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Environmental versus genetic sex
determination: a possible factor in
dinosaur extinction?

David Miller, Ph.D.,2 Jonathan Summers, Ph.D.,° and Sherman Silber, M.D.°
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This study examined the possibility that genetically based sex-determination mechanisms have evolved to
ensure a balanced male/female ratio and that this temperature-independent checkpoint might have been
unavailable to long-extinct reptiles, notably the dinosaurs. A review of the literature on molecular and
phylogenetic relationships between modes of reproduction and sex determination in extant animals was
conducted. Mammals, birds, all snakes and most lizards, amphibians, and some gonochoristic fish use specific
sex-determining chromosomes or genes (genetic sex determination, GSD). Some reptiles, however, including
al crocodilians studied to date, many turtle and tortoise species, and some lizards, use environmental or
temperature-dependent sex determination (TSD). We show that various modes of GSD have evolved many
times, independently in different orders. Animals using TSD would be at risk of rapid reproductive failure due
to a skewed sex ratio favoring males in response to sustained environmental temperature change and favoring
the selection of sex-determining genes. The disadvantage to the evolving male sex—determining chromosome,
however, is its decay due to nonrecombination and the subsequent loss of spermatogenesis genes. Global
temperature change can skew the sex ratio of TSD animals and might have played a significant role in the
demise of long-extinct species, notably the dinosaurs, particularly if the temperature change resulted in a
preponderance of males. Current global warming also represents a risk for extant TSD species. (Fertil Steril®
2004;81:954—64. ©2004 by American Society for Reproductive Medicine.)
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Efficient sexual reproduction requires a bal-
anced population of males and females. Mam-
mals universally accomplish this by relying on
the Y-borne, testis-determining gene, SRY, to
trigger testis development (1-6). However, the
SRY geneis not found in any other genera that
use genetic sex determination (GSD) (7) (e.g.,
birds, insects, amphibians, lizards, and snakes),
and indeed GSD in unrelated animals have
arisen independently many times over (7-9).

Despite highly varied “triggering” mecha-
nisms, a variety of vertebrates share the same
or similar, highly conserved downstream genes
that operate in sex differentiation, which sug-
gests that at the molecular level, the genetic
programs involved in GSD and temperature-
dependent sex determination (TSD) are closely
related (10). This is perhaps not unexpected,
given that the development of the testis and
ovary and their constituent cellsis broadly sim-
ilar in amphibians, reptiles, mammals, and
birds. The mechanisms that trigger those genes

to direct testis or ovary development from the
primordial gonads, however, whether GSD or
TSD, are quite different. Nonetheless, these
sex-determining mechanisms al have the same
common goa of ensuring a balanced male/
female sex ratio.

The original work of Pieau (11, 12), Y ntema
(13), Head (14), Bull (15-18), Wibbels and
colleagues (19-22), Crews and colleagues
(23-26), and Fergusson and Joanen (27) de-
scribing TSD in some groups of extant reptiles,
including all crocodilians studied to date,
showed that animals could equilibrate their sex
ratio without the requirement for specific sex-
determining chromosomes and/or genes. Un-
like animals that make use of GSD, however,
TSD-dependent animals rely on a more inti-
mate and precarious relationship with their en-
vironment, whereby a balanced sex ratio is
highly sensitive to and dependent on the tem-
perature of egg incubation (28). Early reports
of the exquisite temperature sensitivity of egg



incubation in alligator sex determination aluded to a possi-
ble role for TSD in the extinction of ancient archosaurs,
notably the dinosaurs and their relatives (14, 27, 29), assum-
ing that those ancient animals, by virtue of their phylogenetic
relationship with crocodilians, aso used TSD. Arguing
against this hypothesis, Rage (30) indicated that phyloge-
netic relationships and sex-determining mechanisms were
not mutually inclusive and that the mechanism of sex deter-
mination used by these ancient reptiles could not be inferred
from related “modern” species. More significantly, some
extant families using TSD today also existed at the time of
the great impact event of 65 MY A that probably wiped out
the dinosaurs, and the survival of these animals might call
into question the importance of TSD in animal extinctionsin
general and dinosaur extinction in particular.

