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Autotomy (self-induced loss) of body parts has 

evolved independently as a predator defense mechanism 

in several major animal phyla. The mechanism among 

vertebrates, including 13 of the 20 recognized lizard 

families, is tail autotomy. Its occurrence among the 

majority of lizard families offers an excellent opportun-

ity to examine the effects of a major selective force 

on the ecology and evolution of a group of. organisms. My 

research was designed to examine experimentally (1) the 

function of tail autotomy, (ii) the function of autoto-

mized tail movement, (iii) the energetics of autotomized 

tail movement, and (iv) the energetic costs of autotomy 

of an energy-rich tail to reproduction. 

To examine the function of tail autotomy, I staged 

laboratory encounters between the prey species Lygosoma 

laterale and a snake predator Lampropeltis triangulum. 

In 30 capture attempts, tail autotomy and escape occurred 

11 times (37 percent) and body capture with no escape 

eight times (27 percent). 

11 



Ill 

Autotomized tails move rapidly from side to side 

immediately after autotomy. Because a predator is fre-

quently left with only an autotomized tail, I hypothe-

sized that autotomized tail movement should function 

to increase handling costs to a predator. To test this 

hypothesis with a snake predator, I staged encounters 

between autotomized moving and autotomized but exhausted, 

still tails of laterale and the predator jL. triangulum. 

Autotomized tail movement significantly increased the time 

required for a snake to subdue (x subdue time: moving tail= 

27 sec, still tail=l sec; p 0.001) and to handle a tail (x 

handling time: moving tail=120 sec, still tail=87 sec; p 

0.001). To test the hypothesis with a mammal predator, I 

staged encounters between moving and still tails and a 

domestic cat, Felis domesticus. Tail movement was success-

ful in attracting and maintaining a mammal's attention to 

the tail and away from the escaping lizard. In both types 

of encounters, the increased handling time allowed more time 

for lizard escape. 

Autotomized tails have no continuous oxygenated 

blood supply to support muscle contraction, yet in some 

species they may continue to move for several minutes. To 

test the hypothesis that autotomized tail movement is 

supported by anaerobic metabolism, I compared lactate concen-

tration of autotomized tails after movement to that of intact 
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tails used in forward propulsion and intact tails at rest. 

Lactate concentration was significantly greater in 

autotomized tails after 60 sec of movement (x mg lactate/g 

body mass=2.71) than either intact tails used in loco-

motion (x mg/g=0.32; p<0.001) of intact tails at rest 

(x mg/g=0.12; p<0.001). 

Many species that autotomize the tail also use it 

as a major energy storage organ. In additon, caudal 

reserves may be important in vitellogenesis. Voluntary 

loss of such a structure appears paradoxical in evolu-

tionary biology. To examine the effects of autotomy of 

an energy-rich tail on reproduction, I compared energy 

reserve utilization and energy budgets in an experimental 

group of tailless to a control group of tailed female 

Coleonyx brevis. Carcass, fat body, and caudal reserves 

were used for vitellogenesis; mass and energy content 

(cal/mg and/or cal/reserve) of each were significantly 

lower at oviposition than at the initiation of vitell-

ogenesis. Total energy reserves accounted for 53 per-

cent of the reproductive energy investment in tailed 

females compared to 29 percent in tailless females. 

Tailed females had over twice as many reserve calories 

for egg production as tailless females. Caudal reserves 

represented 60 percent of the total reserves of tailed 

females and were one-third greater than the total reserves 
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of tailless females. To produce a clutch, both tailed and 

tailless females supplemented energy reserves with net 

metabolizable energy after metabolic costs were paid. 

Tailless females had a significantly greater rate of 

ingestion and more net metabolizable energy for repro-

duction than tailed females, yet allocated significantly 

fewer calories to reproduction than tailed females. The 

loss of caudal reserves resulted in production of eggs that 

were significantly lower in mass, mass-specific caloric 

content, and total caloric content than when caudal reserves 

were used. I suggest that caudal energy storage in an 

autotomous tail permits an adaptive compromise in terms of 

reproductive energy allocation. The primary mechanism of 

egg production in brevis is utilization of both abdo-

minal and caudal reserves. This allows £. brevis to maxi-

mize offspring size with caudal reserves when they are 

available, yet produce smaller but effective sized offspring 

when tail autotomy is necessitated. 
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CHAPTER 1 

INTRODUCTION 

The extent to which prey populations are exploited 

by predators is a function of the predator's ability to 

find and capture prey and the prey's ability to avoid 

being located and captured. These are reciprocally 

evolved characteristics, one in response to an increase 

in the efficiency of the other, and are subject to opti-

mization (sensu Cody 1974) by natural selection. Prey 

exhibit an array of predator defense mechanisms (see 

Edmunds 1974), most of which appear to be costly to prey 

in terms of both time and energy. That prey accept the 

associated costs and have evolved such a diverse assem-

blage of defense tactics attest to the importance of pre-

dation as a major agent of natural selection (Ricklefs 

1973). Knowledge of both the magnitude of these costs 

and how they affect other aspects of the life-history of 

prey species are requisite to understanding the evolution 

of life-history tactics (see Stearns 1976; 1977 for a 

review of life-history tactic theory). In addition, 

because predation may have a significant effect on commun-

ity guild structure (Morin 1981), a thorough understanding 



of predator-prey interactions is necessary to develop an 

accurate perspective of community ecology (Harper 1969; 

Janzen 1970; Connell 1975; Levins 1975). 

Autotomy (self-induced loss) of body parts has 

evolved independently as a predator defense mechanism in 

several major animal taxa (e.g. Decapoda: MacCulloch 1825; 

Wood and Wood 1932; Bliss 1960; Robinson et al. 1970. 

Arachnida: Miller 1977. Mollusca: Stasek 1967; Morton 

1973. Caudata: Wake and Dresner 1967. Sauria: Etheridge 

1967.). The mechanism among vertebrates is tail autotomy. 

It is one of the most perplexing defense tactics in terms 

of energetic and life-history costs and benefits, particu-

larly among those vertebrates that use the tail for both 

defense via autotomy and energy storage. True intraverte-

bral autotomy (see Etheridge 1967) has evolved in two of 

the eight salamander families (Wake and Dresner 1967; 

Shaffer 1978) and in 13 of the 20 or so lizard families 

(Etheridge 1967). Tail autotomy occurs in those species 

that possess specialized cartilaginous plates (fracture 

planes) within caudal vertebrae (Fig. 1). Caudal frac-

ture planes develop postembryonically (Moffat and 

Bellairs 1964) in otherwise fully ossified vertebrae, 

passing through the centrum and at least part of the 

neural arch (Pratt 1946; Werner 1967; Sheppard and 

Bellairs 1972). In young lizards fracture planes usually 



Figure 1. Lateral view of caudal vertebrae of a juvenile 

Ctenosaura similus. Each of the three complete vertebrae 

has an intravertebral caudal fracture plane. The first 

vertebral segment is the distal portion of a vertebra 

that has been separated at its caudal fracture plane (X). 

Each complete vertebra is ca. 10 mm in length. CFP = 

caudal fracture plane, NS = neural spine, TP = transverse 

process. 
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are present in all caudal vertebrae distal to the first 

few nonautotomic vertebrae, but as lizards grow the more 

distal fracture planes ossify. Adults usually possess 

functional fracture planes only within the vertebrae 

that are near the base of the tail (Etheridge 1967). 

The mechanics of tail autotomy involves active con-

traction of tail musculature both anterior and posterior 

to the point of a predatorf s attack, with the predator's 

grip acting as a fulcrum for leverage (pers. obsv.). 

Autotomy usually occurs at the fracture plane immediately 

proximal to the part of the tail that is gripped. Both 

salamanders and lizards have evolved a suite of structural 

adaptations in the musculature, skin, and vascular system 

of the tail designed to facilitate autotomy as well as 

postautotomy wound-healing (see Wake and Dresner 1967; 

Sheppard and Bellairs 1972). In most species autotomy is 

followed by regeneration of a new tail complete with well 

developed musculature and a calcified rod that replaces 

the vertebral column (Fig. 2; Woodland 1920; White 1925; 

Hughes and New 1959; Moffat and Bellairs 1964). 

The occurrence of tail autotomy among the majority 

of lizard families provides an excellent opportunity to 

examine the effects of a major selective force on the 

ecology and evolution of a group of organisms. In this 

study, I investigated four problems involving tail 



Figure 2. Adult Coleonyx brevis,illustrating regenerated 

and original tails. The top specimen has a regenerated 

tail that begins at the most proximal caudal fracture 

plane (arrow). The bottom specimen has an original tail. 

Regenerated tails lack the banding pattern of original 

tails, differ from original tails in scalation, and 

are proportionally thicker than original tails. 
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autotomy ecology and energetics: (i) the function of tail 

autotomy, (ii) the function of autotomized tail movement, 

(iii) the energetics of autotomized tail movement, and 

(iv) the energetic costs of tail autotomy to reproduction. 

The Function of Tail Autotomy 

Throughout the scientific literature of the early 

twentieth century, reference is made to tail autotomy in 

vertebrates in the context of predator escape. Many 

accounts assume that it enhances escape and reduces 

mortality (e.g. Haldane and Huxley 1927; Cott 1944). 

However, most are conjectural in nature and are not based 

on direct observational or experimental evidence. Rather, 

they are deductions from indirect indices of predation; 

in particular, frequency of broken or regenerated tails 

in natural populations (e.g. Blair 1960; Pianka 1965; 

Bustard and Hughes 1966; Zweifel and Lowe 19.66; Tinkle 

1967; Werner 1968; Parker 1972; Tinkle and Ballinger 1972; 

Parker and Pianka 1973; Vitt 1974; Vitt et al. 1974; Brown 

and Ruby 1977; Vitt et al. 1977; Shaffer 1978). Several 

problems exist when predation characteristics are inferred 

from injury data (Schoener 1979; Schoener and Schoener 

1980), and will be discussed below. To my knowledge only 

two studies have experimentally tested the tail autotomy 

function (Congdon et al. 1974 ; Dial 1978a), and, although 



tail autotomy occurs in the majority of lizard families, 

members of only one family CGekkonidae) have been studied. 

Caudal fracture planes occur in most species within the 

family Scincidae CEtheridge 1967), and members of the fam-

ily are noteworthy for their ability to autotomize the 

tail (Smith 1946). However, none has been studied in the 

context of predator escape. Based on these observations, 

the following hypothesis, with respect to the function of 

tail autotomy in the family Scincidae, was tested: 

Hypothesis 1: Tail autotomy represents a predator 

defense adaptation that enhances escape during encounters 

with predators. 

