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ular case [see Warner and Hoffman (1980) for a test of
Eq. (1) in some particular cases].
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When confronted with the academic question of sex-
ratio evolution, the untrained person typically sup-
poses that natural selection favors a female excess in
the population. However, research spanning halfa cen-
tury has led sex-ratio experts to conclude that a female
excess is favored only under unusual circumstances.
An objective evaluation of sex ratios in reptiles with
environmental sex determination offers the humbling
prospect that the nonexperts are closer to the truth,
The failure of sex-ratio theory to explain reptilian sex
ratios stands in sharp contrast to its empirical success
in other groups and thus warrants special attention.

The unexplained sex-ratio phenomena in reptiles
come chiefly from species with temperature-dependent
sex determination: incubation temperature determines
whether embryos hatch as male or female in perhaps
all crocodilians, many turtles, and at least a few lizards

(Bull, 1980; Raynaud and Pieau, 1985). Two problems
arise in understanding sex-ratio evolution in these sys-
tems. First, there is no clear advantage of environ-
mental sex determination. Second, the primary sex ra-
tio of many species heavily favors females (reviewed
in Bull and Charnov [1988]). Here, we illustrate how
sex-allocation theory addresses each of these problems,
and we discuss empirical evidence in light of the rel-
evant models.

Hypotheses for Evolution of Environmental
Sex Determination and a
Skewed Primary Sex Ratio

Charnov and Bull (1977) proposed a model to ex-
plain the evolution of environmental sex determina-
tion which assumes that sex is determined in response
to an environmental factor differentially influencing
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fitness as male versus female. That model provides the
foundation for the analysis here. Define variables as
follows:

t = the environmental determinant of sex (e.g.,
egg temperature), distributed as a contin-
uous variable

r = the primary (1°) sex ratio among all prog-
eny in the population, calculated as the
proportion male that would be observed
at any stage of the life history if all con-
ceived progeny survived to be counted

Wa() = “fertility” of an individual exposed to ¢ if
it develops as male, defined as the ex-
pected lifetime fitness of a male (exposed
to ¢) divided by the fitness of a standard
male

W(f) = the corresponding fertility as female, rel-

ative to a standard female

W_ = the average male fertility over the popu-

lation of males

W, = the average female fertility over the pop-

ulation of females.

We imagine that each individual is exposed early in
life to an environment whose attributes include some
value of ¢ = T. Its lifetime fertility is W(7) if it be-
comes male, W, (T) if it becomes female. All “fertili-
ties” W (f) and W, () are measured as fitnesses divided
by the fitness of an arbitrarily chosen individual of the
same sex; because of this scaling, fertilities do not vary
with sex ratio and do not equal total fitness. We con-
sider randomly mating populations, and aside from the
possible fitness effects of ¢, the assumptions underlying
this model are the same as those underlying Fisher’s
(1930) model of sex-ratio evolution for the special case
that the cost of a son equals the cost of a daughter (cf.
Bull and Charnov, 1988).

The Form of Environmental Sex Determination.—
Under these assumptions, environmental sex deter-
mination evolves as an individual’s response to ¢ in
developing as male or female, and the form of envi-
ronmental sex determination favored is readily antic-
ipated from the ratio W (f)/ W(t). When the sex-ratio
response has evolved to its evolutionarily stable form,
there will be some threshold value of this ratio (¥),
such that only males develop at values of ¢ for which
this ratio exceeds ¥ and only females develop at values
of ¢t for which this ratio is less than V; the value of ¥V
depends in a complicated manner on the distribution
of t and on the fitness functions W (f) and W(¢). For
W.(t) and W(¢) of biological interest, there will be at
least one value of ¢ (designated as ¢ = r) such that W, (r)/
W(r) = V. The evolutionarily stable form of environ-
mental sex determination will change from all one sex
to all the other sex at = (referred to as a sex-determi-
nation threshold). In principle, there is no limit to the
possible number of such thresholds. In summary,
therefore, environmental sex determination is favored
whenever ¢ differentially influences male and female
fertility, so that the ratio W _(¢)/ W, (f) varies with ¢
(Charnov and Bull, 1977; Charnov, 1979; Bull, 1981).

