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Plant-Animal Mutualism: Coevolution with
Dodo Leads to Near Extinction of Plant

Abstract. An endemic sapotaceous tree Calvaria major found on the island of
Mauritius is nearly extinct because its seeds apparently required passage through
the digestive tract of the now-extinct dodo Raphus cucullatus to overcome persistent
seed coat dormancy caused by a specially thickened endocarp.

Coevolution can lead to mutualism in
plant-animal systems, and occasionally
one or both of two mutualistic species
develops a considerable degree of depen-
dence on the other member of the pair
(1). Sometimes the elimination of a par-
ticular plant species can result in a
marked numerical response in an asso-
ciated animal population (2). However,
there seem to be no documented exam-
ples of the reverse situation, in which a
plant declines in abundance as a result of
the extirpation of an associated animal,
even though such an occurrence is obvi-
ously possible (3). In this report, I pre-
sent evidence that the near extinction of
a plant species may have been the direct
result of the extinction of an animal with
which that plant had coevolved. The two
species in this example of obligatory mu-
tualism are a now nearly extinct tree Cal-
varia major and the extinct dodo Raphus
cucullatus, each of which is or was en-
demic to the island of Mauritius in the
western Indian Ocean.

Calvaria major is a large monoecious
tree in the family Sapotaceae (4). Histor-
ical forestry records indicate that Cal-
varia was formerly common and fre-
quently exploited for lumber on Mau-
ritius (5). However, by 1973, only 13 old,
overmature, and dying trees were known
to survive in the remnant native forests
of the island. The age of each of these
trees was estimated to be more than 300
years by experienced Mauritian foresters
(6). No younger specimens are known to
exist despite the fact that the surviving
trees produce well-formed, apparently
fertile seeds each year. None of these

26 AUGUST 1977

seeds now germinate naturally, and if the
total absence of young plants is a valid
indication, there has been no germina-
tion of Calvaria seeds for hundreds of
years. Even when planted under nursery
conditions, the seeds remain dormant
6). Low seed germination rates are not
uncommon among tropical island plants
(7), but the extraordinarily long period of
time during which no Calvaria seeds
have apparently germinated seems too
excessive to be normal.

The fruits of Calvaria are large, single-
seeded drupes about 50 mm in diameter.
Anatomically, the fruit is composed of a
thin exocarp; a pulpy, succulent meso-
carp; and a hard, woody, thick-walled
endocarp. The seed is depresso-globu-
lose in shape and is completely enclosed
in a stone or pit formed by the walls of
the endocarp, which can be as thick as 15
mm. Some other sapotaceous plants also
have relatively thick endocarps covering
their seeds, but the endocarp surround-
ing a Calvaria seed is extraordinarily
thick even for this family. Apparently,
Calvaria seeds fail to germinate because
the thick endocarp mechanically resists
the expansion of the embryo within.

At the time of its discovery, Mauritius
supported a remarkable endemic avi-
fauna which has subsequently been deci-
mated through the direct or indirect ac-
tivities of man (8). Perhaps the most un-
usual of the original endemic birds was
the dodo. We know disappointingly little
of the biology of this fascinating bird; it
became extinct by 1681, less than two
centuries after it was discovered. We do
know that the dodo was a huge, flightless

bird that attained an estimated body
weight of at least 12 kg. It had a large,
strong beak, and the reports of early ex-
plorers indicate that dodos fed on fruits
and seeds, especially seeds of palms and
large forest trees. The dodo possessed a
well-developed gizzard that contained
large stones, which were used to crush
tough food items (8).

The temporal coincidence between the
extinction of the dodo 300 years ago and
the last evidence of natural germination
of Calvaria seeds led me to hypothesize
the following mutualistic relationship be-
tween Calvaria and the dodo. In re-
sponse to intense exploitation of its fruits
by dodos, Calvaria evolved an extreme-
ly thick endocarp as a protection for its
seeds; seeds surrounded by thin-walled
pits would have been destroyed in the
dodo’s gizzard. These specialized, thick-
walled pits could withstand ingestion by
dodos, but the seeds within were unable
to germinate without first being abraded
and scarified in the gizzard of a dodo.

Fossil Calvaria pits have been found
among skeletal remains of dodos in the
mud of the Mare aux Songes marsh,
which suggests that dodos ate the fallen
fruits of Calvaria. Even today the fruits
are frequently consumed by endemic
frugivorous animals like the Mauritius
parakeet Psittacula echo and the Mau-
ritius flying fox Pteropus niger. Unlike
these smaller surviving animals that eat
only the fleshy mesocarp and leave the
large pit untouched, the dodo was large
enough to have swallowed the entire
fruit. Many birds will retain in their di-
gestive tract hard objects that the gizzard
cannot readily crush; after a period of
time, these objects are subsequently ei-
ther regurgitated or reduced in size and
passed through the intestinal tract (9).
The hard pits of Calvaria may have simi-
larly been regurgitated or excreted by
dodos.

