individuals had a significantly lower average
growth rate (~o.05 mm - d™) than recaptured animals (~o.r mm -d™) (Lin and Nelson,
1980). Burrage (1973) found a mean growth rate of o0.17 mm - d*for Bradypodion pumilum
between birth and maturity, which he considered to be at 50 mm snout-vent length (SVL)
(but see Jackson et al., in review, and below). He also found that growth rates changed
during the year, reaching up to 0.29 mm - d™* for animals born in November at the start
of the austral summer. For Chamaeleo namaquensis, Burrage (1973) found sexually
different growth rates with o.25 mm - d™* for males and 0.38 mm - d* for females. Burrage
(1973) commented on a number of other studies (e.g., Brain, 1961) of growth rates of captive
animals, noting that none compared with animals in the wild. It is likely that an advance
in husbandry techniques has resulted in many captive chameleons able to grow at rates
equivalent to or even faster than those in the wild (C. Anderson, personal communication).
Yet, the information on natural growth rates is generally lacking (but see Box 5.1).

An important life-history variable is the time to maturity, which in lizards is generally
longer with increasing body size. Chameleons appear to conform to this rule, with one of
the largest species, Chamaeleo parsonii, taking 3 to 5 years to reach maturity (Brady and
Griffiths, 1999). Lin and Nelson (1980) calculated growth rate and size of smallest mature
female or male based on birth size. Their results suggested that Trioceros hoehnelii males
and females reached maturity within a year, while T. jacksonii took just under 2 years. In
both cases, females matured up to 20% more quickly than males. Burrage (1973) calculated
that male C. namaquensis matured in 210 days, while females took only 150 days to achieve a
slightly larger size at maturity. Jackson (2007) found the opposite for B. pumilum, in which
males mature at a smaller size (41 mm) than females (53 mm); yet, both were mature in
18 months. Wager (1958; in Schaefer, 1971) states that C. dilepis can mature within a year.
However, many Malagasy chameleons appear to reach maturity at large sizes within a single
season, such as Furcifer labordi (see Box 5.1) and F. campani, which reach maturity in
3 months (Raselimanana and Rakotomalala, 2003). In captivity, other species are similarly
reported to reach maturity relatively quickly: F. willsii, 4 months; F. minor, 5 months;
C. brevicorne, 8 months (Le Berre, 1995).

The life span of most tetrapods has generally been found to correlate with body
size (Blanco and Sherman, 2005), and there are some data to suggest that the larg-
est chameleons are long-lived: Trioceros melleri may live as long as 12 years in captivity
(Le Berre, 1995), while T. montium often lives beyond 9 years (Klaver and Bshme, 1992).
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Longevity of wild chameleons is very poorly documented, with the majority of studies coming
from animals bred in captivity. As chameleons are notoriously hard to keep in captivity, it is
hard to estimate the bias these kind of data may introduce.

Longevity has been calculated from maximum sizes observed in the field, and
growth rate of mature individuals (Lin and Nelson, 1980). Male and female Trioceros
hoehnelii were found to have a similar longevity of around 4.5 years, while for
T. jacksonii, smaller males have a shorter life span by as much as a third of the 6.6-year
expected life span of females. Furcifer pardalis was studied using skeletochronology and
showed that although adults were large, most individuals had a single line of arrested
growth (LAG). Andreone et al. (2005) interpreted this as evidence that animals were
around 1 year old (the largest individual in their sample was the only animal with
2 LAGs). There is some suggestion, that chameleons that grow fast may also die young
(see Box 5.1), although exactly how widespread this phenomenon is within chameleons
remains unknown.

Survival rates for smaller B. pumilum were found to be lower (from 0.49 for 45 mm SVL)
than larger animals (0.98 for 8o mm SVL) over a single season (9 weeks) within the Cape
Town metropolitan area (Tolley et al., 2010). While there have been no other formal stud-
ies of survival, Burrage (1973) estimated that 40% of his marked B. pumilum survived the
3-year duration of his study, and Bourgat (1968) recorded survival of 43% of F. pardalis after
a single year.

5.3 FORAGING AND DIET

Diet has been poorly documented for chameleons, but they are known to eat, at least occa-
sionally, relatively large prey (e.g., Broadley, 1973; Luiselli and Rugiero, 1996; Herrel et al.,
2000; Keren-Rotem et al., 2000). Yet, most studies of fecal remains suggest they are oppor-
tunistic predators of invertebrates (Burrage, 1973; Pleguezuelos et al., 1999; Akani et al.,
200r1; Hofer et al., 2003). Chameleons have excellent visual acuity, which allows the assess-
ment of prey from a distance (Ott and Schaeffel, 1995; Chapter 2). They have large heads
and exhibit strong tongue retractors with supercontractile properties that can relay large
items into the mouth (Herrel et al., 2001b; Chapter 4). Chameleons are also known to have a
relatively high bite force (Vanhooydonck et al., 2007), which may be related to a diet of hard
or oversized prey items, and/or to intrasexual and intersexual combat involving fighting and
the biting of opponents (Bustard, 1967; Stuart-Fox and Whiting, 2005; Tolley and Burger,
2007; Measey et al., 2009; Chapter 6). Like other lizards, many chameleons are known to
drink free-standing water by lingual protrusion.

Cruise Foraging

Chameleons are lizards that do not conform to either sit-and-wait or active foraging strat-
egies. Instead, it has been proposed that they have an unusual intermediary behavior,
termed “cruise foraging” (Butler, 2005; see also, Williams and McBrayer, 2011 for an
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alternative explanation). A cruise forager examines its environment, moves a short distance,
and then conducts more scans (Regal, 1978). As a cruise forager makes these short move-
ments within its environment, it would be expected to encounter sedentary prey in addi-
tion to active prey. Increases in movement would logically result in more encounters with
sedentary prey and a commensurate reduction of active prey in the diet. Based on behav-
ioral observations, the South African Cape Dwarf Chameleon, Bradypodion pumilum, con-
formed to this intermediary foraging mode (Butler, 2005), and more recently the same
behavior was found in an invasive population of Trioceros jacksonii in Hawaii (Hagey et al.,
2010). Cruise foraging suggests a similar proportion of active and passive prey types as
compared with those in the environment, and Measey et al. (2011) found exactly this for
B. pumilum from heathland habitats. However, ecomorphs from wooded habitats were found
to have more active prey, suggesting that the degree of cruising may change in proportion
to the availability of active and passive prey types. There is also a suggestion of ontogenic
adjustment as Keren-Rotem et al. (20006) found that prey of adults were more sedentary
than those of juvenile C. chamaeleon.

Although lingual capture appears to be the dominant method of chameleon feeding,
there are also anecdotal reports that chameleons pursue and capture prey in their jaws,
although these need to be confirmed (see Takashi, 2008, and below). Chamaeleo namaquensis
is notable in that it inhabits an area with very low abundance of prey and appears to have
moderated its behavior. Burrage (1973) described C. namaquensis running parallel with prey
and then taking the prey in their jaws; however, other observations record these chameleons
running after prey and simultaneously using lingual capture (M. Burger, personal commu-
nication). It was also noted that C. namaquensis are capable of searching for or ambushing
prey that hides during pursuit (Burrage, 1973). Neither of these behaviors appears to fit into
the cruise-foraging mode described by Butler (2005), and it may be that the Chamaeleoni-
dae exhibit a range of foraging strategies.

Chameleon Diet

In their study of the diet of three sympatric chameleons in a Nigerian forest, Akani et al.
(2001) suggested that some were more generalist (Chamaeleo gracilis) than others (Trioceros
cristatus), based on relative niche overlap estimates (see Pianka, 1986). However, this method
presumes good sample sizes for all taxa compared, and it is notable that the most specialized
species had the smallest sample size (only 15 fecal pellets). Only two studies have attempted
to compare potential prey to those ingested by chameleons. In the first, three montane cha-
meleons from Cameroon (Trioceros montium, T. pfefferi, and T. quadricornis) had a niche
breadth almost equal to the resources available (Hofer et al., 2003). Measey et al. (2011)
analyzed prey in terms of hardness and evasiveness for two ectomorphs of B. pumilum, find-
ing that the ecomorph in open habitat was neutral with respect to both measures, while
those from woodland appeared to select more soft items (avoiding hard ones) and consume
less sedentary prey. They interpreted these differences to differing availability of prey abun-
dance and suggested that this may change in different seasons.
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Seasonal changes in the diet of Bradypodion pumilum (woodland ecomorph) were most
prominent in the change in the proportion of dipterans, which peaked at 80% in autumn
and winter and sunk to 13% in spring (figures calculated from Burrage, 1973). Similarly, a
peak in ground-dwelling carabids (up to 15%) also occurred in the winter months (Burrage,
1973). Marked seasonal changes in diet have also been observed in a population of Chamae-
leo chamaeleon in southeastern Spain (Pleguezuelos et al., 1999), where hard hymenopteran
taxa (mostly bees and wasps) made up the greatest part of C. chamaeleon diet in spring. By
summer through to autumn, the major dietary component was orthopterans, the largest of
prey in their study. Pleguezuelos et al. (1999) suggest that this shift represents a change in
orthopteran availability and the more terrestrial nature of animals in summer, when males
spend more time on the ground and females are found lower in the trees (see above). The
other surprising finding in their study is the small size of some prey in relation to that of
the chameleon, to which they conclude that chameleons typically rely on many small items
(from 1.1 mm or 0.7% of SVL), rather than taking larger more infrequent meals. A study of
invasive Trioceros jacksonii in Hawaii similarly remarked on the large number of small prey
eaten by even the largest animals (Kraus et al., 2012). Similarly, small-volume prey were
found in all sizes of C. dilepis dissected from museum specimens (Reaney et al., 2012).
Bringsge (2007) observed a subadult Archaius tigris predating on worker ants (Technomyrmex
cf. albipes, 2 to 2.5 mm) at the start of the dry season on Praslin in the Seychelles Islands,
and Keren-Rotem et al. (2000) observed adult C. chamaceleon eating a fruit fly. Although not
analyzed by Hofer et al. (2003), their data suggest neutral selection on prey hardness across
all species but with some selection toward prey evasiveness for Trioceros montium. Although
there is little evidence for specialization in the chameleon diet, future studies may find that
in optimal conditions chameleons may select particular prey types.

Dietary differences are expected where chameleons inhabit different habitats, parti-
tion microhabitats, and/or vary greatly in body size. The most obvious dietary divergence
might be expected between small, ground-dwelling genera (Rhampholeon and Brookesia),
and large arboreal species within the same forest (i.e., Trioceros, Kinyongia, Furcifer, and
Calumma). Akani et al. (2001) found that R. spectrum had the least food niche overlap with
three other sympatric arboreal species (C. gracilis, T. cristatus, and T. owenii). Perhaps
unsurprisingly, this significant dietary difference extended to prey size, which was signif-
icantly smaller for R. spectrum (most items <3 mm). Indeed, leaf chameleons are able to
make use of abundant social insects, such as termites (Wild, 1994). The shift to smaller
foods in smaller chameleons is expected, as large lizards tend to have a wider range of
food sizes available (Vitt, 2000). Hofer et al. (2003) examined fecal pellets of several dif-
ferent chameleon species in Cameroon, finding that prey size was significantly smaller in
the smaller species studied. This indicates that most small chameleons are size-restricted
in their feeding. This could be considered surprising, as chameleons are known for their
high bite force (Vanhooydonck et al., 2007), which may help to reduce large prey items
to an ingestible size (Measey et al., 2009). However, a more recent study of diet and bite
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force in two ecomorphs of Bradypodion pumilum suggested that diet is not dependent on
the use of high bite forces (Measey et al., 2011).

There is some evidence that chameleons may position themselves in places where prey
is abundant. Animals are often found in tree clearings and forest-edge ecotones, where
invertebrate activity is also increased. Forest streams and ponds may be frequented for the
same reason (Bringsee, 2007; Jenkins et al., 2003; G.]. Measey, personal observation—
see above), although there may be other reasons that these areas are selected (Jenkins
et al,, 2003). In urban Madagascar, Furcifer pardalis is well known to use flowering plants
(e.g., Lantana camara) or trees (e.g., Jacaranda or fruit trees). Gardeners often remark
that chameleons will favor particular plants in bloom (see also, Parcher, 1974), and this
has been borne out in surveys (e.g., Tolley and Measey, 2007). Bradypodion pumilum and
B. occidentale have both been observed moving to the supratidal zone to feed on abundant
flies and tenebrionids there (Burrage, 1973). Chamaeleo namaquensis has been observed
moving into the intratidal zone to feed on the abundant arthropods present (Burrage,
1973). Loveridge (1953) remarked that Rieppeleon brachyurus was noted to gather around
fruit (Mikwambi) eating the small fruit flies that are attracted to it. Similarly, R. kerstenii
were found gathered around fresh goat feces in Kenya, eating the flies that were attracted
to it (J. Measey, personal observation).

Vertebrates in the Diet
While chameleon prey can generally be described in terms of opportunistic selection of
invertebrates of appropriate size, there are many examples noted in the literature of cha-
meleons ingesting vertebrate prey. The largest chameleons, such as Trioceros melleri, have
been kept in captivity and are widely reported to consume small birds and mice (Broadley,
1966; Necas, 2004). Nigerian T. cristatus held in captivity are known to readily eat frogs
and newly metamorphosed toads (Reid, 1986). However, documented examples of natural
predation of vertebrates are more unusual. Capture of a bird (presumably an adult Foudia
madagascariensis) by one of the largest chameleons (Furcifer oustaleti) went unseen, although
the chameleon was seen with the bird in its mouth, which was then swallowed whole (Garcia
and Vences, 2002). Widespread reports of T. melleri eating red-billed firefinch (Lagonost-
icta senegala) and a Cordon Bleu (Uraeginthus bengalus) (e.g., Pitman, 1958; Broadley, 1973;
Hockey et al., 2005), all stem from reports in Loveridge (1953). Although not in the original
report, Pitman (1958) asserts that that these small birds were captured through lingual pro-
jection. There are assertions that other large chameleons, such as F. parsonii, also eat small
birds and day geckos (Phelsuma spp.: Le Berre, 1995; Brady and Griffiths, 1999; Abate, 19938;
Raselimanana and Rakotomalala, 2003). Although there are no reports of chameleons
predating on nestlings, this does not seem unreasonable, and support for this hypothe-
sis comes from reports of nesting adult birds mobbing chameleons (Paxton, 1991; Master-
son, 1994, 1999). Chamaceleo namaquensis is documented to consume lizards, including day
geckos (Rhoptropus afer) and lacertids (presumably, Meroles spp.). Moreover, small feathers
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and hairs have been found in fecal pellets (Burrage, 1973). Indeed Burrage (1973) reported
that this chameleon has been observed to capture a Namib dwarf sand-adder (a 200-mm
Bitis peringueyi). These records are all unsurprisingly from large chameleons (the mean
snout-vent length of these species is 255 mm, as compared with 94 mm for other chame-
leons, or 110 mm, excluding leaf chameleon species), as large lizards often tend to include
both vertebrate and invertebrate food items in their diet (Meiri, 2008).

Vertebrates may not be unusual dietary items of chameleons when they are abundant in
the environment, and this is borne out by several of the relatively few dietary studies find-
ing small vertebrate prey: frogs and lizards (Luiselli and Rugiero, 1996; Akani et al., 2001;
Measey et al., 2011; Reaney et al., 2012).

Cannibalism

Chameleons are also widely reported to be cannibalistic (e.g., Broadley, 1966), although
most instances of this are known from captivity, where animals are kept in confined con-
ditions (but see Parcher, 1974). Similarly, large chameleons may eat smaller chameleons
of different species, although again, the only records are from captive individuals (e.g.,
Tonides, 1948, in Loveridge, 1953). Keren-Rotem et al. (2006) observed an adult Chamaeleo
chamaeleon predate a juvenile in the wild, and suggested that the risk of cannibalism in may
be avoided by shifts in habitat use (see above).

Herbivory

Insectivorous lizards are also known to be, at least occasionally, herbivorous (Cooper and
Vitt, 2002; Herrel, 2007). Chameleons are not widely recognized to deliberately ingest
plant matter, with most instances attributed to accidental ingestion with prey (Burmeister,
1989; Schwenk, 2000; Cooper and Vitt, 2002). However, both Chamaeleo calyptratus and
C. chamaceleon are regularly observed to eat plants and fruit in captivity (A. Herrel, personal
observation), and reports of this can also be found in the literature (Lutzman, 2000). It may
be expected that xeric-adapted chameleons may regularly ingest plant matter in order to
supplement their water intake, as is generally true of other lizards in these conditions (Herrel
et al., 2007b). Support for this view comes from the data of Burmeister (1989), who consis-
tently found vegetal matter (seeds, leaves, flowers, leaf buds) in the diet of C. chamaeleon in
arid Libya, and Keren-Rotem et al. (2006) who found fruit in the diet of most adults (but not
juveniles) of C. chamaeleon in Israel. However, a detailed dietary study in less arid south-
eastern Spain did not report any plant matter (Pleguezuelos et al., 1999). Interestingly,
C. namaquensis caught in the coastal areas of the Namib ate a higher proportion of plant
matter than those caught inland (Burrage, 1973). Moreover, Burrage (1973) noted that of the
plant matter ingested, principle items were the fleshy leaves of the dollar bush (Zygophyllum
stapffi). It is possible that, like other lizards, chameleons in xeric habitats (e.g., Chamaceleo
calcaricarens) will be found to regularly utilize plant matter in their diet.

Takahashi (2008) made a remarkable study of frugivory in Furcifer oustaleti. He observed
an adult approaching a bunch of fruit (red fruit, 20 by 15 mm, of Grangeria porosa) and
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pulling them toward the mouth with a foot, whereupon half a fruit was bitten off and ingested.
Burrage (1973) also notes that C. namaquensis often used its front feet to assist manipulation
of oversized prey items. Takahashi (2008) saw a juvenile F. oustaleti deliberately take and
ingest three small round black fruits of Chassalia prince. While both of these observations
involved jaw prehension of the fruit, a further observation was made of an adult using lin-
gual projection on a red fruit of Malleastrum gracile. One attempt was successful, but when
the tongue failed to loosen another fruit, the chameleon walked up and used jaw prehen-
sion to take it. In an experiment with the same species, Takahashi (2008) found that jaw
prehension was the norm for fruit, while tongue projection was generally used for flies, but
he found exceptions to each. Not only is the observation that tongue projection was used on
a fruit of interest, but the whole study took place during the wet season, when food was rel-
atively abundant, suggesting that this large chameleon from an arid region of Madagascar
regularly ingests fruit.

5.4 PREDATORS

A comprehensive review of predation on chameleons has not been undertaken. Here, the
principle types of predators that consume chameleons are considered, with more attention
to those that specialize in this prey type. Accounts of birds predating on chameleons may
well be disproportionate in the literature because of observational bias. Similarly, there are
many reports of the gut contents of snakes, and these may inflate their importance as preda-
tors as compared with some other groups, especially the invertebrates.

Chameleons are not likely to be able to flee from predators (although several authors
remark at how fast chameleons are able to move: Spawls, 2000; Cuadrado et al., 20071;
cf. Herrel et al., 2011) and instead need to rely on crypsis or active defense involving
threatening behavior. As many are arboreal lizards, their chief predators are considered
to be climbing mammals, birds, and snakes (Branch, 1998; Spawls, 2000). In addition,
many authors comment on the increased vulnerability of female chameleons to preda-
tors while in the process of laying eggs (see above). In their review of predation of chame-
leons in Madagascar, Jenkins et al. (2009) found that birds outnumbered all other taxa
recorded as chameleon predators. Yet, as noted earlier, this may reflect an investigatory/
reporting bias. In addition to 19 species of birds, they found records for 5 snakes, 2 frogs,

I primate, and 1 carnivore.

Invertebrates

Of all chameleon predators, the invertebrates probably exert the highest of all predatory pres-
sures. Chameleon eggs are very vulnerable to many subterranean invertebrate predators,
especially army ants (Dorylus spp.)m which predate upon most of what they encounter both
above and below the ground. Ants are easily capable of overwhelming juveniles and possi-
bly even adults if they do not flee their swarming raids (Lin, 1980). Viviparous chameleons
are likely to avoid a large portion of predation risk from ants, but even their offspring are
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vulnerable, especially immediately after parturition (e.g., Bustard, 1966). Juvenile chameleons
and small adults are also known to fall prey to large spiders and mantises (Parcher, 1974).

Amphibians

Medium-sized and large anurans occasionally predate upon small chameleons (Wild, 1994,
Jenkins et al., 2009). Amietophrynus camerunensis is known to predate upon Rhampholeon
spectrum, and there is an inverse relationship in the abundance of these toads and the cha-
meleons (Wild, 1994), although Wild did not suggest predation as the cause, but rather
competition. In Madagascar, one chameleon hatchling (genus Furcifer or Calumma, mea-
suring 40 mm in total length) was found in a stomach of a Mantidactylus femoralis (42 mm
SVL: Vences et al., 1999) and a Ptychadena mascareniensis preyed upon a juvenile Furcifer
lateralis (D’Cruze and Sabel, 2005).

Snakes

Snakes probably have the largest predatory impact on adult chameleons, given that they do
not solely rely on visual stimuli to find prey, thus allowing them to find cryptic, stationary
prey, including chameleons. Many colubrid snakes are arboreal hunters that may rely on
chameleon prey, although only few instances have been reported (Jenkins et al., 2009). In
addition, terrestrial snakes (like the Malagasy Pseudoxyrhopus ambreensis) are known to prey
upon chameleon eggs (Knoll et al., 2009).

In sub-Saharan Africa, the arboreal boomslang (Dispholidus typus) is a venomous
colubrid snake that is known to take considerable numbers of chameleons (Haagner and Branch,
1993; Branch, 1998) and that in some situations may rely solely on chameleon prey
(Loveridge, 1953). Vine snakes (Thelotornis kirtlandii, T. capensis, T. mossambicanus, and
T. usambaricus) are all known to predate on chameleons, including terrestrial species (Loveridge,
1923; Menegon et al., 2009). Around half of all prey of T. capensis were found to be arboreal,
including chameleons and day geckos (Shine et al., 1996), and Broadley (1983) suggested
that these snakes are lizard specialists. Arboreal snakes from the genus Philothamnus
(including P. irregularis, P. semivariegatus, and P. angolensis) are also widely reported to pre-
date on chameleons (Lin and Nelson, 1980; Broadley, 1983). Rhamnophis aethiopissa and
Hapsidophrys lineatus were both reported to be predators of Rhampholeon in West Africa
(cf. Luiselli et al., 2000, 2001; Akani et al., 2001). Juveniles of large species, such as the
green mamba (Dendroaspis angusticeps), also rely on small prey such as birds, their eggs,
chameleons, and geckos (Broadley, 1983; Lloyd, 1974). These and other arboreal snakes are
likely to be predators of most chameleons; for example, adult Furcifer oustaleti have been
ingested by both terrestrial and arboreal snakes (Madagascarophis colubrinus and Ithycyphus
oursi) (A. Raselimanana, personal observation; Crottini et al., 2010). A nighttime observa-
tion of predation of a Brookesia superciliaris by a Parastenophis betsileanus (Kaloloha et al., 2011)
shows that roosting behavior is not always successful to escape from predation by snakes.

Chameleons often respond to the presence of snakes by dropping off their perch, both dur-
ing the day and at night. The meticulous selection of perch sites, on isolated or distal branches
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or leaves, may be to avoid snakes by receiving advance warning of their presence, and/or
because the perch cannot support the weight of the snake (or other predators). Stuart-Fox
et al. (2006a) also found that chameleons become brighter when threatened by model snake
predators (see Chapter 6). Lloyd (1974) made some interesting observations of two different
arboreal snakes presented with Chamaeleo dilepis. Snakes were presented with a lateral view,
heightened compression, extended gular region, and straightened legs, giving the impression
of larger size (see also Stuart-Fox et al., 2006a). Moreover, the chameleon swayed and became
very pale. Close inspection by the snake resulted in rapid jerking movements by the chame-
leon. Although this behavior allowed the chameleon to avoid predation by a green mamba, a
boomslang quickly approached and ate the chameleon (Lloyd, 1974). These observations sug-
gest that antipredator responses may be effective only against nonspecialist predators.

In addition to arboreal snakes, most snakes that eat lizards or frogs and that come across
a chameleon of appropriate size are likely to eat it. For example, Bradypodion ventrale was
found in the gut of Crotophopeltis hotamboeia and B. dracomontanum was regurgitated by
Psammophis crucifer (Haagner and Branch 1993). The Namaqua dwarf adder (Bitis schneideri)
was found predating on B. occidentale (Wessels and Maritz, 2009). In Israel, chameleons
are predated by several snake species (e.g., Malpolon monspessulanus, Hemorrhois ravergieri;
Keren-Rotem et al., 2000).

Mammals

Many small mammals may opportunistically take chameleons. For example, in Namibia
Chamaeleo namaquensis is predated by the jackal Canis mesomelas (Burrage, 1973). Small
arboreal carnivores, such as Martes foina, take Chamaeleo chamaeleon in Israel (Keren-Rotem
etal., 2000). In addition, arboreal carnivorous mammals, such as civets and genets are likely
to predate chameleons. Andriatsimietry et al. (2009) reported the presence of chameleon
in the feces of the mongoose, Galidictis grandidieri, in southwestern Madagascar. Calumma
brevicorne eggs have been reported to be vulnerable to predation by invasive Rattus rattus
(Parcher, 1974). Broadley and Blake (1979) report that likely predators of Rhampholeon
marshalli include civets and genets. Jenkins et al. (2009) report predation on chameleons
by the Malagasy civet (Cryptoprocta ferox) and a lemur (Lemur catta). It is possible that many
other primates would eat chameleons, but there are few reports of this in the literature.

A Malagasy mongoose Galidia elegans was observed attacking a large male Calumma
ambreense in Montagne d’Ambre (A. Raselimanana, personal observation). The chameleon
stayed in a vertical position along a small tree at 1.30 m from the forest floor. This terrestrial
carnivore attempted to catch the chameleon by jumping several times before climbing onto
a fallen log to get close. The mongoose was observed to attack the eyes first, and then tried
to remove the hands of his victim from the support.

Birds

Although there are a large number of bird species that occasionally eat chameleons (e.g.,
Larus hartlaubii; see Hockey et al., 2005), there are considerably fewer that regularly have
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chameleons as part of their diet. Birds that regularly take chameleon prey include various
raptor species, shrikes (Laniidae), helmetshrikes (Prionopidae), puffback shrikes, bush
shrikes, tchagras and boubous (Malaconotidae), cuckoo-shrikes (Campephagidae), cuckoos
(Cuculidae), rollers (Brachypteraciidae and Coraciidae), hornbills (Bucerotidae), and barbets
(Lybiidae). Jenkins et al. (2009) reported a taxonomic division between avian predators and
chameleon prey corresponding to the main division within terrestrial and arboreal chame-
leons. In the canopy, both specialists (e.g., Eutriorchis astur and Falco zoniventris) and gen-
eralists (e.g., Buteo brachypterus) predate on arboreal chameleons (Furcifer and Calumma).
While on the ground, generalists (e.g., Brachypteracias leptosomus) forage in the leaf litter
consuming terrestrial species (Brookesia). Interestingly, nocturnal birds were rarely found
to predate on Malagasy chameleons.

Shrikes are predators of southern African Bradypodion chameleons, and are famed for
hanging their prey on thorns (e.g. Wager, 1986; Branch, 1998; Tolley and Burger, 2007). The
common fiscal (Lanius collaris) was used as a model predator by Stuart-Fox et al. (2006a),
who found that Bradypodion transvaalense readily avoided these predators (see Chapter 6),
and these authors considered that common fiscals are likely to exert a strong selection on
chameleon antipredator responses. However, the substantial grip of some individual cha-
meleons (see Herrel et al. 2011; Chapter 4) may help them to escape predation from at least
some shrikes. In Cape Town, an adult common fiscal was seen trying to remove an adult
Bradypodion pumilum from its perch on a reed by using its weight to hang from a single
limb (G.A. Millar, personal communication). Despite this predation attempt going on for
over 10 minutes, the bird finally flew away leaving the chameleon apparently unscathed.
Most shrikes inhabit open habitats and are therefore likely to predate on savanna, grassland,
and heathland chameleons (see above), but there are a few species that also inhabit forests.
Other predatory birds inhabit dense forests, where chameleons may also be vulnerable to
these predators. Broadley and Blake (1979) suggested that shrikes were important predators
of Rhampholeon marshalli, and Hockey et al. (2005) record chameleons as prey items for the
grey-headed bushshrike (Malaconotus blanchoti). Similarly, hornbills mostly inhabit more
open habitats such as woodland and savanna, where they are regularly seen taking chame-
leons as prey (see Tolley and Burger, 2007). Hockey et al. (2005) report five species of horn-
bills to have chameleons in their diets (Tockus damarensis, T. alboterminatus, T. leucomelas,
T. monteiri, and Bucorvus leadbeateri). Other generalists likely to be significant predators of
chameleons are the barbets and boubous, of which Hockey et al. (2005) report chameleon
prey for Centropus burchellii and Laniarius aethiopicus.

Jenkins et al. (20009) list several raptors as the principle avian predators of chameleons
on Madagascar. In mainland Africa, three raptors stand out as likely to exert substantial
predation pressure on chameleons. The African cuckoo-hawk (Aviceda cuculoides) has been
found to specialize on chameleons in southern Africa. Chamaeleo and Bradypodion made
up 6 of 25 prey items in South Africa, C. dilepis 20 of 39 prey items in Zimbabwe and 32 of
51 prey items in Kenya (Hockey et al., 2005; W. Tarburton, personal communication). Lin
and Nelson (1980) suggest that the main chameleon predators in Kenyan highlands include
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lizard buzzards (Kaupifalco monogrammicus), which have a large distribution over much of
sub-Saharan Africa. Lastly, the forest buzzard (Buteo trizonatus) is probably a substantial
predator of chameleons. As chameleons range into more specialized terrain, the predatory
avifauna will also change. Indeed, Burrage (1973) stated that the arid zone Chamaeleo nam-
aquensis is predated upon by several opportunistic raptors (Falco rupicolis, F. terinunculus,

and Melierax musicus).
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SIX

Chameleon Behavior and Color Change

DEVI STUART-FOX

Although in manyrespects chameleon behavior resembles that of other lizards, thereare
also unusual characteristics associated with their unique morphology (Chapter 2). Chameleons
are perhaps most famous for their ability to change color, a characteristic that has seen
the term chameleon adopted in popular language to mean someone changeable or who uncon-
sciously mimics others. Color and color change are integral to all aspects of chameleon behav-
ior, including social, thermoregulatory, antipredator and foraging behavior. Consequently,
this chapter focuses on both coloration and behavior in chameleons and will outline the
modes of communication in chameleons, highlighting the importance of vision to all aspects
of chameleon behavior. Chameleon color change, including the mechanism, triggers, and
general function and evolution of color change are covered, as well as a detailed review of color-
ation and social behavior associated with reproduction. Finally, this chapter synthesizes knowl-
edge of antipredator behavior in chameleons, including camouflage and escape behaviors.

One aspect of social behavior that is of central importance for many taxa is parental care
and parent—offspring interactions more generally; however, there is no evidence of direct
parental care in chameleons. In terms of indirect parental care, the placement of offspring
at parturition could conceivably influence their subsequent survival in live-bearing species.
Another form of parent-offspring interaction is cannibalism, which is relatively common in
Chamaceleo chamaeleon, and may account for differences in habitat preferences of juveniles
and adults (Keren-Rotem et al., 2006). However, many other factors, such as body size, diet,
thermal requirements, and predation risk could also account for age-specific habitat dif-
ferences, which appear to be quite common in chameleons. Cannibalism may be relatively
common, particularly among larger species. Apart from potential cannibalism, parent—
offspring interactions are minimal or entirely absent, particularly for egg-laying species.
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Although there are other general reviews of the biology of chameleons, which cover
many aspects of behavior described here (Martin, 1992; Necas, 2004; Pianka and Vitt,
2003; Tilbury, 2010), the goal of this chapter is to provide a relatively detailed synthesis of
coloration and behavior. This is placed within a broader ecological and evolutionary context
where possible, highlighting important gaps in our understanding. Hopefully, this review
will stimulate additional research on coloration and behavior in these remarkable animals.

6.1 SENSORY SYSTEMS AND MODES OF COMMUNICATION

Given the central importance of color and color change to chameleons, it is not surprising that
vision is their most important sense (see Chapter 2) and that communication is primarily via the
use of visual signals. The optical system of chameleons is covered in greater depth in Chapters 2
and 4; however, it is worth emphasizing several features that give chameleons exceptional
eyesight. First, chameleons have the highest density of visual cells (cones) in the retina recorded
(756,000 per square millimeter) (Wall, 1942), giving them extreme visual sensitivity. Second,
their independently moving, protruding eyes have at least 180-degree movement in all direc-
tions, providing an exceptional field of view (Mates, 1978). Third, chameleons have an apparently
exclusive reliance on accommodation cues to judge distance (Harkness, 1977). Accommoda-
tion cues can be used by each eye independently, allowing chameleons to accurately judge
distance with one eye (Ott et al., 1998) and to gain monocular parallax cues simply from eye
rotation, without moving their head or body (Pettigrew et al., 1999). Lastly, the optical power of
the eye is contributed exclusively by the cornea rather than the lens (Ott and Schaeffel, 1995).
Because the cornea is further forward than the lens, the nodal (focal) point is separated from
the axis of rotation of the eye (Pettigrew et al., 1999). This results in increased magnification
of the retinal image (the largest known for vertebrates). In other words, chameleons have long-
focus or telescopic vision (Pettigrew et al., 1999). The highly developed vision of chameleons
is likely to influence the evolution of social communication using visual signals and also poses
a challenge to understanding these signals from the point of view of chameleons.

In contrast to the highly developed visual system, the olfactory and auditory systems in
chameleons are relatively insensitive. The Jacobson organ used for olfaction in squamate
reptiles is vestigial or lacking (see Chapter 2). Although some species possess temporal
glands at the corners of their mouths that produce strong-smelling secretions, these may
be more likely to be used as a predator deterrent or prey attractant than for intraspecific
communication. There are, however, reports of males following the path taken by a female
through dense vegetation, despite not being able to see her (Tilbury, 2010), which suggests
the possible use of olfactory signals. The auditory system in chameleons is similarly under-
developed, being less sensitive than that of humans (Wever, 1968; Wever, 1969b). Vocaliza-
tion is sometimes incorporated into threat displays, with some species exhibiting a hissing
exhalation. According to Tilbury (2010, p. 83), Trioceros goetzei produces a “high-pitched
exhalation squeaky wheeze” when first handled. However, there is no evidence that these
auditory signals are used for intraspecific communication.
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Chameleons may use tactile signals in the form of substrate (plant-borne) vibration,
which is commonly used by insects but rare in vertebrates. Some chameleons vibrate in short
bursts at a high frequency. This behavior has been documented in an antipredator context
in several species of Brookesia (Raxworthy, 1991) and Chamaeleo calyptratus when disturbed
by humans and also during courtship (Barnett et al., 1999). Barnett et al. (1999) quantified
the vibrational signals in C. calyptratus, showing that there are two types with initial domi-
nant frequency of around 150 Hz and 20 Hz. These are transmitted to the receiver either
directly or via vegetation. Vibration has also been anecdotally reported in Rhampholeon,
Rieppeleon, and several species of Trioceros and Chamaeleo (Lutzmann, 2004; Tilbury, 2010).
This has led some authors to suggest that vibrational signaling is likely to be widespread
among the Chamaeleonidae (Barnett et al., 1999; Tilbury, 2010).

Because of their overriding importance, the remainder of this chapter will focus on
visual signals.

6.2 COLOR CHANGE

Mechanism

Coloration and color change in chameleons is a function of specialized cells called
“chromatophores.” Chromatophores are cells in the dermis of ectotherms that are responsible
for generating skin and eye color (Bagnara and Hadley, 1973; Fox, 1976). There are four
main types of chromatophore, each containing different types of pigment. Xanthophores
and erythrophores are very similar, distinguished primarily by their color (yellow-orange
and red, respectively). They are located nearest the surface and contain carotenoid or pteri-
dine pigments (generating reds, oranges, and yellows). Beneath the xanthophores are irido-
phores (also called “guanophores”), which contain colorless crystals of guanine pigment,
arranged as stacks of platelets separated by cytoplasm. Their appearance is a function of the
structural arrangement of platelets. For instance, depending on their spacing, the stacked
guanine platelets may preferentially scatter shorter wavelengths of light and transmit lon-
ger wavelengths (Tyndall scattering), resulting in a blue appearance. Melanophores com-
prise the deepest layer and, as their name suggests, contain melanin pigment, generating
black and brown coloration. The melanophores are large, stellate (star-like) cells with long
dendrites (“arms”) that extend between the iridophores and overlay the xanthophores.

Chameleon coloration is a function of the type, density, and arrangement of chromatophores.
For example, green coloration may be generated by the combination of yellow xanthophores
underlain by blue iridophores. The extent of color change and range of colors exhibited is
species-specific, as it depends on the types and distribution of chromatophores characteristic
of that species.

Color change occurs because of the movement of pigment-containing organelles within
chromatophores. For example, the darkening of the skin is a result of the concentration or
dispersions of motile vesicles (“packets”) containing melanin pigment (the melanosomes)
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within the melanophores (Bagnara and Hadley, 1973). When the melanosomes are aggre-
gated within the center of the cell, the skin appears very pale, whereas when they are dis-
persed throughout the dendrites to the skin’s surface, the skin appears dark. Varying the
degree of dispersion of the melanosomes blocks reflectance of the iridophores but not the
xanthophores or erythrophores, so the skin appears yellow-red. Color change may also occur
because of changes in the spacing of platelets within the iridophores, a phenomenon that has
been demonstrated in fish (Clothier and Lythgoe, 1987), amphibians (Bagnara and Hadley,
1973), and the ornate tree lizard, Urosaurus ornatus (Morrison et al., 1996). However, it
is currently not known whether movement of platelets in iridophores or pigments in
xanthophores and erythrophores is involved in color change in chameleons specifically.

Color change may occur because of multiple “triggers” that fall into four main catego-
ries: (1) in response to temperature; (2) as a reflexive response to light (via photoreceptors in
skin); (3) as a function of physiological state (e.g., receptivity); and (4) as a response to sen-
sory input (surroundings, presence of prey, predators, or conspecifics). Most discussions of
color change in chameleons state that it reflects their “mood”; however, the precise meaning
of this phrase is unclear. Temperature-dependent color change is discussed briefly below,
and the latter three triggers of color change are elaborated on in subsequent sections.