Although the precise environmental effects of the great
impact event of 65 million yearsago (MY A) are open to debate,
it is not contested that profound global environmental changes
must have occurred (31-34). These changes might have ex-
acerbated prevailing and chronic deterioration in the global
environment from volcanic activity and fluctuations in the
carbon cycle and put additional pressure on existing archo-
saurian populations. In particular, changes in global temper-
ature would have had a more pronounced effect on TSD-
dependent animals than on animals using GSD. Indeed, the
concern over survival of extant TSD-dependent reptiles in
the wake of contemporary global warming has recently been
reiterated after empirically derived evidence that even mod-
est temperature increases might endanger some turtle species
(35).

In the absence of living specimens, we cannot know
whether dinosaurs used TSD. We can, however, provide a
theory of itslikelihood by atwo-part comparison with extant
species. The first draws on conclusions based on species
phylogeny and physiology. The second relies on the signif-
icant advances in our understanding of the molecular control
of mammalian sex determination and the equivaent pro-
cesses in reptiles. Herein, we show why GSD modes of sex
determination are driven to successfully maintain a balanced
sex ratio and why those animals without such a foolproof
mechanism are at risk of reproductive failure due to gross
skewing of the sex ratio.

CHRONOLOGIC AND PHYSIOLOGIC
RELATIONSHIPS BETWEEN ANCIENT
AND EXTANT ARCHOSAURS (FIG. 1)

Dinosaurs and crocodiles are members of the Archosau-
ria, a mgjor group of diaspsids that appeared in the Early
Triassic period, some 245 MY A. By the Late Triassic period
(225 MYA), the dominant representatives were dinosaurs,
champosaurs, pterosaurs, and crocodilians (36). Modern
birds were probably derived from avian archosaurs that first
appeared during the Jurassic period and expanded their range
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in the Cretaceous period, during which they would have
shared the skies with the dominant pterosaurs (37-39).

Crocodilians (TSD dependent) and avians (GSD depen-
dent) are the only Archosaurian taxa that have persisted to
this day. Assuming a post-Cretaceous-Tertiary boundary
(K-T) global environmental catastrophe, crocodilians but not
dinosaurs must have been able to adapt successfully to the
changing environment. Perhaps physical and biological con-
straints did not favor adaptable modes of TSD in dinosaurs.
Although there are no dinosaurs that we can use to test this
idea, it should be possible to manipulate crocodilian envi-
ronments, either in the laboratory or in situ, to determine
whether adaptive responses capable of restoring a normal
sex ratio can occur in nature (see Conclusions).

Studies on oviparity in the American aligator, Alligator
mississippiensi, suggest a physiologic link between crocodil-
ian and ancient archosaurian reproductive function. In com-
mon with birds, this species has separate uterine regions for
formation of the egg membranes and calcareous layers (40),
which indicates that extinct reptiles might have shared a
common mode of egg production with contemporary archo-
saurs. Furthermore, fossil evidence based on skeletal com-
parisons suggests that, like modern crocodilians, dinosaur
hatchlings had relatively mature perinatal pelvic girdles, an
observation that is consistent with their sharing the same
mobility and, by extension, similar nesting habits with mod-
ern crocodile young (41). On another tack, recent applica-
tions of spira computerized tomography to fossil endocasts
has provided compelling evidence that the Allosaur brain
case was organized aong lines similar to that of modern
crocodilians and quite distinct from that of birds (42). More-
over, a reptilian and not avian style of lung ventilation has
also been inferred from fossilized saurians, which suggests
that dinosaur circulation had more in common with ectother-
mic crocodiles (43). Although limited, these comparisons are
significant because they suggest physiologic similarities be-
tween extant reptiles and extinct dinosaurs, consistent with
their shared taxonomy.

