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I. INTFIc'ElUCTIclN

Of the four orders of living reptiles, three are entirely oviparous (turtles

and crocodilians), but approximately one-fifth of all species of lizards,

snakes and amphisbaenians are viviparous. Most egg-laying squamates

studied to date retain eggs in utero for almost one-half of the total period of

embryonic development and, thus, have evolved part of the way toward

viviparity (shine, 1983a). Clearly, viviparity has arisen many times (e.g.,

Tinkle and Gibbons, 7977; Shine and BuLl, 7979), and the dichotomy be-

tween oviparity and viviparity is a puzzling aspect of reptilian reproduc-

tion. Consequently, it has attracted considerable attention. (For recent re-

views see Packard et al., \977; Tinkle and Gibbons, 7977; Shine and Berry,

1978; Shine and Bull, 7979; Pllorge and Barbault, 1981; Blackburn, 7982')

several hypotheses have been proposed to explain why live-bearing has

evolved; most of these invoke factors that kill eggs in the nest, but not irl

utero, andhence favor the evolution of prolonged uterine retention of eggs.

Theory also suggests that certain types of species should be most likely to

evolve viviparity; specifically, groups in which the survivorship or food

intake of the reproducing female would not be markedly affected if she

retained eggs ii utero. The present review examines the validity of these

ideas in tJrms of the arguments and inherent assumptions in each hy-

pothesis, summarizes the empirical support for each hypothesis (based on

published literature), and tests predictions from these hypotheses by iden-

iiryir,g the squamate lineages in which viviparity has evolved-and by look-

ing for the ecological correlates predicted by theory. For this purpose/

u'u"uilubl" phylogenetic and reproductive data on taxa containing both

oviparous and viviparous forms are reviewed.

II. TEFIMINClLG,G;Y

Most reptiles reproduce by laying shelled eggs that contain relatively unde-

veloped embryos; they are termed oaiparous or egglaying. However, many

squamate species retain eggs in utero until embryonic development is com-

pl"tu. tn these cases the young are fully formed at birth and are capable of

independent movement and feeding; this reproductive mode is referred to

as liae-bearing or oiaiparitY.
Some authors have restricted the term viviparity to species with an

intimate physiological connection between the reproducing female and her

uterine ybttttg; this may involve complex placentation, absence of calcified

egg-membrar,es, o. maternal-fetal transfer of nutrients (Weekes, 1935;

Bauchot, 1965; Spellerberg, 1976). Although the distinction between ooo-

aiaiparity (no maiernal-fetal nutrient transfer) and euaiaiparity may be at-

tractiveionceptually, it is difficult to apply to reptiles. The available data

60s
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suggest that most, but not all, l ive-bearing repti les are ovoviviparous

(Thompson,7987; Yaron, Chapter 7, this volume). Exceptions to this state-

ment include the New World skinks of the genus Mabuya, n'hich show

reduced ovum size and extensive maternal-fetal nutrient transfer (Vitt and

Blackburn, 1983). Throughout this chapter, I use the term oaiparitrl in those

cases where shelled eggs are laid, and uiaiparity where yourlg are either

born alive or are deposited in thin-walled membranous sacs from which

they emerge within a few days of parturition. This terminology follon's the

recommendations of Smith et al. (1973), Guillette (1982a), and Yaron
(Chapter 7, this volume) and corresponds to that used by most authors
(e.g., Weekes, 1933; Rahn, 1939; Dumas, 1964; Neil l, 1964; Greer, 1966;
jenkins and Simkiss , 7968; Greene, 1970; Yaron , 7972; Huey, 1977; Sexton
and Claypool, 1978; Thompson, 7987, 7982).

III. HYPGITHESEsi clN FIEPTILIAN VIVIPAFIITY

A. Types of Hypotheees

The selective forces underlying the transition from oviparity to viviparity
have been a subject of speculation for many years. The resulting hypoth-
eses may be framed in terms of the relative "benefits" and "costs" of the
two reproductive modes to a female reptile, that is, the probable lifetime
production of offspring (: fitness) of an oviparous female is compared to
that of a viviparous female under a variety of parallel ecological conditions.
Most authors have emphasized the benefits of viviparity in terms of an
increase in the number of surviving offspring (e.9., Weekes, 1933; Neill,
1964). Eggs retained in utero may be protected from many sources of mor-
tality, which they would normally experience in the nest: for example,
extremes of temperature or humidity, fungal attack, and predation. The
benefit from viviparity could equally well be the loss of a cost associated
with oviparity: for example, the need for reproductive females to make
long and possibly hazardous journeys to suitable nesting areas (e.g., Neill,
1964; Fihch, 7970).

However, it is misleading to look only at the benefits of viviparity and to
ignore the associated costs. A more balanced view considers that viviparity
may increase the fitness of a female only under a limited set of condifions
(e.g., Fitch, 1970; Tinkle and Gibbons, 7977; Shine and 8u11, 1979). Al-
though viviparity may benefit survivorship of the offspring, it also may
confer a cost to the food intake of the reproducing female, to the probabil-
ity of her survival, and to subsequent fecundity. The nature of these costs
can be used to frame predictions about the types of species or habitats
in which viviparity would be most likely to evolve (Fitch, 1970; Shine and
Bull,7979).

In summary, both viviparity and oviparity confer costs and benefits. The
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advantages of viviparity may lie primarily lvith increasing survivorship of
the offspring, whereas its disadvantages may lie with the effects of physi-
cally burdening the female with eggs for a prolonged period. The relative
importance of these advantages and disadvantages wil l depend upon both
environmental conditions and species characteristics. published hypoth-
eses regarding possible selective forces are revierved belorv.

B. Hypotheses Elased on Environm€ntal Factors

1.  COLD CLIMATES

The earliest and the most widely accepted hypothesis of reptilian viviparity
is that it evolved as an adaptation to cold climates. Tinkle and Gi6bons
(7977) traced this idea to Mell (7929) and cite several examples that indicate
its currently widespread acceptance. The argument usually runs as fol-
lows. In cold climates, behavioral thermoregulation allows the body tem-
perature of females to be much higher than that of the soil. Thus, eggs
retained in utero will develop at higher temperatures (and hence more
rapidly) than will eggs deposited in the soil. Early hatching, due to ac-
celerated development, may be adaptive in at least the three following
ways: (1) Eggs may hatch prior to the onset of lethal autumn frosts. (2)
Eggs spend less time in the soil in which they may be vulnerabre to factors
such as predation and desiccation. (3) Early hatching enables the offspring
to feed and accumulate energy reserves before hibernation, thus increising
their chances of survival over winter and subsequent growth rates.

An alternative and simpler version of the "cold-climate" hypothesis is
that soil temperatures at the time of ovulation will be so low as to be lethal
to developing eggs. Thus, unless body temperatures of gravid females falr
to soil temperatures, uterine retention will protect eggs from these lethal
extremes (Shine and Bull, 7979). (The same argument can be applied to
very hot climates in which uterine retention might protect eggs from le-
thally high temperatures; Shine and Bull, 1979). Also, high elevations may
play a role in stimulating the evolution of placentation, because low am-
bient oxygen concentrations might favor more efficient oxygen delivery
systems to the embryo (Guillette et al., 1980).

2. ENVIFIONMENTAL UNPREDICTA.E}ILITY

It has been suggested that prolonged uterine retention of eggs would be
most likely to evolve in highly variable environments (Tinkle and Gibbons,
7977). rn such areas, a reproducing female would "experience difficulty in
predicting, at the time of egg deposition, whether the site chosen would
remain favorable throughout the period of incubation and early life of the
hatchlings. In such environments selection might favor females which held
their eggs through some part of this period of developmental uncertainty.
Cold environments may exacerbate this problem of predictability by in-
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creasing the length of the incubation period and making it less likely that
the egg deposition site chosen by the parent will remain favorable until
after hatching. The more unpredictable the environment (whether for rea-
sons of climate, predation, or resource availability) of the eggs and hatch-
lings the more likely that the complete transition to viviparity will be
favored" (Tinkle and Gibbons, 7977).

3. OTHEFI ENVIRONMENTAL FACTC]FIS

Any factor that kills eggs in the nest, but not in utero, might establish a
possible selective pressure for the evolution of prolonged oviducal reten-
tion of eggs and might favor viviparity. several authors have referred to
factors, such as extremes of soil moisture, that may kill eggs and, hence,
favor the evolution of viviparity (e.g., Sowerby,7930; Neil l, 1964). Labora-
tory studies show that substrate moisture levels are important determi-
nants of hatching success and also may affect hatchling size (e.g., Muth,
1980; Packard et al., 1982). On the other hand, extreme aridity may prevent
the evolution of viviparity, because thinning of the eggshell (assumed to be
a necessary precondition for viviparity) is impossible in these environ-
ments (Weekes, 1933; Packard, 7966). Another factor is egg predation, the
impact of which may be reduced by uterine retention of eggs (Neill, 1964),
but this factor has to be balanced against increased predation upon females
during pregnancy.

C. Hypotheses Elasad on Speeies Ghanacteristics

1 .  DEFENSIVE  AB IL ITY

It has been suggested that viviparity should evolve most often in large or
venomous species, because gravid females of these forms are less vulner-
able to predation; eggs inside of such females would have a greater chance
of survival than eggs in the nest (Neill, 7964;Piorge and Barbault, 1981).
Also, such reptiles would have reduced "costs" for egg retention in terms
of female survivorship (shine and Bull, 7979). rn less formidable species,
the physical burden on the female during gestation might lower ]emale
survivorship to the point that natural selection could not favor prolonged
uterine retention of eggs.

2.  NONDEPENDENCE ON SPEED OF MOVEMENT

viviparity may be more likely to evolve in species that do not depend on
rapid movement for feeding or for escape from predators (Fitch, 1SZO1. tn
these species, the additional physical burden on the gravid female should
have less impact on survivorship or food intake. Ambush predators or
sluggish herbivorous species may fit such criteria. However, lhe common
cessation of feeding by gravid reptiles may reduce the importance of this
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factor (and the previous one) by tending to equate the costs of egg reten-
tion among different species (Shine and Bull, 1979).

3. ARBOFIEAL OFI AGUATIC HABITS

Females of some species migrate to egg-laving sites. This migration mav be
hazardous or energetically expensive, and viviparity may confer an advan-
tage, for instance, in aquatic or arboreal reptiles or in habitats where suit,
able nest sites are rare. Hence, viviparity might be likely to evolve under
these conditions (Neill, 1964;Fitch,1970). This argument has been attacked
strongly (Packard et al., 1977; Shine and Bull, 7979), because it offers no
selective advantage for the intermediate stages of prolonged egg retention
leading up to the evolution of viviparity. There are many conditions in
which viviparity will be favored over oviparity, but in which viviparity will
not evolve because no advantage accrues to the necessary intermediate
stages. Additionally, viviparity seems less likely to evolve in certain ar-
boreal species that rely upon agility in climbing and may be greatly disad-
vantaged by the weight and volume of the clutch (Shine and Bull, 1979).

4. FOSSC]FIIAL OF] SECRETIVE HABITS

Females of fossorial or secretive species may be rarely exposed to preda-
tion; hence, the prolonged physical burden of viviparity might not de-
crease their survivorship (Fitch, 1970). This might facilitate the evolution of
live-bearing. However, this prediction may be challenged on the following
three grounds: (1) The assumption of low predation intensity on fossorial
species may be false, because it is based on the inability of herpetologists,
not natural predators, to find these animals. (2) Fossorial species may
depend upon slender bodily form for burrowing, and hence the volume of
developing young would impede the female or would affect the size of the
tunnels needed. (3) The thermal advantages of egg retention may be less
evident in fossorial species, because maternal body temperatures may be
similar to soil temperatures, at least in some species (e.g., Brattstrom, 7965;
Shine, 1983b; but see Huey, 1982).

5 .  MATERNALCAREOFEGGS

Egg-guarding ("brooding") behavior by females has usually been seen as
an alternative to viviparity (e.9., Fitch, 7970; Packard et al., 7977). How-
ever, prolonged uterine retention of eggs may be more likely to evolve in
egg-guarding species; certainly, females of these species face little addi-
tional "cost" in retaining eggs in utero (Shine and Bull, 1979). Because egg-
guarding females generally cease feeding, prolonged retention of eggs in-
creases the period of time during which the female can continue to feed.
However, the common cessation of feeding in gravid females (Shine,
1980a) reduces the force of this argument.
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6. THEFMOF]EGULATOFIY STRATEGY

The ,,cold-climate,, hypothesis relies upon behavioral selection of high

body temperatures bythe ovigerous female' Heliothermic squamates may

maintain body temperatures iruch higher than the substrate especially in

cold climates, but some thigmotherm]c forms mav not (Brattstrom' 1965;

Shine, 1983b). In some nociurnal species' female body temperatures actu-

uffy *uy average lower than soil iemperatures (Huev' 1982); hence' fe-

mites could acc-elerate embryonic developmental rates by being oviparous

rather than viviparous! Viviparity should be more likely to evolve in

heliotherms.

7. F]EPtr(]DUCTIVE FFIEC]UENCY

A major 
"cost" of egg retention may be the reduced time available to

proJ,i." a second clutil within the same season (Sergeev, 1940; Tinkle and

G ibbons ,1977 ) .Hence ,v i v i pa r i t yshou ldevo l vemore read i l y i ns ing le -
clutching sPecies.

A.  PHYSIOLOGICAL  CONSTF IA INTS

Thelackofvivipar i ty inturt lesandcrocodi l iansmaybedueto' their inabi l -
i tytoeffectadapt ivereduct ionsinthethicknessoftheeggshel l (Packardet
al.,7977). This hypothesis is supported by differences in calcium metabo-

l ismofdevelopingembryosbetweensquamateandnonsquamaterept i les'
io*"rr"r, tneiyiotnesis has been critiiized as intrinsically implausible on

thegroundsthat^somealternatemechanismofcalciumsupplytotheem-
Uryo".o.rta have evolved if natural selection had favored retention of devel-

opr.,g "^U.y os in ut:ero (Tinkle and Gibbons' 7977)' Highly calcified shells

also may reduce gu, "^.huttg e in utero and' thus' may prevent the evolu-

tion of viviparity (Blackburn, 1982)'

other physioiogical constraints on the evolution of viviparity are possl-

ble.Forexample,turt teer, tUryosareki l ledi f theeggs.arerol ledoverearly
in developm"nt 1e.g., Limpui et al',1979; Ewert' 1984); squamate eggs are

more resilient (Marcellini ana Davis, 1982)' It is difficult to seehow natural

selection could favor intra-uterine retention of developing embryos in tur-

t les ;asSoonaSt t ' "eg8 'were la id theresu l t ingmovementwou ldk i l l the
"^Utyot. Indeed, turiies aPp91r to have some mechanism to prevent em-

bryogenesis in utero;if gravia females are prevented from ovipt:lti"g lo-t
several weeks, embryogi,,esis does not proieed (Packard et al' ' 1977 ; J ' M '

Legler, personal comrirr,,icution; Ewert, 7979' Vol' L4)' It is difficult to

diiinguish cause and effect in such evidence; if., tor some other reason,

selection does not favor embryogenesis in utero' then there is no selective

advantage in resistance of devel6ping embryos to overturning of the eggs

(because-thls situation almost never occurs)'

Other types of physiological constraints might determine which groups
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among squamates could evolve viviparity' For example, uterine retention

of egg"s might be most likely to be favored in taxonomic groups with rela-

tlveili"deticate" eggs (e.g., those capable of developing successfully only

under a restricted range-of temperature or humidity). It also is plausible

that some squamates may be barred from evolving egg retention because

the preferrea uoay temperature of the female is much higher than the soil

temperatures at which-the eggs normally develop. For example, in the

*ontun" lizard,, Sceloporus groiiotrt, the preferred temperatures of individ-

uals average over 35"C (Brattstrom, 1965), but eggs incubated in _the labora-

tory fail to develop at temperatures above 29"C (Ferguson and Brockman,

tstio; Shine, unpublished dutu;. A similar situation occurs in several

oviparous Austrilian skinks; however, the mean temperature of females

(i.e., allowing for a nighttime decrease) is within the range of embryonic

tolerance, ut d rn..urrful oviducal retention of eggs is observed (Shine,

1983b).
Certain sex-determining systems may also constrain the evolution of

viviparity. For example, prolonged uterine retention of eggs at maternal

body temperatures may not evolve if incubation temperature determines

the sex of th" hatchling (Bull, 1980). Temperature sex determination has

been recorded in a variety of crocodilians, testudines, and squamates (Bull,

1980). Similarly, female heterogamety might constrain viviparity because

maternal hormones would tend to influence embryonic sexual differentia-

tion (Mittwoc}l., 1.975).

IV. ASSUMPTIG,NS ANE! LclGiIC c'F HYPclTHESEsi

A. General

Hypotheses concerning the selective pressures responsible for the evolu-

tion of a trait are diffi&lt to test because they concern past events which

cannot be directly observed. However, such hypotheses can_be evaluated

by examining their assumptions and.logic, and deriving and testing their

piedictions. 
-Th" 

fouo-ing section first considers some underlying as-

iumptions and the logic oflurrent hypotheses on the evolution of vivipar-

ity. It then considers-assumptions and theory relevan-t to specific hypoth-

eies. Basic to such considerations is that the same condition may have been

produced by different selective pressures and that presently observed ef-

iects may have been produced in response to pressures no longer opera-

tive.

Et. Ovipari ty as the Prirnit ive Gondit ion

There is general agreement that viviparity is derived from the primitive

conditioriof ovipar:ity, rather than vice versa. This is based on the follow-
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ing evidence: (1) The vertebrate progenitors of reptiles (amphibians, fishes)
are primarily oviparous. (2) Neonates of many viviparous squamates pos-
sess small "egg teeth"; these occur in all oviparous squamates and are lost
shortly after hatching. They enable the hatchlings to cut or chip the
eggshell, but lack functional significance in live-bearers (although one
could argue that they are needed to tear the embryonic membranes). If
they are nonfunctional, they offer some evidence that the present-dav live-
bearers had an oviparous ancestry. (3) It has been argued on rogical
grounds that it is simpler to lose a structure (the eggshell) than it is to
evolve a new one (Gans, 1974). Hence, an evolutionary transition from
oviparity to viviparity may be more likely than the reverse.

Phylogenetic trees of squamate groups in which viviparity has evolved
may be examined to determine the direction of the suggested transition. If
oviparity is the primitive condition, it should be found in species with"primitive" morphological characteristics within each group, whereas
viviparity should be restricted to "derived" forms. Among the squamate
taxa reviewed later in this chapter, there are 16 cases in which this is clearly
true (viviparity derived from oviparity). There are only four cases (in
Lerista, Gerrhonotus-Barisia, Platysaurus, and vipera) in which the reverse
might be true. However, in these cases the data are dubious because com-
parisons of relatively distantly related species are involved. overall, the
evidence supports the assumption that oviparity evolves to viviparity
rather than vice versa.

C. The GosG of Viviparity

A critical assumption underlying virtually all life-history theory, including
the hypotheses considered here, is that reproduction imposej a ,,cost,, to
the reproducing animal. This cost is anything that decreases Residual Re-
productive Value (Fisher, 1958; Williams,1966); for example, the cost may
be increased vulnerability to predation or a decrease in feeding ability
(and hence in the energy gathered, which could be used. for subiequent
clutches).

, some theoretical predictions on the evolution of viviparity are based
directly on consideration of these costs (e.g., most of the-"species charac-
teristics" hypotheses discussed above), whereas others (e.g., the cold-
climate hypothesis) do not involve such reproductive costs inlny obvious
way. However, all of these ideas assume that reproduction has some cost:
specifically, that viviparity is assumed to be more costly to the female than
is oviparity. If this is false, all of these ideas on the supposed benefits of
viviparity to egg survival would yield the same inaicurate prediction:
viviparity should evolve in all reptiles, because it confers a benefit at no
cost.

The possible costs of viviparity have been couched in terms of female
survivorship and subsequent fecundity (Tinkle and Gibbons, 7977). Cost-
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benefit models have been used to provide an algebraic formulation of the

problem (Shine and Bull, 1979). Recently, the reasonableness of the con-

cept of "reproductive costs" in repti les has been assessed by studies on

scincid l izards and by a review of published literature (Shine, 1980a).