Color change in response to temperature is well known in iguanian lizards, including
chameleons. However, temperature-associated color change in chameleons appears to be
dependent on habitat. Specifically, among Kenyan populations of three species, Trioceros
Jjacksonii and T. ellioti, which occur in low-latitude, midelevation evergreen forests, show
limited or no change in reflectance with temperature, whereas Chamaeleo dilepis, which
occupies a greater range of seasonally variable, subtropical savannah environments shows
significant changes (Walton and Bennett, 1993). Chameleon species from higher latitudes
or altitudes have been observed to perch on the top of a bush first thing in the morning, lat-
erally compress their body and orient one flank toward the sun, and adopt a dark-brown to
black coloration, often only on the flank oriented toward the sun (Burrage, 1973; Walton and
Bennett, 1993). Walton and Bennett (1993) estimated that this behavior increased the rate of
radiant heat gain in C. dilepis by 7%. This is likely to have advantages in terms of increasing
activity time and locomotor performance. Chameleons may also become pale to increase
reflectance during exposure to high levels of solar radiation, such as observed for C. dilepis
on roads and in open areas at midday (Walton and Bennett, 1993).

Color change is controlled by neural and hormonal mechanisms in chameleons. Color
change has been shown to occur not only in response to direct nervous stimulation (electri-
cal stimulation of spinal nerves) in Bradypodion pumilum (Hogben and Mirvish, 1928) but
also to hormones of pituitary origin in Trioceros jacksonii (Bagnara and Hadley, 1973). As in
other reptiles, the primary hormone affecting aggregation or dispersion of melanosomes
is likely to be melanophore-stimulating hormone (MSH) but adrenocorticotropic
hormone (ACTH) has also been shown to induce darkening in T. jacksonii (Bagnara and
Hadley, 1973). Control of color change in chameleons is poorly understood. It may be that
a range of neurotransmitters and hormones of neural, adrenal, gonadal or thyroid origin
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(e.g., melatonin from the pineal gland or the catecholamines epinephrine and norepinephrine),
and complex interactions between them, influence color change as in other reptiles
(reviewed in Bagnara and Hadley, 1973; Cooper and Greenberg, 1992)

Function and Evolution

As for many other animals, coloration is strongly related to behavior and affects social com-
munication, camouflage from predators and prey, and thermoregulation. Color change can
be seen as a compromise between opposing selection resulting from these multiple, often
conflicting functions. A widespread solution to the problem of needing to be conspicuous
and cryptic at different times is to have bright display colors that can be revealed when
needed but remain concealed at other times (Cooper and Greenberg, 1992). Display colors
may be located on body regions that can be flashed (e.g., dewlap) or revealed through dis-
play postures (e.g., ventral or ventrolateral coloration). Color change is a special case of this
strategy, allowing chameleons to exhibit conspicuous color patterns during social commu-
nication while remaining concealed from predators and prey at other times (Stuart-Fox and
Moussalli, 2011).

Within the Chamaeleonidae, the ability to change color varies markedly—from limited
changes in brightness (e.g., shades of brown) to remarkable changes in both color and pat-
tern. Why is the ability to change color so much more developed in some species than in oth-
ers? The answer to this question cannot be inferred from the function of coloration, as color
has multiple purposes in chameleons. Although color change in chameleons is often asso-
ciated with camouflage, it also functions in social communication and thermoregulation.
Thus, the evolution of color change may be driven by selection for camouflage against dif-
ferent backgrounds, selection for signaling functions, or thermoregulatory requirements.
These selective forces generate different, testable predictions, which are detailed elsewhere
(Stuart-Fox and Moussalli, 2009, 2011).

The camouflage and social signaling hypotheses have been tested in dwarf chameleons
(Bradypodion spp.). Stuart-Fox and Moussalli (2008) tested whether the capacity for
color change is associated with particular habitat features or with higher variance in back-
ground color (relative to the animal’s movement) as predicted by the camouflage hypoth-
esis. They also tested a prediction of the social-signaling hypothesis that species showing
the greatest color change should use sexual signals that are more conspicuous to conspe-
cific receivers. To measure color change, color was measured in response to different stim-
uli, including another male or female and model predators (bird and snake). As the greatest
color change occurred during male-male contests, color change was quantified as the
difference between an individual’s dominant coloration (submissive opponent) and his
submissive coloration (dominant opponent). Color change was estimated for 21 lineages of
dwarf chameleons (Bradypodion spp.). The phylogenetic comparative analysis showed that
those with greatest capacity for color change had social signals that were more conspicuous
to the chameleon visual system but did not occupy habitats with greater variance in back-
ground color. Although color change clearly serves a camouflage function in chameleons,
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results of this study suggest that the remarkable ability for chromatic change in dwarf
chameleons may have evolved to facilitate social signaling rather than background matching.
Ideally, this should be corroborated with additional comparative evidence for an associa-
tion between degree of color change and other indicators of the strength of sexual selection,
within and between species. Such indicators of strong sexual selection may include highly
skewed reproductive success or mating systems that promote skewed reproductive success,
and greater sexual dimorphism (Stuart-Fox and Moussalli, 2011).

6.3 SOCIAL AND REPRODUCTIVE BEHAVIOR

Mating System and Territoriality

Chameleons are polygamous. Males may mate with more than one female and females
may mate with different males during the same or different ovarian cycles. Females are
known to mate repeatedly with the same male during the relatively brief period of receptiv-
ity within an ovarian cycle (Tilbury, 2010). Whether a female will mate with more than one
male within an ovarian cycle is likely to depend on male density (and therefore encounter
rate) and the intensity of mate guarding or territoriality. If given the opportunity, however,
females will mate with more than one male when receptive (Cuadrado and Loman, 1997).

The mating system has been studied in the most detail in the common chameleon,
Chamaceleo chamaeleon (Cuadrado, 2001). In this species, males guard females, with the
period of guarding ranging from o to 46 days (mean, 13.2 days). Males may sequentially
guard up to eight females, although not all guarding episodes result in successful copulation
or reproduction. Males cease guarding shortly after mating, when the female shows clear
signs that she is no longer receptive. Spatial organization in this species is complex and var-
ies depending on the nature of female home ranges. Some males defend stable nonoverlap-
ping home ranges (i.e., territories) that incorporate the home range of one or more females
when females have small, stable home ranges. Other males simply follow and defend an
area around a guarded female if her movements are more erratic (Cuadrado, 2001).

Mate guarding appears to be common in chameleons. For example, male Trioceros jacksonii
and T. hoehnelii actively defend an area around the female and stay with the female for up
to several months (Toxopeus et al., 1988). However, the extent of mate guarding appears
to vary among species, even within the same genus, with Chamaeleo dilepis appearing to
be solitary, tolerating the presence of another individual only during mating (Brain, 1961;
Toxopeus et al., 1988). In species of Brookesia and Rhampholeon, in which females are sub-
stantially larger than males, mate guarding may take the form of the male riding on the
female’s back. Tilbury (2010) has recorded male Rhampholeon gorongosae being carried by
the female for up to 1o days.

The prevalence of territoriality, the consistent defense of area against conspecifics, is
unclear in chameleons. Unambiguous territoriality has only been documented in Chamaeleo
namaquensis, in which both sexes vigorously defend territories (Burrage, 1973). Male
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Ch. chameleon may show defense of stable territories associated with mate guarding (Cuadrado,
2001; see above). Calumma brevicorne and Ca. oshaughnessyi ambreensis maintain small,
discrete home ranges, often being faithful to a single roosting site on consecutive days,
although the extent to which these species actively defend territories is unclear (Kauffmann
et al., 1997). By contrast, Ca. oshaughnessyi oshaughnessyi have relatively large and over-
lapping home ranges and seldom return to the same roost site (Kauffmann et al.,, 1997).
Absence of roost-site fidelity has been documented in several other species (Hebrard, 1980).
However, roost-site fidelity provides little indication of territoriality. Bradypodion pumilum,
for example, defend roosting sites from conspecifics (specific site defense; Stamps, 1977),
but do not show defense of a consistent area surrounding them and, therefore, cannot be
considered territorial (Burrage, 1973). Ch. dilepis show no indication of territoriality, often
moving considerable distances and showing no indication of having a stable home range,
although they vigorously repel any conspecifics that they encounter except potential mates
(Brain, 1961). Studies of territoriality in arboreal species with three-dimensional home
ranges are particularly challenging. Consequently, relatively little information is available
on territoriality and its relationship to mating systems in chameleons.

Courtship, Copulation, and Sperm Storage

In most species studied to date, males persistently court both receptive and nonrecep-
tive females (see following section on “Female Reproductive Status”). Males usually begin
courtship from a distance with a lateral display, involving lateral compression, legs rigidly
beneath the body and tail coiled (Cuadrado and Loman, 1999; Kelso and Verrell, 2002;
Stuart-Fox and Whiting, 2005) (Fig. 6.1 in the color insert). This lateral display is similar to
that used in aggressive encounters, and its primary purpose seems to be to maximize the
signaler’s apparent size, potentially allowing size assessment by the receiver. Courtship also
includes approach with head movements, the precise nature of which varies among spe-
cies. For instance, male Chamaceleo calyptratus exhibit both a slow head roll and rapid vibra-
tion (Kelso and Verrell, 2002). Courting male Bradypodion shake the head rapidly from side
to side (personal observation). The speed, duration, and amplitude of the side-to-side head
movements in chameleons may be analogous to the species-specific stereotyped head-bobs
of iguanian lizards (Carpenter, 1977). As in iguanian lizards, the head movements are often
displayed during both courtship and contests; although whether they differ consistently
between these two contexts is unknown.

Following initial courtship displays, the male will attempt to approach the female and
position himself behind her. He may then attempt to mount straight away, or, if the female
does not accept mounting, the male may repeatedly nudge or rub her. For example, male
Chamaeleo calyptratus courting nonreceptive females approached the female from behind,
gave short bursts of vibrations and repeatedly nudged (head butted) and rubbed their
chins on the female. This sequence of behaviors was primarily shown toward nonrecep-
tive females and after unsuccessful attempts to mount (Kelso and Verrell, 2002). Similar
persistent courtship and nudging behavior toward behaviorally rejecting females has been
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recorded in Furcifer labordi and in one case, the female changed back to passive coloration
and allowed copulation (Karsten et al., 2009c). During copulation, receptive females gener-
ally remain relatively drably colored and passive when the male approaches, allowing him to
mount, while nonreceptive females exhibit characteristic conspicuous coloration and court-
ship rejection behaviors (described in the section below on “Female Reproductive Status”).

Successful mounting and copulation involves the male grasping the female’s flank or dorsal
keel with his front feet, coiling his tail around hers and inserting a hemipene into her cloaca
(Fig. 6.2 in the color insert). Copulation lasts from less than a minute (Chamaeleo chamaeleon;
Cuadrado and Loman, 1997) to up to an hour (C. calyptratus; Kelso and Verrell, 2002). Males and
females adopt drab coloration during mating, the male visibly darkening from his previous bright
courtship/display coloration. During mating, females of some species, such as C. calyptratus,
exhibit short bursts of vibration (Kelso and Verrell, 2002) and males may repeatedly stroke the
female’s flank with his hindfoot (Brain, 1961; Tilbury, 2010). The female appears to initiate dis-
engagement by moving (personal observation; Brain, 1961; Tilbury 2010).

Chameleons exhibit long-term sperm storage (weeks to months and across female ovar-
ian cycles). The occurrence of sperm storage in chameleons is reviewed by Tilbury (2010).
Multiple broods in the absence of mating between broods has been recorded in Chamaeleo
africanus, C. chameleon, Furcifer lateralis, Bradypodion pumilum, and several species of Trioceros
(Tilbury 2010, and references therein, and sperm storage is likely to be the rule rather than
the exception in chameleons. However, the consequences of female sperm storage for male
and female fitness have not been studied. The most obvious explanation for female sperm
storage is to ensure fertilization when encounter rates with males are very low or uncer-
tain. Alternatively, it may allow females with asynchronous/continuous breeding to prog-
ress rapidly from one ovarian cycle to the next without incurring the potentially high costs
of copulation. A third possibility is that it facilitates sperm competition and cryptic female
choice, whereby females may have some control over the use of ejaculates for fertilization
when there are ejaculates from two or more males within her reproductive tract (Uller et al.,
2010). Thus, sperm storage is likely to exert strong selection on both male and female mat-
ing behavior and the evolution of mating strategies in chameleons.

Female Reproductive Status

Female chameleons show characteristic colors and behavior to signal reproductive status, in
particular to signal that they are gravid and nonreceptive. Although male courtship toward
receptive females is often more frequent and intense (Cuadrado, 1998b; Kelso and Verrell,
2002), males also persistently court nonreceptive females (although this may not be the
case in all species, e.g., F. labordi, Karsten et al., 2009c). In species in which males court
nonreceptive females, they may presumably gain reproductive benefits due to female sperm
storage. Females exhibit conspicuous color patterns and specific behaviors to signal nonre-
ceptivity, presumably to reduce costs associated with male courtship and harassment (Cooper
and Greenberg, 1992). Interestingly, in Chamaeleo chamaeleon, female movement rate
(horizontal distance covered per observation period) was significantly higher once they had
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developed sexually receptive coloration, together with much higher rate of copulations and
rejections. Cuadrado (1998b) hypothesized that the higher movement rate was perhaps as a
response to the more intense courting.

Female coloration in relation to reproductive status has been studied in depth in a few
species of Chamaeleo. In C. calyptratus, receptive females have faint blue spots, while nonre-
ceptive females have bright orange markings that appear 24 hours after mating (Kelso and
Verrell, 2002). Female common chameleons (C. chamaeleon) develop yellow spots when
receptive, and shortly after copulation they exhibit dark body coloration with bluish and yel-
low spots, combined with aggressive rejection displays (Cuadrado, 1998b; and see below).
Females that did not develop yellow spots during the breeding season skipped reproduction
despite persistent courtship by males (Cuadrado, 1998Db). In Furcifer labordi, female color-
ation appears to be associated with sexual maturity. Early in the breeding season, smaller,
nonreceptive females exhibit a conspicuous yellow spot on the anterior flank and smaller
faint yellow lateral spots on a green background. In larger, sexually mature females the
anterior flank spot is bright red, the lateral spots are violet, and the background coloration
is lighter green (Karsten et al., 2009c). These sexually mature females are potentially recep-
tive but may either accept or reject male courtship and copulation. By contrast, coloration of
F. verrucosus females appears to be associated with sexual receptivity rather than maturity.
Females showing gray and light green-yellow allow nearly all courting males to attempt cop-
ulation, whereas brick-red females reject all male courtship attempts (Karsten et al., 2009c¢).
Characteristic coloration of gravid females has also been documented for other species,
such as yellow-red patches on the lower half of the body in C. zeylanicus (Singh et al., 1983)
and black spots and yellow stripes in C. africanus (Bonetti, 1998, in Tilbury, 2010).

Nonreceptive females tend to be highly aggressive toward courting males, exhibiting an
open mouth, often with hissing, swaying or vigorous rocking, and a laterally flattened body.
These behaviors have been observed in a range of species, including dwarf chameleons
(Stuart-Fox and Whiting, 2005), Chamaeleo zeylanicus (Singh et al., 1983), C. chame-
leon (Cuadrado, 1998b, 2000), C. gracilis (Bustard, 1967), and C. calyptratus (Kelso and
Verrell, 2002). The aggressive rejection behavior is generally accompanied by characteristic
color change involving dark or highly contrasting coloration (Fig. 6.3 in the color insert).
However, this is not the case for all species, even those that are relatively closely related.
For example, among potentially receptive females, behaviorally rejecting Furcifer labordi
females show black background coloration with highly contrasting orange, purple, and red
spots, whereas behaviorally rejecting F. verrucosus females do not change color (Karsten
etal., 2009c). This difference may be related to differences in predation pressure on the two
species. Alternatively, it may be associated with differences in the degree of male harass-
ment, which may be greater in F. labordi because of more intense competition over mates as
a result of more synchronous reproduction (Karsten et al., 2009c).

If the aggressive display is not a sufficient deterrent, females may chase and bite court-
ing males. For instance, in Bradypodion pumilum, courting males were bitten by nonrecep-
tive females in 28% of laboratory behavioral trials, and males that attempted mounting
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the female were more likely to be bitten (Stuart-Fox and Whiting, 2005). Female aggres-
sive rejection appears to successfully deter males, as males reduced courtship with increas-
ing intensity of female rejection and males were more likely to approach and court smaller
females (Stuart-Fox and Whiting, 2005). Male Chamaeleo calyptratus adjust both the length
and content of their courtship displays toward receptive versus nonreceptive females (Kelso
and Verrell, 2002). Males courted nonreceptive females for significantly longer periods,
even though they courted and mated with receptive females much more frequently than
with nonreceptive females (Kelso and Verrell, 2002).

There is little evidence of active female mate choice in chameleons, with receptive
females of many species appearing to accept all male advances. However, females of some
species may exhibit mate choice by rejecting or accepting males when receptive, as appears
to be the case in Furcifer labordi (Karsten et al., 2009c). In Chamaeleo chameleon, the female
initiates long walks when courted by a male. During the walks, the pair is exposed to inter-
ference from other males and is more exposed to predation. Cuadrado and Loman (1997)
hypothesized that given the presumed cost of this behavior, it may benefit females by allow-
ing indirect female mate choice or at least mate assessment.

Male Aggressive Behavior

Male chameleons engage in ritualized aggressive displays, which may escalate to physical
combat in some species and may sometimes result in injury. The prevalence and inten-
sity of male aggressive behavior in chameleons suggests that male-male competition is
likely to be important in gaining access to receptive females and preventing other males
from doing so.

Ritualized aggressive displays involve characteristic color change. For example, on
encountering another male, male Chamaeleo gracilis from Sierra Leone initially become
paler and more uniform in coloration (blotches disappearing) but with intensified spots
(Bustard, 1967). Courting male Furcifer labordi and F. verrucosus increase the contrast of
their coloration, and in the latter species, males developed bright green and blue over the
lower half of their bodies (Karsten et al., 2009c¢). In many species of dwarf chameleon
(Bradypodion spp.), coloration intensifies dramatically, resulting in high-contrast color combina-
tions (Stuart-Fox et al., 2007). For example, Bradypodion transvaalense males become orange
and black. Among Bradypodion spp., species that have greater capacity for color change have
male display colors that contrast more with the background vegetation and comprise more
contrasting color combinations (to the chameleon visual system) as compared with species
with less capacity for color change (Stuart-Fox and Moussalli, 2008). Some of these color
combinations are likely to appear more conspicuous to the chameleon visual system than to
humans. The display coloration of B. damaranum includes both green and ultraviolet-blue-
green, which contrast highly in the chameleon visual system but appear similar to humans
(Stuart-Fox et al., 2007). While display coloration varies substantially among species, sub-
missive coloration generally comprises drab grays and browns, often darker and drabber
than cryptic coloration.
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Ritualized aggressive behavior in chameleons invariably involves lateral displays com-
prising lateral compression, extension of the legs vertically beneath the body, and extension
of the gular region to appear as large as possible (Fig. 6.1 in the color insert). In some spe-
cies, such as Bradypodion, this posture is accompanied by horizontal extension and/or coil-
ing of the tail, which may add to the appearance of large size. Many species accompany this
posture with head shaking. However, in Furcifer labordi and F. verrucosus, males used head
movements only in a courtship context (Karsten et al., 2009c).

Following approach and display, one individual may assume submissive coloration.
Alternatively, if the contestants are closely matched, the contest may escalate to lunging
and biting. In extreme cases, chameleons may lock their jaws together and wrestle, each
attempting to push its opponent along the branch in a contest of strength. Male Trioceros
Jjacksoniilock their three horns together and push each other along the branch in an obvious
contest of strength (personal observation) (Fig. 6.4 in the color insert). They also violently
twist their horns into each other in a corkscrew fashion and the male with longer horns can
inflict damage by piercing the tissue of his rival with the tips of his horns (M. Whiting, per-
sonal communication). Whether rostral appendages are used in male—male combat appears
to vary among species. Species with keratinized appendages may be more likely to use
them in combat rather than courtship, whereas species with flat, fleshy appendages, such as
Furcifer labordi, may use them only during courtship (Karsten et al., 2009c). Keratinized rostral
appendages and bites can cause surface wounds, but more serious injury from male con-
tests is likely to be rare in most species. Escalated fights have been observed in the field
in Bradypodion pumilum, with males locking jaws and falling from perches to the ground
in prolonged wrestling matches (Burrage, 1973). The contest may continue for extended
periods (many minutes and potentially up to an hour) until one male retreats and adopts
submissive coloration. Escalated physical fights may be rare or absent in some species, with
contests confined to ritualized displays.

The intensity of male aggression is likely to vary within and among species. Within
species, the intensity of male-male competition is likely to be more intense during the
breeding season, particularly in seasonally reproducing species (Singh et al., 1983). Intra-
sexual selection may also vary among populations depending on density and/or habitat,
with important consequences for the evolution of male ornamentation and behavior. For
example, closed-habitat ecomorphs of Bradypodion pumilum have a central pink flank patch
and rugose casques, and the size of these traits predict fighting ability (Stuart-Fox et al.,
2006D). By contrast, the open-habitat ecomorph is smaller and less ornamented but has a
stronger bite force for its size (Measey et al., 2009). The intensity of male-male aggression
can also differ among closely related species. For example, F. labordi exhibits much more
male—male aggression than F. verrucosus, which may be related to competition over mates,
as reproduction in the former is much more synchronous (Karsten et al., 2009c¢). Varia-
tion in the intensity of intrasexual selection associated with ecology and life history is likely
to be important in explaining the morphological diversity—particularly in coloration and

ornamentation—apparent in chameleons.
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6.4 SEXUAL DIMORPHISM: BODY SIZE AND ORNAMENTATION

Sexual dimorphism in body size (SSD) varies from female-biased to male-biased. In
Rhampholeon and Brookesia for example, females are larger than males, whereas in Chamaeleo,
Calumma, and Furcifer, males tend to be larger than females (Necas, 2004). In some gen-
era, such as Bradypodion, both forms of dimorphism are found, although female-biased SSD
predominates (Stuart-Fox, 2009). SSD is likely to reflect a complex combination of selec-
tive forces, including sexual and natural selection on both male and female body size. Nat-
ural selection is likely to act directly on both male and female body size. For example, both
male and female Bradypodion spp. are smaller in habitats with a higher density of perches,
such as grasslands and heaths with short dense shrubs. Males, but not females, are also rela-
tively larger in forested habitats (Stuart-Fox and Moussalli, 2007). Sexual selection on male
body size appears to vary among species, with larger size not necessarily being advantageous.
For example, in Bradypodion pumilum, larger males are not necessarily likely to win contests
(Stuart-Fox et al., 2006b). In Ch. chamaeleon, success rate per courtship attempt was no greater
for larger males, although larger males put more effort into courting and had higher over-
all reproductive success (Cuadrado and Loman, 1997; Cuadrado, 2001). Selection for fecun-
dity is likely to favor larger female body size, since larger females tend to bear more offspring
(Burrage, 1973; Lin and Nelson, 1981; Cuadrado, 1998a), although reproductive effort also
decreases with size and age in several species (Lin and Nelson, 1981; Cuadrado, 2001). The
variation in natural and sexual selection on male and female body size is likely to account for
the great diversity of sexual dimorphism apparent in the Chamaeleonidae. In this regard,
chameleons are similar to most other lizard families (e.g., Iguanidae, Agamidae, Lacertidae,
Teiidae, Scindidae, Gekkonidae), in which sexual size dimorphism varies from female-biased
to male-biased, depending on demographic and ecological factors (reviewed in Fitch, 1981).
In contrast to body size, which shows various forms of sexual dimorphism across the
chameleons, males are either similar to females or more ornamented. Ornaments include
rugose cranial casques, occipital lobes, a wide range of keratinized or fleshy rostral append-
ages, a range of gular ornamentation (lobes, flaps, and spines) and enlarged scales on the
flank (detailed in Necas, 2001; Tilbury, 2010). Even in species or populations with little
ornamentation, males tend to have relatively larger heads, which is likely to result from
intrasexual selection, as males engage in physical combat (described above) and head size is
related to bite force (Measey et al., 2009). Male ornaments are used in male-male contests
both directly (e.g., the rostral horns of Trioceros jacksonii) and indirectly via emphasis during

lateral displays and head movements.

6.5 ANTIPREDATOR BEHAVIOR

Chameleons’ primary defense against predators is camouflage. Chameleons can change
both their colors and their patterns to varying extents (depending on the species) in order to
match their backgrounds or perhaps disrupt the body outline. Many arboreal chameleons
are able to exhibit uniform or mottled green hues to match moss or leaves as well as
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brown and gray hues to match twigs and vines. Chameleons that are mostly terrestrial or
adapted to environments with little vegetation (e.g., Chamaeleo namaquensis) may have a
more restricted color repertoire, mostly consisting of changes in brightness from cream,
gray, brown, and black. Many chameleons also adopt a light and dark botched color pat-
tern, associated with antipredator behaviors. For example, Brookesia superciliaris, adopting
the freeze and roll behavior (see below), show blotched coloration on the exposed upper
flank, which according to Raxworthy (1991, p. 22), “disrupts the body profile against the
dead leaves.” However, there have been no experimental demonstrations that blotched
coloration in chameleons is a form of disruptive camouflage, which hinders recognition
of the body outline by creating the appearance of false edges and boundaries (Stevens
and Merilaita, 2009), rather than background matching. Some species may exhibit spe-
cific patterns that aid camouflage. For instance, grassland species often show horizontal
stripes on the flank and underside, resembling the vertical stripe pattern of grass when
the chameleon is holding onto a vertical grass stalk (Tilbury, 2010).

As chameleons have exceptional vision, they may often detect a threat before they are
themselves detected. In addition to camouflage, many arboreal chameleons flatten them-
selves laterally and flip to the other side of the branch or twig to which they are clinging.
During experiments in which a model snake (boomslang [Dispholidus typus]) and a stuffed
fiscal shrike (Lanias collaris) were presented to chameleons (Stuart-Fox et al., 2006a, 2008),
my colleagues and I were struck by their ability to accurately maneuver so that the twig
remained between themselves and the line of sight of the predators. This behavior is wide-
spread among cryptic, arboreal iguanian lizards and geckos.

The primary predators of chameleons are arboreal snakes and birds. However,
chameleons are also preyed upon by mammals, particularly mongooses, larger reptiles and
amphibians, and some invertebrates such as large mantids and spiders (see Necas, 200r1;
Tilbury 2010, and Chapter 5 for a more detailed list of chameleon predators). These preda-
tors differ in their foraging tactics and sensory capabilities. For example, birds rely exclu-
sively on visual cues for prey detection (Kassarov, 2003), whereas most snakes use olfactory
cues in addition to visual cues (Schwenk, 1995). Birds have greater visual acuity (the spa-
tial frequency resolvable at maximum contrast), which is due to greater cone density in the
retina than that of snakes (Osorio et al., 1999). Birds also have superior color vision, as they
are tetrachromats, having four types of visual pigment (Hart, 2001), rather than the three
types of visual pigments of most snakes studied to date (Sillman et al., 1997, 1999, 2001).

Stuart-Fox and Moussalli (2009) showed that among 21 populations of dwarf chameleon
(Bradypodion spp.), including all currently recognized species and several morphologi-
cally and genetically distinct lineages (Stuart-Fox et al., 2007; Stuart-Fox and Moussalli,
2008), 13 differed in the camouflage response to model bird and snake predators.
Chameleons showed consistent behavioral responses to the two predators, consisting of lateral
compression, flipping to the opposite side of the branch and occasionally dropping from
the perch (see below). The frequency of these behaviors did not differ toward the two preda-
tors (Stuart-Fox et al., 2006a), but in all cases in which chameleons showed different color
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responses to the two predators, they showed greater background matching (lower contrast
against the background) in response to the bird than the snake. Although they showed
closer background matching in response to birds, they appear more camouflaged (i.e.,
less chromatically contrasting against the background) to snakes because snakes have poorer
color discrimination. These results raise the possibility that chameleons fine-tune their
color response to maximize camouflage in response to different predators (see Stuart-Fox
etal., 2006a, 2008; Stuart-Fox and Moussalli, 2009, for discussion of this phenomenon).

Chameleons may also employ a form of movement-based camouflage, which may reduce
the probability of detection by either predators or prey. Chameleons often rhythmically rock
backward and forward as they walk—the characteristic “jerky walk.” A common explanation
is that they are imitating a swaying leaf or vegetation moving in the breeze; however, this has
never been demonstrated experimentally. The behavior is widespread in highly cryptic, gen-
erally slow-moving, ambush predators, notably chameleons and some snakes (Fleishman,
198s5) and mantids (stick insects). An alternative potential explanation is that chameleons
rock back and forth while they walk to create parallax, enabling depth perception in both eyes
simultaneously. This explanation, however, is unlikely because rocking behavior is not seen
in the pygmy genera but is restricted to the arboreal genera (Tilbury, personal communica-
tion). Furthermore, chameleons use accommodation cues (changes in optical power of the
eye to maintain focus with varying distance) to judge distance (Harkness, 1977). This allows
them to accurately judge distance with one eye, without the use of parallax.

At night, chameleons become pale (cream to almost white) and very easily visible in
flashlight. This reflects the resting state of the melanophores with melanosomes concen-
trated rather than dispersed. Photoreceptors in the skin of chameleons respond to light,
triggering dispersion of melanosomes. Thus, chameleons darken rapidly in response to
light, even when remaining with their eyes closed. Many chameleon biologists have
observed that when a chameleon is captured at night, the side on which the flashlight was
shone becomes dark, while the opposite side of the chameleon remains pale. Brookesia and
Rhampholeon appear to be exceptions to this generalization, retaining their brown coloration to
some degree at night. Raxworthy (1991) has proposed that this may have a cryptic function
even when the chameleons roost among green leaves, since most nocturnal predators are
color-blind and the brown and green may match in luminance rather than color. However,
Brookesia also have much more limited capacity for color change, which may equally explain
their relatively lesser degree of pallor when roosting.

Because of their pallor, chameleons stand out against the background at night and
may therefore be vulnerable to predators. Perhaps as a result, chameleons perch in places
that may be difficult for predators to reach, such as on the ends of vines and at the tips
of thin twigs and grass stems. These perches may be just strong enough to support the
weight of a chameleon but not a nocturnal snake or mammal predator. If the twig or
vine moves excessively, disturbing the chameleon, it may let go of the perch and drop
to the ground, where it either remains perfectly still or writhes until is it buried out of
site among dead leaves (Tilbury, 2010). Many arboreal species accompany this “dropping”
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behavior with a “hopping” motion as they initiate their fall, perhaps to aid the probability
of escape (Tilbury, personal communication).

The behavior of dropping from perches may vary depending on species and degree of
threat. In B. transvaalense, my colleagues and I observed it in less than 10% of trials in which
we presented chameleons with model predators (1o of 116 trials = 8.6%; Stuart-Fox et al.,
20006a). However, falling from perches is common in Chamaeleo chamaeleon, having been
observed in the majority (>60%) of simulated predator attacks (approach by humans), when
they were perched in open bushes in which they had a higher probability of detection. When
perched in denser bushes, “free falling” was observed less frequently overall and more com-
monly in hatchlings than in juveniles or adults (Cuadrado et al., 2001). Such dropping or
death-feigning behavior may also be shown by juveniles or subadults in response to a threat
from a much larger conspecific (Brain, 1961). Thus, chameleons appear to alter their
antipredator behaviors based on probability of detection and age class, which may reflect
vulnerability to predators or threat from a conspecific.

Chameleons sometimes also appear to show death-feigning behavior, remaining curled
up and perfectly still and appearing to be dead when handled. Raxworthy (1991) described
seven types of antipredator behavior, including what appears to be death-feigning,
in which the chameleon would freeze in an upright stiff posture when handled.
Raxworthy (1991) also described behaviors that appear to be leaf mimicry. These were
freezing and rolling, in which the chameleon would fold the legs under the belly, roll to
one side, and remain motionless and dorsal flattening, which gave the chameleon “a very
flattened leaf-like appearance.”

When chameleons have been detected by a predator or are cornered or stressed, they
may exhibit a range of secondary defenses against potential predators. These include
threat displays, vibration, and “spine-thrusting” in Brookesia. Spine-thrusting entails vig-
orous thrusting out of dorsolateral spines during lateral convulsions and is observed only
in species with dorsolateral spines (Raxworthy, 1991). The threat displays include lateral
compression, swaying, open mouth, and distended throat. Open-mouthed threat displays
may be accompanied by a hissing sound (Cuadrado et al., 2001). These displays often
reveal brightly colored gular interstitial skin, the color of which varies greatly among spe-
cies and even within species. For instance, among the dwarf chameleons (Bradypodion
spp.), interstitial gular skin may be white, red, orange, purple or black, and bright orange
or black within B. occidentale (personal observation). Although the behavioral postures
are similar to threat displays during male contests, males do not show the same conspicu-
ous display colors during contests and under threat-induced stress (personal observation).
The latter tend to be highly contrasting light and dark blotches rather than the bright
hues often seen during male courtship displays and contests.

Chameleon coloration and behavior is diverse, with exceptions to almost every gener-
alization that can be made. This is despite the fact that coloration and behavior in most
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contexts has been studied in very few species. Color lability in chameleons is associated
with complex social and antipredator behaviors. Coloration, ornamentation, and associated
social behaviors are likely to vary in relation to ecology and life history, which are diverse
in the Chamaeleonidae. In particular, factors such as seasonality and synchrony of repro-
duction, spatial organization and density, and habitat-associated predation pressure are all
likely to influence the intensity of both intersexual and intrasexual selection, with impor-
tant consequences for morphological and behavioral adaptations.

Another factor that may influence the evolution of coloration, ornamentation, and behavior
in chameleons is the number of sympatric chameleon species. Discussion of the function of
coloration and behavior in this chapter has been limited to intraspecific interactions, because
experiments specifically testing a species-recognition role for visual signals in chameleons are
lacking. However, interspecific competition could also potentially drive the evolution of signal
diversity, as appears to be case for the dewlaps of Anolis lizards (Ord and Stamps, 2009, and ref-
erences therein). It would be interesting to test whether the degree of difference in visual signals
(coloration, ornamentation, and behavior) among closely related species is positively related to
the number of sympatric species (discussed in Chapter 5). Experiments testing whether individ-
uals respond more strongly to conspecific or heterospecific signals would also be informative.

Observational field studies of chameleon behavior are particularly challenging because
of the difficulty of locating these exceptionally well-camouflaged animals. Telemetry can
be used for larger species but has so far not been possible for smaller species. This makes
it difficult to study the ecological context of behavior, which is important for understand-
ing its diversity and evolution. However, chameleons are well suited to laboratory and field
manipulative behavioral experiments, as evidenced by many of the studies cited in this
chapter and extensive laboratory research on reproduction and thermoregulation in some
species (e.g., Chamaeleo calyptratus) (Andrews, 2007, 2008; Andrews et al., 2008; Andrews
and Karsten, 2010). Consequently, there is much scope for studying the functional signifi-
cance of visual signals, particularly in relation to sexual selection. Specifically, given the
substantial life-history variation among chameleons (e.g., Karsten et al., 2008), they may
be excellent models for studying life-history effects on the strength of sexual selection. As
chameleons have the most developed capacity for color change among terrestrial vertebrates,
they are also ideally suited to understanding adaptive, dynamic camouflage and the visual
features important for effective camouflage (see Stuart-Fox and Moussalli, 2011).
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SEVEN

Evolution and Biogeography
of Chameleons

KRYSTAL A. TOLLEY and MICHELE MENEGON

71 EVOLUTIONARY RELATIONSHIPS

Both the fossil record and molecular dating show that most major squamate families were
well established by the mid-Cretaceous and that a few stem lineages were present as early
as the Jurassic (Kumazawa, 2007; Chapter 9). For example, skinks, cordylids and lacer-
tids were present in the early Cretaceous or the late Jurassic (Vidal and Hedges, 20053,
2009), and gecko diversification is attributed to Gondwanan fragmentation in the early to
mid-Cretaceous (Gamble et al., 2008). Chameleons (family Chamaeleonidae) however,
are a young clade as compared with most other squamates. Together with Agamidae and
Leiolepididae (collectively known as “acrodonts” ), they diverged from a common ancestor with
the Iguanidae (“pleurodonts”) more than 120 Mya (Townsend et al., 2o11a). Within the acrodonts,
divergence between chameleons and the Leiolepididae / Agamidae occurred approximately
90 Mya (Kumazawa, 2007; Townsend et al., 2011a; Tolley et al., 2013). Although there is
some uncertainty regarding the monophyly of Agamidae and the placement of Leiolepidi-
dae relative to chameleons, the chameleons themselves are clearly monophyletic (Macey
etal., 2000b; Townsend et al., 2o113,b). Although a Malagasy origin for the family has been
proposed (Raxworthy et al., 2002), an alternative scenario is that of an ancestral chamaeleonid
clade in Africa that diverged from agamids around the late Cretaceous, which dispersed to
Madagascar and also radiated within Africa (Tolley et al., 2013). Given the direction of pre-
vailing oceanic currents at the time (Ali and Huber, 2010) combined with ancestral-area
reconstructions, an African origin for the family is likely (Tolley et al., 2013).

The stem lineage of chameleons split into two sister clades approximately 65 Mya (Tolley
etal., 2013); the result was two deeply divergent clades, one of which contains 10 of the 11 extant
genera (ca. 155 species), while the other is comprised of only the Malagasy leaf chameleons,
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Brookesia (>30 species). This ancient split occurred around the Cretaceous—Paleogene bound-
ary, coinciding with the mass extinction at the end of the Mesozoic Era. Although numerous
invertebrate and vertebrate lineages went extinct during that time, all major squamate lineages
survived (Macleod et al., 1997). After the end of the Mesozoic, the two chameleon lineages
persisted for nearly 15 Myr through the Paleocene epoch, without any major diversification
(Fig. 7.1 in the color insert). Although it is possible that lack of diversification is obscured by
extinctions during that time, it is also possible that opportunities for diversification were limited.

By the end of the Paleocene (ca. 55 Mya), a rise in global temperatures due to the release
of carbon into the atmosphere produced a “Greenhouse Earth” climate, which progres-
sively began to reverse again ca. 50 Mya (Maley, 1996; Zachos et al., 2001, 2003, 2008).
For chameleons, the end of this greenhouse climate corresponds to a burst of lineage diver-
sification in the Eocene epoch (ca. 50 to 45 Mya), giving rise to most of the extant genera
(Matthee et al., 2004; Townsend et al., 2009; Tolley et al., 2011, 2013). Most notably, early
diversification (ca. ;50 Mya) was between the terrestrial clades (Brookesia, Rieppeleon, and
Rhampholeon), with arboreal clades arising later, around the end of the Eocene (ca. 45 Mya).
Because the burst of diversification corresponds with the reversal of Greenhouse Earth con-
ditions, chameleon radiation may be linked to increased ecological opportunity as a result of
environmental changes (e.g., Losos and Mahler, 2011) broughtabout during the thermal maxi-
mum. While vacant niches certainly would have been available after the Cretaceous—Paleocene
mass extinction, chameleons did not start to diversify in earnest until nearly 15 Myr after
this catastrophic event. Hot and dry conditions in Africa and Madagascar at the time prob-
ably prevented angiosperm forests from becoming established, and this presumably ham-
pered diversification of chameleon lineages at the end of the Cretaceous. Forests likely
spread southward from Laurasia (Couvreur et al., 2011), first into north Africa (Axelrod and
Raven, 1978; Upchurch et al., 1998, 1999) and later became widespread on the continent
and Madagascar around the Eocene (Wells, 2003; Jacobs, 2004). It is apparent that both
tropical rainforest and open-canopy forest were present (Jacobs, 2004; Secord et al., 2008;
Couvreur et al., 2011), which would have provided multiple opportunities for chameleons
to become established and diversify. Thus, it is likely that chameleons took advantage of
this expanding arboreal niche as the forest vegetation became dominant, particularly in
the tropics (Axelrod and Raven, 1978; Jacobs, 2004). The two main clades initially diverged
much earlier than the Eocene, and these earliest branching lineages are primarily terres-
trial (i.e., living on top of the leaf litter). Because all chameleons have adaptations that are
beneficial in arboreal habitats (fused opposable digits, lateral compression, independently
rotating eyes, projectile tongue) (Herrel et al., 2011; Chapter 2), they would be predisposed
to an arboreal lifestyle but did not take full advantage of that habitat until it became domi-
nant over the landscape. It is likely that early lineages utilized some aspect of the forest floor
and leaf litter, in which their specializations were beneficial. For example, terrestrial forest
chameleons occupy the surface of the leaf litter as well as low sticks and branches. In con-
trast, other reptiles that utilize leaf litter (e.g., skinks) typically push through the litter to for-
age or escape predation. Early chameleons may have found a new, empty niche on top of the
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litter and extending some centimeters into the low vegetation. In this case, morphological
adaptations such as grasping hands and feet would make negotiation over the leaf litter and
upward several centimeters more feasible.

