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Abstract—It has been noted that caudal autotomy as a way of defending against predators in recent reptiles is
characteristic solely of lepidosaurs and is absent in crocodiles and turtles. It was found that, in the order
Rhynchocephalia and in representatives of the majority of families of lizards, intravertebral (IntraVB) autot-
omy is a widespread phenomenon, whereas agamid lizards and some snakes do not have a break plane, and
their tails break between adjacent vertebrae (intervertebral (InterVB) autotomy). The frequencies of occur-
rence of InterVB autotomy and regeneration in six species of agamas of the genus Paralaudakia were analyzed.
Six types of regenerate’s characteristic of the studied group and the anatomical structure of the knob -shaped
jagged regenerate are described on the basis of the results of computed microtomography (micro-CT). Phe-
nomena of autotomy and regeneration are discussed in the phylogenetic context.
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INTRODUCTION
Autotomy in the form of tail shedding is one of the

most remarkable features of many lepidosaurs, but it is
not known in crocodiles and turtles. Caudal autotomy
is characteristic of the majority of families of recent
lizards, some snakes (mostly colubrids), and the
majority of amphisbaenid families (Arnold, 1984,
1988; Ananjeva and Orlov, 1994; Savage and Slow-
inski, 1996; Bowen, 2004; Costa et al., 2014; Crno-
brija-Isalović et al., 2016). Two ways of defending
against predators are known. Intravertebral (IntraVB)
autotomy, when rupture occurs through the vertebral
body at “weak sites,” is a more widespread phenome-
non. It is characteristic of the lepidosaurs of the order
Rhynchocephalia as well as of squamate reptiles of the
families Scincidae, Cordylidae, Teiidae, Xantusiidae,
Anguidae, Lacertidae, some Iguanidae, and the
majority of Gekkota (families Carphodactylidae,
Diplodactylidae, Gekkonidae, Eublepharidae, Phyl-
lodactylidae, and Sphaerodactylidae). Intervertebral
(InterVB) autotomy, when break planes are absent and
tail breakage occurs between adjacent vertebrae, is less
common. It is reliably observed in the autotomy-capa-
ble lizards of the family Agamidae and in some snakes
(mainly of the families Colubridae, Lamprophiidae,
and Natricidae). InterVB autotomy in snakes is not
accompanied by subsequent regeneration. According
to the previously proposed terminology (Savage and

Slowinski, 1996; Costa et al., 2014), the following
types of breaks are distinguished: urotomy (any type,
both inter- and intravertebral); autotomy per se
(which, according to the authors, include only the
IntraVB type of break with subsequent regeneration of
the lost part), and pseudo-autotomy (an intervertebral
nonspontaneous type of tail fracture without regener-
ation). Analysis of the data published over the entire
study period (Crnobrija-Isalović et al., 2016) showed
the following frequencies of pseudo-autotomy in dif-
ferent families of snakes: in Colubridae (in 46 species
of 34 genera, 41% of species), in Lamprophiidae (in
four species of two genera (25%)), in Viperidae (in two
species of two genera), and in Elapidae (only in one
species). In this classification, agamid lizards are not
assigned to any of the above categories; they occupied
an indefinite position (“intermediate condition”)
(Savage and Slowinski, 1996).

The first way is considered as a plesiomorphic state
in squamate reptiles (Reptilia: Squamata) but is inde-
pendently lost in many evolutionary lines (Arnold,
1984). Apparently, the absence of IntraVB autotomy
among representatives of many monophyletic families
indicates that the ability to shed the tail in this way was
lost several times during their evolutionary history
(Arnold, 1988). In most cases, the formed regenerate
differed significantly from the original part of the tail
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that had not undergone autotomy by a change in color,
scaling pattern, and general proportions.

