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concentration using a Varian CP-3800 gas chromatograph with a thermal conductivity
detector. Rates of CO2 production were calculated by dividing concentrations by the time
since jars had been sealed. On the same date, we collected samples of gas from the
headspace of incubation jars for determining the d13C value of the accumulated CO2. We
injected 7 ml of headspace gas into He-flushed gas-tight LabCo exetainers, which were
then placed into an autosampler and analysed on a FIN-MAT Gas Bench II connected to
the IRMS. Soil respiration d13C values for control and elevated O3 treatments were
225.0 ^ 0.2‰ across the incubation. For soils from elevated CO2, soil respiration values
initially were 230.9 ^ 0.3‰ and increased to 228.8 ^ 0.2‰ by day 281 of incubation.
For the elevated O3 þ CO2 treatment, values initially were 231.1 ^ 0.4‰ and
228.2 ^ 0.2 at day 281 of incubation.
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Stable isotope tracer, calculations and statistical analysis
To investigate the contribution of new carbon inputs to soil and microbial respiration in
the elevated CO2 and elevated O3 þ CO2 plots, we used the d13C signature derived from
the fossil-fuel fumigation gas mixed with ambient air (218.7 ^ 1.0‰ compared to
28.6 ^ 0.1‰ for control and elevated O3 plots). Subsequent fractionation by the plants
produced leaf and root tissue with d13C values of approximately 241.6 ^ 0.4‰ in
elevated CO2 and elevated O3 þ CO2 plots. Composite soil samples collected from all 12
plots before the experiment began in 1997 and from the three control plots in 2001 had
similar (P ¼ 0.47) d13C values, averaging 226.7 ^ 0.2‰. The proportional contribution
of carbon derived from the fumigation gas ( f ) was calculated using the equation f ¼
ðdt 2 do Þ=ðdi 2 do Þ; where dt refers to the isotopic composition (d13C) of the soil organic
carbon or soil respiration from the fumigated (elevated CO2 or elevated O3 þ CO2) plots,
do is the d13C of soil organic carbon or soil respiration from control plots, and di is the 13C
signature of the plant leaves and roots collected in 2001 from the fumigated plots, weighted
equally and averaged across species as there were no significant differences found among
the aspen and aspen–birch plots. We do not expect that the isotopic signature of the plants
varied appreciably over the life of this experiment because fumigation was initiated when
the trees were still seedlings. Because there were differences among treatments in the
amount of carbon entering soils derived from fumigation (Fig. 1), we calculated the
relative mass loss as the cumulative amount of carbon respired from each of these pools
divided by the amount of soil carbon in that pool. Data were analysed using analysis of
variance with general linear models for a split-plot randomized complete design using SAS
8.02 (Cary, North Carolina).
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Dimensionless numbers are important in biomechanics because
their constancy can imply dynamic similarity between systems,
despite possible differences in medium or scale1. A dimensionless
parameter that describes the tail or wing kinematics of swimming and flying animals is the Strouhal number1, St 5 fA/U,
which divides stroke frequency ( f ) and amplitude (A) by forward
speed (U )2–8. St is known to govern a well-defined series of vortex
growth and shedding regimes for airfoils undergoing pitching
and heaving motions6,8. Propulsive efficiency is high over a
narrow range of St and usually peaks within the interval
0.2 < St < 0.4 (refs 3–8). Because natural selection is likely to
tune animals for high propulsive efficiency, we expect it to
constrain the range of St that animals use. This seems to be
true for dolphins2–5, sharks3–5 and bony fish3–5, which swim at
0.2 < St < 0.4. Here we show that birds, bats and insects also
converge on the same narrow range of St, but only when cruising.
Tuning cruise kinematics to optimize St therefore seems to be a
general principle of oscillatory lift-based propulsion.
Experiments with isolated pitching or heaving foils have
measured extremely high peak propulsive efficiencies within the
interval 0.2 , St , 0.4 (modal peak at St < 0.3)3–7. In this range,
the propulsive efficiency (defined as the ratio of aerodynamic power
output to mechanical power input) can be as high as 70% (ref. 7) or
even 80% (ref. 6). Optimal St depends subtly on kinematic parameters including geometric angle of attack, amplitude-to-chord
ratio, airfoil section and phase of motion6–8 but, for any given
motion, efficiency is usually high (.60%) over a range narrower
than 0.2 , St , 0.4 (refs 3–7). For example, measured efficiency
can plummet from 80% at St ¼ 0.27 to 10% at St ¼ 0.09 (ref. 6) and
also drops off at higher St, albeit more gently7,8. Measured propulsive efficiency usually peaks when the kinematics result in maximum amplification of the shed vortices in the wake and an average
velocity profile equivalent to a jet3,4,6.
Theoretical treatments of flapping wings3,4,6,8 further confirm the
empirical result that St tightly constrains propulsive efficiency. In
fact, St is bound to affect aerodynamic force coefficients and
propulsive efficiency, because it defines the maximum aerodynamic
angle of attack and the timescales associated with the growth and
shedding of vortices, which are the source of aerodynamic force
production8,9. Natural selection is expected to favour wing kinematics that combine high propulsive efficiency with a high aerodynamic force coefficient. These need not peak at identical St, but
can do for certain motions7,8; if not, selection should optimize the
trade-off. Propulsive efficiency may be the more important selection pressure in cruising, whereas high aerodynamic force coefficients may be more important in accelerations, slow locomotion or
hovering. In cruising flight or swimming, we therefore predict that
St will be tuned for high propulsive efficiency.
This suggestion has already been made for cruising fish and
dolphins2–5, which operate within the range 0.2 , St , 0.4, and the
principle is considered so general for swimming animals that it has
even been used to predict the speeds of extinct ichthyosaurs10.
Whereas the fluid dynamic results described above3–8 refer to
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isolated flapping foils, swimming animals usually beat their tail in
the wake of their own body. Non-streamlined bodies shed vortices at
a natural frequency (also defined by a Strouhal number), which the
tail can tune into to regain energy lost into the wake5,11–13. As this
will complicate selection of St, swimming animals may be less well
modelled by isolated flapping foils than are flying animals (whose
wings do not operate in their body’s wake, thereby avoiding
competition between a natural and a forced shedding mode).
Similar complications may arise where favourable interactions
occur between the wings and wake following stroke reversal, or
where the fore and hind wings interact. This will be especially
problematic in slow-flying insects, and may be important for insects
generally, but the paucity of kinematic data for cruising insects
makes this difficult to test.
The results for isolated flapping foils consider only pitching and
heaving motions, such as those used by swimming animals3–8. The
root-flapping motions of flying animals seem not to have been
tested. We therefore subjected a hinged flat plate to heaving or rootflapping motions to check whether these motions induced the same
vortex growth and shedding regimes at similar St. We equate stroke
amplitude with wingtip excursion, which makes sense because the
wake is bounded by vorticity shed at the wingtips and the aerodynamics are dominated by the faster-moving outboard wing
elements. This simple definition is also directly equivalent in

