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and placed in mesocosms. On termination of the experiment these macrofauna were
retrieved and enumerated. We analysed the data by ANCOVA. The contribution of each
species to variation in NH4-N production as biomass increased was assessed by multiple
regression. This allows for the identi®cation of species that might be regarded as causing a
sampling effect, but does not allow for the determination of a diversity effect such as over
yielding.

Null model

We used observations derived from single-species regression slopes to generate an
additive null mixture regression slope against which to compare observed responses
from multi species mixtures. The null model was of the form E�j� � �Sn

i�1�aipij� bi�

2 MiZERO�� MZERO where E(j) is the expected multispecies response at biomass j; pi is
the proportion of species i represented in mixture by biomass; ai is the slope of the
regression line de®ning the relationship between biomass and ecosystem response for
species i; and bi is the intercept of the regression line de®ning the relationship between
biomass and ecosystem response for species i. MZERO is the mean, observed ecosystem
response at zero biomass. It is important to distinguish between additive and
substitutive experimental designs25; the null model approach detailed here is of an
additive statistical design, whereas calculation of metrics such as DMax (over yielding)
requires a substitutive experimental design. The experimental approach we have
developed here allows for exploration of both approaches.
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Hydrothermal vents are ephemeral because of frequent volcanic
and tectonic activities associated with crust formation1±3.
Although the larvae of hydrothermal vent fauna can rapidly
colonize new vent sites separated by tens to hundreds of
kilometres4,5, the mechanisms by which these larvae disperse
and recruit are not understood. Here we integrate physiological,
developmental and hydrodynamic data to estimate the dispersal
potential of larvae of the giant tubeworm Riftia pachyptila. At in
situ temperatures and pressures (2 8C and 250 atm), we estimate
that the metabolic lifespan for a larva of R. pachyptila averages
38 days. In the measured ¯ow regime at a fast-spreading ridge axis
(98 509 N; East Paci®c Rise), this lifespan results in potential along-
ridge dispersal distances that rarely exceed 100 km. This limited
dispersal results not from the physiological performance of the
embryos and larvae, but instead from transport limitations
imposed by periodic reversals in along-ridge ¯ows and sustained
episodes of across-ridge ¯ow. The lifespan presented for these
larvae can now be used to predict dispersal under current regimes
at other hydrothermal vent sites.

Larval dispersal remains one of the most perplexing problems for
understanding how hydrothermal vent organisms colonize vent
sites4,6. We have surmounted a signi®cant challenge to addressing
this problem by successfully rearing embryos of Riftia pachyptila
(Polychaeta: Siboglinidae) to the larval stage under deep-ocean
temperatures and pressures. Using custom designed culture systems
(Te¯on-coated, stainless steel chambers with a continuous ¯ow of
seawater at 2 8C and 250 atm) we have followed the early develop-
ment of R. pachyptila embryos and larvae.

Early cleavage (Fig. 1a±d) was similar to that of bathyal (600 m)
siboglinids7, except that embryos of R. pachyptila require higher
pressure. After 34 d of development, we observed a swimming
trochophore larval stage with two equatorial bands of simple cilia
(Fig. 1e). As in the non-feeding larvae of another vestimentiferan
worm, Lamellibranchia sp.7, larvae of R. pachyptila did not develop a
mouth through the ®rst 34 d of development. Once cleavage was
initiated (after the exclusion of two polar bodies), cells divided at an
average rate of 1.8 d per division (Fig. 2a). Some fertilized eggs were
returned to the vent site at 2,500 m in mesh-covered 50-ml culture
tubes to develop in situ on the sea ¯oor (2 8C). Rates of early
development in situ were equivalent to those observed in pressure
chambers (Fig. 2a).