Various ecological, functional, morphological, and
evolutionary aspects of autotomy as defensive behavior
strategies have been studied: caudal bi- and trifurca-
tion (Ananjeva and Danov, 1991; Dudek and Ekner-
Grzyb, 2014; Pheasey et al., 2014; Koleska and
Jablonski, 2015; Passos et al., 2016; Pelegrin and Leão,
2016; Gordeev, 2017; Kolenda et al., 2017; Vergilov
and Natchev, 2017; Kukushkin, 2018; Koleska, 2018;
Maria and Al-Razi, 2018; Ramadanović and Zimić,
2019), regulation of the formation of the cartilaginous
tube (Lozito and Tuan, 2015), and the histochemistry
and ultrastructure of the regenerated epidermis (Ali-
bardi and Maderson, 2003). Experiments were also
performed on spinal cord implantation (Lozito and
Tuan, 2016); localization of proliferating cells (Ali-
bardi, 2016); physiology (Meyer et al., 2002); bioener-
getics of autotomy, regeneration, and post-autotomy
locomotion (Pafilis et al., 2005; Lin et al., 2006; Selig-
mann et al., 2008; Sun et al., 2009; Fleming et al.,
2013); and the rate and molecular mechanisms of
regeneration (Pillai et al., 2013; Yadav et al., 2014;
Hutchins et al., 2016; Alibardi, 2017). The frequencies
of occurrence of autotomy and pseudo-autotomy
(Bowen, 2004; Arribas, 2014; Costa et al., 2014) and
the effect of tail regeneration on the locomotor activity
of lizards (Chapple and Swain, 2002; Jagnandan et al.,
2014; Zamora-Camacho et al., 2016) were studied.
The authors of a study that summarized the most sig-
nificant information over the past 200 years described
the prospects for future research (Higham et al., 2013).
The majority of the numerous publications on prob-
lems of autotomy considered a limited number of spe-
cies with the IntraVB autotomy mechanism, whereas
the morphology of the regenerates that are formed in
species with the intervertebral break was considered
very rarely (Schall et al., 1989). The purpose of this
study was to analyze the autotomy and morphology of
tail regenerates in agamid lizards by computed micro-
tomography methods (micro-CT) using the genus
Paralaudakia Baig Wagner, Ananjeva and Böhme,
2012 as an example.

MATERIALS AND METHODS
The material for this study was specimens of the

herpetological collections of the Zoological Institute,
Russian Academy of Sciences (ZIN RAS, St. Peters-
burg), and the Zoological Museum, Moscow State
University (ZM MSU, Moscow). A total of 614 speci-
mens were studied, which were represented by series of
six species: the Caucasian agama Paralaudakia cauca-
sia (Eichwald, 1831), the redbelly rock agama P. eryth-
rogaster (Nikolsky, 1896), the Himalayan agama
P. himalayana (Steindachner, 1867), the Turkestan
rock agama P. lehmanni (Nikolsky, 1896), the small-
scaled rock agama P. microlepis (Blanford, 1875), and
the Mongolian rock agama P. stoliczkana (Blanford,
1875). The following classification was used to analyze
the autotomy localization (Arribas, 2014): intact tail
and autotomy in the distal third, the middle, and the
proximal third of the tail. The frequency of occurrence
of autotomy and various regeneration states was esti-
mated by nonparametric statistical methods. To assess
the possibility of comparison of different regeneration
states in the series, we analyzed the proportionality of
the number of females, males, and specimens at the
juvenile stage (Kruskel–Wallis, Mann–Whitney, and
Fisher (F) tests). The calculations were performed
using the PAST 3.22 software.

The anatomical structure of the regenerates was
studied by the micro-CT method (Moscow State Uni-
versity, Moscow) using a SkyScan-1172 desktop scan-
ner (Bruker micro-CT, Kontich, Belgium) equipped
with a Hamamatsu 10 Mp digital camera. The tails of
P. caucasia (R-15396, ZM MSU) and P. himalayana
(36556, ZM MSU) were scanned. The tail samples
were placed in a plastic vessel and scanned sequen-
tially. Scanning was performed with a resolution of
6.19 μm at a source voltage of 40 kV and current
strength of 250 μA with a turn step of 0.2° and a shutter
speed of 1600 ms for the P. caucasia specimen and with
a resolution of 12.39 μm at a source voltage of 40 kV
and current of 250 μA with a turn step of 0.3° and a
shutter speed of 800 ms for the P. himalayana speci-
men. The resulting subscan data arrays were con-
nected vertically to obtain the general tomogram. Data
were processed using the Skyscan software Data-
Viewer, CTAn, and CTVol (creation and visualization
of 3D models).