Gravid female skinks are physically slowed down by the weight of the

clutch. Females with full-term clutches lose about 25Va ol their nongravid

running speed. Probably because of this effect, gravid females have been

shown to be particularly vulnerable to predation by small elapid snakes in

laboratory trials. Gravid females also bask more often than nongravid ones;

this behavior may increase vulnerability to avian predators (Shine, 1980a)'

The mobility of gravid Lacerta uiuipara is similarly reduced, but they rely
more on crypsis than on flight to escape predation (Bauwens and Thoen,

1981). Although the gravid skinks did not reduce their food intake during

reproduction, a review of published literature suggested that this is a com-

mon phenomenon (Shine, 1980a). Also, metabolic rates may be much

higher in gravid than in nongravid females (Guillette, 1982b). Hence, rep-

tilian reproduction probably often involves costs, although their nature

may vary (Shine, 1980a).

Et. The lmportance of Intermediate Stagee

The evolution of viviparity must almost certainly have been a gradual

process (e.g., Packard et al., 7977; Shine and Bull, 1979). ln the early

stages, females carry the eggs long enough to permit some embryonic
development in utero but lay the eggs prior to the completion of em-

bryogenesis. Continued selection for progressively longer egg retention
might eventually result in complete intrauterine incubation (live-bearing).

The need for intermediate stages is supported by the argument that
many physiological and anatomical changes in parent and offspring must

accompany the transition from oviparity to viviparity. These requirements
probably prevent any rapid evolutionary "iu 

P" from oviparity (without

in utero embryogenesis) to viviparity. For example, retention of the embryo
requires vascular structures in the oviduct for gaseous exchange, as well as
for thinning of the eggshell. Changes likely to have accompanied the evo-
lution of viviparity are reviewed by Weekes (1935), Bauchot (1965), Yaron
(1972, this volume), Packard et al. (1977), and Guillette (1982a).

There is relatively little information concerning the extent of embryo-
genesis in utero in oviparous reptiles. Many authors merely comment that
eggs contain "very small" embryos when laid (e.9., Ditmars, 1942). How-
ever, available evidence suggests that prolonged uterine retention of eggs
is the rule, rather than the exception, in egg-laying squamates (Shine,

1983a). Generally, eggs are retained in utero for almost one-half of the total
period of embryonic development, to the equivalent of stage 30 for I'acerta

aiuipara in the table of Dufaure and Hubert (1,961). In contrast, turtles
appear to retain eggs only briefly between ovulation and oviposition. At
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the time of laying, embryos are no further advanced than the gastrula stage
(Shine, 1983a; Ewert, Vol. 14). Further studies on this topic would be of

great value.
In order for viviparity to arise from oviparity, some advantage must

accrue to an intermediate reproductive strategy in which females retain
eggs in utero for progressively longer periods of time. Hence, theory pre-
dicts that the conditions under which viviparity evolves should be those
favoring a progressive increase in the duration of intra-uterine retention of
eggs. Sucl-r conditions may differ from those under which viviparity, as
such, is favored. In particular, several situations might confer an advan-
tage to viviparity, but not to intermediate stages of egg retention (Weekes,
1935; Tinkle,1967; Packard, 1966; Packard et al., 7977;Tinkle and Gibbons,
1977 ; Shine and Bull, 1979) . For example, viviparity might be advantageous
to females under conditions in which suitable nesting sites or calcium
supply are limited. However, these circumstances do not confer an advan-
tage to the intermediate strategy of prolonged intra-uterine retention of
eggs. The same argument applies to the avoidance of nesting costs, for
instance those imposed on ovipositing females that make long migrations
to nesting areas (energetic costs) or are vulnerable to predators (survivor-

ship cost). Hence, it is important to distinguish between the evolutionary
origin of viviparity (i.e., circumstances under which selection favors intra-
uterine retention of eggs in oviparous forms) and the subsequent radiation
of viviparous species into new habitats (i.e., those under which selection
favors viviparity over oviparity),

Some authors have failed to make this distinction. Consequently, their
hypotheses relate to reasons for the present-day distribution of viviparity,
rather than to reasons for its origin (e.g., the hypothesis that viviparity is
favored in aquatic or arboreal species). Hypotheses that are equally appli-
cable to both phenomena include the cold-climate hypothesis, unpredict-
ability, defensive ability, nondependence on speed of movement, and fos-
sorial or secretive habits. Intermediate stages of egg retention may not be
favored merely because of high rates of egg predation. In this case, the
time course of mortality is critical. If predation is concentrated in the period
just after oviposition, and is relatively independent of the duration of time
eggs spend in the nest, brief oviducal retention of eggs would reduce
incubation period but would not reduce mortality due to predation (Shine
and Bull, 1,979). Unf.ortunately, few data are available on egg suwivorship
in natural nests, so that the importance of this objection is difficult to
judge.

E. Gauses of Egg Mortal i ty in the Wild

There is remarkably little information on rates or determinants of egg sur-
vivorship in natural nests of squamate reptiles; more data are available for
turtles (e.g., Moll and Legler, 1971.;Burger,7977) and for crocodilians (e.g.,
Webb et al.,7977).
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Incomplete development and death by frost is suggested, but not re-

quired, by the cold-climate hypothesis for eggs deposited in marginal
habitats. Such reduced survivorship has been documented in three Euro-

pean reptiles, Podarcis muralis, Lacerta uiridis (Cooper, 1965), and Nafrlr

natrix (srnith, 7973). when eggs of an oviparous lizard (Phrynosoma) were

transferred to the cold-climate habitat of a viviparous congener, the em-

bryos died due to low temperatures before completing development
(Dumas, 1964). Eggs of several cold-climate species of Australian lizards

only hatch shortly before the onset of lethally low temperatures in autumn
(Shine, i983b).

Squamate eggs are vulnerable to many other sources of mortality, in-

cluding predation; several groups of fossorial snakes are obligate egg eaters
(Broadley, 7979; Shine,1984). A single species of snake, Saluadora grahami
Iineata, is the most important cause of egg mortality in the lizard Sceloporus
oliaaceus (Blair, 1960). Other causes include desiccation, which has been

shown to be important in an unusually dty year (Blair, 1960). Eggs of the

desert iguana, Dipsosaurus dorsalis, develop successfully under a restricted

range of conditions of temperature and humidity; suitable conditions are

found only in a limited geographic area and in specific microhabitats
(Muth, 1980; Porter and Tracy, 1983). Thermal sensitivity of embryos also
may constrain nesting sites and seasons of other iguanids (Rand, 1972).
predation by ants may kill many eggs of anoline lizards (Andrews, 1982).

Although hatching success in natural nests may often be high (Van

Devender and Howard , 1973; sexton and Claypool, 1978), there is little

doubt that there are many different causes of mortality. Information on the

relative importance of each cause, and the time-course of mortality would
allow assessment of the probable effect of a slightly shorter incubation
period on egg survivorship. All other things being equal, selection would
iavor oviduial retention of eggs if a reduced incubation period increased

egg survivorship.

F. Thermal Flelat ions of Eggs

The cold-climate hypothesis requires that eggs retained within the body of

the female are kept warmer than eggs laid in the nest and that this temper-

ature differet ce has a significant effect on the rate of embryonic develop-

ment and, hence, on tolal incubation period. The former assumption is

likely to be valid for most heliothermic species in cold climates, but it is

unlii<ely to be true for many thigmotherms (e.g., Brattstrom, L965). Even in

heliothlrms, female body temperatures are likely to be the same as soil

temperatures at night loilowei, if the female remains above ground). The

second assumption is supported by many laboratory studies, which show

that incubation period is highly dependent on temperature (see Tinkle and

Gibbons, 1977). However, at high temperatures, incubation periods may

be relatively insensitive to temperature (Ewert, 7979, for turtles; Muth,

1980; shine, 1983b, for squamates). There seems little doubt that the in-
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creased temperature of the body of a female will speed ernbryogenesis in

cold climates; the problem is whether or not this effect wil l be great enough

to be significant.
An intensive study of several montane skinks (Shine, 1983b) sug€iests

that these assumptions are valid. The temperature difference between eggs

in the nest and eggs retained in utero averages about 7'C in heiiothermic

species, but is negligible in a thigmothermic form. Egg retention for about

half of embryonic development reduces the total incubation period from

160 to 110 days in the heliotherms, because embryonic development at

female body temperature (average of 24"C) is about twice as rapid as at nest

temperatures (average of 17"C).
The acceleration of embryonic development depends on the tempera-

ture difference between the body of the female and the nest. It has been

suggested that oviparous females in cold areas could select the warmest

possible microhabitat for their nest (Sexton and Claypool,7978); such nest-

site selection would reduce the effect of uterine retention on the duration

of embryonic development. However, this hypothesis has the problem
that there are a limited number of microhabitats that are warmer than the

surrounding soil as well as being moist enough to allow egg survival.
Natural selection does seem to favor the choice of warm microhabitats as
nest sites, as witnessed by oviposition of Natrix natrix in decomposing
haystacks (Spellerberg, 7975). However, it seems unlikely that most se-

verely cold regions will contain microhabitats, otherwise suitable for egg

deposition, that are both moist and have temperatures as high as the body

temperatures of females.
One further assumption of the cold-climate hypothesis is that the rela-

tionship between temperature and incubation period for any given species
cannot be modified greatly by natural selection. Otherwise, selection in

cold environments could simply favor accelerated development at low

temperatures; incubation periods then could be reduced without uterine

retention of eggs. Such adaptations of embryonic development rates

are common in invertebrates, teleost fishes, and amphibians; the rapid

development of anuran tadpoles in temporary pools is perhaps the most

striking example (Zweifel, 1960). No such cases of accelerated develop-
ment have been documented in reptiles.

Gi. The Flole of lJnPredictability

The unpredictability hypothesis suggests that viviparity should evolve in
cold climates, because cold climates are variable, exposing the eggs to
many unpredictable sources of mortality; cold climates also lengthen the
period of incubation, so that the eggs are vulnerable for a longer period of
time (Tinkle and Gibbons,1977). Although the unpredictability hypothesis
is highly original, I have doubts about its validity. The level of predictabil-
ity should not affect selection for egg retention unless the female has the
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option of adopting alternative egg-laying strategies. For example, if i t is

going to rain, the female must deposit the eggs in higher locations where

they wil l not be inundated; during drought she should deposit them on

low ground where they may stay moist. A female must then be pro-

grammed to predict the probability of rain or retain eggs until she "knows"

whether or not it will rain; in this case, environmental unpredictability may

favor egg retention. However, if some important et'ent occurs both infre-

quently and unpredictably, selection is unlikely to favor retention. In-

creased predictability of the event is likely to increase the advantage of

facultative retention of eggs. This means that unpredictability may some-

times select against retention instead of favoring it.

In any case, long durations of retention are unlikely to evolve in re-

sponse to this kind of unpredictabil ity (Guil lette et ai., 1980). The longer

the mother retains the eggs, the higher the cost that she must pay for the

advantage of knowing whdt to do. unless the occurrence of the event

makes a vast difference in the suitability of a given nest site, the mother

would benefit from a compromise strategy and lay the eggs soon after

ovulation. There is no compelling reason why unpredictability as such

should be important in the evolution of live-bearing, although unpredict-

ability may favor short intervals of egg retention'

V. EMPIFIICAL SUPPG,FTT FG'FI THE HYPG,THESES

A. General

All the listed hypotheses have some degree of empirical support, but in

many cases authors merely point to a particular viviparous species and

suggest that their hypothesis explains why viviparity confers a selective

advantage to that species. This approach has been criticized as providing

only weak support for the hypothesis; an array of oviparous species can be

assembled that show ecological characteristics similar to those of members

of a viviparous array (Tinkle and Gibbons, 7977) so that the criticism is

valid. Another common problem stems from failure to consider the origin

of viviparity separately from the subsequent maintenance of the trait.

El. The Gold.Climate Hypothesis

The correlation between climate and the incidence of viviparity is well
documented. In most cases, some variable related to temperature (either

latitude or elevation) has been shown to correlate with the proportion of
the squamate fauna which is viviparous. Viviparity is proportionately more
common at higher latitudes in Eurasia, China (Sergeev, 1940), North
America, and Australia (Tinkle and Gibbons, 7977). Also, the proportion of
viviparous squamate species increases with increasing elevation in Austra-
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l ia, Europe (Weekes, 1933; Sergeev,1940), East Africa (Greer, 1968) and
Mexico (Duellman, 1965; Greene,7970). Within the lizard genus Sceloporus,
viviparous forms tend to be found at higher elevations (and perhaps higher
latitudes) than oviparous ones (Guil lette et al., 1980). This type of analysis
has been extended by comparison of the incidence of viviparity with a
climatic measure (average summer temperature) rather than simplv with
latitude. As expected, viviparous species comprise a higher proportion of
the squamate fauna in colder areas (Tinkle and Gibbons, 1977). The inci-
dence of viviparity also has been correlated nitl-r a variety of climatic esti-
mates (Shine and Berry, 1978). In both Australia and North America, there
is little relationship between temperature and percentage of viviparity over
a wide range of relatively warm climates, but the proportion of viviparous
species rises rapidly in extremely cold areas, in which mean midsummer
minimum air temperatures average lower than 15'C (Shine and Berry,
7978).

Great emphasis has been placed on the fact that, although the proportion
of viviparous species is highest in cold areas, the nbsolute number of vivipa-
rous species is higher in the species-rich warm climates (Tinkle and Gib-
bons,7977).It is suggested that "Proportions can be misleading because far
northern or southern and high altitude faunas are exceedingly impover-
ished . . an explanation for the evolution of viviparity should also con-
sider those situations in which the majority of viviparous species occur"
(Tinkle and Gibbons, 7977). This does not seem to be an important criti-
cism. Theory attempts to explain reasons for the success of viviparity rela-
tive to oviparity. The tendency for species richness to increase toward the
kopics is a common phenomenon in many groups, and I doubt that it has
much to do with the evolution of viviparity.

Several authors have pointed out that the overall present-day distribu-
tion of viviparity may tell us very little about factors favoring the origin of
viviparity (references above). An alternative approach has restricted atten-
tion to (1) oviparous species showing prolonged oviducal retention of eggs
and to (2) live-bearing species within genera with both oviparous and
viviparous forms (Shine and Bull, 1979). This procedure was designed to
find "recentf' origins of viviparity. The approach assumes that the ecol-
ogies of these live-bearers (or oviparous egg-retaining species) may still
represent the environments that favored the evolution of viviparity. One
problem with this criterion for "recent" evolution lies in the assumption
that speciation rates are similar in different taxonomic groups. Unless this
is true, viviparity may be of very ancient origin within some genera; the
group may have remained relatively unchanged over a long period. On the
other hand, divergences between wholly viviparous and wholly oviparous
genera may be of recent origin in a rapidly speciating group.

The proportion of species inhabiting "cold" climates (using a subjective
judgment of "cold") among squamates in general (447o) is lower than
among "recently evolved" live-bearers (28 of 13 cases, or 85Vo) or among
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oviparous species with prolonged egg retention in utero (72%) (Shine and

8u11,7979). A similar analysis on 75 taxa (Blackburn, 1987, 7982) reached

the same conclusions. These data support the hypothesis that viviParitv

evolves in coid regions. However, the subjective evaluations of "colc1"

climates, and "prolonged" oviducal retention of eggs represent major

weaknesses of the analyses. A stronger test of the prediction that viviparity

evolves in cold climates is to compare climatic conditions in the habitats of

closely related oviparous and viviparous forms. This procedure was ap-

plied to sceloporine l izards (Guil lette et al., 1980) and to taxa involved in 71

evolutionary origins of viviparity (Shine, 1981), and the "cold climate"

hypothesis was supported in both cases. The present revierv provides the

detailed results and analvsis of my earlier abstract (Shine, 1981).

C. The Environrnental Unpredictabil ity Hypothesis

The unpredictability hypothesis is a very general one and is of little use in

deriving predictions unless one is willing to specify the particular variables

for which predictability is to be important. The variability of many

significant factors, for example, rainfall, is likely to be no greater in cold

climates than in hot ones. For this reason, the hypothesis predicts that

viviparity should evolve under a wide range of different climatic condi-

tions, perhaps with a slight bias toward cold climates because of the

lengthening of incubation periods in these areas. Any strong bias toward

cold climates in the evolution of viviparity (as found by shine and Bull,

7979) is difficult to reconcile with this hypothesis in its general form, al-

though these data would be consistent with a specific form of the hy-

pothesis (e.g., the important unpredictability is that of the date of onset of

iethally low soil temperatures). However, such a simplified version of the

unpredictability hypothesis is little different to the conventional "cold cli-

mate" hypothesis.

Et. Clther Environrnantal Factors

several hypotheses deal with causes of egg mortality and predict that

viviparity should evolve wherever the survival of eggs is at risk. Hence,

viviparity should evolve in regions in which nests are subject to desicca-

tion, flooding, temperature extremes, fungal attack, or high rates of preda-

tion. If desiccation of eggs is important, viviparity should evolve in arid

regions; if flooding is important, viviparity should evolve in frequently

inundated areas; if fungal or microbial attack is significant, viviparity

should evolve in areas with moist soil; if high temperatures are critical,

very hot regions should be implicated. It is difficult to derive any testable

prediction from the "nest predation" hypothesis'
An analysis of "recently evolved" viviparous species (Shine and Bull,

1979) provides little support for these hypotheses; the species examined do
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not show any consistent tendency to occupy areas with the predicted char-

acteristics insofar as they could be tested. The "hot climate" prediction is

easily falsif ied; most viviparous species inhabit cold climates. A detailed

analysis of the iguanid l izard genus, Scelo1tttrus, indicates that its viviparous

species most often occur at higher elevations and in more mesic habitats

than its oviparous ones (Guil lette et al., 1980). Horvever, climrrtic variables

such as temperature and rainfall tend to be correlated (Shine and Berry,

1978; Guil lette et al., 1980). Hence, high-elevation habitats tend to be moist

as well as cool. The separate influences of these correlated factors are best

investigated in areas in which temperature and soil moisture are not associ-

ated. For example, if moist soils are important, viviparity should evolve in

warm moist areas (e.g., tropical lowland rainforests) as u'ell as cool moist

areas. In contrast, if temperature is the important variable, viviparity

should evolve in dry as well as moist cold-climate habitats. The consistent

trend for viviparity to evolve in cold areas, apparently independent of

moisture (Shine and Bull, 7979), suggests that temperature is more impor-

tant. In summary, there are few empirical data to support the hypotheses

that environmental unpredictability, soil moisture levels or high tempera-

tures favor the evolution of viviparity. This suggests that these hypotheses

lack general importance, but it does not imply that these factors may not be

important in specific cases. The roles of unpredictability and of high preda-

tion rates on eggs remain speculative.

E. Elefensiwe Abil itY

Viviparity should evolve in large and venomous species, because the pro-

longed retention of offspring would not lower female survivorship, and

eggs in utero would be very safe (Neill, 1964; Shine and Bull, 1979)' There

are many examples of species that combine viviparity with toxic venom

or large body size (Neill, 7964; Fitch, 1970)' However, it is possible to

counterpose an array of oviparous species with the same characteristics

(Tinkle and Gibbons, 1977); examination of selected examples does not

provide any useful test of such an idea.
The ,,deiensive ability" hypothesis applies to the maintenance as well as

to the origin of viviparity. The hypothesis predicts an association between

viviparity and venomosity in snakes. Seventy-two percent of the 212 non-

.reno*o.,s snakes for which reproduction data have been presented (Fitch,

1970) are oviparous, whereas only slightly more than half (54%) of the 139

venomous species are oviparous. This difference is significant (with the

assumption that each species represents an independent data point: r :

951,x2: 10.8, L d.f., p < .07). These data support the hypothesis that

viviparity is likely to be favored in species in which the gravid females are

relatively invulnerable to predation.
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F. Other Species Gharacteristics

"Recently-evolved" viviparous species do not exhibit a higher frequer-rcv of
arboreal or aquatic habits than do squamates in general (Shine and Bull,
1979). However, a greater fraction of the viviparous species of Sceloporus is
arboreal or saxicolous than is true for the oviparous species, but such
arboreality may have evolved as adaptation to viviparity (for thermoregula-
tion), rather than the reverse (Guil lette et al., 1980).

