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Standardized Criteria for the Recognition of Embryonic
Nutritional Patterns in Squamate Reptiles

DANIEL G. BLACKBURN

In squamates, nutrients for embryonic development can be derived from the
egg itself or from the placental membranes. This paper critically evaluates cri-
teria that have been used to distinguish developmental nutritional patterns, with
an emphasis on viviparous squamates. Composition analysis of eggs and neonates
is the most reliable means of quantifying sources of nutrients for development
but tends to underestimate placental nutrient provision. Data on gestational
changes in dry mass of the viviparous conceptus indicate only the predominant
source of nutrients for development. Specialized allantoplacental morphology
offers moderate evidence for placentotrophy, but the functional correlates of
several placental features remain unknown. Radiotracer studies reveal the ca-
pacity for placental transport but not its importance to embryonic nutrition.
Gestational changes in wet mass of the conceptus reveal little about nutrient
sources in relatively lecithotrophic forms, as do comparisons of the relative size
of the ovum with the fetus or the mother. Future reports should consider the
nature and quality of evidence for inferences about developmental nutritional

modes.

For more than a century, researchers have
characterized squamate reptiles according
to how nutrients are supplied to the developing
embryos (Giacomini, 1891; Yaron, 1985). Two
patterns that represent extremes of a continu-
um are distinguished: “lecithotrophy,” in which
the yolk provides the nutrients for develop-
ment; and “matrotrophy,” in which substantial
quantities of nutrients are supplied by extra-
vitelline means (Wourms, 1981; Blackburn,
1992, 1994), such as placental membranes. The
conceptual division of squamates into categories
based on these two developmental patterns is
central to concepts of reproductive diversity.
Moreover, the distinction is the basis for quan-
titative evolutionary analyses (Blackburn et al.,
1985; Blackburn, 1992), formal tests of life-his-
tory theory (Stewart, 1989), and comparisons

between reptiles and other vertebrates (Guil-
lette, 1987; Jones and Baxter, 1991; Blackburn,
1992).

The criteria used to recognize embryonic nu-
tritional modes have varied extensively among
researchers, historical periods, and taxa. De-
spite growing interest in reptilian viviparity and
fetal nutrition, these criteria have not been sub-
jected to critical review or examined in the light
of new information that challenges traditional
assumptions. Consequently, similar bodies of
evidence have led researchers to discrepant
conclusions, and no clear standards have been
established for recognition of common patterns
in diverse taxa. A similar situation exists with
respect to the distinction between reptilian ovi-
parity (egg-laying reproduction) and viviparity
(live-bearing reproduction), with the added
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complication that the observations underlying
recognition of these patterns in particular spe-
cies are seldom identified (Blackburn, 1993a).

This paper has two major goals: (1) to eval-
uate the criteria used to distinguish embryonic
nutritional modes in reptiles, along with their
underlying assumptions; and (2) to identify a
hierarchy of lines of evidence for recognition
of particular patterns, based on reliability. Em-
phasis is placed on nutritional patterns in vivip-
arous (live-bearing) squamates, whose embryos
can derive nutrients from both vitelline and pla-
cental sources. However, the principles in-
volved are broadly applicable to reptiles, am-
phibians, and fishes. This paper is the second
in a series; a companion paper has proposed
standardized criteria for the distinction be-
tween oviparity and viviparity (Blackburn,
1993a).

AVAILABLE CRITERIA

By virtue of the structure of the squamate
uterus, as well as the thinness of the shell mem-
brane in typical viviparous forms, the uterine
lining lies in close proximity to the extraem-
bryonic membranes, forming any of several types
of placental arrangements (Stewart and Black-
burn, 1988). Maternal-fetal nutrient transfer in
viviparous squamates is necessarily placental
(Blackburn, 1993b), and matrotrophy, there-
fore, can be termed ‘“placentotrophy.” Strict
lecithotrophy is usually assumed to characterize
both oviparous and many viviparous squamates.
However, lecithotrophy and placentotrophy
represent extremes of a continuum, and vivip-
arous females can provide nutrients via both
yolk and placentae. Consequently, squamates
can be characterized according to the predom-
inant source of nutrients for development (e.g.,
Stewart, 1989; Stewart et al., 1990).

Ideally, criteria for recognition of these em-
bryonic nutritional patterns should be reliable,
consistent with available evidence, and easy to
apply. One of these features, ease of application,
is not possible in distinguishing nutrient sources
with precision, because of the need for sophis-
ticated analysis and experimentation (see be-
low). However, the remaining characteristics
represent practical standards for criteria that
are to be used in recognizing embryonic nutri-
tional patterns. Each of the criteria available for
the determination of developmental nutritional
patterns in squamates is discussed below.