RESULTS AND DISCUSSION

The majority of specimens of rock ring-tailed
agamas Paralaudakia Baig Wagner, Ananjeva and
Böhme, 2012, that were studied by us had intact tails
(Table 1): from 53.6% in P. erythrogaster to 87.4% in
P. lehmanni. In P. microlepis, the frequency of occur-
rence of specimens with whole tails was 40.0%, which
can be explained by the small sample size (n = 5). The
number of specimens with autotomy in the presented
series is smaller: from 12.6% in P. lehmanni to 46.4% in
P. erythrogaster.

In P. caucasia, the proportions of females and
males with shed tails were very close (37.1 and 38.5%,
respectively). In most specimens (13.1% of females
and 17.3% of males), autotomy occurred in the distal
third of the tail, whereas other cases (autotomy in the
middle or proximal third of the tail) were quite rare
and did not exceed 4.0%.

In P. erythrogaster, the frequencies of occurrence of
autotomized specimens and specimens with intact
tails were the closest compared to the other species
considered (46.4 and 53.6%, respectively), and the
frequencies of occurrence of females and males with
shed tails were nearly identical (44.4 and 47.4%).
BIOLOGY BULLETIN  Vol. 47  No. 4  2020
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Table 1. Frequency of caudal autotomy in rock ring-tailed agamas of the genus Paralaudakia

Percentages are shown in parentheses. When calculating the percentage of cases of detection of lizards with normal tails and autotomy,
the number of specimens of each sex was taken as 100%.

Species

Number
of specimens

in series

Number
of specimens in series 

with intact tails

Autotomy with subsequent regeneration

in the distal third
of the tail

in the middle 
of the tail

in the proximal
third of the tail

♀ ♂ juv. ♀ ♂ juv. ♀ ♂ juv. ♀ ♂ juv. ♀ ♂ juv.

P. caucasia 105
(43.3)

130
(54.9)

2
(0.8)

66
(27.8)

80
(33.8)

2
(0.8)

31
(13.1)

41
(17.3)

0
(0.0)

4
(1.7)

8
(3.4)

0
(0.0)

4
(1.7)

1
(0.4)

0
(0.0)

P. erythrogaster 9
(32.1)

19
(67.9)

0
(0.0)

5
(17.9)

10
(35.7)

0
(0.0)

3
(10.7)

7
(25.0)

0
(0.0)

0
(0.0)

1
(3.6)

0
(0.0)

1
(3.6)

1
(3.6)

0
(0.0)

P. himalayana 15
(33.3)

20
(44.4)

10
(22.2)

6
(13.3)

14
(31.1)

10
(22.2)

6
(13.3)

3
(6.7)

0
(0.0)

3
(6.7)

2
(4.4)

0
(0.0)

0
(0.0)

1
(2.2)

0
(0.0)

P. lehmanni 113
(62.1)

66
(36.3)

3
(1.6)

104
(57.1)

53
(29.1)

2
(1.1)

9
(4.9)

11
(6.0)

0
(0.0)

0
(0.0)

2
(1.1)

1
(0.5)

0
(0.0)

0
(0.0)

0
(0.0)

P. microlepis 1
(20.0)

4
(80.0)

0
(0.0)

0
(0.0)

2
(40.0)

0
(0.0)

1
(20.0)

2
(40.0)

0
(0.0)

0
(0.0)

0
(0.0)

0
(0.0)

0
(0.0)

0
(0.0)

0
(0.0)

P. stoliczkana 51
(43.6)

65
(55.6)

1
(0.9)

40
(34.2)

44
(37.6)

1
(0.9)

11
(9.4)

21
(17.9)

0
(0.0)

0
(0.0)

0
(0.0)

0
(0.0)

0
(0.0)

0
(0.0)

0
(0.0)
However, the compliance of sexes by this trait is bro-
ken by the predominance of males over females in the
series (67.9 and 32.1%, respectively) and cannot be
considered significant. As in the previous case, autot-
omy most often occurs in the distal third of the tail;
cases with autotomy in the middle and in the proximal
third of the tail are few.