Population Primary Sex Ratios.—The equilibrium
primary sex ratio among all offspring does not generally
obey Fisher’s sex-ratio equilibrium of ¥z, but it instead
satisfies the following rule:

1 W (%) 1 wWi#)

P W, 1-7 W, (12

or

(1b)

where carats indicate values taken at an evolutionarily
stable equilibrium (Charnov, 1982; Frank and Swing-
land, 1988; Charnov and Bull, 1989a). Equation (la)
equates the total fitness of a male and female raised at
t = 7. The terms 1/7 and 1/(1 — F) represent the Fish-
erian, frequency-dependent components of selection
that, by themselves, select a primary sex ratio of Y.
The factors W, (7)/ W,, and W (?)/ W, are therefore the
basis of non-Fisherian sex ratios in this model. Each
ratio is the fertility of an individual raised at # relative
to the average fertility for its sex. Their inclusion into
the sex-ratio equation can be understood by noting,
for example, that if some individuals are born at values
of ¢t enabling them to become males of above-average
fertility or females of average fertility, selection clearly
favors development as males under these circum-
stances (aside from sex-ratio considerations; cf. Trivers
and Willard, 1973; Charnov and Bull, 1977). Recalling
that # is a value of ¢ at which the sex ratio changes
from all-male to all-female (at sex-ratio equilibrium),
it is necessarily also a value at which the fitness of an
individual is independent of its sex, hence the equality
in (1a). It is thus apparent that non-Fisherian sex ratios
arise in this model from fitness effects of ¢ within a sex.

Equation (1) is useful in that it describes the mini-
mum magnitude of environmental effects on fertility
required to maintain a skewed primary sex ratio. An
equilibrium sex ratio of ¥s requires that the relative
fertility of a threshold male be half that of a threshold
female. In some cases, the relative magnitudes of W (r)/
W, and W (7)/ W, can be anticipated trivially from
knowledge of W, (f), W(t), and the distribution of ¢,
in which case a male excess or a female excess can also
be anticipated. In other cases, these magnitudes will
not be so obvious, and it will be difficult to predict
even the direction of sex-ratio skew without detailed
calculations. In particular, one cannot predict whether
males or females should predominate at equilibrium
merely by knowing the form of environmental sex de-
termination; the primary sex ratio depends on the ra-
tios W, (7)/W,, and W(#)/ W;, whereas the form of
environmental sex determination depends on W,_(t)/
W (¢) across ¢ (Charnov and Bull, 1989a).

In species with environmental sex determination,
the hatchling or secondary (2°) sex ratio may be more
easily observed than the primary sex ratio. Under rea-
sonably general conditions, a skewed secondary sex
ratio contains information about the average post-
hatching fertility effects of ¢. Define an individual’s
lifetime fertility as the product of two functions: sur-
vival from conception to hatching, s(¢), and posthatch-
ing fertility, W’ .(t) for males and W’ (¢) for females.
The equilibrium sex ratio among surviving hatchlings,
R, obeys the rule

@




NOTES AND COMMENTS

1563

TaBLE 1. Sex ratios reported in reptiles with environmental sex determination. Stage of life history at which
the sex ratio was measured: 1° = primary sex ratio (of nests); 2° = secondary (of hatchlings). The sex ratio here
is the proportion male, usually rounded to the nearest 0.1. Values obtained from different studies for a single
species have been averaged in most cases. Original references and comments on the data were provided in Bull
and Charnov (1988), except for the study of Mrosovsky and Provancha (1989), which reports a sex ratio of 0.1

in loggerhead sea turtles.

Sex-determining temperatures

Life-history
Reptile Sex ratio stage Male Female

Crocodilians

Alligator 0.2 I°, 2° warm cool

Freshwater crocodile 0.35 204 intermediate hot and cold
Turtles

Loggerhead sea 0.1,0.5 1° cool warm

Green sea 0.3,0.5 1° cool warm

Leatherback sea 0.5 1° cool warm

Snapping 0.3 1° intermediate hot and cold

Map 0.35 2° cool warm

8 The primary sex ratio is apparently even more skewed toward females, but the magnitude is unknown.

If all fertility effects of temperature are manifested in
survival to hatching, the equilibrium secondary sex
ratio is ¥2. We emphasize that (2) does not apply if male
and female embryos exposed to the same value of ¢
survive to hatching at different rates, but available data
do not offer much insight concerning the plausibility
of this assumption.

