estimate of vertical mixing from a sin-
gle measurement of 2!2Pb may be pos-
sible more often. When such ideal con-
ditions do not obtain, the residence
time can still be estimated from Eq. 7,
provided C, is vertically homogeneous
and known. On the 2 days for which
we have measurements, similar esti-
mates of 7, were obtained, of the order
of 4 to 5 minutes. If our conclusion is
correct, that the source strength of the
city’s 212Pb is relatively constant, then
the residence times in the street layer
calculated from measurements made on
16 additional occasions during different
seasons did not vary by more than a
factor of 3 from these values.
' GAD ASSAF
PI1ERRE E. BISCAYE
Lamont-Doherty Geological Observatory
of Columbia University,
Palisades, New York 10964
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Breakup of Pangaea and Isolation of Relict Mammals
in Australia, South America, and Madagascar

Abstract. The composition of aboriginal land mammal faunas in Australia
and New Guinea (prototherians and metatherians), South America (meta-
therians and eutherians) and Madagascar (eutherians only) is reconsidered in
light of continental drift reconstructions of Mesozoic-Tertiary world paleogeog-
raphy. It is proposed that these three faunas represent successively detached
samples of the evolving world mammal fauna as it existed when each of these
land masses became faunally isolated from the rest of the world as a result of the
progressive fragmentation of Pangaea. Isolation of aboriginal prototherians and
metatherians in Australia and New Guinea may date from the Upper Jurassic—
Lower Cretaceous; isolation of aboriginal metatherians and eutherians in South
America may date from the Middle Cretaceous—Upper Cretaceous; isolation of
aboriginal eutherians in Madagascar may date from the Paleocene-Eocene.

For more than a century zoogeog-
raphers have been intrigued by the
fact that primitive mammals tend to
be concentrated in three widely sep-
arated regions in the Southern Hemi-
sphere—Australia and New Guinea,
South America, and Madagascar (I,
pp- 82, 287). Currently, the most
widely accepted interpretation of this
distribution is that it is a coincidental
result of three independent episodes of
“sweepstakes ~ dispersal” across past
or present water gaps with world con-
tinents and islands assumed to have
been fixed in their present positions,
at least during the time of dispersal
of - these groups of mammals (2, pp.
88-105; 3, pp. 363, 522). However,
the assumption that continental posi-
tions have remained fixed during this

eriod is being called in question by
a growing body of geophysical re-
search on plate tectonics. Reexamina-
tion of relevant faunal evidence in
light of new paleogeographic per-
spectives that are provided by the
continental drift reconstructions of
Dietz and Holden (4) suggests that
the distribution of relict mammals in
the Southern Hemisphere is not the

result of coincidence, but instead that
there is a direct causal relation be-
tween the early separation of conti-
nental masses and the preservation of
these relict mammal faunas (Table 1).

According to Dietz and Holden (4,
pp. 4943-4952) and many other stu-
dents of continental drift, at the close
of the Paleozoic all of the earth’s
crust was united to form a single super-
continent, Pangaea (Fig. 1A). Near
the end of the Triassic, Pangaea be-
gan to split into two parts: (i) Laur-
asia—West Gondwana, which includes
present-day North America, South
America, Eurasia (excluding India),
and Africa, and (ii) East Gondwana,
which includes present-day Antarctica,
India, Australia, New Guinea, and
New Zealand (Fig. 1B). At about
the same time, India began to sepa-
rate from the rest of East Gondwana
and to drift northward. Also at about
the same time, as a result of the for-
mation of the North Atlantic rift, pres-
ent-day North America lost its direct
connection to South America and
Africa, but retained its connection to
Europe. In the Upper Jurassic or
Lower Cretaceous, present-day South
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America began to split away from
Africa (Fig. 1C). During the Creta-
ceous, Madagascar began to separate
from Africa, and Australia—-New Guin-
ea began to drift northward away from
Antarctica (Fig. 1D). Subsequently,
during the Tertiary, North America
(including Greenland) separated from
Eurasia and ultimately became united
with South America; India became
united with south-central Eurasia; and
Australia-New Guinea approached,
without joining (as yet), the south-
eastern part of Eurasia. Throughout
the entire period of fragmentation of
Pangaea, Africa maintained a more
or less continuous, although some-

times tenuous and shifting, connection

with Eurasia. During this period,
classical Gondwanaland (South Amer-
ica— Africa—Madagascar — Antarctica—
India—Australia) did not exist as an
intact unit isolated from Laurasia
(North America—FEurasia) (Fig. 1, B
and C).