Within genera, lineage diversification began in the Oligocene, presumably due to
forest fragmentation associated with a global climatic cooling trend (Zachos et al., 20071;
Couvreur et al., 2008; Tolley et al., 2011, 2013). It is thought that lineage diversification
was prompted by vicariance as forests fragmented (Tolley et al., 2011), confining lineages to
isolated patches of forest from the Oligocene through the Miocene (Tolley et al., 2006,
2008; Menegon et al., 2009; Tilbury and Tolley, 2009b; Townsend et al., 2009; Tolley et al.,
2011). Because most chameleons (about 75%) are forest specialists, and forest (whether for
terrestrial or arboreal use) is considered the ancestral habitat type (Tolley et al., 2013), the
fragmentation of this habitat would have been a strong factor for promoting species-level
diversification through vicariance.

Some extant lineages, however, are not forest endemics. In the genera Bradypodion and
Trioceros, 35% and 45% of species, respectively, inhabit open heathland/grassland habitats,
as do some Calumma (Raxworthy and Nussbaum, 2006; Glaw and Vences, 2007; Tolley and
Burger, 2007; Tilbury, 2010; Chapter 5), while Chamaeleo and Furcifer occupy an assort-
ment of diverse habitats (Glaw and Vences, 2007; Tilbury, 2010). Many of these lineages
are typically part of much younger radiations (Fig. 7.1 in the color insert) (Nagy et al., 2012;
Tolley et al. 2006, 2008), presumably associated with expansion of open habitats since
the Miocene/Pliocene. In contrast, some genera are nearly exclusive to forests (Brookesia,
Kinyongia, Rhampholeon), and very few of these species have made the transition to open
heath/grassland (Townsend et al., 2009; Measey and Tolley, 2011; Tolley et al., 2011). These
genera tend to lack recent radiations and instead are composed mainly of paleo-endemics
(Townsend et al., 2009; Tolley et al., 2011). Aside from a few exceptions, such as Brookesia
ambreensis complex (Townsend et al., 2009), all lineages within these genera are older than
5 Myr, with high proportion of lineages are older than 20 Myr (Fig. 7.1) (Brookesia, >40%;
Rhampholeon, >65%; Kinyongia, >30%).

The recent radiation of lineages into the open habitats of heath/grasslands seems to be
accompanied by convergence in morphological features that are adaptive to that vegetation
structure (Tolley et al., 2006, 2008). Although only a few lineages have been studied to
date, these have comparatively short tails and smaller hands and feet than their strictly forest/
arboreal counterparts (Herrel etal., 2011; Herrel et al., 2013; Hopkins and Tolley, 2011; daSilva
and Tolley, 2013; Potgieter, 2012). While these lineages are not terrestrial, the vegetation struc-
tureoftheseopenenvironmentsconsistsofmuchfinerperchesthanthoseinforestorwoodland.
Comparison of these habitats with forest in South African systems shows that on average
the available perches are twice as large in forested canopy vegetation.

Some clades also occur primarily in open-canopy systems (e.g. woodland savanna in
Africa and xeric forests in Madagascar), but these clades (e.g., Chamaeleo and Furcifer)
have not radiated to the extent of open heath/grass habitat lineages in the last 6 Myr. Most
lineages in these clades diverged more than 10 Mya (Tolley et al., 2013). While savanna and
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xeric forests are younger systems than forest, the perch structure (diameter) available to cha-
meleons may be similar to that of primary forests. Thus, these open-canopy chameleons
may not have undergone diversification when these habitats emerged, with chameleons rely-
ing on the trees and bushes despite the more open aspect of the macrohabitat. Regardless,
these are typically very widespread species, suggesting they are generalists that can tolerate a
diverse range of vegetation structure. Unlike species of most other genera, Chamaeleo dilepis,
in particular, is often observed running across the ground as it heads for the next available
tree or bush. This species performs equally well as the terrestrial congener, C. namaquensis,
in running trials (Herrel et al., 2013), suggesting that it is highly vagile and prone to disper-
sal when necessary. Such enhanced performance may be the case with most Chamaeleo as
compared with range-restricted taxa. Given their widespread distribution and the apparent
ability of these species to tolerate a spectrum of habitats, it is possible that certain traits char-
acteristic to this genus resulted in a phenotype that is suitable for range expansion similar to
that found in the global radiation of toads (i.e., Van Bocxlaer et al., 2010).

7.2 DIVERSITY AND DISTRIBUTION

There are at least 196 described species of chameleons (Chapter 8, Appendix) within 11 gen-
era, 7 of which are in Africa, 3 are in Madagascar, and 1 is endemic to the Seychelles. Fifty-
five percent of species are found in Africa and 44% in Madagascar, with the remaining few
species in Asia and Europe. The most widespread genus is Chamaeleo, with only 14 spe-
cies but a near pan-African distribution for the genus. Most Chamaeleo species are found
in savanna and occasionally forests, but are essentially excluded from the true rainforest
and montane forest, the Sahara, and the xeric regions of Southern Africa. An exception is
C. namaquensis, which is the only chameleon to live entirely as a terrestrial desert specialist.
This species diverged early from other Chamaeleo (ca. 40 Mya), probably because of isola-
tion and adaptation in its unique desert habitat, which has persisted in some form since the
early Oligocene (van Zinderen Bakker, 1975; Tolley et al., 2013). Two species of Chamaeleo are
found in Africa and the Mediterranean region (C. chamaeleon, and C. africanus). Although
there are population-level differences consistent with migration from Africa to Europe, the
time frame of dispersal has not been established but appears to be recent (Kosuch et al.,
1999; Paulo et al., 2002; Dimaki et al., 2008). Three species are found in Asia (C. arabi-
cus in Yemen and Oman, C. calyptratus in Yemen, and C. zeylanicus in India and Sri Lanka)
and are related to north African/European species (C. chamaeleon, C. africanus, and
C. calcaricarens), diverging from a common ancestor in the Miocene (Tolley et al., 2013). One spe-
cies is endemic to Socotra Island (C. monachus) and this may correspond with vicariance, as
Socotra fragmented from Africa about 20 Mya, although overseas dispersal cannot be ruled
out (Macey et al., 2008; Fournier et al., 2010; Tolley et al., 2013). The north African, Euro-
pean, and Asian species are a monophyletic clade, and they diverged from other African
species in the early Miocene (Tolley et al., 2013). The distribution of this clade is consistent
with biogeographic regions of Africa, the strong biotic links between North Africa and
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Europe (Linder et al., 2012), and an exchange of biotic elements between Africa and Asia
particularly in the Miocene (Chevret and Dobigny, 2005; Gaubert and Cordeiro-Estrela, 20006).

African Genera

The Bradypodion, with 17 species, are limited to South Africa, with one species (B. setaroi)
ranging into Mozambique. They occur around the southern margin of the continent, and are
excluded from the arid interior. Most species have narrow distributions in coastal or montane
forests, some of which are found in a single forest patch (e.g., B. ngomeense and B. damaranum)
or in a few small forest fragments (e.g., B. nemorale, B. caeruleogula, and B. caffer). Several spe-
cies are widespread (e.g., B. occidentale, B. ventrale, and B. gutturale), inhabiting low bushes in
treeless environments, particularly in the succulent Karoo and Nama-Karoo biomes. A num-
ber of species have radiated into the fynbos and grassland biomes, presumably within the past
5 Myr as these vegetation types became dominant along the southern margin of Africa (e.g.,
B. atromontanum, B. taeniabronchum, and B. melanocephalum). These species utilize open
habitats with fine perch structure, and have apparently adapted morphologically to habitat
structure dissimilar from forest (Measey et al., 2009; Herrel et al., 2011; da Silva and Tolley,
2013). Forest-restricted species are typically much older lineages (mid-Miocene) than fynbos/
grassland lineages, and they lack extant sister species, suggesting that extinction filtering
through the loss of forest habitat since the Miocene has occurred (Tolley et al., 2008).
Chamaceleo is the most widespread genus of chameleons, ranging from South Africa
to Europe and Asia, spanning a distance of nearly 8ooo km. It is the only genus found on
more than one landmass—that is, across Africa, coastal regions of Europe, Socotra Island,
and parts of the near East and India. Aside from a few atypical records (Tilbury, 2010),
in Africa, Chamaeleo is absent only from the driest areas, particularly the Sahara and the
Namib regions and the true rainforests. Despite its wide distribution, the genus is not par-
ticularly specious, with only 14 species. Members of the genus are archetypical, almost
always resembling the concept of what a chameleon should look like (e.g., C. dilepis and
C. chamaeleon). Most species are considered generalists because they are often found in
diverse habitats, on a wide range of vegetation, and often crossing the ground at a surpris-
ingly quick pace. Perhaps the most radical member of the genus is C. namaquensis, a fully
terrestrial chameleon found primarily in the xeric regions of Namibia and South Africa,
where it inhabits gravel plains and low dunes (Burrage, 1973; Herrel et al., 2013).
Kinyongia, with 18 species, are basically restricted to Afromontane forests of the Eastern
Arc Mountains, the Albertine Rift, and the Kenyan Highlands. They are arboreal, forest
specialists, usually found deep in the canopy, although a few species can tolerate altered hab-
itats (e.g., K. boehmei) and at least one species has been observed in high-altitude shrubby
habitats (Greenbaum et al., 2012). Because of their strong habitat preferences, their evo-
lutionary history and present-day fragmented distribution is the result of forest dynamics
since the Oligocene (Tolley et al., 2o11). There are three main clades of Kinyongia,
and these are allopatric in distribution. The Eastern Arc Mountains are divided, with
one clade in the south (e.g., Nguru, Uluguru, and Udzungwa) and the other to the north
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(e.g., the Taita, Kilimanjaro, Meru, Usambara, and Pare mountains). The Nguru and East
Usambara mountains, however, contain members of both clades (K. fischeri and K. tenuis,
respectively), indicating some form of contact between the northern and southern mountain
blocks during the Miocene (Tolley et al., 2011). Several species have colonized Neogene
volcanic mountains (e.g., K. uthmoelleri and K. tavetana), but none of these lineages are
endemic to these volcanic mountains, pointing to recent dispersal events rather than long-term
isolation (Tolley et al., 2011). The remaining clade contains species found in both the Albertine
Rift and the Kenyan Highlands, which is consistent with the strong biogeographic association
between these two regions (Lovett, 1993; Fjeldsd and Lovett, 1997).

The genus Nadzikambia has only two known species, N. mlanjensis and N. baylissi, both
of which are restricted to high-altitude forest, above elevations of goo m on Mount Mulanje
(Malawi) and Mount Mabu (Mozambique), respectively. While the Mulanje chameleon
has been known for a number of years (Broadley, 1965), and was thought to be monotypic
(Tilbury et al., 2000), recent exploration on nearby Mabu revealed its sister taxon (Branch and
Tolley, 2010). Undeniably, not only Mabu but also other nearby inselbergs, such as Chiperone,
Namuli, and Inago, hold promise for exciting new discoveries of chameleons. These inselbergs
are neglected in terms of biodiversity inventories, yet they consistently turn up with new taxa,
including herpetofauna—for example, vipers (Atheris; Branch and Bayliss, 2009), freshwater
crabs (Potamonautes; Daniels and Bayliss, 2012), and bats (Rhinolophus; Monadjem et al., 2010).

The genera Rhampholeon and Rieppeleon, along with the Malagasy genus Brookesia are
sister to all the other chameleons. These genera comprise fairly similar-looking lizards:
diurnal, leaf-litter dwellers, very small in size, with a short tail and, especially in the African
species, often a soft snout appendage. Most of the species are associated with montane wet
forests or coastal forests. The genus Rhampholeon comprises 14 described extant species
arranged into three subgenera—Rhampholeon (Rhampholeon), Rhampholeon (Rhinodigitum)
and Rhampholeon (Bicuspis)—and all species but one occur in east Africa and are often
restricted to isolated forest patches or single mountain blocks (Tilbury, 2010). The diversifi-
cation of the Rhampholeon lineages broadly coincides with landscape uplifts and associated
periods of forest desiccation; in fact, sister taxa within Rhampholeon tend to be geographic
neighbors, inhabiting close, isolated montane forests, strongly suggesting regional aridifi-
cation and the resulting vicariance as the driving force behind speciation in Rhampholeon
(Matthee et al., 2004).

The only West African species, R. spectrum, belongs to the subgenus Rhampholeon and
is widespread in the closed-canopy forests of Cameroon, Central African Republic, Equato-
rial Guinea, and Democratic Republic of the Congo, with an isolated population on Bioko
Island. The other species in the subgenus Rhampholeon (R. spinosus, R. temporalis, and
R. viridis) occur on the other side of a huge gap encompassing most of the Congo River,
basin in the forest fragments of the Pare and Usambara mountains, in the northern part of
the Eastern Arc Mountains of Tanzania (Matthee et al., 2004; Mariaux and Tilbury, 2006;
Tilbury, 2010). The subgenus Rhinodigitum is composed of eight forest-associated species

(R. acuminatus, R. beraduccii, R. boulengeri, R. chapmanorum, R. moyeri, R. nchisiensis,
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R. platyceps, and R. uluguruensis), which are widespread across the mountainous regions
of Tanzania, the Albertine Rift and the Southern Rift, south to southern Malawi, with a
major radiation of species in the Central and southern Eastern Arc Mountains. Several
populations in the region still need taxonomic assessment (Tilbury, 2010). The subgenus
Bicuspis, which is composed of only two species (R. gorongosae and R. marshalli), occurs in
the Highlands of Eastern Zimbabwe and on Mount Gorongosa in central Mozambique.

The genus Rieppeleon is composed of three species with an east African distribution;
they occur only in the eastern branch of the Great Rift Valley and are almost completely
confined to coastal habitats. Molecular analyses suggest that a single lineage persisted
for about 20 Myr and subsequently diversified into three distinct lineages (Matthee et al.,
2004). Rieppeleon brachyurus and R. brevicaudatus are widespread across coastal forest and
moist miombo of southern Kenya, Tanzania, and southern Malawi, with isolated popula-
tions in some Eastern Arc mountains (both species) and Shire highlands and Zomba Moun-
tain (R. brachyurus). Rieppeleon kerstenii has successfully adapted to a variety of habitats,
including arid, semidesert areas, unlike the other members of Rieppeleon and Rhampholeon
(Tilbury, 2010).

The Trioceros, with 40 species, is the most speciose genus of chameleons and is widespread
across tropical Africa, from Ethiopia on the north to Mozambique in the south. Along with its
sister genus Kinyongia, the genus Trioceros represents a radiation of arboreal chameleons and
likely originated during the Eocene, when up to 60% of the African continent had an equatorial
climate dominated by forest habitat (Scotese, 2002). The majority of species are still associated
with forest habitat, especially on mountains. Some species however, occur in areas dominated
by other types of vegetation, but always with relatively high rainfall (e.g., T. rudis, T. sternfeld,
T. schubotzi, and T. tempeli on montane and upper montane forest/grassland ecotones and
scrubby areas, T. goetzei on montane grasslands, and T. melleri on coastal semidecidous forests of
East Africa). They are virtually absent from the lowland hot and dry savannas, and this could be
interpreted as a high degree of niche conservatism for montane habitats. Trioceros are typically
range-restricted species, occurring on a single mountains range (I. narraioca, T. laterispinins,
T. marsabitensis, and T. balebicornutus) or a few forest fragments (T. werneri, T. harennae, and
T. incornutus). Trioceros is the only genus in which the development of annulated bony horns
is present (Tilbury, 2010), often in both sexes. This feature can be striking, with up to six bony
horns in T. quadricornis, although the more common condition is two or three in males and one

or none in females (T. montium, T. werneri, T. jacksonii, and T. deremensis).

Malagasy Genera

There are three chameleon genera in Madagascar (Brookesia, Calumma, and Furcifer)
and one in the Seychelles Islands (Archaius) which lie 8oo km northeast of Madagascar.
Chameleons are also found on some of the coastal islands, like Nosy Be, which has at least six
different species in sympatry from all Malagasy genera (Andreone et al., 2003). The bulk of
species are confined to northern and eastern rainforests, with few species found in the dry
southern regions. The predominantly terrestrial living Brookesia (commonly known as leaf
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or pygmy chameleons) are extremely diverse, with 32 species. They are exceptionally cryp-
tic, and by means of coloration and spinous scalation, they easily resemble leaves, moss,
lichen, or bark. Although all are small in body size, one group (B. minima) shows extreme
miniaturization, and includes one of the smallest amniote vertebrates on Earth (B. micra,
with a body length of 16 mm; Glaw et al., 2012). Brookesia are primarily distributed in the
north, in wet tropical rainforests and karstic dry forests, with most species being extremely
range-restricted (Glaw and Vences, 2007). Fewer species occur in the rainforests of the east
and the dry forests of the west. This genus is also distinctive among chameleons because
they form a separate, ancient radiation from all other genera and species (Townsend et al.,
2009; Tolley et al., 2013).

The diversity within the genus Calumma is also extraordinary, with 33 species described
(Raxworthy and Nussbaum, 2006; Glaw and Vences, 2007; Gehring et al., 2010) and
incredibly another 26 highly divergent lineages that have been termed “candidate spe-
cies,” owing to both their genetic and morphological distinctiveness (Gehring et al., 2012).
Indeed, this genus contains a bewildering array of diverse morphological forms, with color-
ful body patterns and outrageous-looking rostral processes. Like the Brookesia, they are dis-
tributed mainly in the northern and eastern rainforests (Glaw and Vences, 2007); however,
they are predominantly arboreal, living deep in the canopy.

Twenty-two species are known from the genus Furcifer, all of which tend to be large-bodied
chameleons (e.g., body length >100 mm). The genus is widely distributed across Madagascar,
from the dry, open forests in the south to the rainforests in the north and east. The majority of
species are found in the arid south and west regions (e.g., F. tuzetae, F. angeli, F. antimena, and
F. labordi; Glaw and Vences, 2007). Individual species can be range-restricted
(e.g., F. belalandaensis, and F. timoni), but other species are tolerant of different habitats, eleva-
tions, and even transformed landscapes (e.g., F. pardalis, F. lateralis, and F. oustaleti). Some of
the largest chameleons are in this genus, F. oustaleti (body length, 280 mm), F. pardalis (body
length, 250 mm for males), and F. verrucosus (body length, 265 mm for males), although the
largest chameleon recorded is Calumma parsonii (body length, 295 mm for males).

There is a single species in the genus Archaius (A. tigris), which is endemic to the
Seychelles Islands, making this the most range-restricted chameleon genus. It is a monotypic
genus, having diverged from its sister group, the African genus Rieppeleon, some 35 Mya
(Townsend et al., 2o11b; Tolley et al., 2013). Until recently, it was thought to be within
the genus Calumma, with its closest relatives on Madagascar (Klaver and Bshme, 1986;
Raxworthy et al., 2002; Glaw and Vences, 2007), but inclusive molecular phylogenies have
shown that this is a case of oceanic dispersal from Africa.

7.3 REGIONAL DIVERSITY

Madagascar is one of the most biologically diverse regions on Earth, despite its small
geographic size (comparable in area to Kenya or France). Its rich biotic assemblage evolved
in near isolation, since its initial separation from Africa about 140 Mya and India about
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88 Mya (Seward et al. 2004; Yoder and Nowak, 2000). This isolation has allowed the fauna and
flora of the island to diversify to such a degree that it is recognized as one of the top 10 most
diverse regions on the planet in terms of species richness and endemism (Myers et al., 2000;
Mittermeier et al., 2004). Madagascar has a totally unique native amphibian fauna, and all
native terrestrial mammals are endemic, as are most reptiles (Goodman and Benstead, 2003,
2005). Much of its biota is microendemic, often isolated in small forest patches, particularly
in the north and east of the island or associated with montane regions (Goodman and
Benstead, 2005; Wilmé et al., 2006; Wollenberg et al., 2008; Vences et al., 2009; Glaw
et al., 2012). Despite its isolation, oceanic dispersal to and from Madagascar has occurred for
multiple taxa (e.g., Vences et al. 2003, 2004; Rocha et al., 2005; Yoder and Nowak, 2000),
including chameleons (Raxworthy et al., 2002; Tolley et al., 2013). For its geographic size,
the diversity of chameleons in Madagascar is exceptional (Raselimanana and Rakotomalala,
2003), rivaled only by that of the montane forests in the Eastern Arc. Two genera are endemic
to the island (Brookesia and Calumma), with a third genus that is near-endemic (Furcifer)
of which two species are on the Comoro Islands (F. pollen and F. cephalolepis) (Fig. 7.2 in
the color insert). Nearly half of all known chameleon species (44%) occur in Madagascar,
and studies suggest there are multiple as yet undescribed species that will be added to the
inventory of this island (Gehring et al., 2012).

The Brookesia are found primarily in the north and eastern side of the island, partic-
ularly in rainforest patches, although a few species can be found in dry forest (Raxwor-
thy and Nussbaum, 1995; Raselimanana and Rakotomalala, 2003) (Fig. 7.2). They are
predominantly range-restricted, and several species (including B. desperata, and B.
micra) even have some of the smallest known ranges for chameleons, possibly less than
10 km? and certainly less than 50 km* (Raxworthy and Nussbaum, 1995; Raselimanana
and Rakotomalala, 2003; Glaw et al., 2012; F. Glaw, personal communication). Northern
and eastern Madagascar is also home to numerous species of Calumma, particularly in
the humid rainforest, and in some cases in high-altitude heathland up to 2800 m (i.e.,
C. tsaratananense; Glaw and Vences, 2007; Raxworthy and Nussbaum, 1996). The strong overlap
in distribution of these two genera (Fig. 7.2) certainly contributes strongly to the high
overall species richness in the north and east, which in turn correspond with the dis-
tribution of montane and lowland rainforest. Furcifer is the most widespread genus,
found in virtually all parts of the island (Fig. 7.2) and in all habitat types (Glaw and
Vences, 2007). The majority of species are not range-restricted, and some are distrib-
uted widely. Only 3 of the 20 Furcifer species on Madagascar have ranges smaller than
5000 km? (Table 7.1), of which one (F. timoni) can be considered extremely range-restricted
(ca. 385 km?), probably occurring only at Montagne d’Ambre National Park. Two species
(F. polleni and F. cephalolepis) occur on the Comoros Islands (Mayotte and Grand Comoro,
respectively) located in the Mozambique Channel, some 300 to 500 km from Madagascar
(Hawlitschek et al., 2011).

East Africais a broad geographic region encompassing several countries: Ethiopia, Kenya,
Uganda, Rwanda, Burundi, Tanzania, Malawi, and northern Mozambique. The major
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TABLE 71 Areas of High Chameleon Diversity

No. of Amount of Range
Distribution Area Species Restricted Range-Restricted Species
< =200 km?
Madagascar 67 12 (18%) Brookesia bekolosy, B. bonsi,
B. confidens, B. desperata,
B. micra, B. tristis, B. tuberculata,
Calumma capuroni, C. hafahafa,
C. jejy, C. peyrierasi, C. tarzan,
C. tsaratananense
Eastern Arc and 40 8 (19%) (29%) Kinyongia magomberae,
Southern Rift Nadzikambia baylissi,
N. mlanjensis, Rhampholeon
acuminatus, R. chapmanorum,
R. beraduccii, R. viridis, Trioceros
hanangensis
Albertine Rift 13 0 none
Congolian 9 0 none
highlands
Kenyan and 12 5 (42%) Kinyongia asheorum, Trioceros
south Sudan kinangopensis, T. marsabitensis,
highlands T. narraioca, T. ntunte
Ethiopian 5 0 none
highlands
Southern Africa 21 5 (24%) (21%) Bradypodion caeruleogula, B. caffer,
B. nemorale, B. ngomeense,
Rhampholeon gorongosae
< = 5000 km?
Madagascar 67 38 (57%) Brookesia ambreensis, B. antakarana,
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TABLE 7.1 (Continued)

No. of Amount of Range
Distribution Area Species Restricted Range-Restricted Species
5000 km?
Eastern Arcand 40 30 (75%) Kinyongia boehmei, K. fischeri,
Southern Rift K. magomberae, K. matschiei,
K. multituberculata, K. oxyrhina,
K. tavetana, K. tenuis,
K. uluguruensis, K. uthmoelleri,
K. vanheygeni, K. vosseleri,
Nadzikambia baylissi,
N. mlanjensis, Rhampholeon
acuminatus, R. beraduccii,
R. chapmanorum, R. gorongosae,
R. moyeri, R. nchisiensis,
R. platyceps, R. spinosus,
R. temporalis, R. uluguruensis,
R. viridis, Trioceros deremensis,
T. fuelleborni, T. hanangensis,
T. incornutus, T. laterispinis
Albertine Rift 13 3 (23%) Kinyongia carpenteri, K. xenorhina,
Trioceros schoutedeni
Congolian 9 1(11%) T. eisentrauti
highlands
Kenyan and 12 10 (83%) Kinyongia asheorum, K. excubitor,
south Sudan Trioceros conirostratus,
highlands T. kinangopensis, T. kinetensis,
T. marsabitensis, T. narraioca,
T. ntunte, T. nyirit, T. schubotzi
Ethiopian 5 2 (40%) Trioceros balebicornutus,
highlands T. harennae
Southern Africa 21 14 (67%) Bradypodion atromontanum,

B. caeruleogula, B. caffer,

B. damaranum, B. kentanicum,
B. nemorale, B. ngomeense,

B. pumilum, B. setaroi,

B. taeniabronchum,

B. thamnobates, B. transvaalense,
Rhampholeon gorongosae
Rhampholeon marshalli
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geomorphological feature that has greatly shaped the current pattern of biological
diversity across this entire ecoregion is the presence of the so-called Eastern Afromon-
tane Biodiversity Hotspot (Mittermeier et al., 2004). It covers more than 1 million km? and
includes three main ancient mountain ranges: (1) the Eastern Arc Mountains and Southern
Rift Highlands, which stretch from southeastern Kenya to southern Tanzania, Malawi, and
northern Mozambique, (2) the Albertine Rift, which includes parts of Rwanda, Burundi,
Uganda, Tanzania, and the Kivu region in the Democratic Republic of Congo, and (3) the
Ethiopian Highlands, which cover much of Ethiopia, as well as small parts of Eritrea,
Djibouti, and Sudan, and are bisected by the Great Rift Valley (Mittermeier et al., 2004). In
addition to these three principal massifs, a number of outlying montane isolates are part
of this hotspot, including the Neogene volcanic highlands of the Kenyan Highlands (e.g.,
Mount Kenya, Mount Elgon, Aberdares Range, and Marsabit Range) and Tanzanian volcanic
northern Highlands (e.g., Mount Kilimanjaro, Mount Meru, Mount Kitumbeine, and
Mount Hanang). These mountains are diverse in age, with a basement of several hundred
million years in age, and the most recent uplift occurring approximately 7 Mya, but with
major volcanic building events only a few million years ago (Griffiths, 1993; Chorowicz,
2005; Le Gall et al., 2008; Nonnotte et al., 2008).

The extremely complex geomorphological history of the region has produced an
array of habitats that certainly contribute to building the extraordinary biodiversity of
the region (Brooks et al., 2002). First, the Eastern Arc Mountains and Southern High-
lands of Tanzania are remarkable for their high species richness and levels of endemism
across numerous taxa, chameleons included (Tolley et al., 2011; Lovett and Wasser 1993;
Brooks etal., 2002; Burgess etal., 2007; Davenport et al., 2006; Menegon and Davenport,
2008; Menegon et al., 2008). Patterns of diversity and distribution within the
forest-dwelling fauna are intricate, probably reflecting countless fluctuations in climate and
long-term persistence of rainforests, the latter being critical in structuring current biodi-
versity in Eastern Arc montane isolates. This is undoubtedly demonstrated by the preva-
lence of deeply divergent, endemic monophyletic Eastern Arc montane taxa (Wilkinson
et al., 2003; Loader et al., 2004; Tolley et al., 2o11). The archipelago stretches across
1000 km, from the Livingstone Mountains in southern Tanzania to the Taita Hills in
southern Kenya (Lovett and Wasser, 1993; GEF, 2002), and its proximity to the Indian
Ocean ensures high rainfall (e.g., 3000 mm/yr on the eastern slopes of the Uluguru
Mountains, falling to 600 mm/year in the western rain shadow) (GEF, 2002). This oro-
graphic effect produced relatively stable climatic conditions for at least 30 million years
(Axelrod and Raven, 1978). The high rainfall and long-term climatic stability, together
with the fragmentation of the mountain blocks, resulted in montane forests that are both
ancient and biologically diverse. An intriguing consequence is that several chameleon
genera have evolved en masse as forest specialists and are rarely found outside these iso-
lated montane patches. That is, most species of Kinyongia and Rhampholeon are strictly
endemic to montane forest, as are the species in the viviparous clade of Trioceros (Fig. 7.2

in the color insert).
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The Albertine Rift is also a region of exceptionally high species diversity, with more
endemic and threatened vertebrates than elsewhere in Africa (Plumptre et al., 2007). It also
contains at least 16% of Africa’s plant species, with over 6400 species identified from the
region. Despite this, chameleon richness is not notably high, with only 13 species, of which
3 are range-restricted (Table 7.1). Range-restricted taxa, however, are all montane special-
ists, again highlighting the importance of montane isolates for harboring diversity. Because
this region is less explored than the Eastern Arc in terms of chameleons, it could potentially
harbor more diversity than is currently known.

In the Ethiopian Highlands, there are two main forested areas, which are notable for
their exceptional diversity. On the eastern side of the Great Rift Valley, the Bale Mountains
soar to heights of nearly 4400 m and form an extensive massif that harbors an impressive
assemblage of biodiversity, with many unique, rare, and spectacular but also threatened
taxa. The region incorporates the largest single area (>4,000 km?) in Africa over 3000 m in
altitude: consequently, it is a crucially important reservoir of Afromontane and Afroalpine
habitats, both of which are globally threatened (Largen and Spawls, 2010). The highest part
of the Bale Mountains, the Sanetti Plateau, and associated peaks comprise Afroalpine grass-
lands, with their own highly endemic biota. To the South, the Sanetti Plateau terminates at
the steep Harenna escarpment that rapidly drops from 3200 to 2000 m in just 8 km. This
escarpment exhibits a dramatic vegetation gradient from the plateau grasslands through
low heather scrub, giant heather forest (Erica spp.), Hagenia, bamboo (Arundinaria) and
Podocarpus forest, high-altitude woodland, and finally dropping into medium-altitude rain-
forest (Friis, 2010; Miehe and Miehe, 1994). Although the region is considered diverse in
its overall fauna and flora, the chameleon diversity is not high and is limited to only five
species in the genus Trioceros and Chamaeleo (Table 7.1). Outside these varied and diverse
mountain ranges of East Africa, a lengthy stretch of coastal forest once covered the region
from Kenya through Mozambique, but this is now highly fragmented because of human
impact. The vast expanse of Miombo woodlands and dry savanna is exceptionally low for
chameleon richness, with a paucity of species, all of which are widespread (e.g., Chamaceleo
dilepis, C. africanus, and C. gracilis).

Southern Africa, the region south of the Zambezi River in the east, and the Cunene
River in the west (ca. 17°S), is primarily a mesic to xeric environment, and lacks extensive
patches of forest that characterize the tropics. The area is best characterized by grassland
and savanna, particularly in the interior, which leaves little chameleon habitat. The western
margin is dominated by xeric habitats, including the Namib desert, which has persisted in
some form since the early Oligocene (ca. 35 Mya), in part because of the South Atlantic anti-
cyclonic system and the cold Benguela current, which have an aridifying effect along the
coast. The southern margin of the continent is home to the Cape Floristic Region, which
consists of two unique vegetation types, the fynbos and the succulent Karoo, plus patches
of Afromontane forest that are fed by moisture from the warm Aghulas Current. The east-
ern margin is tropical to semitropical, and it is here that the landscape becomes a mosaic
of forest patches and grasslands within which chameleons thrive. Afromontane forests are
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scattered from the Drakensberg Mountains northward to the Eastern Highlands of Zimba-
bwe. The mountains fall away to the Maputo-Pondo-Albany (MPA) region, an eastward-lying
escarpment that hosts a unique form of Scarp Forest, and in turn this area descends to the
coastal region with a distinct coastal belt forest that is floristically disjunct from Afromon-
tane. The extensive habitat heterogeneity in the MPA is most certainly a contributing factor
to the high species richness and phylogenetic diversity of that region (Tolley et al., 2008).

Although not as species rich as Madagascar and East Africa, Southern Africa is home to
many endemic species. This includes 17 species of Bradypodion, 2 of Rhampholeon (R. marshalli
and R. gorongosae), and the only fully terrestrial desert chameleon, Chamaeleo namaquensis.
While C. namaquensis has a large range, along the eastern margins of South Africa and
Namibia, it is excluded from regions with rocky terrain and highlands. It is a specialist
in open terrestrial habitats and therefore does not overlap in distribution with any other
chameleon species through most of its range, except perhaps marginally with C. dilepis
(Tilbury, 2010). Only 1 of the 21 species found in Southern Africa is not endemic, and not
surprisingly, this is the pan-African species, C. dilepis. Most species are narrow endemics,
often confined to Afromontane forest patches (e.g., B. damaranum in the Knysna Forest),
coastal forests (e.g., B. caffer and B. setaroi along the Indian Ocean coastal belt forests), or fyn-
bos (e.g., B. taeniabronchum and B. atromontanum).

West and Central Africa are both dominated by a vast expanse of tropical rainforest inter-
spersed with woodland and savanna, and three main broad biogeographic regions are rec-
ognized: Congolian, Guinean, and Shaba (Linder et al., 2012). The lowland Congolian forest
encompasses most of the Congo River valley from the western coast of the continent, east to
the Albertine Rift, representing the second biggest forest on the planet, although it is consi-
dered a rather homogeneous habitat with low species diversity (Linder et al., 2012). The
Guinean region is divided into two distinct forest ecoregions: (1) the Upper Guinea forest ecore-
gion which stretches along the Atlantic coast from southern Guinea into eastern Sierra Leone,
through Liberia, Céte d’Ivoire, and Ghana into western Togo, and (2) the Lower Guinea for-
est ecoregion, which extends along the Atlantic coast from western Nigeria to the Sanaga
River in southwestern Cameroon. The two subregions are separated by the Dahomey Gap in
Benin, a mosaic of savanna woodland and dry forest, although it is primarily transformed for
agriculture at present. The Dahomey Gap is the only portion of the savanna—forest mosaic to
breach the coastal forest belt, which otherwise runs from Western Senegal to Eastern Nigeria
(Salzmann and Hoelzmann, 2005). The Guinean forests consist of a range of distinct vegetation
zones varying from moist forests along the coast, freshwater swamp forests, and semidecidu-
ous forests inland with prolonged dry seasons. Of all West African countries, only Liberia lies
entirely within the moist forest zone, although a substantial portion of Sierra Leone also falls
within this zone. The area includes several important forest refugia created by the retraction
and fragmentation of forests during the Pleistocene, particularly on montane regions, including
the Cameroon and Nimba Highlands (Stuart and Adams, 1990). The Shaba region separates
the Guinea—Congolian forests from the Zambezian savannas and consists of a broad transi-
tional strip that stretches from the Angolan coast northeastward to the southern Albertine Rift

144 Evolution and Biogeography of Chameleons

5490036_CHO0007.indd 144 21/09/13 10:51 AM



(Linder et al., 2012). Only the widespread genus Chamaeleo is found throughout west and cen-
tral Africa across all three ecoregions. However, there are three genera (Chamaeleo, Trioceros, and
Rhampholeon) that are localized at the interface of the Guinea—Congolian ecoregions (Fig. 7.2 in
the color insert). In particular, there are numerous Trioceros species in Cameroon highlands (lower
Guinea forest ecoregion), making this area the most species-rich within these three bioregions.
Chameleons are not well represented in North Africa, Europe, or Asia, with just four
species of Chamaeleo found in the region (C. africanus, C. chameleon, C. calyptratus, and
C. zeylanicus) (Fig. 7.2). Aside from C. zeylanicus in India, distributions do not extend far
from the continental margin probably because of unsuitable climatic conditions. In Europe
and Africa, chameleons are restricted to the fringe of the Mediterranean and are presum-
ably prevented from dispersing northward because of the cooler climates or southward (in
Africa) because of extreme xeric conditions across the Sahara. Similarly, chameleons do not
range into the interior of the Arabian Peninsula, although are reasonably abundant along
the west and south coasts. Chameleons were more widely distributed in Europe during the
Miocene (Chapter 9), with a number of Chamaeleo fossils found in Europe (primarily in
Germany, Czech Republic, and Switzerland). Chameleons, therefore, were more widespread
in these northern regions during warmer global climate conditions, but presumably were
excluded as the climate cooled in the late Miocene into the Pliocene (Zachos et al., 2001).
Chameleons cannot be considered excellent dispersers over water, nevertheless they are
found on many coastal and oceanic islands, particularly in the western Indian Ocean. Given
that most of these islands have never been connected to larger landmasses, oceanic disper-
sal is indeed achievable for chameleons. The most extreme case of oceanic dispersal is of
Archaius tigris, which is endemic to the Seychelles Islands and whose closest relatives are the
Rieppeleon from East Africa (Townsend et al., 2o11b). These islands have been isolated for ca.
65 Myr and at present, they are more than 1200 km from the closest point in Africa (Somalia)
but at least ryoo km from Tanzania, where Rieppeleon brevicaudatus occurs. This is the only
chameleon that has managed to disperse such a large distance over water, presumably carried
by prevailing paleo-currents on floating vegetation during the Oligocene (Townsend et al.,
2011b). Other examples of long-distance oceanic dispersal are less extreme, but still remark-
able. Two species of Furcifer have probably dispersed independently from Madagascar across
the Mozambique Channel to colonize Grand Comoro (F. cephalolepis, 550 km from Madagas-
car) and Mayotte (F. polleni, 300 km from Madagascar) (Rocha et al., 2005). Approximately
250 km from the Horn of Africa lays Socotra Island, which has a single endemic species,
Chamaceleo monachus, which diverged from its African sister taxa approximately 20 (*5) Mya.
This island is a Gondwanan fragment, and the timing of divergence for C. monachus overlaps
with the timing of separation between Socotra and Africa (ca. 20 Mya) (Girdler and Styles,
1978; Hébert et al., 2001; Bosworth et al., 2005; Fournier et al., 2010) suggesting vicariance,
although oceanic dispersal cannot be entirely ruled out (Tolley et al., 2013). Off the east coast
of Africa, populations of the widespread species C. dilepis are found on the coastal islands of
Zanzibar and Pemba. Although Pemba is isolated from Africa by deep waters isolating it from
the continent, for Zanzibar this could be the result of either overwater dispersal, or overland
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dispersal during the last ice age, when this island was connected to Africa (Agnarsson and
Kuntner, 2012). In a similar example, C. zeylanicus, which is relatively widespread in India, is
also found on the island of Sri Lanka, which lies just 50 km off the Indian coast but is sepa-
rated from India by shallow waters that probably would have provided subaerial connections
during ice ages, allowing overland dispersal of chameleons. Although F. pardalis is found on
Réunion Island (700 km east of Madagascar) and Mauritius (200 km northeast of Réunion),
these are known to be human-mediated introductions rather than natural dispersal (Vinson
and Vinson, 1969; Cheke, 1987; Cheke and Hume, 2008; Cole, 2009).