The arguments in this section have incorporated the
Charnov-Bull framework. Sex-allocation theory pro-
vides alternative models to account for non-Fisherian
sex ratios and for the maintenance of environmental
sex determination (see general treatments by Charnov
[1982], Bull [1983], and Karlin and Lessard [1986] and
a special model proposed by Huey [1982]). Our focus
on one model should not be construed as an unwill-
ingness to consider alternatives. Rather, despite the
fact that the Charnov-Bull model has been the focus
of most recent attempts to understand the evolutionary
significance of environmental sex determination (Con-
over and Heins, 1987; Naylor et al., 1988; Deeming
and Ferguson, 1989; Webb, 1989), there has not been
a succinct presentation of its joint implications to the
evolution of environmental sex determination and
population sex ratios, which is our objective here.

Observed Sex Ratios

Primary and secondary sex ratios reported from rep-
tile populations with environmental sex determination
are consistent with ¥z or favor females (Table 1). The
studies vary in the degree to which collections neces-
sarily reflect population-wide sex ratios, but at least
some studies appear to be relatively free of such prob-
lems, and extreme female excesses are reported for
these species as well: the crocodilians and snapping
turtles (summarized in Bull and Charnov [1988]; see
also Mrosovsky and Provancha [1989]).

The sex ratios are no more skewed in these reptiles
than in other species with environmental sex deter-
mination or in sex-changing species, and (1) appears
to explain the skews in these other cases (Charnov and
Bull, 19890). Yet the success of (1) in these other species
lends no credibility to the model’s validity with rep-

tiles. These nonreptilian examples all involve species
in which life-history considerations suggest that a large
portion of the population experiences values of ¢ that
yield low fitnesses, and these fitness considerations in
turn are consistent with the direction of observed sex-
ratio skews.

In reptiles, however, there is no basis for arguing that
nests are often laid at ¢ values so extreme as to induce
major fitness decrements. It is indeed true that incu-
bation temperature per se can affect embryonic sur-
vival (Gutzke and Packard, 1985; Webb and Smith,
1984; Webb, 1989; Yntema and Mrosovsky, 1980),
but there are few reports on the extent to which tem-
perature might directly influence survival in natural
nests (Webb [1989] is exceptional in reporting that
temperature per se is a leading cause of natural em-
bryonic mortality). Of greater concern, perhaps, is the
possibility that nest temperature might be correlated
with some common cause of nest mortality. For ex-
ample, cool nests slow embryonic development and
may enhance exposure to lethal factors such as flooding
(Webb, 1989; Webb and Smith, 1984) or failure to
hatch before winter (Bull, unpubl. [observations on
map turtles]).

Empirical estimates are not available on the mag-
nitudes of these effects in natural populations, but even
in the absence of such estimates, theoretical arguments
call into question whether the choice of grossly sub-
optimal ¢ values would persist under natural selection:
nest site is a consequence of maternal behavior, and
mothers are potentially capable of avoiding values of
t that yield low offspring fitness (Schwarzkopf and
Brooks, 1987; Bull et al., 1988). At the evolutionarily
stable equilibrium for unconstrained female choice of
t, any association between ¢ and fitness within a sex
should vanish, yielding a sex-ratio equilibrium of %
(Bull, 1981); this result holds whether the fitness effects
of ¢t are frequency-dependent or frequency-indepen-
dent and with density-dependent or density-indepen-
dent female choice of ¢ (the use of suboptimal ¢ is
expected if there is any cost to female choice of nest
sites).
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Of course, a mother’s lifetime reproductive success
depends on the number of clutches she produces as
well as on average clutch fitness, and her total repro-
ductive success may be maximized by compromising
clutch fitness to increase clutch number. It is difficult
to anticipate the covariance between ¢ and offspring
fitness that would stem from these constraints, but it
should be possible to conduct field studies to obtain
this information. Reptilian nests typically experience
substantial levels of mortality, so it should be feasible
to determine whether nest mortality is correlated with
¢t and whether the primary sex ratio is skewed in the
corresponding direction. Nest mortality cannot ac-
count for skewed secondary sex ratios, but if it is gen-
erally found that primary and secondary sex ratios fa-
vor the same sex, the possibility should be entertained
that prehatching survival effects of ¢ are correlated with
posthatching survival or fertility effects. In fact, Webb
(1989) provided the first analysis of pre- and post-
hatching effects of temperature on survival, and in-
spection of the data suggests that the two effects may
be correlated.