heaving, pitching and root-flapping motions. We found that heaving generated larger vortices than root-flapping (presumably
because average velocity was higher across the span), but otherwise
the same four distinct wake regimes occurred at similar St (Fig. 1).
By analogy with swimming animals, we therefore predicted that
flying animals would have been selected to operate in the same range
0.2 , St , 0.4 for efficient cruising.
To test this prediction, we identified 16 studies that reported
wingbeat frequency, stroke amplitude and flight speed14–29 in steady
cruising flight. All of the analysis was done with Matlab 6.5. If
wingtip excursion A was not directly measured, we approximated A
as A < bsinv/2, where b is span and v is dorsoventral stroke angle.
This allowed us to calculate St for 42 species (Fig. 2) from 14 bird
(n ¼ 22), 6 bat (n ¼ 18) and 2 insect (n ¼ 2) families. Insect flight
research has tended to focus on slow or hovering flight, and further
data on cruising insects are clearly required before generalizing to
other insects, especially as cruising power efficiency may not be a
strong selection pressure in many species. In most cases, we used
mean or modal values collected from animals flying naturally in the
wild. In wind tunnel studies in which the animal was forced to fly at
pre-determined speeds, St was calculated for the reported preferred
flying speed22,23,26,27. We excluded studies in which the animal was
otherwise confined and liable to be flying slowly.
Figure 2 clearly shows that swimming and flying animals all