Out of the 45 specimens of P. himalayana, 30
(66.7%) had intact tails and 15 (33.3%) had autotomy
in the distal third (13.3% of females and 6.7% of
males), proximal third (2.2% of males), and in the
middle (6.7% of females and 4.4% of males) of the tail.

The smallest number of specimens with autotomy
in the series presented was found for P. lehmanni
(12.6%). Since the number of females in this sample
was significantly larger than the number of males (for
all nonparametric criteria, P < 0.05), an analysis of
sexual dimorphism would not give a correct result and,
for this reason, was not performed. Nevertheless, the
majority of specimens (10.9%) were autotomized in
the distal third of the tail, and 1.6% (two specimens,
one of which was juvenile) were autotomized in the
middle of the tail. Since the sample of P. microlepis is
unrepresentative (five specimens), a detailed analysis
of the frequencies of occurrence of autotomy would be
unjustified. Nevertheless, three specimens with autot-
omy in the distal third of the tail were recorded.

In P. stoliczkana, the proportion of specimens with
autotomy was 27.4%, the proportions of females and
males were 9.4 and 17.9%, respectively. All specimens
shed tails in the distal third of the tail. Out of the 614
specimens analyzed, 16 were juvenile, of which only
BIOLOGY BULLETIN  Vol. 47  No. 4  2020
one (P. lehmanni, no. ZISP 13462) was autotomized in
the distal third of the tail.

Despite the differences in the frequencies of occur-
rence of autotomized and nonautotomized specimens
of males and females, the probability of finding a
female or a male with a shed or regenerated tail is the
same for all species considered, which is typical for the
majority of lizard species (Bateman and Fleming,
2009; Arribas, 2014; Pafilis et al., 2017). The studies of
the frequency of occurrence of autotomy (Bowen,
2004) using Nerodia sipedon (Linnaeus, 1758) as an
example showed that the sample size may be a critical
factor. Significant differences in the frequencies of
occurrence of different categories of the state of the tail
between males and females were not revealed either;
however, it is most likely that the tail is discarded in
the distal part.

The location of the region in which the tail will be
discarded depends on a number of circumstances.
Firstly, this is determined by the possibility of autot-
omy in a particular region: nonautotomic (pygal) ver-
tebrae, located at the base of the tail, and autotomic
(postpygal) vertebrae, located after them, are distin-
guished. Their number varies in different genera and
species as well as within the limits of variability in the
same species (Bellairs and Bryant, 1985). This is true
for the species with the IntraVB autotomy mechanism.
A characteristic feature of a number of species (e.g.,
Iguana iguana (Linnaeus, 1758), Cyclura spp., Cteno-
saura acanthura (Shaw, 1802), as well as the species of
the genera Sauromalus Duméril, 1856, Basiliscus Lau-
renti, 1768, Enyalioides Boulenger, 1885, etc.) is the
age-related changes in the anatomy of the caudal ver-
tebrae: fusion of both fragments of the IntraVB-verte-
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brae in the distal part or throughout the tail, resulting
in partial or complete loss of the capability of autot-
omy (Arnold, 1988). Secondly, the break site location
depends on the tail part that is grasped by the predator
(Borkin et al., 2007) or another individual of the same
species of lizards. It should be noted that the autoto-
mic tissue rupture always occurs only slightly (no
more than three segments) above the grasp site. This is
explained by the significant energy expenditures for
subsequent regeneration and a decrease in the loco-
motor activity of such individuals (Lin et al., 2006).
The dependence on the lifestyle of a particular species
is also likely.