Chemical composition analysis.—A precise meth-
od for determining sources of nutrients for de-
velopment in viviparous squamates is a com-

COPEIA, 1994, NO. 4

parison of the chemical composition of the early
zygote and the offspring near the time of par-
turition. Initiated early in this century (Giers-
berg, 1923), this method has been refined con-
siderably (Thompson, 1981; Stewart and
Castillo, 1984; Stewart, 1989). The rationale is
that, for any component, an increase that can-
not have resulted from metabolic conversion
must reflect uptake by the conceptus. Thus,
comparisons of viviparous forms can allow
quantification of components supplied by the
yolk and the placentae and, if analyzed sepa-
rately, the shell membrane. Likewise, in ovip-
arous forms, composition analysis allows quan-
tification of nutrients derived from the yolk, the
eggshell, and albumen.

In those few viviparous squamates where fetal
nutrition has been quantified by composition
analysis, ovulated yolk typically supplies most of
the organic nutrients for development, with pla-
cental sources providing significant inorganic
contributions (e.g., Thompson, 1982; Stewart
and Castillo, 1984; Stewart et al., 1990). In con-
trast, in the viviparous Australian skink Pseu-
demoia entrecasteauxii, placental transfer is esti-
mated to account for nearly half of the organic
material for growth and development (Stewart
and Thompson, 1993). As expected, analyses of
eggs and hatchlings of oviparous species have
revealed a developmental decrease in total lipid
and protein (Florian, 1990; Stewart and
Thompson, 1993). Squamate analyses also have
revealed that the eggshell can provide signifi-
cant quantities of calcium to the oviparous em-
bryo (e.g., M. J. Packard et al., 1985; M. J. Pack-
ard and G. C. Packard, 1988; Stewart and
Thompson, 1993).

Chemical composition analysis has not always
been used to optimal advantage. Some studies
have drawn conclusions from data that were not
analyzed statistically (Clark et al., 1955; Jenkins
and Simkiss, 1968; Thompson, 1981), leading
to at least one invalid conclusion. Whereas a
study on Thamnophis sirtalis concluded that ash
content of the conceptus increased during ges-
tation (Clark and Sisken, 1956), Shine’s (1977)
reanalysis of the data indicated that the pur-
ported trend was not statistically significant. Re-
cent demonstration of intraspecific variation
among eggs and among females, and the sub-
tlety of gestational changes in relatively lecith-
otrophic, viviparous species (e.g., Stewart and
Castillo, 1984; Stewart, 1989), illustrate the need
for careful statistical analyses that take into ac-
count individual variation and interactions
among variables.

Past analyses of organic composition of eggs
and offspring have been based on several im-
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plicit, but sometimes untested, assumptions. One
assumption is that maternal carbohydrates are
not a significant means of nutrient provision;
carbohydrates have not been quantified in past
studies. A related assumption is that carbohy-
drates synthesized by the fetus do not constitute
a significant component of the neonate. That
carbohydrates comprise but a small proportion
of yolk stores is indicated by a few early studies
(Needham 1931; Fukada, 1939), and quantifi-
cation of protein and lipid has revealed little
residual organic content that could represent
carbohydrate (Stewart and Castillo, 1984; Flo-
rian, 1990). However, despite the fact that ca-
tabolism of yolk lipid may be sufficient to ac-
count for fetal metabolism in one viviparous
species (Thompson, 1982), placental provision
of simple carbohydrates cannot be ruled out in
live-bearing forms, in view of information on
viviparous mammals (Barcroft, 1952; Huggett,
1954).

Another assumption of past composition
analyses is that the amount of nonprotein ni-
trogen is small in both eggs and neonates, be-
cause protein typically has been estimated from
total nitrogen content following Kjeldahl di-
gestion. Unfortunately, data on yolk composi-
tion and nitrogen excretion in squamates are
scanty (e.g., Athavale and Mulherkar, 1967; G.
C. Packard et al., 1977; G. C. Packard and M.
J. Packard, 1987); whether these data are typ-
ical for squamates is not known. Quantitative
data on nitrogen excretion and loss across the
placentae in viviparous species would permit
more precise estimates of protein catabolism
and might reveal an unanticipated amount of
placental transfer of amino acids.