In terms of their sex determination, birds probably devel-
oped GSD in parallel with their endothermy some 170 MYA.
Unlike endothermy, which probably restricts TSD modes of
sex determination, ectothermy puts animals at “liberty” to
use either TSD or GSD, and indeed there are examples in
nature of animals that occasionally use both (26, 44—46).
Why, then, did other reptilian species evolve to use GSD
exclusively? Because GSD modes of sex determination are
immune to the environmental vicissitudes that challenge
animals using TSD, one possibility is that a strong selection
bias favors the adoption of GSD in environments in which a
deleterious change in temperature becomes a species-threat-
ening issue. Once it has gained a “foothold,” however, GSD
might supplant TSD because of the “selfish” interest that the
sex-determining gene has in assuring its own intergenera-
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Chronology of sex determination during geologic time. In this scenario, TSD is assumed to have been the dominant form of sex
determination for much of the Paleozoic era from 500 to 245 MYA. We suggest that GSD (both XY and ZW forms) evolved in
some amphibian and reptilian groups (notably synapsids and sphenodonts) before the Permian extinction (P-T) event of 245
MYA. Archosaurs had probably not developed GSD at the time of their appearance in the mid-Triassic but that a ZW form had
arisen in the group giving rise to the Ornithuriae. In common with amphibians and fish, these reptiles and the earliest mammals
independently developed a “primitive” homomorphic set of sex chromosomes (XY or ZW) derived from ancestral autosomes.
In time, the nonrecombining regions on the Y and W contributed to a process of decay and reduction that has led to markedly
heteromorphic sex chromosomes in eutherians and marsupials (XY) and in carnite birds and vipers (Z"). To date, no
heteromorphic sex chromosomes have been observed in amphibian or fish species that use GSD.
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tiona continuance. Closer examination of the molecular mech-
anism of GSD in mammas shows why this is likely to be so.

MOLECULAR BASIS AND EVOLUTION
OF GSD

The specific chromosomes and genes responsible for
GSD have evolved independently in amphibians, reptiles,
birds, and mammals, thus indicating significant evolutionary
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advantages in its development (47). Mammals, for example,
use an XX-XY, male heterogametic system from what were
originally autosomes, centered around the emergence of the
RY (testis-determining) gene on the Y chromosome be-
tween 200 and 300 MYA (1, 4, 48). Insect species aso
developed an XX-XY male heterogametic system much ear-
lier that has no relation to the mammalian. Birds also devel-
oped a heterogametic system (ZZ-ZW female) from what
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were originally autosomes (Fig. 1). Of some note is the
discovery that the bird and reptile Z chromosome shares
many genes in common with chromosome 9 in humans and
its equivalent in other mammals, including DMRTL, a gene
crucial in testis development (9).

In placental and marsupial mammals, as well as in birds
and in higher snakes, the sex chromosomes are heteromor-
phic, meaning that one is much smaller than the other.
Current evidence suggests that this is due to selective chro-
mosomal atrophy and gene loss over many millions of years
(49, 50). However, all amphibians studied to date make use
of GSD with relatively large sex-determining chromosomes
that are microscopically indistinguishable (homomorphic).
Interestingly, amphibians using GSD can often undergo phe-
notypic sex reversal when eggs are incubated at higher
temperatures (51), which shows that although normally dor-
mant, TSD can be activated in GSD animals with homomor-
phic sex-determining chromosomes. As a group, fish also
include GSD- and TSD-dependent species, with some evi-
dence of environmentally dependent interchangeability in
the mode of sex determination (45), suggestive of an inter-
mediate or transitional state between TSD and GSD in these
animals.

The inherent stability of GSD in mammals and birds is
due to the continual atrophy of the sex-determining chromo-
some itself. The driving force for this process is selective
failure of meiotic recombination between the sex chromo-
somes leading, over time, to the gradual degradation of the
nonrecombining portion of the sex-determining chromosome
(49, 50). Thisismost apparent in dasyurid marsupias, which
have tiny Y chromosomes, fully differentiated from the X
and often absent from their somatic tissues (52) and absent
atogether from the mole voles, in which the Y is completely
missing (53). This decay of what was previously an ordinary
paired autosome has resulted in selective inactivation of its
paired mate, bringing parity of expression between males
and females (54).

The phenomenon that the X and Y originated from ho-
mologous autosomes and that X-linked genes in one mam-
mal would be shared by all wasfirst suggested by Ohno (55).
The same process is observed in ZZ/ZW birds and some
advanced snakes, which have highly heteromorphic sex
chromosomes with extensively atrophied W chromosomes.
Some snakes, however, and all amphibians have homomor-
phic sex chromosomes that are virtualy indistinguishable,
and it is in many of these species that the environmentally
induced interchangeability of sex-determining mechanisms
is occasionally observed. No GSD species with heteromor-
phic sex chromosomesis known to display this phenomenon,
and evolutionary drive is consistent with GSD eventually
dominating TSD due to its irreversibility. Once atrophy of
the sex-determining chromosome has commenced, reversal
is unlikely.