It is known that, in most lizards, autotomy is fol-
lowed by tail regeneration (true autotomy, as opposed
to pseudo-autotomy, which ends with wound healing
without the formation of a regenerate). The regenerate
is usually shorter than the original tail and differs sig-
nificantly from it in the pholidosis structure. The rate
of regeneration depends on environmental conditions,
age, nutritional intensity, individual characteristics,
and the biology of the species (Bellairs and Bryant,
1985; Arnold, 1988). The final size of the regenerate
may also show interspecific differences (Bellairs and
Bryant, 1985).

As noted above, some agamid lizards are capable of
InterVB autotomy and regeneration, which distin-
guishes them from all other lepidosaurs. Regenerated
regions have a specific shape, which may vary slightly
within the species. For Agama agama and A. stellio
(=Stellagama stellio (Linnaeus 1758)), three types of
regenerates are known (Schall et al., 1989): narrowed,
club-shaped, and conically regenerated tails, which
usually form much shorter regenerated structures. In
the museum material analyzed, in six species of
agamas of the genus Paralaudakia, we identified six
types of regenerates (Fig. 1):

—knob-shaped jagged (the width of the regenerate
along its entire length is approximately equal to the
width of the last ring of the tail above the autotomy
site); its covering scales have a jagged shape, and one
edge of them is somewhat bent outwards;

—knob-shaped smooth (similar to the previous
type, but the covering scales are tightly attached to the
regenerate and do not form thornlike structures);

—conical jagged (gradually tapering regenerate
from the base to the end of the tail, the scales covering
it have a jagged shape, one edge of them is slightly bent
outwards;

—conical smooth (similar to the conical jagged
one, but the covering scales tightly adjoin the regener-
ate and do not form thornlike structure);

—club-shaped (“teeth” are present, the width of the
regenerate is approximately equal to or slightly larger, and
its base is substantially narrower than the width of the last
ring of the tail above the site of autotomy);

—narrowed (“teeth” are absent, the regenerate has
the same width over the entire length and is substan-
tially narrower than the last tail ring above the site of
autotomy).

The ratio of the described types of regenerates in
different types of agamas is not the same. Since most
of the specimens examined had either damaged tails
(the significance of autotomy is in doubt) or regener-
ates at an early stage, the type of regenerate was reli-
ably identified only for a small part of the specimens
(Table 2). Of the five specimens of P. microlepis, three
(one female and two males) were autotomized; how-
ever, the size of the regenerates did not allow reliable
identification of their types. The pineal jagged regen-
erate, the most common and found in all species con-
sidered, dominated in P. caucasia, P. himalayana, and
P. lehmanni and, depending on the species, accounted
for 42.9 to 100.0% of the reliably determined regener-
ates. The rare forms of regenerates—conical jagged
and conical smooth—are characteristic only of
P. stoliczkana. The greatest diversity of the types of
regenerates (five out of six) was found in P. stoliczkana,
whereas in P. lehmanni the only form was the knob-
shaped jagged type. The narrowed regenerate predom-
inated in the samples of P. erythrogaster and
P. stoliczkana (50.0 and 30.8%, respectively).

Some species close to the genus Paralaudakia (e.g.,
Laudakia nupta (De Filippi, 1843)) had regenerates of
similar types: knob-shaped jagged, knob-shaped
smooth, and conical smooth (Gordeev and Anan’eva,
2019). The volume of our data does not allow us to
make conclusions about the sex-related differences in
the types of regenerates; however, the knob-shaped
jagged (club-shaped) type dominates in most species
(Schall et al., 1989) in both males and females.

On the basis of the results of a field experiment
(Schall et al., 1989), in which the majority of males
(78.6% versus 19.3% of females) had club-shaped
regenerates, whereas females had regenerates of the
narrowed type, it was assumed that the club shape of
the regenerate has a certain adaptive advantage in
social behavior (in competitions between males,
because massive tails can strike stronger blows).

