in the female’s return, is presumably an

adaptation to the large but highly variable

marine resources of the austral ocean.
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Biomechanics
Penguin waddling is
not wasteful

enguins use twice as much metabolic

energy as other terrestrial animals of a

similar mass to walk a given distance'?,
which was thought to be because side-to-
side waddling requires excessive work. Here
we show that waddling actually conserves
mechanical energy and suggest instead that
walking is expensive for penguins because
their short legs require them to generate
muscular force rapidly.

Many animals reduce the muscular work
of walking by exchanging the gravitational
potential energy and kinetic energy of the
centre of mass, like an inverted pendulum’.
But penguins’ waddling gait appears to
involve large fluctuations in lateral kinetic
energy and a poor exchange of mechanical
energy'. To test the idea that penguin walk-
ing is expensive because it requires more
mechanical work to lift and accelerate their
body than other animals of a similar mass,
we used a force platform to measure the ver-
tical, fore—aft and lateral ground-reaction
forces of five walking emperor penguins
(Aptenodytes forsteri). Forces were integrated
to calculate the centre-of-mass velocities,
displacements, and fluctuations in gravita-
tional potential energy and kinetic energy”.

The fluctuations in lateral velocity were
nearly three times those in the fore—aft direc-
tion. Lateral-velocity fluctuations occurred
about zero, whereas the fore—aft velocity
fluctuated about the average walking speed.
Thus, kinetic energy fluctuates much less lat-
erally than in the fore—aft direction. At mod-
erate walking speeds of about 0.5 m s~/
fluctuations in lateral kinetic energy
accounted for about 30% of the total kinetic-
energy fluctuations — a large value com-
pared with other terrestrial vertebrates™®.

Penguins recovered up to 80% of the
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Figure 1 Biomechanics of penguin walking. a,b, Fluctuations in
gravitational potential and kinetic energy of the centre of mass for
an emperor penguin walking at 0.54 m s~ ", Bars, times when left
or right foot was in contact with the ground. J, joules. ¢,d, Invert-
ed pendulum recovery of mechanical energy (¢) and work (W) per
unit distance at a range of walking speeds (d). Dashed lines in
b-d indicate the effect of excluding lateral kinetic energy from the
analysis. e, Rate of generating muscular force, as indicated by the
inverse of ground-contact time (1/), for emperor penguin, guinea
fowl (Numida meleagris)’® and rhea (Rhea americana) (P. G.
Weyand, unpublished results), and, f, standing hip height" (leg
length). The metabolic costs of transport of emperor penguins
(8.64 J kg~ m~")" and guinea fowl (8.38 J kg~ m~") are twice
those of rheas (4.23 Jkg~' m™) (ref. 8).

mechanical energy during each stride,
because of the similar amplitudes and out-
of-phase fluctuations in gravitational
potential and kinetic energies (Fig. la—c).
This value is among the highest reported
for any animal, indicating a large reduction
in the mechanical work done by the pen-
guin’s muscular system (Fig. 1d). Recovery
of mechanical energy was greatest and the
work performed on the centre of mass per
distance walked was least at about 0.5 m
s, a speed commonly used in nature’.
Surprisingly, excluding lateral kinetic
energy — that is, waddling — from our cal-
culations would result in the recovery of less
mechanical energy and more work being
required from the muscles (Fig. 1b—d). Lat-
eral movements increase the kinetic energy
available to convert into gravitational poten-
tial energy and also cause these energies to
fluctuate more completely out of phase.
Other components of work, such as
rotating the body about the centre of mass
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and swinging the limbs, probably do not
account for the high cost: rotational work is
approximately 10% of the total centre-of-
mass work, and penguins have compara-
tively light, short limbs which offset their
quick strides. At their preferred speed,
emperor penguins perform the same
amount of mechanical work to lift and
accelerate their centre of mass as other
walking animals of the same mass. Wad-
dling therefore does not explain the high
metabolic cost of penguin walking.

We propose instead that this high cost is
due to rapid force generation. Regardless of
the work muscles perform, they must
actively generate force to support body-
weight, and this cost is proportional to the
magnitude and rate of generating force””.
At the same walking speed, emperor pen-
guins and rheas — a flightless bird of a sim-
ilar mass — generate the same average force
on the ground. But because of their com-
paratively short legs, emperors generate this
force twice as fast (Fig. le, f), requiring
faster, less economical muscle fibres’. Our
results indicate that it is their short legs, and
not their waddling gait, that accounts for
the high cost of penguin walking.
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Ecology

Mistletoe seed dispersal
by a marsupial

he temperate forest that extends from

35° S to 55° S along the Pacific rim of

southern South America is home to an
endemic and threatened flora and fauna'.
Many species belong to lineages that can be
traced back to ancient Gondwanaland™’,
and there are some unusual interactions
between plants and animals. Here we
describe an exclusive association that
involves the dispersal of the sticky seeds of
a mistletoe by a marsupial, Dromiciops
australis, endemic to this region — a task
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previously thought to be carried out exclu-
sively by birds.