FERTILITY & STERILITY®

EVOLUTIONARY ACCUMULATION OF
TESTIS-SPECIFIC GENES TO THE Y

Along with the decay of most of the ancestral autosomal
genes on the heterogametic sex chromosome controlling
GSD (the Y chromosome in mammals), there is a parallel
accumulation of genes on the Y that control spermatogene-
sis. This inevitably occurs because the region next to the
testis determining gene, which does not recombine during
meiosis, is a“safe harbor” for genes that are beneficial to the
male but detrimental to the female. Sexually antagonistic
male-benefit genes that are testis-specific and therefore en-
hance male fertility have thus been accumulated and ampli-
fied on the nonrecombining region of the Y over the course
of 300 million years by three different molecular evolution-
ary processes: transposition, retroposition, and persistence
(56-59). Thus, a functionally coherent concentration of tes-
tis-specific genes has arisen on a labile Y chromosome that
is subject to deletions and inversions caused by massive
direct and inverted regions of nucleotide identity (amplicons
and palindromes) (60, 61) and is a significant cause of
human male infertility (62, 63). There is, however, afragile
balance between gene conversion and repair by the palin-
dromes to maintain these genes and their frequent deletion
due to illegitimate homol ogous recombination between mas-
sive ampliconic repeat sequences (64—66).

A very similar driving processislikely to be occurring on
the W chromosome of birds and snakes, albeit with different
arrangements of genes and repetitive sequences (67). Despite
the risk to fertility, the recurring, independent emergence of
sex determination based on genes located on sex chromo-
somes is a foolproof mechanism for ensuring a balanced
ratio of males to females in subseguent generations. The
potential reduction in spermatogenesis due to deletions of
the atrophying Y chromosome (in the absence of sperm
competition) is well balanced by the assurance of a stable
sex-ratio, protected from environmental vicissitudes (68).

MOLECULAR RELATIONSHIPS
BETWEEN TSD AND GSD

Temperature-dependent sex determination achieves abal-
anced sex ratio through two principle formats. In one format,
temperatures above or below an intermediate range lead to
all-male or all-female clutches, respectively (depending on
the species). In the other format, intermediate temperatures
give rise to one sex and temperatures above and below the
intermediate range give rise to the opposite sex (14, 28). All
crocodilians studied to date use the latter format. The tem-
perature-sensitive switch determining sex remains elusive
but operates at one particular developmental or temperature-
sensitive period during egg incubation, when the sexual
identity isfixed. Inthe alligator, for example, just afew days
in the middle third period of egg development is temperature
sensitive.
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Sex determination and differentiation pathways in GSD and TSD animals. Sex determination pathways and the genes involved
or suspected of being involved are represented by thick arrows. Thin arrows represent gene pathways involved in sexual
differentiation. In eutherian mammals with male heterogamety (XX females and XY males), SRY is the male-determining switch.
The equivalent switch in bird and snake female heterogamety (ZZ males and ZW females) is not known, although the
testis-specific gene DMRTT1 is absent on the W and hence only one copy is present in females, which suggests a possible
chromosome-dependent, dose (+female or ++male) response mechanism of sex determination. SRY is also implicated in
downregulation of SOX3 and aromatase expression and upregulation of SOX9. In TSD, male-determining temperatures (MDT)
are permissive for SOX9, DMRT1, and AMH expression and refractory to DAX7 and SOX3 expression, both involved in female
sexual differentiation. Unlike SRY, none of these genes are expressed as a prelude to sex determination (as is also the case
for DMRTT1 in birds), hence the controlling switch through which temperature operates in TSD remains elusive. The dosage of
DMRT1 expressed at male- or female-permissive temperatures might be significant in this respect. Orthologues of these genes
(except SRY) are commonly expressed during sexual differentiation across mammalian and reptilian species, regardless of
sex-determining mechanism.
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Hence, depending on the species and its pivotal temper-
ature, reptile embryosthat use TSD develop into either males
or females, and clutches of all-male or all-female offspring
can easily be obtained under laboratory conditions (28). In
the wild, close-to-normal sex ratios are often observed as
nest temperatures fluctuate around these transitional or piv-
otal “optima,” facilitating the devel opment of both sexes and
occasionally intersex offspring. Single-sex clutches, how-
ever, are aso frequently observed, with the sex ratio depend-
ing on the ratio of al-male to all-female clutches in a given
area (69). Significantly, TSD has also been reported in a
viviparous lizard, in which nest temperatures are of no
relevance, which suggests that it might also operate among
certain live-birth reptiles (70).