Figure 1 Wake structures for root-flapping and heaving hinged flat plates at varying St.
Left panels, root-flapping motion; right panels, heaving motion. Amplitude, twice wing
chord; static angle of attack, 158; flow speed, 1.5 ms21; smoke wire visualizations made
at end of downstroke. a, For St , 0.10, flow separates at the sharp leading-edge, but no
discrete vortex forms. b, For 0.10 , St , 0.25, a leading-edge vortex forms but is shed

before the downstroke ends. c, For 0.25 , St , 0.45, the leading-edge vortex is shed
as the downstroke ends. d, For St . 0.45, trailing edge separation produces a
characteristic mushroom-shaped wake. At higher St, the wing collides with shed vorticity
on the upstroke, giving an energetically inefficient mode.
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operate at similar St. Does this reflect selection to constrain St, or is
it merely coincidental? To answer this, we first provide two independent confirmations that St is tightly constrained in cruising
flight. The first confirmation comes from considering how St varies
when an animal is forced to fly other than at its preferred speed. St
varies more in four individual zebra finches (Taenopygia guttata)27
forced to fly between 4 and 14 ms21 than across all 42 species flying
at their preferred speeds (Fig. 2). Even excluding the lowest forced
flight speeds (which are lower than any preferred flight speed), the
standard deviation (s.d.) of St for the zebra finch across speeds is
more than twice that for all 42 species flying at their preferred
speeds. Flight speed affects St so strongly because wingbeat frequency and amplitude are tightly constrained, presumably by
physiology and morphology. This makes it even more notable
that, when only cruise performance is considered, a sample spanning five orders of body mass and three independent evolutionary
origins of flight shows less than half the variation in St found in four
individuals of a single species forced to fly at different speeds.
A Monte Carlo analysis provides a second confirmation that St is
tightly constrained in cruising flight (Fig. 3). As frequency, speed
and amplitude all scale with body mass (m), if wing kinematics are
indeed tuned to optimize St, their residual variation should co-vary
appropriately to constrain St. We therefore regressed log( f ), log(U)
and log(A) separately against log(m) and calculated the fitted values
for each species. We then randomly allocated 1 of the 42 residuals
from each of the regressions to each species without replacement
and calculated the s.d. of St in the resulting sample (n ¼ 42). We
repeated this procedure 50,000 times.
Figure 3 shows the distribution of the s.d. of resampled St.
Regressions and residual plots (Supplementary Fig. S1) showed
sufficient homoscedasticity for the procedure to be valid. Only 53 of
the 50,000 randomized combinations of residuals (,0.11%) had a
lower s.d. of St than the original sample. The actual s.d. of St (0.10)
was therefore significantly smaller than expected by chance

(P ¼ 0.001) from the allometry of f, U and A. This is very strong
evidence that St is tightly constrained during cruising flight. It
would not be unexpected to find St tightly constrained in similar
species, because similar morphological and physiological constraints usually produce dynamic similarity1; however, it is surprising to find St tightly constrained in this morphologically and
physiologically disparate sample, unless St is constrained by one
uniting factor—aerodynamics.
The propulsive efficiency of an isolated flapping foil usually peaks
at St < 0.3 (refs 3–7), therefore we used a two-tailed t-test to check
that actual mean St ¼ 0.29 did not differ significantly (P ¼ 0.136)
from this (after square-root transforming the data to remove skew
arising because St is a ratio). The data are not normally distributed
even after transformation (Supplementary Fig. S2), but the t-test is
robust to large deviations from normality and, as the 95% confidence interval (0.25 , St , 0.31) fell comfortably inside the optimal range 0.2 , St , 0.4, we can be reasonably sure that the lack of
any statistically significant difference is not merely an artefact of low
statistical power. Median St ¼ 0.25 (inter-quartile range 0.20–0.35)
was less than mean St because of the positive skew, but still did not
differ significantly from the expected optimum (sign test,
P ¼ 0.081). St therefore seems to have converged on the expected
optimum St < 0.3 in cruising flight, with about 75% of species
falling in the range 0.19 , St , 0.41. In addition, the fit is remarkably tight given the much larger variation in St found in a single
species forced to fly at different speeds.
Because the assumptions of parametric analysis of variance are
unlikely to hold for our data set, we used a Kruskal–Wallis test to
compare St among taxonomic classes. The test just failed to attain
statistical significance (P ¼ 0.054), mainly because the n ¼ 2
sample size for insects limited its efficiency. Using a Wilcoxon
rank sum test to compare directly birds and bats showed instead
that St is significantly lower in birds than in bats (two-tailed,
P ¼ 0.020). We then dropped all families of n ¼ 1 and used a