After the tail is shed, the remaining part of the tail
has a markedly protruding vertebra and, partially,
muscles. Later, the vertebra that became distal under-
goes partial ablation, which is clearly seen on the X-ray
micro-CT sections (Fig. 2).

The micro-CT image analysis and visual inspec-
tion of the shed tail indicates that the autotomy region
does not pass clearly between the vertebrae but is
repeatedly bent. Superficially (dorsally) the autotomy
region is located between the scales of the tail opposite
the junction of two vertebrae. Then, it deviates slightly
towards the head region and, after reaching the verte-
bra, goes to its distal part, then passes between the
adjacent vertebrae, and again goes to the head section.
Thereafter, the caudal artery and vein are broken, the
plane of the fracture is directed to the lower spinous
process of the adjacent vertebra and again turns for-
BIOLOGY BULLETIN  Vol. 47  No. 4  2020
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Fig. 1. Tails of agamas of the genus Paralaudakia. (a) P. caucasia: 1, knob-shaped jagged (village of Khodzhib, May 5, 1904;
N.A. Zarudnyi, ZISP 10426); 2, knob-shaped smooth (Iran, May 31, 1942; E.N. Pavlovskii, ZISP 18245.1); 3, club-shaped
(Turkmenistan, Atrek Valley, September 29, 1972; Eremin, ZISP 19116.4); 4, narrowed (Turkmenistan, vicinities of Ashgabat,
July 1972; R.I. Zubarev, ZISP 19117.8). (b) P. stoliczkana: 5, knob-shaped jagged (Mongolia, Hatan-Khayrhan-Ula Mountains,
July 17, 1986; V.F. Orlova, ZMMSU R-5740); 6, knob-shaped smooth (Mongolia, Gobi-Altai Aimak, August 21, 2005;
A.V. Surov, ZMMSU R-12041); 7, conical jagged (Mongolia, Gobi-Altai Aimak, Elgen, July 13, 1983; L.Ya. Borkin, N.L. Orlov,
D.V. Semenov, ZISP 19839); 8, conical smooth (Mongolia, Gobi-Altai Aimak, Elgen, July 13, 1983; L.Ya. Borkin, N.L. Orlov,
D.V. Semenov, ZISP 19839); 9, narrowed (Mongolia, Gobi-Altai Aimak, Elgen, July 13, 1983; L.Ya. Borkin, N.L. Orlov,
D.V. Semenov, ZISP 19839). (c) P. erythrogaster: 10, knob-shaped jagged (Turkmenistan, Badkhyz Reserve, June 1, 1970;
Z.Ya. Kamalova, ZISP 18844); 11, club-shaped (Iran, vicinities of Mazduran, Khorasan province, 2010; R.A. Nazarov, ZMMSU
R-13517); 12, narrowed (Turkmenistan, Badkhyz, June 22, 1948; V.G. Geptner, ZMMSU R-9562). (d) P. himalayana: 13, knob-
shapedjagged (Darvaz, 1987; A.N. Kaznakov, ZMMSU 251); 14, knob-shaped smooth (Noman-Gut, Tien Shan spurs, Bukhara
estates, N.V. Bogoyavlenskii, ZMMSU 256); 15, narrowed (Tajikistan, Panj Coast, Western Pamir, July 1966; A.G. Bannikov,
ZMMSU 3324). (d) P. lehmanni: 16, knob-shaped jagged (Uzbekistan, Samarkand oblast, northern slopes of Ak-Tau, environs
of the village of Sarai-Bulak, August 1972, I. Dolzhanskii, ZISP 20117). 
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Table 2. Frequencies of occurrence of regenerate types in some agamas of the genus Paralaudakia

Percentages are shown in parentheses.