The Z/W sex chromosomes of birds are similar to reptiles
that use GSD (notably snakes), as well as some amphibians.
Furthermore, most of the genes in the mammalian sex-
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determining cascade have orthologues in both GSD and TSD
species, including DMRT1, WT1, SF1, SOX9, AMH, and
DAX1 1| (Table 1 and Fig. 2) (71). In the American aligator
model Alligator mississippiensis, the orthologue of the hu-
man autosomal gene SOXO9 is of particular interest because
of its essential role in testis development in both TSD and
GSD systems. Ectopic expression of the gene in transfected
XX mice causes female-to-male sex reversal, which shows
that SOX9 can effectively substitute for SRY (72). Moreover,
mutations in SOX9 can result in human XY male-to-female
sex reversal (73, 74) due to loss or inactivation of one its
alleles on chromosome 17.

Inthe aligator and in mice, SOX9 isinitially expressed in
the genital ridge of both males and females before being
upregulated in and specific to the developing testis (hence
only at male-permissive temperatures in TSD). Concomitant
downregulation is observed in females. Being autosomal in
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Full description of gene abbreviations.

Gene Full name

RY Sex determining Region on the Y chromosome

S0X3 SRY-related HMG containing bOX-gene 3

S0X9 SRY-related HMG containing bOX-gene 9

DMRT1,2 Doublesex and Mab-3 Related Transcription factor 1 and
2

DAX1 Dosage sensitive sex reversing Adrenal Hypoplasia
Congenita critcal region on the X

AMH (MIH) Anti Mllerian Hormone (Mullerian Inhibitory Hormone)

SF-1 Seroidogenic Factor-1
WT-1 Wilms' Tumor suppressor-1

Miller. Sex determination and dinosaur extinction. Fertil Steril 2004.

mammals, SOX9 islikely to be expressed biallelically, which
suggests that one copy is incompatible with male develop-
ment even in the presence of SRY. However, SOX9 is un-
likely to be the male-determining switch in TSD because it
is upregulated after commitment to male development has
occurred (75). For amore detailed account of genesinvolved
in sex determination, including additional gene orthologues
of TSD reptiles, the reader is referred to the excellent re-
views of Marshall Graves and Shetty (7) and Western and
Sinclair (71).

In GSD species, sex determination is set before differen-
tiation of the male or female characteristics commence.
Although specific sex-determining genes are involved, we
suspect from both de novo and experimentally generated
sex-reversal cases that gene dosage is also an important
factor. In this respect, differential egg incubation tempera-
tures might affect gene dosage of acritical gene or genes that
together commit the TSD embryo to one sex or the other.
Only detailed quantitative studies of transcript or protein
levels in developing embryos will elucidate this, and the
recent development of RNA interference technology offers
another potentially rewarding route toward testing this idea
(see Conclusions). In support of the notion that differential
gene dosage rather than particular genes operate to deter-
mine sex in TSD species, subsequent gonadal devel opment
is much more sensitive to hormonally induced sex reversals
than is the case in mammals.