The hypothesis that maternal brooding facilitates the evoiution of
viviparity is supported by a high frequency of origins of viviparity in gen-
era that also contain brooding species and by an apparent tendency for
prolonged uterine retention of eggs in brooding squamates (Shine and
BulI, 7979). However, it is difficult to define "prolonged" retention of eggs
and this association may not be valid (Shine, 1983a). Also, the l ink between
brooding and the evolution of viviparity is open to another interpretation.
Uterine retention of eggs, viviparity, and maternal care of eggs ali involve
increased parental investment. The environmental conditions or species
characteristics favoring such investment might favor anv of these strate-
gies. Hence, the correlations between brooding and viviparity may relate
to common causation rather than to a single factor (brooding) that proto-
adapts for another (viviparity).

The hypothesis that viviparity evolves primarily in species that produce
a single clutch per year is consistent with the tendency for "recently-

evolved" live-bearers to inhabit cold climates, because single-clutching is
usual in these areas (Fitch, 1970). However, single-clutching also is com-
mon over most regions except the tropics (Fitch, 1970; Tinkle and Cibbons,
79n). ff single-clutching were an important constraint, viviparity should
evolve over a wide variety of climatic conditions and not be restricted to
severely cold areas. The other hypotheses on species characteristics (non-
dependence on speed, fossoriality, secretive habits, heliothermy) are more
difficult to quantify and have not been tested.

It is difficult to derive specific predictions from the hypothesis that phys-
iological constraints may prevent the evolution of viviparity in certain
taxa. One approach has been to look for a taxonomic correlation between
the incidence of viviparity and the incidence of prolonged retention of eggs
in utero on the grounds that a physiological inability to retain eggs should
be evident in both sets of data. Hence, one might expect that viviparity
would be most frequent in taxonomic groups in which egg retention has
often appeared (Blackburn, 1982). This prediction was confirmed by an
analysis of lizard families (Blackburn, 1982). However, Blackburn's conclu-
sion may be falsified as it relies upon subjective evaluations of "prolonged"

egg retention. Objective data on embryonic developmental stages invali-
date the differences upon which the analysis relies (Shine 1983a). The
mode of sex determination is another physiological constraint that also
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may play some role in the evolution of viviparity; however, data are inade-

quate to reach any conclusions at present (Bull, 1980; Blackburn, 1982).

G. Clverview

The selective pressures responsible for the evolution of repti l ian viviparity

have been a subject of vigorous debate for over half a century (e.g', Mell,

1929; Weeke s, 7933; Sergeev, 1940). Some of the ideas proposed lack gener-

ality, or require a quantum phenotypic change before they are adrranta-

geous, with the intermediate stages neutral at best. The hypothesis that

reptilian viviparity has evolved as an adaptation to cold climates is the onlV

one that has achieved general acceptance (Tinkle and Cibbons, 7977).

There are at least three reasons why it may be more powerful than alterna-

tive ideas.

L. Uterine retention of eggs speeds embryonic development in cold cli-

mates because the body of the female can be warmer than the soil. A

relatively short retention period can greatiy decrease the total period

required for incubation. This would reduce the mortality from those

factors that would kill eggs in the nest.

2. Geographic clines of temperature are common and usually reflect

latitude or elevation. If a species invaded colder areas, there would be

an advantage to individuals that tended to retain their eggs longer,

facilitating the evolution of viviparity. Clines in other variables, such as

intensity of egg predation, may be less common.

3. Any uterine retention of eggs would be advantageous in cold climates;
hence, the intermediate stages as well as full viviparity would be adap-

tive.

The "cold-climate" hypothesis also is supported on empirical grounds.

Data on montane Australian skinks suggest that the major assumptions of

the hypothesis are realistic (shine, 1983b). Present-day distributions of

viviparous species are highly correlated with environmental temperatures

(e.g., Tinkle and Gibbons,1977; Shine and Berry, 1978). Prolonged reten-

tion of eggs may be more common in colder areas (Huey, 7977; Shine and

BluJl, 197i; Guillette et al., L980; but see Shine, 1983a). Recently-evolved

viviparous species also tend to be found in cold areas (shine andBuIl,7979;

Blackburn, 1982), although this conclusion is weakened by its reliance on

subjective evaluations of "cold" and on broad comparisons among squa-

mate groups that are only distantly related.
Speculations on species characteristics likely to favor the evolution

of viviparity have rarely been tested. Available data suggest that maternal

egg brooding may protoadapt for the evolution of viviparity (Shine and

nu,ll, tOZSl and that there is an association between venomous capacity and

viviparity among present-day snakes (see above).
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VI. EVOLUTIGINAFTY GIFIIGINS clF VIVIPAFIITY IN

SGIUAMATE FIEPTILES

A. General

The preceding sectign shows that there are mat-Iy alternative hvpotheses

and predictions on the selective forces favoring the evolution of viviparitv,

but few satisfactorv attempts to test these ideas. This chapter reanalvzes

the data, first identifying the reptilian taxa in which viviparity has evolved

and next comparing these groups with the remaining squamates to see if

they show the characteristics predicted by theory. This approach has been

applied previously to origins of viviparity occurring within squamate gen-

era (Shine and Bull, 7979) and to all identifiable origins of squamate

viviparity (Shine, 1981; Blackburn, 1981, 1982. The present analysis was

performed independently of the latter two studies; discrepancies are dis-

cussed below).
The analysis starts with a review of all squamate taxa in which viviparity

has evolved. Lineages for which few data are available, or within which

considerable speciation has occurred subsequent to the evolution of

viviparity, are noted without discussion. The approach is conservative: it is

designed to assess the minimum number of independent evolutionary

origins of viviparity.
Geographic distributions have been determined for most taxa, as have

climatic conditions over the range of each species. Judgments as to

whether a species occupies a colder or hotter climate than another are

based on mean midsummer temperatures over the geographic range of

each species (data from Arakawa, 1970; Gentilli, 1971; Wallen, 7971;

Griffiths, 1,972; Bryson and Hare, 1974; Schwerdtferger, 7976; Landsberg

and Wallen, 7977; Lydolph, 1977; Takahashi and Arakawa, 1981). Judg-
ments of "wet" or "dry" soil were based on habitat preferences of the

species, in combination with broad climatic averages. These procedures

offer only a rough approximation to conditions of temperature or moisture

under which eggs develop, but they may be useful to compare geographic

distributions of related species (rather than as any absolute estimate of soil

temperatures or humidity).

E!. Amphisbaenia

Reproductive modes are known for only a few species (Gans, 1978).

Viviparity has been recorded in Trogonophis wiegmawri (Trogonophidae:

Bons and Saint Girons, 7963), whereas both oviparity and viviparity occur

in the Amphisbaenidae. oviparity characterizes Rhineura floridana (Gans,

7967),Dalophinellenbergerl(Broadley etaL.,7976),D.pisti l lum,andChirindia
ewerbecki (Loveridge, 1941), whereas Monopeltis capensis is viviparous (Vis-

ser, 7967). Prolonged uterine retention of eggs may occur in Rhineurct



6AGi THE EVGILUTIG,N c,F VIVIPAFIITY IN FIEPTILEEI

(Gans, 7967). At least two origins of viviparitv are suggested, one in the

Trogonophis l ineage and another in the Dalophia-Monopelfis group. Data are

insufficient for further analysis.

C.  Saur ia

1 ,  AGAMIDAE

Only two agarnid genera contain viviparous specics. Co\thotis includes the

oviparous C. sumatrann and the slow-moving arboreal viviparous C. ccy-

lanica of the Sri Lankan mountains (Willey, 1906; Smith, 1935;Tryon,7979)'

The latter may be phylogenetically closer to the other earless dragons of Sri

Lanka Gyriocephalus and Cerqtophora) than to "C. " sunntrana (S. Moodv,

personal communication). In Sri Lanka, the oviparous genela inhabit lower

elevations than the viviparous form (up to 2100 m; Smith, 1935).

The small "toad-headed" agamids of the genus Phnlnocephalus inhabit

steppes and deserts of central Asia (for ecology see Rustamov and Sham-

makov, 7967; Shammakov et a1.,7973). Most are oviparous (i.e', P, eup-

ti lopus, P. guttatus, P. helioscopus, P. interscapularis, P. Iuteoguttatus, P.

maculatus, P. mystaceus, P. ornatus, P. reticulstus, P. scutellatus-Pope,7935;

Smith, 1943; Terentev and Chernov, 1965; Minton,7966). However, P/rry-

nocephalus theobaldi is found at higher elevations than any other reptile

(above 5000 m, Daan, 1968) and appears to be oviparous at low elevations

but viviparous at high ones (sergeev, 1940). Other high-mountain species

of Phrynocephalus may be viviparous also (Daan, 7968), suggesting at least

two origins of viviparity in the genus. However, the present review treats

this as a single origin, because detailed data are not available.

P.  ANGUIDAE

The subfamily Anguinae consists of two genela that are limbless, primarily

terrestrial, and often associated with grassy habitats. The European genus

Anguis has only a single and viviparous species, whereas the ten species of

the Eurasian and North American genus Ophisaurus are oviparous. Mater-

nal brooding behavior is common in Ophisaurus (Noble and Mason, 1933);

this may have protoadapted the anguines for the evolution of viviparity

(shine and Bull, 7979).The viviparous Anguis occupies cooler climates than

its oviparous relatives (Fig. 1); it is often found at high elevations (up to

2400 m, Petzold, 1968a).
The elongate galliwasps (Diploglossus) of Central America have both

oviparous, egg-guarding species (D. bilobatus, D. delasagrd and at least one

viviparous form (D. pleei, Greer, 7967a). Other viviparous diploglossines

recently have been transferred to the genus Celestes (C. costatus, C' uus'

culus, C. curtissi; Greer, 1967a; Strahm and Schwartz,7977)' We lack data

on the reproductive modes of most species. Phylogenetic reconstructions

suggest that the viviparous genera Celestes and Ophiodes arose indepen-
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dently from a pro-Diploglossas stock (Strahm and Schwartz, 1977), suggest-

ing two further origins of viviparity within the diploglossine radiation.
The gerrhonotine anguids contain both oviparous and viviparous forms

witl-rin Gerrhonotus, and the viviparous Altronig (Stebbins, 195t1; Fitch,

1970). Mode of reproduction has been used to separate the oviparous sub-

genus Gerrhonotus (G. cedrosensis, G. khryi, G. multicarintttus, G. parnntitt-

t inus, G. paucicarinatus) from the viviparous Barisis (G. coertlaus, G. gadoui,

G. inrbricatus, G. monticolos, G, rnoreleti-Fitch, 1970). Taxonomic studies

suggest that G. coeruleus is the viviparous form most closely related to the

oviparous ones (e.g., Criley, 1968; Waddick and Smith, 1974). This vivipa-

rous species inhabits cooler and moister areas than do its oviparous conge-
ners (F ig.  1) .

It may be that viviparity arose at least twice within the gerrhonotiform
lizards. Barisia is thought to be the most primitive subgenus, from which
Gerrhonotus has been derived (Waddick and Smith, 7974). AII present-day
Barisia are viviparous, leading to the following possible postulates: (1)

oviparous Gerrhonotus are derived from viviparous ancestors (a position
considered unlikely), (2) ancestral Barisio were oviparous (viviparitv

evolved within the genus after which the oviparous species disappeared),
or (3) the phylogenetic hypothesis of Waddick and Smith (7974) is false. An
alternative phylogeny based on electrophoretic and morphological studies
of the gerrhonotines also suggests two independent origins of viviparitv
(D. A. Good and |. W. Wright, personal communication).

3.  ANNIELLIDAE, XENOSAUtr IDAE

Both of the small families, Anniellidae and Xenosauridae, consist entirely
of viviparous species (Fitch, 1970). Probably, both are derived from primi-
tive anguids (McDowell and Bogert, 1954; Scherpner, 1968; Bezy et al.,
1977). Because viviparity is found in several anguid lineages, it may have
been inherited rather than evolving separately in the Anniellidae and
Xenosauridae. Hence, the conservative approach is to omit these taxa from
further analyses.

4, CHAMAELEONIDAE

The genus Chamaeleo contains approfmately 70 species distributed
through Africa, Madagascar, and western Europe. Several authors have
attempted to reconstruct the phylogeny of the group, mainly on lung
anatomy, cytology, and cranial morphology (e.g., Hillenius, 7959; Rand,
1963; Visser, 1972; Klaver, 7973, 1,977; Raw, 7976, 1978). Reproduction is

described by Bons and Bons (1960) and Blanc (7974), but detailed data are
lacking for most species. Most chameleons are oviparous, but the eastern
African C. bitaeniatus group and the southern African C. pumilis grouP
(Bradypodion of Raw, 7976,7978) are viviparous. These two grouPs are only
distantly related to each other (Klaver, 1977,1981), so it seems that vivipar-
ity arose twice.
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The viviparous C. bitaeniatus group (C. hitaeniatus, C. jacksonii, C. rudis,
C. fuelleborni, C. tempeli, C. werneri, C. hoehneli i) may derive from the C.
johnstoni group (C. monachus, C. namaquensis, C. melleri, C. cristatus, C.
montium, C. wiedersheimi, C. oueni, and C. johnstoni), all of rvhich probably
are oviparous (Klaver, 1977). The viviparous forms occupy high elevations
(C. bitaeniati ls is found at over 3000 m), whereas most of the C. johnstoni

group live beiow 1700 m (Klaver, 7977; Fig. 2). A more rigidly cladistic
analysis (Klaver, 1981) suggests that a subset of the C. bitscniatus group
above (the C. werneri group) is closest to the l ineage in which viviparity
evolved (Klaver's, 1981, "group E").

The second group of interest contains eight apparently oviparous
species (C. nasutus, C. t 'allax, C. gallus, C. boettgeri, C. guibei, C. I inotus from
Madagascar, and C. tenuis and C. spirtosus from eastern Africa), plus the
viviparous "C." pumilis group from southern Africa. The pumilis group has
recently been divided into 11 species and elevated to generic level (Brady-
podion:Raw,7976,1978),but appears related to the C. nasutus group on the
basis of lung structure and karyology (Klaver, 1973). However, the C.
nasutus group may itself be polyphyletic (Klaver, 1981). The viviparous
forms range further south than their oviparous relatives (Fig. 2; Schmidt
and Inger, 7957). It has also been suggested that "the perils of a descent to
the ground (for egg-laying) are escaped by the few chamaeleons that are
viviparous and are therefore able to carry out all reproductive functions in
the relative safety of bushes and trees" (Schmidt and Inger, 1957). Al-
though viviparity could be advantageous in arboreal species, it remains
unlikely that it evolved because of arboreal habits (Shine and Bull, 1979).

5.  CORDYLIDAE

The two subfamilies (Gerrhosaurinae and Cordylinae) of cordylids are
small- to medium-sized heavily armored African and Madagascan lizards.
The gerrhosaurines are all oviparous, whereas the cordylines include
both oviparots (Platysaurus) and viviparous (Cordylus, Pseudocordylus,
Chnmaesaura) genera (Broadley, 7974). Chamaesaura is elongate and almost
limbless. The geographic range of the viviparous species encompasses that
of the oviparous forms (Fig. 2).

6. GEKKONIDAE

The gekkonid subfamily Dplodactylinae is distributed in Australia, New
Caledonia and the Loyalty Islands, and New Zealand (Kuge, 1967).
Viviparity has evolved at least twice in this subfamily; once in the ancestors
of the three endemic and viviparous New Zealand genera Heteropholis, Ho-
plodactylus, and Naultin as (see Fitch, 7970, for references), and once in the
large endemic geckoes of New Caledonia. The climate of New Zealand is
much colder than the climates inhabited by the oviparous diplodactylines.
In keeping with the "cold-climate" hypothesis, these viviparous geckoes
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Fig. 2. Geographic distributions of oviparous (horizontal lines) and viviparous (vertical

lin"esy speclesi *itt i., 1e; t1.e Chamaeleo biiaeniatus group, Chamaeleonidae; (B) the Chamaeleo

pumilis group; (C) the lizard subfamily Cordylinae'

are unusual in being diurnal and heliothermic (Werner and Whitaket,7978;

Thomas, 1980).
The New Caledonian Rhacodactylus includes both viviparous (R.

trachyrhynchus, Bartmann and Minuth, 7979) and oviparous species (R.

Ieachianis, Roux, 1913; H. Cogger, personal communication; Mertens,

1964, suggested without specifii data that some populations might be

viviparorii R. auriculatus, personal observation). Distributions and habitats

of New Caledonian Rhacidactylus are too poorly known to analyze corre-

lates of viviparity. Interestingly, gekkonid viviparity occurs only within
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the diplodactylines, rather than in the more widespread gekkonines or
eublepharines that produce calcareous-shelled rather than parchment-
shelled eggs.

7. IGUANIDAE

The helmeted iguanids of central America consist of two oviparous species
(Corytophanes cristatus, C. hernandesii) and one viviparous one (C. per-
carinatus; McCoy, 1968). The oviparous C. cristatus is restricted to humid
lowlands (Stuart, 1948), whereas C. percarinatus occupies cold high-
elevation regions (McCoy, 1968; Fig. 3).

The medium-sized, heavy-bodied iguanids of the genus Ctenoble1tltoris
are fossorial and live in sandy soils on the western slopes of the Andes
(Cei,7974). The species C. adspersus, C. stolzmanni, C. reichei and C. nigriceyts
form a closely related group (Cei, 7979). The oviparous C. reichei inhabits
the Tarapaca and Antofagosto deserts of northern Chile (Donoso-Barros,
1966; Peters and Donoso-Barros, 7970; Ce| 1979), whereas the viviparous
C. nigriceps occurs in the Atacama desert of Chile, reaching latitude 33"S
(Cei, 7974). The modes of reproduction of the other species are unknown
(|. Cei, personal communication).

The smooth-throated lizards (genus Liolaemus) of South America resem-
ble the Central American Sceloporus, both in morphology and in the great
diversity of species. The Chilean species include two species groups with
oviparous and viviparous forms (Donoso-Barros, 7966). In Group A,
viviparity is known in the species L. darwinii, L. cyanogaster, L. schroederi, L.
graaenhorstii, L. alticolor, and L. bibronii, whereas L. lemniscatus and L. t'uscus
are egg-layers. In Group B, viviparous forms include L. dorbignyi, L.

fitzingeri, L. kingii, L. nigroairidis, L. ornatus, and L. pictus, whereas L. mon-
ticola, L. platei, and L. tenuis are oviparous. In both groups, the range of the
viviparous forms is more extensive than, and encompasses, the range of
the eggJaying species. However, the species in the coldest climates tend to
be viviparous (Fig. 3); this applies to all of the far southern and high
montane Liolaemus (Fitch, 1970; Donoso-Barros and Cei, 1971).

Most species of "horned toads" (genus Phrynosoma) of North and Cen-
tral America are oviparous (P. asio, P. cornutum, P. modestum, P. platyrhinos,
P. solare, P. mcalli), but those from the Meican highlands are viviparous
(P. braconnieri, P. ditmnrsi, P. douglassi, P. orbiculare, Fitch,7970; Mon-
tanucci, 1979; Pianka and Parker, 1975). The early phylogeny of Reeve
(1952) has been replaced by that of Presch (7969), which is based primarily
on osteology. The oviparots coronatum and the viviparous orbiculare are
very similar to each other and apparently to the ancestralPhrynosoma stock.
Hence, one may infer that viviparity evolved in an animal similar to these
two recent forms. The live-bearer (P. orbiculare) inhabits elevated country in
Mexico (the Sierra Madre Occidental), whereas the oviparous P. coronatum
is found in warmer lowland regions of California (Fig.3).
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Fig. 3. Geographic distributions of oviparous (horizontal lines) and viviparous (vertical

lines) iguanid lizard species of (A) the gents Corytophanes; (B) the species Phrynosoma

coronatum and P. orbiculare; (c, D) the genus Liolaemus, Group A (C), the genus Liolaemus,

Group B (D).

