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1. With walking on Earth, R attains a maxi-
mum of 0.7 at about 5.5 km h11 (Fig. 1)
near the speed at which the energy expendi-
ture per unit distance is at a minimum2. At
higher and lower speeds, R decreases and
the energy cost increases.

We investigate the mechanics of locomo-
tion on Mars in three male subjects (of
weight and height, respectively, of 77 kg,
1.79 m; 92 kg, 1.93 m; 86 kg, 1.79 m) walking
at different speeds in a Martian gravity (0.4g,
maintained for about 30 s) on a force plat-
form (3 m 2 0.4 m) sensitive to the force
exerted in both forward and vertical direc-
tions3. The platform was fixed to the floor of
a KC-135 and an A300 Airbus aeroplane
during the 23rd and 24th European Space
Agency parabolic flight campaigns. The force
signals from the plate (also measured in ref.
4) were analysed5 to determine Wcm and R.

Figure 1 shows that on Mars the maxi-
mum pendular recovery of mechanical ener-
gy R is reduced to 0.6 and occurs at the lower
speed of 3.4 km h11. In spite of the lower R,
the minimum mechanical work done per
unit distance to maintain the motion of the
centre of mass on Mars is about one half of
that on Earth. In general, walking a given
distance at any absolute speed will be cheap-
er on Mars than on Earth. In fact, the energy
consumption measured during locomotion
in simulated partial gravity is less than that at
1g (refs 6,7). A decrease in the maximum
speed of walking was also observed in partial
gravity simulators7,8.

On Mars, then, both the optimal walk-

ing speed and the range of possible walking
speeds will be about half those on Earth.
The walk–run transition on Mars will occur
near the optimal walking speed on Earth,
and the mechanical work done to walk a
given distance on Mars will be about half of
what it would be on Earth. So, energy
expenditure will probably be lower and
locomotion smoother on Mars.
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Walking on Mars

Sometime in the near future humans may
walk in the reduced gravity of Mars. Gravity
plays an essential role in walking. On Earth,
the body uses gravity to ‘fall forwards’ at
each step and then the forward speed is
used to restore the initial height in a pendu-
lum-like mechanism. When gravity is
reduced, as on the Moon or Mars, the
mechanism of walking must change1. Here
we investigate the mechanics of walking on
Mars onboard an aircraft undergoing gravi-
ty-reducing flight profiles. The optimal
walking speed on Mars will be 3.4 km h11

(down from 5.5 km h11 on Earth) and the
work done per unit distance to move the
centre of mass will be half that on Earth.

In contrast to swimming or flying, dur-
ing which the fins or wings can slide against
the surrounding medium, locomotion on a
solid surface is constrained by the link
between the centre of gravity of the body
and the fixed point of contact of the foot on
the ground. After foot contact, this link
leads to a forward deceleration which must
be compensated for by a subsequent for-
ward acceleration in order to maintain a
constant average speed of locomotion. This
increases the cost of terrestrial locomotion.

However, this cost is contained by the
transfer of kinetic energy into gravitational
potential energy during the deceleration
(when the body rides upwards on the leg
after heel strike) and the subsequent recov-
ery of kinetic energy from the potential
energy during acceleration. The recovery of
mechanical energy by this mechanism is
described by

R4(Wf + Wv1Wcm)/(Wf + Wv)

where Wf is the work needed to increase the
kinetic energy, Wv is the work to increase
the potential energy, and Wcm is the work to
increase the total mechanical energy of the
centre of mass. With an ideal, frictionless
pendulum, Wcm would be nil and R equal to
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FFiigguurree  11 Comparison of the mechanics of walking
on the Earth and on Mars. Top, mechanical energy
recovered during walking by the pendular transfer
between potential energy and kinetic energy of the
centre of mass of the body on Mars and on Earth.
Bottom, the work required to maintain the move-
ment of the centre of mass in a sagittal plane. Note
that the range of walking speeds on Mars is about
half that on Earth (data on Earth were obtained from
earlier studies on the same subjects9,10). Mars, filled
circles; Earth, open circles.

Relations of the new
phylum Cycliophora

The Cycliophora is the most recently
described animal phylum and is based on a
single species, Symbion pandora, which was
discovered on the mouthparts of the
Norway lobster Nephrops norvegicus1.
Because only a few morphological data1–3

are available for Symbion, the precise nature
of its phylogenetic relationships is highly
controversial2,4,5. Here we present a phylo-
genetic analysis of 18S ribosomal RNA
sequence data, including a new Symbion
sequence, which places Symbion in
a lophophorate–aschelminth–protostome
clade and which suggests a sister-group
relationship between Cycliophora and a
Rotifera–Acanthocephala clade.