The Function of Autotomized Tail Movement 

Interspecific Variability in Tail Movement 

Autotomized tails of many lizard species move rapidly 

from side to side immediately after autotomy in an appar-

ently energetically expensive fashion. Rate of movement 

(number of side-to-side thrashes/time) varies interspecif-

ically. I have observed that, in some species (e.g. 

Holbrookia texana, Anolis carolinensis), tails thrash at a 

rate of ca. one to three movements/sec and have usually 

completed moving by 20 sec. In other species (e . g . 

Coleonyx brevis, Lygosoma laterale).tails thrash at a 

much greater rate. An accurate estimation of thrash rate 
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is not possible without the aid of high-speed video 

equipment. However, I have noted that after 40-60 sec of 

movement, tails thrash at ca. 200-250 thrashes per min. 

Thrash rate immediately after autotomy appears to be much 

greater. The length of time an autotomized tail thrashes 

also varies among species, ranging from only a few seconds 

in some (e.g. H. texana, A. carolinensis, Cnemidophorus 

tigris, Sceloporus poinsetti; per. obsv.) to several 

minutes in others (e.g. Ĉ . br evis, L. laterale: pers obsv. 

Coleonyx variegatus, Eumeces skiltonianus, Eumeces gil-

bert i : Vitt et al. 1977). 

Although autotomized tail movement has interested 

naturalists for more than 80 years (Poulton 1895), 

neither the function nor the energetics involved is clear. 

Pond (1978a) hypothesized that autotomized tail movement 

might mimic snake movement and, presumably, frighten 

predators. Clark (1971) has been the only researcher 

to address experimentally the function of tail thrashing. 

His study demonstrated that tail movement can propel an 

autotomized tail through leaf litter,and he proposed that 

this enables autotomized tails to escape from predators. 

Clark suggested that increased autotomized tail movement 

might have evolved in those species that use the tail as 

a major lipid storage organ,and that tail escape (along 

with owner escape) allows for retrieval of this energy-
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rich structure by its owner. A more generally accepted 

hypothesis is that tail movement functions to "distract" 

a predator while the lizard escapes (Poulton 1895; Cott 

1944; Bellairs 1969; Clark 1971; Miller and Stebbins 

1964. A similar explanation for autotomized tail movement 

in salamanders was suggested by Wake and Dresner 1967). 

The adaptive nature of such a function was suggested by 

Longstaff (1907): 

"The vitality and activity of the tails 

of lizards after they have been cast off 

are, I believe, an adaptation for the pur-

pose of aiding in the escape from a pursu-

ing enemy. The tail becomes for the moment 

a more lively and interesting object than 

the lizard itself, and is likely to distract 

the attention of an enemy. It is probable 

that the phenomena are not to be explained 

merely be the temporary maintenance of vital-

ity in the tissue of the amputated part, but 

that the special activity manifested is due 

to accumulation through natural selection." 

In spite of the many references to the "distraction" hypo-

thesis, no experimental studies have tested this hypothe-

sis nor determined how autotomized tail movement "dis-

tracts" a predator. 
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Variation in Prey Handling by Predators 

In most terrestrial communities lizards are preyed 

upon by several types of vertebrates. For example, many 

different groups of mammals include lizard prey in their 

diets (Bailey 1905; Wood 1954; Taylor 1954; Kaufman 

1962; Galef et al. 1972; Ewer 1973; Vaughan 1976; Greegor 

1980). Lizards are also dietary components of several 

groups of birds (Haverschmidt 1968; Brown and Amadon 

1968; Rue 1970; Wunderle 1981). However, lizards gener-

ally do not form a large percentage of the diets of either 

mammals or birds. In contrast, they constitute an impor-

tant dietary component of many snakes (Ottenburger 1923; 

Bellairs 1969; Porter 1972; Pittman 1974). Some forms 

(e.g. the genera Hypsiglena and Phyllorhychus) are lizard 

specialists, preying almost exclusively on lizards and 

their eggs (Conant 1975; pers. obsv.). Because the feed-

ing mechanics and feeding behavior of terrestrial verte-

brates vary considerably, I suspected that the handling 

of a lizard or its tail by different types of verte-

brate predators might vary as well. For example, a 

terrestrial mammal generally pounces on and manipulates 

its prey with its forearms and paws before and during 

ingestion (Ewer 1973). Consequently, prey are periodi-

cally free from a mammal's grip. Likewise, many species 

of birds capture and manipulate prey with their feet 
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and bills (Farner et al. 1971; pers obsv.). In contrast, 

a snake generally seizes its prey with its jaws and main-

tains a firm grip without release until the prey is sub-

dued (pers. obsv.). Snakes generally do not begin to man-

ipulate and ingest prey until prey movement has subsided 

(Greene 1981; pers. obsv.). Evidently, prey subduction 

is an important preingestion behavioral component, as 

several groups of snakes have evolved mechanisms (e.g. 

constriction, envenomation: Gans 1978; Greene and 

Burghardt 1978; Kardong 1980; Savinsky 1981) that are 

designed to immobilize prey before ingestion. 

A requisite of Clark's (1971) "tail escape" hypothe-

sis is that a predator's grip on an autotomized tail is 

insecure at best. Although this may be realistic in a 

mammal-lizard tail and bird-lizard tail encounter, it is 

usually not the case in an encounter between a snake and 

a lizard tail. Based on my observations of more than 50 

snake-tail and mammal-tail encounters in the laboratory, 

I reasoned that autotomized tail movement might function 

differently in each type of encounter. The following 

hypotheses with respect to the function of autotomized 

tail movement were tested: 

Hypothesis 2: Because snakes do not initiate prey 

manipulation until prey movement has subsided,autotomized 

tail movement should function to increase the time 
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required for a snake to handle a tail. This in turn 

should allow more time for lizard escape. 

Hypothesis 3: Because a mammal manipulates its prey 

with its paws prior to ingestion, and thus a prey item 

might be periodically free from the mammal's grip, autoto-

mized tail movement should function to attract and maintain 

a mammal's attention to the tail and away from the escap-

ing owner. 

The Energetics of Autotomized Tail Movement 

Anaerobic metabolism (glycolysis) is an important 

alternative energetic pathway in vertebrates that incur 

an oxygen debt or operate temporarily in an oxygen free 

environment. Autotomized tails fit into the second cate-

gory in that once autotomy occurs,tails have no oxygenated 

blood supply to support muscle contractions. Yet in some 

species autotomized tails continue to thrash for up to 

5 min (Vitt et al. 1977). The following hypotheses with 

respect to the energetic basis of autotomized tail move-

ment were tested: 

Hypothesis 4: If anaerobic metabolism is the ener-

getic pathway that supports autotomized tail movement, the 

amount of lactate should be greater in autotomized tails 

after thrashing than in intact tails that have been 

inact ive. 
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Hypothesis 5: In species in which tail autotomy 

and autotomized tail movement are a primary predator de-

fense mechanism, lactate concentration in autotomized tails 

should be greater than in species that have alternative 

primary predator defense mechanisms. 

The Energetic Costs of Tail 
Autotomy to Reproduction 

In most lizard species that autotomize the tail, 

autotomy is followed by regeneration of a new tail. Many 

of these species also use the tail as a major site of 

energy storage (Bustard 1967; Clark 1971). Consequently, 

it may represent a considerable portion of an individual's 

biomass (Maiorana 1977) and energy reserves (Congdon et 

al. 1974; Vitt et al. 1977). This is also true in sala-

manders (Fitzpatrick 1973). Moreover, caudal energy 

reserves may serve as an important energy source for 

vitellogenesis (Greene 1969; Smyth 1974; Maiorana 1977). 

Voluntary loss of such a structure appears paradoxical 

in evolutionary biology (Clark 1971), and having to regen-

erate a tail while producing a clutch of eggs represents 

an energetic conflict between somatic and reproductive 

interests. Evolutionary trade-offs in resource appor-

tionment to somatic and reproductive recipients have been 

a central theme in life-history theory for more than 50 

years (e.g. Fisher 1930; Williams 1966a; 1966b; Cody 1966; 
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Hirshfield and Tinkle 1975; Pianka 1976; Stearns 1976; 

1977). However, few studies have attempted to quantify 

these trade-offs (e.g. Fitzpatrick 1973; Randolph et al. 

1975; Congdon 1977; Randolph et al. 1977; Brown and 

Fitzpatrick 1978; Hirshfield 1980). 

Several hypotheses have addressed the energetic 

relationship between tail regeneration and reproduction. 

Vitt et al. (1977) predicted that in lizards the energetic 

demands of vitellogenesis should have precedence over and 

reduce energy allocation to tail regeneration. In con-

trast, Maiorana (1977) demonstrated that, in at least one 

species of salamander, tail regeneration has energetic 

priority over reproduction. Energy budgeting tactics 

are complex functions of several life-history and environ-

mental parameters, but theoreticians differ as to the 

relative importance of each. Williams (1966a; 1966b) 

proposed that energy allocation between reproductive and 

somatic recipients is a function of adult life expectancy, 

or current versus future reproductive expectations. 

Others (e.g. Murphy 1968; Schaffer 1974; Hirshfield and 

Tinkle 1975) suggest a more flexible scenario in which 

adult energy allocation is adjusted relative to life 

expectations of offspring. 

Although many short-lived species produce several 

clutches of young per breeding season, they have a low 
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probability of reproductive success in future breeding 

seasons. And, although the presence of a tail greatly 

increases a lizard's probability of escape from a predator 

(Congdon et al. 1974; Dial 1978a), tail regeneration may 

be of less immediate importance in terms of energy alloca-

tion. The following hypothesis with respect to energy 

prioritization to reproduction and tail regeneration was 

tested : 

Hypothesis 6: Short-lived iteroparous species with 

a low probability of future reproductive success should 

prioritize energy allocation to reproduction at the ex-

pense of tail regeneration. 

In addition to testing this hypothesis, I considered 

the following related questions: (i) In a species that 

utilizes both tail autotomy and caudal energy storage, 

what is the energetic contribution of caudal energy 

reserves to vitellogenesis? (ii) How does the loss of 

caudal reserves affect a female's energy budget? (iii) 

How does the loss of caudal reserves affect egg character-

istics and reproductive effort? 



CHAPTER 2 

MATERIALS AND METHODS 

The Lizards 

Three lizard species were used to test the various 

hypotheses stated in Chapter 1. Lygo soma laterale was 

used as the experimental lizard in tests that examined 

the function of tail autotomy, the function of autotomized 

tail movement, and the energetics of autotomized tail move-

ment. Anolis carolinensis was used as the control species 

in the tests of tail movement function (in mammal predator 

encounters only) and tail movement energetics. Coleonyx 

brevis was used as both the experimental (tailless speci-

mens) and control (tailed specimens) species in the test 

of the energetic costs of autotomy to reproduction. Each 

species is discussed in detail below. 