Although chemical composition analysis re-
mains a most effective way to quantify nutrient
provision, at least two additional complications
affect its application to viviparous species. First,
such analyses tend to underestimate extra-vi-
telline provision of nutrients. They indicate net
gain or loss of nutrients by the developing con-
ceptus during gestation and, consequently, do
not reveal nutrients of oviductal origin that are
metabolized or otherwise lost during develop-
ment. In the viviparous lizard Eulamprus quoyii,
for example, chemical composition analysis sug-
gests no net gain of nitrogen by the conceptus
(Thompson, 1981), although radiotracer stud-
ies reveal maternal-fetal transfer of amino acids
(Thompson, 1977a). Either the extent of ma-
ternal-fetal transfer of nitrogen in this species
is negligible or the amount of nitrogen lost from
the egg (e.g., as wastes) is roughly equivalent to
that gained via the placenta.

A second complication is that the amount of
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nutrients supplied via the placentae is not nec-
essarily constant for a species or even for an
individual female over her reproductive life-
time. Recent analyses on thamnophiine snakes
suggest that placentotrophy includes a faculta-
tive component and that nutrient provision is
altered according to nutrient availability or fe-
male size (Stewart, 1989; Stewart et al., 1990).
Moreover, variation among females necessi-
tates comparison of sibling eggs and neonates,
involving surgical removal of some of the eggs
during gestation (Stewart and Castillo, 1984).
However, whether removal of eggs early in ges-
tation alters the level of nutrient provision to
the remaining conceptuses (Clark et al., 1955),
as occurs in certain mammals (van Marthens et
al., 1972), is unknown. In view of such difficul-
ties, even the most precise data on sources of
nutrients for viviparous development may pro-
vide only general information on nutrient pro-
vision in a species.

Two other factors complicate analyses of egg-
laying squamates. First, in oviparous squamates,
substantial egg development can precede ovi-
position (Shine, 1983). Whether any organic
nutrients are absorbed from the oviduct during
this period has not been determined (Black-
burn, 1992), nor has metabolic loss prior to
oviposition been quantified. Although little em-
bryonic growth is apparent before egg deposi-
tion in many oviparous squamates, the yolk +
embryo of freshly oviposited eggs probably
ought not be assumed to be identical in com-
position to that of the newly fertilized ovum.
An additional issue is that the eggshell itself is
a significant source of inorganic nutrients such
as calcium in oviparous squamates (M. J. Pack-
ard et al., 1984, 1992; Stewart and Thompson,
1993). Thus, analyses of oviparous forms ideally
should compare ova at ovulation, eggs following
deposition of the eggshell, and newly emergent
hatchlings.

Developmental changes in dry mass of the concep-
tus.—Comparisons of the mass of the newly
ovulated ovum and neonate often have been
used to estimate sources of nutrients for devel-
opment in viviparous species. Oviparous reptil-
ian eggs, with their lecithotrophic nutrition,
typically decrease in dry mass during develop-
ment (Table 1), presumably reflecting catabo-
lism and metabolic loss. Consequently, a sub-
stantial decrease in mass of the conceptus of
viviparous forms usually is assumed to indicate
lecithotrophy as well (Guillette, 1981; Thomp-
son, 1981). By the same token, placentotrophy
has been assumed when dry mass of the neonate
greatly exceeds (Blackburn et al., 1984; Stewart



928

TABLE 1.

COPEIA, 1994, NO. 4

DEVELOPMENTAL CHANGES IN MAss OF THE EGG IN SELECTED OVIPAROUS SQUAMATES. Numbers

represent change in mass as a percentage of initial (oviposited) egg mass [i.e., (final mass — initial mass)/inital
mass). n.s. = no significant change.

Change in mass

Species Dry mass Wet mass Source
Anolis auratus — +82 to 204%* Andrews and Sexton, 1981
Bassiana duperreyi —15% +10%* Stewart and Thompson, 1993
Callisaurus draconoides — +53 to 100%* M. J. Packard et al., 1982
Coluber constrictor -14%* +53%* M. J. Packard et al., 1984
Crotaphytus collaris — +82% Tracy and Snell, 1985
Dipsosaurus dorsalis — +33% Muth, 1981
Eumeces fasciatus -33% +14%4 Florian, 1990
Iguana iguana —27 to —29%¢ -3 to +52%*® M. J. Packard et al., 1992
Liolaemus tenuis — +125% Lemus et al., 1984
Pituophis melanoleucus — —14 to +51%* Gutzke and Packard, 1987
Pogona barbata —29.6% +66% M. J. Packard et al., 1985
Sceloporus aeneus —59%- +17% Guillette, 1981

Sceloporus undulatus

+106 to 170%*

Tracy, 1980

* Numbers estimated from graph.

* Depending on incubation conditions (e.g., soil matric potential).
< Numbers calculated from reported data.

4 Shell mass excluded throughout.

< Comparison of hatchling with developing egg soon after oviposition (I. iguana) or ovulation (S. aeneus); final shell mass excluded.

and Thompson, 1993) or even is equivalent to
(Shine, 1977; Guillette and Casas-Andreu, 1987)
that of the egg early in development.