While oceanic dispersal in the Indian Ocean appears relatively common for chameleons,
the same is not true in the Atlantic Ocean, although there are some examples. Four species
of chameleon (Trioceros cristatus, T. feae, T. oweni, and Rhampholeon spectrum) are found on
Bioko Island, which lies in the Gulf of Guinea. Only 30 km from Cameroon, and across shal-
low waters, this island has been periodically connected to the African continent (Lee et al.,
1994) possibly allowing chameleons to disperse over land rather than over water. Chameleons
are not found on S3o Tomé, Principe, or Annobén, all of which lie further out into the Gulf of
Guinea (230 to 350 km) in waters up to 1800 m in depth. Terrestrial dispersal can be ruled out
for these islands, as they have never been connected to land, and oceanic dispersal seems to have
not occurred (unless chameleons have become extinct on those islands), despite the distances
being less than some of the dispersals that chameleons have made to Indian Ocean islands. The
widespread Chamaeleo chamaeleon has dispersed to a few Mediterranean islands (Cadiz, Chios,
Crete, Malaga, Samos, and Sicily) (Tilbury, 2010). Although it occurs on the Canary Islands (1oo
km from Morocco), this is probably the result of a human-mediated introduction (Lever, 2003).

7.4 PATTERNS OF ALPHA DIVERSITY

For chameleons, two regions stand out as remarkable for diversity and endemism: northeast-
ern Madagascar and the Afromontane forests of the Eastern Arc and Southern Rift Mountains
(extending from the Taita Hills in Kenya to the Livingstone Mountains in southern Tanzania).
These areas are characterized by species with restricted distributions, particularly in montane
areas, and this contributes to the high richness and endemism (Fig. 7.3 in the color insert). While
some other regions also show elevated diversity (i.e., high-altitude West African Congolian
forests and Kenyan and Ethiopian highlands), none rival Madagascar and the Eastern Arc.
Although Madagascar is home to some 87 species of chameleons (44% of the total),
most of the diversity is centered in the rainforests of the north and east. In particular,
many species of Brookesia and Calumma are found in isolated forest patches in the north
of the island (Raselimanana and Rakotomalala, 2003). Indeed, northern Madagascar
has high species richness and endemism for a number of other taxa (Andreone, 2004;
Andreone et al., 2009), suggesting a common cause at some level for the elevated diver-
sity. In particular, strong habitat heterogeneity, climatic gradients, and complex topographic
structure may contribute to both low levels of extinction and high speciation rates, which
have produced the elevated species richness and endemism in this region (Andreone et al.,
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2001; Andreone, 2004; Pearson and Raxworthy, 2009). Southern and western Madagascar
are less diverse in terms of species numbers, possibly because of a dry climate resulting in
more arid and sparse vegetation.

East Africa (Ethiopia, Kenya, Tanzania, Malawi, northern Mozambique, Rwanda, and
Uganda) holds a high percentage (38%) of the world’s chameleons. In particular, diver-
sity is elevated in the archipelago-like system of mountain blocks of the Eastern Arc and
Southern Rift, primarily because of the high turnover of range-restricted species across
and within the submontane and montane forest fragments and the co-occurrence of forest-
associated species belonging to different genera. The Udzungwa Mountains for example,
are home to seven sympatric species of chameleons from various genera (Kinyongia
oxyrhina, K. magomberae, Rieppeleon brevicaudatus, Rhampholeon moyeri, Trioceros wer-
neri, T. tempeli, and T. laterispinins), as are the Usambara Mountains (K. multituberculata,
K. matschiei, K. vosseleri, K. tenuis, Rh. spinosus, Rh. temporalis, and Ri. brevicaudatus) (Tilbury,
2010). While species diversity is high, phylogenetic diversity also shows elevated diversity in
these regions, in part because of the presence of paleo-endemic lineages, which are retained
in forest refugia (Tolley et al., 2011). Species turnover between mountain blocks is high
because of the presence of multiple range-restricted species, which contrasts patterns in the
Albertine Rift, Kenyan, Ethiopian, and Cameroonian highlands. These areas collectively
represent a third hotspot of chameleon diversity at global level, but montane- and forest-
associated chameleon species have comparatively wider ranges, encompassing more than
one mountain block (Rh. boulengeri, T. rudis, K. adolfifriderici, T. johnstoni, T. montinum, and
T. quadricornis) with fewer hyper-endemics (e.g., K. asheorum). Overall, this results in lower
richness and a reduced rate of both spatial and altitudinal species turnover. The decreased
level of species richness outside the Eastern Arc Mountains can also be attributed to a lack
of comparable lineage radiations outside this region. For example, the Eastern Arc Mountains
holds several near-endemic clades of chameleons, which have radiated in situ (i.e., Kinyongia, and
Rhampholeon), whereas other regions lack these near-endemic genera.

The escarpment of Southern Africa has a high number of species, many of which are
range-restricted, but these are spread over a large area with little or no sympatry. The result is
low species richness at a local scale but a large number of species regionally. Species richness
and phylogenetic diversity are highest in areas that are known biodiversity hotspots (Tolley et
al., 2008), particularly the MPA region (7 species of Bradypodion, 1 species of Chamaceleo). The
high diversity is primarily due to the presence of patches of Afromontane, Scarp, and coastal
forests, to which chameleons are strongly tied. The lack of connectivity between forests has
resulted in isolation and produced a number of endemic lineages in the region.

7.5 PATTERNS OF BETA DIVERSITY

The aggregation of geographic grid cells, based on species composition across the dis-
tribution of all chameleons species produced by cluster analysis of distributional data,
reveals extensive areas of high congruence between geography and species occurrence
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BOX 7.1 Biogeographic Analysis

Spatial analysis of species richness (based
on number of species) per 1-degree grid cells
across the entire distribution of chameleons
was used to map out areas of high diversity
(Fig. 7.3 in the color insert), using 4300 re-
cords of chameleon occurrences. A neighbor-
hood method was applied, where the richness
for each cell is scored as the number of spe-
cies in that cell plus the number of species in
the neighboring eight cells. Every grid cell is
scored in this way, which minimizes the in-
fluence of arbitrary boundaries between the

grid cells (Slatyer et al., 2007). Weighted en-
demism was estimated by applying a continu-
ous weighting function to species range size,
assigning high weights to species with small
ranges and progressively smaller weights
to species with larger ranges (Slatyer et al.,,
2007). For biogeographic clustering (Fig. 7.4
in the color insert) the B dissimilarity metric
was used with unweighted pair-group meth-
ods. Both the spatial neighborhood and clus-
ter analyses were conducted in Biodiverse 0.17
(Laffan et al., 2010).

(Fig. 7.4 in the color insert) (Box 7.1). On the broadest scale, seven main clusters congru-
ent with specific geographic areas are identified: Madagascar, India, Mediterranean/southwest
Arabia, southeast Arabia, sub-Saharan Africa, Southern Africa, and a portion of the Ethiopian
Highlands (although this may be due to a lack of records from Ethiopia). Madagascar shares
no genera with any of the other regions (except the Comoros) in which chameleons occur
(Mediterranean, Africa, near East, and India) setting it strongly apart. Genera are shared
across all other regions, although India has no species in common with other areas.

If Madagascar is considered separately, three discrete biogeographic partitions are
retrieved for chameleons within the island: northern, eastern, and southwestern (Fig. 7.4 in
the color insert, inset). The regions retrieved for chameleons correspond with major biomes
in Madagascar (i.e., the forest mosaic in the north, the humid high altitude forests in the east,
and the dry deciduous and arid spiny forests of the southwest) (Yoder and Nowak, 2006). In
fact, these chameleon bioregions correspond well with the large-scale biogeographic regions
for Malagasy fauna (Angel, 1942; Glaw and Vences, 2007). The resolution in this current anal-
ysis, however, is too broad to determine whether chameleons correspond with fine-scale cen-
ters of endemism that are defined by watersheds in Madagascar (Wilmé et al., 2000).

Biogeographic clustering that excludes Madagascar and India better defines the biogeo-
graphic partitions of chameleons on the African continent and Mediterranean/near East,
and reveals an intriguing pattern with 10 recognizable biogeographic regions for chame-
leons (Fig. 7.4 in the color insert). The previously identified Southern African biogeographic
region is partitioned into: (1) a western region (South Africa and Namibia) that runs to
Angola, and (2) the southeastern coast, which terminates near the transition from subtropi-
cal to tropical environments. This transition is consistent with broad-scale biogeographic
zonation that is statistically defined on the basis of combined vegetational and faunal data-
sets (Linder et al., 2012). Congruent with the Zambesian region, an extensive homoge-
neous area extends from northern Namibia, encompassing Angola, Zambia, Zimbabwe,
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Botswana, Mozambique, Tanzania, and southern Democratic Republic of the Congo. Inter-
estingly, the north Kivu area, including Ituri, southern Uganda, and Western Kenya, form
a well-defined zoogeographic zone due to the occurrence of several species with relatively
similar ranges (e.g., Rhampholeon boulengeri, Trioceros johnstoni, and Kinyongia adolfifrid-
erici). A narrow, elongated biogeographic partition encompasses the whole central Afri-
can belt from the coast of Guinea in the west to Somalia. However, this is superimposed
with two less-well-defined areas, one covering most of West Africa, from Guinea to Central
African Republic, and the other on the Ethiopian Highlands. The remaining three partitions
are quite well defined, covering: (1) the Sahelian belt with scattered outliers along the upper
river Nile, up to the delta, (2) the Mediterranean region with western Arabia, and (3) the
southern part of the Arabian Peninsula across Yemen and Oman.

As in other attempts to identify cohesive biogeographic units in Africa, chameleons fail
to retrieve separate entities for some of the areas with highest species richness and ende-
mism. This is particularly apparent for the Eastern Arc Mountains and the Cameroonian
Highlands, but is similar to the broad-scale biogeographic divisions for Africa (Linder et al.,
2012). This contrasts to the regions defined by White (1983) and Wickens (19776); they consid-
ered the Eastern Afromontane region as distinct. Arguably, the comparatively small distri-
bution ranges of species in these mountainous regions results in high turnover throughout
the area. The result is that the region stands out for its uniqueness, rather than its similarity
to other adjacent biogeographic assemblages. This intriguing pattern is shared with other
groups of montane-associated vertebrates (Poynton and Boycott, 1996; Menegon and Sal-
vidio, 2005; Poynton et al., 2000), and suggests that there is little shared biota across the
many mountain blocks that make up the entire Eastern Arc region.

Although chameleons range across Africa, Madagascar, and parts of Europe and Asia, the
overwhelming majority of species are range-restricted endemics. In Africa, most endemics
are isolated in forest fragments or in heathlands at high elevation, whereas in Madagascar, a
large number of endemics also occur at low altitudes and mid-altitudes. Chameleons should
be considered conservative in the niche that they occupy (i.e., forest floor or arboreal) and any
reduction in the occurrence of this niche will strongly influence their range size. Certainly,
for forest endemics, this conservatism has impacted their evolutionary history. In general,
these montane forest lineages are paleo-endemic, with deep divergences between taxa
(Fig. 7.1 in the color insert) (Tolley et al., 2013; Matthee et al., 2004; Townsend et al.,
2009), although some high-altitude species are comparatively young (Tolley et al., 2006;
Nagy et al., 2012). Lineage diversification was likely initiated and driven by fragmentation of
forests, beginning in the Oligocene and many of these lineages are retained in stable forest
refugia, although some genera have radiated to habitats such as savanna, heathlands,
and grasslands.

Overall, patterns of elevated species richness are clearly associated with the montane
regions of Madagascar and Africa and are heavily influenced by species turnover associated
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with montane regions, rather than by similarities in assemblages. In both areas, this may
be due to the enormous habitat diversity that is afforded through the broad altitudinal zona-
tion, which provides diverse climates and habitats. Madagascar, however, has a number
of low-altitude endemics, whereas these are generally lacking in Africa. This could be the
result of Madagascar’s climate being less arid throughout the history of chameleons (Wells,
2003), allowing endemics to persist in low-altitude areas that remained moist enough to
support suitable forested habitat. Undeniably, the evolution of chameleons is entwined with
the dynamics of forests, and together they have traveled through time to produce the abun-
dant assortment of species that adorns our planet today.

ACKNOWLEDGMENTS

We would like to thank Miguel Vences and Colin Tilbury for giving us access to species distribu-
tional data, Nik Cole for useful information about Mauritius and Réunion Islands, John Poynton for
helpful comments on African biogeography, and particularly Frank Glaw for numerous discussions
and helpful advice regarding Madagascar.

150 Evolution and Biogeography of Chameleons

5490036_CH0007.indd 150 21/09/13 10:51 AM



EIGHT

Overview of the Systematics
of the Chamaeleonidae

COLIN R. TILBURY

Much of the current tertiary taxonomy of the Chamaeleonidae is based on the
works of Charles Klaver and Wolfgang Bshme who produced an organized phylogeny of
the family using a multifaceted organismal approach to better define relationships (Klaver
and Bshme, 1986). Beyond some refining, their original phylogeny currently remains the
defining work for the tertiary systematics of the family. This chapter will draw largely
from their work and explore the evolution of the expanded taxonomic landscape since
their 1986 publication.

Chameleons share with their sister family the Agamidae the synapomorphies of acro-
dont dentition, the absence of caudal autotomy, and the presence of a ramus duodenalis
branch of the cecal artery. Macey et al. (1997a) also identified three structural features of
the mitochondrial genome that were shared by all acrodont lizards. Attempts to include
the other acrodontine family (Agamidae) within a broadened family concept of the
Chamaeleonidae (Frost and Etheridge, 1989; De Quieroz, 1995) have not met with much
subsequent support. The monophyly of the Chameleonidae is strongly supported by many
distinctive morphological peculiarities that are shared by all members of the family such
as independently mobile turreted eyes, prehensile tail, “ballistic” tongue, opposable toes
bound in uneven bundles, compressed body habitus, nonoverlapping scales and lack of
osteoderms (Chapter 2). Many of these unusual characteristics are considered adaptations
to an arboreal lifestyle.

Beyond various attempts to recognize several genera (Gray, 1865; Fitzinger, 1843;
Angel, 1933, 1942) there were few early attempts to arrange the many various species
of chameleons into an organized phylogeny. Hillenius (1959) divided the typical chame-
leons into “groups” based on shared external characteristics but did not attempt to derive
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a phylogeny. Previous works on skeletal and cranial structure covered only a small range
of species (Vrolik, 1827; Siebenrock, 1893; Brock, 1941; Visser, 1972; Rieppel, 1981; and
others), while several investigations into chromosome morphology (Brink, 1957; Matthey
and van Brink, 1956, 1960; Matthey, 1957; Bourgat, 1973) covered around only 40 different
taxa. Matthey (1957) identified two main groups of chromosomes—an Insular (Malagasy)
group with 12 different chromosomal patterns, and a Continental (African) group with
4 patterns. Thereafter began a period of research that focused on the soft anatomy of
lungs (Klaver 1973, 1977, 1979, 1981) and hemipenes (Bshme and Klaver, 1980). Klaver
(1981) developed a familial reconstruction rooted on lung morphological characteristics
but decided not to formally revise the classification at that time pending further work.
Subsequently, Klaver and Bshme (1986) presented a formal revision of the family that
utilized a combination of all the character sets including karyological, osteological, hemi-
penal, and lung morphology. The combined evidence suggested that the two genera gen-
erally recognized at that time (Chamaeleo and Brookesia) were paraphyletic. Although they
were unable to investigate all the extant taxa, based on the amalgamated evidence they
provisionally divided the family into two subfamilies and six genera. The two subfamilies
consisted of the largely terrestrial pygmy group Brookesiinae and the more “typical”
longer-tailed and largely arboreal Chamaeleoninae. The former encompassed the
Malagasy genus Brookesia and the African genus Rhampholeon, and the latter included the
remaining genera. Three genera were recognized in Madagascar (Furcifer, Calumma, and
Brookesia) and three in Africa (Rhampholeon, Bradypodion, and Chamaeleo, with the latter
further divided into two subgenera— Chamaceleo (Chamaeleo) and Chamaeleo (Trioceros)).
The genus Bradypodion combined a number of East African species with a southern
African group that had similar lung and hemipenal morphologies but differed with
respect to other character states and reproductive strategy.

Understanding that the data sets were incomplete, Klaver and Bshme recognized that
their phylogeny could only be provisional and would need to be tested by other compara-
tive studies. Since 1986, their phylogeny has largely stood the test of time and has been
widely accepted and used in almost all subsequent systematic papers. That is not to say
that there has been no change. A number of papers have examined aspects of the higher
systematics of the Chamaeleonidae (Rieppel and Crumly, 1997; Townsend and Larson,
2002; Raxworthy et al., 2002; Matthee et al., 2004; Tilbury et al., 2006; Tilbury and
Tolley, 2009a; Townsend et al., 20111b; Tolley et al., 2013; Chapter 7). The major tertiary taxo-
nomic changes that have occurred since 1986 have all involved African taxa and include
the splitting of Rhampholeon (sensu lato) into two genera (Rhampholeon and Rieppeleon;
Matthee et al., 2004), the splitting of Bradypodion (sensu Klaver and Bshme, 1980) into
three genera (Bradypodion, Kinyongia and Nadzikambia; Tilbury et al., 20006) and the ele-
vation of Trioceros from subgeneric to generic rank (Tilbury and Tolley, 2009a). All recent
literature concerning the African Chamaeleonidae appears to have adopted the proposed
changes. In 2010, the Seychelles endemic species tigris was allocated to the resurrected
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monotypic genus Archaius (Townsend et al., 2011b). Unless there is a reversal of some or
all of the above taxonomic changes, it might be anticipated that the current genera alloca-
tion should stabilize.

8.1 EVOLUTION OF METHODOLOGY IN CHAMELEON TAXONOMY

The taxonomic system introduced by Linnaeus was initially based on describing the phys-
ical morphology (phenotype) of species. As time lapsed, it became apparent that within
the Chamaeleonidae (as with many other families of vertebrates), phenotype is a relatively
plastic phenomenon. The external morphology within the family shows strong ontoge-
netic, sexually dimorphic, sexually dichromatic and intraspecific variation. Many of the
morphological characteristics used to supposedly define taxa were shown to be rather
variable (Hillenius, 1959). Since most currently recognized genera were, at the time, con-
sidered to be synonyms of one or the other of two broad genera, assumptions of rela-
tionships within and between Continental and Insular species were often based simply
on external similarities (Hillenius, 1959). With numerical taxonomy, attempts to derive
hypotheses of relationships from simply comparing characteristics that matched each
other were eventually found to be an “excursion into futility” (Ross, 1964). However, in
the Chamaeleonidae, it was not only the gross morphology that was found to be variable.
The chromosomes from a spectrum of Malagasy and African species (Matthey and van
Brink, 1956, 1960; Brink, 1957; Matthey, 1957; Bourgat 19773) showed rather confusing
and widespread variation in absolute numbers and morphology between species. Beyond
broadly grouping them as Continental and Insular groups (and subgroups within each),
karyology added little to revealing phylogenetic relationships. While it was relatively easy
to describe the highly derived and often uniquely adorned forest species, populations with
more conservative morphologies were usually recognized as sub-species, particularly
the East African “bitaeniatus group” and the so-called dwarf chameleons of the pumilum
group from South Africa.

Klaver (1981) and Rieppel (1981) were the first to introduce a cladistic interpreta-
tion to resolving relationships within Chamaeleonidae. Phylogenies constructed on the
basis of phenetic or cladistic datasets are of course based on the hypotheses that the
characteristics examined in such analyses reflect evolutionary relationships, whereas in
fact they may not. Many characteristics identified within the Chamaeleonidae are ple-
siomorphic, and while it is generally easy to put the various species into groups based
on external morphology, lung characteristics, reproductive strategies and cranioskel-
etal structure, it is often difficult to find common morphological synapomorphies that
unite species into clearly defined groups. Cladistic methodology depends on identifying
sufficient accurately polarizable characteristics to allow meaningful support of nodes.
Robust phylogenetic reconstruction is rarely feasible when only limited character suites
are available. In recent years, biologists are more aware of just how labile morphology
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is and how much conflict there can be between morphology and hypothesized evolu-
tionary relationships. It is increasingly evident that the earlier focus on macromorphol-
ogy with its unique structural derivations, has generally underrated the complexity
of relationships.

The use of molecular markers to infer evolutionary relationships within Chamaeleonidae
was first employed by Hofman, Maxon, and Arntzen (1991), who used starch gel electropho-
resis to examine different enzyme loci and microcomplement fixation of albumin to infer
immunological distance (ID). Then, following on the lead of molecular analyses in other
families of squamates, the first researchers to use gene sequence analysis in the Chamae-
leonidae (Pook and Wild, 1997) used the conserved 12S rRNA gene to investigate relation-
ships within the West African “Chamaeleo cristatus group.” Subsequently, other authors
began to use other genes or combinations of molecular markers (e.g. nuclear genes
RAG-1, mitochondrial genes ND1 and ND4, 16S rRNA, COI, flanking tRNA regions, and
other potentially informative markers). In the past decade or so, molecular phylogenetics
has blossomed rapidly, and has become the primary method behind current phylogenetic
analysis. However, like any “new” method, it is not without its pitfalls, some of which are
briefly mentioned below for the sake of perspective.

One concern involved with molecular phylogenetics is that it is based on the assump-
tion that the degree of overall similarity between segments of base pair sequences of
DNA reflects the degree of relatedness in the context of a Darwinian model of con-
tinual and gradual change—the so-called Molecular Assumption (Schwartz and
Maresca, 2006). Molecular phylogenetics has been criticized for utilizing intrinsically
the same methods as those used in simple phenetics (i.e. searching for similarities
albeit comparing a much greater number of “characteristics”), questioning the wisdom
of replacing a system that is widely acknowledged to have failed with another that uses
essentially the same methods. Molecular phylogenetics is not based on cladistic prin-
ciples, so does not provide distinctions between homoplasies and plesiomorph and apo-
morph characteristics. Topologies produced are supported at nodes by mathematical
algorithms and statistical optimization, which will tend to obscure character conflicts
(Mooi and Gill, 2010).

The ability of molecular phylogenetics to discriminate accurately at the level of deeper
divergences is also controversial (Rocha et al., 2005; Heads, 2005; Nelson and Ladiges,
2009). At the deeper and by inference older nodes, the resolution provided blurs con-
siderably. However, in the absence of a suitable fossil record for the Chamaeleonidae,
molecular-based phylogenetic reconstructions are frequently being utilized to inform the
biogeographic history of the Chamaeleonidae (Raxworthy et al., 2002; Townsend and
Larson, 2002; Matthee et al., 2004; Tolley et al., 2006; Tolley et al., 2008; Townsend et al.,
2011b; Tolley et al., 2011; Tolley et al., 2013; Chapter 7). In order to try and improve resolu-
tion, researchers now commonly employ wider ranges of genes to assemble larger arrays of
base pair sequences for comparison.
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8.2 CURRENT STATUS OF TAXONOMY OF THE CHAMAELEONIDAE

Since the description of the first chameleon Lacerta chamaeleon by Linneaus in 1758, some
300 specific names have been given to chameleons. At present, 196 species are currently
recognized with an additional 13 named sub-species. Approximately 55% of these originate
from continental Africa, 44% from Madagascar and the remainder from Asia, the
Middle East, Europe and Africa’s other offshore islands. Thirty distinct genera and subgen-
era have been erected since 1758, including 14 genera erected by Gray (1865) in one publica-
tion. Twenty two of these genera were erected before the turn of the 18th century, but only
8 since 1900.

Following Linneaus’s description of the first species, progress in the next 140 years was
rapid. Between 1758 and 1899, 77 currently recognized species were described. With the
development of European naval competencies, exploration boomed and with the new abil-
ity to penetrate previously inaccessible regions, vast areas of Africa and Madagascar became
available for exploration and colonization. Collections of fauna and flora made by scientific
and occasional military expeditions and by missionaries stationed at remote outposts were
repatriated to museums in Europe and included many chameleons. German colonists in
East Africa (Tanzania), the British in Kenya and Uganda, and the French in Madagascar
and parts of West Africa provided the grist for the main bulk of new descriptions. As a
consequence, in the 20th century, 93 additional taxa were described. The rate of new spe-
cies descriptions continues to accelerate, and more than 40 new taxa have already been
described in the 21st century.

The family Chamaeleonidae currently consists of 11 extant genera, and 3 named subgen-
era within Rhampholeon. Three genera are restricted to Madagascar, the Comoro Islands and
the Mascarene island of Réunion, and the remainder to the African block (including those
species extant in the Middle East, Europe, the Indian subcontinent, and the Seychelles).

8.3 SUBFAMILIAL GROUPINGS WITHIN CHAMAELEONIDAE

In Klaver and Bohme’s 1986 phylogeny, the family was divided into subfamilies, namely,
Brookesiinae and Chamaeleoninae. The Brookesiinae (or pygmy chameleons) were charac-
terized by the hemipenal synapomorphies—absence of truncal calyces and by the presence
of dual apical ornamentation of the hemipenes, whereas the Chamaeleoninae (or ordi-
nary chameleons) were characterized by the presence of truncal calyces and a quadruple
apical ornamentation. The two genera Brookesia and Rhampholeon were differentiated by
having different forms of apical ornamentation, namely, crests in Brookesia and horns in
Rhampholeon. At the time, the hemipenal morphology of most of the known Malagasy
Brookesia had been characterized, whereas only five of the nine then known African
species of Rhampholeon had been available for examination. It was specifically noted by
Klaver and Boshme (1986) that the characterization of the subfamily Brookesiinae assumed
that the unexamined species also lacked hemipenal calyces. As time passed and more
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material came to light, the situation indeed changed. By 1997, it was shown that Rieppeleon
brevicaudatus (previously Rhampholeon brevicaudatus) appeared to lack obvious apical structures
on the hemipenis, and that Rieppeleon brachyurus and Rieppeleon kerstenii both had a quadruple
apical ornamentation. In addition, Rhampholeon temporalis and R. spectrum were found to
possess definite hemipenal calyces. These facts effectively nullified the phylogeny of the
Chamaeleonidae at the subfamilial level, which placed undue emphasis on hemipenal char-
acteristics. This was acknowledged by Klaver and Béhme (1997), who elected to suppress
the subfamilial classification.

The generic relationships within the Chamaeleonidae have been addressed, in part,
on several occasions. Methuen and Hewitt (1914) stated “The genus Brookesia approxi-
mates to the normal lacertilian type in so many respects that we may safely regard it
(and Rhampholeon probably) as the most generalized of living chameleons.” Hofman et
al. (1991), analyzing starch gel electrophoretic patterns and albumin immunological dis-
tance, concluded that they could find no evidence for the Brookesiinae (represented by
Brookesia stumpffi and Rhampholeon [now Rieppeleon] kerstenii) being the sister group of
the Chamaeleoninae. They also concluded that the ID between these two species in their
study indicated that they could not be placed in the same genus—indeed that the albumin
of Brookesia stumpffi was more similar to that of Furcifer pardalis than it was to Rhampholeon
(Rieppeleon) kerstenii. Rieppel and Crumly (1997), using cladistic analysis combining skull
characteristics and hemipenal and lung morphology, placed Brookesia firstand then Rham-
pholeon (sensu lato [Rhampholeon + Rieppeleon]) as ‘basal’ (i.e., sister to) to all the other
typical chameleons. They also concluded that a monophyletic Brookesiinae could not be
the sister taxon to a monophyletic Chamaeleoninae. More recently, Townsend and Larson
(2002) placed Rieppeleon and then Rhampholeon as sister to Brookesia, while Raxworthy et
al. (2002) placed Brookesia as sister to Rhampholeon/Rieppeleon. Tilbury and Tolley (2009a),
using representatives of all the currently recognized extant chameleon lineages in Africa
(but with only three species of Furcifer and notably absent Calumma), again placed Brookesia
as sister to all other chameleons, followed by Rhampholeon and Rieppeleon. The most
recent family-wide phylogeny (Tolley et al., 2013) places Brookesia as sister to all other gen-
era, with Rieppeleon, and Rhampholeon diverging first from the other genera which form
an unresolved polytomy. Miiller and Hildenhagen (2009) investigated subdigital and sub-
caudal lamellar structures of a broad range of chamaeleonid genera and could not find
support for grouping the three pygmy genera in one clade. Based on all this there is not
much evidence to validate the existence of the combined pygmy genera as a subfamily
within Chamaeleonidae.

Apart from their basic external phenotype, perhaps the only unifying morphological
characteristic of the pygmy chameleons is the simple saclike lung (lung type A; Klaver,
1981) common to all genera of pygmy chameleon and not seen in the more typical chame-
leons. This type of lung however is considered to be a primitive plesiomorphic character
distributed widely in other lizard families and as such cannot be used to define a subgroup.
The fact that all the pygmy chameleons retained this lung type may be due to something
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that had already been suggested in the past (Beddard, 1907; Werner, 1911; Klaver, 1973,
1977)—that is, that simple lungs are related to the small size and physiological require-
ments of these chameleons, with there being no selective advantage to have developed a
more derived lung type. This notion is based on the assumption that the simple lung mor-
phology of the pygmy chameleons is a true primitive retained feature and not a secondary
reversal from a more derived structure. Aside from their lungs, one of the few other charac-
teristics seen in almost all the pygmy chameleons is the rather unique squamation of sheets
of stellate-edged granular tubercles that clad their bodies and limbs (Hillenius, 1986). Its
taxonomic value has not yet been assessed.

Studies by several authors (Werner, 1902b; Methuen and Hewitt, 1914; Hillenius 1986) have
shown that the pygmy chameleons have fewer ribs than typical chameleons—Rhampholeon
with an average of 12 pairs, and Brookesia with 9 or less pairs—as compared with
the typical chameleons, which have 13 or more pairs. This may be simply a function of size,
with larger species having more pairs of ribs than the smaller species. Zippel et al. (1999)
showed that about 50 vertebrae were usually found in the tails of “typical chameleons,”
while only 20 were present in Brookesia thieli (Boistel et al., 2010). Unfortunately, skeletal
studies on a wider range of species within the Chamaeleonidae are lacking, and it would
be unwise to infer generalized morphological attributes on the basis of a few observations.

Almost all phylogenetic studies support the notion that the pygmies (Brookesiinae,
represented by Brookesia, Rieppeleon, and Rhampholeon) are not a monophyletic group.
They are all largely terrestrial and have retained all the symplesiomorphies of an appar-
ently arboreal ancestor. Whether the shortened tails of the pygmy chameleons represent
the symplesiomorphic condition, or like their lung structure, perhaps represent an ana-
tomical simplification whereby tiny lightweight creatures do not need a long fully prehen-
sile tail, is debatable.

Klaver and Bshme (1997) abandoned their subfamilial classification because the syn-
apomorphies that they had earlier identified were falsified by subsequent data. Tilbury
(2010), however, preferred to use the same subfamilial classification as Klaver and Bshme
(1986), on the basis of the absence of evidence principal—that is, that the absence of evi-
dence does not necessarily equate to evidence of absence. As emphasized by Rieppel and
Crumly (1997), the characteristics examined to derive phylograms can only be assumed to
reflect the phylogenetic history of chameleons, while this may not necessarily be the case.
Since neither phenetics, cladistics, nor molecular phylogenetics have been able to give an
accurate account of relationships at the deeper end of the phylogram, this leads one to con-
clude that the jury is actually still out on this issue. But while it may be difficult to prove
hypotheses of relationship, it is possible at least to make them unlikely on the basis of that
evidence at hand. Since naive conviction alone will not suffice under scrutiny, it seems ratio-
nal that persistence with the subfamilial division of the Chamaeleonidae should be aban-
doned. Notwithstanding this, the use of the two phenetic assemblages (pygmy chameleons
and typical chameleons) to informally group the various species within the Chamaeleoni-
dae still seems worthwhile for general descriptive purposes.
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8.4 OVERVIEW OF EXTANT GENERA

Genus Archaius Gray 1865

TYPE SPECIES: Chamaceleo tigris Kuhl 1820

GENERIC SYNONYMS: None

CONTENT: tigris

ETYMOLOGY: Gr. archaios, ancient, primitive. The author gave no further explanation.

Figure 8.1 (see color insert)

The recent resurrection of the monotypic genus Archaius (Fig. 8.1) for the Seychelles
chameleon (previously, Calumma tigris Kuhl 1820) was made after the finding (based on
a multilocus phylogenetic reconstruction using mitochondrial and nuclear genes that the
Seychelles endemic was the sister taxon of the east African genus Rieppeleon (Townsend
et al., 2011b). Using a dated phylogeny, it was estimated that the mean divergence of the
two clades occurred around the Mid Eocene to early Oligocene (ca. 3810 Mya). The
authors concede that the only external morphologicalcharacter that connects Archaius
and Rieppeleon is the small scaly mental lobe seen in tigris and in one of the species of
Rieppeleon (brevicaudatus). Previous studies that examined anatomical features of tigris
(Bourgat and Domergue, 1971; Hillenius, 1986; Klaver and Bshme, 1986; Rieppel and
Crumly, 1997; Raxworthy et al., 2002) loaned support to its inclusion within Calumma,
while biochemical evidence (Hofman et al., 1991) based on immunological distance had
suggested a possible African connection for A. tigris.

This case demonstrates the dilemma of how to reconcile conflicting genetic and ana-
tomical datasets. In this particularly interesting situation, the molecular evidence appears
to underline that genealogical ancestry may play little or no role in the development or reten-
tion of physical character attributes.

Genus Bradypodion Fitzinger 1843

TYPE SPECIES: Lacerta pumila Gmelin 1789

GENERIC SYNONYMS: Microsaura Gray 1806s; type species Microsaura melanocephala
Gray 1865, Lophosaura Gray, 1865; type species (by subsequent designation) Loveridge
1957 = Lacerta pumila Gmelin 1789

CONTENT: atromontanum, caeruleogula, caffer, damaranum, dracomontanum, gutturale,
kentanicum, melanocephalum, nemorale, ngomeense, occidentale, pumilum, setaroi, tae-
niabronchum, thamnobates, transvaalense, ventrale

ETYMOLOGY: Gr. bradys, slow; podion, diminutive of podos, foot: slow small-foot, refer-
ring to the slow movements generally and the small size of the type species

Figure 8.2 (see color insert)

The higher systematics of the genus Bradypodion (Fig. 8.2) has a rather convoluted his-
tory and is closely linked with the genus Kinyongia (below) to which section the reader is
referred for a fuller discussion. Although long recognized to comprise a unique group of

158 Overview of the Systematics of the Chamaeleonidae

5490036_CH0008.indd 158 21/09/13 10:58 AM



species, attempts to recognize the South African “dwarf” chameleons as a genus (Methuen
and Hewitt, 1914; Fitzsimons, 1943; Raw, 19706) did not garner much support in the gen-
eral literature. Hillenius (1959) and Mertens (1966) preferred to keep them within
Chamaeleo, with most taxa designated as subspecies of B. pumilum. Klaver and Bshme
(1986, 1997) included in Bradypodion (as resurrected by Raw [1970]) a group of East Afri-
can species (the “fischeri” group), to form a heterogeneous group of species grouped
more by the lack of synapomorphies that would ally them to other recognized genera.
For this reason Branch (1998) specifically rejected this move, but final resolution of the
expanded group was obtained only when various molecular studies subsequently dem-
onstrated paraphyly of Bradypodion (sensu Klaver and Bohme, 1986; Hofman et al., 1991;
Townsend and Larson, 2002; Tolley et al., 2004), and finally resulted in the division of
Bradypodion into three genera (Tilbury et al., 2000).

As a group, these small to medium-sized species all share similar external morphologi-
cal characteristics that in some species vary only in the degree of expression. The genus
has developed independently derived viviparity with associated pigmentation of the parietal
peritoneum of the abdominal cavity (Townsend and Larson, 2002). All species have a gular
crest, composed in many species of prominent gular lobules with a tendency to form simple
cones in the smaller species. A ventral crest is not present. None of the species possess any
form of rostronasal projection or occipital lobes, and scalation is heterogeneous.

The structure of the cranial parietosquamosal complex suggests a retained plesiomor-
phic condition in contrast to all the other genera of typical chameleons, which share a
derived cranium. The posteriorly projecting broad parietal bone forms a strongly recurved
casque in all species. The temporal crest, formed along the postfrontal and squamosal
bones, extends from the mid-postorbital rim, to divide the side of the head into superior
and inferior temporal fossae (Parker, 1881; Brock, 1941; Rieppel, 1981). The lateral crests
that arise as a posterior continuation of the supraorbital ridge delineate the lateral margin
of the parietal crest, in contrast to other African genera, in which the lateral crest is formed
along the postorbitofrontal and squamosal bones (homologous to the position of the
temporal crest in Bradypodion [Raw, 19770]). In addition, the parietal bone possesses supratem-
poral processes that descend to meet the ascending ramus of the squamosals to enclose the
supratemporal fossa. Apart from the pygmy genus Brookesia, Bradypodion is the only genus
of chameleons to retain this plesiomorphic condition; however, Rieppel and Crumly (1997)
consider this to be a secondary reversal in Bradypodion. The hemipenal morphology is char-
acterized by a plesiomorph quadruple apical ornamentation of two pairs of denticulate rotu-
lae that differs relatively little between species.