The viviparous iguanids of the Senus Phymaturus live in the Andes of
Chile and Argentina at elevations of 2800 to 4200 m (Cei, 1980). Osteolog-
ical data suggest that Phymaturus is most closely related to the oviparous
Leiocephalus of South America and the West Indies (Paull et al., 1976;
Etheridge, 1966; Fitch, 1970). Hence, Phymaturus occupies colder regions
than do its oviparous relatives.
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Sceloporus is a large Central and North American genus of active diurnal
Iizards in which the modes of reproduction, and their correlates have been
extensively reviewed (Guil lette et al., 1980). The live-bearing specres occur
at higher elevations than the egg-laying ones (Smith, 7939).

Phylogenetic reconstructions for Sceloporus generally agree with each
other. One of the species groups defined by Smith (7939), the scalaris
group/ contains both egg-laying and live-bearing species. There are trvo
other cases of closely related oviparous and viviparous species. These are
S. grammicus (viviparous) with S. megalepidrrus (oviparous), and the large
S. spinosus group (oviparous) with the viviparous S. formosus and S. poitt-
seffi groups. The viviparous S. acanthinus, which was init ially placed with
the oviparous sTtinosus group (Smith, 1939), was later transferred to the
viviparous formosus group (Smith and Taylor, 1950). The S. torquatus as-
semblage probably has evolved viviparity independently of the above, but
it is not closely related to any present-day oviparous species. Subsequent
taxonomic work has supported the analysis of Smith; thus, viviparity arose
at least four and probably six times within Sceloporus.

The evolution of viviparity within the Sceloporus scalaris group is the
most clear-cut case of independent origins. The close relatedness of the
three species within this group (5. aeneus, S. goldmani, S. scalaris) is indi-
cated both by conventional morphological measurements (Smith, 1939)
and by karyotypes (Cole, 1978). S. scalaris is oviparous and S, goldmani is
viviparous (Smith and Hall, 1974). However, the mode of reproduction of
S. aeneus has been the subject of debate. There is no doubt that the high-
elevation (3000-4500 m) subspecies S. a. bicanthalis is viviparous (Smith,
1939; Guillette, 1981). The subspecies S. a. aeneus occurs at lower (2500-
3500 m) elevations, and it has been reported to be both oviparous (Davis
and Smith, 1953; Thomas and Dixon, 7976) and viviparous (Smith and
Hall, 1974). Reproductive bimodality in this species has been confirmed by
Guillette (1987, 7982a); two separate origins of viviparity in different popu-
lations may be involved (L. f. Guillette, lr., personal communication). In
addition to the evolution of viviparity in S. aeneus, the closely related S.
goldmani may have evolved viviparity separately (see phylogeny of Larsen
and Tanner,7975). Hence, viviparity arose two or three times within the
scalaris group.

Viviparity also arose within the Sceloporus grammicus and 5. me-
galepidurus groups. The viviparous S. grammicus is thought to be closest
phylogenetically to the oviparous S. megalepidurus (Smith,1939; Larsen and
Tanner, 1975). Both species inhabit high elevations in Mexico or Central
America, with the viviparous form occurring at higher elevations but lower
latitudes (Guillette et al., 1980; Fig. a). The viviparous S. grammicus also
inhabits more mesic areas, and it is more arboreal than its oviparous rela-
tive (Guillette et al, 1980).

A further origin of viviparity has occurred within Group III of Larsen
and Tanner (1975, their Fig. 5). The phylogenies of these authors and of
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smith (1939; his Fig. 3) suggest that the sceloporus spinosus and s. formosus

species groups are closel!-related. The oviparous spinosus group is re-

siricted 6 elevations below 2000 m, whereas the viviparoLLs fornl7sus group

inhabits elevations up to 3000 m (smith, 7939; Fig. 4). The live-bearers

generally occupy moie mesic areas (Guillette et al'' 1980)'
" 

Apari from'ihese five or six independent origins of "'iviparity in

sceloporus, two further cases are suggested by reports of intraspecific repro-

ductive bimodality. The evidence toi S. "microlepidotus" (: S.' grammicus) is

weak (Smith ,L939; L. J. Guillette, Jr', personal communication)' The other

case is that of S. aariabilis, which alihough oviparous over most of its

teograpl',i. range (Guatemala, Mexico, Niciragua' C9:lu^ lto?'. 
Fltch' 7970)

fiur"U""t r"pori6d to be viviparous at high elevations (2500 m) in Veracruz,

Mexico (Werler, 1951). This record of viviparity is based "q9i ? 
dissection

of a single female, and has been reiected as unreliable (Tinkle and Gib-

bons,1.iZT1on the grounds of possible misidentification of the specimen'

Vivipariiy in thJ Patagonian Vilcunia may represent-an independent

origin of tn" trait especially if this qtglp has arisen fl:T u primitive

ilrr"ur,ia hneage ratherihan fiom so*eZioliemus-type line (Cei and Scolaro,

t"lSz;. 1I thani D. G. Blackburn for drawing t"y 1tt:"1ion 
to this example')

lizaias of this group inhabit high elevatiron (1000-1400 m),areas of the

Cordilleras. Howevei, the group is omitted from further analysis because

no related oviparous form can be identified'

El, LACEFTIDAE

The genus Eremias comprises about 34 species of desert lizards. Most are

ovipirous (E. argus, E. irguta, E. grryyii1, E' namaquensis' E' intermedia' E'

tiniooceltata., E.Iigubris, El. neumaini, E. nigrocellata, E. nikolskii, E. persica, E'

pteskei, E. regeli,i. scripta, E. strauchi,l"d E uelox' Fitch' 1970; Terentev

and Chernov, 7965; FiizSimons, 1943; Minton, 1966; R. Huey, personal

communication). However, three species from Mongolia are viviparous (E'

kessleri, E, multiocellata, E, przewalikii, Sergeev, 1940; Terentev and Cher-

nov, 1965; Klemmer, 1968).
A reconstruction of the phylogeny of Eremias suggests that viviparity

may have arisen twice within tr'" g"..,'' (Shcherbak, 1971). one of Shcher-

bai's species groups includes both the oviparous E'-argus' the viviparous

E. mulioceltnti, an| E. brenchleyi (most closely related to E' argus, Sowerby,

1930) for which the mode of reproduction is unknown. Another species

groupcontainstheviviparousE.przewalskii,plus,E'buechneri'.E.'quadrit'ons'
i"d f . uermiculataof unknown reproductive mode. Shcherbak (1977, p' 54)

made the following suggestion:

The poverty of the herpetofauna of central Asia can undoubtedly be ex-

plamld by ihe very difficult environment' The rapid worsening of the climate

lvidently'occurrei relatively recently, and perhaps was related to the fact
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that because of powerful orogenic forces there appeared a mountain barrier'

which isolated this area f.o*"*a.,,1", and moistei neighbouring country. The

ecological conditions of Central Asia forced a number of Eremias species (E'

multiocellata, E. przeulalskil, and possibly several others) to change ttl

ovoviviparity, otherwise unknownln Central Astan Eremias (Translation of

N. APouchting.)

ThelargeoldWorldgenusLrtcertacontainsonlyoneviviparousspecies,
L. aiuipara;early reports"of egg-laying in.some of its populations seem to be

erroneous (Packard et al.,"iSZi; T]nkle and Gibbons' 1977)' All other

;;.;t wltirln the genus apparently are oviparous-.(Fitch' 1970)' In his

review of its taxono*ic ,"tutionships, Arnold (1973) concludes that the

affinities of L. uiutpara lie with the northern members of his ,,subgroup 2,,,

t - t"pr"rrr*ublyoviparousspeciesL'qrmeniaca'L'caucasica'L'chlorogaster '
L. dahti, L. deriugini, L' horaithi, L' monticola' L' praticoln'.L' rosto.mltekotti ' L'

rudis, L. saxicola, unJf . unisexualis;Arnold disagrees with earlier hypoth-

eses that L. aiaiparais particularly close to eitheil. derjugitri ot L praticola'

L. aiuipara is unusual in its enormous geographic range' extending to se-

verely cold areas (Fig. 5)'

9.  SCINCIDAE

Thesc inc id l i za rdsmaybed iv ided in to fou rsub fam i l i es (Gree r ,1970 )o f
which two, the Scincinae and the Lygosominae' contain both oviparous

and viviparo.,, ,p".i"r, whereas the Feyhninae and Acontinae are small

and entirely viviparous' The latter two groups are.specialized burrowers

thought to have ",roirr"j independently i'rom the scincines of sub-Saharan

Africa (Greer, 1970)- Althougir viviparity may have. evolved jn both these

subfamilies, the conservative view is adopted that they may be descended

from viviParous scincines'

TheScincinaecontainaboutequalnumbersofoviparousandviviparous
species (Greer, 1970), but available phylogenetit-d1t1 are.insufficient to

determine the number of evolutionary origins of viviparity' Apart from

Eumecesand perhaps Scincus(see below)' allicincine genera are exclusively

oviparous o, ,rirriparo.., 1Ct""t, 1970f Viviparity is k"9ll. in Brachymeles

(Philippines; Brown and Alcala, 1980)' Ophiomorus.^(Pakistan; Minton'

1966), Chatcides (Airica,, Europe and Asia; iluhn' 1968; Fitch' 1970)' and

proscelotes, Scelotes, iipslna, iyphtacontias and Melqnoseps (Africa; Fitch,

7970) Greer,1970). The five latler genera are closely Tl3t"-d 
to each other

(FitzSimons ,7943;C*"t, 1970) anito the "Scelotes" of Madagascar (Greer,

1970).At leastoneMalagassyspecies 'scelotes igneocaudatas ' isov iparous
(Blanc and Blanc, 1967).itr""oi clearthat viviparity has.evolved in this

lineage. Thus, the mort lto'"ty related oviparous and.viviparous forms

-uy t" the Madaga srcan 
"Scelotis" andthe Airican Proscelotes (Greer' 1970)'

However, data are too few for a quantitative analysis'
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Fig. 5. Geographic distributions of oviparous (horizontal lines) and viviparous (vertical

lines) lizards within (A) "Subgroup 2" of the genus Lacerta, Lacertidae; (B) the scincid species

Ablephnr us bia it tatus.

The other viviparous scincine genera may well have evolved viviparity

independently. For example, except for the oviparous Eumeces, Brachymeles
is the only scincine in eastern Asia. However, the present distribution of

scincines may be a relict one (Greer, 1970) and hence Brachymeles may have

inherited viviparity from an extinct or geographically distant ancestor. The

viviparity of Brachymeles, Ophiomorus and Chalcides is likely to represent one

or more origins of viviparity.
Viviparity also has evolved within the large scincine Senus Eumeces,

which occurs throughout all of the North Temperate Zone except Europe.

Most Eumeces are oviparous. Many show maternal brooding behavior; pro-

longed retention of eggs in utero is known in E. brnilineatus , E. callicephalus ,



Cl3A THE EVGILUTION C,F VIVIT'AFIITY IN FIEPTILEEI

and E. fasciatus (Campbell and Simmons, L961; Werler, 1951; Fitch, 1954).
Viviparity has been recorded in the montane Mexican species E. breairo-
stris, E. colimensis, E. copei, E. dugesi, E.lynxe and E. ochoterenai (Axtell, 1960;
Taylor, 1936; Webb, 7968; Van Devender and Van Devender, 1975; Guil-
lette, 1983). A phylogenetic reconstruction for Eumeces (Taylor, 1936) sug-
gests that viviparity evolved three separate times: once in ochoterertai-
breairostris-colimensis-dugesl, once in lynxe (including "t'ttrcirostris") and
once in copei. However, E. copei may belong with the breuirostris €,roup
(Dixon, 1969) leaving two origins of viviparity within Eumeces, both occur-
ring in the high Mexican plateau (Taylor, 1936). Most oviparous Eunrcces
live at lower elevations, and hence in warmer climates, than do the vivipa-
rous ones (Fig. a).

The sand-swimming skinks of northern Africa and Arabia (Scincus) ap-
parently include both oviparous and viviparous forms (Fuhn, 1968; Mer-
tens, 1972; Arnold and Leviton, 7977). However, reproductive data are
lacking for most species, and this case is included only tentatively.

The Lygosominae includes more than 40 genera and over 600 species
and is the most numerous and diverse scincid lineage (Greer, 1970). Ap-
proximately one-third of species are viviparous (Greer, 1970), and many
separate origins of viviparity are involved. Viviparity and oviparity co-
occur in thirteen genera. Phylogenetic reconstructions also point to inde-
pendent origins of viviparity in the ancestry of several wholly viviparous
genera. For example, the large viviparous lizards of the Australasian gen-
era Corucia, Egernia, and Tiliqua are thought to have evolved from an ovipa-
rous Mabuya of southeast Asia (Greer, 1970). Similarly, Isopachys of Thai-
land (fossorial and viviparous, Taylor, 1963) probably is derived from the
Sphenomorphus "laturense group," at least one member of which is ovipa-
rous (Greer, 1977, and personal communication). The fossorial viviparous
Hemiergis of Australia may share a common ancestry with Lerista and
Sphenomorphus "solomonis group"; the taxa of both are primarily oviparous
(Greer, 7967c; Greer and Parker, 7974). Although all of these cases indicate
independent origins of viviparity, the transition of reproductive modes has
occurred too early in phylogeny to permit useful ecological comparison of
present-day oviparous and viviparous forms.

Not all of the wholly viviparous lygosomine genera are likely to repre-
sent independent origins of viviparity; some may have inherited viviparity
from a live-bearing ancestor. An example is the African Eumecia, which
probably has evolved from Mabuya (Greer, 7967b), most species of which
are viviparous. Hence, there is no need to postulate an independent evolu-
tion of viviparity in Eumecia. A lack of phylogenetic information makes it
difficult to determine whether viviparity in the semiaquatic southeast
Asian Tropidophorus (Brown and Alcala, 1980) and Ophioscincus of Thailand
(Taylor, L963) should be regarded also as independent origins of live-
bearing.

Some subgroups of the Lygosominae (Greer, 7974, 7979b) consist en-
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tirely of oviparous species (e.g., Dasia-Lamprolepis; Lampropholis subgroup
of the Eugongylus group; Greer, 7974), whereas others include viviparous

ones (especially the sphenomorpfuts group, n'hich contains taxa showing at

least 17 independent origins of viviparity). The l3lygosomine genera con-

taining both oviparous and viviparous species (Ableplurus, Anomalopus,
Leiolofisma, Lerista, Lipinia, Lobulia, Lygosoma, Mobuya, Prasinohaema, Scin-

cella, saiphos, sphenomorphus, and Tribolonotus) are now considered in more

detail.
Ablepharus contains five species of small skinks from central Asia (Fuhn,

1969). Oviparity has been reported in A. deserti (Terentev and Chernov,
1.965), A. kitaibeli (Arnold and Burton, 1978), and tentatively in A, pan-

notticus (smith, 1935). The mode of reproduction of A. Srayanus appears
unknown. Most interest centers on the remaining form, A, biaittatus. The

subspecies A. b. biaittatus is oviparous, whereas the subspecies A. b. alqicus
(given full specific status by some authors) is viviparous (Terentev and

Cherr,on, 1965). The oviparous subspecies is found below 2000 m in the

ussR, whereas the live-bearing subspecies occurs up to 3800 m (Terentev

and Chernov,1965; Fig. 5).
Anomalopus contains burrowers with elongate bodies and greatly re-

duced or no limbs. Two species of Australia's central eastern coast (4.

lentiginosus, A. oerreauxil) are oviparous, whereas the more southern A.
swansoni ("species 3": Cogger, 7975) is viviparous' The live-bearer oc-
cupies cooler climates than its egg-laying relatives (Fig. 6).

Both oviparity and viviparity have been reported in the Australian
"sand swimming" skinks of the genus Eremiascincus, but the data are unre-
liable (Greer,7979a),

Leiolopisma contains small, active, diurnal Australasian skinks with well-
developed limbs. Live-bearing has evolved at least three times. The first
case is in the group containing the viviparous L. coaentryl of the Australian

southern highlands and the oviparous L. zia of mideastern coastal Australia
(Greer, 1982 and personal communication; Ingram and Ehmann, 1981)'
The second case is in the "baudini" species group (Greer, 1982); thus, L.
duperreyi, L. platynotum and L. trilineatum are oviparous, but L. entrecas-
teauxi and L. metallicum are live-bearers. In both of these groups, the
viviparous forms occupy cooler climates than the egg layers (Fig' 6). A
third origin of viviparity is probably represented by four other Australian
species of Leiolopisma, belonging to the spenceri species-group; these are
viviparous also (Greer, 1982).

Viviparity may have evolved also in the species of Leiolopisma inhabiting
two island groups: New Zealand and New Caledonia' However, both
cases are doubtful because of insufficient phylogenetic information. Within
New Zealand, the northern (: warm climate) L. suteri is oviparous
(Towns, 1975), whereas all other species are live-bearers. It seems likely
that L. suteri represents an independent invasion of New zealand, and is
not closely related to the other endemic scincid lizards (Hardy, 1977). How-
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Fig. 6. Geographic distributions of oviparous (horizontal lines) and viviparous (verticai

lines) scincid lizards within (A) the gentts Anomalopus; (B) Saiphos and related oviparous

forms; (C) the coaentryi species-group within kiolopisrna; (D) the baudini species-group n'ithin

Leiolopisma.

ever, the viviparous New Zealand skinks, together with some viviparous

Australian forms (L. spenceri goup), may be derived from an oviparous

lineage (Hardy, 1977,7979; Greer, 1982).
The other leiolopismid assemblage containing both eggJayers and live-

bearers occupies New Caledoria. kiolopisma tricolor is viviparous (Roux,

1913), and several other species are oviparous (R. Sadlier, personal com-

munication). This suggests that live-bearing has evolved within the group'

but this condusion may be in error if, as in the New Zealand example, the

group is polyphyletic. The taxonomy of these lizards is too poorly known

to permit any definite condusions.
Lerista includes many burrowing skinks, some with reduced limbs, of

the arid regions of Australia. The southerly L. bougainaillei contains both

oviparous and viviparous forms (A. Greer and P. Robertson, personal com-

munication; Shine, personal observation); as viviparity occurs in two al-

lopatric populations it may have evolved independently in each case.
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However, this is listed here as a single origin. Eight other species of Lerista

are known to be oviparous, but the southwestern L. microtis is live-bearing
(Greer, 7967c and personal communication). Morphological characters ren-

der it unlikely thai L. microtis is descended from L, bougainuillei (A. Greer,

personal communication), so it seems probable that viviparity has evolved

independently in this form. Both in the comparison of lhe viviparous

L. microtis to oviparous species and of the viviparous L. bougainaillei to

its oviparous conspecifics, the viviparous forms occur in cooler regions

(Fig. 7).
Lioinio includes small slender arboreal skinks that are distributed widelv

through the island archipelagos of the southwest Pacific (Greer, 1,974).

Modei of reproduction are known for ten of its 20 species (A. Greer, per-

sonal communication). The species L. int'ralineata, L. pulchella, L. quadriuit-

tata, and L. uittigera are oviparous. The species L. auriculatn, L. noctua, L.

rabori, L. relicta, L. semperi, and L. uenemai are viviparous. In the Philip-

pines, the viviparous L. auriculatq ocatrs at higher elevations than the

bviparous f . pilchella or L. quadriaittata (Brown and Alcala, 1980), but data

are insufficient for a thorough comparison.
Lobulitt contains five small robust-bodied skinks from New Guinea. Re-

productive modes are known for two of them. The oviparous L. stanleyana

is terrestrial and lives between 1200 and 2000 m, rarely to 2500 m, whereas

the viviparous L. elegantoides is arboreal and lives at 1500 to 3500 m (F.