Lygosoma laterale (Sauria: Scincidae) 

This is a small (maximum snout-vent length = max SVL 

= ca. 50 mm; maximum mass - mas mass = ca. 2.1 g) terres-

trial lizard that occurs in leaf litter habitat throughout 

southeastern North America (Conant 1975). It has a slen-

der body, short limbs, and an elongate tail that is used 

for propulsion (pers. obsv.). I chose this species to 

18 
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examine the function of tail autotomy because it possesses 

caudal fracture planes and tail autotomy is apparently its 

primary defense tactic. Individuals readily employ tail 

autotomy when gripped by the tail. I chose this species 

to examine the function and energetics of autotomized 

tail movement because the rate of autotomized tail move-

ment and the length of time an autotomized tail thrashes 

are greater in this species than in any other species 

that I examined. 

Anolis carolinensis (Sauria: Iguanidae) 

This species is slightly larger than L. laterale 

(max SVL = ca. 70 mm; max mass = ca. 4 g), is arboreal, 

and occurs in forest and scrub habitat throughout south-

eastern North America (Conant 1975). It has expanded 

digital lamellae and an elongate tail that is used for 

balance when climbing (Ballinger 1973). Tail autotomy 

does not occur as frequently or as readily as in L. 

laterale (pers. obsv.). I chose this lizard as the con-

trol species in the autotomized tail function and ener-

getics tests because intensity of its autotomized tail 

movement (rate and time) is among the lowest of all liz-

ards that I examined. 
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Coleonyx brevis (Sauria: Gekkonidae) 

This is a small (max SVL = ca. 60 mm; max mass = 

ca. 3.5 g) terrestrial lizard that occurs throughout the 

Chihuahuan Desert of southwestern North America (Dial 

1975). It has relatively short limbs and an elongate 

muscular tail. I chose this lizard to examine the ener-

getic costs of tail autotomy to reproduction,for several 

reasons. First, tail autotomy is its primary defense 

tactic. This lizard demonstrates several behavioral 

characteristics that facilitate escape via autotomy, 

including body positioning with an arched, waving tail 

(Fig. 3) that attracts a predator to the tail and away 

from the lizard's body (Dial 1978a). The importance of 

tail autotomy in defense is suggested by the high fre-

quency of regenerated tails in natural populations 

(males = 68 percent, females = 80 percent; Dial 1978a). 

Second, this species has one reproductive characteristic 

that renders it ideal for such a study. Empirical analy-

sis of energy partitioning to reproduction is complicated 

by two variables: clutch size and egg characteristics 

(e.g. Cal/mg, Cal/egg: Smith and Fretwell 1974; Wilbur 

1977 ; Crump and Kaplan 1979). Clutch size in Ĉ . brevis 

is constant (two eggs/clutch; Smith 1946; Dial 1975). 

Thus, only variability in egg characteristics need be 

considered. 
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Figure 3. Defensive tail display in adult (SVL = 54 mm) 

female Coleonyx brevis. Note that the tail is raised 

perpendicular to the substrate. During this display the 

tail is undulated slowly side to side. 
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The Function of Tail Autotomy 

Tail Autotomy Experiments 

To examine the advantage of having an autotomous 

tail during a predator encounter, I conducted behavioral 

experiments using adult L. laterale (Table 1) and a snake 

predator of this lizard, Lampropeltis triangulum (Table 1). 

This snake preys frequently on L. laterale (Blanchard 

1921) and has evolved specialized dentition (enlarged 

anterior maxillary teeth) that aids in lizard capture 

(Greene 1978). Most L. laterale were collected in Dallas 

Co., Texas during the spring of 1979. However, a few 

were purchased from a commercial animal dealer. I 

noticed no difference in frequency of tail autotomy or 

intensity of autotomized tail movement between collected 

and purchased specimens. The specimens of L. triangulum 

were purchased from an animal dealer. 

I conducted autotomy experiments in a glass arena 

(76cm x 45cm x 50cm) with a mixed leaf litter substrate 

10-20 mm in depth. During most trials four tailed lizards 

were introduced into the arena and allowed 30 min to 

adjust to the new environment. Next, one of three snakes 

was introduced into the arena and allowed to forage. Each 

snake was fed one small lizard per week and autotomy 

experiments were conducted 4-5 days after feeding. This 

feeding schedule resulted in each snake being sufficiently 
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hungry to forage continuously during trials and to ingest 

a lizard whenever it was offered. I scored snake-lizard 

encounters for (i) capture success, (ii) location of 

attack on body, (iii) tail autotomy, and (iv) snake and 

lizard behavior. I used tailless lizards and the same 

procedure in several additional trials. 

Tail Break Frequency 

Regenerated tails of _L. later ale differ from original 

tails in scalation and coloration. To estimate the fre-

quency with which this species uses tail autotomy in 

natural populations, I recorded the number of museum 

specimens with original and regenerated tails. To avoid 

including those specimens that autotomized their tails 

during collection or preservation, I counted only those 

specimens that had begun tail regeneration to represent 

frequency of autotomy in nature. 

The Function of Autotomized Tail Movement 

Autotomized Tail Handling by Snake Predators 

To examine the relation between autotomized tail 

movement and handling by a snake predator, I conducted a 

series of experiments using freshly autotomized, thrashing 

tails of _L. laterale and, as a control, autotomized tails 

of L̂ . laterale that were allowed to thrash to exhaustion 

before they were fed to 1̂ . t r iangu lum. In thrashing tail 
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trials, I confined lizards in a plastic tube and presented 

intact tails to snakes through an opening at one end of 

the tube. To insure that the entire tail was autotomized, 

I directed snake attack to the base of the tail. In ex-

hausted tail trials, I induced tail autotomy by gripping 

it with forceps in the area of the most proximal caudal 

fracture plane. Each tail was allowed to thrash to ex-

haustion (ca. 5-6 min). I then presented exhausted tails 

with forceps base first to snakes. Thrashing and ex-

hausted tails were equivalent in mass, length, and maximum 

diameter (Table 2). I measured two components of snake 

handling time: (i) Subdue time = Sfc. For thrashing tails 

this was the time from autotomy to manipulation in the 

snake's jaws. For exhausted tails this was the time from 

attack to the autotomized tail to manipulation. (ii) 

Ingestion time = 1^. For both thrashing and exhausted 

tails ingestion time was from manipulation to the comple-

tion of ingestion. In addition, I calculated total han-

dling time (Hj.) as Ŝ_ + 1^. I recorded times to the 

nearest 0.01 second with an electronic stopwatch. 

Autotomized Tail Handling by Mammal Predators 

To examine the relation between autotomized tail 

movement and handling by a mammal predator, I conducted 

a series of experiments using freshly autotomized, thrash-

ing and exhausted tails of both L. laterale and A. 
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carolinensis. For a generalized mammalian predator I used 

an adult domestic cat (.Felis domesticus, ca. 5.5 kg). In 

each trial, I autotomized a tail by gripping it with for-

ceps in the area of the most proximal caudal fracture 

plane and then simultaneously placed a tail (either 

thrashing or exhausted) with its lizard owner in front of 

the cat. I recorded the cat's reaction to both lizard 

and tail as well as lizard behavior. I choose the order 

of lizard species by the flip of a coin and alternated 

tail experimental condition (thrashing or exhausted) 

per species. Four cat-lizard encounters were tested per 

day. 

The Energetics of Autotomized Tail Movement 

Chemical Analysis 

I determined the energetic pathway used in autoto-

mized tail movement by measuring lactate production in 

tail homogenates of several experimental groups (activity 

states; see Experimental Design below) of tails of both 

L̂ . laterale and A. carolinensis. Tails were subjected 

to a particular activity and were then homogenized in 

five to eight times their mass in 0.6N perchloric acid 

using a glass tissue grinder. Samples of each homogenate 

were centrifuged for 10 min at 3000 rpm in a bench centri-

fuge. The supernatant fluid of each sample was removed 

with a syringe and filtered with a syringe filter. I 
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then immediately analyzed filtered samples for lactate 

concentration withan enzymatic test kit (Cat. No. 4993, 

Bio-Dynamics/bmc Co.) using a spectrophotometer. All 

samples were read at 340 nm. 

Experimental Design 

Tails of both L̂ . laterale and A. carolinensis are 

used to some extent as an aid in rapid locomotion (Ball-

inger 1973; pers. obsv.). Thus, intact tails during loco-

motive activity might utilize anaerobic metabolism. To 

determine the importance of anaerobiosis in all activities 

involving extensive tail movement, I compared lactate 

concentration of tails of both lizard species while at 

rest to tails used in locomotion and tails after autoto-

mized tail movement. Each activity state was tested as 

follows: (i) To establish resting lactate concentrations 

in intact tails, I maintained specimens of both species 

in the dark in individual containers for 24 h. I then 

removed lizards, immediately froze them in liquid nitro-

gen, and removed and analyzed tails. (ii) To establish 

locomotor lactate concentration in intact tails of L. 

laterale, I released and chased specimens in an arena 

(76cm x 45cm x 50 cm) of mixed leaf litter for 60 sec and 

immediately froze them in liquid nitrogen. I then removed 

tails and measured lactate concentration. For A. carolin-

ensis , I chased specimens among wooden perches in the 
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arena for 60 sec, froze them in liquid nitrogen, removed 

tails, and measured lactate concentration. (iii) I 

established autotomized tail movement lactate level by 

autotomizing tails of both species with forceps at the 

most proximal caudal fracture plane. I then allowed tails 

to thrash for 60 sec, froze them in liquid nitrogen, and 

measured lactate concentration. Data from my experiments 

with autotomized tail handling by both snakes and the cat 

suggest that 60 sec is the most ecologically important 

time span during a predator-tail encounter. In most 

trials, the predator had begun to manipulate the tail 

before 60 sec had expired. 

The Energetic Costs of Tail Autotomy to Reproduction 

Analysis of Energy Reserves and Energy Budgets 

I designed this part of the study to compare changes 

in compartmentalized energy reserves and energy budgets in 

an experimental group of lizards in which tail autotomy 

was induced to a control group of tailed lizards. I 

collected adult male and female _C. brevis at the beginning 

of the reproductive season (March-April) in 1978 and 1979 

at Black Gap Wildlife Management Area, Brewster Co., 

Texas. I randomly divided all lizards into three groups: 

experimental, control, and baseline. There was no signif-

icant difference (p>0.05; Kruskal-Wallis Test) among 

groups in either SVL or mass (Table 3). Baseline females 
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were frozen immediately and were used to determine repro-

ductive condition and caloric content of tissues at the 

beginning of vitellogenesis. 1 induced autotomy with 

forceps in experimental females (all previtellogenic) at 

the most proximal caudal fracture plane and left tails 

(all original) of control females intact. Tails of con-

trol males were removed in the same manner. All lizards 

were maintained in individual photothermal gradients with 

natural photoperiod and were fed an _ad libitum diet of 

mealworms (Tenebrio molitor). 