Birds have been described as the animal
dispersers of the shrubby stem-parasitic
plants of the two most species-rich mistle-
toe families, Loranthaceae and Viscaceae”.
The mistletoe’s aerial parasitic lifestyle
imposes stringent requirements on repro-
duction by seed, so it is not surprising that
bird-mistletoe interactions are highly spe-
cialized®. Efficient dispersal of mistletoes
involves not only the ingestion and trans-
port of the sticky seeds produced by these
plants, but also their placement on the liv-
ing branches of an appropriate host.

In the Lake District of southern Argenti-
na, we found that D. australis— a nocturnal
marsupial endemic to the northern portion
of the temperate forests of southern South
America’ — is the exclusive disperser of the
seeds of the loranthaceous mistletoe Tristerix
corymbosus. Mature fruits of T. corymbosus
are green (Fig. 1a), a colour often associated
with mammalian dispersers®.

During 500 hours of observation, we
saw no birds eat these fruits. Although we
found seeds of different flesh-fruit species
in the stomach contents of 61% of 296
mist-netted birds, these did not include any
from T. corymbosus. We timed the removal
of 92 fruits: 91 were removed at night, and
only one during the day. Seeds were often
deposited on vertical trunks of shrubs and
small trees in patterns incompatible with
typical bird behaviour (Fig. 1b).

Automatic cameras photographed two
species of mammal, both nocturnal, in trees
supporting mistletoe plants. Judging by
these photographs, D. australis was more
abundant (n=101 photographs) than the
rodent Irenomys tarsalis (n=23). Of these
two, apparently only D. australis eats and
defecates intact seeds of T. corymbosus (Fig.
Ic). In the field, 84% of 57 live-trapped
marsupials defecated 1-31 T. corymbosus
seeds each (mean, 6.3 seeds) while still in
the traps. None of 13 live-trapped I. tarsalis
defecated mistletoe seeds or consumed
fruits while in captivity.

We found that D. australis is a highly
efficient disperser of mistletoe seeds. Ten
captive D. australis ate all ten T. corymbosus
fruits offered to each of them within an
hour, peeling off the exocarp with their
forepaws and swallowing the rest whole,
then defecating 98% of the ingested seeds
(n=653) undamaged. In the field, we count-
ed 192 seeds in or above seed traps and
estimated that only about 10% of the seeds
defecated by D. australis fall to the ground.

Passage of seeds through the marsupial’s
gut is critical for germination and develop-
ment of a ‘holdfast’ (the disc-like swelling at
the end of the radicle that effects its attach-
ment to the host plant). Most seeds removed
from the exocarp by hand failed to germi-
nate, neither could they infect host plants.
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Figure 1 Seed dispersal of Tristerix corymbosus. a, Mature fruits, which measure about 1 0.6 cm, contain one seed measuring
0.7 x 0.4 cm. b, Germination of naturally dispersed seeds. Several seeds linked by a viscin thread are usually defecated in strings. These
strings may stick to vertical trunks and branches, as shown, in spiral patterns around branches, or even to the underside of branches.
Unlike other mistletoes which can only establish on thin branchlets®', T. corymbosus can establish on branches and trunks up to 8 cm
wide. ¢, A male Dromiciops australis (also known as the monito del monte), about 20 cm long from nose to tail tip, defecates a mistletoe
seed. d, Percentage of seeds defecated by D. australis (n=200) and of seeds with the exocarp removed by hand (n=200; controls) that
germinated and developed a holdfast that adhered to the host. We conducted the study in the Llao-Llao Reserve, Argentina (41° 8" S,
71°19" W), during the 1998-99 and 1999-2000 fruiting seasons (December—March). The site supports an old-growth forest of
Nothofagus dombeyi. The shrubs Aristotelia chilensis and Maytenus boaria are the main hosts of T. corymbosus in the study area. On 15
sampling dates, we tagged fruits for 24 h and checked them at dawn and at dusk. We mist-netted birds for 1,579 net-hours, and used
water to flush the stomachs of all passerines. We live-trapped small mammals using single-door cage traps for 360 trap-nights. We
monitored arboreal wildlife using two cameras for 90 d. During 1999-2000, we used six seed traps (2 x 2 m plastic sheet) to estimate
the relative frequencies of naturally dispersed T. corymbosus seeds that stuck to plants or fell to the ground. At weekly intervals we count-
ed new seeds falling on the sheets and those sticking to the branches overhead. Full details are available from the authors.

But over 90% of the seeds collected from
marsupial faeces germinated. Most of these
seeds also developed a holdfast that adhered
to the host’s bark (Fig. 1d).

Dromiciops australis is the only living
representative of the family Microbiotheri-
idae, a marsupial lineage of presumed
Gondwanan origin’. The Loranthaceae date
back to the early to mid-Cretaceous’ and
may likewise be of Gondwanan origin. In
particular, Tristerix is considered to be one
of the most primitive genera in this diverse
family of nearly 1,000 extant species’, so the
ancestors of D. australis could have been
dispersing mistletoe seeds for more than 70
million years, before the breakup of western
Gondwanaland. The bird lineages that dis-
perse loranthaceous seeds originated no
more than 20-25 Myr ago®'’.

Our findings suggest that marsupial
dispersal of mistletoe seeds might represent
a very primitive mutualism in the Loran-
thaceae. Fossils of Palaeocene microbiotheri-
ids found at different localities along the
tropical Andes'' may also indicate that the
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marsupial-mistletoe mutualism described
here was more widespread in the past.
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