A substantial increase in dry mass of the vi-
viparous conceptus during gestation (Table 2),
as occurs in the skinks Pseudemoia entrecasteauxii
(Stewart and Thompson, 1993) and Mabuya bis-
triata (Blackburn and Vitt, 1992) clearly indi-
cates a substantial reliance on placentotrophic
nutrition; any increase in mass over that of the
newly fertilized ovum must reflect uptake from
maternal tissues. However, although such data

allow estimates of the contribution of placental
sources to neonatal mass, a disadvantage of this
approach is that quantification of specific nu-
trients is not possible, because losses resulting
from catabolism are not calculated.

Somewhat less information can be extracted
from data on viviparous forms in which dry mass
of the conceptus does not increase markedly
during gestation (Table 2). Rather than indi-
cating strict lecithotrophy, a dry mass decrease
may simply indicate that any placentotrophic
nutrition is insufficient to compensate for met-

TABLE2. DEVELOPMENTAL CHANGES IN MAss OF THE OVIDUCTAL CONCEPTUS IN SELECTED VIVIPAROUS SQUA-

MATES. Numbers represent change in mass as a percent of initial (postovulatory) mass. Among forms known

to have some degree of placentotrophy,* note the degree of overlap with values on oviparous eggs (Table 1).
n.s. = no significant change.

Change in mass

Species Dry mass Wet mass Source
Sceloporus bicanthalis -54% +23% Guillette, 1981
Vipera berus — +51%® Jenkins and Simkiss, 1968
Notechis scutatus -35% +96% Shine, 1977
Virginia striatula® -31% +48% Stewart, 1989
Thamnophis ordinoides* -25% +41% Stewart et al., 1990
Nerodia rhombifera® -22% +59% Stewart and Castillo, 1984
Elgaria coerulea® -18% +142% Stewart and Castillo, 1984
Austrelaps superbus — +143% Shine, 1977
Pseudechis porphyriacus ns. +207% Shine, 1977
Eulamprus quoyii —10%" +96%" Thompson, 1977b
Pseudemoia entrecasteauxii* +68% +296% Stewart and Thompson, 1993
Chalcides chalcides* —_ +600-800%" Ghiara et al., 1987

* Animals in which evidence exists for some maternal-fetal transfer of nutrients (see text).

* Not tested for statistical significance.
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abolic loss and waste loss by the developing egg.
In fact, in several viviparous squamates, the con-
ceptus exhibits a substantial dry mass decrease
during gestation, despite the placentotrophic
supply of at least small amounts of certain nu-
trients (Table 2). Likewise, in viviparous Lacerta
vivipara, which have the capacity for placental
transfer of Na, I, and P (Panigel, 1956), the
oviductal clutch shows no gestational change in
dry mass (Avery, 1975). In any case, changes in
dry mass ideally should be demonstrated
through statistical analyses that control for dif-
ferences among eggs and among females. Claims
for increases in dry mass of the conceptus in
Regina grahami (Hall, 1969) and Thamnophis sir-
talis (Clark and Sisken, 1956) have been chal-
lenged by subsequent statistical analyses of re-
ported data (Shine, 1977). As for viviparous
species where dry mass of the conceptus re-
mains nearly constant during development, ex-
tra-vitelline sources probably make some con-
tribution to fetal nutrition; however, the
magnitude of that contribution cannot be esti-
mated accurately from mass data alone.

Developmental changes in egg dry mass in
oviparous species have been suggested as a stan-
dard for inferring degree of lecithotrophy in
viviparous forms (Hogarth, 1976; Thompson,
1981). However, given the amount of interspe-
cific variation in relatively lecithotrophic squa-
mates (Table 1-2), inferences from mass data
in such forms are tenuous. Moreover, mass of
the newly hatched eggshell is usually over-
looked in analysis of oviparous eggs, with con-
sequent overestimation of developmental de-
crease in dry mass. Furthermore, although
caloric content per mg of egg dry mass may be
fairly constant in oviparous squamates (Vitt,
1978), little reason exists to suppose that effi-
ciency of conversion of yolk to embryo is con-
sistent across taxa and under different condi-
tions of temperature and substrate water
potential.

Developmental changes in wet mass.—A large in-
crease in wet mass of the developing conceptus
sometimes is used to infer placentotrophic sup-
ply of nutrients in viviparous squamates (Bran-
son and Baker, 1974; Ghiara et al., 1987). The
rationale is that substantial nutrient provision
would be accompanied by a larger increase in
water than would occur if the species were le-
cithotrophic. An underlying assumption is that
water content of neonates is unrelated to nu-
tritional mode or site of development.