Parker, personal communication). Both species are diurnal heliotherms,

and L. sianleyana nests communally (F. Parker, personal communication).
A review of reproductive modes and probable phylogenetic relation-

ships within the scincid genus Lygosoma suggests two independent origins

of viviparity (Greer, 7977). T\e oviparous afer group (L. afer, L' fernandi, L'

guineeise, L. sundeaalti, and L. pembanum) are closely related to the vivipa-

ious L. laeaiceps and L. ainciguerra. The oviparous L. bowringi andL. punc-

tatum form a group with the viviparous L. tanae (Greer, 7977). The vivipa-

rous Lygosoma do not inhabit cool clirnates: All three live-bearers are

endemiC to arid regions of Somalia and eastern Kenya (Greer, 1977).

within the afer group, the egg-layers are widely distributed over the Afri-

can continent. For example, L. fernandi and L. guineense extend into West

Africa, and L. sundeaalli is distributed through southern and eastern parts

of the continent. Within the bowringi-punctatum-tanae 8roup, the two

oviparous species occur in Asia.
'ih" "o"*opolitan tropical Mabuya contains a great variety of ground-

dwelling skinis. Oviparous as well as viviparous species occur both in Asia

and Africa; however, all South American forms are viviparous (at least

some with elaborate placentation, vitt and Blackburn, 1"983). one African

species (M. quinquetaeniota) was reported to show different modes of repro-

duction in different parts of its range (Fitch, 1970); subsequent investiga-

tion disproved this (Visser, L975; Spellerberg, 1976). Authorities disagree

on the rbproductive mode of M. carinafa (Smith, 1935; Badhuri, 1943). Both
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Fig. 7. Geographic distributions of oviparous (horizonal lines) and viviparous (vertical lines)

scincid lizards within (A) the genus 
'krista, 

excludtng L. bougainaillei, (B\ the species L'

bougainaillei; (C) the Sphenomorphus 
"fasciatus grouP"'

oviparity and viviparity occur in M' capensls (W' Haacke' Personal com-

-,rr,icuiior,; and M. suicata (D. Horton, personal communication)'

ir," genus Mabuya may be divided into three species group: (Horton,

1973), o:ne of which "o.,rirt, entirely of viviparous.south American forms

"pp"L"afy derived f-* u lineage including-the oviparous M'.perroteti and

tie viviparo us M' brnicollls (Hoiton , t973); hence' it represents at least one

oJgrt, oi viviparity. Each of ihe other two species grouPs (one. African' one

eriu"l contain both oviparous and viviparous forms' -Viviparity 
has

evolved in a group containing the oviparois M' aureopunctata' M' bensoni'
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M. Iacertiformis, M. maculilabris, and M. quinquetaeninta, and the viviparous
M. bayoni, M. irregularis, M. striata, M. sulcata, M. uaria, and M. aittata. All
of these species are African except the Iranian M. uittata. The live-bearers
occur in more southerly, and hence cooler, climates in both of these
viviparous origins.

A phylogeny for Asian Mabuya (Horton, 1973) derives the viviparous M.
aurata from a lineage including the oviparous M, macularia; the viviparous
M. multifasciata rs tentatively thought to be related to the oviparous M.
Iongicaudata, Overall, a total of six evolutionary origins of viviparity may
have occurred with Mabuya.

Prasinohaema includes arboreal skinks of small to medium body size,
with prehensile tails. Its species are remarkable in having the blood plasma
and other tissues colored green (Greer and Raizes , 1969). All five species in
the genus occur on New Guinea, but one species extends its range into the
Solomons (Greer, 7974). The small P. airens is oviparous (Greer, 7974) and
occurs from sea level up to 820 m elevation. Three other species are known
to be viviparous and are found at higher elevations (flauipes, 1070 to 2500
m; prehensicauda, 7200 to 2300 m; semoni, sea level to 1800 m).

Scincella is distributed widely in the Old World and to a lesser extent in
the New World (Greer, 1974). Modes of reproduction are known only for
seven of 32 recognized species. S. barbouri, S. bilineata, S. formosa, S. Iadacen-
sis, S. modesta, and S. sikkimensis are oviparous (Smith, 7935; A. Greer,
personal communication), whereas S. himalayana is viviparous (Smith,
1935). Analysis is precluded by the lack of reproductive data. However, S.
himalayana occurs between 1300 and 4000 m (Smith, 1935), suggesting that
cold climates may have played a role in the evolution of viviparity. Most
other members of the genus live at lower elevations than does S. himalay-
ana, but at least one oviparous species (5. ladacensis) ranges even higher
(Smith, 7935; Greer, 1974).

The monotypic fossorial Saiphos equalis is unusual in displaying oviparity
and viviparity in different geographic areas. In the relatively mild climate
of the Australian east coast, it is oviparous and its poorly calcified eggs
hatch within a week or two of being laid (Bustard, 1964; Cogger, 7975). In
the cold highlands of the New England Plateau, young are born alive
(Shine and Thompson, unpublished; Greer, 1983). It is of interest that
those Sphenomorphus that are the closest relatives of Saiphos (Greer, 1983)
and inhabit warmer climates (Fig. 6) are oviparous and lay normally
calcified eggs with a much longer incubation period than the oviparous
populations of Saiphos (Shine, personal observation).

Sphenomorphus includes a large but probably monophyletic group of
Australasian skinks. Analysis reveals that viviparity originated at least five
times within the genus. The Sphenomorphus "crassicaudus group" contains
several elongate fossorial species including the oviparous S. crassicaudus
from northern Australia and Papua New Guinea. This species is morpho-
logically similar to S. fragilis of southeastern New Guinea, which produces
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fully developed young, although with a thicker and more opaque "shell"

than the thin tianspirent membranes seen in most viviparous species

(Greer and Parker, iOzol' Spttrrornorphus fragilis is found f19m s3a level to

ozo .r-,, probably at a climate similar to that experienced by the related

oviparous S. crassicaudus'
in" +O species of the fossorial Sphenomorphus 

"t'asciatus group" are dis-

tributed in New Guinea, the solomon Islands, the Philippines, northern

Australia, and the Lesser sunda Islands (Greer and Parker, 1967). In many

cases modes of reproduction are unknown, but both oviparous and

vivioarous forms occur within Australia (oviparous: s. brongersmai, s.

douglasi, S. isolepis, S. pardalis, S, punctulatus, S' fuscicaudus; viviparous: S'

grrii l iprr, S. mu;rrayi, S. tenuis) and within New Guinea (oviparous: S' ni-
'grilineatus, 

s. brunneus, s. cranei, s. derooyae, s. nigriaentris, s. oligolepis, s'
"undulatus, 

s. schultzei; viviparous: s. longicaudatus, s. cinereus, s. Ieptofas-

ciatus). Analysis of the Australian species suggests that the viviparous

species o..,ri ir-r slightly cooler climates than the oviparous ones (Fig. 7).

Viviparity also originated in the elongate fossorial Sphenomorphus ni-

gricaudus, which is ciosely related to both of the Sphenomorphus groups

iiscussed above. New Guinea specimens of S. nigricaudus are oviparous,

but Australian specimens from Cape York, Queensland, are viviparous (A.

Greer, personal communication). Within New Guinea, this species is re-

stricted to the south coast savannah belt, reaching 600 m elevation on the

sogeri plateau near Port Moresby (F- Parker, personal communication).

Au"stralian specimens occur from sea level to over 1000 m (Cogger, 1975).

The bodlform of the sphenomorphus "uariegatus grouP' is more robust

than that oi the " t'asciatus group," discussed above. Modes of reproduction

are known for 29 species, ind it least two separate origins of viviparity are

indicated (A. Greer, personal communication). one origin lies within a

$oup coniaining the Sviparous S, boulengeri (from China and Taiwan) and

ihe ,rirripa.o u" {. lor*otensis and S. indicus (China, Taiwan, eastern Asia)'

Anothei group containing both oviparous and viviparous species occurs in

New Gui"ne uis. tti"t rti, &iparous), Borneo (5. multisquamatus, oviparous)

and the solomon Islands (s. concinnatus, viviparous). There are no data on

ecology or elevational distribution of S. multisquamafas. However, behavior

ana iiUitut of the other two species are similar to each other (F. Parker,

personal communication). The bviparous S. stickeli occurs from sea level up

io 700 m (F. parker, personal communication), whereas the viviparous S'

concinnatu.soccurs from sea level up to 1500 m (on Guadalcanal' M' McCoy'

personal communication).
Tribolonotas has been described as "undoubtedly one of the most bizarte

taxa of lizards" because of its abdominal glands, volar pores, and aberrant

squamation (Greer and Parker, 1968)' It occurs through New Guinea and

the Solomon Islands. T. qnnectens, T. blanchardi, T. gracilis, T. noaaguineae,

and T. pseudoponceleti are oviparous, butTribolonotus schmidti from the sol-

omon Islands is viviparous (Greer and Parker, 1968). Recent studies pro-
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vide valuable information on the Solomon Islands Tribolottotus (McCoy'

1980, and personal comrnunication). Only the viviparousT'1chmidfi occurs

on Guadaicanal, where it is usually found under rotting fallen timber in

forests and from sea level to over 1000 m. The superficially similar ovipa-

rous T. blanchardi replaces it on other islands of the solomon group. on

Nggela (: Florida liland.), T. blanclurdi is usually four-rd in moist creek

be"d"s, ofien in drifts of dead leaves, and in other forest debris' lt has been

collected from sea level to 500 m (the tops of the highest hills on Nggela),

but may occur at higher elevations on more mountainous islands'

,1 O. XANTUSIIDAE

The small viviparous lizards of the Xantusiidae are distributed discontinu-

ously in the west Indies, Central America, and the southwestern united

S ta tesandappa ren t l ya rede r i ved f romgeckoes (McDowe l l andBoger t '
1954; Underwood, 1971; Northcutt, 1978)' The only viviparous geckoes are

in the southern hemisphere (New Caledonia and New Zealand) and'

hence, are unlikely ancestors for the xantusiids. It can be inferred that

viviparity evolved in the ancestors of the xantusiids'

D. Si€FP€ntes

1. ANILIIDAE AND UtrOPELTIDAE

These so-called 
"primitive snakes" of south America and Asia are vivipa-

rous; they *uy L" relatively dosely related to each other (Fitch ' 7970;

McDowell, 1975; Rieppel, t<iZV1. Because the superfamily Anilioidea con-

tains the oviparous 
'Xenopeltidae 

and Loxocemidae as well as these

viviparous forms (McDowell, 1975; Rage, 1982), at least one origin of

viviparity is indicated.

?. AC,ROCHOFIDIDAE

All three species of Australian and Asian file-snakes are aquatic and

,rirripuro,rr,^and only distantly related_to other living snakes' Their phy-

loge'netic position (McDowell' 1975, 1979; Rieppel' 79.79; Rag.e' 1982) ren-

ae"rs it tit<ely that viviparity has evolved independently in this group'

3. TYPHLOPII]AE

Most blindsnakes are oviparous, and one observation suggests that mater-

nal care may be shown ipit"ft, 1970)' However, a female Typhlops diardi

from vietnam containe d "74 embryos all pe-rfectly developed" (smith,

1943;p.44) .Anear l iersfudyconcludedthat th isspecieswasovi 'parous,
but with considerable embryonic development prior to oviposition (wall,

iefA;. fn" South African fyp4topsbibronii deposits thin-walled eggs, which

hatcir in five days (Erasmus and Branch , tigg); hence I consider that this
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species, Iike northern populations of the colubrid snake Oplreodrus aernalis,

is effectively viviparous. Not all blindsnakes show such prolonged egg

retention. Recorded incubation periods of other TyphloTts include 30-42

days for T. schlegelii (Fitzsimons , 7962) and 38 days for RamphotyTthlops

briminus (Fitch, 1970). The number of independent origins of viviparity in

typhlopids is difficult to estimate, because of the lack of phylogenetic infor-

mation.

4 .  B O I D A E

The large Boidae are widely distributed throughout the tropics and sub-

tropics; a few species invade temperate areas. Subfarnilial ciassifications

ars a source of disagreement (e.g., McDowell, 7975), but oniy the two

largest subfamilies are relevant for this discussion. One subfamily, the

Boinae or "true boas," are viviparous. They are confined to the New World

tropics with the exception of the Malagasian Acrantophis and Sanzinia and

the South Pacific Candoia. The boines are similar in body form and habits to

the Old World pythons (subfamily Pythoninae), except that the latter are

oviparous. Maternal egg-guarding behavior is widespread, possibly uni-

verial, in the pythons (Shine and Bull, 1979). Morphological characters

suggest that the pythonines gave rise to the boines rather than vice versa
(underwood,7967). This is consistent with the assumption that viviparity

evolved from oviparity. The origin of boid viviparity is so far back in

evolutionary history that analysis of ecological correlates is impossible. A

record of oviparity in the normally viviparous Boa constrictor is probably an

error (Tinkle and Gibbons,1977).

5.  TFIOPIDOPHI IDAE

Several unique morphological features suggest that the tropidophiids are

only distantly related to the boids with which they usually have been

combined (McDowell, 1975). Apparently, all tropidophiids are viviparous
(e.g., Dowling,1974). The structure of the skull is similar to that in boly-

erids (McDowell, 1975), one of which recently has been shown to be

oviparous (Anonymous, 1982). Hence, viviparity has evolved within the

hopidophiid lineage

6. COLUE}FIIDAE

Viviparity has evolved several times within this large and-diverse lineage,

but interpretation is confused by differing phylogenetic schemes. In many

cases, relationships are obscure. For example, the viviparous Asiatic tree-

snake Ahaetutla (Fitch,1970) may be closely related to the oviparous African

Thelotornis (Underwood , 1967 , 1979) . If the presumed relationship is valid,

viviparity originated in the group. A similar problem occurs with xenodon-

tine-colutridJof the New World. Viviparity has been described inTomodon,
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Tachymenis, Ptychophis, Pseudotomodon, and Thamnodynastes (Balley, 7966,
1981; Gudynas, 1981; da Cunha and do Nascimento, 1981). On the basis of

their phylogenetic relationship to these genera, Bailey (1981) suggests that

Calamodontophis probably are viviparous also. All are small-to-medium-
sized snakes wiih a generally southern distribution. Tachymenis may be
related to the oviparous Imantodes, and perhaps Leptodeira, whereas Tomo-
don and Thamnodqnasfes may be related to the oviparous Conophis (under-

wood, 7967). Yet another interpretation links Tachrlmenis with the ovipa-
rous Philoclryas of subtropical south America (Duellman, 1979). In each
case, the egg-layers occupy much warmer climates than do the live-
bearers. Underwood's taxonomy suggests two independent origins of
viviparity, whereas Bailey's requires only one; parsimony dictates the
adoption of the latter view. Recent studies using microcomplement fixation
are consistent with Bailey's conclusions, but do not reveal any close
xenodontine relatives of the Tomodon-Thamnodynastes grouP (cadle, 1984).

A problem arises with the viviparorts Psammodynastes puluerulentus,
which is widely distributed in southeastern Asia (Fitch, 1970). lt has no
clear taxonomic affinities with any other colubrids; it is placed in the
boigine subfamily only provisionally (Underwood, 7967). Viviparity may
have evolved independently in this case, as it seems unlikely that Psam-
modynastes is closely related to Ahaetulla, the only other viviparous Asiatic
boigine. The situation is less clear in the case of the subfamily Homalop-
sinae, all members of which are viviparous (Gyi, 1970). Morphological data

suggest that the homalopsines may be derived from the "boigines"

(Underwood, 7979), so that it is conceivable, although unlikely, that
homalopsines evolved from a viviparous ancestor (Ahaetulla, Psammody-
nastes, Ptychophis, Tachymenis, Thamnodynastes, Tomodon, Pseudotomodon, or
their ancestors). However, biochemical data indicate that the homalop-
sines are related only distantly to other colubrids, including "boigines"

(Schwaner and Dessauer, 7982), suggesting that viviparity may have
evolved independently in this subfamily. Nonetheless, this case was not

analyzed further.
Viviparity occurs also in the small Mexican Conopsis and Toluca (Greer,

1966). bueilman (1961) considered that these live-bearers are closely re-
lated to the oviparous genera Ficimia and Gyalopion, but Hardy (1975) at-

gued against this view. It is difficult to identify the nearest relatives of

Conopsii and Toluca. Underwood (1967) suggested that a grouP of ovipa-
rous genera (including sonora, Tantilla, and stenorhina) might be close to

the live-bearers. Whichever of these taxonomies is accepted, the viviparous
forms occur in much cooler climates and higher elevations (up to 3000 m)
than do their oviparous relatives.

The small marsh-dwelling African Amplorhinus multimaculatus is vivipa-
rous (Broadley and Cock, 1975), but its taxonomic affinities are problemat-
ical (Branch, 1982).It may be included with the boigines (e.g., Broadley
and Cock, 7975) or may be related to the natricines (Branch , 1982).In either
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case, it is likely to represent an independent origin of viviparity. The only
other rear-fanged African snakes known to be viviparous are Psammophylax
a. aariabilis and ATtarallactus jacksonl; neither is likely to be ancestral to
Amplorhinus. Another boigine, the oviparous Hemirhagerrhis notntsenia, was
formerly included in the genus Amplorhinus, but it probably is not closely
related (Bogert, 1940). H. notatnenia is a lowland form, whereas Amplorhinus
multimaculatrs is montane (Vessey-Fitzgerald, 1958; Pienaar, 1978; Broad-
ley and Cock, 1975). An alternative phylogenetic hypothesis is that An-
plorhinus is related to the natricines of central and western Africa (Branch,
1982), which probably are oviparous (Fitch, 1970; Rossman and Eberle,
1977). In each of these putative phylogenies the live-bearer occupies a
much cooler climatic region than its oviparous relafives. One cautionary
note in accepting an independent origin of viviparity for Amplorhinrs is its
unexpected anatomical resemblance to the viviparous Neotropical Tham-
nodynastes and Tomodon (Underwood, 7967). Hence it is possible, although
zoogeographically improbable, that the viviparity of Atnplorhinas is inher-
ited from a viviparous Neotropical ancestor.

Three species of the East African Aparallactus (A. capensis, A. guentheri,
A. Iunulqtug) are oviparous, one (A. jacksoni) is viviparous (FitzSimons,
7962; Pitman, 1974; Spawls, 7973) and the mode of reproduction of the
others remains unknown. All are small and fossorial; the range of A. jack-
soni is included within those of its oviparous congeners (Fig. 8).

Coronells is a genus of moderate-sized colubrids from Europe and India.
Oviparity has been recorded in the Indian C. brachyura (Deoras, 7977) and
the European C. girondica (Street, 1973). The other European species, C.
austriaca, is viviparous (Smith, 7973); its ecology is well known (Duguy,
1961; Andren and Nilson, 7976a; Spellerberg and Phelps, 7977). It is found
at higher latitudes, in cooler climates, and over a wider latitudinal range
than its nearest oviparous congener, C. girondica (Fig. 8).

The large colubrid genus Elaphe of North America, Europe, and Asia is
almost certainly polyphyletic, but no satisfactory subdivision has been de-
vised (see comments by Pope, 1935). Oviparity has been recorded in many
species of Elaphe, including E. bimaculata, E. carinata, E. climacophora, E.
conspicillata, E. dione, E. flauolineata, E. guttata, E. helenae, E. hohenackeri,
E. longissima, E. mandarina, E. moellendorffi, E. obsoleta, E. porphyracea, E.
prasina, E. quadriairgats, E. quatuorlineata, E. radiata, E. scalaris, E. schrencki,
E. situla, E. subocularis, E. taeniura, and E. aulpina (Chang and Fang, 1931;
Deoras, 1.971; Fukada,1956; Kopstein, 1938; Pope, 1935; Smith, 1943; Stew-
ard, 197'1,; Fitch, 1970). Maternal care has been reported in three species
(Fitch, 1970). The Chinese and Korean E. rufodorsata is viviparous (Sow-
erby, 1930; Sura, 1981) and also semiaquatic, unlike the other Chinese
Elaphe. Biochemical data suggest that this species is only distantly related
to any other Elaphe species (Lawson and Dessauer, 1980). It has been sug-
gested that viviparity in E. rufodorsata evolved because "living, as these
snakes do, in open swamps and marshes, their eggs would stand a poor
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Fig. 8. Geographic distributions of oviparous (horizontal lines) and viviparous (r'ertical

lines) cofubrid snakes within (A) the genus Aparallactus; (B) the genus Coronella.

chance of hatching" (Sowerby, 1930). However, many aquatic and semi-

aquatic Asian snakes are oviparous (Pope, L935): nontheless, viviparity

arose in the aquatic Sinonatrix (see below). The viviparity of E' rufodorsata

could also be due to its inhabiting a cold climatic region (northeastern

China and Korea). Although a few oviparous Elaphe occur even farther

north (e.g., E. dione, E. schrencki), most European and Asian Elaphe occupy

much warmer climates (Fig. 9).
The aquatic and semiaquatic colubrids of the genus Grayia inhabit trop-

ical Africi. Four species, cqesar, ornata, smithii, and tholloni, are generally

recognized. Grayia smithii is oviparous (Angel et al., 7954; Pitman, 7974).
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Fig. 9. Geographic distributions of oviparous (horizontal lines) and viviparous (vertical

lin"es) colubriJ snakes within (A) Old World species of the genus Haphe; (B) the genus Slnona-

trix.