The lungs of Bradypodion are small; consist of a relatively simple sac with a number of
small partial septae present on the anterior, dorsal, anteroventral walls; and have no exter-
nal appendages or diverticulae. The larynx of B. occidentale, B. damaranum, and B. ventrale
has been shown to have an associated gular pouch (Klaver, 1981). It is likely that this may be
applicable to all the species of this genus. The karyotype 2n = 34 = 12M + 22m is shared by all
species of Bradypodion examined to date (Matthey and van Brink, 1956; Gordon et al., 1987).
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Other primitive characteristics, such as the retention of a well-developed Organ of
Jacobson as described in B. pumilum (Brock, 1941; Malan, 19406) is generally absent in most
other chameleons, but the extent of this and its phylogenetic implications have not been
fully assessed in the Chamaeleonidae.

The taxonomy of dwarf chameleons of South Africa was previously problematic.
Along with their allopatric pattern of distribution, all their similarities suggest that they
are closely related, sharing a recent common ancestor from the Miocene (Tolley et al.,
20006, 2008). Among species of Bradypodion, three broad phenetic assemblages can be
identified. However, a study using mitochondrial DNA sequences (Tolley et al., 2004)
showed these phenotypic groupings are not representative of evolutionary relationships.
On the contrary, even some apparently well-defined species with vastly different pheno-
types (e.g., B. melanocephalum and B. thamnobates) have little genetic divergence from
each other, and others that appear to be closely related by virtue of phenotype (e.g.,
B. occidentale and B. ventrale) have markedly divergent genotypes. The various lineages
within the clades that form the bulk of the species show a strong tendency to be linked
within geographic regions.

Several species of Bradypodion (among others, B. pumilum) demonstrate considerable
“ecomorph” variation between populations (Measey et al., 2009, 2011; Hopkins and
Tolley, 2011; Herrel et al., 2011). This demonstrates the need for an integrated total evidence
approach to alpha taxonomy, particularly in genera such as Bradypodion, in which the use of
morphological characteristics alone has proven limitations.

Genus Brookesia Gray 1865

TYPE SPECIES: Chamaeleo superciliaris Kuhl 1820

GENERIC SYNONYMS: Leandria Angel 1933; type species Leandria perarmata Angel
1933, Evoluticauda Angel 1942; type species (by subsequent designation) Guibe
1954, Brookesia tuberculata Mocquard 1894

CONTENT: ambreensis, antakarana, bekolosy, betschi, bonsi, brunoi, brygooi, confidens,
decaryi, dentata, desperata, ebenaui, exarmata, griveaudi, karchei, lambertoni, lineata,
lolontany, micra, minima, nasus, perarmata, peyrierasi, ramanantsoai, stumpffi, super-
ciliaris, therezieni, thieli, tristis, tuberculata, vadoni, valerieae

ETYMOLOGY: Named by Gray in honor of Joshua Brookes (1761-1833). Brookes was a
British anatomist and founder of the Brookesian Museum of Comparative Anatomy.
The first officially described species of Brookesia was part of his collection.

Figure 8.3 (see color insert)

This genus is currently comprised of 32 species, 20 of which have been described since
1970. Brookesia antoetrae was synonymized with B. thieli by Raxworthy and Nussbaum
(1995), but its status should perhaps be reconsidered on account of the significant genetic
divergence from Br. thieli demonstrated by Townsend and Larson (2002). At the time of this
writing, there are several more species in the process of being described. Brookesia is the
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second most speciose genus among the Malagasy chameleons, and it is likely that there will
be many more additions to this genus in the future (Fig. 8.3).

Following on the initial work of Siebenrock (1893), Rieppel (1981, 1987) and Rieppel and
Crumly (1997) described the cranial structure of Brookesia as represented by B. superciliaris
and B. stumpffi. The broad roughly trapezoidal parietal has no posterior sagittal spur, with
the posterior margin being broad rather than pointed. The parietal drops posteroinferiorly
to form a short posterolateral (supratemporal) process on each side and is considered to be
a retained symplesiomorphy (Rieppel and Crumly, 1997). The nasals are fused into a single
midline bone that prevents the premaxilla from making contact with the frontal and makes
broad contact with the prefrontals on each side. Methuen and Hewitt (1914) were the first
to suggest that Brookesia was the most primitive of all the chameleonine genera. Rieppel
(1981, 1987) concurred with Methuen and Hewitt and suggested that a Malagasy origin for
the family was likely, followed by dispersal to Africa, giving rise to Rhampholeon.

Brookesia (as represented by B. superciliaris) have a uniquely derived structure of the dorsal
vertebrae (Siebenrock, 1893, Parker, 1942; Rieppel, 1987) and a unique structure of the pelvic
girdle (synsacrum) (Werner 1902a,b), which may be considered as synapomorphies for the
genus, assuming that the other members of the genus share the above features. In addition, the
rather unique mode of walking with the tail tip used as a stabilizing rod (Glaw and Vences,
2007; Boistel et al., 2010) might also be viewed as a behavioral synapomorphy. Brygoo (1971)
demonstrated that all members of Brookesia that were so examined had unpigmented testes and
peritoneum, while in species of Chamaeleo, these were pigmented. Pigmentation of the testes
was demonstrated in several (but not all) members of Rhampholeon and Rieppeleon (Klaver,
1979). Other random observations on skeletal characteristics such as the structure of the
thoracic skeleton, numbers of rib-bearing vertebrae, and the configuration of the sternal rib
attachments are of undetermined taxonomic significance (Werner, 19o2b; Methuen and
Hewitt, 1914). Because of the limited number of species examined in such studies, gener-
alizations as to these attributes for the genus are unwise for the present and are mentioned
here as areas that need further clarification.

There are three divergent clades currently nested within Brookesia (nasus c.s., minima c.s.
and superciliaris c.s.), which can be distinguished by both morphological and genetic datasets.
From a morphological perspective, Brookesia nasus and Brookesia lolontany do not possess
lateral vertebral spines or pelvic shields, which could be viewed as synapomorphies for the
other Brookesia. In nasus/lolontany the median dorsal ridge is narrow and in males has a well-
defined series of midline crenulations, each occurring over a dorsal vertebral process. The
body habitus and shape of nasus/lolontany is more akin to that seen in the African pygmy
genera and also—uniquely among Brookesia—both B. nasus and B. lolontany possess a small
rostronasal process. The head is not the broadly flattened structure seen in Brookesia, but has
a rather longer snout and is more vertically compressed, in keeping with their body habitus.
In B. nasus, the shape of the parietal appears to be similar to that seen in B. superciliaris. The
dominant posterior head crest delineates the lateral edge of the parietal bone. Based purely
on its external morphology, Klaver (1979) considered Br. nasus to be the intermediate taxon
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between typical Rhampholeon and typical Brookesia. Molecular studies that have included the
species nasus and/or lolontany among the specimens examined have consistently shown them
to form a deeply divergent clade within Brookesia (Raxworthy et al., 2002; Townsend and Lar-
son, 2002; Townsend et al., 2009), estimated to have split at around 6o million years ago
(Late Cretaceous) (Tolley et al., 2013) (Chapter 7). Raxworthy et al. (2002) placed B. nasus/
B. lolontany as sister to the rest of Brookesia in their phylogram and Townsend and Larson
(2002) suggested that B. nasus was sister to the rest of Brookesia but could not reject non-
monophyly on the basis of statistical tests. The latter study, apart from identifying a relatively
recent tandem duplication in the genome of B. nasus (that probably postdates the split of the two
clades) demonstrated a net sequence divergence of 24% between nasus and the rest of Brookesia.

The remaining 29 species of Brookesia are divided into two groups: the so-called minima group
(Brygoo, 19778; Raxworthy and Nussbaum, 1995; Townsend et al., 2009; Glaw et al., 2012) and the
rest within a loosely termed “typical” group (Townsend et al., 2009). Both lateral vertebral spines
and a pelvic shield are found in most of the species, although in some of the diminutive species
within the minima group, these structures appear to be, at least macroscopically, absent.

The typical group consisting of 18 species is characterized by larger bodies, relatively large
heads with truncated snouts, and in addition to the lateral parietal crest, a well-defined lateral
crest (posterior extension of the supraorbital ridge), which delineates the superior edge of the
postorbitofrontal and the squamosal. The minima group, on the other hand, currently consists
of 11 described species and some candidate taxa (Glaw et al., 2012). The minima group contains
some of the smallest amniote vertebrates in the world. Most species are less than 45 mm in total
length. They tend to have somewhat smaller heads relative to their bodies, with generally indis-
tinct head crests. This group, although having some remarkably similar phenetic attributes,
shows marked genetic divergence, averaging around 17%, between taxa (Glaw et al., 2012).

Genus Calumma Gray 1865

TYPE SPECIES: Chameleon cucullatus Gray 1831

GENERIC SYNONYMs: Crassonota Gray 1865; type species Chamaceleon nasutus Dumeril
and Bibron 1836

CONTENT: amber, ambreense, andringitraense, boettgeri, brevicorne, capuroni, crypticum,
cucullatum, fallax, furcifer, gallus, gastrotaenia, glawi, globifer, guibei, guillaumeti, hafa-
hafa, hilleniusi, jejy, linotum, malthe, marojezense, nasutum, oshaughnessyi, parsonii,
peltierorum, peyrierasi, tarzan, tsaratananense, tsycorne, vatosoa, vencesi, vohibola
ETYMOLOGY: L. transcription of Gr. kalymma, veil or hood, referring to the large
occipital lobes of the type species of this genus

Figure 8.4 (see color insert)

Excluding the species allied to the genus Furcifer (Fig. 8.4), the remainder of the
species of “typical” Malagasy chameleons could be divided into at least two groups
based on hemipenal apical morphology. Although no common apomorph features
were identified, Klaver and Bshme (1986) placed both groups within the resurrected
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genus Calumma. In erecting Calumma, Klaver and Boshme (1986) allowed that the mono-
phyly of the genus had yet to be demonstrated. As predicted, this has been questioned or
paraphyly implied in several publications (Townsend and Larson 2002; Raxworthy et al.,
2002; Townsend et al., 2011b). Townsend and Larson (2002) identified three distinct
clades within Calumma among the 10 species sampled, which did not collectively form a
monophyletic group. However statistical tests based on parsimony did not reject mono-
phyly of Calumma. At this point in time although suggestive, the available molecular data
does not reliably support or reject monophyly of the genus (Gehring et al., 2011).

Many species have been described in the last decade—the genus is currently composed
of 33 species, and this seems likely to increase significantly in the future as cryptic taxa are
identified and described. As a genus they appear to be restricted to humid forests and are
the most commonly found genus in the cooler montane areas of Madagascar. They have not
been recorded from the dry southwest of Madagascar (Glaw and Vences, 2007).

In Madagascar, high levels of microendemism with cryptic speciation has been demon-
strated among several groups of vertebrates and in particular amphibians. The chameleons are
proving to be no exception (Glaw et al., 2012). Raxworthy and Nussbaum (2000) identified sev-
eral taxa within what had been previously regarded as Calumma brevicorne. Gehring et al. (2012)
examined the genetic diversity within the C. nasutum group and demonstrated that in addition
to the currently 7 named species, an additional 26 OTUs (operational taxonomic units) were
identified, many of which will probably be elevated to species rank in the near future. This is the
only genus of chameleons in Madagascar in which occipital lobes occur in some of the species.
Several species bear a close appearance to some species within the African genus Kinyongia.

Genus Chamaeleo Laurenti 1768

TYPE SPECIES: Chamaceleo parisiensium Laurenti 1768 (= Lacerta chamaeleon Linnaeus 1758).
GENERIC SYNONYMS: Phumanola Gray 1865; type species Chamaeleo namaquensis
Smith 1831. Calyptosaura Gray 1865; type species (by subsequent designation)
Loveridge 1957, Chamaeleo calyptratus Dumeril and Bibron 1851. Erizia Gray 186s;
type species (by subsequent designation) Loveridge 1957, Chamaeleo senegalensis
Daudin 1802. Dilepis Gray 1865; type species Chamaeleon dilepis Leach 1819
CONTENT: africanus, anchietae, arabicus, calcaricarens, calyptratus, chamaceleon, dilepis™,
gracilis, laevigatus, monachus, namaquensis, necasi, senegalensis, zeylanicus. (*Pending a
full review of the “dilepis complex.” C. dilepis is considered here to include (as synonyms)
the described forms roperi, quilensis, isabellinus, petersii, ruspolii, martensi, and idjwiensis.)
ETYMOLOGY: Gr. khamai, on the ground; leon, lion: ground lion

Figure 8.5 (see color insert)

The African genus Chamaeleo (Fig. 8.5) as construed by Klaver and Bshme (1980)
united all chameleons with large lung septae that subdivided the intraluminal space, a con-
dition that was supposed to have evolved from lung type B (Klaver, 1981). Two sub-genera
were proposed based on fundamental differences in lung septation—C. (Chamaeleo) and
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C. (Trioceros)—which differed in the number, origin, and attachments of these septae
within the lung. In C. (Chamaeleo) (lung type C), two straight septae arise from near the
bronchial orifice of the lung and terminate a variable distance caudal to their origin. In C.
(Trioceros) (lung types D, E, and F) two to three usually anteriorly curved septae are con-
nected to the ventral, medial and lateral walls of the lung and terminate a variable distance
from the dorsal wall (Klaver, 1981).

In addition to the divergent lung morphology, several apomorphic characteristics unite
the species grouped within each of the two sub-genera, but apart from an uninformative ple-
siomorphic similarity in the structure of the casque, there were no obvious synapomorphies
to unite them within a single genus. Using a combination of sequences from mitochondrial
and nuclear DNA (Tilbury and Tolley, 2009a), it was demonstrated that Trioceros was neither
nested within nor was sister to the clade containing Chamaeleo, and as such it was proposed
that Trioceros be elevated from within the genus Chamaeleo and instated as a separate genus.

The genus Chamaeleo, currently composed of 14 species and 5 subspecies, is the most
widely spread of all chameleon genera, covering almost the whole of Africa and with all spe-
cies represented in Europe, the Middle East and Asia belonging to this genus. The various
species are united by the synapomorphy of the type C lung (Klaver, 1981). All species within
Chamaeleo possess a gular pouch although this is also found sporadically in Trioceros and
possibly in all Bradypodion (Klaver, 1981). Other potential synapomorphies for Chamaeleo
are a particular chromosomal formula (2n = 24 = 12M + 12m—seen in all six species of
Chamaeleo so examined to date) and the synapomorphy of a multirotulae ornamentation on
the hemipenes—although the symplesiomorphic four rotulae condition is retained in both
C. namaquensis and C. arabicus. In addition, the males (and occasionally females) of many
species from this genus are adorned with tarsal spurs—not seen in any other genus—and
which could be considered to be a synapomorphy for the genus. In all species, a lateral crest
is present and none of the species have a temporal crest. The tail is unadorned with a crest in
all species. Scalation is generally of homogeneous to finely heterogeneous granular tubercles.

The most wide-ranging African species, Chamaeleo dilepis, encompasses a number of
described sub-species and other species treated as synonyms, often differing from the nom-
inate form by morphological characteristics that show confusing intrapopulational and
interpopulational variation. The forms roperi and quilensis have been demonstrated to show
considerable divergences from typical dilepis and may represent full species (Ullenbruch
etal.,, 2007). However, the “dilepis complex” as a whole is in urgent need of a full and exhaus-
tive analysis to elucidate the relationships of its component forms using tissues derived
from topotypic specimens.

Gray (1865) placed Chamaeleo namaquensis within the monotypic genus Phumanola,
but this name was never recognized as valid or used subsequently and was consequently
synonymized. Within the genus, C. namaquensis is indeed a unique species that, although
possessing the characteristic genus chromosomal formula and lung type, has as men-
tioned above, also retained the symplesiomorphic quadruple hemipenal apical ornamen-
tation. It has a uniquely constructed dorsal crest and lacks the prominent gular crests and
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tarsal spurs seen in most other species within the genus. Rieppel and Crumly (1997) iden-
tified several cranial structural characteristics in namaquensis that are not seen in other
members of the genus. Townsend and Larson (2002) commented that C. namaquensis was
an ancient lineage and demonstrated an uncorrected sequence divergence of 17% between
namaquensis and other chameleons in the genus. Hofman et al. (1991) examined the albu-
min immunological distance between C. namaquensis and both C. dilepis quilensis and
Furcifer pardalis and concluded that C. namaquensis was closer to F. pardalis than it was to
C. dilepis. Although the above character divergences may support a future taxonomic move
for C. namaquensis, given the fact that it possesses synapomorphies that align it to Chamaeleo,
and that it forms part of a monophyletic Chamaeleo (Tolley et al., 2013), it seems appropriate
to leave it within this genus.

Genus Furcifer Fitzinger 1843

TYPE SPECIES: Chamaceleo bifidus Brongniart 1800

GENERIC SYNONYMS: Diceros Swainson 1839; type species Diceros bifurcatus = Chamaceleo
bifidus Brongniart 18oo. Apola Gray 1806s; type species Chamaeleo lateralis
Gray 1831. Sauroceras Gray 1805; type species Chameleo rhinoceratus Gray 1845.
Dicranosaura Gray 1865; type species (by subsequent designation) Loveridge 1957—
Chameleo bifurcus Gray (= Chamaeleo bifidus Brongniart 1800). Cyneosaura Gray
1865; type species Chamaeleo pardalis Cuvier 1829

CONTENT: angel, antimena, balteatus, belalandaensis, bifidus, campani, cephalolepis,
labordi, lateralis, major, minor, monoceras, nicosiai, oustaleti, pardalis, petteri, polleni,
rhinoceratus, timoni, tuzetae, verrucosus, viridis, willsii

ETYMOLOGY: L. furca, a two-pronged fork; -fer, suffix meaning bearing or bearer (from
fer(r)e, to bear, to carry): fork-bearer, denoting the forked rostral appendage in male
specimens of the type species of this genus

Figure 8.6 (see color insert)

Currently composed of 23 taxa, the genus Furcifer (Fig. 8.6) has been relatively quiet
in terms of alpha taxonomy with only 6 new species being described in the past 40
years. Nevertheless, among some species, the presence of molecular differences and
color morphs may indicate the presence of further cryptic species within the currently
described cohort (Glaw et al., 2009). F. lateralis has been recently split into three spe-
cies (Florio et al., 2012). Based on morphological grounds only, Furcifer monoceras was
tentatively synonymized with F. rhinoceratus (Glaw and Vences, 2007), but given the
high levels of cryptic speciation observed in Malagasy chameleons, this may have been
a premature move. Published phylogenies identify Furcifer as a monophyletic genus
(Townsend and Larson, 2002; Raxworthy et al., 2002; Townsend et al., 2011b; Tolley
etal., 2013).

In the phylogeny of Klaver and Bshme (1986), of the non-Brookesiinae species, the
genus Furcifer was characterized by the hemipenal synapomorphies of apical pedunculi
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and auriculae. The lung and cranial morphologies of Furcifer show the same basic sym-
plesiomorphic structure as in other genera such as Calumma, Kinyongia and Bradypodion
(lung type B—Klaver, 1981). None of the species in the genus possess occipital lobes.
Several species within Furcifer possess prominent helmet-like casques, a feature not
seen in Calumma. The males of several species within Furcifer share convergent cra-
nial ornamentation with species of the African genus Kinyongia such as dual blade-like
horns (F. bifidus, F. minor, F. balteatus, F. petteri and F. willsii) or a single laterally com-
pressed rostral process formed by the fusion of the rostral/preorbital crests (F. angeli,
F. antimena, F. labordi, and F. rhinoceratus). As a group, most species are distributed in
the more arid western and north-western parts of Madagascar, with only a few species
adapted to rainforest (Chapter 7). Two species (F. cephalolepis and F. polleni) occur on the
Comoro Islands.

Genus Kinyongia Tilbury, Tolley, and Branch 2006

TYPE SPECIES: Chamaceleon fischeri Reichenow 1887

GENERIC SYNONYMS: None

CONTENT: adolfifriderici, asheorum, boehmei, carpenteri, excubitor, fischeri, gyrolepis,
magomberae, matschiei, multituberculata, oxyrhina, tavetana, tenuis, uluguruensis,
uthmoelleri, vanheygeni, vosseleri, xenorhina

ETYMOLOGY: Derived from the KiSwahili word Kinyonga meaning “chameleon”

Figure 8.7 (see color insert)

When Klaver and Bshme (1986) proposed their systematic revision of the family
Chamaeleonidae, the genus Bradypodion was retained although the generic characteristics
of Bradypodion (sensu Raw, 1976) were not thought to be defining for a purely South African
genus. The genus was thus expanded to include a group of east and central African chameleons
the “fischeri group.” the most southerly species of this group being Nadzikambia mlanjense
from southern Malawi. The genus Bradypodion was now composed of a heterogeneous
group of 21 species and subspecies of chameleons that did not comprise a well-defined clus-
ter and was itself not diagnosable by synapomorphies.

In spite of the arguments by Hillenius (1959), Klaver (1973) and Klaver and Bshme
(1986), comparison of the southern African species as a group with those species from
further north suggested that there were at least two geographically well-defined groups
that differed in reproductive physiology, cranial and external morphologicalcharacter-
istics and as a combined group were difficult to characterize. The character of vivipar-
ity exists in the South African Bradypodion and several groups of East African species
allied within Trioceros. The presence of pigmentation of the parietal peritoneum in
Bradypodion (first noted by Beddard [1907] and further elaborated on by Klaver [1973]) gave
Bauer (1997) support to argue against the inclusion of the central and east African species
within the genus Bradypodion, by emphasizing the lack of pigmentation of the parietal
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peritoneum in this group. Hofman et al. (1991) using immunological distance between
the serum albumins of a range of taxa, found that the east African taxon Bradypodion
tavetanum was closer to the Malagasy genus Furcifer than it was to the South African
Bradypodion (represented by B. thamnobates, B. setaroi and B. melanocephalum). They
concluded that there was no support to classify them in the same genus. Townsend and
Larson (2002) who examined mitochondrial DNA also inferred that the genus Bradypodion
(sensu Klaver and Bshme, 1986) was paraphyletic. More recently, Tolley et al. (2004) dem-
onstrated large net sequence divergences for mitochondrial gene sequences in ribosomal
RNA, and nuclear genes between B. pumilum and B. mlanjense from Malawi. Finally
Tilbury et al. (2006) moved to separate the two groups and formally designated the
east African “fischeri group” as a new genus Kinyongia and created a monotypic genus,
Nadzikambia, for mlanjense.

The genus Kinyongia is currently composed of 18 described taxa (Fig. 8.7 in the color
insert). Since the erection of the genus, there have been several new additions to Kinyongia—
6 new taxa described since 2000 (Necas et al., 2009; Necas , 2009; Menegon et al., 2009;
Greenbaum et al., 2012) and several species elevated from the synonymy of K. fischeri
(Mariaux et al., 2008). Within Kinyongia itself, three divergent clades have been identified
(Tolley et al., 2011), more or less confined to geographic regions consisting of the Albertine Rift/
Kenyan highlands, the northeastern and southeastern Arc Mountains. The range of the
most westerly species, K. adolfifriderici, extends to the eastern DRC and the most northerly
species K. asheorum occurs on Mount Nyiro in northern Kenya. They are essentially con-
fined to relict montane or submontane forest biomes.

Apart from lung similarities (lung type B—Klaver 1981), the species of this group also
share several phenotypic characteristics in common with some species of the Malagasy gen-
era Calumma and Furcifer. In some species, the cranial ornamentation of paired rostronasal
blade-like horns is seen (K. boehmei, K. fischeri, K. matschiei, K. multituberculata, K. tavetana,
K. uluguruensis, and K. vosseleri) and in others, a fusion of the preorbital canthal ridges on
the snout into a single vertically flattened rostral process (K. carpenteri, K. xenorhina, and
K. oxyrhina). None of the described species have gular or ventral crests, occipital dermal lobes,
preorbital or annulated horns, although the recently described form K. asheorum has scat-
tered gular cones and some prominent cones on the snout. Background scalation is gen-
erally of granular or flattened tubercles often clustered into “rosettes,” especially on the
flanks and separated by interstitial skin. In some species, a few tubercles may have the
stellate-edge appearance approaching that seen in the pygmy chameleons. Plantar surfaces
are smooth and claws are simple.

The cranial structure of the only species of this genus that has been analyzed to date
(K. fischeri) demonstrates the same relatively apomorphic structure of the parietal bone
and temporal fossa as seen in specimens of the genera Trioceros, Chamaeleo, Furcifer and
Calumma (Hillenius, 1988). The lungs are generally simple with a varying number of small
partial ridge-like septae that arise from the dorsal, ventral and cranial walls similar to that
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of Nadzikambia, Bradypodion, and the Malagasy genera Calumma and Furcifer. The septae
protrude into the lung for only a short distance. There is no membranofibrous diaphragm
at the dorsocranial end of the lung (cf. Chamaeleo and Trioceros). Several of the species have
varying numbers of diverticulae appended to the inferior and caudal margins of the lung.
None of the species so far examined possess a gular pouch.

In species in which the hemipenal morphology has been examined, the hemipenes are
calyculate with a plesiomorphic four-rotulae apical ornamentation, and with little else on
the apex apart from the rotulae. Apart from some differences in the size and occasionally
the shape of the rotulae, there may be little to distinguish between them. All the species
are oviparous. The karyotype of the only species to date that has been analyzed, K. fischeri
is2n = 36 = 12M + 24m.

Genus Nadzikambia Tilbury, Tolley, and Branch, 2006

TYPE SPECIES: Chamaceleo mlanjense Broadley 1965

GENERIC SYNONYMS: None

CONTENT: baylissi, mlanjensis

ETYMOLOGY: Derived from the ChiChewa word Nadzikambe, meaning “chameleon”

Figure 8.8 (see color insert)

The two species of this genus (Fig. 8.8) are found on two separate, inselbergs near
the southern tip of Malawi, and in central Mozambique where they inhabit submontane
forest.

In external morphology, these chameleons differ little from that seen in the genus
Kinyongia. There are no gular or ventral crests and occipital lobes are absent. All the other
body crests are weakly developed. The head is unadorned by rostronasal processes and the
casque is only weakly elevated. Scalation is weakly heterogeneous with rounded tubercles
forming rosettes of tubercles on the lower flanks.

The skull morphology is undescribed but is anticipated to be similar to that of Kinyongia,
Trioceros and Chamaeleo. The lungs of Nadzikambia mlanjensis are sac-like with a series of
small partial septae found on the anterior dorsal and ventral walls. Two pairs of long diver-
ticulae trail from the posterior and inferoposterior margins of the lung. There is no gular
pouch (Klaver, 1977). The hemipenes of Nadzikambia are uniquely derived (Branch and
Tolley, 2010). The pedicel is short with shallow truncal calyces. The spermatic sulcus drains
into a shallow cup-like apex. The distal (asulcal) rim of the cup is smooth in N. baylissi and
coarsely fringed in N. mlanjensis. The distal margins of the spermatic sulcus are thickened.
There are no apical rotulae. Reproduction is oviparous.

The monophyly of this genus was essentially established on the basis of its evolu-
tionary relationships which places it as far from Bradypodion and Kinyongia as it is from
Chamaeleo and Trioceros and the pygmy genera Rhampholeon and Rieppeleon (Tilbury
etal., 2000).
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Genus Rhampholeon Giinther 1874

TYPE SPECIES: Chamaceleo spectrum Bucholz 1874

GENERIC SYNONYMS: None

SUBGENUS: Rhampholeon (Bicuspis) Loveridge 1956

TYPE SPECIES Rhampholeon marshalli Boulenger 1906

CONTENT: gorongosae, marshalli

SUBGENUS: Rhampholeon (Rhampholeon) Giinther 1874

TYPE SPECIES Chamaeleo spectrum Bucholz 1874

CONTENT: spectrum, spinosus, temporalis, viridis

SUBGENUS: Rhampholeon (Rhinodigitum) Matthee, Tilbury, and Townsend 2004

TYPE SPECIES Rhampholeon platyceps Giinther 1893

CONTENT: acuminatus, beraduccii, boulengeri, chapmanorum, moyeri, nchisiensis, platy-
ceps, uluguruensis

ETYMOLOGY: Gr. rhamphos, beak; leon, lion: beaked lion, referring to the soft granu-
lated rostral appendage present in the type species of this genus.

Figure 8.9 (see color insert)

Following on the cranial studies of Rieppel (1987) and Werner (19o2b), and the mor-
phological assessment of Tilbury (1992), Matthee et al. (2004) split the African species
of pygmy chameleons into two genera Rhampholeon and Rieppeleon and further divided
Rhampholeon into three subgenera, namely, Rhampholeon (Rhampholeon); Rhampholeon
(Rhinodigitum) and Rhampholeon (Bicuspis). The genus Rhampholeon currently comprises
14 species, 5 of which have been described since 2000 (Fig. 8.9). There are several more
species in the process of being described. As a group, all species of Rhampholeon can be
characterized by possessing, to variable degrees, a rostronasal projection. Apart from three
species of the Rhampholeon (Rhampholeon) subgenus, all have strongly bicuspid claws
and all have, to a varying degree of development, accessory palmar/plantar spines at the
base of each toe or finger. The chromosomal morphology of two species of Rhampholeon
(R. spectrum and R. marshalli) have in common a derived continuous karyotype of 2n =
20 = 18M + 2m (Matthey, 1957; Wright and Broadley, 1973). The three subgenera show a
geographic distribution that suggests that vicariance associated with the development of the
African Rift Valley system and climate changes were the main drivers to speciation within
the genus (Matthee et al., 2004). Three of the four species of the R. (Rhampholeon) subge-
nus are spread out along the northern part of the Eastern Arc of montane refugia and the
remaining species (R. spectrum) from the northwestern Congo basin as far west as Nigeria.
R. spectrum occupies an isolated position in the subgenus in that it seems to be sister to a
clade containing the rest of the lineages. This subgenus has retained the symplesiomorphic
condition of a calyculate hemipenal truncus and a rather more complex apical ornamen-
tation as compared with other subgenera within Rhampholeon. In addition, the subclade
containing the other three species (R. spinosus, R. temporalis and R. viridis) has retained
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the simple nonbicuspid claws seen in all other species of “typical” chameleons. R (Bicuspis)
comprises two species of pygmy chameleon that are found to the south of the Gregorian
Rift. This subgenus is characterized by a specific hemipenal morphology of two bifid
apical horns surmounting a short bag-like noncalyculate truncus. In addition, the parietal
peritoneal membranes are pigmented with melanin, which, with their short gestation time
from deposition to hatching (Broadley and Blake 19779, Humphreys 1990), indicates a par-
tial adaptation to cool weather in apparently moving toward a viviparous mode of reproduc-
tion. The rest of the species in Rhampholeon are within the subgenus R. (Rhinodigitum).
This subgenus has the hemipenal synapomorphy of two simple horn-like apical structures
surmounted on a short bag-like acalyculate truncus. The presence or absence of axillary
and/or inguinal pits (mite pockets) has been used in the past for descriptive purposes, but
as characteristics in some species, these elements have proved to be rather variable and not
consistent enough to be a reliable taxonomic character.

Genus Rieppeleon Matthee, Tilbury, and Townsend, 2004

TYPE SPECIES: Chamaceleo kerstenii Peters 1868

GENERIC SYNONYMS: NONE

CONTENT: brachyurus, brevicaudatus, kerstenii

ETYMOLOGY: Named for the comparative anatomist Olivier Rieppel who first identi-
fied the paraphyly of the African pygmy chameleons by virtue of differences in cra-
nial anatomy

Figure 8.10 (see color insert)

Three described species are ascribed to this genus (Fig. 8.10). Among the African
pygmy chameleons, Rieppeleon in general and R. kerstenii in particular have retained
a superficial phenetic similarity to species within the genus Brookesia. All three species
possess a cutaneous ridge that extends posteriorly from the temporal crest along the mid-
flank. They also all have closely knit acuminate tubercles that form a spinous mat on
their soles and palms. There are no accessory palmar spines. Claws are weakly bicuspid.
R. kerstenii has a dual gular ornamentation very like that seen in some species of Brookesia.
R. brevicaudatus has a small composite lobule on the mentum; the latter anatomical feature
is purported to link Rieppeleon to the single species within its sister clade Archaius tigris.

The hemipenes of both Rieppeleon brachyurus and R. kerstenii are short and acalyculate
and have a quadruple apical ornamentation, while R. brevicaudatus appears to have no apical
ornamentation apart from a cluster of a few mucosal buttons on the asulcal aspect of the apex.

In the skulls of Rieppeleon kerstenii and R. brachyurus (Rieppel’s Rhampholeon type I)
the dorsal process of the squamosal is reduced and does not make contact with the parietal,
leading to an incomplete closure of the posterior part of the temporal fossa (Rieppel, 1987),
while in R. brevicaudatus, the ascending process of the squamosal does make contact with the
parietal. The nasals are paired, but R. brevicaudatus has an otherwise unique arrangement
in which the nasal forms a lateral projection that meets with an anterior projection of the
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prefrontal. In all three species, the prefrontals make direct and usually extensive contact with
the nasal bones (unlike in Rhampholeon, in which there is no contact). The supratemporal
bone is absent in all three members of the genus. The parietal bone forms a flattened roughly tri-
angular skull table with the posterior angle elongated into a narrow sagittal spur of varying
length in all cases (Rieppel, 1987). The phylogenetics of Rieppeleon suggest that R. brevicaudatus
is sister to a clade that contains R. brachyurus and R. kerstenii (Matthee et al., 2004).

Genus Trioceros Swainson 1839

TYPE SPECIES: Trioceros oweni Gray 1831

GENERIC SYNONYMS: Trioceros Fitzinger 1843; type species Chameleo oweni Gray 1831.
Pterosaurus Gray 18065; type species Chameleon cristatus Stutchbury 1837. Ensirostris
Gray 18065; type species Ensirostris melleri Gray 1865

CONTENT: affinis, balebicornutus, bitaeniatus, camerunensis, chapini, conirostratus, cris-
tatus, deremensis, ellioti, feae, fuelleborni, goetzei, hanangensis, harennae, hoehnelii,
incornutus, ituriensis, jacksonii, johnstoni, kinangopensis, kinetensis, laterispinis, mars-
abitensis, melleri, montium, narraioca, ntunte, nyirit, oweni, perreti, pfefferi, quadricor-
nis, rudis, schoutedeni, schubotzi, serratus, sternfeldi, tempeli, werneri, wiedersheimi
ETYMOLOGY: L. tri-, prefix meaning “three,” Gr. keros, horn: three-horn, denoting the
three cranial horns present in the males of the type species of this genus

Figure 8.1 (see color insert)

This is the most speciose African genus (Fig. 8.11 in the color insert) with currently
40 species and 6 subspecies recognized (including Trioceros eisentrauti recently classified as a
subspecies of T. quadricornis). The genus has a tropical pan-African distribution extending from
east to west, with the most southerly species occurring in Mozambique and Malawi (melleri) and
the most northerly in Ethiopia (affinis). Most of the species within Trioceros are confined to wet
evergreen forest or montane biotopes or their peripheries with only a few species found out of
evergreen forest proper. (T. melleri, T. bitaeniatus, T. goetzei, T. schubotzi, and T. rudis)

This is the only genus in which the development of annulated bony horns is seen. This
character does not occur in all species of this genus but is found in representatives across the
various subgroups within the genus. Other head ornamentation may include such features
as occipital lobes and dual gular crests although these are not found only within this genus.
The scalation is variable from subhomogeneous and granular to markedly heterogeneous.

The bony structure of the cranial parietal complex of the few species in which it is
known, conforms with that of all other genera of typical chameleons (except Bradypodion)—
that is, the relatively apomorphic condition in which the parietal bone is usually small, trian-
gular, and without descending supratemporal processes. A narrow sagittal spinous process
or spur forms the midline support of the casque underlying the parietal crest. There are no
identified bony features of the cranium specific to the genus Trioceros apart from the species
that have cylindrical preorbital or rostral horns. These may be considered to be a synapo-
morphy within the genus (Klaver and Bshme, 1980).
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The lungs of this genus are characterized by having one to three large septae that are
attached to and possibly arise from the ventral, medial and lateral walls of the lung (Klaver,
1981). The origin and the nature of these septae are regarded as synapomorphic characteris-
tics for the genus. The septae subdivide the lung into two to four chambers arranged from
anterior to posterior (lung types D, E and F; Klaver, 1981). The septae do not reach the dorsal
wall, allowing all chambers to communicate with each other via a common space in the dor-
sal zone. A membranofibrous diaphragm partially delimits a small dorsocranial compart-
ment at the cranial end of the lung. Varying numbers of small partial septae arise from the
anterodorsal and anteroventral walls of the lung. In all species examined so far, the inferior
and posterior surfaces of the lungs are festooned with diverticulae of varying length, struc-
ture, and numbers.

The hemipenes are calyculate with a plesiomorphic four rotulae apical ornamentation
(Bohme and Klaver, 1980; Klaver and Bshme, 1986). The species differ in the finer detail of
calyceal structure, rotulae size and orientation, and the number and site of apical papillae.

The karyotype of representative species from two of the species groups within Trioc-
eros differs from 2n = 36 = 12M + 24m in the cristatus group to 2n = 24 = 12M + 12m in the
bitaeniatus group. Hofman et al. (1991) using immunological distance to assess the rela-
tionships within the Chamaeleonidae found that all of the several species of Trioceros they
examined (T. montium, T. werneri, T. tempeli, T. hoehnelii, T. jacksonii, T. bitaeniatus, and
T. elliotii) were all closer to Furcifer pardalis than to Chamaceleo quilensis.

This African genus comprises a somewhat heterogeneous collection of chameleons
which encompasses at least four species complexes (Trioceros affinis, T. cristatus, T. bitaeniatu,
T. werneri; Hillenius, 1959; Klaver, 1981; Koreny, 2006), which are currently loosely named
“groups” as well as a single species that does not fit into any of the other groups, namely,
T. melleri. Three of the five subgroups within this genus (T. affinis, T. bitaeniatus, and
T. werneri) have probably independently developed a viviparous reproductive strategy, while
the fourth (T. cristatus) and T. melleri have retained oviparous modes of reproduction. The
viviparous groups have a dense melanotic infiltration of the parietal peritoneum—a condi-
tion usually associated with viviparity in the Chamaeleonidae. The species composition of the
various groups based on morphological characteristics is largely congruent with molecular
phylogenies that have incorporated sufficient taxa across the groups (Townsend and Larson,
2002; Koreny, 2006; Tilbury and Tolley, 2009a), although a comprehensive analysis of the
evolutionary relationships with the genus as a whole is still as yet outstanding.

The “cristatus group” of West African species includes Trioceros feae, T. camerunensis,
T. peretti, T. pfefferi, T. quadricornis and subspecies, T. wiedersheimi, T. cristatus, T. serratus, and
T. montium. A study on the genetic affinities of the cristatus group (Pook and Wild, 1997)
demonstrated two distinct lineages within the group, one including T. camerunensis, T. feae,
T. cristatus, and T. montium and the other including T. quadricornis, T. wiedersheimi, and
T. pfefferi. Barej etal. (2010) elevated T. serratus from the synonymy of T. wiedersheimi and ele-
vated the subspecies T. wiedersheimi peretti to a full species (both moves based on an average
uncorrected p-distance (genetic divergence) within T. wiedersheimi sensu lato for segments of
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125 and 16S rRNA of <4%) and placed T. eisentrauti as a sub-species of T. quadricornis based on
low genetic divergence of <1%. Four species of chameleon ranging from west to east Africa
comprising T. oweni, T. ituriensis, T. deremensis and T. johnstoni are not easy to place in any
group. These latter four species provide a link between the east and west African species
of Trioceros. Barej et al. (2010) placed T. oweni as sister to the “cristatus” radiation. T. john-
stoni has the same karyotype as T. cristatus and T. wiedersheimi (2n = 36 = 12M + 24m).
Like the west African cristatus group, the lungs of these four species have two large septae
arising from the ventral wall of the lung and a variable number of diverticulae (lung type
E; Klaver, 1981). In addition, all these species are oviparous. For the meantime and until
further resolution is obtained, T. johnstoni, T. oweni, T. deremensis and T. ituriensis can be
loosely grouped together with affinities to the cristatus group.