N. norvegicus with attached S. pandora
were collected in Kosterfjord, Sweden. We
used the polymerase chain reaction to
amplify 18S rRNA gene sequences from
alcohol-preserved animals, and then used
standard sequencing techniques to obtain
1,542 base pairs (bp) and 1,858 bp of the
18S rRNA gene sequences from S. pandora
(EBI number Y14811) and N. norvegicus
(Y14812), respectively. We added the
sequences to an 18S rRNA database6. We
used four tree-construction methods and
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(or derived) condition is the presence of
many cilia per terminal cell as in Rotifera,
Acanthocephala and now Cycliophora. Pro-
tonephridia are lacking in Ectoprocta, but
are present in Entoprocta. Finally, some
rotifers (for example, Seison and Embata12)
have also adopted commensalistic lifestyles
on crustacean gills.

Although the Cycliophora have several
striking similarities with sessile rotifers, there
is no evidence that they should be included
as a subtaxon in Rotifera. The separate status
of Cycliophora is supported by differences
present in the cuticle and by the lack of a
mastax, a feature always present in Rotifera.
Both Acanthocephala and Rotifera have an

intracellular matrix layer and the epidermal
cells consist of a syncytium, whereas Sym-
bion has a true cuticle formed by normal epi-
dermal cells. Owing to the basal position of
Symbion in the Acanthocephala–Roti-
fera–Cycliophora clade, it is unlikely that the
mastax has been secondarily lost in Cyclio-
phora, as it has in the Acanthocephala.
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FFiigguurree  11 Strict consensus tree, showing groups present in all trees obtained by four different tree-construc-
tionmethods applied to an 18S rRNA data set6 that includes the S. pandora and N. norvegicus data. Meth-
ods used were maximum parsimony analysis (two maximum parsimony trees, 3,850 steps, consistency
index 0.383) and neighbour-joining analysis on the basis of Kimura13, Jukes–Cantor14 or substitution-rate-
calibration15 distances. Numbers at nodes are, respectively, bootstrap values of these four methods, confi-
dence probability values7 and decay indices8. All values are percentages, except for decay indices (number
of extra steps for a clade not to be unequivocally supported). Nodes marked by asterisks were altered by
removing long branches P. acuticornis and M. moliniformis. 
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assessed the stability of the phylogenetic
trees using bootstrapping (100 or 1,000
samples), confidence probability7 calcula-
tions and decay index8 calculations.

A neighbour-joining analysis of 18S
rRNA sequences from a broad range of
metazoan taxa placed Symbion in a lopho-
phorate–aschelminth–protostome clade
together with annelids, molluscs, rotifers,
acanthocephalans, phoronids, brachiopods,
ectoprocts, entoprocts, pogonophorans, ves-
timentiferans and echiurans (not shown).
As this data set was too large to apply other
reconstruction methods and stability tests,
all further analyses were restricted to a data
set of 36 taxa belonging to Arthropoda or to
the lophophorate– aschelminth–protostome
clade (Fig. 1). All reconstructions, for which
the results are combined in a strict consen-
sus tree (Fig. 1), show significant support for
a sister-group relationship of Cycliophora to
Rotifera and Acanthocephala. In agreement
with previous findings9–11, our analyses indi-
cate that Acanthocephala is a subgroup of
the Rotifera.

Our neighbour-joining analyses indicat-
ed that Philodina acuticornis and Molini-
formis moliniformis are long branches, which
may produce artificial groupings. Excluding
both species did not affect the significantly
supported nodes of Fig. 1 and resulted in
only a small increase in the maximum parsi-
mony consistency index (to 0.393). There-
fore, it is unlikely that these long branches
caused topological errors in our trees.
Hence, the clustering of P. acuticornis and
M. moliniformis is probably not an artefact.

The protostome affinities of Cycliophora
are consistent with morphological data1,2.
Symbion has been tentatively proposed to be
a sister group to Entoprocta. However, it also
shares similarities with Ectoprocta and some
aschelminth phyla2. The 18S rRNA data do
not provide evidence to suggest that cyclio-
phorans may be neotenic entoprocts, but do
indicate a relationship to Rotifera and Acan-
thocephala. Such a relationship was previ-
ously rejected1,2, despite some morphological
support. Both rotifers and cycliophorans
have dwarf males and hypodermic insemina-
tion. As in sessile rotifers, the digestive tract
of cycliophorans is U-shaped and the anus is
located in the neck region outside the buccal
funnel (the anus of sessile rotifers is located
outside the corona). The digestive tract of
entoprocts is U-shaped, too, but the anus is
located inside the tentacular crown.

Moreover, the monophyly of the clade
comprising Rotifera, Acanthocephala and
Cycliophora is further supported by the
common presence of protonephridia with
multiciliated terminal cells. The plesiomor-
phic (or primitive) condition is one cilium
per terminal cell, which is found in
Gnathostomulida, Loricifera and some Pri-
apulida. Kinorhyncha and several Priapuli-
da have two cilia per cell. The apomorphic
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based on the NAO index are correlated with
the values from two years earlier of one
measure of ENSO variations, the Septem-
ber-to-February averages of the Southern
Oscillation (SO) index (the difference in
sea-level pressure anomalies between Tahiti
and Darwin). The SO index is uncorrelated
with the NAO index7.