Sex

Number

of specimens 

with reliably 

identified 

regenerate

Types of regenerates

k
n

o
b

-
sh

a
p

e
d

ja
g
g

e
d

k
n

o
b

-
sh

a
p

e
d

sm
o

o
th

c
o

n
ic

a
l 

ja
g
g

e
d

c
o

n
ic

a
l 

sm
o

o
th

c
lu

b
-
sh

a
p

e
d

n
a
rr

o
w

e
d

P. caucasia
♀ 16 8 (22.9) 1 (2.9) 0 (0.0) 0 (0.0) 2 (5.7) 0 (0.0)

♂ 19 7 (20.0) 3 (8.6) 0 (0.0) 0 (0.0) 7 (20.0) 0 (0.0)

P. erythrogaster
♀ 3 1 (16.7) 0 (0.0) 0 (0.0) 0 (0.0) 1 (16.7) 1 (16.7)

♂ 3 1 (16.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (33.3)

P. himalayana
♀ 5 2 (22.2) 1 (11.1) 0 (0.0) 0 (0.0) 0 (0.0) 2 (22.2)

♂ 4 3 (33.3) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (11.1)

P. lehmanni
♀ 3 3 (75.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

♂ 1 1 (25.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

P. stoliczkana
♀ 9 1 (7.7) 1 (7.7) 3 (23.1) 1 (7.7) 0 (0.0) 3 (23.1)

♂ 4 1 (7.7) 0 (0.0) 0 (0.0) 2 (15.4) 0 (0.0) 1 (7.7)
ward, going between the adjacent tail scales. In the
Paralaurakia species considered here, among the
structures associated with the autotomy region, there
is no adipose tissue, unlike that in the tails of the liz-
ards with the IntraVB autotomy (Bellairs and Bryant,
1985). The absence of adipose tissue is probably char-
acteristic of the majority of Agamidae (Bellairs and
Bryant, 1985). Later, the major part of the vertebra
that became distal and the soft tissues surrounding it
undergo obliteration.

The resulting regenerate (Fig. 2) includes the
regenerated skin, muscles, and cartilaginous tube,
which serves as the spine (with the spinal cord passing
through it). Longitudinal septa formed by connective
tissue, which separates muscle bundles, protrude radi-
ally from the cartilaginous tube. An analysis of the
anatomical structure of the two types of regenerates
(narrowed and pineal jagged) did not reveal significant
differences in the elements and the structures compos-
ing them. However, additional studies of the anatomy,
histology, and biochemistry of the types of regenerates
are necessary, because they will help to explain the
mechanism of their formation.

Nevertheless, there are significant anatomical and
morphological differences in the structure of the
regenerate and the original tail, which is characteristic
of the majority of lizards: the scales covering the
regenerate are smaller and have no strict shape, which
can be influenced (at least in geckos) by temperature
fluctuations (Bellairs and Bryant, 1985); muscle fibers
are less structured, the number of radial connective-
tissue septa is much larger; the cartilaginous tube of
the regenerated area replacing the vertebrae remains
for life.