Germination rates in some plant spe-
cies that show seed-coat dormancy can
be increased significantly by passage
through the digestive tracts of animals
(10). In this way, animals can play an im-
portant role in overcoming seed-coat
dormancy and in dispersing the con-
sequently germinable seeds. Although
there seem to be no recorded instances
in which passage through an animal’s gut
is an absolute necessity for seed germi-
nation, in many cases germination rates
are extremely low without such treat-
ment (/0).

If the Calvaria-dodo coevolution hy-
pothesis is correct, Calvaria pits must
have been able to withstand the crushing
forces that were presumably generated
by a dodo’s gizzard. Measurements of
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the forces generated by the gizzards of
granivorous birds from several tax-
onomic groups ranging in body weight
from 0.8 to 3.2 kg (/1) reveal the follow-
ing linear relationship between a bird’s
body weight and the force generated by
its gizzard:

y = 843x + 1210,r = .97

where y is the force generated by the giz-
zard (in kilograms per square meter) and
x is the bird’s body weight (in Kkilo-
grams). According to the equation, a 12-
kg dodo could have produced forces of
about 1.13 x 10* kg/m? in its gizzard. In-
tact nuts of hickory (Carya ovata),
which fracture under point loads of 152
kg or less, are barely within the crushing
capacity of a turkey’s (Meleagris galla-
pavo) gizzard, which can generate forces
of about 3700 kg/m? (12). If the dodo had
a similar ratio of gizzard force to the
maximum load capacity of objects that
could be crushed, intact Calvaria pits
would have been more than strong
enough to withstand the forces in a
dodo’s gizzard. A sample of fresh, intact
Calvaria pits (N = 3) withstood loads
averaging 623 kg before fracturing (/3).

However, if Calvaria pits were re-
tained in a dodo’s gizzard for extended
periods of time, the endocarp could have
been progressively abraded until it was
thin enough to be crushed. I have esti-
mated that a typical Calvaria pit with a
maximum diameter of 30 mm would need
to be reduced in size by nearly 30 per-
cent before it could be crushed in a
dodo’s gizzard (I4). A bird the size of a
dodo would almost certainly have passed
an object of this size or larger through its
intestinal tract. Turkeys readily void
through their intestinal tracts uncrush-
able objects smaller than about 8 mm in
diameter (15). A dodo would certainly
have passed proportionately larger ob-
jects, but there is no way to deduce
exactly how large.

Perhaps the most convincing evidence
that seed-coat dormancy in Calvaria can
only be overcome naturally by passage
through a bird’s digestive tract comes
from experiments in which I force-fed
single, fresh Calvaria pits to turkeys.
Some of these pits were retained in the
turkey’s digestive tract for as long as 6
days, and seven of 17 ingested pits were
eventually crushed by the bird’s gizzard.
The remaining ten pits were either regur-
gitated or passed in the feces after being
reduced in size through abrasion in the
gizzard. 1 planted the ten recovered
seeds under nursery conditions, and
three subsequently germinated. These
may well have been the first Calvaria
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seeds to germinate in more than 300
years.

These observations provide empirical
support for the hypothesis that the fruits
of Calvaria had become highly special-
ized through coevolution with the dodo.
After the dodo became extinct, no other
animal on Mauritius was capable of in-
gesting the large pits. As a result, C. ma-
Jjor has apparently been unable to repro-
duce for 300 years and nearly became ex-
tinct. The findings presented in this
report may provide a basis for preserving
the species through propagation of arti-
ficially abraded seeds.

STANLEY A. TEMPLE
Department of Wildlife Ecology,
University of Wisconsin, Madison 53706
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Solar Proton Event: Influence on Stratospheric Ozone

Abstract. Large-scale reductions in the ozone content of the middle and upper
stratosphere over the polar cap regions were associated with the major solar proton
event of 4 August 1972. This reduction, which was determined from measurements
with the backscattered ultraviolet experiment on the Nimbus 4 satellite, is inter-
preted as being due to the catalytic destruction of ozone by odd-nitrogen compounds

(NO,) produced by the event.

It is thought that atmospheric Oy is de-
stroyed in the stratosphere and meso-
sphere by catalytic agents and also as a
result of reactions with oxygen allo-
tropes. The relative contributions to the
destruction of O, caused by catalysts are
predicted to be altitude-dependent, with
odd-hydrogen components (HO,) dom-
inant in the mesosphere and troposphere
and odd-nitrogen compounds (NO,)
and halogens dominant in the strato-
sphere.

A measurement of changes in the
mesospheric O; content associated with
the solar proton event of 2 November
1969 was reported by Weeks et al. (I).
The first of two rockets carrying ul-
traviolet O; photometers was fired into
the initial phase of the event at Fort

Churchill, Manitoba; the second rocket
was launched 2 days later under quieter
conditions. The O; concentration was
lower during the initial phase of the
event by a factor of 2 at an altitude of 54
km and by a factor of 4 at 67 km than it
was 2 days later. The changes and the
rapid recovery are consistent with the
HO,, chemistry in the mesosphere.
Experiments that could confirm the
catalytic reaction cycles in the strato-
sphere have been difficult to carry out
and analyze. The effects of the gradual
introduction of contaminants can be de-
termined only if the natural variations in
the O, content are known over appropri-
ate time periods. Transient injections
with well-defined spatial and temporal
signatures, however, remove the ambi-
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