AROMATASE AND SEX
DETERMINATION

For both GSD and TSD, the activity of aromatase is
pivota in the conversion of T to E,, thus aromatase is a
major contributor to the development of female characteris-
tics, particularly secondary sexua characteristics in mam-
mals. Aromatase is known to be a key regulatory enzymein
the sexual development of al TSD animals studied to date
(28). Hence, at permissive (for female development) tem-
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peratures, aromatase levels rise during early embryogenesis
accompanied by rises in E, and ovarian development. At
nonpermissive temperatures, aromatase levels remain low
while T rises accompanied by testis development. It is a
simple matter to provide exogenous estrogens to devel oping
eggs incubating at male-determining temperatures and force
them to hatch as females. The reverse is not as readily
achieved with exogenous T, although inhibitors of aromatase
can masculinize developing females (76). Similar experi-
ments on chickens show that male-to-female sex reversal is
observed after intra-ova injection of E,, but birds normally
revert to a male phenotype as they mature (77-79). Mam-
malian development is less sensitive to exogenous steroido-
genic factors, although there is some controversial specula-
tion that environmental estrogens might cause some
reduction in human male fertility (80—84). However, com-
plete chemically induced sex-switching, as extensive as that
observed in TSD reptiles exposed to estrogens, has not been
observed in mammals, although some birds and fish can
switch sex during their lives (9, 77, 85-88).

These experiments demonstrate that the control over aro-
matase activity isthe key to TSD, athough how temperature
exerts its control over this enzyme is still unknown. Recent
experimental evidence suggests that aromatase itself is not
the target because its expression is not concomitant with
differential sex determination during the temperature-sensi-
tive period (89, 90).

PERSISTENCE OF TSD IN REPTILES

Unlike GSD, animals making use of TSD are automati-
cally placed under environmental constraints with regard to
balancing the sex ratio. For TSD to have persisted in some
animals, it must, however, offer some advantages in relation
to reproductive fitness. Given that higher temperatures will
usually result in faster growth rates and hence larger adult
size, it follows that the sex-determining temperature will
usually favor the animal best suited to exploit that environ-
mental niche. Female turtles are generally larger than male
turtles, and females are determined by higher egg incubation
temperatures than males (14).

The fecundity of female turtles is clearly an important
factor in their larger size. Male lizards are larger than fe-
males, however, and males are determined by higher incu-
bation temperatures. Crocodile males are aso larger than
females, but in these animals, temperatures both below and
above the male optima are feminizing. The choice of the
male as the larger sex is probably related to the observed
intermale rivalry for females. In the case of crocodilians, it
has been suggested that the narrow range of temperatures
required to facilitate male development reflects awider vari-
ation in temperature flux due to the wider environmental
range of these animals and their eggs consequent exposure
to a wider variety of ambient temperatures (14).
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Animals using TSD, therefore, have a convenient way of
tailoring their physical and behavioral characteristics accord-
ing to sex, to efficiently benefit from and fit in with their
environment. The various “differential fitness’ models for
adaptation in TSD have developed from these notions and
provide useful explanations for why egg incubation temper-
ature should have effects that go beyond sex determination
and include the adaptive significance of TSD. However,
TSD does not protect animals from deleterious sex-ratio
skewing under conditions of massive environmental shifts.
The reader is directed to the review by Shine (69) for more
detailed information on this complex subject.

MATHEMATIC MODELING OF SKEWED
SEX-RATIO EFFECTS

The best fossil evidence is unable to conclusively show
that the strong sexual dimorphism and hence differential
fitness exhibited by crocodiles was also present in dinosaurs.
Moreover, the known types of nest, nesting sites, and nesting
behavior used by these animals is too incomplete to shed
light on whether these factors might have played an impor-
tant role in dinosaur sex determination (41). Given the
warmer Jurassic climate, in which global temperatures were
higher than they are today, TSD might have given animals
the flexibility to exploit niches that might not have otherwise
been available to them, and there is no reason to believe that
dinosaurs would not also have benefited. The simplest pop-
ulation growth models consider growth rates (e.g., dx/dt: see
equation below) to be directly proportional to the population
size. However, this approach does not include the necessary
breeding dynamics, which can be achieved by splitting the
population into males (x) and females (y). In this case,
population growth is governed by how many females (7) a
male can mate with; if there are more than enough females
(i.e., y — mx > 0), then the growth is dictated by the size of
the male population, x; otherwise, if there are insufficient
females (y — mx < 0), the population dynamics then depend
on the female population size, y. Switching between the two
situations is achieved mathematically by the heaviside func-
tion, H, which is zero or unity depending on whether its
argument is respectively negative or positive. Consider a
birth rate, 8, a male death rate, Kx, a female death rate, Ky,
and a time-varying percentage of births that are male, A(t);
the population growth is then modeled by the following
quasilinear dynamical system:

d
E)t( — [H(y — m)8AM) T — KJx + [H(y — m)8A(1)]y

dy
o = Hly = m)3(1 — A®)m]x

+ [H(y = m)8(1 — A)—K,ly
The function A(t) in the above equation is the time-
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dependent proportion of births that are male, and it takes
the following functional form:

A =2 R A
S 100 T 14 ()"

where Ay and A, are, respectively, the initial and final
proportions of births that are male, t,, is the average cycle
at which the transition between A, and A, occurs, and n
describes how quickly the change should take place (rate),
that is the duration in cycles required to return the ratio
back to normality (A..).

The questions therefore, are how much skew could a
species endure and for how long before its extinction was
inevitable? Taking a surviving population of 1000 pairs (X =
y = 1000 at t = 0), at the time of the disaster, for example,
and assuming a birth rate and death rate of 0.25 and 0.12,
respectively, this leaves a margin of 0.01 for population
growth (0.25-0.24). Assuming that the sex ratio skewed
from 50:50 (male/female) to 91:9 after the disaster and that,
on average, each male mated with four femaes in each
reproductive cycle (probably a conservative estimate), pop-
ulations would still robustly recover after an initial decline,
provided the skew was lost within 50 subsequent cycles (Fig.
3A). However, populations would inexorably decline toward
extinction if the skew was to take longer than 50 cycles to
abrogate, because the animals' rate of population growth
would not be high enough to sustain them during this period
(Fig. 3B). This would also be the case given a more modest
skew of 80:20 and the same rate of skew abrogation (Fig.
3C). A moderate skew of 60:40 at this same rate of recovery,
however, would permit population expansion after an initial
decline (Fig. 3D). Findly, fine-tuning the permitted recovery
period from an initial skew of 60:40 shows the fine dividing
line between likely recovery of the population (Fig. 3E) or its
inevitable demise (Fig. 3F).

Clearly, the likelihood of extinction depends not just on
theinitial skew and rate of recovery in the sex ratio, but also
on the birth and death rates before and after the environmen-
tal catastrophe itself. For simplicity, our model is set for a
small margin in population growth, a factor that is probably
generous considering the environmental changes that these
animals must have encountered at the time. The model aso
demonstrates that a predominance of female births over an
extended period is not sufficient for population collapse if
some males are available (data not shown). This is because
the dynamics of population growth are dependent on fewer
numbers of males and only in extreme cases, in which
al-female populations arise in subsequent generations,
would extinction be likely.

WHY DID SOME SURVIVE?

It is clear that avian archosaurs were in a good position to
survive the K-T event, 65 MYA, because they had evolved
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Recovery profiles for animals using TSD after skewing of their male (black)/female (red) ratio to 91:9 (A and B), 80:20 (C), and
60:40 (D and E). Recoveries of the ratio () (blue) at set rates of 2 (A), 0.8 (B-D), 0.6 (E), and 0.4 (F) are also shown. The time
scale (x-axis) is arbitrary but reflects the number of reproductive cycles. The y-axis assumes a starting population of 1000
animals (n). The plates show that even a heavily male-dominated skew can recover if the rate of recovery from the skew is rapid
enough (A). Too slow, and extinction is the likely outcome (B). The other four plates show the relationship between the severity
of skew and recovery rates. Clearly, the weaker the skew, the more resistant the population will be to terminal decline, even
at relatively slow recovery from skew (D-F). No account is taken of predator/prey relationships in this model, although this
would have a strong modulatory bearing on the outcome.
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a GSD system. But why did TSD animals like crocodilians  against the more extreme effects of environmental change,
and turtles survive? These animals live at the intersection of hence giving them more time to adapt. Alternatively, the loss
aquatic and terrestrial environments, in estuarine watersand ~ of marine animals living along coastal waters might have
river beds, which might have afforded some protection = come about by a complete collapse of the supporting eco-
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system. Indeed, changes in marine temperatures are thought
to be responsible for the contemporary bleaching of coral
reefs and the increase in toxic red tides (91).