A substantial increase in wet mass of the de-
veloping egg is typical of oviparous as well as
viviparous squamates (Table 1-2). Consequent-
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ly, for most viviparous squamates, data on
changes in wet mass of the developing concep-
tus are much less useful than dry mass data in
distinguishing fetal nutritional patterns. Al-
though a very large increase in wet mass of the
conceptus (Ghiara et al., 1987; Vitt and Black-
burn, 1991) indicates placentotrophy, no re-
stricted range for wet mass increases of eggs
can be cited as indicating strict lecithotrophy.
Another problem is that wet mass does not cor-
relate with energy content in relatively lecith-
otrophic forms, because fetuses have a higher
water content than yolks (Shine, 1977). For such
reasons, inferences of the extent of placento-
trophy from wet mass data in viviparous forms
are questionable (see Shine, 1977; Jenkins and
Simkiss, 1968).

Comparisons to lecithotrophic eggs of ovip-
arous squamates do little to clarify the situation,
because oviposited eggs can double or triple in
wet mass through water uptake (Andrews and
Sexton, 1981; Tracy, 1980). An additional dif-
ficulty is that developmental increases in wet
mass of oviparous eggs can depend on substrate
water potential (M. J. Packard et al., 1980, 1992;
Gutzke and Packard, 1987) and other incuba-
tion conditions (M. J. Packard et al., 1982; G.
C. Packard and M. J. Packard, 1993). Thus, a
broad range of values may characterize any giv-
en species. Finally, even comparisons between
oviparous and viviparous congeners can be mis-
leading. Jacobi (1936) found that eggs of the
oviparous Lacerta agilis underwent a far greater
increase in wet mass than those of the viviparous
L. vivipara. If values for oviparous and vivipa-
rous Lacerta in Jacobi’s (1936) study had been
reversed, one easily might have inferred that
the viviparous form was highly placentotrophic.

In sum, data on gestational changes in wet
mass of the conceptus of viviparous forms can
be broadly indicative of extremes of lecithotro-
phy and placentotrophy. However, such data
do not allow estimates of relative contributions
of vitelline and extra-vitelline sources in species
occupying intermediate positions in the nutri-
tional continuum, and, for all species, data tend
to be imprecise measures of nutrient sources.

Relative size of ovum and neonate.—Fetal nutri-
tional sources in viviparous squamates often are
estimated by qualitative comparisons of size of
the ovulated ovum with that of the neonate.
For example, in Chalcides chalcides, females ovu-
late ova of about 3 mm in diameter and, after
a three-month gestation, give birth to neonates
of about 94 mm in total length (Giacomini,
1891). In Brazilian Mabuya heathi, the ovum is
1 mm in diameter, and the neonate is about 30
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mm in SVL (Blackburn et al., 1984). The large
size difference between the ovum and the ne-
onate in these species demonstrates that extra-
vitelline sources account for most of neonatal
content. The large gestational increase in mass
of the conceptus (Blackburn et al., 1984; Ghiara
et al., 1987) confirms the important role of ex-
tra-vitelline nutrition.

In most known viviparous species, the ovum
and near-term fetus are comparable in size, and
lecithotrophy is often inferred. However, esti-
mates based on relative size are imprecise, not
only because of catabolism of vitelline nutrients
but also because the neonate contains a much
higher percentage of water than the ovulated
yolk (Shine, 1977; Stewart et al., 1990). More-
over, although very general conclusions about
the role of lecithotrophic nutrition are possible
when the ovum and neonate are similar in size,
some degree of placentotrophy cannot be ruled
out. Eggs and young are of comparable size in
most or all of the relatively lecithotrophic, vi-
viparous squamates where some placental trans-
fer of nutrients has been demonstrated (Black-
burn, 1993b). Therefore, although a size
comparison of the neonate and ovum may allow
tentative inferences about probable sources of
nutrients for development, such inferences are
less reliable and much less precise than those
based on dry mass and chemical composition.

Relative size of the ovum and female.—Weekes
(1930) inferred the presence of placentotrophy
in the viviparous skink Pseudemoia (‘“‘Leiolopis-
ma’’) entrecasteauxii, based partly on her obser-
vation that ova of this lizard were ‘“‘barely two-
thirds the size of oviparous species of the same
adult size” (p. 570). Although this nominal spe-
cies does include placentotrotrophic represen-
tatives (Stewart and Thompson, 1993; supra
vide), Weekes’ (1930) criterion was insufficient,
because it assumed a direct relationship be-
tween egg size and adult female size in inter-
specific comparisons. Notwithstanding the pres-
ence of such a relationship in a few taxa with
restricted clutch sizes (Andrews and Rand, 1974;
Vitt, 1986), no such relationship has been dem-
onstrated for squamates in general (see Fran-
kenberg and Werner, 1992) nor is one to be
expected, given the likely trade-off between off-
spring size and number. In particular cases, rel-
ative contributions of nutritional sources can be
hypothesized from comparisons of egg size in
closely related species, especially when data are
corrected for differences in maternal body size
(Stewart and Thompson, 1993). However, in
general, such comparisons are based on untest-
ed assumptions and are less reliable than quan-
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titative comparisons of eggs and neonates from
the same species.