In the following analysis of the mam-
mal faunas of Australia, South Ameri-
ca, and Madagascar, bats and marine
mammals are omitted because of their
special ability to disperse across water
gaps. Also excluded are faunal ele-
ments that probably or certainly were
introduced by man.

The original land mammal fauna of
the Australian region evidently con-
sisted exclusively of monotremes (sub-
class Prototheria) and marsupials
(subclass Theria, infraclass Metather-
ia) (5). Two families of monotremes
and seven families of marsupials now
inhabit this region. This region also is
inhabited by murid rodents, which are
a family of placentals (subclass Ther-
ia, infraclass Eutheria), but rodents
are conspicuously absent from pre-
Pleistocene fossil deposits in Australia
(5, p. 390) and therefore probably
are relatively recent immigrants. The
time of the first occurrence in this re-
gion of monotremes and marsupials
is not documented by the Australian
land vertebrate fossil record, which is
virtually blank from the Triassic to
the Oligocene.

Early South American mammals
are known from fossil deposits that
extend from the Upper Cretaceous
through the Eocene (6). This early
fossil fauna includes five families of
marsupials (Metatheria) and 21 fami-
lies of placentals (Eutheria). No pro-
totherians are known in these deposits.
Of the placental families, five are
assigned to the living order of South
- American edentates (Edentata) and 16
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Table 1. Comparison of dates of initial rifting (4, pp. 4945-4950) and composition of
aboriginal mammal faunas (see text) in Australia-New Guinea, South America, and Mada-

gascar.
Date of . ..
Land mass initialeri?ting Compo§1tlon of aboriginal
(X 10°¢ years B.P.) terrestrial mammal fauna
Australia-New Guinea* 180 Prototheria, Metatheria
South America 135 Metatheria, Eutheria
Madagascar 135-65 Eutheria

* QOriginally part of the Antarctica-India—Australia-New Guinea block.

are assigned to seven orders of extinct
ungulates (Condylarthra, one family;
Xenungulata, one family; Pyrotheria,
one family; Litopterna, two families;
Astrapotheria, one family; Trigono-
stylopoidea, one family; Notoungulata,
nine families). All seven of these ex-
tinct ungulate orders probably origi-
nated from radiation of two ancestral
stocks, Condylarthra (with five derived
orders) and Notoungulata. Absent from
this early fauna are caviomorph ro-
dents and primates, which appear rela-
tively suddenly in South America in
Oligocene deposits and therefore seem
to be mid-Tertiary immigrants. Numer-

‘ous other placental groups (insecti-

vores; lagomorphs; sciurid, heteromyid
and cricetid rodents; carnivores; pro-
boscidians; perissodactyls; artiodactyls)
appear first in Pliocene-Recent deposits
and therefore apparently are late Ter-
tiary immigrants.

The original land mammal fauna
of Madagascar, like that of Australia
and New Guinea, is not known di-
rectly from early Tertiary fossil evi-
dence, but may be inferred from evi-
dence of the Pleistocene-Recent fauna
(3, p. 521). This fauna includes only
placentals; monotremes and marsupials
are absent. Of 38 genera of living
Madagascan mammals, 34 are endemic
genera belonging to four placental
groups: tenrecid insectivores (Tenreci-
dae, 10 genera), lemuroid primates
(Lemuridae, Indridae, Daubentoniidae,
10 genera), civets and allied carnivores
(Viverridae, seven genera), and an
endemic subfamily of cricetid rodents
(family Cricetidae, subfamily Nesom-
yinae, seven genera). One endemic
genus of aardvarks (order Tubuliden-
tata) is known from the Madagascan
Pleistocene (7, p. 712). These five
eutherian groups, each represented by
endemic Madagascan genera, probably
consiitute the original land mammal
fauna of the island. The few other
known Madagascan land mammals,
all members of genera that also inhabit
Africa, are an extinct Pleistocene pyg-
my hippopotamus, which probably was
a relatively recent immigrant, and one

or two species each of shrews, bushpigs,
house mice, and house rats, which
probably were introduced by man.