I measured energy budget components, each expressed 

as cal/d, as follows: (i) Ingestion = I = (x dry mass of 

mealworms ingested/d) (x Caloric value of mealworm tissue). 

(ii) Egestion + Excretion = FU = (x dry mass of feces 

and uric acid/d) (x caloric value of feces and uric acid). 

(iii) Net Metabolizable Energy = NME = I -r FU. (iv) Meta-

bolic Heat Loss = R. I measured metabolic heat loss indi-

rectly as 0 2 consumption in a ten station Scholander 

Microvolumetric Respirometer. During the day, lizards in 

the thermal gradient maintained their body temperatures 

at their preferred temperature of 31°C (Dial 1978b). At 

night, body temperatures dropped to 22°C. I measured 0 2 

consumption rates at 31°C in the light from 1300-1500 h 

and at 22°C in the dark from 2200—2400 h. Most lizards 

became inactive within 5 min of being placed in a test 
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station,and rested with eyes closed throughout a trial. 

(Data from the few active specimens were not used in 

this analysis.) I equilibrated lizards for 30 min and 

measured 0^ consumption rates at 15 min intervals for 

1.5 h. I corrected all gas volumes to Standard Tempera-

ture and Pressure Dry (STPD) conditions and converted 

rates (yl/g/h) to caloric values using the oxycaloric 

-3 

coefficient, 4.825 x 10 cal/yl (Brody 1945). (v) 

Storage = P . All individuals had ceased linear growth. 

Therefore, changes in body and tail tissue mass repre-

sented storage or depletion of lipids. P g = caloric con-

tent of lipid stores in tail and abdominal fat bodies 

(corpora adiposa) = (change in tissue mass) (x caloric 

value of lipids). (vi) Reproduction = P = (change in 
r 

follicle mass) (x caloric value of follicle tissue), 

(vii) Tail regeneration = P = (change in tail mass) (x 

caloric value of tail tissue). I froze each female and 

her eggs at oviposition, dried samples of carcass, ovum, 

and tail tissue of each specimen at 45-50°C in a vacuum 

oven, and cooled samples to room temperature in a vacuum 

desiccator containing anhydrous calcium sulfate. Dry 

mass was measured to the nearest 0.01 mg using an analy-

tical balance. Samples were ground with a mortar and 

pestle and stored in individual glass vials in a freezer 

until caloric analysis. I determined all caloric values 
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by combusting two samples (9-15 mg aliquants) per tissue 

type per specimen in a Phillipson Oxygen Microbomb Calori-

meter using standard calorimetric technique (Phillipson 

1964). The calorimeter was calibrated at the beginning 

of each day,using benzoic acid. I determined ash content 

by burning four samples (10-20 mg aliquants) per tissue 

type at 500°C for 4 h in a muffle furnace (Paine 1971). 

All caloric data are expressed as ash-free dry mass 

(AFDM). 

I determined the additional variables as follows: 

(i) Mass-specific caloric content of tissue = total cal-

oric content of sample/dry mass of sample. (ii) Total 

caloric content of tissue = (cal/mg tissue sample) (tissue 

mass). (iii) Egg volume was estimated using the formula 

for the volume of an ellipsoid: 

V = 4/3 ab2 

where a equals one-half the longest diameter and b equals 

one-half the shortest diameter in the widest part. 

Unless otherwise noted, all statistical analyses 

were conducted with the Mann-Whitney U Test (Sokal and 

Rohlf 1969). I considered statistical comparisons signifi-

cant at a minimum probability of 0.05. 



CHAPTER 3 

RESULTS 

The Function of Tail Autotomy 

Tail Autotomy During Encounters With Snakes 

Each snake moved slowly through the leaf litter when 

first placed in the test arena, examining the substrate 

periodically with tongue flicks. Such foraging usually 

was accompanied by lateral head movement. When a lizard 

was detected, apparently by its movement, each snake 

accelerated in short, jerky bursts of speed towards the 

lizard. Lizards usually fled when they detected a snake's 

approach. If a snake was successful in approaching a 

lizard closely, it snapped into the leaf litter rapidly 

in an attempt to capture the lizard. 

The results of the tail autotomy experiments are 

summarized in Table 4. Snakes attampted 30 captures of 

tailed lizards and captured either a body or tail (here-

after termed successful capture) 19 times (63 percent). 

Tail autotomy occurred 11 times (Fig. 4; 37 percent of total 

capture attempts, 58 percent of successful captures) and 

capture to the body occurred eight times (27 percent of 

total attempts, 42 percent of successful captures). Each 

35 
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Figure 4. Encounter between a lizard (Lygosoma laterale) 

and a snake predator (Lampropeltis triangulum) resulting 

in tail autotomy. A. The snake attacked the lizard at 

the base of the tail. B. Tail autotomy occurred at the 

caudal fracture plane immediately proximal to the snake's 

point of attack. The snake handled the autotomized tail 

while the lizard escaped. 
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lizard that autotomized its tail also escaped, while none 

of the lizards captured on the body escaped. In each of 

the trials that resulted in tail autotomy, the snake 

ingested the autotomized tail. Snakes attempted 12 cap-

tures of tailless lizards and were successful in each 

attempt. Capture of all tailless lizards was at mid-body. 

Tail Break Frequency 

Frequencies of regenerated and original tails for 

juvenile, adult male, and adult female 1̂ . laterale are 

summarized in Table 5. There was no significant differ-

ence between tail break frequency of males and females 

2 
(p<0.05 x test). However, adults had a significantly 

greater frequency of regenerated tails than juveniles 

2 
(p< 0.001; x test) . 

The Function of Autotomized Tail Movement 

Tail Handling by a Snake Predator 

Data for subdue, ingestion, and total handling times 

for both thrashing and exhausted tails are illustrated in 

Figure 5. Thrashing tails required significantly more 

time to subdue than exhausted tails (S Thrashing Tails, 

sec: x (SD) = 27.19 (15.13), range « 14.14-67.53, n = 16. 

S Exhausted Tails, sec: x (SD) = 1.37 (0.86), range = 

0-2.96, n = 12, p<0.001). Ingestion times were not 

significantly different between experimentals and controls 
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Figure 5. Comparison of subdue time, ingestion time and 

total handling time for snake predators (Lampropeltis 

triangulum) handling exhausted and thrashing tails of 

Lygo soma laterale > S = Subdue Time, I = Ingestion 
b t 

Time, Hfc = Total Handling Time, EXH = Exhausted Tails, 

THR = Thrashing Tails. All times are in seconds. 
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(I Thrashing Tails, sec: x (SD) = 81.60 (46.92, range = 

19.98-164.84, n = 13. I Exhausted Tails, sec: x (SD) = 

86.18 (54.11), range = 3 5.29-106.67, n = 12, p>0.05). 

However, total handling time of thrashing tails was sig-

nificantly greater than that of exhausted tails (H 
t 

Thrashing Tails, Sec: x (SD) = 120.34 (56.33), range = 

55.78-221.52, n = 13. Exhausted Tails, sec: x (SD) = 

87.54 (53.88), range = 36.78-206.11, n = 12, p<0.02). 

The effects of autotomized tail movement on snake 

feeding behavior were dramatic. In each trial with a 

thrashing tail, the snake maintained a firm grip on the 

tail and did not attempt to manipulate it until tail move-

ment had subsided (>20 sec in nine of the 16 trials; 

56 percent). In seven of the 16 trials (44 percent) 

the snake constricted the thrashing tail. None of the 

exhausted tails elicited constricting behavior, and 

snakes began to manipulate exhausted tails almost imme-

diately. However, in five of the 12 trials (43 percent) 

with exhausted tails, the snake attacked the tail, imme-

diately released it, and returned to its original foraging 

behavior. 

In three additional trials with thrashing tails, the 

snake began to manipulate the tail towards the distal end. 

In each of these trials the snake eventually changed di-

rection of manipulation and swallowed the tail proximal end 
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first. All of the exhausted tails that were ingested were 

manipulated only towards the proximal end. Total for 

the three trials of distal end manipulation was consider-

ably higher than for proximal end manipulation trials. 

Therefore, I did not consider data from distal end trials 

when I calculated and H t for thrashing tails. 

Tail Handling by a Mammal Predator 

Each lizard of both species immediately attempted 

escape when it was placed in front of the cat. In each 

of the trials with A. carolinensis (both thrashing and 

exhausted tails; n = 14), the cat pursued the escaping 

lizard and ignored the tail (Table 6); in none of the 

trials did the cat attack the tail. Lizard escape 

occurred in three of the 14 (21 percent) encounters. In 

each of the trials with thrashing tails of L. laterale 

(n = 7), the cat attacked the tail while the lizard 

escaped (Table 6). In each of the trials with exhausted 

tails of L̂ . laterale (n = 6), the cat ignored the tail 

and pursued the escaping lizard. Lizard escape occurred 

in all thrashing tail trials and lizard capture occurred 

in all exhausted tail trials of L. laterale. 

The Energetics of Autotomized Tail Movement 

The relation between tail lactate production and tail 

activity for both L. laterale and A. carolinensis is 
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illustrated in Figure 6. For A. carolirteitsis mean lactate 

production after locomotor activity (climbing among 

perches, mg/g: x (SD) = 0.92 (0.21), range = 0.64-1.10, 

n = 6) and after autotomized tail thrashing (mg/g: x 

(SD) = 1.61 (0.08), range = 1.53-1.72, n = 6) were signi-

ficantly greater than at rest (mg/g: x (SD) = 0.37 (0.02), 

range = 0.35-0.37, n = 6. Rest vs. locomotion: p<0.001. 

Rest vs. autotomized tail thrashing: p<0.001). In addi-

tion, mean lactate production after thrashing was signifi-

cantly greater than after locomotion. Autotomized tail 

thrash rate was ca. one-three thrashes/sec and in all 

tests thrashing had ceased movement within 15 sec. 

For L. later ale mean lactate production after loco-

motor activity (escape through leaf litter, mg/g: x (SD) = 

0.32 (0.01), range = 0.31-0.32, n = 4) and after autoto-

mized tail thrashing (mg/g: x (SD) = 2.71 (0.41), range 

= 2.26-3.16, n = 6) were significantly greater than at 

rest (mg/g: x (SD) = 0.12 (0.04), range = 0.07-0.16, n = 

6. Rest vs. locomotion: p<0.001. Rest vs. autotomized 

tail thrashing: p<0.001). In addition, mean lactate 

production after thrashing was significantly greater 

than after locomotion (p<0.001). Autotomized tail thrash 

rate was too rapid to estimate visually. However, after 

ca. 30 sec tails were thrashing at ca. 200 thrashes/min. 