Figure 2 Strouhal number for 42 species of birds, bats and insects in unconfined, cruising
flight. Published ranges3,4 of St in cruising fish and dolphins are included for comparison.
Dotted lines mark the range 0.2 , St , 0.4, in which propulsive efficiency usually

peaks; dashed line marks the modal peak at St ¼ 0.3. Unbroken lines indicate the range
of variation in St across other non-zero flight speeds, where such data exist.
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is probably inevitable at the very high St associated with slow flight
(Fig. 2), we predict that separated flows will be normal for birds in
very slow flight.
We have provided several independent confirmations that flying
animals both operate within a narrow range of St when cruising and
have converged on the optimum range 0.2 , St , 0.4 expected for
high propulsive efficiency and also used by cruising fish and
dolphins. Cruising flight and swimming speeds therefore may be
predicted as U ¼ fA/St, where St < 0.3. As a simple rule of thumb, a
cruising animal will move at a speed just over three times the
product of its stroke frequency and amplitude. Conversely, a
flapping micro-air vehicle of 15-cm span cruising with a 908 stroke
angle (10-cm stroke amplitude) at 10 ms21 should attain peak
propulsive efficiency at a wingbeat frequency of just over 30 Hz.
Although the precise optimum St will vary with wing morphology
and kinematics, this scaling seems to be general. It applies to
animals moving through air and through water. It broadly applies
whether the propulsion is driven by the wings or tail. It applies (in
our data set) to animals ranging in size from moths to dolphins. If
there are swimming or flying organisms on other planets, then we
predict that it should apply to them too.
A
Received 17 July; accepted 19 August 2003; doi:10.1038/nature02000.

Figure 3 Histogram from Monte Carlo analysis recalculating St for 50,000 iterations
randomizing the order of residuals from regressing log(f ), log(U ) and log(A ) against
log(m). Dotted lines denote the 95% confidence interval for the s.d. of the sample
expected by chance from the regressions; the actual s.d. was significantly less than
expected by chance (P ¼ 0.001).