Although the recently described Ethiopian form Trioceros balebicornutus shows several
morphological characteristics in common with T. deremensis and the West African group,
such as paired annulated horns and the absence of parietal and temporal crests, its genetic
affinities clearly lie within the Ethiopian region and ally it to T. affinis and T. harennae
(Koreny, 2000).

The “bitaeniatus group” includes Trioceros bitaeniatus, T. chapini, T. conirostratus,
T. ellioti, T. hanangensis, T. hoehnelii, T. jacksonii, T. kinangopensis, T. kinetensis, T. marsabitensis,
T. narraioca, T. ntunte, T. nyirit, T. rudis, T. schoutedeni, T. schubotzi, and sternfeldi. A
study using mtDNA (Koreny, 20006) demonstrated four principal clades within the
“bitaeniatus group” with T. jacksonii as sister to the rest of the group. These clades were
estimated to have diverged about 4 Mya to 4.5 Mya. The species in which the karyotype is
known at present (T. bitaeniatus, T. hoehnelii, and T. jacksonii) all have the same karyotype
(2n + 24 + 20M + 4m) (Klaver and Boshme, 1986). Species of the bitaeniatus group are vivip-
arous and have a melanotic infiltration of the parietal peritoneum. The lungs of all the spe-
cies of the “bitaeniatus group” so far examined conform to the same structure, namely, lung
type F (Klaver, 1981). The species T. chapini, which occurs in West Africa, below the Bulge
of Africa, is included in the bitaeniatus group based on its lung morphology (Klaver, 1981).
Neither its genetics nor its mode of reproduction is known at present. Within the bitaeniatus
group, T. rudis forms a heterogeneous group comprising several populations of cha-
meleons from diverse localities. This “rudis subgroup” is in need of a specific review of its
inter-relationships. There are almost certainly a number of unresolved species captured
within the current definition of rudis. Stipala et al. (2011, 2012) have described additional
species from northern Kenya.

The “werneri group” includes Trioceros werneri, T. incornutus, T. goetzei, T. tempeli,
T. laterispinis, and T. fuelleborni. This group has a viviparous reproductive strategy associated
with pigmentation of the parietal peritoneum. The hemipenes of the members of this group
are characterized by the presence of large sulcal rotulae and smaller asulcal rotulae. Their
lung structure is generally similar to the species of the cristatus group—lung type E (Klaver, 1981).

Lastly, the African giant one-horned chameleon Trioceros melleri is placed by itself in a
fifth group by virtue of its unique lung morphology (Klaver, 1981). This oviparous species
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has three large septae arising from the ventral, medial, and lateral walls of the lung that
divide the lung into four chambers (lung type D—Klaver, 1981).

Within general taxonomy and with regard to the Chamaeleonidae in particular, the use of
categories such as subspecies, variants, and other loose descriptive concepts will need to be
resolved. The concept of the “ecomorph” (Measey et al., 2009; Herrel et al., 2011) appears to
have a place within some of the more complex taxa, especially within species in which the
use of variety has been applied in the past. The use of subgenera to provide nomenclatural
stability and to recognize evolutionary relationships between clades that encompass sub-
clades could be usefully employed. This was initiated by Klaver and Bshme (1986) and also
followed by Matthee et al. (2004). More recently within another reptilian family, subgeneric
allocations were given to clades within the genus Nagja (Wallach et al., 2009).

There are very few recent studies on the comparative anatomy of the Chamaeleonidae
(Glaw et al., 1999; Zippel et al.,, 1999; Herrel et al., 2001b; Bergmann et al., 2003; Miiller
and Hildenhagen, 2009; Boistel et al., 2010). With modern methods of imaging and three-
dimensional computed tomography, the anatomical features of chameleons could be much
better appreciated and may potentially provide a wealth of new structural apomorphies.

Molecular phylogenetics is not without its limitations. One area of concern is the appear-
ance of partial molecular phylogenies based on limited or possibly inappropriate genes and
with incomplete taxon sampling. This has led to conflicting and confusing phylogenies. There
appears to be sufficient macrostructure in the Chamaeleonidae to enable the identification of
supporting apomorphies for revealed genetic clades, and these somehow need to be incorpo-
rated into phylograms. More than that, it will remain a future challenge to find, identify and
assign all the currently undescribed extant taxa to complete the alpha taxonomic inventory.
Almost all recently published studies describing new chameleon taxa have followed the “inte-
grated taxonomic” approach (e.g., Gehring et al., 2012), using a tandem combination of mor-
phological and molecular data sets to provide a model approach to alpha-level taxonomy.

Given the lability of phenotypic expression in chameleons, morphological and genetic
conflicts are to be expected. If there is one thing that phylogenetics has shown, it is that
resolution of the evolutionary relationships within the Chamaeleonidae is by no means
complete. It remains a challenge for taxonomists to identify the principal supporting syn-
apomorphies for all phylogenies. Further studies are necessary to marry macromorphology
and micromorphology with molecular phylogenies into an understandable and workable
taxonomic framework. Taxonomists do not have all the answers yet, but going forward, they
need to focus on obtaining the most meaningful and best-quality data sets to produce the
most robust phylogenetic reconstructions.
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NINE

Fossil History of Chameleons

ARNAU BOLET and SUSAN E. EVANS

Chameleons are a highly characteristic and morphologically specialized group of
lizards, with more than 190 species in 11 accepted genera (Appendix). Apart from recent
introductions, the group is mainly distributed across southern Europe, Africa, the Middle
East, southern India, Sri Lanka, and Madagascar, reaching its greatest diversity in the lat-
ter (Chapter 7). Ingroup relationships of living chameleons are based strongly on molecular
studies (e.g., Townsend and Larson, 2002, 2011a; Tolley et al., 2013), particularly at the spe-
cies level, where morphological characters are less reliable (Tolley et al., 2004, 2011; Tilbury
and Tolley, 2009; Townsend et al., 2009; Gehring et al., 2012). Uncertainties as to the rela-
tionships of chameleons with agamids, as well as conflicting ideas as to the position of Igua-
nia as a whole, have hampered the study of their origin and early history and, again, much of
the recent literature on this topic has also been based on molecular analyses (e.g., Macey
etal., 2000a; Townsend et al., 2011a). Fossils have the potential to provide valuable informa-
tion regarding the early evolution and paleobiogeography of the group but, unfortunately,
the fossil record of chameleons is extremely limited (Tables 9.1, 9.2, Fig. 9.1,), there are
no complete specimens, and representatives of the group appear surprisingly late (Early
Miocene, ca. 21 Mya) in contrast to other squamates.

9.1 PHYLOGENETIC RELATIONSHIPS OF IGUANIA AND ACRODONTA

Iguania is a large and diverse squamate group. Until recently, it was considered to be the sis-
ter taxon of all other squamates, which together constituted Scleroglossa (e.g., Estes et al.,
1988), and this tree topology is still consistently obtained by phylogenetic analyses based on
morphological characters (e.g., Conrad, 2008; Gauthier et al., 2012). However, molecular
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TABLE 9.1 Key Events in the Geological Timescale Relevant to Chameleon Evolution

Period Epoch Age (Ma) Fossil record Geological event
Neogene Pleistocene 2.6-0.01 Malagasy
chameleon
fossils
Pliocene 5.3-2.6 African chameleon
fossils
Miocene 23-5.3 Earliest African East African uplift
chameleon fossils and changes in
current flow across
Mozambique Channel
Paleogene  Oligocene 34-23 First agamid records
from Africa
Eocene 56-34 First records of India collides with Asia
extant agamid Opening of Iranian route
genera between Eurasia and
Africa
Paleocene 65-56 Acrodont jaws Late Cretaceous/Paleocene
reported from exchanges between
Asia Europe and Africa
Mesozoic Late Cretaceous 100-65 Priscagamid records ~ India-Seychelles separate
from Asia from Madagascar
(c. 88 Ma)
West to east current flow
across Mozambique
Channel
Early Cretaceous  145-100 Stem-iguanian West Gondwana divides
from Mexico (Africa and South
and possible America)
early iguanians Madagascar, India,
reported from Seychelles separate
Mongolia from remaining East
Gondwana
Limited Eurasian-African
exchange via western
Trans-Tethyan route
Jurassic 200-145 Earliest records Pangaea breaks up

of squamates
(Laurasia) and
in Late Jurassic/
Early Cretaceous
earliest records
of major modern
lineages

Gondwana begins to
fragment into East
and West Gondwana
Madagascar separates
from Africa

Eastern Asia at least
partly isolated

Sources: Dates based on Ogg et al. (2008). Geologic events are from Gheerbrandt and Rage (2006), Ali and

Krause (2011), Townsend et al. (2011b).
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TABLE 9.2 Known Chameleon Fossils, the Area in Which They Were Found, and the Ages

of the Fossils

Epoch and
Age (Ma) Taxon Region Level References Map?
Holocene Chamaceleo Lebanon Palaeolithic Hooijer, 1961; 1
(0.01- chamaceleon Haas, 1952
present)
Chamaceleo Spain Holocene Talavera and 2
chamaeleon Sanchiz, 1983
*Chamaceleo Madagascar *Holocene Estes, 1983a 3
intermedius
Pleistocene  Chamaeleo sp. Israel Middle Maul et al., 2011 4
(2.6-0.01) Pleistocene
?Chamaeleo Madagascar ?Pleistocene Estes, 1983a 5
intermedius
Trioceros jacksonii  Tanzania Pleistocene Leakey, 1965 6
Pliocene ?Bradypodion sp.  South Africa  Pliocene Tolley et al., 2006 7
(5.3-2.6)
Miocene Rhampholeon sp.  Kenya Miocene Rieppel et al., 1992 8
(23-5.3)
Chamaceleo Kenya Late Miocene  Hillenius, 1978a 9
intermedius
*Chamaceleo Kenya Early Miocene  Estes, 1983a 10
intermedius
Chamaeleo Germany MN5-MNG6 Schleich, 1994; 11
sulcodentatus Bohme, 2003
Chamaeleo Czech MN3-MN4 Certiansky, 2010 12
andrusovi Republic
Chamaeleo Germany MN5-MNG6 Schleich, 1994; 11
caroliquarti Bshme, 2003,
2010
Chamaeleo sp. Germany MN4-MNG6 Bohme, 2003, 2010 11
Chamaeleo Germany MNS5 Schleich, 1994 11
simplex
Chamaeleonidae ~ Germany MN4-MNG6 Certiansky, 2011; 11
indeterminate Bshme, 2010
Chamaeleo pfeili Germany MN4b Schleich, 1984; 11
Cernansky, 2011
Chamaceleo Germany MN3-MNG6 Moody and Ro¢ek, 11,12
caroliquarti and Czech 1980; Bshme,
Republic 2003, 2010;
Cernansky, 2010
(Continued)

5490036_CH0009.indd 177

21/09/13 11:01 AM



TABLE 9.2 (Continued)

Epoch and
Age (Ma) Taxon Region Level References Map?
Chamaceleo Germany MN5-MNG6 Schleich, 1983, 11
bavaricus 1994
Chamaceleo spp. Switzerland MN5-MNG6 Bolliger, 1992 13

a. Map numbers correspond with Fig. 9.1.

FIGURE 9.1. Map of localities that have yielded fossil chameleon remains.
Numbers correspond to those in Table 9.2.

phylogenies (e.g., Townsend et al., 2004; Vidal and Hedges, 2005) and those based on com-
bined evidence (e.g., Wiens et al., 2006; 2010), obtain a very different phylogeny in which
Iguania is placed as the sister group of Anguimorpha (e.g., Townsend et al., 2004; Vidal and
Hedges, 2005) or Anguimorpha + Serpentes, rendering Scleroglossa paraphyletic. This
major difference between topologies makes the morphology of stem-iguanians difficult to
reconstruct and has a major effect on estimated dates of origin.

In older classifications (e.g., Estes et al., 1988), Iguania was divided into Iguanidae
(formed by all pleurodont iguanians) and Acrodonta (formed by all acrodont iguanians,
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Chamaeleonidae, and Agamidae) (Estes et al., 1988). Subsequent classifications (e.g., Frost
and Etheridge, 1989; Schulte et al., 2003; Conrad and Norell, 2007; Conrad, 2008) subdi-
vided pleurodont iguanians into several distinct families (e.g., Opluridae, Crotaphytidae,
and Polychrotidae). Under this scheme, Iguanidae is a far less inclusive clade than it was
formerly (comprising the iguanines of earlier classifications), although, confusingly, many
molecular trees retain Iguanidae for pleurodont iguanians as a whole (e.g., Wiens et al.,
20006). Whether or not pleurodont iguanians form a monophyletic group in relation to
acrodont iguanians (Pleurodonta of Frost et al., 2001; Conrad and Norell, 2007) remains
uncertain (Conrad, 2008), but molecular trees generally support monophyly (e.g., Townsend
etal., 2004, 2009, 20113; Wiens et al., 20006, 2010).

Acrodontan monophyly has been corroborated by morphological (Moody, 1980; Estes
et al., 1988; Frost and Etheridge, 1989; Gauthier, 2012) and molecular studies (e.g., Macey
et al., 1997b, 2000a; Honda et al.,, 2000). Within Acrodonta, there is a consensus that
Chamaeleonidae is monophyletic but a lack of agreement as to the relationships of chameleons
to other acrodontan taxa. Camp (1923) argued that chameleons were an offshoot of the
agamid stem, a view supported by some morphological (e.g., Moody, 1980; Estes et al., 1988;
Frost and Etheridge, 1989) and molecular (e.g., Honda et al., 2000) studies that place the
genera Uromastyx and Leiolepis (either together or in series) as the sister taxa of all other
acrodontans, or of nonchamaeleonid acrodontans (i.e., the remaining Agamidae). In sup-
port of Moody’s (1980) proposal, Gauthier et al. (2012) recovered a sister-taxon relationship
between Leiolepidinae (Leiolepis + Uromastyx) and the taxon they named Chamaeleonoidea
(Chamaeleonidae + Agaminae). Okajima and Kumazawa (2010), however, reported strong
molecular evidence for agamid monophyly and argued that Uromastyx and Leiolepis are the
sister taxa of other agamids; this topology was also recovered by Townsend et al. (2011a) and
Hutchinson et al. (2012).

Here, Hutchinson et al. (2012) are followed, and the term acrodontan is therefore
used to refer to taxa attributed to crown-group Acrodonta whereas acrodont refers to teeth
that are fused to the crest of the jaw. A lizard may have acrodont jaws without being acro-
dontan, either because it lies on the stem of Acrodonta or because it has evolved the con-
dition independently. Acrodonty has arisen at least three times within Lepidosauria—in
Rhynchocephalia, in Acrodonta, and in trogonophid amphisbaenians; it may also have
evolved in extinct lineages. Problems arise where fossil taxa are represented by isolated
jaws and partial dentitions as, for example, with many of the taxa described from Paleogene
deposits.

9.2 FOSSIL RECORD OF ACRODONTA
Mesozoic and Paleocene Fossil Record of Acrodont Jawed Lizards

The first undoubted fossil squamate assemblages are from the Middle Jurassic, ca. 165
Mya of Britain (Evans, 2003), Kyrgyzstan (Averianov, 2000), and Siberia (Averianov et al.,
2005). The only earlier records are from the Late Triassic (Tikiguania, Datta and Ray, 20006)
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and Early Jurassic (Bharatagama and unnamed taxa, Evans et al., 2002) of India. In both
Tikiguania and Bharatagama, a majority of the teeth have an acrodont implantation, and both
taxa were originally referred to Acrodonta. Tikiguania comprises a single, well-preserved
dentary from the Carnian Tiki Formation (ca. 225 Mya) and raised early suspicions because
of its completeness and modern appearance as compared with the otherwise very frag-
mentary small vertebrate remains from the same beds (S.E. Evans, personal observation,
2010). One reanalysis (Hutchinson et al., 2012) has shown that the jaw is closely similar to
that of extant draconine agamids (e.g., Calotes, Gonocephalus) that live in the same region
today, and “Tikiguania” is almost certainly a recent or at least a Neogene inclusion in an
older deposit. Bharatagama, from the Early Jurassic (Sinemurian—Pleinsbachian, ca. 190
Mya; Bandyopadhyay et al., 2010) Kota Formation, is represented by a number of partial
specimens. It co-occurs with other lepidosaurs, including typical rhynchocephalians (e.g.,
Godavarisaurus, Rebbanasaurus; Evans et al., 2001) from which it differs in several respects,
including the presence of recurved pleurodont teeth on the premaxilla, anterior maxilla,
and anterior dentary. However, without skull or postcranial material, its phylogenetic posi-
tion remains uncertain.

Aside from these early genera, the first putative record of an acrodont lizard is from the
Early Cretaceous of China, in the form of the Yixian (Barremian) taxon Xianglong from
China (Li et al., 2007). Xianglong is an exquisite specimen preserving traces of elongate
gliding ribs analogous to those of the living draconine agamid, Draco. However, the type
and only specimen is juvenile and the skull is extremely poorly preserved (S.E. Evans, per-
sonal observation, 2007). What was interpreted as an acrodont dentition may be broken
bone along the edge of a rather amorphous crushed skull mass.

Priscagamids were first described from the Late Cretaceous of Mongolia (Priscagama,
Pleurodontagama; Borsuk-Bialynicka and Moody, 1984), although Gilmore’s (1943)
Mimeosaurus was later included in the group. Many more specimens, assigned to several
genera, have been described by Alifanov (1989, 1996) and Gao and Norell (2000). Priscaga-
mids have a mixed pleurodont (anteriorly) and acrodont (posteriorly) dentition. Their skulls
are iguanian in character, having large eyes, constricted frontals, open temporal fenestrae
and large triradiate postorbitals that contact the skull roof and form most or all of the pos-
terodorsal orbital rim. Priscagamids resemble living acrodontans in having mainly acro-
dont marginal dentition, a reduced median premaxilla (Gao and Norell, 2000), and loss or
extreme reduction of the postfrontal, but differ in the retention of a large splenial and pter-
ygoid teeth (some taxa). Phylogenetic analyses using morphological characters (e.g., Frost
and Etheridge, 1989; Conrad, 2008; Smith, 2009) place priscagamids on the acrodontan
stem. Most genera are known from the Campanian—Maastrichtian (Late Cretaceous, ca. 8o to
65 Mya) of China and Mongolia, but Nessov (1988) mentions specimens from the Coniacian
(ca. 88.6 to 85.8 Mya) of Uzbekhistan, and Alifanov (1993) reported them as present in
the Early Cretaceous Mongolian locality of Hoovor (dated as Aptian—Albian, ca. 110 Mya),
although he omitted them from the list in a later account of that fauna (Alifanov, 2000). If
priscagamids are stem-acrodontans, then the Coniacian record provides a minimum date
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of divergence from pleurodont iguanians, the jaws of which are also reported from Hoévor
(Alifanov, 2000). No priscagamid has been recorded from post-Cretaceous deposits.

Isodontosaurus was first described from the Late Cretaceous of Mongolia (Gilmore,
1943) on the basis of partial mandibles bearing uniform marginal teeth (hence the name)
with a pleurodont or pleuroacrodont implantation. It has also been recovered from Chinese
Inner Mongolia (Gao and Norell, 2000), along with a range of similar taxa from the
Cretaceous and Paleogene of Mongolia (Alifanov, 2004). Isodontosaurus was classified variably
as an anguid (Gilmore, 1943), a scincomorph (Estes, 1983a), and an agamid (e.g., Borsuk-
Biatynicka, 1991; Alifanov, 1993). Gao and Norell (2000) described new skull and postcra-
nial specimens and attributed it to “Iguania incertae sedis,” noting points of similarity with
acrodontans, except for the tooth implantation. Conrad and Norell (2007) placed it in a simi-
lar position following a phylogenetic analysis, but in Conrad (2008), it emerged as the sister
taxon of Priscagamidae + Acrodonta. If this is correct, then despite its relatively recent age,
it may provide an indication of the primitive acrodontan morphology.

Similarly enigmatic are a number of fragmentary jaws and/or skulls from the Paleocene
of China, some of which have been referred to Acrodonta or to Squamata incertae sedis (e.g.,
Wang and Li, 2008). These include indeterminate skull material of Anhuisaurus huainanensis
(Hou, 1974), said to have acrodont teeth but this cannot be confirmed (S.E. Evans, personal
observation, 2010). Qianshanosaurus huangpuensis (Hou, 1974) and Changjiangosaurus
huananensis (Hou, 1976) are partial jaws with closely spaced pleurodont or pleuroacrodont
teeth and peculiarly large angular processes. The dentition is somewhat like that of Iso-
dontosaurus, but the position of all of these taxa remains equivocal pending more complete
material. Further new genera from the Middle Eocene of Mongolia were referred to the

Chanjiangosauridae by Alifanov (2009).

The Fossil Record of “Agamidae”

In addition to the problematic specimens mentioned above, the Paleocene of China has
yielded rare lizard jaws with a more clearly acrodont dentition, at least in the posterior
part of the jaw, although the anterior teeth may be pleurodont. Notable among these is
Tinosaurus doumuensis (Hou, 1974) which, with T. postremus (Averianov, 2000) from
the Paleocene of Kazakhstan, represents the first record of the apparently ubiquitous
Paleocene—Eocene acrodont genus Tinosaurus. Specimens attributed to this taxon are also
recorded from the Early Eocene of China (Gilmore, 1943; Dong, 1965; Li, 1991a,b), India
(Prasad and Bajpai, 2008), and Europe (Hecht and Hoffstetter, 1962; Augé, 1990; Rage
and Augé, 1993; Augé and Smith, 1997) and from the Middle Eocene of Kazakhstan
(Chkhikvadze, 198s), Pakistan (Rage, 1987), and North America (Leidy, 1872, 1873; Marsh,
1872). Neitherthemonophylyof Tinosaurusnorits phylogeneticpositioniswellestablishedandit
has been considered a “form-taxon” (Smith et al., 2011). Most attributed specimens share a
suite of characteristics: the anterior pleurodont teeth, one of which is often a caniniform;
well-spaced tricuspid posterior teeth (subacrodont with their bases above the prominent
subdental shelf); the slender anteriorly tapering dentary; and maxillae with a strong palatal
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process and a horizontal premaxillary process (Augé and Smith, 1997). However, Smith
et al. (2011) observed that many of these features are widespread among living agamids.
Tinosaurus resembles priscagamids in having a Meckelian fossa that is open posteriorly
and pleurodont anterior teeth that may include a caniniform, but Tinosaurus differs from
priscagamids and resembles many crown-group acrodontans in lacking a splenial. Whether
Tinosaurus is a primitive early agamid, a surviving member of a more geographically wide-
spread stem-acrodontan lineage, or a collection of unrelated acrodont taxa remains unclear,
pending the description of skull remains (Smith et al., 2011).

Other putative agamids or stem-agamids include Vastanagama susani from the early
Eocene in India (Prasad and Bajpai, 2008); Zephyrosaurus hypsochorosus, Talosaurus
tribolosus, Mergenagama paurosa, Pseudotinosaurus asiaticus, and P. ascriptivus from the mid-
dle Eocene of Mongolia (Alifanov, 1991; Gao and Dashzeveg, 1999); and Brevidensilacerta
xichuanensis, Huadiansaurus sunjiatunsis, and unnamed taxa from the middle Eocene of
China (Dong, 1965; Li, 1991a; Smith et al., 2011). Indeterminate acrodont lizards have also
been reported from the Middle Eocene (Lutetian, [rdinmanhan) in the Shinzhaly locality of
Kazakhstan (Zerova and Chkhikvadze, 1984). Rana (2005) reported the presence of “aga-
mids” from Cretaceous—Paleocene sedimentary sequences in the Deccan Traps of India,
but this was based on a misinterpretation (R. Rana, personal communication, February
2012). The jaws illustrated in the original paper are clearly not acrodont.

The earliest fossils attributed to living acrodontan genera (or at least as close rela-
tives) include unnamed Uromastyx-like specimens from the Early Eocene (ca. 50 Mya) of
Kyrgyzstan (Averianov and Danilov, 1996; Smith et al. 2011) and a reported Leiolepis from the
middle Eocene (ca. 40 Mya) of China (Alifanov, 2009). Moody and Rocek (1980) reported
Uromastyx (“Palaeochamaeleo”) from the late Eocene of France (Phosphorites du Quercy),
but the precise horizon was not known, and Estes (1983a) dated it as late Eocene or early
Oligocene. Further material of Uromastyx (and a second agamid, Quercygama) has been
recorded from Oligocene horizons in the Phosphorites du Quercy (Filhol, 1877; de Stefano,
1903; Augé and Smith, 1997), and it is likely that the original Palaeochamaeleo material
also came from this level (Augé, 2005). Indeterminate acrodont lizards have been recovered
from the Oligocene of Rigal-Jouet and Coderet also in France (Augé, 2005).

The Gondwanan record of acrodontan lizards is very poor. Two badly preserved jaw
elements with acrodont teeth are known from the Late Paleocene of Morocco (Augé and
Rage, 2000) but, based on their morphology, they could equally be rhynchocephalian. The
Oligocene locality Quarry 5 of the Jebel Qatrani Formation in Egypt has yielded remains of cf.
Uromastyx (Holmes et al., 2010), and Thomas et al. (1991) list acrodont jaw material from
the Oligocene of Oman. The Australian record of acrodontans starts close to the Oligocene—
Miocene boundary (Riversleigh), with representatives of the extant genus Physignathus, as
well as Sulcatidens and further unnamed acrodontans (Covacevich et al., 1990).

Neogene records of acrodontan lizards in Europe are too abundant to be covered here
in detail (see Delfino et al., 2008, for an extensive review). They have been recorded from

European deposits ranging in age from Miocene to Pleistocene. Their geographical range
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includes both southern (Greece, Italy, Portugal, and Spain) and northern (Belgium, France,
Germany, Romania, Hungary, Switzerland, and Ukraine) regions. Outside Europe, Lauda-
kia is recorded from the Pleistocene of Israel (Maul et al., 2011), Agama from the Miocene
and Pleistocene of India (Joshi and Kotlia, 2010), and both Uromastyx sp. and Calotes sp.
from the Indian Pliocene (Patnaik and Schleich, 1998). In Australia, there are Miocene
records of Physignathus (Archer et al, 20006) and Pleistocene records of the extant
Chlamydosaurus (Bennett, 1875).

The Fossil Record of Chameleons

In contrast to the relatively widespread fossil record of acrodont jawed lizards reviewed
above, that of chameleons is extremely poor. Whereas most groups of lizards have attrib-
utable representatives from at least the Late Cretaceous, the first undoubted occurrences of
chameleons in the fossil record occur in the early Miocene of Europe (20 to 21 Mya; Moody
and Rocek, 1980) and Kenya (19 to 20 Mya; Pickford, 1986). As the Miocene specimens are
very close to extant taxa, there is clearly a substantial gap in the fossil record during which
recognizable chameleons evolved from more generalized acrodontan ancestors. Further-
more, there are no complete specimens.

One problem with the early record may be the difficulty of distinguishing fragmen-
tary remains of early or stem-chameleons from those of other acrodontan lineages. The
Cretaceous genus Mimeosaurus (Gilmore, 1943), the Eocene Palaeochamaeleo (de Stefano,
1903), and Tinosaurus (Marsh, 1872) were all originally referred to as Chamaeleonidae on
the basis of their acrodont dentitions, but are no longer regarded as such (Moody and Rocek,
1980; see above). The latter authors noted the following differences between chameleon
jaws and those of agamids: the absence of anterior pleurodont teeth (Uromastyx is an excep-
tion); teeth exactly fused to the upper border of the dentary, whereas in agamids they tend
to be slightly lingual in placement; teeth strongly compressed labially, with a flatter lingual
surface (agamid teeth tend to bulge lingually); middle and posterior teeth separated at their
bases by a gap measuring 15 to 20% of tooth length; and splenial always absent. However,
these features can be affected by age and preservation (Moody and Rocek, 1980).

With the exception of one dubious record from the Paleocene of China (Anquingosaurus;
Hou, 1976), chamaeleonid fossils can be grouped as follows: fragmentary jaw material
from several Early-Middle Miocene European (Molasse Basin: Germany, Switzerland, and
Czech Republic; Cerniansky, 2010) and African (Pickford, 1986) localities; rare more com-
plete early Miocene specimens from Kenya (Hillenius, 1978a; Rieppel et al., 1992); and
scattered records from the Pliocene—Holocene, mainly from Lebanon, Israel, Madagascar,
South Africa, Tanzania, and Spain.

Paleocene

A putative chamaeleonid, Anquingosaurus brevicephalus, was reported from the early
Paleocene of Wang-Hu-Dun Series, Qian-Shan district, Anhui, China (Hou, 1976). This would
represent the earliest record of the group, but the type and only specimen is represented by
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a poorly preserved skull of indeterminate affinity (S.E. Evans, personal observation, 2010).
There is nothing to suggest that it is a chameleon.

Miocene

Six chameleon fossil species have been named from Europe: Chamaeleo caroliquarti
(Moody and Rocek, 1980), Ch bavaricus (Schleich, 1983), Ch pfeili (Schleich, 1984),
Ch simplex (Schleich, 1994), Ch sulcodentatus (Schleich, 1994), and Ch andrusovi (Cerfiansky,
2010). The status of many of these “species” is uncertain because of the fragmentary nature of
the specimens and the absence of autapomorphies (Ceriansky, 2010, 2011), but attribution
to the genus Chamaeleo is more secure, suggesting that it was present in the Miocene of
Europe from at least MN3 to MNG (ca. 21-13 Mya) (MN are mammalian standard levels for
the Neogene, see van der Meulen et al., 2011).

Chamaeleo caroliquarti was a large chameleon (estimated total length, 0.5 M; Bshme,
2003) represented by partial dentaries, maxillae, and cranial bones. It has been reported
from the following localities (data from Bshme [2003], except where indicated): Merkur
Nord, Czech Republic (MN3a; Fejfar and Schleich, 1994; Vejvalka, 1997; Certiansky,
2010), Wintershof West, Germany (MN3a; Moody and Rocek, 1980); Petersbuch 28, 36,
and 36 II, Germany (MNgy); Erkertshofen 1, Germany (MNgb); Dolnice, Czech Repub-
lic (MN4b; Moody and Rocek, 1980; Rocek, 1984; Certiansky, 2010); Gisseltshausen 1b,
Germany (MNj5); Griesbeckerzell 1b, Germany (MNjs); Untereichen-Altenstadt 565 m, Germany
(MNs; Prieto et al., 2009); Petersbuch 39, Germany (MNG); Laimering 2a and 3, Germany
(MNG), and Wannenwaldtobel 2, Germany (Von Volker, 1999; Bshme, 2010). Material from
Sandelzhausen B and C3/Di1, Germany, has been recently referred to Ch aff. cariloquarti
(Bohme, 2010).

Chamaeleo bavaricus is recorded from Germany at Unterempfenbach (MNjs), Aresing
(MNs), Arth 1a (MNs), Sandelzhausen C3/D1, and Laimering 2a (MNG) (Schleich, 1983,
1994; Béhme, 2003, 2010).

Chamaeleo pfeili has been described only from the German locality of Rauschersd
(MNgb; Schleich, 1984), with closely similar material from the Bavarian site of Langenau
(Cernansky, 2011).

Chamaeleo sulcodentatus is another species reported from the German localities of
Massendorf (MNgs), Géttschlag 1b (MNG), and Laimering 3 (MNG), and from Rumikon,
Switzerland (MNOG) (Schleich, 1994; Bshme, 2003), although material of this species is extremely
fragmentary and makes comparisons with other taxa difficult (Cerfiansky, 2010). The same
is true for the poorly known species Ch simplex (MN5, Germany) described by Schleich (1984).

Material from the German locality of Puttenhausen (MNjs) probably corresponds to
either Chamaeleo sulcodentatus or Ch bavaricus (Bohme, 2003), and material from the fol-
lowing German (and Swiss, as noted) localities has been referred to Chamaeleo sp. (data
from Bshme, 2003, except where indicated): Petersbuch 2 (MN4a), Eiboden (MN4), Rem-
bach (MN4b), Schiessen (MN5), Niederaichbach and Niederaichbach (also known as “links”)
(MNs), Puttenhausen 2 (MNs), Walda 2 (Oben) (MNjs), Altenstadt (MNs5), Hambach 6C
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(MNj3; Mors, 2002; Moérs et al., 2000), Steinberg (Ries) (MNG), Uzwil-Nutzenbuech,
Switzerland (MNG), and Ornberg, Switzerland (MNG; Bolliger, 1992). Bshme (2010)
reported a second, yet undescribed, large chamaeleonid species from Gisseltshausen 1b (MNOG),
and Certiansky (2011) referred chamaeleonid material from Langenau to Chamaeleonidae
indeterminate. and from Petersbuch 2 to a second taxon of chamaeleonid.

Chamaeleo andrusovi was erected by Certiansky (2010) for new material from the Czech
locality of Dolnice (MN4) and for part of the material originally referred to Ch. caroliquarti
by Rocek (1984); Certiansky (2010) considered Ch. caroliquarti a nomen dubium because the
holotype dentary cannot be differentiated from that of the recent Ch. calyptratus, Calumma
globifer, or Furcifer pardalis. Moreover, the paratypic material of Ch. caroliquarti may repre-
sent a second morphotype as it appears identical to the dentary of the recent Ch. chamaeleon
(Cernansky, 2010). Unlike the type material of previously named Miocene species (mostly
fragmentary jaws), the holotype and paratypes of Ch. andrusovi are skull bones bearing
characters that differentiate it from the known extant species. This is commendable, but it
makes it difficult to compare Ch. andrusovi with the other Miocene species, and more com-
plete material may lead to synonomy.

Miocene European chamaeleonids thus occur in many localities across Germany,
Switzerland, and the Czech Republic, with the oldest at ca. 20 to 21 Mya (Merkur-North, Czech
Republic, MN3a). Most specimens consist of incomplete maxillae and dentaries that are of
uncertain specific position but are probably attributable to Chamaeleo, which is the only
chameleon genus living in Europe today (Spain, Greece, Turkey, and Mediterranean Islands).
The more northern distribution of this genus in Miocene times can be correlated to the
Miocene climatic optimum, a period that allowed the migration of thermophilic ectotherms
toward central Europe (Bshme, 2010). With other reptiles, such as turtles and alligatorids,
lizard groups including varanids, chamaeleonids, and cordylids reached their northernmost
distribution at this time. This situation probably favored dispersion from Africa to Asia,
either directly or via Europe.

In the Miocene of Africa, chameleons are represented by several specimens from Kenya,
although few have been described. The only named species is Chamaeleo intermedius
(Hillenius, 1978a), based on a specimen from Fort Ternan (Upper Miocene, 13.7+0.3 Mya;
Pickford et al., 20006). This specimen, the holotype (KMN-FT 3833, Nairobi), is a cast in calcite,
preserving the head and anterior part of the body. It provides relatively little morphologi-
cal information, but its attribution to Chamaeleo seems justified, and the species probably
belongs to the Ch chamaeleon group (Estes, 1983a), although Hillenius (1978a) suggested
that it might be primitive with respect to the Ch chamaeleon and Ch bitaeniatus groups.
Pickford (1986) noted that there was abundant chamaeleonid material from the primate
localities of Koru and Songhor (Lower Miocene, 20 to 19 Mya; Pickford, 2001). Specimens
from these localities have been less securely attributed to Ch intermedius (Hillenius, 1978a;
Estes, 1983a), but the material has not been formally described.

A second chamaeleonid specimen was described from the Lower Miocene (18
Mya; Drake et al., 1988) of Rusinga Island, also Kenya (Rieppel et al., 1992). This well
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FIGURE 9.2. Drawing of the
KNM-RU-18340 specimen
(Rusinga Island, Kenya,
Early Miocene) referred to
Rhampholeon, in lateral (top)
and dorsal (bottom) views.

LABELS: d = dentary, f = frontal,
EN = external naris, ju = jugal,
m = maxilla, n = nasals,

OR = orbit, p = parietal,

PFF = prefrontal fontanelle,

pfr = prefrontal, pm = premaxilla,
pof = postorbitofrontal,

q = quadrate, sang = surangular,
sq = squamosal, UTF = upper
temporal fenestra.

preserved three-dimensional skull (KNM-RU-18340) (Fig. 9.2) is a little over 26 mm
long, and is characterized by a complete separation of the prefrontal fontanelle from
the external nares, paired nasals, and a parietal that narrows between the upper tempo-
ral fenestrae but widens posteriorly into a flat sculptured triangular plate. Rieppel et al.
(1992) concluded that this was an early representative of the genus Rhampholeon (attrib-
uted to Rhampholeon type 2, now regarded as Rhampholeon, sensu stricto; Matthee et al.,
2004), although no living species shows a fully separated prefrontal fontanelle. The age
of this fossil is consistent with estimated divergence times of Rhampholeon from its sis-
ter taxon Rieppeleon (“Rhampholeon type 17) (Matthee et al., 2004; ca. 26 to 28.3 Mya).
The Rusinga specimen is both the only known complete fossil chameleon skull and the
most complete chameleon fossil recovered. All of these Miocene specimens come from
a relatively small area in the Rift Valley of Kenya and are from localities that generally
represent vegetated areas on the slopes of Rift Valley volcanoes (Pickford, 1986). It may
be that lower-lying regions provided a less suitable habitat for these specialized reptiles.
Younger Neogene records of African chameleons are limited to reports of early Pliocene
(5.2 Mya) fossil remains of Bradypodion from South Africa (Langebaan fossil Bed) (Tolley
etal., 2000).
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Pleistocene and Holocene

Unlike many other lizard groups, the fossil record of chameleons does not improve sub-
stantially in more recent deposits, although the distribution of fossils overlaps that of
extant chameleons, namely southern Europe, Africa, Madagascar, and the Middle East.
Despite the diversity of chameleons on Madagascar today, the fossil record of the group
on the island is limited to two jaw elements, one from Children’s Cave and the other
from Cavern Ambatohomana, tentatively dated as Pleistocene and Holocene, respec-
tively (Estes, 1983a). Similarly, the published record of Pleistocene specimens from Africa
is limited to remains from Bed 1, Olduvai Gorge, Tanzania, dated to ca. 1.8 to 1.75 Mya
(Walter et al., 1991), and identified by R. Hoffstetter (in Leakey [1965]) as belonging to a
form close to Chamaeleo jacksonii (now Trioceros jacksonii). Disarticulated but abundant
material of Chamaeleo sp. has been reported from the Middle Pleistocene of Israel (Maul
et al.,, 2011) and may be identified at the species level in the future. Chamaeleo chamaeleon
was tentatively identified at the Paleolithic site of Ksar’akil in Lebanon (Hooijer, 1961)
and was reported as abundant at the Abu Usba Cave (Mount Carmel) in Israel (Haas,
1952). It is also recorded from the Holocene of Mdlaga in Spain (Talavera and Sanchiz,
1983), where it is indistinguishable from the extant species that lives today in the south of
Spain. This occurrence lends support to the view that the present distribution is natural
and not the result of human introduction in historical times (Talavera and Sanchiz, 1983;
Crespo and Oliveira, 1989; Blasco, 1997a,b), although Paulo et al. (2002) have proposed
a double human introduction of African chameleons into the Iberian Peninsula based on
molecular studies. Chamaeleo chamaeleon has recently been identified from the Moroccan
Holocene locality of Guenfouda (Aouraghe et al., 2010). Rage (19772) reported chameleon
remains from the Pleistocene of France, but these specimens were reattributed to aga-
mids (Estes, 1983a).