Why Environmental Sex Determination?

The very existence of temperature-dependent sex de-
termination in reptiles also poses an evolutionary di-
lemma. Models indicate that temperature-cued envi-
ronmental sex determination will be favored if
incubation temperature has different fertility conse-
quences for males than for females (Charnov and Bull,
1977; Bull, 1981). Environmental sex determination
is selected against if between-year fluctuations in the
environment generate sex-ratio fluctuations, and as
fluctuations of this sort would seem to be unavoidable,
it may be concluded that environmental sex determi-
nation will be maintained only if it has a compensating
advantage (Bull, 1981).

A major empirical question is thus whether incu-
bation temperature has differential effects on male and
female fertility in reptiles consistent with the require-
ments of the model. Two lines of inquiry have been
proposed: 1) direct measure of temperature effects on
development and ii) a search for patterns between life-
history characteristics and the form of environmental
sex determination. The direct approach has yielded
several demonstrations that temperature and other in-
cubation conditions affect morphology, physiology, and
behavior at hatching (Packard and Packard, 1986; Mil-
leretal., 1987; Gutzke and Packard, 1985; the evidence
on crocodilians was reviewed by Webb [1989]). A few
studies have investigated whether effects of incubation
temperature persist beyond hatching, with mixed suc-
cess. In some cases, no such effect was detected (Bull
and Licht, unpubl. [observations on male Trachemys
scripta turtles]); in others, temperature was shown to
have an effect beyond hatching (Lang, 1987 [behavior];
Hutton, 1987 [growth]; Webb, 1989 [growth and sur-
vival]), but information was not provided on whether
the effect was similar in males and females, and few
studies have been careful to separate the potentially
confounding effects of incubation temperature and sex.
In some cases, an effect of temperature has been shown
to persist beyond hatching and to influence males dif-
ferently than females (Joanen et al., 1987 [growth];
Gutzke and Crews, 1988 [behavior and hormone
levels]). Of course, an effect of temperature with the
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same phenotypic effect on males as on females could
have different fitness consequences for the two sexes.

These direct approaches to this problem have in-
volved rearing reptiles from hatching to adult, so that
adult phenotypes can be correlated with incubation
histories. The obvious difficulty with this work is that
it is impractical to rear large numbers of reptiles for
the duration of their immature lifespan. Understanding
the long-term effects of incubation temperature would
be greatly facilitated if adults could be assayed directly
for indicators of their embryonic incubation history.
This approach has not been explored in reptiles, but
such methods might derive from differential incorpo-
ration of isotopes in calcareous structures (Mook and
Vogel, 1968; Burk and Stuiver, 1981) or from phys-
iological processes of the adult that mirror incubation
temperatures experienced as an embryo (cf. Webb et
al., 1987; Gutzke and Crews, 1988).

“Comparative” approaches offer the possibility of
discovering a selective advantage of environmental sex
determination merely by contrasting the life histories
of species with different forms of environmental sex
determination. In reptiles, three patterns of environ-
mental sex determination are observed: I) males de-
velop at low temperatures, females at warm ones; II)
the reverse of pattern I; III) males develop at inter-
mediate temperatures, females at cool and warm ex-
tremes (Bull, 1980; Mrosovsky, 1980; Lang and Whit-
taker, 1989). According to our model, the benefit of
warm versus cool temperatures to male and female
fertility must be reversed between patterns 1 and II,
and these benefits should differ yet from those under
pattern II1.