47 

Figure 6. The relation between lactate concentration and 

tail activity in Lygosoma laterale and Anolis carolinen-

_SJLS. Rest = Intact tails of specimens at rest. Loco = 

Intact tails after 60 seconds of escape. Aut-thr = 

Autotomized tails after 60 seconds of tail thrashing. 

Horizontal lines represent mean, vertical lines range, 

and rectangles one standard division about the mean. 
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Tails continued to thrash at ca. 0.5-2 thrashes/sec for 

up to five min. 

Mean lactate concentration after autotomized tail 

thrashing was significantly greater in L. laterale than 

A* carolinensis (p<0.001). Anaerobic capacity is the 

measure of the total amount of lactate produced during 

a specific activity (Burnett and Licht 1972). Anaerobic 

capacity of autotomized tails of L̂ . lat erale was two-fold 

that of A. carolinensis (anaerobic capacity: L. laterale : 

2-59, A. carolinensis = 1.24). 

The Energetic Costs of Tail Autotomy to Reproduction 

Reproduction Versus Tail Regeneration 

Each tailed and tailless female C_. brevis produced 

two fully developed, shelled eggs. There was no signifi-

cant difference between groups in either egg length or 

egg width (Tailed females: x (SD) length = 12.44 (0.71) 

mm, x (SD) width = 6.75 (0.37) mm; Tailless females: x 

(SD) length = 12.52 (0.53) mm, X (SD) width = 6.72 (0.32) 

mm; p>0.05). The ventral body wall of C. brevis is 

slightly translucent,and ovarian follicles as well as 

oviductal eggs were visible throughout development. 

^^-*-c1es appeared as yellow masses and changed to white 

at ovulation. Females in both groups deposited yolk for 

20-32 d and oviposited 40-42 d after the initiation of 

vitellogenesis. 
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Prioritization of energy to egg production at the 

expense of tail regeneration is illustrated by comparative 

rates of energy allocation to tail regeneration. I com-

pared calories allocated per day to tail regeneration in 

vitellogenic females to a control group of tailless males 

of equivalent size (no significant difference between 

groups in either SVL or mass; p>0.20, Kruskal-Wallis Test; 

Table 3). I assumed that given identical conditions males 

and females will exhibit the same rate of tail regenera-

tion, and that any differences in regeneration rate may be 

attributed to energy allocation to alternative recipients, 

such as vitellogenesis. Both males and females initiated 

tail regeneration 5-6 d after autotomy. However, females 

allocated significantly fewer calories per day to tail 

regeneration than males (Table 7). 

Energy Reserves 

Female Ĉ . brevis used energy stored as lipids in 

carcass, fat body (corpora adiposa), and tail tissue for 

vitellogenesis (Table 8); all lipid reserves were virtu-

ally depleted at oviposition. Mass-specific caloric con-

tent of carcass tissue remained equivalent among females. 

However, total carcass mass and, therefore, total caloric 

content of carcass tissue dropped significantly from the 

initiation of vitellogenesis Cbaseline females) to ovi-

position (tailed and tailless females; p<0.05). Percents 
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of carcass tissue that were and ash were equivalent 

among groups. I did not determine mass-specific caloric 

content of fat bodies. However, 95-98 percent of fat 

bodies in £. brevis is extractable lipid (author's unpubl. 

data) and I estimated the change in total caloric content 

of fat bodies during vitellogenesis as (9 cal/mg = caloric 

value for lipids; Bartholomew 1972) (change in fat body 

mass). Tailed females had fat bodies significantly lower 

in mass and total caloric content than baseline females 

(p<0.001). Fat bodies of tailless females were depleted 

at oviposition. Mass and energy content (cal/mg and cal/ 

tail) of tail tissue in tailed females were significantly 

lower at oviposition than at the beginning of vitello-

genesis (p<0.001). Percents of tail tissue that were H^O 

and ash were equivalent between tailed and baseline 

females. 

I estimated the contribution of each energy reserve 

to vitellogenesis as follows: Ci) Tailed females = x 

caloric value of each reserve in baseline females - x 

caloric value of each reserve in tailed females. (ii) 

Tailless females = x caloric value of each reserve in 

baseline females — x caloric value of each reserve in 

tailless females. Energy reserve contributions to vitel-

logenesis are summarized in Table 9. Total energy 

reserves in tailed females accounted for 53 percent 
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(651/1221 cal) of their total reproductive energy invest-

ment compared to only 29 percent (292/993 cal) in tailless 

females. Tailed females had over twice the reserve calo-

ries as tailless females. Energy stored in the tail ac-

counted for 60 percent of the total reserve energy in 

tailed females and their tail reserves were one-third 

greater in caloric value than the total energy reserves 

of tailless females (391 vs. 292 cal, respectively). 

Energy Budgets 

To determine how tail autotomy affects a female's 

energy budget, I compared energy budget components of 

tailless females to tailed females. Daily energy budget 

data are summarized in Table 10. Tailless females had 

significantly greater rates of ingestion (p<0.05), eges-

tion + excretion (p<0.05), net metabolizable energy 

(p<0.05), and metabolic heat loss (p<0.02) than tailed 

females. Tailed females depleted significantly more 

lipids (Pg) than tailless females, primarily because of 

the presence of caudal reserves (,p<0.001). Although tail-

less females had higher daily NME, they allocated signi-

ficantly fewer calories per day to vitellogenesis than 

tailed females (p<0.001). 

I estimated total energy budgets of both groups for 

the time period required to produce the first clutch of 

eggs as follows: (i) (cal/d of 1, FU, NME or P ) (42 = 
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x number of days from the initiation of vitellogenesis to 

oviposition). (ii) Total metabolic costs (R) were esti-

mated as the difference between empirically determined 

NME (= I - FU) and the apparent contribution of NME to 

reproduction (= - Pg)« The results of total energy 

budget estimation to vitellogenesis are summarized in 

Table 11. During vitellogenesis, tailless females con-

sumed 25 percent more calories than tailed females, had 

25 percent more NME than tailed females, yet allocated 

19 percent fewer calories to reproduction than tailed 

females. Total metabolic costs of tailless females were 

25 percent greater than tailed females, probably due to 

the initial stress of autotomy and healing of the intact 

portion of tail. Total metabolic costs were 1.5 (tailed) 

and 1.7 (tailless) times the laboratory values of standard 

metabolic rates (see Table 11). These ratios of activity 

metabolic rate/standard metabolic rate approximate the 

values suggested for lizards active in the field (Bennett 

and Dawson 1976; Bennett pers. com.; Bartholomew pers. 

com.). Total NME contributed 47 percent (570/1221 cal) of 

the reproductive energy investment in tailed females con-

pared to 71 percent (701/993 cal) in tailless females. 

Egg Characteristic s 

Characteristics of eggs produced by tailed and tail-

less females are summarized in Table 12. Although eggs 
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of both groups are comparable in volume, percent H 20, 

and percent ash, they differed strikingly among all other 

egg comparisons. Tailed females produced eggs that were 

significantly greater in mass (p<0.01), mass-specific 

caloric content (cal/mg; p<0.001), and total caloric 

content (cal/egg; p<0.001) than eggs of tailless females. 

Reproductive Effort 

To determine if differences in egg characteristics 

between groups represented a comparable difference in 

reproductive effort (RE), I estimated RE as the propor-

tional contribution of NME used in vitellogenesis (see 

Williams 1966a). Although tailless females ingested more 

energy, had more NME, and contributed absolutely more NME 

to egg production (see Table 11), their RE (i.e. fraction-

al contribution of NME to egg production) was not signifi-

cantly different from that of tailed females. Reproduc-

tive effort averaged 18 percent in both groups (Tailed 

females = 570/3086; Tailless females = 701/3857). 
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CHAPTER 5 

DISCUSSION 

The Function of Tail Autotomy 

My experiments with lizards and snake predators re-

vealed the relative success of tail autotomy during preda-

tor encounters in la. laterale and support the hypothesis 

that tail autotomy in this species functions as a preda-

tor defense mechanism. Autotomy resulted in escape in 58 

percent of the encounters with tailed lizards, whereas 

none of the tailless lizards escaped. Similar escape 

success has been reported for two species of the family 

Gekkonidae (Congdon et al. 1974; Dial 1978a). It is prob-

able that tail autotomy functions similarly in other spe-

cies within the family Scincidae that possess caudal 

fracture planes. 

Environmental heterogeneity may be an important fac-

tor promoting escape in terrestrial lizards that autoto-

mize the tail. In a separate set of experiments I tested 

lizard-snake encounters as described in Chapter 2, but 

instead of a leaf litter substrate, I staged trials on a 

paper substrate taped to the arena floor. All (n = 12, 

all tailed) of the lizards were captured and ingested. A 

61 
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heterogeneous substrate might misdirect a predator's 

attack to a lizard. All attacks on paper were at midbody. 

Ih J±* laterale» the elongate tail appears to aid the 

lizard in forward propulsion during locomotor activity. 

The relative success of tailed lizards that escaped with-

out tail loss (37 percent of total capture attempts) com-

pared to tailless lizard escape (0 percent) support this 

observation. During escape intact tails are moved rapidly 

to each side and tailed lizards appeared to move more rap-

idly through leaf litter than did tailless lizards. How-

ever, this remains to be tested. The importance of the 

intact tail in locomotor efficiency has been demonstrated 

in several other lizard species (e.g. several forms of tei-

id lizards, Urban 1965: A. carolinensis, Ballinger 1973; 

Dip sosaurus dor sal is, Pond 1978b; Cnemid ophorus sexlinea-

tus, Ballinger et al. 1979). 

A revealing assessment of tail autotomy success 

consists of analysis of the natural diets of predators 

of lizards. McKinney and Ballinger (1966) found autoto— 

mized tails in the stomachs of freshly captured snakes 

from west Texas. In addition, they noted successful 

escape as a result of tail autotomy in nature between 

the lizard Cnemidophorus tigris and the snake predator 

Mastocophis flagellum. Greene (1981) examined the 

feeding behavior and diet ecology of Micrurus fulvius. 
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a natural predator of ]j. laterale. Sixty seven percent 

(12 of 18) of the specimens that had ingested IJ. laterale 

contained tails with no bodies. 

Tail Break Frequency 

Frequencies of regenerated tails in natural popula-

tions of IJ. laterale are similar to frequencies reported 

for other lizard species that are known to employ tail 

autotomy in predator encounters. Parker (1972) reported 

that in C. variegatus 74 percent of the adults had regen-

erated tails, whereas Dial (1978a) reported that 74 per-

cent of adult _C. brevis had regenerated tails. Higher 

tail break frequency in adults than in juvenile L. latter-

ale probably reflects age-specific predation intensity 

(Tinkle and Ballinger 1972). Similar frequencies between 

sexes suggest that both sexes rely on tail autotomy to a 

similar extent. 