Developing embryos in utero have been reported in G. tholloni (Loveridge,

1933), iug[esting-that this species may be viviparous. Both species have

similar geographic distributions (Pitman, 1974).Modes of reproduction are

unknorin for ttre other species. The possibility of viviparity in Grayia ts

supported by the presumed relationship of this genus with_the-viviparous
afiican colutrids buberria and Pseudaspis (Bogert,1940; Fitch, 1970). I infer

that viviparity has evolved in this lineage, either within Grayia or in the

ancestori of buberria and Pseudaspis. Both of the latter two genera extend
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into cool regions; in Zimbabwe, D.Iutrix is restricted to elevations higher
than 1400 m, and P. cann occurs up to 1500 m (Broadley and Cock, 1975)'

There are 15 species of South American watersnakes in HelicoTts; al-
though Amaral (1.977) suggested that all are viviparous, reproductive
modes are known definitely for only a few of them. Helicops carinicaudus
from central Brazil, Uruguay, and Argentina is viviparous (Mole, L924;
Shine, personal observation), and so are H. Ttolylepis and H. triaittatus (da

Cunha and do Nascimento, 1981) and probably H.leopardlnus (Shine, per-
sonal observation from dissection of gravid female). Both oviparity and
viviparity have been reported in the more northern H. angulatus: A female
from Colombia laid eggs that hatched in only 16 days (Rossman, 1973), and
a specimen from Trinidad was oviparous, whereas ones from Peru and the
Amazon were viviparous (Rossman, 1984; da Cunha and do Nascimento,
1981). Data on this genus are insufficient for detailed analysis, but suggest
two origins of viviparity.

The North American Opheodrys uernalis has a remarkablv short incuba-
tion period in the northern (coldest) part of its range. Incubation averages
30 days in the Chicago region (Stille, 1954), but only four to 23 days in
northern Michigan (Blanchard, 1933; MacGregor, 1975; Sexton and Clay-
pool, 1978). Blanchard (1933) suggested that occasional viviparity was
iikely, but was not observed by him. Also, maternal care of the eggs may be
shown (Blanchard, 1933). A four-day incubation period is only slightly
longer than the time taken for the young of several viviparous species to
emerge from the egg sac after parturition (e.g., Saiphos equalis, Pseudechis
porphyrincus, Greer, 1983; Shine, personal observation; Trrmeresurus
okinaaensis, Koba et a\.,7970); hence this case is included as an example of
viviparity.

The medium-sized African Psammophylax occur in grasslands. P. tri-
taeniatus and P. rhombeatus are oviparous, with the latter species showing
maternal egg-guarding and prolonged oviducal retention of eggs (Fitz-

simons, 7962;Broadley,7977). P. aarinbilis shows geographic variation in
mode of reproduction: the lowland P. a. multisquamis is oviparous with
egg-guarding, whereas the montane (> 1800 m) P. u. aariabilis is viviparous
(Broadley, 197n . P . uariabilis is a slow-moving species that does not rely on
speed to escape predation; in contrast, P ' rhombeatzs is an agile, fast-
moving snake (Fitzsimons, 1962). The viviparous P. a. aariabilis is found in
cooler, more southern areas than the oviparous P. a. multisquamis (distribu-
tion maps in Broadley, 7977).

on th,e basis of biochemical, karyological, scutellation, and cranial data,
the large cosmopolitan snake genus Natrix has been divided into four
genera (Rossman and Eberle, 1977).Five Asian species comprise sinonatrix;
Malnate (1960) had previously pointed out the close relationships between
these forms. oviparity has been reported in s. trianguligera (Kopstein,
1938) and the egg-guarding s. percarinata (Pope, 1935), whereas s. annularis
is viviparous (Pope, 1935). There aPpear to be no records of mode of
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reproduct ion in s.  acqui lasciata or s.  bcl lula.  Al l  the sinonalr ix are semi-

aquatic, and are rarely found far from streams or flooded fields (Pope,

ro'3s1. Hatchlings of the oviparous s. percarinsttt show obvious egg teeth,

whereas newborn s. annularis do not (Pope, 1935). This obsen'ation sug-

gests that viviparity may not be too recent_an acquisition in s, annularis' s

innulctrisis found firther north than any of the oviparous forms (Fig. 9; but

see Tinkle and Gibbons,7977).
All New world natricines (e.g.,l,lerodia, Regina, storeria, Thamnophis) are

viviparous. Many authors have suggested that viviparity evolYed during

the 
^migration 

of oviparous old world natricines across the Bering strait

(e.g., lieill, 1964). Hbwever, Malnate (1960) notes that the viviparous Old

W&ta S. annuloris is close to the stock which gave rise to the New World

natricines. Perhaps, viviparity arose only once in this group (in S' an-

nularis).
Some records of the evolution of viviparity in colubrid snakes mav be in

error. Two reports of viviparity in the North American Diadophis punctatus

(Ditmars, 7942.; Peterso", tqSb) are based on the sudden appearance of

neonates in cages containing adult D. punctatus; the actual process of live

birth was not observed. As extensive studies by other workers revealed no

evidence of viviparity (review by Tinkle and Gibbons, 7977), this case is not

considered further. Similarly, early reviews claimed that viviparity is

shown by, and has evolved in, the colubrid genera Bo-iga (Mell' 1929)'

Dendrelaphis, Hemirhagerrhis, and Meizodon (Neill, 1964). subsequent work

indicates that all fourlenera are exclusively oviparous (Pope, 1935; CamP-

den-Main, 7970;Broadley and Cock, 1975)'

7. ELAPIDAE

The only viviparous African elapid is the spitting cobta HemachTtus

hnemachitus (Fitch, 7970); it is thought to be related to the true cobras of the

genus Ncia, based on similarity of overall morphology (Fitzsimons, 7962)

and venom fractions (strydom, 1,979). Naja are oviparous, and maternal

egg-brooding has been reported (Kopstein, 1938; Fitch, 1970)' Hemachatus

is found in more southerly (and hence cooler) climates than are most of its

oviparous relatives 6ig. i0), and it inhabits areas from sea level to over

2500 m elevation (Branch, 1979).
Viviparity characterizes all the hydrophiine sea snakes, but most or all

laticaudine sea snakes are oviparous (Fitch, 7970). Laticauda colubrina has

been reported to show both oviparity (Smedley, 1931; Dunson' 1975;

shine, personal observation) and viviparity (smith, 793y T,aylor, L965;

semper, cited in smedley, 1931). Two of the latter cases (Taylor, semper)

*ere based on observations of females with newborn young: these may be

due to prolonged egg-brooding rather than viviparity (smedley, 7931).

Howevei, the lecorl-which iJ based on dissection of a gravid female

(smith, 1930) is difficult to dismiss, although it is surprising that subse-
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Fig. 10. Geographic distributions of oviparous (horizontal li

lines) elapid snakes within (A) the genera Nal and Hemachatus

genus Pseudechis.

quent workers have not discovered viviparous populations of laticaudines

(-Solomon Islands native people suggest thatLaticauda ctockeri is viviparous:

H. Heatwole, personal comrr,unication). This case is not considered further

in the analysis.
Whethei or not the viviparity of hydrophiine sea snakes is likely to

represent an independent oiigin depends on whether they derive from the

teirestrial Austrafian elapids lmany of which are viviparous) or from the

laticaudines, most of which are oviparous. Morphological and biochemical

\

nes) and viviparous (vertical

; (B) Australian species of the
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data (McDowell, 1969; Minton, 7979; Cadle and Gorman, 7987; Mao et al.,
1977, 7983) are ambiguous on this point, so the case is not considered
further.

Until recently, all the large venomous snakes of the genus Pseudechis,
which are widely distributed in Australia and New Guinea, were thought
to be viviparous (Worrell, 1963). However, oviparity is now known for P.
australis (Fitzgerald and Pollitt, 1981; Shine, unpubl.), P. guttatus (Charles
et aL,7979), P. colletti (Charles et al., 1983), and P. papuanus (E. Worrell,
personal communication; Shine, unpubl.). The only viviparous species, P.
porphyriacus (Shine, 7977), rnhabits cooler and wetter areas than do its
oviparous congeners (Fig. 10).

Viviparity occurs in at least 13 additional genera of Australian elapid
snakes (Acanthophis, Austrelaps, Cryptophis, Denisonia, Drysdalia, Echiopsis,
Hemiaspis, Hoplocephalus, Notechis, Rhinoplocephalus, Suta, Tropidechis, Un-
echis; Cogger, 7975, and Shine, unpublished), whereas ten genera are
known to be oviparous (Cacophis, Demansia, Furina, Glyphodon, Neelaps,
Oxyuranus, most Pseudechis, Pseudonaja, Simoselaps, Vermicella). These gen-
era have been divided into four groups on the basis of venom gland mus-
culature and the morphology of the hemiPenes (McDowell, 1967)' All four
groups contain both oviparous and viviparous genera, suggesting at least
four origins of viviparity. However, the classification is not consistent with
karyotypic data (G. Mengden, personal communication). Data on scalation
(Cogger, 7975) are significant in this respect: All of the viviparous genera
except Acanthophis possess undivided subcaudals, whereas all of the
oviparous genera display divided subcaudals (Shine, 1985). The correlation
between subcaudal scalation and reproductive mode suggests that the
oviparous and viviparous taxa represent distinct phylogenetic lineages.
Acanthophis may represent an additional independent origin of viviparity,
but only two other origins are likely in the Australian elapids; one in
Pseudechis and one far back in the phylogeny of the group.

There are conflicting reports on reproductive mode in the elapid genus
Cacophis (Tinkle and Gibbons, 1977), but a recent study demonstrates
oviparity in all three species (Shine, 1980b). Viviparity in the Oriental
genus Calliophis was suggested, but not documented, by Mell (1929) and
Neill (1964). Oviparity has been reported in C. japonicus (Fukada, 7965), C.
maculiceps (Phelps, 1981) and C. melanurus (Deoras, 1971). A gravid female
C. macclellandil contained oviducal eggs with embryos up to 38 mm long
(Pope, 1935), but this record also has been interpreted as indicating ovipar-
ity (Campden-Main, 1970; Whitaker, 1978). Further data are needed to
clarify reproductive modes in this genus.

A. VIPEFIIDAE

In the "Agkistrodon" group, large and deadly pit vipers of Asia and the
Americas, two species are known to be oviparous (Deinagkistrodon acutus,
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Calloselasma rhodostoma, Pope, 1935), whereas seven others are viviparous
(Agkistrodon bilineatus, A. contortrix, A. hnlys, A. himalayanus, A. pisciuorus,
Hypnale hypnale, H. nepa, Chang and Fang, 1931; Pope, 1935; Kopstein,
1938; Fukada,7962; Telford, 1980). The mode of reproduction is unknown
in A. caliginosus; A. strauchi is "apparently ovoviviparous," and the same is
suggested for A. monticola (Pope, 1935). Taxonomists disagree on phy-
logenetic relationships within these pit vipers. Brattstrom's (i96a) phy-
logeny suggests that viviparity has evolved independently at least twice,
and possibly four times, within the genus. Burger (1971) removes both
oviparous forms to the single genus Calloselasma, which suggests that
viviparity has evolved only once. Recent revisions (Gloyd, 1977, 7979)
incorporate an earlier suggestion (Chernov, 7957) and partition "Agkistro-

don" into four genera. The two oviparous species occupy monotypic gen-
era (Calloselasma rhodostoma, Deinagkistrodon acutus). Two small viviparous
snakes of Sri Lanka and peninsular India (A, hypnale and A. nepa) ate placed
in the genus Hypnale, and the remaining seven viviparous species remain
in Agkistrodon.

In the wider sense, whether one or two separate evolutionary origins of
viviparity have occurred within 'Agkistrodon" depends on the relationship
between the two oviparous forms, D. acutus and C. rhodostoma.If they are
closer to each other than to any of the viviparous forms (as suggested by
Burger, 7971; and R. Conant, personal communication), then viviparity
may have arisen only once. If they are related more closely to viviparous
forms than to each other (as in Brattstrom's1964 study, or the serological
analysis of Kawamura, 1974), multiple origins of viviparity are suggested.
The conservative position is that "Agkistrodon" provides only a single case
of the evolution of viviparity.

The analysis is confused by geographic distribution: Both oviparity and
viviparity occur in Asian "Agkistrodon", but all three American species are
viviparous. A review concluded "that no correlation between habitat pref-
erence or latitude of distribution and method of production of young can
be found" (Pope, 1935). However, it seems clear that the viviparous Old
World "Agkistrodon" tend to have a more northerly distribution than the
oviparous ones. The viviparous A, halys occupies much colder climates
than does any other "Agkistrodon" (Fig.11). Female Calloselasma rhodostoma
guard their eggs after laying (Smith, 1943); this behavior may facilitate the
evolution of viviparity (Shine and Bull, 1979). Considerable embryonic
development occurs prior to oviposition both in this species and in Deinag-
kistrodon acutus (Pope, 1935; Smith, 1943; Wall, 7927). The incubation pe-
riod of the former is only 30 days (Phelps, 1981).

Cerustes (: Aspis) contains two small heavily built vipers occupying
similar geographic ranges in sandy areas of North Africa and southwestern
Asia. Cerastes cerastes is oviparous (Petzold, 1968b; Dmi'el, 1970; Saint Gi-
rons, 7962), and C. aipera is probably viviparous, despite conflicting state-
ments in the literature (Werner,1930; Vogel, 7963;Petzold, 1968b). Cerastes
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Fig. 11. Geographic distributions of oviparous (horizontal lines) and viviparous (vertical

lines) viperid slnakes within (A) the old World species of the genus Agtlstrodon; (B) the species

Echis urinatus.

oipera is known to be viviparous in both the eastern (Mendelssohn, 1963)

and central (Domergue, 1959) parts of its range, as well as in the "Biskra

Oasis" (Schetty, 1951).
Echis is closlly related to Cerastes, and the catch-all name "E. carinatus"

has recently been shown to include multiple species (Hughes, 1'976; Cher-

lin, 1981). Echis coloratus of southwestern Asia is oviparous (Mendelssohn,

1965; Dmi'el,1970), but the E. carinatus group shows geographic variation

in the mode of reproduction (Fig. 11). Specimens from Russia, India, and
pakistan are vivipirous (Petzold, 1,968b; Deoras, 1971; Mendelssohn, 1965;

Stemmler, 1969, 1'970; Stemmler-Gyget, 7965; Minton, 1966; Whitaker,

- - - - - 1 _ - _ _ -
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1g78; Isemonger, 7962; Kramer and schnurrenberger, 1963; Terentev and

Chernov, 1965;, whereas those from North Africa are oviparous (Mendels-

sohn, 1965; Isemonger, 1962; stemmIer,7971; Kramer and schnurrenber-

ger, 7963; Duff-Ma&ay, 1965), as are those from Turkey and Asia Minor

(Kru-". and Schnurrenberger, 1963). Tinkle and Gibbons (7977) ques'

iioned Duff-Mackay's (1965j record of oviparity in African ', 'E. carinotus,"

but noted that oviparity had also been recorded by other authors. Unfortu-

nately, the mode of reproduction is unknown for west African specimens,

upu.i f.o^ an unsubsiantiated comment in a popular book on the region

(-ansdale, 1961) that "E. csrinstus" (one of at least two local species) is

viviparous. The boundary between oviparous and viviparous populations

of '8E. chrinalus" occurs in the mountainous country of Iran and Afghanis-

tan; "E. carinatus" occurs up to 1800-m elevation (Petzold, 1968b)' A nen'

species (E. multisquamatus.. Cherlin, 1981) has recently been described from

nbrthern and eastern Iran and southern Afghanistan: Data on reproduction

of this form would be of great interest. The transition from oviparity to

viviparity apparently o...t.i in this region of severely cold climate. In other

areas of its-range, ihe species group occurs under much milder climatic

conditions €ig.1f y. fhiJ is true of both oviparous and viviparous popula-

t ions.
Trimeresurus is a large group of oriental pit vipers related to the Ameri-

can genus Bothrops; the latter group is not considered here, because all are

apparently viviparous (Fitch, 7970), and it is likely to be a monophyletic

gio"p. Tiimereiurus includes both terrestrial and arboreal forms, many of

*ni.i-t are highly venomous. Modes of reproduction are known for a few

species: T, elegans, T. flaaoairidis, T. monticola, T. mucrosquamatus, and T.

toknrensis are oviparous (werler and Keegan , 7963; Koba, 7977; de Rooij,

7917; Pope, 1935; Nakamoto and Sawai, 1982), whereas T' albolabris, T'

gramineui, T. jerdoni, T. okinaaensis, T, popeorum, T. puniceus, T' purpu-

Teomaculatus, T. stejnegeri, T. trigonocephalus, and T. wagleri are viviparous

(above references and Kopstein, 1938; Fitch, 1970; Stettler, 1971; Nicker-

son, 1974; Phelps, 1981; Reitinger, 1978). Extensive ecological and repro-

ductive data are available for some species (Fukada, 1965)'
A reconstruction of the phylogeny of Trimeresurus suggests that vivipar-

ity may have evolved independently many times within this group (Bratt-

,t.orr,,- 1964). However, most inferred pathways are tenuous; the two

strongest cases are small species groups, each containing oviparous and

vivipirous members. The first of these groups comprises the oviparous T.

flaaoairidis and T. toknrensis (both from Japan) and the viviparous T. ierdoni
from eastern China and Indochina. The second grouP, placed within

ooophis by Burger (7977), contains the stout-bodied terrestrial forms T.

monticola, u., o'oipurous species from southeast China and Malaysia, and T.

okinauensis, a live-bearer itom the Ryukyu Islands near Japan. Hence, both

cases involve a Japanese form (or forms) and a Chinese form; the difference

is that in one case it is the Chinese species that is viviparous, whereas in
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the other case it is the Japanese (Fig. 12)' Egg-guarding by the female is

known inT, monticola, and. eggs of this species are retained in utero for a

long period prior to oviposition (Pope, 1935); this species has evolved part

of the way toward viviParitY'
Vivipaiitv of the New world crotalines Bothrops, Ctotalus, and sistrurus

(Fitch,' 1970) is difficult to interpret . BothroTts may b9 derived from

Trimeresurus, and. Crotalus and Sistrurus from the "Agkistrodon" group

(Brattstrom, 7964; Koba, 1973); in each case the ancestral group contains

viviparous forms, so these taxa will not be treated as independent origins

of viviparity.
The members of the genus vipera are old world in distribution, and

almost all are terrestrial. viperalebetina, v. (formerly Pseudocerastes) persrca'

and V. xanthinaare oviparous. A11 have fragmented head shields (Marx and

Rabb, 1965) and are piobably closely related to each other. Vipera ammo-

dytes, V. aspis, V. beris, V. Iqtastei, V. russellii, and V. ursinii are viviparous

1iit.lr, 19Zb). Both V, lebetina and V. xanthina have been claimed to be

viviparous as well as oviparous (Terentev and chernov, 7965; Mendels-

sohn, to63;. The following review suggests that v. Iebetina is oviparous

throughout its range but that the V. xanthina group does show both modes

of reproduction.
The large v.Iebetina occurs through northwestern Africa and southwest-

ern Asia (5teward, 1977). Asingle riport of viviparity for the entire specie,s

(phelps, 1981) remains undocimented. Five subspecies are recognized'

ih" Afri.u., iiprro I. mauritanica (V. mauritanlca of some authors) has been

shown to be oviparous (Kratzer, 1968), despite earlier re_cords to the con-

trary (Werner, 7b30; Vogel, 1963). Vipera l. obtusa from the central part of

the species range also iJ oviparous (Y..ratzer, 1968; Muskhelishvilli, 1971),

contrary to an Jarher speculation (Terentev and Chernov,1965). Vipera l.