Pattern I occurs in many turtles, pattern II occurs in
some lizards and alligators, and pattern III exists in
crocodiles of the genus Crocodylus and in some turtles.
Bull (1983 p. 141) was unable to find any associations
between these patterns of environmental sex deter-
mination and life histories that might suggest an ad-
vantage of environmental sex determination. Head et
al. (1987) suggested that pattern I occurred in species
for which females were larger than males whereas species
with pattern II had the reverse sex dimorphism, and
they suggested that the advantage of environmental sex
determination arose from temperature effects on growth,
because faster growth is relatively more beneficial to
the larger sex. The analysis was flawed by failing to
account for taxonomic biases and failing to note some
obvious exceptions to the pattern (e.g., tortoises [Berry
and Shine, 1980; Raynaud and Pieau, 1985]), but the
dttempt nonetheless leads one to consider models of
similar vein, some of which may yield new insights. A
full analysis of the Head et al. (1987) hypothesis is
being developed by F. Janzen and G. Paukstis.

Recent results have injected an air of optimism to-
ward understanding the possible sex-specific fitness ef-
fects of temperature in reptiles. Most suggestions have
centered around the possibility that incubation tem-
perature affects posthatching growth, translating into
different fitness consequences for males than for fe-
males (first proposed by Ferguson and Joanen [1982];
generalized by Deeming and Ferguson [1989]). Opti-
mism on this problem stems from an otherwise total
failure for nearly a decade to understand why environ-
mental sex determination might be favored in reptiles,
and although continued research on the problem is to
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be encouraged, there are several questions to be ad-
dressed before one can accept any general model of
temperature effects on growth as the basis for environ-
mental sex determination in reptiles.

i) Does enhanced posthatching growth lead to earlier
maturity or larger adult size?—Earlier maturity is likely
to benefit the sex maturing first (i.e., the smaller sex),
because a year’s advancement to maturity has a pro-
portionately bigger impact on a small number than on
a big number. Alternatively, larger adult size might
differentially benefit the larger sex. The ultimate effect
of enhanced growth must thus be understood before it
can be predicted which sex benefits more. The only
relevant study known to us compared growth of dia-
mond-backed terrapins fed during their first winter of
life with growth of terrapins hibernated during their
first winter: the turtles matured a year earlier if they
fed during their first winter, but no ultimate size dif-
ference between the two groups was found (Hildebrand,
1929).

ii) Does temperature affect growth rate or just influ-
ence the starting point, such that some individuals have
a headstart?—1If the latter applies, then it is difficult to
understand why other headstart factors, such as egg
size and water potential, do not also have major effects
on sex.

iii) How general are the effects of temperature on
growth?—Environmental effects on growth are noto-
riously elusive. In mammals, the phenomenon of
catch-up growth compensates for early periods of low
nutrition, so that embryos from widely differing en-
vironmental conditions are born at nearly the same
size (Pitts, 1986). Do reptiles exhibit a similar phe-
nomenon? Once again, the data of Hildebrand (1929)
are interesting: a group of 800 yearling terrapins were
divided into 100 of the smallest individuals and 100
of the largest individuals; the average carapace length
of the group of smaller turtles was 32.3 mm and that
of the larger group was 65 mm some six months after
the separation. Within three years, the size differential
between the groups had reversed, a reversal that per-
sisted until the end of the study a decade later. Thus,
short-term studies of posthatching growth may give
misleading results about adult sizes. In a similar vein,
Webb et al. (1987) pointed out inconsistencies in the
data that frustrated generalizations about temperature
effects on crocodilian hatchlings, but generalizations
do seem to be emerging with respect to temperature-
effects on posthatching growth (Webb, 1989).

One wonders, in fact, whether the emphasis on tem-
perature effects on growth has been premature, and that
other general effects of incubation temperature on rep-
tilian fitness remain to be discovered. The recent dis-
coveries of possible incubation-temperature effects on
behavior mentioned above offer one of the few dem-
onstrated alternative avenues of study, and those in-
teresting results highlight the benefit to be gained from
broadening the search for incubation-temperature ef-
fects on adult phenotypes.