Aboriginal land mammal faunas in
these three regions may be summarized
as follows: Australia and New Guinea,
prototherians and metatherians; South
America, metatherians and three orders
of eutherians, of which one (Edentata)
is unique and two (Condylarthra,
Notoungulata) are extinct; Madagascar,
five orders of eutherians, of which four
are broadly distributed outside of
Madagascar  (Insectivora, Primates,
Carnivora, Rodentia) and one is now
restricted to Africa (Tubulidentata).
Completely lacking from these aborigi-
nal faunas are seven other living orders
of eutherians—Dermoptera, Pholidota,
Lagomorpha, Proboscidea, Hyracoidea,
Perissodactyla, and Artiodactyla. Of
the seven missing orders, six (all ex-
cept Dermoptera) are in Africa but
not in Madagascar (3, p. 431). About
22 families of the orders Insectivora
(four families), Primates (three fami-
lies), Carnivora (four families) and
Rodentia (11 families) likewise inhabit
Africa but not Madagascar (3, p. 431).
The rodent family Cricetidae, present
in Madagascar, is believed to be an-
cestral to the family Muridae (8, p.
177), which probably arose in the
Miocene and which is spectacularly
successful in the Old World, but is not
native to Madagascar. As a whole, the
eutherian fauna of Madagascar ap-
pears to be more primitive than that
of Africa (9, p. 282).

The known fossil distribution of the
nine aboriginal stocks is indicated in
Table 2. Monotremes as such are un-
known outside of Australia and New
Guinea, but extinct multituberculates
are closely related prototherians (10,
p.- 7; 11, p. 976) and are well known
as fossils from the Upper Jurassic to
the Paleocene-Eocene in North Amer-
ica, Europe, and Asia; still earlier
prototherian orders, Triconodonta and
Docodonta, are known from the Upper
Triassic-Upper Jurassic in  North
America, Africa, Europe, and Asia.
Metatherians are known outside of the
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Australian and South American regions
from the Middle Cretaceous to the
Miocene in North America and from
the Eocene to the Miocene in Europe.
Most of the aboriginal eutherian stocks
also have early fossil records outside
of the Australian, South American,
and Madagascan regions.

The prototherian-metatherian abo-
riginal fauna of Australia and New
Guinea is clearly more primitive than
the metatherian—primitive eutherian
aboriginal fauna of South America,
and this in turn is more primitive than
the primitive eutherian aboriginal fauna
of Madagascar (3, p. 535; 9, pp. 49—
50; 12). Closely corresponding to these
faunal relationships, geophysical evi-
dence indicates that the Australia—New
Guinea land mass was part of the first
block (East Gondwana) to detach
from Pangaea, that the South Ameri-
can land mass was the second block to
detach from Pangaea, and that the
Madagascar block was the last of these
three to detach (Table 1). The most
straightforward interpretation of the
zoological and paleogeographical evi-
dence is that the aboriginal land mam-
mal faunas of these three regions rep-
resent three successively detached and
isolated samples of the evolving world
fauna as it existed before each of the
respective regional land masses separat-
ed from Pangaea. More specifically, the
evidence seems to imply that pro-
totherians and metatherians were the
dominant mammal groups in Pangaea
before separation of East Gondwana
interrupted faunal exchange between
that land mass and Laurasia—~West
Gondwana (Fig. 1A). After this sep-

aration, prototherians in Laurasia—.