lebetina'is oviparous (vogel, 1963;Kratzer,1968; Arnold and Burton, 1978;

contrary r".oid by Petzold, 1968b), as are 1z. l. schweizeri (Schweizer, 1956;

Kratzei,1968) and V. I. turanica (Terentev and Chernov, 1965; Kratzet,

1968; Kornev:a, 7973).In summary, there are well-documented cases of

oviparity in all subspecies of V.lebetina, and there are no authenticated

cases of viviparity.
The situation is more complex in the case of the "vipera xanthina 'ro]up"

of Asia Minor and Israel. vipera palaestinae from Israel apparently is ovipa-

rous (Mendelssohn, 1963; but see Phelps, 1'981), whereas V' xanthina from

Turkey and surrounding areas is viviparous (Kratzer, 1968; Diesenet,1974;

Andren and Nilson, I9/6b). A closely related viper, V. raddei from Turkey,

Iran, and central Asian parts of the USSR is viviparous (Y,.ratzer, 7968;

Darevsky, 1966; Terentev and Chemov, 1965). The oviparous v,. palaestinae

occupies a warmer and drier region than do its viviparous relatives (Fig'

12). Eggs of Vipera palaestinae contain advanced embryos when laid

6och;; 1963). All three of the above species have been regarded as sub-

species of V. xanthina, but a recent reviiion (Nilson and Sundberg, 1981)
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elevates all of them to full specific status' As might be expected from

reproductive mode, v. raddeiind y. rhnthina are more closely related to

eaih other than to V. Palaestinae'--vi"ip"ri,y 
muy hu,r! evolved more than once n'ithin vipera. A11 of the

present-dayoviparousformsshowfragmentedheadshields'a"derived"
character relative to the unfragmented head shields of many viviparous

il;.i;t (Marx and Rabb, 1g65i' Hence' the present-day ovipar.us *ipers

are unlikely to be ancestral to the viviparous iot*s. Either (1) oviparity has

evolved from viviparity, or (2) viviparity in most present-day vipers

evolved from the ,,rirtii'", group,,, uut tne viviparous forms retained the

nrimitive feature of unfragriented head shields' whereas their oviparous

;;;;;;;; euotu"a fragi-rented head shields, or (3) viviparity in most

fi:;'h;;;;;;;J ir";a now-extinct o'iparous ancestor.. rhe third hy-

oothesis seems the most parsimonious andimplies at least two evolutions

bf viviparity in ViPera'
Finally, at least one more origin of viviparity is suggested b'v.a proposed

phylogeny of 'lpe.lJs.ute, llviuo and Iiabb' 1965; their Fig' 46) in which

t h e t w o v i v i p a r o u s A f r i c a n g e n e r a ( A t h e r i s a n d B i t i s , F i t c h , l 9 T 0 ) a r e
thought to hive evolved from oviparous forms'

VII. EVALUATIG'N c,F CAsiE HISTG'FIIES

A. Frequency of Evolution of Viviparity

The preceding analysis reveals at least 95 independent origins of.viviparity

among the living squamate gto-"!t Previous attempts to identify vivipa-

rous origins ,".og.u"Jat liintte and Gibbons' 7977) and 38 (Shine and

V.rllt, OVOI origini within gL""'u, or 71 (Shine' 1981) and75 (Blackburn'

ileil .ur", if u'tt origl.,t of"viviparity,-including those.at.the. suprageneric

level (i.e., where an entire g"ttt', iubfamily' or family. is viviparous) are

includea. Reviews by Blacfburn (1982, 1984' personal communication)'

"r,tirufy independent'of the present.study' have increased this total to 76

(4T in l i zards ,23 insnakes , l inamphisbaen ians) 'ascomparedto95(63 in
lizards, 30 in snakes, 2 in amphisbaenians) in the present.study' The two

analyses generally ugr"" o^^the.lineages involved in the evolution of

il;"",y:;u.,y or th"e discrepancies are due (1) to unpublished records of

,"piJ"iit"e bimodality and^phylogeny^obtained for the present study,

uifi.,o"gt unavailable to gtactbum, ind (2) to differences in interpretation

ol autl'on reproductive mode and phylogeny' For. example' Blackburn

(personal communicalion) argues thai phylogenetic reconstructions of

,t*" tu*u (e.g., Liolaemus, Eremias) are unreliable'

Although the number of independent evolutionary origins identified in

the preseit study is much higher than revealed in previous reviews' it is

fifceil.to be well below the uittul number. This reflects the conservative
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approach, which is coupled with inadequate information on the reproduc-
tion and phylogeny of most reptiles. However, two weaknesses of the
current estimate should be noted. The number may be reduced if oviparity
has often evolved from viviparity (rather than the reverse) or if available
phylogenetic reconstructions are seriously in error. Nonetheless, addi-
tional information is more likely to increase than decrease the total.

Of the 95 identified origins, some are less well-documented than others.
The data are least reliable in the 30 cases in which relatively distantly
related species with different reproductive modes are compared. Examples
are comparisons at the suprageneric level, for example, between genera
(Hemachatus versus Naja) or subfamilies (Boinae versus Pythoninae). It may
be that these groups are not as closely related to each other as we currently
believe and that the viviparous group has inherited viviparity from an
unrecognized viviparous lineage. Perhaps the best example here is the
viviparous Psammodynasfes; I have considered it an example of the evolu-
tion of viviparity because its phylogenetic affinities probably lie with
oviparous colubrids rather than with any recent viviparous species.

The evidence is more reliable in the 65 instances in which congeneric
species differ in reproductive mede. Most striking are the ten documented
cases in which both viviparity and oviparity occur within a single species or
small species-group (Table I). Only the single species Sceloporus aeneus was
accepted as containing both oviparous and viviparous populations in a
recent review (Tinkle and Gibbons, 1977), but this clearly is an underesti-
mate. Reliable documentation of reproductive bimodality is available for at
least ten such taxa, and data on a further eight species suggest that the
same phenomenon occurs (Table I). It is interesting that all eight of the
doubtful cases belong to genera in which viviparity is known to have
evolved. This may reflect either multiple origins of viviparity in related
species, or misidentification of similar species differing in reproductive
mode. Further data on these taxa would be of great interest.

Many taxonomists would view mode of reproduction as a taxonomic
character of sufficient importance to warrant elevation of related oviparous
and viviparous forms to full specific status. Recent studies have suggested
such divisions in the Vipera mnthina group (Nilson and Sundberg, 1987)
and the Echis carinatus group (Cherlin, 1981). Future taxonomic studies
may well divide many of the oviparous and viviparous "subspecies" listed
in Table I. Nonetheless, these taxa provide exceptionally clear-cut exam-
ples of the evolution of viviparity within small groups of closely related
animals. For six of the ten taxa, data are available to show that prolonged
retention of eggs in utero is common in oviparous populations (Helicops,
Rossman, 1973; Lerista, A. Greer, personal communication; Opheodrys,
Blanchard, 1933; Sceloporus Aeneus, Guillette, 7982a; Saiphos, Bustard, 1964;
Greer, 1983; Vipera, Kochva, 1963).

Despite the many evolutionary transitions from egg-laying to live-
bearing within the squamates, no single population of any species shows



Species

TABLE I
Squamate Species Reported to Show Both Oviparity and Viviparity

Source

AbI eph ar us biuit tatus"

Echis carirntus"

Helicops angulatus

Ler istn ltou ga inttillei

1 1 huplltodrys tcfitaLts'

P sammophylax z,ariolt ilis

Sceloporus aeneus

Saiphos equnlis

S1ireno morphus nigr ica ud u s

Vipera xanthina"

Amblyodipsas concolor

Mabuya capensis

M. carinata

M. sulcata
Phry no cephalus theobal di

Pseudechis guttatus
Rhaco dactulus leachianus

Sceloporus uariabilis

Sphenomorphus par dal is

Typhlops diardi

Aspidura drummondhayi

Boa constrictor

Cacophis kreffti

Diadophis punctatus

Incerta aiaipara
Lachesis muta
Iaticauda colubrina
Mabuy a quinquet aeniat a

Python regius

Sceloporus grammicus
T rimer e sur u s okinaa ensis

Xenodermus jaaanicus

Records Considered Relittble

Terentev and Chernov, 1965

Kramer and Schnurrenberger, 1963

Rossman, 1973; da Cunha and dos Nascimento,
1981; D. A. Rossman, personal communicatton

A. E. Greer, pcrsonal communication; Shine, per-
sonal observation
Blanchard, 1933

Broadlev, 1977

Guillette, 198i, 1982a

Shine and Thompson, unpublished; Creer, 1983

A. E. Greer, personal communication

Kratzer, 1968

Records of Uncertain Validity

Broadley, 1983

W. Haacke, personal communication

Smith, 1935; Badhuri, 1943

D. Horton, personal communication

Sergeev, 1940

Charles et al.,7979

Mertens, 1964

Werler, 1951; Fitch, 1970

Rankin, 1978
Wall, 1918; Smith, 1943

Records That Are Probably Inrralid

Gans and Fetcho, 1982

Hoover, 1936; Tinkle and Gibbons, 1977

Cogger, 1975; Shine, 1980b

Ditmars, 1.942; Tinkle and Gibbons, 1977

Lantz, 1927; Tinkle and Gibbons, 1977

Mole,].924
Smith, 1930; Smedley, l93t; Taylor, 1965; Fltch' 1970

Fitch, 1970; Spellerberg, 1976

Pope,1967

Smith, 1939

Fukada, 1965
Taylor,1965

,oviparous and viviparous subspecies elevated to full specific status by some authors.

bviviparity not seen but incubation period variable and sometimes so brief (4 days) that it

resembles other 
"viviparous" reptiles.
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both oviparity and viviparity. Even when a species exhibits both modes of

reproduction, the egg-layers and live-bearers inhabit different geographic

areas. Facultative shifts of reproductive mode are unknown.

El. Taxonornic Eliases

The 95 identif ied origins of viviparity encomPass all three squamate sub-

orders, and are distributed among 20 families (Table II). A compari-

son of the squamate suborders shows that viviparity has arisen at ieast 63

times in lizards, 30 times in snakes, and two times in amphisbaenians'

However, these apparent differences among suborders are due largely to

different numbers of species in each group. If the data are calculated as the

number of origins of viviparity per oviparous species in the suborder,

l izards average one origin per 47 species, snakes one origin per 54 species,

and amphisbaenians at least one origin per 40 species. [In this and subse-

quent calculations, species numbers are taken from the checklist of the

U.S. National Fish and Wildlife Laboratory (7978); the proportion of

oviparous forms in each taxa is taken from Fitch (1970), and other sources.]

Chi-square analysis demonstrates that the relative frequency of evolution

of viviparity does not differ significantly among the three suborders (ex-

pec ted  :  g5o r i g i ns  i n4693  spec ies  :  . 020 ;  d . f .  :  2 ,X '  : 1 .2 ,p> .5 ) .  One

corollary of this result is that the higher proportion of viviparous species in

snakes, as compared to lizards (Tinkle and Gibbons, 1'977), is not attribut-

able to a higher frequency of the evolution of viviparity in snakes. Appar-

ently, it reflects a greater speciation rate, or lower extinction rate, in

viviparous as opposed to oviparous snakes, a phenomenon that is less

pronounced in lizards.
The minimum number of separate origins of viviparity per squamate

family ranges from zero to 34 (Table II). As is true in the comparison among

suborders, the apparent differences among families in the frequency of

evolution of viviparity are partly due to different species numbers in each

family. However, even when this factor is taken into account, large differ-

ences among families remain (Table II). For example, the small family

Anguidae (10 oviparous genera, 75 species) shows at least six origins of

viviparity, whereas the larger Teiidae (38 genera, 230 species) is entirely

oviparous. Among the lizards, the relative frequency of evolution of

viviparity is highest among the anguids, skinks and cordylids, and lowest

among teiids, agamids, and geckoes. Among the snakes, viviparity has

arisen more frequently among vipers, boids, and elapids than among lep-

totyphlopids, typhlopids, or colubrids. Statistical analysis convincingly re-
jects the null hypothesis of equal probabilities of the evolution of viviparity

(per oviparous species) in the different families of lizards and snakes (n :

93 origins, 18 families, excluding cases where entire families are viviparous

or have less than 20 oviparous species; X' : 167.2,77 d'f., p << .001)'

Similar taxonomic biases are evident at the generic level. The present
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TABLE II
Minimum Estimates of the Number of Evolutionary Origins of Viviparity in

Each Family of Squamate Reptiles"

Nurnber of Origins of Viviparitv

Suborder Family
Absolute Number per Oviparous
Number Species in the Taxon

Amphisbaenia

Sauria

Serpentes

Amphisbaenidae
Trogonophidae

Agamidae
Anguidae
Chamaeleonidae
Cordylidae
Dibamidae
Gekkonidae
Helodermatidae
Iguanidae
Lacertidae
Pygopodidae
Scincidae
Teiidae
Varanidae
Xantusiidae

Aniliidae, Uropeltidae
Acrochordidae
Typhlopidae
Boidae
Tropidophiidae
Colubridae
Elapidae
Leptotyphlopidae
Viperidae

1
1
2
6
2
1
0
2
0

12
3
0

5+

0
0
1
1
1
1
I
1

14
3
0
8

0 . 0 1

0 .01
0 .08
0 .03
0 .03
0
0.003
0
0.02
0 .01
0
0.05
0
0

_ b

_b

_b

0.01
0.03

_i,

0.01
0.02
0
0.27

'Entirely viviparous families ornitted, unless phylogenetic data suggest an independent origin

of viviparity in ancestors of that group.
bCannot calculate: all present day representatives are viviparous.
cCannot calculate: reproductive data missing for most species.

review has identified 65 origins of viviparity within a genus among the 619
squamate genera containing oviparous species, so that the probability of
viviparity evolving within any one genus is 65 in 619, or 0.10. The probabil-
ity of two origins occurring by chance within a single genus is 0.10', or
0.01. Hence, multiple origins of viviparity within a single genus should be
extremely rare. In practice, the data reveal that more than half of the
within-genus origins (36 of 65) occur in genera with multiple origins of
viviparity. Thirteen genera account for these 36 origins. This figure proba-
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igins of Viviparity in

Origins of Vivipari tY

Number per Oviparous
Species in the Taxon

0 .01
_c

0.01
0.08
0.03
0.03
0
0.003
0
0.02
0.01
0
0.05
0
0

_1,

_t,

_ b

0.01
0.03

-b

0.01
0.02
0
0.27
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bly underestimates multiple origins, because they are difficult to detect
without strong phylogenetic data. Even allowing for the fact that many
genera would be unlikely to evolve viviparity because thev contain onlv
one or two species, this concentration of the evolution of viviparity within
a few genera is certainly nonrandom.

C. Evaluation of Hypotheses

1.  GUESTIONS ,A .ND C)ONCEPTS

The present-day distributions, morphologies, ecologies, and behaviors of
the species reviewed above may provide some indication of the conditions
under which viviparity evolved. Any selective pressure important in the
evolution of viviparity could be revealed at any or all of the following three
taxonomic levels:

1. Viviparity has evolved more often in some squamate families than in
others. Do the former groups show the characteristics predicted by
theory, whereas the other families do not?

2. Do the oviparous members of the genera in which viviparity has
evolved, show the theoretically predicted characteristics to a greater
degree than do other squamate genera?

3. Do the oviparous and viviparous forms within a genus (or species) differ
from each other in the characteristics predicted by theory?

Any trends seen at the familial or generic level (categories 1 and 2) are
likely to reflect factors that protoadapt a species to the evolution of vivipar-
ity. They will be characteristics shared by all or most members of a phy-
logenetic lineage. Of the hypotheses reviewed earlier, those concerning
species characteristics (e.g,, defensive ability, arboreal, aquatic, fossorial,
or secretive habits; egg-guarding; physiological constraints) are likely to
belong to this category, because closely related species are unlikely to differ
markedly in these respects.

In contrast, consistent differences among oviparous and viviparous con-
geners (category 3) are likely to reflect factors that are directly involved in
the transition from oviparity to viviparity. Hypothesized environmental
influences (e.g., climate, habitat) may vary among related species and,
hence, may be involved at this level. The comparison among closely re-
lated oviparous and viviparous species is a powlerful one, because of the
general similarity of the species being compared. This similarity controls
for many variables unrelated to reproductive mode. However, it may be
difficult to distinguish between intraspecific differences that have favored
the evolution of viviparity and the differences that have arisen subsequent
to the acquisition of viviparity. The change from oviparity to viviparity may
in itself select for a suite of related adaptations, for example, changes in
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thermoregulatory strategy (Guil lette et al., 1980), adoption of secretive
habits by gravid females, invasion of colder areas, even an increase in the

size of offspring (Shine, 1978). Year-to-year variance in egg survivorship is
l ikely to be decreased, thus affecting selective pressures on optimal repro-
ductive effort and age at sexual maturity (Murphy, 1968). Differences in

size of offspring and reproductive seasonality among oviparous and
viviparous subspecies of Sceloporus aeneus (Guillette, 1982a), confirm that

the evolution of viviparity may be accompanied by other changes.
The following analysis examines whether the characteristics predicted

by theory are exhibited by the taxa in which viviparity has arisen; either by

all or most species within a family or genus or by the viviparous as op-
posed to the oviparous species.

2, ANALYSIS AT THE F,A.MILIAL LEVEL

Each squamate family containing more than 20 oviparous species was rated

with respect to whether the majority thereof exhibits the characteristics

predicted by theory (Table III). Hypotheses concerning environmental un-

predictability, intensities of egg predation, frequency of reproduction (sin-

gle versus multiple clutches), and thermoregulatory mode could not be

tested, either because of difficulty in framing specific predictions from

these ideas or because of lack of the necessary data. The number of charac-

ters scored as positive for each family ranged from zero to five. This score

was not correlated with the relative frequency at which viviparity had

evolved (combining data from Tables II and IlI, n : 78, r ' : 0.04, n.s.).

Indeed the combined score for the nine families with the highest frequencv

of viviparous origins (20) was almost the same as that for the nine families

with fewest origins fn : 18, Table III].
Some trends are apparent from an analysis of individual factors. Most

taxa tend to occupy hot rather than cold climates, as would be expected
from latitudinal gradients in reptilian species diversity. Very few families

include primarily aquatic, arboreal, or slow-moving species or forms that
are largely restricted to very dry or very moist soils (Table III). Maternal

care occurs in several of the families, especially among snakes, but is not

clearly correlated with the evolution of viviparity at this level of analysis.
Within snakes, viviparity may have arisen most often in large and

venomous species (Table III). The relative frequency of viviparous origins
is highest in the Boidae, Viperidae, and Elapidae, is intermediate in the
primarily nonvenomous Colubridae, and is lowest in the small fossorial
Leptotyphlopidae and Typhlopidae (Table II). Although venomous species

comprise fewer than one-fourth of the colubrid genera (Underwood,1979),
they represent six of the 14 identified origins of viviparity within the Co-

lubridae. Overall, viviparity has arisen at least 25 times within the "ad-

vanced snakes"; eight of these origins occurred within the approximately
170 nonvenomous oviparous genera of the Colubridae (percentage of ori-
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gins among genera is 4.77o), six origins occurred among the 70 venomous
oviparous colubrid genera (8.6E"), and the remaining eleven occurred
among the 43 highly venomous oviparous eiapids and vipers (25.6%).
These data enable rejection of the null hypothesis that the relative fre-
quency of evolution of viviparity is the same in all families of "advanced

snakes" (x '  :  115.3,2d. f . ,  p  << .001) .  Also,  the f requency wi th which
viviparity has evolved in venomous snakes (17 origins in 113 genera) is
significantly higher than in nonvenomous snakes (13 origins in 170 genera;

X' : 4.3, 1 d.f., p < .05). These data suggest that possession of potent
venom acts as a major protoadaptation to facilitate the evolution of vivipar-
ity in snakes.