In conclusion, the female excess in reptiles with en-
vironmental sex determination and the existence of
environmental sex determination itself have not been
satisfactorily explained. Although the Charnov-Bull
model is not yet supported by the data, it is also not
evidently inconsistent with the data either. The main
difficulty in testing this model with reptiles is that its

success depends on the existence of particular types of
long-term fitness effects correlated with incubation
temperature, and conclusive data will not be easily
obtained unless large fitness effects of incubation tem-
perature exist. The observed sex ratios in these reptiles
offer some hope that such fitness effects may indeed
be large.

L1TERATURE CITED

BERRY, J. F.,ANDR. SHINE. 1980. Sexual dimorphism
and sexual selection in turtles (Order Testudines).
Qecologia 44:185-191.

BuLL,J.J. 1980. Sexdetermination in reptiles. Quart.
Rev. Biol. 55:3-21.

. 1981. Sex ratio evolution when fitness varies.

Heredity 46:9-26.

1983. Evolution of Sex Determining Mech-
anisms. Benjamin/Cummings, Menlo Park, CA.
Bult, J. I, AND E. L. CHARNOV. 1988. How funda-
mental are Fisherian sex ratios? Oxford Surv. Evol.

Biol. 5:96-135.

BuL, J. J., W. H. N. GuTzKE, AND M. G. BULMER.
1988. Nest choice in a captive lizard with envi-
ronmental sex determination. J. Evol. Biol. 2:177-
184.

Burk, R. L., AND M, STUrvEr. 1981. Oxygen isotope
ratios in trees reflect mean annual temperature and
humidity. Science 211:1417-1419.

CHARNoOV, E. L. 1979. The genetical evolution of
patterns of sexuality: Darwinian fitness. Amer. Nat-
ur. 113:465-480.

. 1982. The Theory of Sex Allocation. Prince-
ton Univ. Press, Princeton, NJ.

CHarNoV, E. L., AND J. J. BuLL. 1977. When is sex
environmentally determined? Nature 266:828-830.

1989a. The sex ratio under environmental

sex determination. J. Theoret. Biol. In press.

1989b. Non-Fisherian sex ratios with sex
change and environmental sex determination. Na-
ture 338:148-150.

CONOVER, D. O., AND S. W, HEINs. 1987. Adaptive
variation in environmental and genetic sex deter-
mination in a fish. Nature 326:496-498.

DEEMING, D. C., AND M. J. W. FErGgusoN. 1989. The
mechanism of temperature-dependent sex deter-
mination in crocodilians: A hypothesis. Amer. Zool.
In press.

FerGUSON, M. W. J., AND T. JoANEN. 1982, Tem-

- perature of egg incubation determines sex in Alli-
gator mississippiensis. Nature 296:850-853.

FisHER, R. A. 1930, The Genetical Theory of Natural
Selection. Clarendon, Oxford, U.K,

FrANK, S., AND I. SWINGLAND. 1988. Sex ratio and
investment ratio under conditional sex expression.
J. Theoret. Biol. 135:415-418.

Gutzke, W. H. N,, ANp D. CREWS. 1988. Embryonic
temperature determines adult sexuality in a reptile.
Nature 332:832-834,

Gutrzke, W. H. N.,, AND G. C. PAckarD. 1985.
Hatching success in relation to egg size in painted
turtles (Chrysemys picta). Can. J. Zool. 63:67-70.

Heap, G., R. M, MAy, AnND L. PenDLETON. 1987.
Environmental determination of sex in the reptiles.
Nature 329:198-199.

HILDEBRAND, S. F. 1929. Review of experiments on




1566

artificial culture of diamond-back terrapin. Bull.
U.S. Bur. Fish. 45:25-71.

Huey, R. B. 1982. Temperature, physiology, and the
ecology of reptiles, pp. 25-91. In C. Gans and F.
H. Pough (eds.), Biology of the Reptilia, Vol. 12.
Academic Press, London, U.K.

Hurton, J. M. 1987. Growth and feeding ecology of
the Nile crocodile Crocodylus niloticus at Ngezi,
Zimbabwe. J. Anim. Ecol. 56:25-38.