9.3 ORIGINS OF ACRODONTA

The basal lepidosaurian dichotomy between Rhynchocephalia (the living Sphenodon and
its fossil relatives) and Squamata must have occurred by at least the Middle Triassic (ca.
240 to 230 Mya) (Fig. 9.3, Table 9.1), given rhynchocephalian diversity in the Late Triassic,
(e.g., Evans and Jones, 2010). As noted above, the first undoubted fossil squamate assem-
blages are from the Middle Jurassic, ca. 165 Mya of Europe (Evans, 1998, 2003) and Asia
(Averianov, 2000, Averianov et al., 2005), leaving a considerable gap in the early record dur-
ing which the group appears to have diversified. If Iguania is the sister taxon to all other
squamates (morphological tree; e.g., Estes et al., 1988; Gauthier et al., 2012), then its origin
would be predicted to be deep. Tikiguania (Datta and Ray, 2006) and Bharatagama (Evans
et al.,, 2002) seemed to support this conclusion but, as explained above, Tikiguania is a
recent or Neogene intrusion with draconine agamid affinities (Hutchinson et al., 2012) and
the position of Bharatagama is uncertain.
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Based on the molecular tree topology (e.g., Townsend et al., 2004, 20113; Vidal and Hedges,

2005; Wiens et al.,, 2010; Hutchinson et al., 2012), which places Iguania with Anguimorpha,

iguanian origins would be shallower, but not markedly so, as the earliest currently

accepted anguimorph (e.g., Conrad, 2008) is the Early Cretaceous (Berriasian, ca. 145 Mya)

genus Dorsetisaurus from the Purbeck Limestone Formation of England (Hoffstetter, 1967),

and dorsetisaur jaws and vertebrae have been described from the Late Jurassic (Kimmeridgian,

ca. 150 Mya) of Portugal (from Guimarota; Seiffert, 1973; Broschinski, 2000) and North

America (Morrison Formation; Prothero and Estes, 1980). This would be consistent with a
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recent molecular estimate for the anguimorph—iguanian divergence at 162.2 Mya (Wiens
et al., 2000). The latter authors obtained a date of 146.4 Mya (Jurassic—Cretaceous boundary)
for the basal iguanian dichotomy into pleurodont and acrodont iguanian lineages, although
Townsend et al. (2011a) placed this split in the Aptian (late Early Cretaceous) at ca. 123 Mya.
The oldest generally accepted stem-iguanian (based on both morphological [Conrad, 2008]
and molecular [Wiens et al., 20006] analyses) is the mid-Aptian to late Aptian Mexican
Huehuecuetzpalli (Reynoso, 1998), ca. 120 to 115 Mya, whereas Alifanov (2000) recorded
“iguanid” remains from the Aptian—Albian (late Early Cretaceous, ca.1to Mya) locality of Hoovor,
Mongolia, and stem-acrodontans (priscagamids) are first recorded from the Coniacian (early
Late Cretaceous, ca. 88.6 to 85.8 Mya ago) of Central Asia (Nessov, 1988). These records are
compatible with the molecular dates, although, again, they indicate that a substantial part
of the record is still missing.

Townsend et al. (2011a) dated the basal acrodontan dichotomy (chameleons + a mono-
phyletic Agamidae) at 93 Mya (as compared with 78.5 Mya, dated by Wiens et al., 2006; and
47 to 9o Mya, dated by Raxworthy et al., 2002), the origin of Uromastyx at 87 Mya, that of
Leiolepis at 82 Mya, and the diversification of “advanced” agamids at 8o0-70 Mya. Hugall et
al. (2008) got similar results) The Early Jurassic Bharatagama is clearly incompatible with
these dates, suggesting that its morphology is convergent, but there is no trace in the record
of the early agamids and chameleons that should be present in Late Cretaceous deposits.
Paleocene and Early-Middle Eocene records are dominated by the problematic Tinosaurus
and other equally enigmatic taxa. The first fossils referred to modern genera, or their close
relatives (cf. Uromastyx; Averianov and Danilov, 1996), are from the Early Eocene
(ca. 50 Mya), and they remain rare until well into the Oligocene.

In terms of biogeography, Estes (1983b) suggested a Gondwanan origin for Iguania as a
whole, an interpretation supported by Macey et al. (1997b, 2000b, 2006) based on molecu-
lar data. The latter works argued that the fragmentation of Gondwana contributed to early
cladogenic events that led to the origin of major extant acrodontan clades. The different
acrodont lineages would subsequently have entered Laurasia, assembling a complex Asian
acrodont fauna. However, the conclusions of Macey et al. (2000b) and those of Schulte et al.
(2003) are based on extremely old divergence estimates for some lineages of agamids, which
would push the origins of Squamata well into the Paleozoic (Hugall and Lee, 2004). The
latter authors modified the divergence times and suggested that the radiation of Australian
agamids could no longer be correlated with Gondwanan fragmentation. Melville et al.
(2011) also concluded that a Gondwanan origin was not possible, and they proposed that
Australian agamids entered from Asia (where they have their closest relatives) and then under-
went an in situ diversification through the Miocene. The hypothesis of Macey et al. (2000Db)
is also incongruent with the presence of the priscagamids and pleurodont iguanians in
Asia from at least the early Late Cretaceous (ca. 89 Mya). Leaving aside the problematic
Bharatagama, there is currently no substantial record of acrodontans on Gondwanan land-
masses prior to the accretion of the corresponding landmasses to Laurasia (e.g., Prasad and
Bajpai’s 2008 account of early Eocene Indian agamids), although allowance must be made
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for the very poor record of nonserpentian squamates in Gondwana generally throughout the
Mesozoic and Paleogene (Evans, 2003; Krause et al., 2003). There are, however, precollision
records of numerous acrodont-jawed lizards (putative agamids) in Asia, and by the time of
the full accretion of India to Asia (Early Eocene), lizards of this type are already recorded
across Laurasia from China, Europe, and North America. Nonetheless, there is controversy
as to the timing and sequence of the India—Asia contact (e.g., Briggs, 2003) and the poten-
tial for faunal exchange in the Late Cretaceous/Early Paleocene. Faunas from the Deccan
Traps sedimentary sequence are said to contain elements from both regions (e.g., Briggs,
2003; Sahni, 2010). It could be argued that the accretion of the Southeast Asian plate that
took place much earlier (ca. 120 Mya; Richter and Fuller, 1996) could have carried early
Gondwanan acrodontans to Laurasia, but this plate had separated from the rest of
Gondwana by at least the Late Jurassic (ca. 150 Mya; Metcalfe, 1996a,b), which predates
molecular-based estimates of acrodontan origin.

On current evidence, therefore, a Laurasian (possibly Asian) origin of Acrodonta as a
whole, and perhaps also of at least stem-agamids, is plausible. The modern distribution
of acrodontans could be the result of dispersion into plates of Gondwanan origin after the
separate collision of such plates with Laurasia, with subsequent diversification of modern
clades, a view supported by Honda et al. (2000). It would also explain the absence of aga-
mids from South America and Madagascar if these regions separated from Africa before
the entry of agamids into Africa. Gondwana as a whole split from Laurasia around 180 Mya,
although connections between southern Europe and Africa and through what is now the
Middle East may have allowed sporadic faunal interchange in the Early and Late Cretaceous
(Gheerbrandt and Rage, 2006; Zarcone et al., 2010). Madagascar separated from Africa in
the Jurassic (ca. 160 Mya; Briggs, 2003), with Africa and South America separating in the
mid-Cretaceous (ca. 110 Mya). With the exception of the acrodont dental fragments from
the Paleocene of Morocco (Augé and Rage, 20006), the first secure evidence of African aga-
mids is from the Oligocene. If Agamidae (including Uromastyx and Leiolepis; Okajima and
Kumazawa, 2010; Hutchinson et al., 2012) and Chamaeleonidae are sister taxa, then the
early history of agamids is important with respect to the center of the origin of chameleons.

9.4 ORIGINS OF CHAMAELEONIDAE

Living chameleons have a much more restricted geographical distribution than agamids,
with their greatest diversity in Madagascar and East Africa (Chapter 7). Within the crown-
group, most workers place the dichotomy between the Madagasy leaf chameleons of the
genus Brookesia and all remaining taxa (Chapter 7). Raxworthy et al. (2002) dated this
dichotomy at 68 to 35 Mya, but slightly different dates have been proposed more recently
based on larger datasets—for example, 72 Mya (Townsend et al., 2009); 90 to 60 Mya
(Townsend et al., 2011b), and 65 Mya (Tolley et al., 2013; Chapter 7). These dates range
from the Late Cretaceous through to the Miocene, although many fall within the Paleo-
gene. The oldest divergence dates are still 20 to 40 Myr after the estimated divergence of
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agamids and chameleons (e.g., 123 Mya; Townsend et al., 2011a) and the youngest roughly
100 Myr later. This would argue for the existence of a long stem prior to the divergence
of crown-group taxa. On the basis of phylogenetic studies that placed Brookesia as the sis-
ter group to all other chameleons, Raxworthy et al. (2002) concluded that chameleons had
evolved on Madagascar and radiated from there into Africa and the Seychelles. However,
it is unlikely that the agamid—chameleon dichotomy occurred on Madagascar, given aga-
mid distribution as outlined above, and therefore stem-chameleons would have to have
dispersed to Madagascar from elsewhere. Moreover, it seems equally possible that the
dichotomy within crown-group chameleons occurred in Africa with the ancestral stock of
Brookesia dispersing to Madagascar and then radiating there (Hillenius, 1959; Blanc, 19772;
Klaver, 1977; Hillenius,1978b; Tolley et al., 2013; Chapter 7). Townsend et al. (2011b) have
demonstrated that the Seychelles chameleon Archaius tigris (formerly Calumma tigris) is
more closely related to the East African Rieppeleon than to the Malagasy Calumma, giving
a 38.4 Mya (27.8 to 48.5) age for the Rieppeleon—Archaius split and requiring an Africa-to-
Seychelles dispersal during the Eocene—Oligocene (rather than a Madagascar—Seychelles
one (Raxworthy et al., 2002). Current flow in the Late Cretaceous—Paleogene was predomi-
nantly west to east across the Mozambique Channel (e.g., Markwick and Valdes, 2004; Ali
and Huber, 2010), and this was coupled with an extensive freshwater outflow due to drain-
age from major rivers that flowed out from East Africa (e.g., Markwick and Valdes, 2004;
Townsend et al., 2011b). Mats of vegetation carried seaward by these flows provide the most
plausible route by which chameleons (or stem-chameleons in the Raxworthy et al., 2002,
model) reached Madagascar, but without a more complete fossil record (especially on Mada-
gascar), these hypotheses are difficult to test (but see Tolley et al., 2013). The earliest records
of African (Kenyan) chameleons are too recent (Early Miocene, ca. 21 Mya) to provide useful
information on patterns of origin and dispersal.

If stem-acrodontans, in the form of priscagamids or their descendants, were limited
to Asia, then the origins of chameleons (as of agamids) could plausibly be there also, with
stem-chameleons entering Gondwana in the Late Cretaceous or Paleogene. Given esti-
mated agamid-chamaeleonid divergence dates of 123 to 104 Mya (Townsend et al., 20113;
Chapter 7), it is clear that more than 100 Myr of chameleon history has yet to be recovered
in the fossil record, and much of this is likely to be in Africa or Madagascar. Several fac-
tors may contribute to the poor record: the generally lower preservation potential of forested
habitats; the poor record generally of Gondwanan squamates; the relative scarcity of
Mesozoic and Paleogene horizons in Gondwana that have been sampled for small terrestrial
tetrapods or are suitable for their preservation; and the potential difficulty of distinguishing
between fragments of dentition from stem-agamids versus stem-chameleons. The Miocene
Climate Optimum allowed the migration of African taxa to Europe, where sediments of this
age have been quite well sampled, whereas most of the African fossils recovered to date have
been a by-product of the search for human origins. Extensive work in the latest Cretaceous
(ca. 66 to 7o Mya) of Madagascar (e.g., Krause et al., 1999) has revealed a very different
fauna from that of today, but small tetrapods are rare and lizards are represented by a single
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incomplete specimen of a scincoid (Krause et al., 2003). There is then a complete hiatus in
the record until the Pleistocene. Africa has a much greater potential to provide new agamid
and chameleon fossils, as there are numerous localities in the Late Cretaceous, Paleogene,
and Neogene, but relatively few have been sampled for microvertebrates.

Previous authors have suggested an Indian (or other Gondwanan landmass) origin for aga-
mids (e.g., Estes, 1983b; Macey et al., 1997b; 2000b; 20006) and a Malagasy (e.g., Raxworthy
et al., 2002) or African (Tolley et al., 2013) origin for chameleons. However, if the Asian
priscagamids (and perhaps Isodontosaurus) represent stem-acrodontans, they are sugges-
tive of a Laurasian origin for the group as a whole (Chapter 7). A diversity of acrodont-jawed
lizards (mostly very fragmentary), whether agamid, stem-agamid or stem-acrodontan (or
potentially even stem-chamaeleonid), are found widely across Laurasia in the Paleogene,
and the earliest securely identified agamids (placed within or close to living taxa) are also
Laurasian. Even allowing for the paucity of the Gondwanan lizard record, it is thus plausible
that the immediate ancestors of derived agamids and of chameleons were also Laurasian,
dispersing into the Gondwanan landmasses as they contacted Laurasia and then diversify-
ing in situ. Apart from Bharatagama, the earliest secure records of acrodont-jawed lizards in
India are from the Early Eocene, around the time of contact with Asia (Prasad and Bajpai,
2008). Although it has been hypothesized that crown-group chameleons arose in Madagascar
(Raxworthy et al., 2002), it seems more plausible that they evolved in Africa (Tolley et al.,
2013; Chapter 7). Either way, stem-chameleons or the ancestors of Brookesia reached Mada-
gascar by dispersal across the Mozambique Channel, probably carried eastward with vegeta-
tion flowing out of major East African river systems. From Africa, chameleons later reached
Europe and India, either through continental dispersion via what is now the Middle East or
across temporary land bridges in the western Mediterranean (Tolley et al., 2013, Chapter 7,
Gheerbrandt and Rage, 2006; Zarcone et al., 2010).
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TEN

Chameleon Conservation

RICHARD JENKINS, G. JOHN MEASEY, CHRISTOPHER V. ANDERSON,
and KRYSTAL A. TOLLEY

Across the globe, species are in decline, primarily because of chronic degradation of
primary habitat from anthropogenic activities (Myers et al., 2000; Mittermeier et al., 2004;
Forister etal., 2010). The result is extensive habitat loss, and populations of some species are now
undoubtedly smaller than at any time in their history. When such species are range-restricted
and the rate of decline is rapid, the effects are compounded, leaving a distinct chance of extinc
tion in the wild (Brooks et al., 2002; Thomas et al., 2004; Butchart et al., 2010). Chameleons
are not exempt from these pressures, and a number of species are faced with severe declines.

Although some chameleons occur over relatively wide geographic areas, inhabit degraded
and anthropogenically modified habitats, including urban sites, and appear to have few active
threats, many other species are less resilient and suffer from the negative impacts of global
change. The challenges facing chameleon conservation are, therefore, to understand the biol-
ogy and distribution of each species, to know where direct and/or indirect threats are taking
place, and to know how to counter these threats with effective conservation actions. With this
information, the most threatened chameleon species can be identified and appropriate conser-
vation actions planned and implemented. It is necessary, therefore, to understand the biology
and assess the conservation status of the world’s chameleons and the types of threats they face
to facilitate the identification of species that are in most need of conservationists’ attention.

10.1 CONSERVATION STATUS OF CHAMELEONS

To prioritize conservation actions, conservation status of chameleons must first be assessed
using a standard procedure that is both transparent and uses the best available scien-
tific information (Rodrigues et al., 2006). The IUCN Red List of Threatened Species™
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(hereafter referred to as “ITUCN Red List”) is the international standard for assessing the
extent to which species are facing extinction (Rodrigues et al., 2006). By categorizing spe-
cies into different threat categories, the IUCN Red List provides a compendium of knowl-
edge on status and biology, and is often the starting point for conservation action. Also,
by tracking the conservation status of species over time, trends are revealed that indicate
whether conservation efforts are effective. Thorough assessments of the conservation sta-
tus of the world’s mammal and amphibian species have been completed (Stuart et al., 2004;
Hoffmann et al., 2010), but a similar initiative for the reptiles has yet to be finished (but see,
Bohm et al., 2013).

Chameleons on the IUCN Red List

In this section, the conservation status of the 103 chameleon species, assessed for the ITUCN
Red List, is summarized (www.iucnredlist.org), followed by a broader discussion of all
196 chameleon species (described as of August 1, 2012), including those species yet to be
assessed for the IUCN Red List. Most of the chameleon species assessed to date are native
and endemic to the Indian Ocean islands of Madagascar (n = 76), Seychelles Archipelago
[Mahé, Silhouette, and Praslin] (n = 1), Comoros Archipelago (Mayotte and Grand Comore;
n = 2) and Socotra (n = 1). Assessments for only 22 species from mainland Africa (which
is biased toward the South African Bradypodion) and one from the Arabian Peninsula were
available. The TUCN Red List categorizes extant species into six categories of descending
threat status from Critically Endangered, Endangered, Vulnerable, Near Threatened, and
Least Concern, while the category of Data Deficient is used for taxa for which insufficient
information is available to determine whether or not they are threatened (IUCN, 2012).

Four chameleon species are classed as Critically Endangered (Table 10.1), all of which
are endemic to Madagascar, making them, to our knowledge, currently the most threatened
chameleons in the world. These species typically occur over a very small geographic range
and are in decline because of active threats that are reducing the size and suitability of the
remaining habitats (Andreone et al., 2011,a—d). Two of the species (Calumma tarzan and C.
hafahafa) inhabit humid forest in the east of Madagascar, while the others occur in drier
areas in the west (Brookesia bonsi) and southwest (Furcifer belalandaensis).

There are 23 chameleon species in the Endangered category: 19 from Madagascar, one
from the Seychelles, and three from mainland Africa. These face similar threats to Criti-
cally Endangered species but are considered less prone to extinction because they occur
over a wider geographic area, or occur in more sites. All of the Endangered chameleons
in Madagascar (Brookesia, 9 spp.; Calumma, 7 spp.; and Furcifer, 3 spp.) and can be broadly
divided into those that are restricted to either the eastern humid or western dry deciduous
forests. Species in the east can be categorized as associated with low elevation (Calumma
gallus and C. furcifer), middle elevation (B. ramanantsoai, C. globifer, C. glawi, and F. baltea-
tus), or montane humid forests (B. karchei, B. bekolosy, C. hilleniusi, and C. andringitraense).
Many Endangered chameleons are also restricted to relatively isolated forest blocks, includ-
ing all the western Endangered species (B. dentata, B. decaryi, B. exarmarta, B. perarmata,
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and F. nicosiai). In mainland Africa, Rhampholeon spinosus of the Usambara Mountains
in eastern Tanzania inhabits humid forest, while the two Endangered South African spe-
cies (Bradypodion caffer and B. taeniabronchum) occur in coastal forest and montane fynbos,
respectively. Archaius tigris, which is also Endangered, occurs naturally on two islands in
the Seychelles, where it inhabits humid forests.

There are also 21 chameleons on the IUCN Red List categorized as Vulnerable, 17 as
Near Threatened, and 4 as Data Deficient. It is important to note that an additional 34 cha-
meleon species on the Red List are widespread and not considered of conservation concern
(Least Concern). Some of these taxa are also able to survive in human-modified landscapes,
including gardens and farmland.

Perhaps the most startling information from this assessment is that 63% of the known
chameleon species, for which assessments have been completed, are categorized as Threat-
ened or Near Threatened (i.e., Critically Endangered, Endangered, Vulnerable, or Near
Threatened). This compares with a global average of 23% for 867 species of lizards (Bshm
et al., 2013). This dramatic, nearly threefold, difference may be because many of the species
already assessed are from Madagascar (many of which have relatively small distributions).
However, it appears likely that once all chameleons are assessed, their level of threat may
be greater than that of other lizards. This may be because so many species inhabit tropical
forests, which themselves are threatened habitats. Also, a number of species are endemic to
small geographic areas, often single mountains, and this increases their likely extinction in
the face of threats. Illegal, or unsustainable, collection is also a current or potential threat
for many species.

During the assessment of all species for the IUCN Red List, assessors are asked to list
all actual and perceived threats to each species; these were then placed into a categoriza-
tion scheme, with a broad category encompassing major threats (Table 10.2). Although
very few mainland African chameleons have been assessed, and these are mostly southern
African Bradypodion, agriculture and the exploitation of biological resources are a threat to
nearly all species. These threats mostly relate to the continued degradation of forest systems
for agriculture (both subsistence and commercial) and harvesting (selective logging and
general removal) of timber, which together with natural system modifications impact as
habitat loss/modifications to chameleons. The impact of mining is prominent in Madagas-
car, while invasive species appear to affect more species in mainland Africa (with a bias to
southern Africa). While the loss or modification of forests is clearly the main threat to cha-
meleons, additional research is needed to determine the way in which the threat operates.
The susceptibly of different chameleon species will depend on whether they occupy the can-
opy or ground layer, their feeding habits, and their reproductive behavior. For example, spe-
cies that favor naturally open areas (e.g., rivers, edges and gaps) may tolerate modest levels
of disturbance (e.g., Jenkins et al.,, 1999; Chapter 5).

To date, almost all chameleon assessments (90%) have used the Red List’s B criterion,
which means that the threat level depends on the known extent of occurrence (or area of
occupancy—see IUCN, 2012, for detailed definitions) and ongoing threats to the habitat
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TABLE 101 Summary of Chameleons on The
TUCN Red List of Threatened Species as of 2011

Red List Category

No. of Species

Critically Endangered
Endangered
Vulnerable

Near Threatened
Least Concern

Data Deficient

Not Evaluated

4
23
21
17
34

4
93

TABLE10.2  Major Threats to Chameleon Species for Which There Were Recorded Threats,

Obtained from The IUCN Red List of Threatened Species. The 103 species assessed are

divided into mainland Africa (African) and Madagascar (Malagasy).

Major Threats All Species % African % Malagasy %

Residential and commercial 5 5.2 2 9.1 3 4.1
development

Energy production and 11 11.5 2 9.1 9 12.2
mining

Agriculture and 82 85.4 14 63.6 68 91.9
aquaculture

Biological resource use 79 82.3 15 68.2 64 86.5

Invasive and other 5 5.2 3 13.6 2 2.7
problematic species,
genes and diseases

Natural system 25 26.0 3 13.6 22 29.7
modifications

Total species with threats 96 22 74

within that area. Although these same criteria have been used for most species of reptiles

and amphibians on the Red List, they are based on minimal information of the actual spe-

cies concerned. All other criteria (except D2) are based on population data, for which we

are ignorant for most, if not all, species of chameleon. We do know whether the density

of different species of chameleons varies within the same habitats (see Chapter 5), and

for those that are rare, or at least seldom encountered, it is imperative that we start mak-

ing estimates of population size and population viability in habitats that are under threat.

To make meaningful assessments for species that are traded (see the section on “Trade in
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Chameleons,” below), we also require population-level data. Perhaps the most appropriate
assessment would be based on C criteria from population viability analysis (PVA), which
determines the probability that a species will go extinct in a given period of time, and as
such is extremely useful in conservation. Most PVAs are based on demographic models of
populations over a number of years (e.g., using annual Capture—-Mark-Recapture studies),
but these need to be carefully tailored to the unusual life cycle of some chameleons (e.g.,
Karsten et al. 2008; Chapter 5).

Chameleons Restricted to Single Sites

While a full assessment of extinction threats to chameleons is not possible until The I[UCN
Red List of Threatened Species includes all known species and appropriate supporting
information, it is useful to identify taxa that are restricted to single localities, probably occur
in small populations, and may be sensitive to external threats such as habitat loss. This
information provides a provisional indication across all chameleons of species that may
warrant greater conservation attention. There is considerable value in identifying the spe-
cies that are “narrow endemics”—that is, those that occur at a single locality. This approach
is exemplified by the Alliance for Zero Extinction (AZE; www.zeroextinction.org), which
uses three criteria in site selection: (1) endangerment, (2) irreplaceability, and (3) discrete-
ness. Because the first criterion requires a species to be listed as Endangered to Critically
Endangered on the [UCN Red List, this criterion has not been applied here because many of
the species have yet to be assessed. However, the latter two criteria can be applied to chame-
leons by identification of sites that have a discrete boundary and are the sole areas where the
chameleon species occur. All chameleons that can be considered “trigger species”—that is,
those restricted to single management area/site are evaluated here.

Information on the distribution of each chameleon species was obtained from the TUCN
Red List of Threatened Species, and other reference materials (Spawls et al., 2004; Tolley
and Burger, 2007; Menegon et al., 2009; Branch and Tolley, 2010; Glaw et al., 2012; Stipala
etal., 2012). There are 42 chameleon species that are endemic to discrete, small, geographi-
cal areas. We found 22 from Madagascar and 20 from mainland Africa, from 31 different
sites (Table 10.3). Most sites were in Madagascar (n = 13), followed by Kenya (n = 6), Tanza-
nia (n = 5), Mozambique (n = 2), South Africa (n = 1), Cameroon (n = 1), Ethiopia (n = 1),
Malawi (n = 1), and Sudan (n = 1). Eight of these sites are listed by AZE, based on the pres-
ence of other taxa (Table 10.3) but an additional three from Madagascar meet current crite-
ria for chameleons and should be incorporated into future AZE updates. With the exception
of three karst outcrops at Bemaraha, Namoroka, and Ankarafantsika National Parks, all the
sites are in montane areas.

Only two of these AZE-based sites are not known to be formally protected (Table 10.3).
However, as sites managed traditionally by communities, informally, or privately are
not well presented in our analysis, it is important not to assume that these sites are less
well protected, or managed, than those included in nationally recognized reserves. It is
imperative that sites with the entire known global population of a chameleon species are
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communicated to relevant stakeholders, including management authorities and community
leaders. In many cases, it may be sufficient to communicate the information because the
chameleons may not require any specific monitoring or management but would benefit
from, or be threatened by, the ongoing conservation and disturbance at the site. In a few
instances, which need to be identified, it is possible that the chameleons are subject to
specific threats (e.g., wild harvesting or habitat loss) and require direct conservation action.

10.2 TRADE IN CHAMELEONS

All chameleon species belonging to the genera Archaius, Bradypodion, Calumma, Chamaeleo,
Furcifer, Kinyongia, Nadzikambia, and Trioceros are currently included in the Appendix
IT of the Convention on International Trade in Endangered Species of Wild Flora and
Fauna (CITES). Species of the genus Brookesia are also included in Appendix II of CITES,
with the exception of Brookesia perarmata, which is in Appendix I (Carpenter and Rob-
son, 2005). Of the Rhampholeon species, only R. spinosus is listed in Appendix II of CITES
(because of its inclusion under its previous classification as a species of Bradypodion),
while all other Rhampholeon species and all Rieppeleon species are not currently CITES
listed. Species in Appendix II can be traded as long as it is nondetrimental to wild popu-
lations, while commercial trade is effectively prohibited for Appendix I species under nor-
mal circumstances.

Because chameleons are colorful and ornate, they attract considerable attention from
hobbyists, and many species are traded across international borders in large quantities.
The removal of chameleons from the wild can be illegal (e.g., inside a protected area or
without permission) or legal but detrimental (unsustainable harvest levels), and CITES is
an important mechanism for monitoring, which allows reporting that can influence trade
and protection measures. Patterns in the quantity and composition of international chame-
leon trade, obtained from the CITES Trade Database at the United Nations Environment
Programme—World Conservation Monitoring Centre (UNEP-WCMC), can provide impor-
tant insights into commercial trends, infractions, and impacts of suspensions as well as
highlighting potential cases of unsustainable trade (e.g., Carpenter et al., 2004, 2005).

To provide an up-to-date review of the trends in commercial chameleon trade, the data
from the CITES Trade Database were downloaded (CITES, 2012a) and corrected to reflect
current taxonomic nomenclature (e.g., Archaius, Trioceros). The trends were then sum-
marized utilizing data on the quantity of live chameleons imported between 1977 (when
CITES trade regulations were initiated) and 2010, from countries with native chameleon
populations. Thus, these trends reflected the documented commercial trade in live chame-
leons using reported import quantities, rather than the quantity for which permits were
requested, from countries where chameleons naturally occur.

These data show that between 1977 and 2010, more than 1.37 million chameleons have
been exported and nearly one million of those were exported in the second half of that time
range, from 1994 on (CITES, 2012a). In fact, since 1994, nearly 59,000 chameleons were
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FIGURE 10.1. Annual chameleon exports from 1977 to 2010 by genus. Each bar represents the
total export quantity for a year, subdivided to depict the proportion of the overall export quantity
representing the top four chameleon genera exported over the period 1977 to 2010 (each genus
designated by pattern).

exported annually from their countries of origin, with a high of more than 80,000 exported
in 2001 alone.

The aggregated data show that the overall level of exportation of chameleons exhibits
a bimodal distribution (Fig. 10.1) (CITES, 2012a), which is consistent with previously pub-
lished studies (Carpenter et al., 2004, 2005). An initial spike in documented chameleon
exports occurred between 1977 and 1981, when Kenya exported large numbers of Trioceros
species prior to prohibiting the export of specimens caught in the wild. Following the sud-
den drop in exportation rates associated with the closure of Kenyan export of wild collected
chameleons in 1981 (Carpenter et al., 2004), overall exportation rates climbed steadily until
the mid-1990s when exportation rates began fluctuating year to year, but staying above
50,000 animals per year until 2005 (Fig. 10.1). Overall exportation rates remained relatively
constant, from the mid-199os through 2010, with a peak in annual export in 2001 (Fig. 10.1).

Chamaeleo species were exported in the highest numbers, followed by Trioceros and
then Furcifer species (Table 10.4) (CITES, 2012a). Other genera, such as Nadzikam-
bia and Archaius, were subject to little or no trade. It should be noted, however, that
trade figures for Rhampholeon are limited to a single species, Rhampholeon spinosus, the
only Rhampholeon listed by CITES, and thus no trade data are available for any other
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TABLE 10.4 Total Live Chameleon Exports for Trade from 1977
to 2010 by Genus (Nonscientific/Zoological), by Absolute
Quantity and Percentage of the Total Number Exported

Genus Total Exported %
Archaius 12 <0.001
Bradypodion 333 0.02
Brookesia 5,833 0.4
Calumma 23,617 1.7
Chamaeleo 581,490 423
Furcifer 229,952 16.7
Kinyongia 113,367 8.3
Nadzikambia 0 0
Rhampholeon »® (1409 ? (0.01)
Rieppeleon » ?
Trioceros 392,509 28.6
“Chamaceleo spp.” (Madagascar) 6,858 0.5
“Chamaceleo spp.” (Mainland Africa) 19,525 1.4

a. Post-2003 data only.
b. CITES Trade Data lacking because of nonlisted status of genus.
c. CITES Trade Data for single species, Rhampholeon spinosus.

Rhampholeon or Rieppeleon species. Further, although trade data for Brookesia species are
available for the period 1997 to 2010, trade data prior to the inclusion of this genus on
CITES at the end of 2002 is incomplete (C. Anderson, personal observation). An example
is Brookesia perarmata, a species endemic to Bemaraha National Park in western Mada-
gascar, for which only 25 individuals were reportedly imported to the United States, all
in 1997, but were observed for sale in far higher quantities during this period (C. Ander-
son, personal observation).

Accounting for more than a quarter of all imports from 1977 to 2010, Chamaeleo sen-
egalensis remain the most traded chameleon species (Table 10.5), with sizable exports
from Benin, Ghana, and Togo (CITES, 2012a; see also, Carpenter et al., 2004, 2005).
This is followed by Trioceros jacksonii imports from countries where they are native
(i-e., not including feral populations), which accounts for approximately 8.3% of total
imports; however, more than 73% of that trade occurred prior to 1982, when Kenya was
not restricting exports (Carpenter et al., 2004) and between 1990 and 2010, T. jacksonii
was the ninth most traded species. From 1990 to 2010, C. dilepis was the second most
exported chameleon, and it was third most since 19777. The majority of the 10 most traded
species are the same when you consider the time period from 1977 to 2010 or from 1990
to 2010, however, T. hoehnelii is replaced on that list by T. quadricornis from 1990 to 2010.

Of the 10 most exported chameleon species from both aforementioned time periods
(Table 10.5) (CITES, 2012a), 5 are listed as Least Concern on the IUCN Red List of Threat-
ened Species (IUCN, 2012). Chamaeleo gracilis, Trioceros jacksonii, T. melleri, Kinyongia
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TABLE 10.5 Top 10 Exported Chameleon Species from Native Countries of Origin from
1977 to 2010

Species IUCN Red List Total % Native Range

C. senegalensis Least Concern 350,396 25.5 West Africa

T. jacksonii Not Evaluated 114,511 8.3 Kenya and Tanzania

C. dilepis Least Concern 108,214 7.9 Africa (Widespread)

C. gracilis Not Evaluated 90,623 6.6 Africa (Widespread)

F. lateralis Least Concern 82,957 6.0 Madagascar

F. pardalis Least Concern 81,023 5.9 Madagascar

K. fischeri® Not Evaluated 76,483 5.6 Tanzania

T. melleri Not Evaluated 48,284 3.5 Tanzania, Mozambique and Malawi
T. hoehnelii Least Concern 36,117 2.6 Kenya and Uganda

K. tavetana Not Evaluated 33,904 2.5 Kenya and Tanzania

a. Includes K. fischeri, K. matschiei, K. multituberculata, K. uluguruensis, and K. vosseleri.

tavetana, T. quadricornis, and K. fischeri (for which CITES [2012a] Trade Data also includes
K. matschiei, K. multituberculata, K. uluguruensis, and K. vosseleri); however, as with many
other traded species, have not been assessed for The IUCN Red List (IUCN, 2012).

Chameleon Exports

Tanzania is the single largest exporter of chameleons, with over 345,000 recorded
exports (Table 10.6, Fig. 10.2) (CITES, 2012a). Amazingly, almost 300,000 of those
have been exported since 1996, and between 2004 and 2010, Tanzania alone exported
an average 44% of the world’s chameleons during that period (Fig. 10.2). Tanzania is
followed by Togo (almost 284,000 individuals; Table 10.6) and Madagascar (almost
258,000 individuals; Table 10.6) as the largest exporter countries for chameleons. The
height of Togo’s chameleon exportation occurred between 1988 and 2003, but Togo’s
highest market share of chameleon exports occurred between 1982 and 1990, during
which they accounted for 48 to 99% of the annual export (Fig. 10.2). Exportation levels
for Togo, Benin, and Ghana may not be independent, however, as individual suppliers
have been known to collect and export across these countries (A. Carpenter, personal
communication). Peak exports from Madagascar occurred between 1992 and 1999,
during which time Madagascar alone exported an average of 38% of the world’s cha-
meleons (Fig. 10.2). In 1994, however, the CITES secretariat requested that importing
Party members suspend imports of all but four Malagasy Chamaeleo (now Calumma
and Furcifer) species (Carpenter et al., 2004, 2005) and in 1999, Madagascar drastically
cut annual export quotas of those four species, thus resulting in a decline in overall
exports (Carpenter et al., 2005).
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Between 2001 and 2010, a number of other exporting countries notably increased their
levels of exportation. Exports from Uganda, for instance, increased from less than 550 indi-
viduals exported between 1991 and 2000, to more than 30,600 individuals exported from
2001 to 2010. It should be noted, however, that 88% of that export volume occurred from
2001 to 2004 (CITES, 2012a). Other sizable increases in exportation include Benin (approx-
imately 32,300 to 48,000 individuals), Jordan (7o individuals of one species to over 7200 of
three species), Niger (no export to over 5250 individuals), and Mozambique (approximately
950 to 14,150 individuals). Kenya also saw an increase of exports, from 320 individuals
to over 10,800, however, this increase was because of exports of chameleons reported on
export documents to have been bred in captivity.

One increase in chameleon exportation is particularly noteworthy, however. Equato-
rial Guinea’s export quantities increased from 4100 individuals from 1991 to 2000, to
over 16,800 between 2001 and 2010 (CITES, 2012a). In fact, between 2004 and 2010,
Equatorial Guinea was the sixth largest single exporter of chameleons, but 53% of the
chameleons exported during that period were of species that are not known to occur
within Equatorial Guinea (Trioceros pfefferi, T. quadricornis, and T. wiedersheimi). Despite
the fact that these species do not occur in Equatorial Guinea, original CITES documents
(as opposed to reexport documents) were issued for animals listed as caught in the wild,
raising considerable concern about circumvention of international wildlife laws and
management efforts.

Chameleon Imports

The United States is the single largest importer of chameleons, having imported more
than 884,000 chameleons, or over 64% of all documented chameleon exports, between
19777 and 2010 (Table 10.7, Fig. 10.3) (CITES, 2012a). In fact, since 1978, the United States
has imported less than 50% of all documented chameleon exports for a given year only
four times, in 1984, 2003, 2009, and 2010 (Fig. 10.3). Europe as a whole has imported
almost 26% of all documented chameleon exports with Asia as a whole accounting for
only an additional 6.8% (Fig. 10.3). The overall global trends in chameleon exportation
levels are, thus, highly correlated with that of the importation levels to the United States
of America (Fig. 10.3).