West Gondwana evidently declined
and became extinct as eutherians arose
and began their radiation. Meanwhile,
prototherians and metatherians per-
sisted in isolation in East Gondwana,
which was then inaccessible to the
newly evolved eutherians (Fig. 1B).
At this stage, South America, bearing
a sample of the metatherian—primitive
eutherian world fauna, separated from
the rest of Laurasia—West Gondwana.
Subsequently, paralleling events during
the preceding evolutionary stage, meta-
therians declined and became extinct
in the main part of the world (Laur-
asia—West Gondwana minus South
America) as eutherians there continued
to radiate and become more dominant.
In South America metatherians and
the early stock of primitive eutherians
survived in isolation (Fig. 1C). Fi-
nally, Madagascar detached from the
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Asia

U. Trias.-U. Paleoc.
M. Eoc.-L. Olig.

U. Paleoc.

Eoc., Plio.-R.

L. Olig—R.

L. Olig.—R.

L. Plio.

Europe
U. Trias.-U. Paleoc.
M. Eoc.-L. Mioc.

9Eoc.—Olig., L. Plio.
Xenungulata, Pyrotheria, Litopterna, Astrapotheria, Trigonostylo-

U. Paleoc.-L. Olig.
7L. Eoc.-U. Eoc.

U. Eoc.-R.
L. Olig.-R.

Africa

U. Trias.
7L. Olig.—?L. Mioc.

L. Mioc.-R
L. Mioc.—R.
L. Mioc.—R.
U. Mioc.~-R
L. Mioc.—R

I Includes derived orders:

Geological distribution

North America

U. Jur.-U. Eoc.

t(27)
U. Cret.-Eoc.

L. Eoc.
M. Eoc.-M. Olig. (28)

L. Eoc.—M. Eoc.

L. Olig-R.
7L. Eoc.

M. Cret. (26)-L. Mioc.t
1 Excludes Pliocene-Recent immigrants.

Madagascar
-R.
-R.
Pleist.-R.
Pleist.—R.
Pleist

Pleist
Pleist.

" South America
9U. Cret. (6)-Pleist.

U. Cret. (25)-R.
U. Paleoc.~Pleist.

U. Paleoc. (6)-R.

Australia

Pleist.-R.

U. Olig. (5)-R.

Aboriginal stock
Insectivora: Tenrecidae
Primates: Lemuroidea
Carnivora: Viverridae
Rodentia: Cricetidae
Tubulidentata: Orycteropodidae

Edentata
Condylarthrai
Notoungulata

Table 2. Known geological distribution of abbriginal stocks of Australian, South American, and Madagascan land mammals; data from Romer (24, pp. 379-387), unless otherwise indicated; R., Recent.

* As defined by Hopson (10, p. 7) and Kielan-Jaworowska (I1, p. 976).

Prototheria*
poidea.

Metatheria
Eutheria

remainder of the main world conti-
nent (North America~Eurasia—Africa),
thereby isolating a sample of the sec-
ond stage of primitive eutherian evolu-
tion. This sample in Madagascar per-
sisted in isolation as more advanced
eutherians evolved and became domi-
nant in the residual main world conti-
nent (Fig. 1D).

In the above formulation, groups
named as components of world faunas
and isolated faunas are to be under-
stood as the most dominant and wide-
spread groups inhabiting the indicated
land masses at the indicated evolution-
ary stages. It is not to be assumed that
members of these groups were exclu-
sively or uniformly distributed over the
surface of these land masses, any more
than living mammalian faunal elements
are uniformly distributed in present-
day continents or islands. The ranges
of ancient mammals presumably were
limited geographically and ecologi-
cally, as are those of living mammals.
The absence of metatherians from
Cretaceous-Paleocene deposits in Eur-
asia, for example, may indicate that
this group originated in the southern
or western part of Pangaea and that it
failed to spread to northeastern Pan-
gaea before metatherians lost domi-
nance to eutherians. A similar explana-
tion may account for the absence of
prototherians from Cretaceous-Paleo-
cene deposits in South America.

This hypothesis does not imply that
faunal exchange ceases immediately
when a rift forms and continents be-
gin to separate. Although the Red Sea
rift apparently began to split the Ara-
bian peninsula from Africa in the
Oligocene [Dietz and Holden (4), p.
4952; 13, p. 238], faunal exchange be-
tween these land masses remains pos-
sible up to the present by way of the
Isthmus of Suez. Even after rifting
completely separates two land masses,
some mammals probably continue to
disperse between the newly formed
continents until the water gap becomes
too wide.