Joanen, T., L. MCNEASE, AND M. W. J. FERGUSON.
1987. The effects of egg incubation temperature on
post-hatching growth of American alligators, pp.
533-537. In G. J. W. Webb, S. C. Manolis, and P.
J. Whitehead (eds.), Wildlife Management: Croc-
odiles and Alligators. Surrey Beatty, Chipping Nor-
ton, NSW, Australia.

KARLIN, S., AND S. LessArRD. 1986. Sex Ratio Evo-
lution. Princeton Univ. Press, Princeton, NJ.

LAnG, J. W. 1987, Crocodilian thermal selection, pp.
301-317. In G. J. W. Webb, S. C. Manolis, and P,
J. Whitehead (eds.), Wildlife Management: Croc-
odiles and Alligators. Surrey Beatty, Chipping Nor-
ton, NSW, Australia.

LANG, J. W., AND R. WHITTAKER. 1989. Sex deter-
mination and sex ratios in Crocodylus palustris.
Amer. Zool. In press.

MILLER, K., G. C. PACKARD, AND M. J. PACKARD. 1987.
Hydric conditions during incubation influence lo-
comotor performances of hatchling snapping tur-
tles. J. Exp. Biol. 127:401412.

Mook, W. G., AND J. C. VOGEL. 1968. Isotopic equi-
librium between shells and their environment. Sci-
ence 159:874-875,

Mrosovsky, N. 1980. Thermal biology of sea turtles.
Amer. Zool. 20:531-547.

MRosoVSKY, N., AND J. PROVANCHA. 1989. Sex ratio
of loggerhead sea turtles on a Florida beach. Can.
J. Zool. In press.

NAYLOR, C,, J. ADAMS, AND P. J. GREENWOOD. 1988.
Variation in sex determination in natural popula-
tions of a shrimp. J. Evol. Biol. 1:355-368.

NOTES AND COMMENTS

PACKARD, M. J., AND G. C. PACKARD. 1986. Effect
of water balance on growth and calcium mobili-
zation of embryonic painted turtles (Chrysemys
picta). Phys. Zool. 59:398-405.

Prrrs, G. C. 1986. Cellular aspects of growth and
catch-up growth in the rat: A reevaluation. Growth
50:419-436.

RAYNAUD, A., AND C, PiEAU. 1985. Embryonic de-
velopment of the genital system, pp. 149-300. In
C. Gans and F. Billet (eds.), Biology of the Reptilia,
Vol. 15. Wiley, N.Y.

SCHWARZKOPF, L., AND R. J. BRoOKS. 1987. Nest-
site selection and offspring sex ratio in painted tur-
tles, Chrysemys picta. Copeia 1987:53-61.

TRIVERS, R. L., AND D. E. WILLARD. 1973. Natural
selection of parental ability to vary the sex ratio of
offspring. Science 179:90-92.

WEeBB, G. J. W. 1989. Effect of incubation tempera-
ture on crocodiles: Insights into the evolution of
reptilian oviparity. Amer. Zool. In press.

WEBB, G. J. W., M. BeaL, S. C. ManoLs, AnND K. E.
Demrsey. 1987. The effect of incubation temper-
ature on sex determination and embryonic devel-
opment in Crocodylus johnstoni and C. porosus, pp.
507-531. In G. J. W. Webb, S. C. Manolis, and P.
J. Whitehead (eds.), Wildlife Management: Croc-
odiles and Alligators. Surrey Beatty, Chipping Nor-
ton, NSW, Australia.

WEBB, G.J. W., AND A. M. A, SMITH. 1984. Sex ratio
and survivorship in the Australian freshwater croc-
odile Crocodylus johnstoni. Symp. Zool. Soc. Lond.
52:319-355.

Yn1EMA, C. L., AND N. MRosovsky. 1980. Sexual
differentiation in hatchling loggerheads (Caretta
caretta) incubated at different controlled tempera-
tures. Herpetologica 36:33-36.

Corresponding Editor: M. G. Bulmer




	Enigmatic reptilian sex ratios
	Recommended Citation

	tmp.1467836290.pdf.0mOyy