Another important aspect in the studies of caudal
autotomy is the phylogenetic transformations of the
ways of tail shedding and the possibility of their reali-
zation in different evolutionary lines of reptiles.
According to the modern concepts, the monophyly of
the clade Acrodonta (Chamaeleonidae + Agamidae)
is reliably confirmed (Ananjeva, 2004; Pyron et al.,
2013). It includes both species that are incapable of
autotomy and species with the InterVB autotomy, also
discarding the tail either without forming a regenerate
or showing a pronounced ability to regenerate. Cha-
maeleonidae as a sister group for Agamidae combines
only the nonautotomic species. The family Agamidae
is more interesting in this regard, because it includes
species with the InterVB mechanism of autotomy that
have lost it, as well as species capable of shedding the
tail without subsequent regeneration or with the for-
mation of regenerates. The subfamily Uromastycinae
includes only nonautotomic species. Among the
agamas of the subfamily Amphibolurinae, lizards of
the terminal taxa Diporiphora Gray, 1842 can shed the
tail but do not regenerate it, whereas lizards of the taxa
BIOLOGY BULLETIN  Vol. 47  No. 4  2020
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Fig. 2. Result of computer microtomography of a Paralaudakia caucasia tail (Turkmenistan, Balkhan Province, Chandyr Valley,
lower reaches of the Sumbar River, March 4, 1968, ZMMSU no. 15396) with a narrowed regenerate. (a) 3D model of the distal
part of the tail with the regenerate: the frontal and sagittal planes are shown on the left and right, respectively. (b) X-ray density
sections through the frontal plane in the middle of the regenerate (on the left) and the sagittal plane through the middle of the
tail. (c) X-ray density sections through the frontal plane at the beginning of the last vertebra preceding the autotomy region (on
the left) and the sagittal plane through the middle of the tail (on the right). Designations: 1, scales; 2, tail vein; 3, caudal artery;
4, lower spinous process of the vertebra; 5, the body of the caudal vertebra; 6, spinal cord; 7, muscles; 8, radial longitudinal septae;
9, regenerated muscles; 10, regenerated scales; 11, cartilaginous tube; 12, spinal cord in the regenerated part of the tail; s.a., sec-
tion areas in the frontal plane shown on the left side of the figure. To avoid cluttering the picture, some elements are not marked
repeatedly. 
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(genera) close to the basal ones (Intellagama Wells and

Wellington, 1985 and Ctenophorus Fitzinger, 1843) are

able to shed and regenerate the tail. The genera Lau-
dakia Gray, 1845 and Paralaudakia Baig, Wagner,

Ananjeva and Böhme, 2012, which are basal for the
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rest of Agaminae and Agama Daudin, 1802 (terminal

group), undergo autotomy fairly easily, whereas many

other representatives of this subfamily (e.g., Phryno-
cephalus Kaup, 1825 and Trapelus Cuvier, 1817) have

completely lost this defensive mechanism. Some rep-
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resentatives of the subfamily Draconinae (e.g., Sitana
Cuvier, 1829 and Otocryptis Wagler, 1830) do not
regenerate shed tails. Thus, in many phylogenetic lines
of Agamidae, the ability of autotomy was lost for a sec-
ond time, and in those species that retained (or
restored) it, it never proceeds through the IntraVB
pathway. Apparently, this pathway of autotomy was
lost by the ancestral forms of Acrodonta, and its resto-
ration requires significant rearrangement of the tail
anatomy and, hence, is hampered. The presence of
fracture planes and the IntraVB way of autotomy in
representatives of the infraorder Iguania (e.g., in Dip-
sosaurus dorsalis (Baird and Girard, 1852), sister for Cha-
melionidae + Agamidae), probably indicates that the lat-
ter separated from the common trunk Iguania, having
lost the plane of the fracture in the vertebral body.

CONCLUSIONS

Thus, for the six species of agamas of the genus
Paralaudakia considered in this study, autotomy with
subsequent regeneration can be considered a common
phenomenon. However, the number of such speci-
mens is less than the number of specimens with intact
tails. The tail is usually shed in the distal third, which
compensates for the costs of subsequent regeneration
and also allows avoiding an undesirable decrease in
locomotor activity and reproductive ability. The num-
ber of specimens with autotomy in the middle and
proximal third of the tail is minimal for all species.
Since the regenerate significantly differs externally
from the original tail, at least six variations can be dis-
tinguished: knob-shaped jagged, knob-shaped
smooth, narrowed, club-shaped, conical jagged, and
conical smooth. Among these types, the knob-shaped
jagged regenerate is most common. Four types of
regenerates are characteristic of P. caucasia; three
types, of P. erythrogaster and P. himalayana; five types,
of P. stoliczkana; and one type, of P. lehmanni. The
analysis of the anatomical structure of the narrowed
and knob-shaped jagged regenerates did not reveal sig-
nificant differences in their constituent elements and
structures. Nevertheless, additional studies of the
anatomy, histology, and biochemistry of the types of
regenerates are desirable because they will help explain
the mechanism of their formation.
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