Importation quantities between 2001 and 2010 to some countries have increased con-
siderably as compared with quantities from 1991 to 2000. Ghana has emerged as a new
import market, having no chameleon imports between 1991 and 2000 but almost 18,400
from 2001 to 2010 (CITES, 20122). Germany also saw a considerable rise in imports (from
approximately 16,000 to 56,400 individuals). Other sizable increases in importation include
Canada (approximately 4200 to 8200 individuals), Japan (approximately 34,000 to 48,000),
Mexico (20 to approximately 3600), and Thailand (approximately 100 to 3900). It should
be noted, however, that importation to the United States between these two time periods
declined from almost 361,000 to less than 332,000 individuals.
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TABLE10.7 Top 10 Chameleon-Importing Nations from

1977 to 2010

Country Total Imported Percentage
United States 884,276 64.4
Germany 111,324 8.1
Japan 84,607 6.2
Netherlands 61,087 4.4
Spain 43,061 3.1
France 37,588 2.7
Belgium 35,183 2.6
United Kingdom 32,019 2.3
Ghana 18,398 1.3
Canada 12,589 0.9
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regions or nations. Each bar represents the total import quantity for a year. Each bar is subdivided

to depict the proportion of the overall export quantity imported by the United States (the top
overall importer of chameleons), Europe, Asia, and all other importing nations.
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Wild Caught versus Captive Bred

Of all chameleon species in the trade, relatively few are reliably produced in captivity in
any significant quantity and those that are imported as wild-caught individuals frequently
have high mortality rates during transit (Abate, 2001; C. Anderson, personal observation).
Because many wild-caught species are exported in such large quantities every year, many
of these have become species with which exporters fill shipments in order to increase the
overall shipment size and value (C. Anderson, personal observation). They are sent in large
quantities at a very low price per individual. This low price results in a minimal mark-up by
the exporter, and a thin profit margin means the animals are not worth the effort to care for
as well as the more valuable animals are. The importer then gets large shipments of these
species in an already compromised condition. In order to move their inventory of these ani-
mals, the importers sell them as quickly as possible at a very small mark-up (Abate, 2001;
C. Anderson, personal observation). The result is that these species end up at pet shops in
a severely compromised condition. They are then sold retail as quickly as possible for low
amounts (as low as $15 or less for Chamaeleo senegalensis; C. Anderson, personal observa-
tion) and often die in a matter of weeks to months. This trend is further bolstered by the
export of large numbers of adult animals, which tend to be more difficult to acclimate to
captivity than juveniles.

Unfortunately, because these animals are available for retail sale in such large numbers
and at such low prices, there is limited means for anyone interested in these species to make a
profit breeding that species in captivity (C. Anderson, personal observation). Even people who
are genuinely interested in breeding any of these species in captivity thus tend to give up their
efforts quickly because the market is flooded with underpriced alternatives and coming any-
where close to covering their costs is an unobtainable goal.

The entire dynamic of the trade changes, however, in species with annual importations of
more modest numbers of individuals. In these cases, the market is no longer flooded and any-
one working to propagate that species in captivity is able to sell their offspring at prices that
more accurately reflect the expense of producing these animals in captivity. The wild-caught
imports that are still available then become valuable animals to infuse into captive breeding
groups, with breeders being willing to pay more for animals that are healthier and have a bet-
ter chance of acclimating successfully and adding to their breeding efforts. This causes the
importers to value the condition of these animals, meaning they take better care of them so
they can mark them up more. As a result, they demand higher-quality specimens of these spe-
cies from their exporters, who are then inclined to take better care of these animals because
they too can ask more per individual and able to export fewer individuals.

For instance, while F. pardalis is the sixth most exported chameleon species, the aver-
age number of specimens exported every year dropped by 75% from the period 19912001
to the period 2002-2010, resulting in a considerable reduction in the number of imported
specimens available in the trade in recent years. The increased exportation rate of F. parda-
lis in the earlier period resulted in great availability of wild-caught imports on the market
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for relatively low prices—prices that were often lower than the price of captive-bred ani-
mals. Following the reduction in annual export quotas for this species, however, interest
in breeding this species in captivity increased, causing wild-caught imports to be sought
out by breeders to infuse new bloodlines into their breeding groups. At present, these wild-
caught imports are frequently more expensive than the captive-bred animals produced later.
The result has been that the quality of animals exported has increased and the proportion of
individuals that survive once in captivity has increased as well.

Overall, CITES trade data from all exporting countries (as opposed to data limited to
exporting countries with native chameleons) indicates that a total of 136,294 captive-bred
chameleons were imported between 1985 and 2010 (CITES, 2012a). Of that number, 95%
were imported between 1996 and 2010 and 85% in the last 10 years of this time period,
indicating a significant increase in the supply of captive-bred species. Sixty-six percent of
captive-bred imports were Chamaceleo calyptratus. Furcifer pardalis makes up the next larg-
est proportion of captive-bred imports, at approximately 11,800 individuals. Slovakia is
the largest exporter of captive-bred chameleons, with 26% of all exports (approximately
35,700 individuals), followed by the Ukraine (approximately 21,500 individuals) and the
Czech Republic (approximately 18,500 individuals). The United States is the single larg-
est importer of captive-bred chameleons, with 35% of all imports (approximately 47,500
individuals), followed by Japan (approximately 23,000 individuals), and Canada (approxi-
mately 10,000 individuals). It should be noted, however, that feral populations of F. ousta-
leti, C. calyptratus and Trioceros jacksonii xantholophus in the United States is also known
to offset a considerable amount of the domestic demand for these species (C. Anderson,
personal observation).

Sustainable Trade

The basic tenet of CITES is that international trade in species should be benign to wild
populations. The Antsingy Leaf Chameleon (Brookesia perarmata) is the only chameleon
in Appendix I, but all other CITES-listed chameleons are in Appendix II, which has differ-
ent mechanisms for managing and monitoring trade. The Significant Trade Review allows
CITES to review trade in Appendix-IT species in order to identify species for which trade
appears to be unsustainable and to recommend remedial actions. In cases in which unsus-
tainable trade is suspected, detailed recommendations aimed at specific Parties are made,
with failure to comply likely to lead to a suspension of imports of the species in question.
Parties are expected, when called upon by CITES, to demonstrate that collection and export
is nondetrimental to wild populations. This is challenging for many Parties, especially
those lacking sufficient resources. Carpenter et al. (2005) described the impact on liveli-
hoods, markets and the composition of exports following the 1994 suspension of all Mala-
gasy Calumma and all but four Furcifer species. As a more up-to-date example, in July 2012
CITES suspended imports of Trioceros feae because Equatorial Guinea failed to comply with
recommendations made through the Significant Trade Review process.
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The wider debate on the impact of trade in chameleons in general is hampered by a
lack of information. While Parties are rightly permitted to export species regardless of
their IUCN Red List status, taxa that are considered a conservation priority (e.g., Criti-
cally Endangered and Endangered) quickly become the focus of attention, especially when
export levels appear “high.” This can eventually lead to the involvement of the CITES
Standing Committee, which may enforce trade suspensions in cases in which Parties are
unable to provide convincing evidence that exports of threatened taxa are nondetrimen-
tal to wild populations. When considering the likely impact of collection on a species, two
important considerations need to be taken into account: (1) the proportion of the species’
range over which collection can legally occur and (2) the level and intensity of collection.
Put simply, collection outside of protected areas in scattered geographical localities might
be preferred for many species. When species are restricted in range, like Kinyongia fisch-
eri, even modest collection levels may be harmful. It is noteworthy that this species and K.
tavetana entered the CITES Significant Trade Process in 2012 because of concerns regard-
ing the potential impact of trade on wild populations. Both species are among the top ten
most exported chameleons (Table 10.5).

Annual export quotas are set by individual countries to limit the number of animals
exported to sustainable levels. Eleven countries, all from Africa, have used quotas to man-
age their chameleon exports in the last 10 years (Table 10.8). All countries set export quotas
for wild-caught chameleons and three set export quotas for ranched chameleons.

Illegal Trade

A complicating factor of limiting legal trade, unfortunately, is a surge in illegal trade if
demand significantly exceeds legal trade limits. These illegal markets are obvious in the
extensive captive trade of South African Bradypodion species and of Malagasy Calumma
and Furcifer species (excluding F. pardalis, F. lateralis, F. oustaleti, and F. verrucosus) world-
wide, but particularly in Europe (Anderson, personal observation). The nature of this ille-
gal trade takes various forms but includes the open trading of species that have never been
legally exported under CITES (e.g., Bradypodion setaroi; CITES, 2012a; C. Anderson, per-
sonal observation), the importation of species with forged CITES documents that were
not issued by the CITES Management Authority of the exporting country (i.e., Cameroon;
CITES, 2012b), the mass issuance of CITES documents and subsequent exportation of spe-
cies from countries where they do not naturally occur (e.g., Trioceros pfefferi, T. quadricor-
nis, and T. wiedersheimi export from Equatorial Guinea; CITES, 2012a), or the availability of
species that have been banned from export for more than 15 years (Carpenter et al., 2004,
2005) and never successfully propagated in captivity in sustainable numbers (e.g., C. gallus
and F. antimena; C. Anderson, personal observation).

One reason many of these species are traded in the open market is the inability of
authorities to verify whether or not specimens that are currently in captivity are of legal ori-
gin. Because any captive-bred descendants of CITES-listed specimens that were acquired
and imported legally are themselves legal, enforcement issues generally require authorities
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TABLE 10.8 Summary of Summed Annual Export Quotas Used by 11 African Countries
between 2003 and 2012

Country Wild Ranched/F1 Total Export Quota
Benin 3,600 104,600 108,200
Cameroon 9,000 0 9,000
Chad 4,000 0 4,000
DRC 106,000 0 106,000
Ethiopia 100,200 0 100,200
Ghana 21,000 0 21,000
Madagascar 84,800 0 84,800
Mozambique 42,000 0 42,000
Niger 39,000 0 39,000
Togo 55,000 85,000 140,000
United Republic of Tanzania 178,000 20,032 198,032

be able to prove that an animal is not a descendant of legally acquired and imported
specimens or was not itself legally acquired and imported (Todd, 2011). This is exceedingly
difficult because traders can falsely declare specimens as the direct descendants of speci-
mens on old CITES documents from previous legal shipments of that species (Todd, 2011).
Smuggled chameleons, or the progeny of smuggled chameleons, can therefore be laun-
dered through and “legal” CITES export documents acquired by almost anyone who has
ever acquired legal specimens of that species with little ability from the authorities to prove
otherwise unless they are caught in the act of smuggling itself (Todd, 2011). Some countries
(e.g., Thailand) have become hotbeds of such laundering operations (Todd, 2o11).

10.3 CHAMELEONS AND GLOBAL CHANGE

The world’s climate has already warmed by 0.6°C over the past 100 years, and the warm-
ing trend is set to continue. Although anthropogenic climate change is often generalized
as “global warming,” models of future climate suggest far more complex scenarios, includ-
ing changes in diurnal temperature range, cloud cover, and precipitation and their conse-
quent interactions (Adler et al., 2008; Zhou et al., 2009). Of particular note is an increase
in the expected frequency of extreme weather events, such as heat waves, droughts, floods,
storms, and cyclones (IPCC, 2011), which may result in disturbance to many ecosystems.
For example, Malagasy forests are expected to be negatively affected by an increasing fre-
quency of El Nifio events associated with climate change (Ingram and Dawson, 2005).
After habitat destruction, climate change is one of the most serious and widespread
threats to biological diversity (IPCC, 2007). Although extant species have undergone sig-
nificant climatic change in their past, these changes have occurred at a much slower rate,
allowing for both extinction and speciation processes (Chapter 7). In addition, many spe-
cies are under a high degree of threat because of anthropogenic changes to their habitats, so
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that climate change is acting as an added stressor. In broad terms, climate change has been
shown to have effects on the abundance, distribution, and phenology of species, although
many studies are suggesting that it is the complex interaction of these changes together
with other stressors that can produce devastating impacts on species. For example, climatic
warming is hypothesized as acting synergistically with a novel pathogenic fungus to cause
extinction and declines of multiple frog species in Central America (Pounds et al., 2000).
Fungi and other infectious diseases have been highlighted as potential causes of future bio-
diversity loss, with climatic changes as a potent cofactor (Fisher et al., 2012).

Although very few studies have addressed the influence of climate change directly on
chameleons, there are some general patterns emerging from studies on lizards that can
aid in producing an overview. Ectotherms are thought to be particularly vulnerable to ther-
mal climatic changes because of their direct dependence on external heat sources. This
is especially true of topical ectotherms, which are intolerant of high temperatures as well
as being sensitive to temperature change. In a comparative, macrophysiological analysis,
Huey et al. (2009) showed that lowland lizards living in neotropical forests are at a height-
ened risk from climatic warming. In Mexico, a study showed that increases in air tempera-
ture caused lizards to spend more time in the shade to avoid surpassing thermal maxima
(Sinervo et al., 2010). This resulted in less foraging time, with the greatest effect observed
duringtheirspringbreeding season. Inanother studyontemperatelizards, Massotetal. (2008)
showed that increasing spring temperatures were coupled with a decrease in juvenile
dispersal. Thus, species with low dispersal ability and geographic barriers to movement
are likely to be at an increased risk of extinction. The relationships between ambient tem-
perature, which affect lizard fitness through performance (critical thermal maximum and
the thermal optimum; Chapter 3), are crucial in our understanding of future environmen-
tal changes. Clusella-Trullas et al. (2011) suggested that as temperature variation and pre-
cipitation regimes are likely to have been influential in the evolution of lizard performance,
predicting future scenarios will rely on these factors in addition to average temperature.
The effects of climate on the predators and (mainly) invertebrate prey items of chameleons
are as yet unknown. There is a potential to alter timing of both activity period and breeding
success, but as yet there are no studies that have attempted to quantify such effects.

For chameleons that breed year round (Chapter 5), changes in climate are unlikely to
impact on phenology as they are likely to be able to take advantage of any favorable climatic
periods. However, some chameleons are known to have annual life-history traits that are
linked to particular climatic events, such as the onset of a rainy season or the change in nest
temperatures associated with hatching times (Karsten et al., 2008, Box 5.1). In future sce-
narios in which extreme weather events fall out of these seasons, or weather patterns gener-
ally become unpredictable, this could result in the loss of recruitment for an entire season.
It is also possible that changes in ambient temperature during embryogenesis have unex-
pected effects.

Many studies have used species distribution models to forecast future distributions
under different climatic scenarios. Such studies are strongly dependent on the predictive
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models used, and these are constantly being improved. Existing studies are useful, how-
ever, in that they provide a range of scenarios showing differential responses of a range of
species. Houniet et al. (2009) reported a range of responses for Bradypodion chameleons
from projecting distribution models into IPCC climate scenarios for 2080. While most spe-
cies were predicted to contract their range, one species (B. transvaalense) displayed a shift
southward, together with range contraction. In Spain, Moreno-Rueda et al. (2011) predicted
a northward shift for Chamaeleo chamaeleon. Predictions of shifting ranges are then depen-
dent on the dispersal ability of a particular species, coupled with the availability of appropri-
ate habitat to move to and appropriate corridors to disperse through.

Montane species are particularly vulnerable (cf. Janzen, 1967) because of the upslope
distribution displacements that occur when cold-adapted species are forced upward in the
face of rising temperatures. These typically montane species may eventually run out of suf-
ficiently cool climate to move to and may be forced into extinction. Although the most fre-
quently cited case for this phenomenon is the extinction of a Central American frog, the
same study also showed population crashes in arboreal anoline lizards (Pounds et al., 1999).
Raxworthy et al. (2008) made a study of changes in minimum altitude of herpetofauna on
Tsaratanana Mountain in central Madagascar. Their study included six chameleons, one of
which (Calumma malthe) was found to display upslope displacement (increasing both min-
imum and maximum altitudes) over a 10-year period (between 1993 and 2003). Clearly,
there are many other examples of chameleons that could be victims of upslope displace-
ment, in the mountains of East and West Africa, as well as in Madagascar, where there are
35 species of Calumma, which are endemic to zones within 600 m of mountain summits
(Raxworthy and Nussbaum, 2000).

Chameleons are not typical lizards (Chapter 1), and we may not be able to generalize
on the effects of climatic change from studies on other lizards groups. For example, if cli-
mate change is expected to play a key role in lizard performance, should we expect slow-
moving chameleons to be affected? On the other hand, their slow nature may make them
less able to disperse and move to areas of more appropriate habitat. Chameleons appear to
be unaffected by temperature-dependent sex determination (Andrews, 2005), which affects
the majority of reptile species, but they do have unique embryogenic systems that may put
them at increased risk (Chapter 5). In order to understand how future climate scenarios are
likely to affect this unique family of lizards, researchers will have to understand more of
how their ecology and physiology are influenced by climatic variables. It is also important to
recognize that some species may benefit from newly disturbed habitats because of extreme
weather events, while others have increased risk as they are already under the influence of
extreme climatic constraints or narrow environmental niches. A preliminary step may be to
identify species that could have an increased risk and for which research could concentrate.

The effects of climate change are difficult to predict, but over the long term, there is
little doubt that human-induced climate change will impact our environment. In contrast,
habitat loss is the greatest immediate and acute threat to biodiversity globally (Myers et al.,
2000; Butchart et al., 2010). Many chameleons have restricted distributions (Chapter 7),
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and some are endemic to a single forest (e.g., Bradypodion ngomeense, Brookesia micra,
Kinyongia magomberae) or locality (Table 10.3). In addition, chameleons are habitat-specific
and adapted to certain types of vegetation (Chapters 5 and 7). These factors make itunlikely that
chameleons can cope well with habitat destruction, alteration, and fragmentation. Although
there are a few species that appear to succeed in altered landscapes (e.g., K. boehmei in sub-
sistence shambas, Bradypodion pumilum and Bradypodion damaranum in urban gardens,
and Furcifer lateralis in disturbed environments) the vegetation structure in transformed
settings is probably similar in some way to that of their natural environment, allowing them
to endure. These examples should be considered the exception, rather than the rule.

It is not surprising that areas that retain the greatest diversity in Africa are also those
under the greatest pressure for habitat alteration (Myers et al., 2000; Burgess et al., 2007;
Fjeldsa and Burgess, 2008; Hall et al., 2009; Menegon et al., 2008, 2011; Williams, 2012).
Indeed, population density and growth are positively correlated with species richness and
endemism in top global biodiversity hotspots (Cincotta et al., 2000; Balmford et al., 200r;
McKee et al., 2004; Jha and Bawa, 20006). In Africa, areas that have high numbers of
chameleon species are in the same regions where human influence on the landscape is pro-
nounced (Fig. 10.4). Three areas of Africa are notable for chameleon diversity—Madagascar,
the Eastern Arc Mountains, and the Guinea—Congolian highland forests (Chapter 7). Not
surprisingly, population growth in the Eastern Arc region has increased by 24% in the past
decade and human population density has reached more than 8o people/km?. Although
the density is lower in Madagascar (43 per km?), the growth is faster, with the population
having increased by 35% in the past decade. Population in the Guinea—Congolian hotspot,
which encompasses the highland forests, is growing at twice the global average and now
stands at more than 165 per km? (Williams, 2012). Population growth globally is straining
our limited resources and advancing the degradation of the environment worldwide. Yet
these hotspots are reservoirs of our biodiversity, and they are bearing the brunt of direct
effects on habitat and ultimately species, such as chameleons.

10.4 THE WAY FORWARD

Conservation of the world’s chameleons will rely heavily on our ability to generate sufficient
data on biological/environmental requirements, threats, and their effects on populations
over the next 20 years. Although provisional, current information suggests that chameleons
may face a higher level of threats than reptiles in general, in part because of ongoing
trade, but also because of restricted distributions in dwindling forested habitat of the trop-
ics. Although we are poorly informed about how current populations of chameleons can be
conserved, we are completely ignorant of what the effects of climate change might bring to
these unusual arboreal lizards. In order to change this, we need physiological studies that
can help inform us, as well as better models incorporating these data and more, surpassing
the current species distributions models with mechanistic models (cf. Kearney and Porter,
2009) for the effects of climate change on chameleons.
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FIGURE10.4. (a) Human influence in Africa is shown in shades from light (more impact) to dark

(less impact), and (b) human population density in light (low density) to dark (high density). Both
maps are superimposed with those 1-degree grid cells where high numbers of chameleon species
occur. Particularly noteworthy is that in areas with high numbers of species, human influence and
population density are also high. Human influence and population density maps obtained from
Socioeconomic Data and Applications Center (SEDAC), http://sedac.ciesin.columbia.edu/wildareas/.
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While it is hoped that IUCN Red List assessments will be made for all chameleon species
in the near future, there is much more work to be undertaken in terms of gathering popu-
lation/behavioral ecological data on the most threatened species. Chameleon conservation
would also benefit from work focused on how global change (climate change and habitat
alternation) affects chameleon populations. Furthermore, studies that focus on gathering
data pertaining to chameleon population trends for species under trade would ensure confi-
dence in non-detriment findings” (which provide justification that collection and trade does
not negatively impact wild populations) and improve CITES regulations for chameleons.
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APPENDIX

List of 196 Described Chameleon Species as of 2012,

with the Broad Region in Which They Occur

Species

Region

Archaius tigris (Kuhl, 1820)

Bradypodion atromontanum Branch, Tolley, and Tilbury, 2006
Bradypodion caeruleogula Raw and Brothers, 2008
Bradypodion caffer (Boettger, 1889)

Bradypodion damaranum (Boulenger, 1887)
Bradypodion dracomontanum Raw, 1976
Bradypodion gutturale (Smith, 1849)

Bradypodion kentanicum (Hewitt, 1935)
Bradypodion melanocephalum (Gray, 1865)
Bradypodion nemorale Raw, 1978

Bradypodion ngomeense Tilbury and Tolley, 2009
Bradypodion occidentale (Hewitt, 1935)
Bradypodion pumilum (Gmelin, 1789)
Bradypodion setaroi Raw, 1976

Bradypodion taeniabronchum (Smith, 1831)
Bradypodion thamnobates Raw, 1976

Bradypodion transvaalense (Fitzsimons, 1930)
Bradypodion ventrale (Gray, 1845)

Seychelles

Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa
Southern Africa

Brookesia ambreensis Raxworthy and Nussbaum, 1995 Madagascar
Brookesia antakarana Raxworthy and Nussbaum, 1995 Madagascar
Brookesia bekolosy Raxworthy and Nussbaum, 1995 Madagascar
Brookesia betschi Brygoo, Blanc, and Domergue, 1974 Madagascar
Brookesia bonsi Ramanantsoa, 1980 Madagascar
Brookesia brygooi Raxworthy and Nussbaum, 1995 Madagascar
Brookesia brunoi Crottini, Miralles, Glaw, Harris, Madagascar
Lima, and Vences, 2012
Brookesia confidens Glaw, Kohler, Townsend, and Vences, 2012 Madagascar
Brookesia decaryi Angel, 1939 Madagascar
Brookesia dentata Mocquard, 1900 Madagascar
Brookesia desperata Glaw, Kohler, Townsend, and Vences, 2012 Madagascar
(Continued)
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Species Region

Brookesia ebenaui (Boettger, 1880) Madagascar
Brookesia exarmata Schimmenti and Jesu, 1996 Madagascar
Brookesia griveaudi Brygoo, Blanc, and Domergue, 1974 Madagascar
Brookesia karchei Brygoo, Blanc, and Domergue, 1970 Madagascar
Brookesia lambertoni Brygoo and Domergue, 1970 Madagascar
Brookesia lineata Raxworthy and Nussbaum, 1995 Madagascar
Brookesia lolontany Raxworthy and Nussbaum, 1995 Madagascar
Brookesia micra , 2012 Madagascar
Brookesia minima Boettger, 1893 Madagascar
Brookesia nasus Boulenger, 1887 Madagascar
Brookesia perarmata (Angel, 1933) Madagascar
Brookesia peyrierasi Brygoo and Domergue, 1974 Madagascar
Brookesia ramanantsoai Brygoo and Domergue, 1975 Madagascar
Brookesia stumpffi Boettger, 1894 Madagascar
Brookesia superciliaris (Kuhl, 1820) Madagascar
Brookesia therezieni Brygoo and Domergue, 1970 Madagascar
Brookesia thieli Brygoo and Domergue, 1969 Madagascar
Brookesia tristis Glaw, Kohler, Townsend, and Vences, 2012 Madagascar
Brookesia tuberculata Mocquard, 1894 Madagascar
Brookesia vadoni Brygoo and Domergue, 1968 Madagascar
Brookesia valerieae Raxworthy, 1991 Madagascar
Calumma amber Raxworthy and Nussbaum, 2006 Madagascar
Calumma ambreense (Ramanantsoa, 1974) Madagascar
Calumma andringitraense (Brygoo, Blanc, and Domergue, 1972) Madagascar
Calumma boettgeri (Boulenger, 1888) Madagascar
Calumma brevicorne (Glinther, 1879) Madagascar
Calumma capuroni (Brygoo, Blanc, and Domergue, 1972) Madagascar
Calumma crypticum Raxworthy and Nussbaum, 2006 Madagascar
Calumma cucullatum (Gray, 1831) Madagascar
Calumma fallax (Mocquard, 1900) Madagascar
Calumma furcifer (Vaillant and Grandidier, 1880) Madagascar
Calumma gallus (Glinther, 1877) Madagascar
Calumma gastrotaenia (Boulenger, 1888) Madagascar
Calumma glawi Bshme, 1997 Madagascar
Calumma globifer (Gunther, 1879) Madagascar
Calumma guibei (Hillenius, 1959) Madagascar
Calumma guillaumeti (Brygoo, Blanc, and Domergue, 1974) Madagascar
Calumma hafahafa Raxworthy and Nussbaum, 2006 Madagascar
Calumma hilleniusi (Brygoo, Blanc, and Domergue, 1973) Madagascar
Calumma jejy Raxworthy and Nussbaum, 2006 Madagascar
Calumma linota (Miller, 1924) Madagascar
Calumma malthe (Guinther, 1879) Madagascar
Calumma marojezense (Brygoo, Blanc, and Domergue, 1970) Madagascar
Calumma nasutum (Duméril and Bibron, 1836) Madagascar
Calumma oshaughnessyi (Giinther, 1881) Madagascar
Calumma parsonii (Cuvier, 1824) Madagascar
Calumma peltierorum Raxworthy and Nussbaum, 2006 Madagascar
Calumma peyrierasi (Brygoo, Blanc, and Domergue, 1974) Madagascar
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Species Region

Calumma tarzan Gehring, Pabijan, Ratsoavina, Kohler, Madagascar
Vences, and Glaw, 2010

Calumma tsaratananense (Brygoo and Domergue, 1967) Madagascar

Calumma tsycorne Raxworthy and Nussbaum, 2006 Madagascar

Calumma vatosoa Andreone, Mattioli, Jesu, and Madagascar
Randrianirina, 2001

Calumma vencesi Andreone, Mattioli, Jesu, and Madagascar
Randrianirina, 2001

Calumma vohibola Gehring, Ratsoavina, Vences, and Glaw, 2011 Madagascar

Chamaeleo africanus Laurenti, 1768 West-central Africa,

North Africa

Chamaceleo anchietae Bocage, 1872 West-central Africa

Chamaceleo arabicus (Matschie, 1893) Arabia

Chamaeleo calcaricarens Bohme, 1985 North Africa

Chamaceleo calyptratus Duméril & Duméril, 1851 Arabia

Chamaceleo chamaceleon (Linnaeus, 1758)

Chamaeleo dilepis Leach, 1819
Chamaceleo gracilis Hallowell, 1842

Chamaceleo laevigatus (Gray, 1863)

Chamaceleo monachus (Gray, 1865)

Chamaceleo namaquensis Smith, 1831

Chamaeleo necasi Ullenbruch, Krause, Bshme, 2007
Chamaceleo senegalensis Daudin, 1802

Chamaceleo zeylanicus Laurenti, 1768

Europe, North
Africa, Arabia

Pan Africa

East Africa,
West-central Africa
East Africa

Socotra Island
Southern Africa
West-central Africa
West-central Africa
Asia

Furcifer angeli (Brygoo and Domergue, 1968) Madagascar
Furcifer antimena (Grandidier, 1872) Madagascar
Furcifer balteatus (Duméril and Bibron, 1851) Madagascar
Furcifer belalandaensis (Brygoo and Domergue, 1970) Madagascar
Furcifer bifidus (Brongniart, 1800) Madagascar
Furcifer campani (Grandidier, 1872) Madagascar
Furcifer cephalolepis (Guinther, 1880) Comoros
Furcifer labordi (Grandidier, 1872) Madagascar
Furcifer lateralis (Gray, 1831) Madagascar
Furcifer major (Brygoo, 1971) Madagascar
Furcifer minor (Giinther, 1879) Madagascar
Furcifer nicosiai Jesu, Mattioli, and Schimmenti, 1999 Madagascar
Furcifer oustaleti (Mocquard, 1894) Madagascar
Furcifer pardalis (Cuvier, 1829) Madagascar
Furcifer petteri (Brygoo and Domergue, 1966) Madagascar
Furcifer polleni (Peters, 1874) Comoros
Furcifer rhinoceratus (Boettger, 1893) Madagascar
Furcifer timoni Glaw, Kohler, and Vences, 2009 Madagascar
Furcifer tuzetae (Brygoo, Bourgat, and Domergue, 1972) Madagascar
Furcifer verrucosus (Cuvier, 1829) Madagascar
Furcifer viridis Florio, Ingram, Rakotondravony, Louis, and Madagascar
Raxworthy, 2012
(Continued)
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Species Region

Furcifer willsii (Guinther, 1890) Madagascar
Kinyongia adolfifriderici (Sternfeld, 1912) East Africa
Kinyongia asheorum Necas, Sindaco, Koreny, Kopecnd, East Africa

Malonza, and Modry, 2009
Kinyongia boehmei (Lutzmann and Necas, 2002) East Africa
Kinyongia carpenteri (Parker, 1929) East Africa
Kinyongia excubitor (Barbour, 1911) East Africa
Kinyongia fischeri (Reichenow, 1887) East Africa
Kinyongia gyrolepis Greenbaum, Tolley, Joma, and East Africa

Kusamba, 2012
Kinyongia magomberae Menegon, Tolley, Jones, East Africa

Rovero, Marshall, and Tilbury, 2009
Kinyongia matschiei (Werner, 1895) East Africa
Kinyongia multituberculata (Nieden, 1913) East Africa
Kinyongia oxyrhina (Klaver and Bshme, 1988) East Africa
Kinyongia tavetana (Steindachner, 1891) East Africa
Kinyongia tenuis (Matschie, 1892) East Africa
Kinyongia uluguruensis (Loveridge, 1957) East Africa
Kinyongia uthmoelleri (Miiller, 1938) East Africa
Kinyongia vanheygeni Necas, 2009 East Africa
Kinyongia vosseleri (Nieden, 1913) East Africa
Kinyongia xenorhina (Boulenger, 1901) East Africa
Nadzikambia baylissi Branch and Tolley, 2010 East Africa
Nadzikambia mlanjensis (Broadley, 1965) East Africa
Rhampholeon acuminatus Mariaux and Tilbury, 2006 East Africa
Rhampholeon beraduccii Mariaux and Tilbury, 2006 East Africa
Rhampholeon boulengeri Steindachner, 1911 East Africa
Rhampholeon chapmanorum Tilbury, 1992 East Africa
Rhampholeon gorongosae Broadley, 1971 Southern Africa
Rhampholeon marshalli Boulenger, 1906 Southern Africa
Rhampholeon moyeri Menegon, Salvidio, and Tilbury, 2002 East Africa
Rhampholeon nchisiensis (Loveridge, 1953) East Africa
Rhampholeon platyceps Guinther, 1893 East Africa
Rhampholeon spectrum (Buchholz, 1874) West-central Africa
Rhampholeon spinosus (Matschie, 1892) East Africa
Rhampholeon temporalis (Matschie, 1892) East Africa
Rhampholeon uluguruensis Tilbury and Emmrich, 1996 East Africa
Rhampholeon viridis Mariaux and Tilbury, 2006 East Africa
Rieppeleon brachyurus (Giinther, 1893) East Africa
Rieppeleon brevicaudatus (Matschie, 1892) East Africa
Rieppeleon kerstenii (Peters, 1868) East Africa, North

Africa
Trioceros affinis (Riippel, 1845) North Africa
Trioceros balebicornutus (Tilbury, 1998) North Africa
Trioceros bitaeniatus (Fischer, 1884) East Africa
Trioceros camerunensis (Miiller, 1909) West-central Africa
Trioceros chapini (De Witte, 1964) West-central Africa
Trioceros conirostratus (Tilbury, 1998) East Africa
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Species

Region

Trioceros cristatus (Stutchbury, 1837)
Trioceros deremensis (Matschie, 1892)
Trioceros ellioti (Giinther, 1895)
Trioceros feae (Boulenger, 1906)
Trioceros fuelleborni (Tornier, 1900)
Trioceros goetzei (Tornier, 1899)
Trioceros hanangensis Krause & Bshme, 2010
Trioceros harennae (Largen, 1995)
Trioceros hoehnelii (Steindachner, 1891)
Trioceros incornutus (Loveridge, 1932)
Trioceros ituriensis (Schmidt, 1919)

Trioceros jacksonii (Boulenger, 1896)
Trioceros johnstoni (Boulenger, 1901)

Trioceros kinangopensis Stipala, Lutzmann, Malonza,
Wilkinson, Godley, Nyamache, and Evans, 2012

Trioceros kinetensis (Schmidt, 1943)

Trioceros laterispinis (Loveridge, 1932)

Trioceros marsabitensis (Tilbury, 1991)

Trioceros melleri (Gray, 1865)

Trioceros montium (Buchholz, 1874)

Trioceros narraioca (Necas, Modry, and Slapeta, 2003)

Trioceros ntunte (Necas, Modry, and Slapeta, 2005)

Trioceros nyirit Stipala, Lutzmann, Malonza, Wilkinson,
Godley, Nyamache, and Evans, 2011

Trioceros oweni (Gray, 1831)

Trioceros perreti (Klaver and Boshme, 1992)

Trioceros pfefferi (Tornier, 1900)

Trioceros quadricornis (Tornier, 1899)

Trioceros rudis (Boulenger, 1906)

Trioceros schoutedeni (Laurent, 1952)

Trioceros schubotzi (Sternfeld, 1912)

Trioceros serratus (Mertens, 1922)

Trioceros sternfeldi (Rand, 1963)

Trioceros tempeli (Tornier, 1900)

Trioceros werneri (tornier, 1899)

Trioceros wiedersheimi (Nieden, 1910)

West-central Africa
East Africa

East Africa
West-central Africa
East Africa

East Africa

East Africa

North Africa

East Africa

East Africa

East Africa, Central
Africa

East Africa

East Africa, Central
Africa

East Africa

East Africa
East Africa
East Africa
East Africa
West-central Africa
East Africa
East Africa
East Africa

West-central Africa
West-central Africa
West-central Africa
West-central Africa
East Africa
East Africa
East Africa
West-central Africa
East Africa
East Africa
East Africa
West-central Africa

Source: Glaw and Vences, 2007; Tolley and Burger, 2007; Tilbury, 2010; Uetz, 2012; with additional input from.

5490036_APPENDIX.indd 221

Appendix

221

21/09/13 11:44 AM



5490036_APPENDIX.indd 222 21/09/13 11:44 AM



asl
cf.
cm
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ie.
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above sea level
compare
centimeters
for example
that is
kilometers

meters
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FIGURE 1.1. Trioceros goetzei shows the dexterity of the chameleons’ gripping
hands and feet.

FIGURE 1.2. Trioceros johnstoni from Rwanda demonstrates the independently
moving eyes typical of all chameleons.

21/09/13 12:35 PM



FIGURE 1.3. The visual system of
chameleons is highly tuned for judging
distance and movement, as shown by
the focused gaze of Chamaeleo dilepis.

FIGURE 1.4. Rhampholeon viridis from Tanzania is typical of chameleons,
which are primarily terrestrial.
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FIGURE 1.5. Most chameleons are cryptic and can blend in with the background. In an
extreme example, Trioceros laterispinis resembles lichen on a branch.
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FIGURE 1.6. A male Bradypodion transvaalense from South Africa shows a
colorful display and distended ornamentation.

FIGURE 1.7. A male Kinyongia tavetana from Tanzania displays aggressive
behavior.
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(c)

EDL

EDL

FIGURE 2.4. Right hindlimb muscles

of C. calyptratus represented by a

lateral view of the deeper musculature
(a), a lateral view of a protracted and
depressed limb (b), a fully retracted
and abducted limb (c), and an

anterior view of a fully retracted and
disarticulated limb (d). Bones are

in light gray and connective tissue

is in white. Originally published

in Higham and Jayne (2004a).

LABELS: I, IT, ITI, V = digit numbers;

CF = caudofemoralis; EDL = extensor
digitorum longus; fe = femur; fi = fibula;
FTE = flexor tibialis externus; G = gas-
trocnemius; IF = iliofibularis; il = ilium;
IT = iliotibialis; isch = ischium; P = pero-
neus; PIT = puboischiotibialis; pub = pubis;
t = tibia; TA = tibialis anterior.
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FIGURE 5.1. Diverse body forms and habitats of chameleons from forest, heathland, and desert
habitats. A typical forested habitat (a), inhabited by Calumma amber, in northern Madagascar (b).
The leaf-litter and associated low vegetation of forests (c), provides the habitat for leaf chameleons
such as Rhampholeon acuminatus in East Africa (d). Some members of the genus Bradypodion
inhabit fynbos, a southern African heathland habitat (e), like B. taeniabronchum from South Africa
(f). Chameleons also inhabit desert environments (g) such as this area in western Namibia where
Chamaceleo namaquensis lives (h).
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FIGURE 6.1. Male Bradypodion transvaalense in typical display posture with
throat extended, body laterally compressed, one arm held rigidly with elbow
bent at right angles, and tail coiled.

FIGURE 6.2. Copulation in Trioceros jacksonii, showing sexual dimorphism in
ornamentation.
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FIGURE 6.3. Female aggressive coloration and posture in Bradypodion
melanocephalum. Females reject unwanted male courtship attempts by
displaying highly contrasting coloration, gaping, and rocking rapidly
from side to side. Unreceptive females will also chase and bite males that
approach.

FIGURE 6.4. Male—male combat in Trioceros jacksonii involves locking together
of the three rostral horns. Males often lock horns and push each other along
a branch in a contest of strength. They may also violently twist their horns

in corkscrew fashion, and the male with longer horns can inflict damage by
piercing the tissue of his rival with the tips of his horns.
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FIGURE 7.1. Schematic of the phylogenetic tree of chameleons (based on Tolley et al., 2013) shown as a
chronogram. Each genus is color-coded according to its main distribution (Africa, green; Madagascar, orange),
and a time scale (millions of years) is included.
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FIGURE 7.2. Point localities for all available georeferenced records of chameleons by genus, throughout Africa,
Madagascar, Europe, and Asia. Records from introduced localities are not included.
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Species
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FIGURE 7.3. Patterns of (a) species richness and (b) weighted endemism for
chameleons at a 1-degree resolution (Box 7.1) across the entire distribution of
this family. Warmer-colored grid cells (reds) have the highest values, whereas
cooler-colored cells (blues) have the lowest values.
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FIGURE 8.1. Archaius tigris.

FIGURE 8.2. Bradypodion damaranum.

FIGURE 8.3. Brookesia superciliaris.
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FIGURE 8.4. Calumma gastrotaenia.

FIGURE 8.5. Chamaeleo dilepis.

FIGURE 8.6. Furcifer lateralis.
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FIGURE 8.7. Kinyongia fischeri.

FIGURE 8.8. Nadzikambia baylissi.

FIGURE 8.9. Rhampholeon platyceps.
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FIGURE 8.10. Rieppeleon brevicaudatus.

FIGURE 8.11. Trioceros melleri.
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