Demographic differences and alternative sources of 

mortality among species or among populations of the same 

species might confound comparisons of tail break fre-

quency (Schoener and Schoener 1980). Furthermore, in 

age-structured populations the total frequency of tail 

breaks might not accurately reflect predation intensity 

(Schoener 1979). However, tail break frequency should be 

at least proportional to the degree to which a lizard uses 

autotomy as its primary defense (Ballinger 1981). Thus, 
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comparisons of tail break frequencies among species with 

alternative defenses should indicate the relative impor-

tance of autotomy as a defense. 

An alternative explanation of tail breakage in lizard 

populations involves aggressive encounters between con-

specifics. Several studies (Norris 1953; Blair 1960; 

Hunsaker 1962; Harris 1964; Soule 1964; Zweifel and Lowe 

1966; Vitt et al. 1974) have suggested that intraspecific 

agonistic encounters could be an important determinant of 

tail breakage. However, most reports are anecdotal and 

this hypothesis has not been tested. Furthermore, Vitt 

et al. (1977) argued that tail autotomy during such en-

counters should not be favored by selection. In this type 

of encounter, selection should favor an individual that 

avoids tail autotomy rather than one that fights and 

autotomizes its tail. On the other hand, in an encounter 

with a predator, selection should favor the individual 

that autotomizes its tail if this enables the owner to 

escape. 

The Function of Autotomized Tail Movement 

Theoretical treatments of predator foraging tactics 

predict that predators evolve to minimize the costs of 

locating, capturing and ingesting prey while maximizing 

their energetic returns (Emlen 1966; Schoener 1971; Cody 
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1974; Pulliam 1974; Werner and Hall 1974; Stein 1977). 

Conversely, as a coevolutionary response, prey evolve to 

maximize the costs to predators of being included in 

their diets (Humphries and Davies 1967; Charnov, Orains, 

and Hyatt 1976; Stein and Magnuson 1976; Vermeij and 

Covich 1978; O'Brien, Kettle, and Riessen 1979; Palmer 

1979). Although predator defense tactics may directly 

affect capture and/or ingestion rates of predators (see 

Livdahl 1979), few studies have quantified the relation 

between defense tactics and predator success. This study 

provides the first demonstration of which I am aware that 

autotomized tail movement functions to increase handling 

costs to a predator. In both snake and mammal encounters, 

the costs are in units of time required to subdue a tail 

before it can be ingested. This represents a significant 

increase in escape time for a lizard. In addition, it 

may constitute a cost in terms of a predator's exposure 

to its predators while it is handling a tail. An addi-

tional cost not associated with handling time may 

accrue to the predator. The initial location and capture 

of the lizard body with intact tail undoubtedly requires 

a significant portion of a predator's time and energy 

budget (but, see Feder and Arnold 1981). At capture, 

time and energy costs have been paid. However, these 

costs represent payment for an entire lizard. The predator 
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that ends up with only an autotomized tail realizes a 

significant loss of potential energy. 

I suggest that autotomized tail movement in ]L. later-

ale represents an adaptation to predation by terrestrial 

predators and functions to increase the time required to 

handle a tail while the lizard escapes. Selection for 

increased handling time might evolve in prey if there is 

a considerable probability of escape after the initial 

capture (Livdahl 1979). In such a case, selection would 

favor an individual that increases the time required for 

a predator to handle it, or part of it,as in the case of 

an autotomized tail. The increase in handling time may 

be selectively advantageous in two respects: (i) by in-

creasing the probability of escape during handling (see 

Livdahl, 1979), or (ii) by increasing the escape time of 

the owner of an autotomized part. 

Increase in handling time of an autotomized tail is 

primarily a function of the time required to subdue a 

tail before it can be manipulated and ingested. Subdue 

time averaged 23 percent of total handling time of thrash-

ing tails, compared to only 2 percent of total handling 

time of exhausted tails. Immobilization of prey represents 

an important component of snake feeding behavior; most of 

the extant families have evolved techniques that are de-

signed to subdue prey before ingestion (Gans 1978; Greene 
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and Burghardt 1978; Kardong 1980; Savitsky 1981), at least 

partly as a mechanism to reduce handling costs. In this 

study, a thrashing tail required on the average an addi-

tional 37 sec for a snake to handle than an exhausted 

tail, allowing a lizard a 1.4 fold increase in escape 

time . 

In snakes, the tongue is an important chemoreception 

organ and is frequently used to detect prey during snake 

foraging and feeding (Burghardt 1977). During each of 

the trials with thrashing and exhausted tails, the snake 

examined the tail with several tongue "flicks" before 

attack, apparently receiving the correct chemical signal 

to elicit attack. However, m 42 percent of the trials 

with exhausted tails the snake released the tail almost 

immediately and returned to its original foraging behav-

ior. It is possible that, besides functioning to increase 

handling costs, tail movement functions to mimic captured 

lizard movement, serving as a lizard decoy, and relays 

to the snake a message of successful capture. 

Greene (1976) demonstrated that direction of prey 

ingestion is important in snake feeding behavior and sug-

gested that scale overlap is used as a tactile cue by 

snakes to indicate the correct ingestion direction. My 

results suggest that tail movement might influence the 

direction of tail manipulation before it is ingested. In 



68 

16 percent of the trials with thrashing tails, the tail 

was manipulated first to the distal end (i.e. counter to 

scale overlap if ingested distal end first). When tail 

movement had subsided, each incorrectly manipulated tail 

was then manipulated to the proximal end and ingested. 

This resulted in incorrectly manipulated tails having 

total handling times that were two to three times greater 

than tails that were manipulated only correctly. These 

data were not used in my comparisons of handling times 

between thrashing and exhausted tails. 

Many mammal species (in particular members of the 

order Carnivora; see Ewer 1973) prey on lizards. Ewer 

(1973) noted that when some mammals attack lizards, they 

tend to "bite at whatever part moves most rapidly." This 

suggests that prey movement is an important component of 

a mammal's feeding behavior. My experiments with the cat 

predator support this observation and reveal that indeed 

autotomized tail movement in L. laterale functions to 

attract and maintain a mammal's attention to the tail and 

away from the escaping lizard. Every individual of L. 

laterale that was tested with a thrashing tail escaped, 

whereas none of those tested with an exhausted tail 

escaped. Apparently tail movement must reach some mini-

mum threshold of intensity in order to function in this 

respect, as the minimal thrashing movements of A. 
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carolinensis tails were unsuccessful in attracting the 

cat's attention. 

The Energetics of Autotomized Tail Movement 

My experiments on thrashing energetics support the 

hypothesis that autotomized tail movement is supported 

energetically by anaerobic metabolism. The difference 

between resting and autotomized tail lactate concentra-

tions suggests that anaerobiosis contributes significantly 

to tail movement. 

Autotomized tails of A. carolinensis thrash to some 

extent; lactate concentrations after thrashing are signi-

ficantly greater than at rest. However, a comparison 

of tail lactate concentration with whole animal lactate 

concentration suggests that anaerobic metabolism in the 

tail is not a predator defense adaptation in this species. 

The mean lactate concentration of autotomized tails (1.61 

mg/g) was very similar to literature values of whole ani-

mal concentration of this species (1.55 mg/g; Bennett and 

Licht 1972) and a closely related species, Anolis bonair-

e n s l s (.1-45 mg/g; Bennett, Gleeson, and Gorman 1981). In 

both of these studies, lizards were stimulated to exhaus-

tion (A. carolinensis = 4.66 min, A. bonairensis = 3 min). 

In this study, I measured tail lactate concentration after 

60 sec of movement. However, tail movement had ceased by 

20 sec. Thus, my data probably accurately reflect the 
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total anaerobic capability for autotomized tails of A. 

carolinensis. I conclude that lactate concentrations 

that were produced in autotomized tails simply reflect 

the maximum lactate concentration that can be produced in 

whole animals of this sepcies and tails are not adapted 

for increased movement. Based on my observations of this 

species, I would not predict that autotomized tail thrash-

ing would be a primary predator defense in A. carolin-

ensis. This species is cryptic in coloration and relies 

on remaining motionless as its primary predator defense. 

When detected by a predator, this species is adapted for 

escape via flight into vegetation; A. carolinensis possess 

subdigital lamellae and an elongate tail, both of which 

are important in climbing (Ballinger 1973; pers. obsv.). 

My experiments with L. laterale suggest that a 

primary predator defense for this species is tail autotomy 

and autotomized tail movement. Mean lactate concentra-

tion in autotomized tails that thrashed for 60 sec was 

1.7 times greater than in A. carolinensis, and anaerobic 

capacity of L. laterale tails was two-fold that of A. 

carolinensis tails. In addition, autotomized tail lactate 

production was greater than whole animal lactate produc-

tion at exhaustion. Bennett and Licht (1972) reported a 

mean whole animal lactate concentration in adult L. 

laterale that were stimulated to exhaustion (4.61 min) 
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of 1.37 mg/g Mean tail lactate concentration after 

60 sec of movement (2.71 mg/g) is two-fold that of the 

exhausted whole animal. 

Autotomized tail lactate concentration in L. later-

al-6 i s one-third greater than the maximum lactate level 

known for whole animals of any lizard species. The 

maximum concentration reported in the literature is 

2.07 mg/g in the extremely mobile Dipsosaurus dorsalis 

and occurred after two min of activity at its preferred 

temperature (40°C; Bennett and Dawson 1972). 

An alternative explanation of increased anaerobic 

capability in the tail relates to intact tail use during 

other activities such as escape. Intact tail lactate 

concentrations after locomotion are significantly higher 

than at rest (see Fig. 6). However, levels after autoto-

mized tail movement are 8.5 fold that of an intact tail 

used during escape, suggesting that maximum anaerobic 

capability in the tail is not used in the intact tail 

and represents an adaptation for movement after autotomy. 

Anaerobic Metabolism: Advantages and Disadvantages 

The power of oxygen transport in reptiles is limited 

compared to such aerobically adapted vertebrates as 

birds and mammals. Aerobic metabolism in lizards is 

sufficient to supply only the energy requirements for 

rest and low levels of activity (Bennett and Ruben 1979; 
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Bennett 1980a). However, anaerobic capabilities are well 

developed and supply the necessary energy for all activi-

ties that are relatively short in time interval but re-

quire a rapid delivery of energy. Bennett and Licht 

(1972) demonstrated that 80-90 percent of the energy 

utilized during strenuous activity by six lizard species 

came from anaerobic metabolism. The importance of anaero— 

biosis has also been demonstrated in prey pursuit behavior 

in two genera of actively foraging snakes (Masticophis 

and Coluber; Ruben 1976) and suggested for escape behavior 

in several species of lizards (e.g. Cnemidophorus murinus, 

Dipsosaurus dorsalis, Gerrhonotus multicarinatus and 

Sceloporus occidentalis; Bennett 1980b). 