CONCLUSIONS

In the absence of definitive evidence, we can infer that
TSD was the forerunner to GSD (Fig. 1). In reptiles, this
conclusion is based not only on phylogenetic evidence but
on the latest molecular genetic data. In this scenario, most or
al of the genes controlling testis or ovary formation in TSD
had already evolved before the appearance of GSD in rep-
tiles. Probably all forms of GSD use molecular switches that
were originally derived from one of these genes. For exam-
ple, a single gene (probably related to SOX3) acquiring a
stabilizing role as the primary switch for sex determination
was all that was needed for GSD to first evolve in mammal-
like synapsid species some 250-300 MYA. Because this
group is credited with being the forerunner of the mammals,
these sex chromosomes might have been the forerunners of
the modern mammalian XY pair that uses SRY as the sex-
determining switch. The widespread expression of SRY in
the tissues of some mammals supports additional develop-
mental and regulatory roles for this gene other than in sex
determination. The ZW chromosomes independently devel-
oped after the co-opting of DMRT1 into a sex-determining
role in other reptile groups at around this time. There then
followed an intermediate period, wherein essentially homol-
ogous XY and ZW-like homomorphic sex chromosomes
persisted in these groups.

These autosomally derived chromosomes were the proto-
type homomorphic ZZ/ZW pairs that we still see today in
boid snakes and ratite birds and the XX/XY pairs observed
in monotremes. With the selective loss of meiotic recombi-
nation, the W and Y eventually degenerated due to addition
and attrition and to conflict between selfish sex-determining
elements, thus producing the markedly heteromorphic ZW
sex chromosomes seen in advanced snakes and carnite birds
and the XY chromosomes seen in eutherian mammals and
most marsupials. Most lizards studied to date use largely
homomorphic XY chromosomes, a property shared with
monotremes (92).

The phylogenetic relationship between crocodiles and
dinosaurs also supports the hypothesis that the archosaurian
lineage had diverged, with TSD as their default sex-deter-
mining mechanism. The relatively clement environments
enjoyed by animals in the Jurassic and early Cretaceous
periods would not have driven their switching to GSD (93,
94). The net result of post—K-T climatic change, therefore,
could have been the skewing of the sex ratio toward a
preponderance of males for a period that was too prolonged
to permit population recovery. It is unlikely that a prepon-
derance of females, even over very long periods covering
many hundreds of reproductive cycles, would have led to
extinction.

962 Miller et al. Sex determination and dinosaur extinction

Several experimental tests can be applied to existing
reptiles that might shed more light on their susceptibility and
adaptive responses to sex ratio skew, as well as the molec-
ular basis of TSD.

1. Based on mathematic modeling, it should be possible to
expose breeding TSD populations to temperatures that lie just
beyond either side of pivotal to slightly skew the sex ratio. A
positive adaptive response would be onein which the sex ratio
eventually returned to normal while the temperature extreme
was maintained.

2. The molecular control of sex determination in TSD could be
investigated with combinations of quantitative reverse tran-
scriptase polymerase chain reaction and RNA interference.
These tests will alow investigators to either passively deter-
mine specific gene expression dosage de novo at male- or
female-permissive temperatures or to actively downregulate
specific genes at these temperatures and to monitor its effect
on sex determination.

3. Animals that narrowly escaped extinction should be geneti-
cally less diverse than animals that were never at the same risk
(bottleneck hypothesis). It would be revealing to use available
markers of genetic variability to compare the genetic variabil-
ity of TSD vs. GSD species of reptiles.

4. Examining the molecular relationships between the ortholo-
gous genes involved in testis development should help un-
ravel the timing of events leading up to the appearance of
GSD.

These ideas have some bearing on emerging threats
brought about by human activity to existing species that use
TSD. With global warming, it is quite possible that some
populations of turtles will be at risk of catastrophic sex-ratio
distortion in areas where local temperatures are set to rise by
2°C-5°C in the next century (35), particularly if females
become scarce. Also cause for concern is the possibility that
synthetic phthalates and other industrial plasticizers with
xeno-estrogenic effects will synergize with rising tempera-
tures, causing more widespread cases of sex-ratio skewing in
susceptible species (95). Finally, sex-ratio skewing in human
populations in which female offspring are undervalued can
produce remarkably catastrophic population declinein just a
few generations.
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