In the present hypothesis it is as-
sumed that metatherians originated and
dispersed earlier than eutherians (Fig.
1, A and B). Although the known fossil
record of both of these groups extends
back to the Upper Cretaceous, the
Lower Cretaceous record of their deri-
vation from presumed Jurassic panthere
ancestors is meager and ambiguous
(14, p. 378). Becausc metatherians re-
tain more primitive characters than
eutherians (15, p. 142; 16, p. 90), it
seems probable that they originated
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first. Recent comparative study of these
two groups has led Lillegraven (16,
p. 108) to revive T. H. Huxley’s sug-
gestion that metatherians are directly
ancestral to eutherians.

Available fossil evidence generally
supports the hypothesis presented here
(Table 2). Extinct prototherians, meta-
therians, and primitive eutherians, all
related to living Southern Hemisphere
relicts, are known from successively
more recent deposits in the main world
continents. The most important con-
trary indication is Clemens’ (I7, p.
10) suggestion that Australian marsu-
pials may be derived from a North
American Upper Cretaceous ancestor.
If marsupials dispersed from North
America to Australia during or after
the Upper Cretaceous, this event would
have occurred long after the presumed
time of separation of East Gondwana
and Laurasia~West Gondwana.

As would be expected, the dates of
initial rifting indicated by geophysical
evidence (Table 1) are somewhat

earlier than the respective dates of iso-
lation of relict mammal faunas indi-
cated by paleontological evidence
(Table 2). Obviously, knowledge is
still far from precise concerning dates
of initial rifting, paleogeographic de-
tails of final separation, and evolution-
ary history and relationships of ancient
mammals. Based on known fossil evi-
dence, a rough estimate of the chro-
nology of early mammalian zoogeog-
raphy is that isolation of prototherians
and metatherians in Australia—New
Guinea dates from the Upper Jurassic
or Lower Cretaceous, isolation of
metatherians and early primitive eu-
therians in South America dates from
the Middle or Upper Cretaceous, and
isolation of later primitive eutherians
in Madagascar dates from the Paleo-
cene or Lower Eocene. According to
Cooke’s (I3, p. 238) paleogeographic
maps of Africa, Madagascar may have
been joined to the African land mass
in the Paleocene. The faunal isolation
of Madagascar evidently was complete

before the Upper Eocene-Lower Oligo-
cene, when proboscidians, hyracoids,
and simian primates are dominant ele-
ments in the fossil fauna of Africa (13,
pp. 240-243). Cricetid rodents may
have dispersed to Madagascar later.
than tenrecids, lemuroids, viverrids,
and aardvarks, after a narrow water
gap already existed, just as murid ro-
dents have dispersed across a water gap
to the Australian region.

Previous continental drift interpreta-
tions of mammalian zoogeography have
been offered by Kurtén (18) and Hoff-
stetter (19). Kurtén is primarily con-
cerned with comparing the number of
mammalian orders that may have dif-
ferentiated on isolated land masses and,
therefore, he does not attempt to explain
specific distributional patterns, such as
the occurrence of marsupials in Aus-
tralia and South America or the oc-
currence of primitive placentals in
Madagascar. Hoffstetter has based his
innovative and comprehensive interpre-
tation of early marsupial and placental
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Fig. 1. Breakup of Pangaea, simplified from Dietz and Holden (4, figtires 2 through 5), with added notatiops to indicate the hy-
pothetical composition of world mammal faunas and isolated mammal faunas during successive stages of continental fragmentation.

[I1lustration by Kevin Royt]
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dispersal on Wegener’s original recon-
struction of Cretaceous paleogeog-
raphy, in which North America, South
America, Antarctica, and Australia
are assumed to have formed a single
connected land mass after South Amer-
ica and Africa had already been sep-
arated by the embryonic Atlantic
Ocean; this arrangement and the im-
plied dispersal routes are not conform-
able with modern geophysical evidence
(4, pp. 4946-4947).