Although the energetic yield from anaerobiosis is 

low in comparison to aerobic pathways (1.0 mg lactate 

produced = 0.0167 millimoles ATP; 1.0 cc 0^ consumed = 

0.290 millimoles ATP; Bennett and Licht 1972), the advan-

tages are considerable and are based on two characteris-

tics: (i) substrate delivery and (ii) temperature depen-

dence. (i) Because of the complexities of oxygen trans-

port energy mobilization from aerobic metabolism is rela-

tively slow. However, anaerobic metabolism relies on a 

substrate (glycogen) that is stored locally in muscle 

tissue (Lehninger 1971). Consequently, the time delay 

of energy mobilization is significantly reduced. This 
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is an important factor in a predator defense tactic such 

as autotomized tail movement in which speed of reaction 

is directly related to escape success. (ii) Temperature 

dependence of aerobic metabolism in lizards is relatively 

high, with values usually exceeding 2.0 (Bennett 

and Dawson 1976). However, anaerobic metabolism is rela-

tively temperature independent; Q values usually range 

from 1.1 — 1.3 (Bennett and Licht 1973). Thus, anaerobi— 

cally derived energy can be used for predator defense 

over a wider range of temperatures than can aerobically 

derived energy (Bennett 1980b). 

The primary disadvantage of anaerobiosis is the dis-

ruptive effects it has on blood pH. Lactate production 

is maximum during the most strenuous activity and may 

cause a decrease in blood pH (Bennett 1971; Gatten 1973). 

Decrease in blood pH may impair the blood's ability to 

transport oxygen by way of the Bohr Effect on hemoglobin 

(Bennett 1973; Bennett and Dawson 1976). Although this 

presents a considerable physiological problem to the 

whole animal, it is trivial to an autotomized tail. 

Tail Musculature and Substrate Storage 

Tail structure and function vary considerably among 

lizard species. A more muscular tail may be important to 

the biology of a species in several different contexts. 
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For example, intact tails of L. laterale are important in 

forward propulsion and a muscular tail might be advan-

tageous for such a function. Several species of gekkonid 

lizards (Coleonyx variegatus and Ĉ . brevis) exhibit a 

defensive tail display during encounters with snakes (see 

Fig. 3; Congdon et al. 1974; Johnson and Brodie, 1974; 

Dial 1978a). Tails of both of these species are much 

thicker than tails of closely related lizards, and it is 

likely that thicker tails contain more musculature. A 

more muscular tail may be a requisite for such a tail 

display. 

Although I did not determine the substrate utilized 

in lactate production of autotomized tail movement, I 

assume that it is glycogen (see Lehninger 1971). Glycogen 

is stored in muscle tissue and is used locally during 

anaerobiosis. The amount of muscle tissue probably dir-

ectly determines the amount of glycogen that can be stored, 

This in turn might determine the amount of lactate that 

can be produced, and, thus, the degree of autotomized 

tail movement. I have not compared tail muscle content in 

•k* laterale and A. carolinensis. However, my impression 

is that L. laterale tails contain proportionally more 

muscle tissue than A. carolinensis tails. Thus, increased 

autotomized tail movement in IJ. 1 aterale may be at least 

partly a function of the amount of muscle tissue present 
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in the tail. It is possible that a certain minimum 

amount of muscle tissue is required for a species to 

store sufficient amounts of glycogen for increased auto-

tomized tail movement. In those species that have more 

muscular tails that are used for alternative functions 

(e.g. forward propulsion, defensive display), increased 

tail musculature may represent a preadaptation that 

facilitated the biochemical transition to increased 

autotomized tail movement. 

Regulation of Autotomized Tail Movement 

Several studies (Bennett and Licht 1972; Bennett and 

Dawson 1972) have demonstrated a correlation between 

decrease in lizard activity and increase in lactate con-

centration. However, the relation between the two remains 

unclear. Decrease in activity may be explained by (_i) a 

depletion in metabolizable substrate within the muscle 

tissue (Bennett and Dawson 1972), (ii) the presense of a 

regulator enzyme (Xehninger 1971), or (iii) neural inhibi-

tion (Bennett and Dawson 1972). Inhibitory effects of 

neural synapses may be monitored by sensory systems, 

located either peripherally or within the central nervous 

system, that detect changes on pH or P (Bennett and 
2 

Dawson 1972). Preliminary observations on the localiza-

tion of neural inhibition of autotomized tail movement 

(author's unpubl. data) suggest that inhibitory sites are 
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located in the abdomen immediately anterior to the hind 

limbs. Thus, once a tail is autotomized it is no longer 

regulated by abdominal neural inhibition, yet ceases 

movement after several minutes. It is likely that auto-

tomized tail movement is regulated by neural components 

within the tail and that the time interval during which 

movement occurs is a function of tail substrate content. 

Movement of Autotomized Structures in Other Taxa 

Autotomy has evolved in many species of both inver-

tebrates and vertebrates. However, in most it involves 

simply severance of the structure with the release of 

the structure mechanically facilitating escape (Edmunds 

1974). Activity of autotomized structures, analogous to 

autotomized tail movement in lizards, has evolved inde-

pendently in several groups of organisms and apparently 

represents an important part of predator defense as it 

does in lizards. For example, many species of salaman-

ders exhibit autotomized tail movement, and Wake and 

Dresner (1967) suggested that this functions to distract 

predators. It is probable that its specific functions 

are similar to those in lizards. Miller (1977) examined 

several arachnid species that autotomize their legs. He 

demonstrated that autotomized legs "twitch" for several 

minutes, and proposed that neural "pacemakers" at the base 
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of the arachnid "femur" regulate the twitching activity. 

Although he suggested a defensive function for leg activ-

ity, this was not experimentally determined. Robinson 

et al. (1970) examined cheliped autotomy among six genera 

of decapods and demonstrated that in two species "attack 

autotomy" occurred, in which the cheliped was autotomized 

(without external tensile force) onto a predator and main-

tained a powerful grip (up to two minutes). By observing 

natural encounters between river otters and crabs, they 

noted that cheliped autotomy and grip facilitated escape 

of the crab by eliciting rapid predator retreat. The 

energetic basis of the autotomized cheliped's grip was 

not determined. However, it is probable that it was 

supported by anaerobic metabolism. 

The Evolution of Autotomized Tail Movement 

Caudal fracture planes occur in 65 percent of the 

lizard families and in the rhyncocephalians. Etheridge 

(1967) suggested that autotomic ability had its evolu-

tionary origin in a pre-Saurian ancestor, possibly an 

Eosuchian reptile, and that the extant species that do 

not possess caudal fracture planes have lost them secon-

darily. Thus, the presense of fracture planes among 

lizard species reflects phylogenetic homology. I suggest 

that the evolution of increased autotomized tail movement 

among those species that possess fracture planes 
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represents convergence of a predator defense mechanism in 

response to similar ecological problems. 

Many tail-autotomizing lizard species possess alter-

native predator defenses that are used as their primary 

tactic of escape. For example, among many species within 

the family Iguanidae that possess caudal fracture planes 

(see Etheridge 1967), escape into vegetation, rapid hori-

zontal flight, and cryptic coloration represent the pri-

mary defenses (see Vitt and Congdon 1978 for some exam-

ples) . S imilar ily, among many species of the families 

Teiidae and Lacertidae that possess caudal fracture 

planes (see Etheridge 1967), rapid flight is the primary 

escape tactic. Many species of the family Anguidae 

possess caudal fracture planes (Etheridge 1967) and rely 

on their aggressive nature for defense. Members of all 

of these families autotomize the tail when attacked on 

the tail (pers. obsv.), but this represents a secondary 

defense tactic. Tail autotomy functions only as a 

mechanical release that facilitates escape. Although 

tail autotomy is important in escape, the autotomized 

tail is not. A predator left with only a tail may ingest 

it or reject it and continue the pursuit. (My data suggest 

that minimal or no tail movement fails to deter a pred-

ator.) 
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In contrast, some species appear to rely on the 

tail autotomy-autotomized tail movement tactic for 

their predator defense. Many appear to be relatively 

slow compared to representatives of those families that I 

discussed above. Some examples include species within 

the families Scincidae, Gekkonidae, and Xantusiidae. In 

these forms the tail autotomy tactic has two components: 

(i) tail autotomy as a mechanical releaser that facili-

tates escape and (ii) autotomized tail movement that 

either (a) functions to insure that the predator handles 

the tail and is not attracted to the escaping owner (e.g. 

mammal-tail encounters) or (b) functions to extend the 

time required for the predator to handle the tail while 

the owner escapes (e.g. snake-tail encounters). 

The tactics that I have discussed appear to fall 

along taxonomic lines and therefore to be constrained 

by phylogeny. However, I suspect that within higher 

taxa considerable variation in the relative importance of 

autotomized tail movement compared to the importance of 

alternative primary predator defenses exists. Analysis 

of both the autotomy-autotomized tail movement tactic and 

alternative primary defenses within certain families of 

lizards and salamanders that possess caudal fracture 

planes (and an analysis of a similar array of inverte-

brates with autotomized structure movement and alternative 
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primary defenses) should provide insight into the speci-

fic selective pressures involved in the evolution of 

autotomized structure movement and the evolution of 

predator defense tactics in general. 

The Energetic Costs of Tail Autotomy 

Reproduction Versus Tail Regeneration 

Coleonyx brevis produces 2-3 clutches per season 

(Dial 1975). Based on several life-history characteris-

tics (iteroparity, rapid attainment of sexual maturity, 

short-lived; Dial 1975), I assume that its probability 

of survival to subsequent breeding seasons is low (see 

Tinkle 1969). If so, selection should favor those indi-

viduals that prioritize energy allocation to reproduc-

tion at the expense of other energy recipients. My 

results support this prediction. All tailless females 

in this study produced a complete clutch of fully devel-

oped eggs, presumably at the expense of tail regenera-

tion. Conversely, in long-lived species with a high 

probability of future reproductive success, other recip-

ients (in particularly those such as tail regeneration 

that have a positive effect on an individual's future 

reproductive success) should have energetic priority. 

Such a relationship was demonstrated by Maiorana C1977) 

in the salamander Batrachoseps attenuatus. This species 
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autotomizes its tail when attacked by snake predators, and 

tail break frequency of a population near Berkeley, 

California was 48 percent. Maiorana suggested that, in 

the face of an unpredictable environment,selection has 

favored longevity in JB. attenuatus, and when tail regener-

ation competes with reproduction for available energy, 

selection favors tail regeneration at the expense of 

reproduction. Virtually all tailless females in 

Maiorana1s study failed to reproduce while regenerating 

tails. 