Timing of yolk depletion.—Placentotrophy occa-
sionally has been inferred in viviparous squa-
mates based on the timing of yolk depletion vs
parturition. For example, in the snake Enhydris
dussumieri, Parameswaran (1962) indicated that
fetuses grew from a total length of 17 cm to 23
cm following yolk depletion, from which he in-
ferred placental provision of nutrients late in
development. Likewise, in Shinisaurus crocodi-
lurus, embryos reportedly continue to develop
and grow following yolk depletion (Huang,
1983).

Such tantalizing reports should be interpret-
ed with caution for at least two reasons. First,
when reports are based on samples taken during
development rather than on the history of in-
dividual embryos, statistical analyses that take
individual variation and sample sizes into ac-
count are particularly important. Second, be-
fore inferences on placentotrophy are warrant-
ed from apparent depletion of yolk before birth,
fetuses must be demonstrated to contain nei-
ther abdominal yolk nor lipid deposits sufficient
to fuel any observed growth. The yolk sac typ-
ically is withdrawn into the abdomen late in
development in squamates and can supply nu-
trients after birth or hatching (e.g., Fitch, 1960;
Troyer, 1983; M. J. Packard et al., 1992). In
addition, embryos of some species can store en-
ergy as abdominal fat bodies (Snell and Tracy,
1985; Christian et al., 1991).

Placental structure.—Studies of placental mor-
phology have revealed considerable diversity in
the chorioallantoic placenta (allantoplacenta) as
well as in the various placentae that develop
from the yolk sac (Yaron, 1985; Blackburn,
1993b; Stewart, 1993). Functional correlates of
this structural diversity remain largely un-
known; however, a few patterns have become
evident with respect to the allantoplacenta. In
viviparous squamates that are thought from
composition analyses to be lecithotrophic (e.g.,
Stewart and Castillo, 1984; Stewart, 1989;
Stewart et al., 1990), this placenta forms through
simple apposition of the chorioallantois to the
uterine lining (Stewart, 1985, 1990; Blackburn,
1993b). Epithelial layers overlying fetal and ma-
ternal placental capillaries are thinned, as is the
shell membrane, presumably enhancing gas ex-
change; however, specializations for nutrient
transfer have not been observed. Similar allan-
toplacentae have been observed in several other
squamates with large-yolked eggs (e.g., Guil-
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lette and Jones, 1985; Yaron, 1985; Blackburn,
1993b).

In contrast, in three saurian lineages, the cho-
rioallantoic placenta exhibits such specializa-
tions as placentomes, chorionic areolae, hyper-
trophied and microvilliated chorionic epithelia,
uterine epithelial syncytia, and interdigitated
fetal and maternal tissues (Blackburn, 1993b,
1993c). These specializations also are found
among mammals (Blackburn, 1992). Squamates
with such features have been judged from other
criteria to be highly placentotrophic, e.g., Pseu-
demoia entrecasteauxii (Stewart and Thompson,
1993), Chalcides chalcides (Ghiara et al., 1987),
and New World Mabuya (Blackburn and Vitt,
1992). Correlation of such elaborate chorioal-
lantoic specializations with other evidence for
placentotrophy suggests such features to be good
evidence for nutrient transfer.

On the other hand, placental provision of nu-
trients has been inferred from less obvious an-
atomical features in squamates for which other
evidence of placentotrophy is unavailable.
Among these species are Vipera berus (Bellairs
etal., 1955), Enhydrina schistosa (Kasturirangan,
1951a), Hydrophis cyanocinctus (Kasturirangan,
1951b), Enhydris dussumieri (Parameswaran,
1962), and Chalcides ocellatus (Giacomini, 1906).
Purported evidence for nutrient transfer in these
species include “‘secretory’ uterine epithelium,
‘“absorptive” chorionic epithelium, and inter-
digitated chorioallantoic and uterine tissues. In
at least one of these species, V. berus, little rea-
son exists to suspect substantial placentotrophy;
oviductal conceptuses exhibit a gestational wet
mass increase of approximately 52%, placing
them toward the lower end of the range for
oviposited eggs (Table 2). In addition, although
detailed analyses have not been done in V. berus,
preliminary data suggest no substantial placen-
tal provision of certain inorganic ions (Jenkins
and Simkiss, 1968). An added complication is
that, for V. berus and the other species listed,
no micrographs of sufficient quality to docu-
ment the suggested specializations have been
published, exemplifying a common problem in
squamate anatomical studies. Thus, whether
specialized allantoplacental morphology always
correlates with substantial nutrient transfer is
difficult to judge.