Cox’s (20) interpretation of the early
dispersal of marsupials is largely ac-
cepted and incorporated into the hy-
pothesis presented here. Martin’s (21)
suggestion that marsupials reached
Australia and the Americas by disper-
sal from a hypothetical land mass iso-
lated in the South Pacific Ocean fails,
as noted by Cox, to explain how the
ancestral marsupial stock reached this
isolated center of dispersal. Clemens’
(14, p. 381) recent suggestion that
marsupials may have spread from
South America to Antarctica and Aus-
tralia across a Cretaceous or early
Tertiary water gap seems implausible,
since it invokes chance to account for
the failure of South American pla-
centals to accompany marsupials on
this over-water migration and it implies
that the occurrence of monotremes
and marsupials in the Australian region
also is the result of chance.

The hypothesis presented here has
several obvious implications that may
provide tests of its validity. First, this
hypothesis should be applicable to in-
terpretation of later mammalian zoo-
geography, after the separation of
Africa and Madagascar. It should help
to explain the Tertiary mammalian
faunal history of North America after
its separation from Europe and during

its subsequent union with Asia via the

Bering bridge and with South America
via the Isthmus of Panama. It should
also apply to the mammalian faunal
history of India during the long isola-
tion of that subcontinent and after its
union with Asia along the Himalayan
suture. Second, the hypothesis devel-
oped here for mammals should be ap-
plicable to other vertebrates, to inver-
tebrates, and to plants. It should help
_to explain the distribution of a num-
ber of Southern Hemisphere nonmam-
malian vertebrates, such as lungfishes,
osteoglossid fishes, leiopelmatid and
hylid frogs, side-necked turtles, Sphen-
odon, iguanid lizards, booid and elapid
snakes, ratite birds, and tinamous.
Lynch (22, p. 218) has already inter-

898

preted the distribution of leptodactyloid
frogs in a way that generally agrees
with the hypothesis presented here.
Finally, this hypothesis implies certain
past distributions not yet documented
by the fossil record. Marsupials should
be anticipated in the African Creta-
ceous, as postulated by Cox (20, p.
770), and prototherians should be ex-
pected in the African Jurassic or Cre-
taceous. Similarly, prototherians and
metatherians should be present in the
Mesozoic and early Tertiary of India.
Prototherians and metatherians also
should be anticipated in Antarctica
above the Lower Triassic beds that re-
cently have yielded labyrinthodont
amphibians, thecodont reptiles, and
therapsid reptiles (23).

Jack FOODEN
Field Museum of Natural History and
Chicago State University,
Chicago, Illinois 60605
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Cell Aggregation: Role of Acid Mucopolysaccharides

Abstract. Factors that induce cell aggregation are released by several types of
chick embryo and mammalian cell cultures. These aggregation factors are also
present in some serums. The factors in each of the preparations tested were in-
activated by treatment with bovine testicular hyaluronidase. Conversely, hyaluronic

acid promoted aggregatio

containing the factors. These factors appear to be acid mucopolysaccharides,

n of only those cells that were aggregated by media

with

hyaluronic acid being a major component.

Dissociated cells from sponges (1),
from embryos (2), and from some tis-
sue cultures (3), are able to reassociate
to form multicellular structures, or ag-
gregates. From these cells, substances
with an aggregation-promoting activity
(aggregation factors, or AF’s) have been
obtained by various methods (4, 5).
Some of these AF’s apparently exert
their effects by interaction with compo-
nents at the cell surface. For example,
AF’s obtained after chemical dissocia-
tion of sponges or by spontaneous cel-
lular release in monolayer cultures en-

hance the aggregation of the corre-
sponding mechanically dissociated cells
at 4°C (6, 7). On the basis of prelimi-
nary evidence, it has been suggested
that the sponge AF’s, large molecules
with a definable ultrastructure, are
composed of glycoproteins (8). We now
report that the AF’s released from
mammalian cells and from chick em-
bryo neuroretinal and liver cells in cul-
ture and the APF’s present in serums
appear to be acid mucopolysaccharides
(MPS).

To obtain the AF’s released from
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