Congdon et al. (1974) noted that Coleonyx variegatus 

males regenerate tails at a faster rate than females. 

They suggested two possible explanations: (i) different 

selective pressures between sexes and (ii) greater com-

petition for energy by reproductive processes in females. 

My results on comparative regeneration rates of male 

and vitellogenic female Ĉ . brevis support their second 

hypothesis. 

The Energetic Contribution of Caudal Energy Reserves 

Production of a clutch requires a considerable por-

tion of both energy reserves and net metabolizable energy. 

Although importance of fat body reserves in lizard repro-

duction has been demonstrated (Hahn and Tinkle 1965; 

Licht and Gorman 1970; for a review see Derickson 1976), 

the role of caudal energy reserves has been neglected 
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despite the numerous lizard species that store lipids in 

the tail. Although carcass and fat body reserves contri-

bute substantially to reproduction in C. brevis, caudal 

reserves represent a much greater initial caloric invest-

ment and reproductive energy source. Both tailed and 

tailless females depleted carcass and fat body lipids 

at approximately the same rate (see Table 9). However, 

tailed females on the average had over twice the calories 

for vitellogenesis than tailless females. The propor-

tion of this additional energy that was represented in 

the tail and the effects of tail loss on egg mass and 

caloric content attest to the importance of caudal energy 

storage to vitellogenesis. 

Ingestion 

To compensate for the loss of caudal reserves and 

produce a clutch of eggs, tailless females must increase 

their rate of food ingestion substantially. The in-

creased rate demonstrated in this study represented an 

additional 0.53 mealwork per d. When expressed in terms 

of more natural prey items of C_. brevis (Dial 1978a), I 

estimate this to represent ca. six to eight cicadellid 

leafhoppers or termite workers per d. Assuming a linear 

relation between foraging time and calories ingested, I 

estimate that, to produce a clutch of eggs,tailless fe-

males must forage at least 25 percent longer than tailed 
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females. Foraging bouts in nature that result in an 

equivalent net energy gain probably are greater in both 

area covered and time interval. Thus, metabolic expendi-

ture during additional foraging is increased. In addition, 

tailless females must forage without their primary defense 

mechanism. Because lizard locomotor efficiency is ad-

versly affected by tail loss (Urban 1965; Ballinger 1973; 

Smyth 1974; Pond 1978b; pers. obsv.), the risks of preda-

tion to tailless females are concomitantly greater. Thus, 

the energetic costs of tail autotomy to reproduction are 

c ompounded. 

Reproductive Effort 

Reproductive effort is the proportion of an indivi-

dual's energy budget that is allocated to reproduction 

(sensu Williams 1966a) and is of considerable theoretical 

interest in the study of life-history tactics (Williams 

1966a; Fitzpatrick 1973; Schaffer 1974; Hirshfield and 

Tinkle 1975; Tinkle and Hadley 1975; Stearns 1976; 1977; 

Hirshfield 1980). Although energy budget data are re-

quired to accurately estimate RE (Fitzpatrick 1973; 

Hirshfield and Tinkle 1975; Tinkle and Hadley 1975; 

Andrews 1979; Hirshfield 1980), most empirical analyses 

have failed to consider such data, relying simply on size 

and/or caloric content of eggs. The problems associated 

with estimating RE in this manner are compounded by 
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including energy reserve contributions to reproduction, 

which were acquired during feeding activities prior to 

vitellogenesis and at unknown costs. Production of a 

smaller egg or an egg of lower caloric value implies a 

direct change in RE. However, as demonstrated in this 

study, because of the caloric contribution of energy 

reserves this does not necessarily reflect the proportion 

of NME allocated to reproduction. The value of fractional 

energy budget data in predicting relative levels of 

reproductive effort has been subject to question (see 

Andrews 197 9). 

The Effects of Tail Autotomy on the Egg 

Relative fitness of an organism is determined by 

the number of its offspring that survive to sexual matur-

ity. Selection acts on those factors that affect off-

spring success and primary among them is parental energe-

tic investment (Smith and Fretwell 1974). Energy avail-

able to a parent is finite and its partitioning between 

somatic and reproductive recipients is a complex function 

of several factors acting synergistically, including 

predation, competition, and environmental uncertainty 

(Smith and Fretwell 1974; Wilbur 1977). When alternative 

energy recipients, such as predator defense mechanisms, 

complete with offspring for energy, selection should 

result in a compromise of energy allocation that maximizes 
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the parent's genetic contribution to future generations 

(Wilbur 1977; Congdon, Vitt, and Hadley 1978). When faced 

with an energetic stress, a female may respond by either 

a change in the number of offspring or a change in the 

energetic investment per offspring (Price 1974). Since 

clutch size is constant in Ĉ . brevis, only the energy 

expended on each offspring can vary. 

My data indicate that the costs of tail autotomy in 

br evis include a reduction in egg mass by 17 percent 

and a reduction in egg energy content Ccal/egg) by 19 

percent. Larger eggs have been shown to produce larger, 

more successful offspring (e.g. correlation between egg 

mass and hatchling mass and SVL in Sceloporus undulatus: 

Ferguson and Brockman 1980). Kaplan (1980a, 1980b) 

demonstrated that both mass and caloric content of 

salamander eggs were direct indicators of hatchling mass 

and caloric content. Although larger hatchlings repre-

sented a greater total number of calories than smaller 

hatchlings, they used proportionally fewer calories of 

the initial parental energy investment in the hatching 

process. Hence, larger eggs produced larger hatchlings. 

I did not measure size or caloric content of hatchling 

_C. br evis of either tailed or tailless females; all of 

the eggs were used to measure egg caloric content. 

However, data from another study (Dial 1975) suggest a 
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direct relation between initial egg mass (wet, at oviposi-

tion) and hatchling mass in CI. br evis. Assuming a similar 

relation between egg and hatchling calories, it is prob-

able that hatchlings of tailed females should be consid-

erably greater than hatchlings of tailless females in 

both size and caloric content (x cal/egg: Tailed females 

= 610; Tailless females = 496). If so, hatchlings of 

tailless females begin life with only 81 percent of the 

energy of hatchlings of tailed females. 

Smyth (1974) examined the effects of tail autotomy 

on reproduction in two species of Australian lizards 

(Scincidae). His study demonstrated that in Morethia 

boulengeri, a species with both abdominal fat bodies and 

caudal reserves, tail loss resulted in reduced egg mass. 

However, autotomy did not affect egg energy content 

(measured as fat, percent dry mass) as demonstrated in 

this study for Ĉ . br evis. In Hemier gis per onii, a species 

with no abdominal fat bodies but with considerable caudal 

reserves, tail loss resulted in a reduction in clutch 

size. Mass and energy content of offspring (the species 

is ovoviviparous) were not measured. 

Tail Autotomy Versus Caudal Energy Storage 

In competitive, predator-rich environments, larger 

hatchlings survive better than smaller hatchlings 
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(Ferguson and Bohlen 1978). By producing larger, more 

energy-rich eggs, tailed females that escape predation 

with the tail intact should have more fit offspring than 

tailless females. Of course, tailed females that do not 

escape have a fitness of zero. Thus, because of the 

associated costs of tail autotomy, one might predict 

selection to favor either (i) a shift of caudal reserves 

to abdominal fat bodies or (ii) tail retention coupled 

with an alternative predator defense mechanism. (i) Al-

though an increase in fat body size may be possible, 

their size at the onset of vitellogenesis appeared to 

be maximum; they filled the postabdominal cavity of each 

baseline female that I examined. The development of 

caudal reserves in addition to abdominal reserves not 

only allows for an emergency energy store that can be 

used during times when food availability is reduced 

(Bustard 1967), but also permits rapid tail regeneration 

(Congdon et al. 1974), and important factor for a short-

lived, tail-autotomizing species. (.ii) Coleonyx brevis 

is relatively slow in escape from predators. Relative 

hind leg length (hind leg length/snout-vent length = 

HHL/SVL), a measure frequently used to estimate lizard 

escape speed (e.g. Pianka 1969), is significantly lower 

(p<0.001) in C. brevis (x tSD) HLL/SVL = 0.37 (0.02), n = 

20) than in such fast moving, mobile species as 
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Cnemidophorus t igr i s (x (SD) HLL/SVL = 0.73 (0. 03), n = 

9) and Holbrookia texana (x (SD) HLL/SVL = 0.86 (0.04), 

n = 8). In addition, Ĉ . brevis lives in a predator rich 

environment. Besides numerous mammal and bird predators, 

many species of snakes that are lizard specialists (e.g. 

Hypsiglena torquata, Salvadora deserticola and Masticophis 

flagellum) are abundant at Black Gap (pers. obsv.). Thus, 

the selective advantages of tail autotomy coupled with 

rapid tail regeneration are considerable. 

Utilization of both caudal energy storage and tail 

autotomy appears paradoxical in evolutionary biology 

(Clark 1971). However, I suggest that it permits an 

adaptive compromise in terms of reproductive energy 

allocation. Caudal reserves not only allow for an emer-

gency energy store (Bustard 1967) and permit rapid tail 

regeneration (Congdon et al. 1974), but also permit an 

extra energy reserve that can be used for vitellogenesis. 

During a reproductive session, size and quality of an egg 

can vary according to current demands (caudal reserves 

present or absent; fluctuation in food levels: see 

Ballinger 1977). The primary mechanism for egg production 

in C. brevis involves utilization of both abdominal and 

caudal reserves. This allows brevis to maximize off-

spring size and quality by increasing mass and energy 

content of hatchlings with caudal reserves when they are 
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available, yet produce smaller but effective sized off-

spring when tail autotomy is necessitated. If tail 

autotomy occurs at the beginning of or during vitello-

genesis, abdominal reserves supply the necessary energy 

for vitellogenesis. Energy allocation shifts to tail 

regeneration (contribution to the parent's future repro-

ductive value) only after the minimum energy requirement 

of an egg is paid (contribution to the parent's current 

reproductive value). Because tail regeneration is rapid, 

a female may be able to regain her primary predator de-

fense mechanism and still have sufficient time to produce 

subsequent clutches within the current breeding season. 

Energy reserves are probably important only to pro-

duction of the first clutch of a season. Thus, eggs pro-

duced in the second and third clutches might not differ 

significantly in size and caloric content between tailed 

and tailless females and second and third clutch hatch-

lings may be equal in fitness. Further experimental 

studies are necessary to examine (i) the relation between 

tail autotomy of a female and the size and survivorship 

of her hatchlings, (ii) the relation between tail auto-

tomy and clutch number per season,and (iii) the percent 

of a female's total fitness that is determined by her 

first clutch. 
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