Kruskal–Wallis test to look for interfamilial variation within birds
and bats. St varied significantly between the four remaining bird
(two-tailed P ¼ 0.036) and the three remaining bat (two-tailed,
P ¼ 0.032) families. A posteriori comparisons between the mean
ranks using Tukey’s honestly significant difference procedure
(a ¼ 0.05) were too conservative to identify which differences
were significant (the procedure forfeits sensitivity for individual
differences to control the overall risk of type I error). We therefore
used Tukey’s least significant difference procedure (a ¼ 0.05),
which is more liberal but indicated that St was significantly higher
for woodpeckers than for petrels, and significantly lower for
vespertilionid bats than for fruit bats.
Birds using intermittent flight (median St ¼ 0.34, inter-quartile
range 0.25–0.43, n ¼ 10) have significantly higher St (Wilcoxon
rank sum test, P , 0.001) than birds using direct flight (median
St ¼ 0.20, inter-quartile range 0.19–0.21, n ¼ 12). Direct fliers
occupy the lower extreme of the range 0.2 , St , 0.4 (Fig. 2),
where leading-edge separation is weak or non-existent for classical
airfoils6. Intermittent fliers seem to occupy the upper end of this
range, where leading-edge separation is more likely to occur
(because maximum angle of attack increases with St), but as the
average flight speeds used to calculate St underestimate instantaneous speed during flapping, their true instantaneous St will be
lower. Unlike bats and insects, birds have wings that are well shaped
for maintaining attached flows, which offer the highest possible liftto-drag ratios by minimizing the kinetic energy losses associated
with separated flows.
Intermittent flight could further help to maintain attached flows
by lowering instantaneous St, but when might this be important?
Allometry implies that U should scale as m 1/6 and A as m 1/3, thus St
will be scale-invariant if f scales as m 21/6. It has been found30 that
f actually scales as m 23/11, implying that St should scale as m 27/66
(m 20.11). Regressing log(St) against log(m) for the birds in our data
set (Supplementary Fig. S3) confirms that St scales as roughly
m 20.12 (n ¼ 22, P ¼ 0.003). Constraints on wingbeat frequency
may therefore mean that smaller birds have intrinsically higher St,
which could make intermittent flight important for lowering St to
maintain attached flows when cruising. As leading-edge separation
710
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tion at Kattappana (098 45 0 N, 778 05 0 E, altitude approximately
900 m), Idukki district, Kerala, Western Ghats, India.
Diagnosis. The diagnosis is valid for the family, genus and species. A
relatively large frog with a bloated general appearance, smooth skin
and an overall black coloration dorsally and dark grey ventrally; the
head (Fig. 1b) is pointed and short relative to the body; the snout
has a distinct white protrusion. The eyes are small with a rounded,
horizontal pupil; no apparent tympanum; the forelimbs are short,
the hands (Fig. 1c) are rudimentarily webbed, the tips of fingers are
rounded, without disks. The hindlimbs are short, feet (Fig. 1d) are
about 3/4 webbed, and the tips of toes are rounded, without disks.
A large, white inner metatarsal tubercle is present on both feet
(detailed measurements of external morphology are provided as
Supplementary Information).
The skeleton (Fig. 1e) is characteristic of a burrowing frog and
displays bones with a well-calcified cortical area, a skull with
strongly ossified neurocranial and dermal elements (Fig. 1f), a
short tibiale and fibulare, strong and short tibiofibular bones, and
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About 96% of the more than 4,800 living anuran species1
belong to the Neobatrachia or advanced frogs2–4. Because of the
extremely poor representation of these animals in the Mesozoic
fossil record, hypotheses on their early evolution have to rely
largely on extant taxa5–7. Here we report the discovery of a
burrowing frog from India that is noticeably distinct from
known taxa in all anuran families. Phylogenetic analyses of 2.8
kilobases of mitochondrial and nuclear DNA unambiguously
designate this frog as the sister taxon of Sooglossidae, a family
exclusively occurring on two granitic islands of the Seychelles
archipelago8. Furthermore, molecular clock analyses9 uncover
the branch leading to both taxa as an ancient split in the
crown-group Neobatrachia. Our discovery discloses a lineage
that may have been more diverse on Indo-Madagascar in the
Cretaceous period, but now only comprises four species on the
Seychelles and a sole survivor in India. Because of its very distinct
morphology and an inferred origin that is earlier than several
neobatrachian families10, we recognize this frog as a new family.
Amphibia L., 1758
Lissamphibia Haeckel, 1866
Anura Rafinesque, 1815
Neobatrachia Reig, 1958
Nasikabatrachidae fam. nov.
Nasikabatrachus gen. nov.
Nasikabatrachus sahyadrensis gen. et sp. nov.
Etymology. Nasika (Sanskrit) meaning nose, batrachus meaning
frog, and Sahyadri, being synonymous for the Western Ghats (the
hills along the west coast of the Indian subcontinent).
Holotype. Bombay Natural History Society (BNHS; Mumbai),
BNHS 4202, an adult female, snout–vent length 70.1 mm, collected
July 2000 by S.D.B. (Fig. 1a).
Type locality. Disturbed secondary forest near a cardamom plantaNATURE | VOL 425 | 16 OCTOBER 2003 | www.nature.com/nature

Figure 1 Holotype of Nasikabatrachus sahyadrensis. a, Nasikabatrachus sahyadrensis
in life. b, Detail of head, showing slender mouth and distinct protrusion on snout.
c, Detail of hand, showing rudimentary webbing. d, Detail of foot showing the
large, white inner metatarsal tubercle. e, X-ray photograph showing strongly calcified
bones. The arrow indicates the prehallux. f, X-ray photograph showing strongly
ossified skull and pectoral girdle. The yellow arrow indicates the presumed neopalatine
bone; the black arrow indicates the coracoid, the lateral end of which is wider than the
medial.
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