Despite the correlation of structural and
functional specializations in highly matrotroph-
ic forms, the possibility of substantial maternal-
fetal nutrient transfer in simple allantoplacen-
tae cannot be ruled out. Apposition of fetal and
uterine vessels in such placentae would seem to
offer a potential site for haemotrophic transfer
(Blackburn, 1993b). As for features of the squa-
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mate yolk sac placenta, such as different ar-
rangements of extraembryonic tissues, and en-
larged maternal and fetal epithelia of
omphaloplacenta and omphalallantoic placenta
(Stewart, 1992, 1993), functional attributes re-
main elusive. Likewise, the functional signifi-
cance of enzymes that have been demonstrated
histochemically in placental membranes (Hoff-
man, 1970; Baxter, 1987) is unclear. In sum,
comparisons based on placental morphology
may be useful for members of a placentotrophic
clade (Blackburn and Vitt, 1992) but, at pres-
ent, mainly provide information for formulat-
ing functional hypotheses to be tested by other
means.

Transfer experiments.—Placental physiology has
been studied in several viviparous lizards and
snakes by injecting radiolabeled nutrients into
pregnant females and subsequently assaying fe-
tal tissues. Using this approach, maternal-fetal
transfer of amino acids or their metabolites has
been demonstrated in Thamnophis sirtalis (Hoff-
man, 1970), Xantusia vigilis (Yaron, 1985), Eu-
lamprus quoyii (Thompson, 1977a), and Cha-
maeleo pumilus (Veith, 1974). Placental transfer
of inorganic ions such as sodium and iodine has
been demonstrated by such means in a few oth-
er species (Panigel, 1956; Conaway and Flem-
ing, 1960; Hoffman, 1970).

Use of radiolabeled substances does reveal
qualitative placental transfer of specific nutri-
ents. However, such a procedure has not yet
proven useful as a means of quantifying nutrient
provision via the placentae vs the yolk. The dif-
ficulty is that all squamates that have been ap-
propriately examined have the capacity for pla-
cental transfer of at least some labeled nutrients,
and incipient placentotrophy may be common
among viviparous squamates (Blackburn, 1992,
1993b). Use of transfer experiments only in-
dicates the capacity for placental transfer of spe-
cific substances; it does not demonstrate an em-
bryonic requirement for extra-vitelline nutrients
or allow quantification of nutrient provision.
Consequently, such experiments do not permit
judgments about where in the lecithotrophy-
placentotrophy continuum a particular species
may lie.

APPLICATION OF CRITERIA

In concert with the companion publication to
this paper (Blackburn, 1993a), criteria for in-
ferring sources of nutrients for development in
squamates are listed in Table 3, along with es-
timates of their reliability and practicality. The
latter represent subjective judgments, justifi-
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TABLE 3. CRITERIA FOR THE RECOGNITION OF DE-

VELOPMENTAL NUTRITIONAL PATTERNS IN SQUAMATE

REPTILES. Reliability is estimated on a relative scale

(5 = highly reliable, 0 = unreliable), as is ease of use
(5 = highly practical, 1 = difficult to apply).

Practi-

Criterion Reliability cality
Composition analysis 5 2
Dry mass changes 2 (5% 3
Wet mass changes 1 (4% 4
Size of ovum vs neonate® 1(4?) 4
Size of ovum vs female® 0 —_
Timing of yolk sac depletion® 0-3¢ 2
Placental morphology® 0-3¢ 3
Transfer experiments® 1 2

* Only in cases of extreme placentotrophy.

* Does not yield quantitative data.

< Depending on whether fetal lipid or abdominal yolk stores are de-
termined, and on the timing of yolk depletion relative to birth.

4 Depending on the degree of specialization observed.

cation for which is provided above; other work-
ers are, of course, free to modify these assess-
ments. The most reliable method for quantifying
sources of nutrients for development seems to
be chemical composition analysis, cautionary
statements above notwithstanding. Morphology
offers a means of forming testable functional
hypotheses, but further study is required to
clarify structural-functional relationships. Ex-
periments with radiolabeled substances indicate
the capacity for placental transfer, but neither
allow quantification nor indicate an embryonic
reliance on placental provision. Data on dry mass
can indicate the primary source of nutrients in
viviparous forms but permit quantification only
in cases of extreme placentotrophy. Compari-
sons based on wet mass or size of the viviparous
neonate vs the ovum are much less useful and,
like the remaining criteria, tend to be unreliable
except in cases of extreme placentotrophy.