Data on l izards do not reveal such clear ecological or morphological
differences among families with different frequencies of the evolution of
viviparity. Viviparity has evolved most often in anguids and scincids, and
least often in teiids, varanids, pygopodids, gekkonids, and agamids (Table
II). Although no obvious trend emerges from Table III, it may be significant
that many anguids and scincids are secretive animals adapted to moist,
cool habitats. In contrast, the other taxa (especially agamids, varanids,
teiids, and pygopodids) tend to predominate in hot dry areas. The lizard
families with an intermediate frequency of viviparous origins (Iguanidae,
Lacertidae, Cordylidae, Chamaeleonidae) appear to be intermediate on
this habitat continuum.

3, ANALYSIS AT THE GENEFIIC LEVEL

Factors that protoadapt a species for the evolution of viviparity also may be
looked for at the level of the genus (or group of genera) in which viviparity
has arisen. Many of these groups show the characteristics predicted by
theory fiable IV), but the problem is to determine whether the frequency
of any factor among the groups is higher than would be expected by
chance (i.e., from a random sample of squamate genera). Such "expected"

frequencies from a sample of 7077 squamate species are given by Shine and
Bull (1979; their Table 3). Analysis indicates that most characteristics tested
are found about as frequently in the taxa with viviparous relatives as in
Shine and Bull's (1979) "random" sample. The proportion of arboreal taxa
is 0.14 in Table IV and 0.10 in the "random" sample; the difference is not
significant (X2 : 0.06, 7 d.f ., n.s). Corresponding figures are 0.05 and 0.05
for aquatic taxa (12 : 0.0, 1 d.f., n.s.), 0.20 and O.f Slor taxa inhabiting dry
areas (1' : 0.3, 1 d.f ., n.s.), and 0.1,6 and 0.12 for taxa in areas of moist soil
(X2 : 0.9,1 d.f., n.s.). In contrast to the theoretical prediction, the propor-
tion of taxa inhabiting "cold" climates is lower among the groups in Table
IV Qn than among squamates in general (0.44), a difference that is statisti-
cally significant (12 = 9.3, ! d.f., p < 0.0\ but is probably due to the
inclusion of viviparous species in the "random" sample of Shine and Bull
(1979). Considerably more genera were found in hot (0.43) rather than cold



!
!

< a

a
!

a ^  E  '  -  q  r

i  .  F . i  i  ? i  i r  F . 3 t

s ssgss gSi; ; s 3gsgsis:iii s,

< d i

.i .i dj $ ri <i N qi oi d ..'i 6i di < ri o s od o, d a + n : n

J

6 6

e E .
3 "  "  I€ i  r  t  f  E  t
;  E  t  t s  n X  := 4 & 4 ; J

i s  5  6  3 3  - 4

ong the 70 venomous
ring eleven occurred
and vipers (25.67a).
that the relative fre-
amilies of "advanced

requencv with which

;ins in 113 genera) is
origins in 170 genera;
possession of potent
: evolution of vivipar-

cal or morphological
:s of the evolution of
ids and scincids, and
;, and agamids (Table

, it may be significant
rls adapted to moist,
r agamids, varanids,
dry areas. The lizard
is origins (Iguanidae,
r be intermediate on

-EVEL

dviparity also may be
a) in which viviparity
:eristics predicted by
hether the frequency
ruld be expected by
ra). Such "expected"
'e given by Shine and
characteristics tested
rarous relatives as in
rtion of arboreal taxa
the difference is not

rres are 0.05 and 0.05
rr taxa inhabiting dry
in areas of moist soil

'ediction, the propor-

;the groups in Table
erence that is statisti-
probably due to the
:le of Shine and Bull
).43) rather than cold

. 9
!
6

3 A

E 9

5 E

3 . : t s i

i

a

;.
r

,
a
E

c
t

' E

q

k

a

rt)

( J o

9 3
: 5 >
> , o
s >
- tJl

Q,) o
x . q

p . > _
q t

H 6

i . :
rl

> t - c
H F >

5  h c
- . . F  6
.1 0, 0J
F  E . 6

E t
Fr qJ
o Z

o l !

E ( , )

E o
r i  0 J

9 6

-c 0J
> E

0l

q,

o
o

6
o

a

t'

.a

3

r t



=1
l

x / . x x xX X X X

R \ R R g 6 i g  s g B h g s g n $ s $ 9 $ 5 5 9 8 8 G 8

L

+ = L P -
5 !

- a L 6b o  o  i  + -  i  B o  ^  !  ;

F  " !  E  S i t i  a  "  * i * * s  . 1 i
3 i  * ! . :  T s i i  i a [ " q $ i E s  i s r ti i  3 s + S  S S S F  s 3 ! i :$i ss g$s c*! it i s€ ss € : i S i : s : iiS i

E

?
c

F

$ r  E
J C

- o

z -

i 6 y ,
3 Y

& - !

- ' z  <

q

O

!

a
a

b

;

q

c

.+
c

c

=

!

U

!

F

U

gr
F.]

F



i l  , " , 1  t

€ A F  i

ts t!! tr

d ; E  -
F- :  z  t

: , 2 ; .  Z
' i  -  : , ' :  L

2 t + t  - -
Y ; r r  g

e &-++ ;
i , -  i  ^ ,  -
: : F ; . 1

R b A i  L

i ?  i  " , "  E

_ e  E Y . :  i
E P E ; ;
Q o ; P  ^
- * *  i  !
U 5 s o i

E . :  E -  :
:  x o :  c

E  F . f f :  t
a P ;  t  ?
o  ! S  

-

E !  0  !  q

E :  g ^ e . 6
d  k ; =  I

E i . : ; ;
F E ; i 1 . ?
! 3  E  E  E
E E i v 2
:  >  U E  . .
. = U  6 g  <

! 5 S :  g
: . ^ >  x  e

h : E E  E

E  s  $ ; :  a
i E i  v  v  F
> : :  -  : ;

! u S €  i ' i
; g ! 1 3 . E E
q 9 0 - e E E
H ;  S 5  : :
i  !  i n r  i !

a t E  I  e  e
r  . 5  o  -  i

s  9  E E  9  &
3 i B E t r E

o

i

c

/ . x x / / l x

l l x x x

7

e a  +  i  3  { E  i  € i a  $
[ T  A F " a F  i . F r  e ,  F  .  ; * s  : ,€ F :  b . E : :  f f l i : ; * l u t .  l s i t g tE F €  E  5  $ € r  E  r  i s  $ g  F :  t  {  g  $ i  t  =  F i  F  I  r  a; ;  s  r  s  3  € . ' s  i , ! E  r  5 s ;  t  &  i  F * E  f  s :  S S  E ;

o

9  9 .  F ^
q P q l t t
3 M t :

F " :  F . H  F  t S . ! r
s s F : € . - '  + b : =
!  i  F  { €  €  s  I  s  I  F; r s S E ; g * E E : .
> : :  >  >  I ;  F F ; ;

!

s

f i  6 3 h n f l  ? E t ? s €  s b s % R F R ( R K R R K R S a

* q

5

671



67e THE E\/OLUTIG,N C,F VIVIPAFIITY IN FIE;'TILEA

(0.27) areas, probably reflecting the higher numbers of reptilian species in
warm climates.

Maternal care is almost twice as common (0.7) among the oviparous
relatives of live-bearers than among a sample of 23I oviparous squarnate
genera (Shine and Bull, 1979), although the difference falls short of statisti-
cal significance when calculated in this way (X2 : 3.5, 1 d.f., p : 0.06).
However, closer analysis confirms the association between maternal care
and the evolution of viviparity, The probability of viviparity evolving
within a genus of squamates (i.e., a genus with both oviparous and vivipa-
rous members) is 65 in 619 or 107o. The probability of viviparity evolving in
a genus in which brooding also has been recorded is 12 in 31 (39%). The
difference is significant (Xt : 25.7, 7 d.f., p < .001). Also, there are many
brooding species in genera that are believed to be the closest oviparous
relatives of viviparous genera (e.9., Ophisaurus, I lnja, Python).

No published estimates of expected frequencies are available for the
other characteristics listed in Table IV, but the observed frequencies of
fossoriality (0.28), large body size and/or venomous capacity (O.Zt), ana
nondependence on speed (0.17) seem to be higher than one might expect
among a random sample of squamates. However, it is difficult in these
cases to distinguish an ecological bias from a taxonomic one. For example,
76 of 23 fossorial genera are scincid lizards, and seven of the 14 genera
containing species that do not depend on speed for feeding or for escape
from predation are vipers. The high proportion of venomous taxa in Table
IV reflects the high frequency of viviparous origins in venomous snakes.

4.  ANALYSIS AT THE SPECIES LEVEL

The preceding sections have searched for protoadaptations that result in
viviparity evolving more often in certain taxa than in others. However, the
selective forces actually driving the transition from oviparity to viviparity
may best be investigated by looking for consistent differences between
closely related oviparous and viviparous species. Such differences are here
examined with respect to hot or cold climates, moist or dry soils, invulnera-
bility to predation, nondependence on speed, and fossorial, secretive,
aquatic, or arboreal habits. The prediction that maternal care favors the
evolution of viviparity cannot be tested by a comparison of oviparous and
viviparous forms, because maternal egg-guarding is impossible for a live-
bearer. The prediction concerning rates of nest predation cannot be tested
because of insufficient data.

An immediate problem is to decide on the criteria by which a prediction
can be considered supported. With regard to the "cold-climate" hy-
pothesis, for example, is the prediction confirmed only (1) if all live-bearers
occupy cooler habitats than all egg-layers, (2) if live-bearers tend to be in
cooler areas, or (3) if the species inhabiting the coldest climate is vivipa-
rous? The decision is difficult, because the only direct prediction from
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theory is that viviparity evolved in the coldest part of the geographic range
occupied by the taxon af that time. The pattern may well have been ob-
scured by subsequent speciation and shifts in distribution, and possibly
even by reversals in reproductive mode.

Table V presents the results of an analysis of the viviparous origins with
respect to the three criteria previously given for the "cold-climate" hy-
pothesis. Of the 95 squamate taxa in which viviparity has evolved, 35 cases
are accompanied by such poor data, or have apparently been followed by
such extensive speciation, that they do not permit any comparison among
the climates occupied by live-bearers and by egg-layers. In a further seven
cases, the available data do not reveal any clear differences between ovipa-
rous and viviparous forms. Most of the remaining 53 cases show a strong
bias toward viviparous species being found in colder climates. The most
stringent criterion (all live-bearers in colder areas than all egg-layers) is met
in 40 of the 53 taxa (74Vo), whereas the least stringent (the single coldest
climate is occupied by a live-bearer) holds in 48 cases (977a). The similarity
of these results using different criteria reflects the high proportion of
groups in Table V that contain only a single viviparous species or sub-
species and for which the different criteria yield identical results. Only in
two cases do the data negate the prediction that viviparous species occur in
colder climates; both cases involve the scincid genus Lygosoma, for which
the live-bearers occupy hotter, drier climates than their congeners. Overall,
the bias toward viviparity in cold climates is very strong. Using the most
stringent criterion (all live-bearers occupy colder climates than all related
egg-layers), and treating the seven cases lacking clear climatic differences
as definite exceptions (i.e., live-bearers assumed to be in warmer areas),
the observed bias toward viviparity in cold (39 of 60 cases) still differs
significantly from the null hypothesis of 50Vo (y2 : 5.4, I d.f ., p < .05). An
independent review of viviparous origins by Blackburn (7982, and personal
communication) also concluded that most origins had occurred in "cold"

climates.
Although quantitative analysis is difficult, the data in Table V offer little

support for the generality of alternative hypotheses on environmental con-
ditions that favor the evolution of viviparity. The strong association among
viviparous taxa and unusually cold climates (Table V) in itself casts doubt
on the generality of other hypotheses. This result is certainly inconsistent
with the hypothesis that viviparity commonly evolves in hot climates or
"unpredictable" environments with only a slight bias toward cold.

However, the result is consistent with the idea that single clutching is an
important protoadaptation for viviparity; reproductive frequenry is likely
to be lower in cooler climates (Fitch, 1970). A problem with this hypothesis
is the lack of data on reproductive frequencies for almost any of the taxa
listed in Table V; available information would suggest that double clutch-
ing is likely to be rare, even in oviparous forms (e.g., Fitch, 1970). This
simply may reflect inadequacies of the data (Tinkle and Gibbons, 1977).
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Another objection to the clutch-frequency h1'pothesis is the observation
that many of the viviparous forms in iable"V occur in severely cold regions;
the hypothesis would predict the evolution of viviparity in regions slightlv
too cool for double clutching, and these environments probably would be
relatively mild and temperate rather than severely cold ones. Nonetheless,
the data do not falsify the clutch-frequency hypothesis.

The number of taxa fitt ing the predictions that viviparous forms pre-
dominate in areas of wetter soll (7 , or 13Vc\ or drier soil (5, or 9%) are much
iower than the number of taxa fitt ing the cold-climate trend. The cases in
which live-bearers are found in more mesic areas all involve taxa for which
the live-bearers are also in cooler areas and may reflect a correlation be-
tween temperature and moisture rather than an independent effect of
moisture (as suggested by Guil lette et al., 1980).

There are no substantial data in support of the predictions that vivipa-
rous species are likely to be more formidable (large or venomous), more
slow-moving, or more fossorial or secretive (Table V). One of the vivipa-
rous cordyline genera Ch(unaesaura is elongate but not truly fossorial; the
oviparous cordylines have normal-sized limbs. The opposite trend is seen
in Australian Leiolopisma, in which the oviparous "baudini group// are more
elongate and fossorial than their viviparous relatives. The prediction that
viviparous species rely more on crypsis than on speed to escape predation
may hold for the slow-moving viviparous Psnmmophylax aariabilis; the
oviparous P, rhombeatus is more active (FitzSimons, 7962). However, no
data are available on motor patterns of the oviparous subspecies of P.
aariabilis.

The association of aquatic habits and viviparity is strongly confirmed for
Elaphe rufodorsata, but the species inhabits small streams rather than large
bodies of water; hence, females would not be faced with a long migration
to land for eggJaying. Thus, E. rut'odorsata is not aquatic in the manner
envisaged in Neill's (196a) hypothesis; it is probably more in accord with
the "moister soil" prediction (Sowerby, 1930). A greater tendency toward
arboreality in viviparous forms is evident within Lobulia, the Sceloporus
" grammicus grovp ," and perhap s the Sphenomorphus " 

fasciatus group" (of 5
oviparous and 3 viviparous members, all are fossorial except the arboreal
viviparous S. tenuis and perhaps S. murrayi).

The prediction that viviparous species will be more heliothermic than
their oviparous relatives is not tested in Table V, because the necessary
detailed data are lacking for most groups. However, data on six groups
suggest that this prediction may often be verified: viviparous species are
more diurnal and heliothermic than their oviparous relatives (Coronella,
Steward, 1977; Hemachatus, FitzSimons, 7962; Anguis, Schmidt and Inger,
1957; Naultinus, Y{erner and Whitaker, 7978; Pseudechis, Cogger, 1.975;
Shine, 7979; Leiolopisma entrecasteauxii, Cogger, 1975; Shine, 1980a). In the
last four taxa listed, the data indicate that the gravid viviparous females are
most clearly heliothermic; presumably, basking is prolonged in order to
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accelerate embryonic development. Interpretation of this thermoregulatory
difference among oviparous and viviparous relatives is difficult; three pos-
sibilities are that (1) heliothermy favored the evolution of viviparitv, that
(2) heliothermy evolved as an adaptation to viviparity, and that (3)
heliothermy is an adaptation to the cooler climates occupied by the vivrpa-
rous members of all these taxa. Similarly, a tendency for arboreality in
viviparous sceloporine lizards mav have evolved for thermoregulatory
enhancement (Guillette et al., 1980). Undoubtedly, the oviparous and
viviparous relatives listed in Table V exhibit many ecological differences
not discerned in the present analysis; the documentation of such differ-
ences is an important task, but it is a task for biologists with first-hand
knowledge of the relevant group.

vl l l .  coNcLUsloNs

A summary of hypotheses, predictions, and tests of predictions on reP-
tilian viviparity (Table VI) reveals a complex picture. The "cold-climate"

hypothesis has strong empirical support, in that "recently evoived"
viviparous species occur more consistently in cooler climates than do their
oviparous relatives. Weaker evidence for the role of coid climates also
comes from the present-day distribution of viviparous species (e.g.,
Weekes, 1935; Sergeev, 1940) and from a tendency for recently evolved
viviparous species to inhabit climates that are subjectively judged as "cold"

(Shine and Bull, 7979; Blackburn, 1982). Although the hypothesis that
viviparity evolves in cold areas is supported, the exact nature of the selec-
tive force remains unclear. Several alternative versions of the "cold-cli-

mate" hypothesis have been proposed (Shine and Bull, 7979), and rePro-
ductive frequency also correlates with this factor.

Cold climates seem to have been the most important single selective
agent favoring viviparity, but it is equally obvious that not all cases are
explicable by this single force. For example, the origins of viviparity in
Lygosoma, Cerastes, Sphenomorphus fragilis, and S. nigricaudus are difficult to
reconcile with the "cold-climate" hypothesis. Other hypotheses on envi-
ronmental influences either have not been tested (e.g., nest predation) or
are unlikely to have general importance (hot climates, unpredictability, soil
moisture).

Among factors that protoadapt a taxonomic group to evolve viviparity,
the most important may be venom in snakes and maternal brooding behav-
ior. Minor biases may be introduced by other factors. There is no evidence
to support the hypotheses that arboreality or aquatic habits are major
protoadaptations for viviparity (Table VI). The significance of physiological
constraints remains untested.

The broad correlational analysis of the Present study is designed to
identify maior and consistent biases in the evolution of viviparity' The
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ability of the "cold-climate" hypothesis to explain most cases makes it
unlikely that the alternative predictions have generality. However, correla-
tional analyses are incapable of detecting factors that are important only in
a few cases. Hence, none of the factors hypothesized to be important in the
evolution of viviparity (Table VI) can be dismissed; any one of them may
have been crucial in a particular case. Nonetheless, only the few hypoth-
eses supported by data (Table VI) are l ikely to have general importance.
They are capable of explaining strong biases in the taxa in which viviparitv
has evolved. For example, the probability of viviparity evolving within any
given genus of snakes averages 6.7Va for all snakes (18 within-genus ori-
gins in 294 genera with oviparous species), but this rises to 75% among
genera with venomous species and to 35% among genera in which mater-
nal care has been reported. Where both factors combine (venomous and
brooding), the probabil ity rises to 66% (six origins among nine genera).
Within any genus in which viviparity has arisen, live-bearers usually oc-
cupy colder environments than egg-layers (Table Y; 87% of cases if all
uncertain cases are taken as exceptions; 96Vo of all cases for which sufficient
data are available to make a clear judgment).

As these results are based on correlations, causation is inferred but
cannot be demonstrated. Even those cases that accord with prediction may
do so for a reason other than the one suggested. For example, a particular
viviparous taxon may occupy a cold climate simply by chance or because of
a rapid radiation into that environment after viviparity evolved. Also, re-
versals of reproductive mode (viviparity to oviparity) or errors in phy-
logenetic hypotheses may confound specific cases in the above analyses.
Hence, it remains useful to continue tests by considering groups for which
no breeding data are yet available. However, any evidence based on corre-
lations is open to many alternative interpretations. Nonetheless, the data
do strongly support the predictions of several hypotheses and falsify
others; they provide the strongest evidence to date on the origin of vi-
viparity.

The logical next step is to search for additional cases and to undertake
detailed ecological and physiological studies on closely related oviparous
and viviparous squamates. Such studies can overcome many of the prob-
lems associated with broad correlational analyses; for example, by directly
measuring variables such as temperatures of nests and gravid reptiles,
sources of egg mortality, and "costs" of egg retention (e.g., Guillette, 1987,
7982a,1982b; Shine, 1980a,1983b). This information should serve to illumi-
nate the selective forces involved in the transition from oviparity to vivipar-
ity and to provide tests of many of the hypotheses and conclusions of the
present studv.
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