We used a stepwise regression analysis to
relate the annual Gulf Stream position dur-
ing 1966–97 to the previous year’s position
(to take account of persistence between
years) and the NAO and SO indices at lags
of up to two years. For each of these indices,
the largest and most significant contribu-
tion was made by the value of the index
from two years previously, there being no
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Gulf Stream shifts 
following ENSO events
Over the past three decades the annual mean
latitude of the Gulf Stream off the coast of
the United States has been forecastable from
the intensity of the North Atlantic Oscilla-
tion (NAO)1, the predictions accounting for
more than half the variance. Here we show
that much of the unexplained variance can
be accounted for by the Southern Oscillation
in the Pacific, the Gulf Stream being dis-
placed northwards following El Niño–
Southern Oscillation (ENSO) events. This
provides a link between events in the equato-
rial Pacific and the circulation and weather
conditions of the North Atlantic.

Monthly charts showing the position of
the north wall of the Gulf Stream since 1966
have been used to study its long-term varia-
tions2,3 and to construct an index of its lati-
tude by principal components analysis1.
Ocean circulation theory predicts that the
path of the Gulf Stream is set by the line of
zero Ekman pumping, where there is no
wind-driven convergence or divergence of
water at the ocean surface4. The position of
the Gulf Stream will therefore vary with the
intensity of the North Atlantic Oscillation,
the dominant mode of mid-latitude atmos-
pheric variation in the North Atlantic, and
indeed 60% of the annual variance in the
latitude of the north wall 1966–96 is pre-
dictable from an NAO index1,5.

Another source of fluctuation in the
Gulf Stream is the subtropical and tropical
trade wind belt. This is a region that is
strongly affected by ENSO events in the
Pacific Ocean, their influence appearing in
African weather patterns6. Figure 1a shows
that the residuals from a multiple regression
prediction of the Gulf Stream position

significant contributions from the NAO
and SO index at a one-year lag or from the
unlagged SO index. The predictions of the
regression equation (F-ratio422.7,
P*0.01) are shown in Fig. 1b. The two-
year time lag is consistent with an earlier
study of the latitude at which the Gulf
Stream separates from the coast of the Unit-
ed States. Gangopadhyay et al.4 found that
the theoretically predicted latitudes during
1977–88 only agreed with those observed if
the wind forcing was integrated over about
three years, a delay they attributed to the
adjustment time of the ocean circulation.

Because of intercorrelation between the
variables, it is not possible to obtain a
unique value for the contribution of the SO
index to the predictions in Fig. 1b. Thus
the stepwise regression indicates that the
index accounts for 9% of the variance, but
the partial correlation coefficient between
the Gulf Stream index and the SO index is
0.4, which indicates that the percentage
could be larger. Figure 1c shows how
including the lagged SO index reduces the
regression residuals: after El Niño or La
Niña events, the residual is reduced in the
direction of the arrows.

Averaging the data from ref. 1 over the
region from 65° to 79° W shows that the
mean latitude of the Gulf Stream two years
after ENSO events was 0.2° further north
than after non-event years (P*0.001). These
displacements represent two-thirds of a stan-
dard deviation (the southward shift following
La Niña events, 0.05°, was not significant).
The displacements may be accompanied by
larger shifts further east, where the Stream’s
path is less constrained, or by more substan-
tial circulation changes elsewhere.

The position of the Gulf Stream affects
the waters over the continental shelf from
Cape Hatteras to the Grand Banks in several
ways8 and may influence storm tracks over
the northwest Atlantic9,10 The results in
Fig. 1 indicate that these processes may be
linked to ocean–atmosphere events in the
tropical Pacific.
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FFiigguurree  11 Observed and predicted Gulf Stream posi-
tions. a, Scatter plot comparing observed and pre-
dicted Gulf Stream positions (1966–97)1 with the SO
index two years previously (index has been allocat-
ed to the year of the January data). The prediction
was based on a multiple regression equation using
the NAO index5 and its value two years before, and
the previous year’s position. A regression line
through the points is shown. Filled squares, the El
Niño years (1966, 1973, 1978, 1983, 1987 and
1992–93); crosses, the La Niña years (1971–72, 1974,
1976 and 1989); diamonds, years belonging to nei-
ther group. b, Latitude of Gulf Stream 1966–97 (solid
line) compared with the predictions of the regres-
sion equation (broken line) in which the delayed
effect of the SO is added to the variables in a. The
units of the index are equivalent to 0.03° at 79° W
and 0.3° at 65° W. c, Reduction of regression residu-
als when delayed effect of the SO is considered
(filled circles, original regression results). Downward
arrows, two years after an El Niño; upward arrows,
two years after a La Niña. Shaded regions, associat-
ed reductions of residuals. Correlation coefficients
(r) both have P*0.01. (All significance levels correct-
ed for lag 1 serial correlation11.)
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