None of the criteria listed is reliable and easy
to apply to squamates in general, and several
criteria involve elaborate techniques or exper-
iments. Analysis of chemical composition can
entail difficulties in lecithotrophic forms, be-
cause sibling yolks and neonates may need to
be analyzed to reveal facultative placentotrophy
and variation that is the result of female size
(see Stewart, 1989). The superior reliability of
this approach nevertheless renders it the cri-
terion of choice when quantitative information
is needed. However, radiotracer studies may re-
veal placental transfer of substances for which
the fetus shows no net gain during gestation,
and studies of placental morphology continue
to be useful in revealing potential sites and
mechanisms of nutrient transfer.

COPEIA, 1994, NO. 4

Our knowledge of several aspects of devel-
opmental physiology in squamates is fragmen-
tary, and we lack a complete picture for even a
single species. Criteria for recognition of re-
productive patterns undoubtedly will be refined
as information continues to accumulate. How-
ever, as with standards for recognition of ovi-
parity and viviparity (Blackburn, 1993a, 1994),
adoption of accurate, broadly applicable crite-
ria for recognition of developmental nutritional
patterns is vital for documentation of interspe-
cific diversity and analyses of evolutionary
trends.
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Pathology in Eggs, Embryos, and Hatchlings of the Australian
Lungfish, Neoceratodus forsteri (Osteichthyes: Dipnoi)

A. KEmp

Eggs of the Australian lungfish, Neoceratodus forsteri, found in natural spawn-
ing localities in the Brisbane River, southeast Queensland, are sometimes in-
fected or damaged at the time of collection. Others develop infection after trans-
fer to the laboratory. An oomycete fungus, probably a species of Saprolegnia, as
well as the ubiquitous freshwater bacteria Aeromonas hydrophila and Pseudo-
monas sp., have been isolated from infected eggs sampled in the river and are
also found in embryos that develop infection when reared in the laboratory.
Abnormalities may also appear during the development of eggs and embryos in
the laboratory and in the environment. Losses of hatchlings in the laboratory
can occasionally be traced to extreme developmental abnormalities, but most
hatchling deaths are caused by bacterial infection.

The Australian lungfish, Neoceratodus forsteri,

spawns in most years in the Brisbane Riv-
er, in southeast Queensland, between mid-Aug.
and mid-Dec. Onset of spawning is apparently
associated with increasing photoperiod, provid-
ed that suitable aquatic weeds are available for
oviposition (Kemp, 1984). Eggs are usually found
adhering to water weeds within one meter of
the surface, in flowing or still water, under the
shade of overhanging trees, or in full sunlight.
They are normally laid singly, occasionally two
together, or in clusters. During the breeding
season, eggs are relatively easy to locate in known
spawning areas.

Eggs and embryos of the lungfish are exposed
to a number of environmental influences. Wa-
ter quality in the Brisbane River during the
spawning season is usually affected by the lack
of rain in late winter and early spring. Water
levels are also erratic because the Brisbane Riv-
er is used as a source of water for the city of
Brisbane. This causes variation in the temper-
ature of the water in the spawning grounds as
water is released from deep cold reservoirs fur-
ther upstream to replace water used (Kemp,
1984). Eggs may be laid close to the surface of
the water, and this exposes them to further fluc-
tuations in temperature and light. Eggs may also

be deposited in parts of the river that are stag-
nant, turbid, or shallow; and a number of the
eggs laid in natural surroundings do not survive
to hatch. Conditions in Enoggera Reservoir also
reflect lack of rain in the preceding months, but
the reservoir is deep and water is not removed
regularly, so the environment is more stable.

This paper summarizes information on de-
velopmental abnormalities in lungfish eggs and
embryos, and the effects of disease, in lungfish
collections in two areas of the Brisbane River
from 1984-1991 and from localities in Enog-
gera Reservoir near Brisbane in 1969-1973. An
analysis of possible pathogens in Brisbane River
eggs in 1990 is provided. Causes of death in
laboratory-reared hatchlings are also described
and discussed.

METHODS

Eggs were collected from two localities in the
Brisbane River, southeast Queensland, one at
Fernvale and the other several kilometers
downstream at Hill End, and from several areas
in Enoggera Reservoir. Eggs were reared in the
laboratory by the methods described in Kemp
(1981). Water used for rearing the eggs was as
close to the composition of the natural river or
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