Larvae of Antarctic echinoderms show a remarkable metabolic
ef®ciency with larval lifespans potentially exceeding 1 yr at low
temperatures (-1.5 8C)8,9. Larvae of hydrothermal vent organisms
dispersing between vents at 2 8C might also have long metabolic
lifespans. Larval lifespan is determined in part by the rate of energy
use during development and the initial amount of energy available
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in the egg. We measured metabolic rates at 2 8C and 250 atm in early
embryos of R. pachyptila by end-point respirometry10. Develop-
mental stages of R. pachyptila respired 5.1 6 0.3 (mean 6 s.e.)
pmol O2 per h per embryo and later stages (32±64 cells) averaged
17.8 6 1.4 pmol O2 per h per embryo (Fig. 2b). Biochemical
analyses of the protein and lipid-class composition of eggs of R.
pachyptila were conducted on samples from several females col-
lected at different times of the year (Fig. 3a). To estimate a metabolic
lifespan for developmental stages, we assumed that 50% of an egg's
protein mass (34.5 6 7.8 ng; mean 6 s.d.) and 90% of its wax-ester
lipid mass (144.4 6 19.1 ng) could be metabolized (wax esters are
used exclusively for energy storage in cold-water invertebrates)11±13.
The average metabolic energy available for development was calcu-
lated to be 5.5 6 0.8 mJ per egg (mean 6 s.d., range 4.7±7.1 mJ).
Balancing the cumulative rate of energy use during early develop-
ment (Fig. 2b) with available energy, a typical larva of R. pachyptila
could potentially survive for 38 d (range 34±44 d).

Knowing the potential metabolic lifespan of a larva of R.
pachyptila solves only part of the dispersal distance puzzle. The
solution also depends on the vertical and horizontal directions
and distances larvae travel. Passive vertical movement of the eggs
and early embryos of R. pachyptila has been suggested to be high

(28 m d-1, measured at 102 atm)14. However, our direct measure-
ments of buoyancy in isolated pressure vessels with Plexiglass view-
ports revealed that eggs are near-neutrally buoyant at 250 atm (and
2 8C), with an average vertical velocity of only 2 m d-1 (Fig. 3b). At
active hydrothermal venting sites, hot ef¯uents mix with seawater to
form buoyant plumes that rise until they cool to neutral buoyancy at
a distance of 175±200 m above the bottom (in less than a day)15,16.
Many early life stages of hydrothermal vent animals have been found
entrained in this neutrally buoyant plume17,18, and it is likely that
eggs of R. pachyptila become entrained in this water mass as well.

At the height of the buoyant plume, the ¯ow regime at our site
(98 509 N, East Paci®c Rise; EPR) was assessed over a period of one
year with two long-term current records (April to December 1999
and December 1999 to April 2000) from an Aanderaa current meter
positioned 175 m above bottom on the ridge axis near the `Biovent'
site (98 50.99 N, 1048 17.69 W). The current velocities were variable,
with periodicities at semi-diurnal, diurnal and fortnightly time-
scales. Residual ¯ows tended to be oriented roughly along the
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Figure 1 Early development to a larval stage in Riftia pachyptila cultured in pressure

vessels at 2 8C and 250 atm. a±d, Light micrographs of ®rst polar body extrusion (1 day;

a), unequal blastomeres at the two-cell stage after polar lobe formation and ®rst cleavage

(3 days; b), the eight-cell stage (7 days; c), and a 128+ cell embryo (14 days; d). e, A

scanning electron micrograph of a 34-day larva reveals two equatorial ciliary bands (cb)

but no evidence of a mouth, apical tuft or other distinct morphological features.
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Figure 2 The developmental and respiration rates of Riftia pachyptila embryos. Symbols

represent different cultures (different females, different cruises). a, For development, no

difference was evident in cell division rates between cultures in pressure vessels (open

symbols) or the in situ culture tubes (®lled symbols). The combined regression of cell

number against time (y = 1.0283e (0.4299x); r 2 = 0.9623) reveals a cleavage rate of 1.8 d

per division. b, Embryo respiration measurements are divided into early (4±16 cells, ®lled

symbols) and late (32±64 cells, open symbols) stages. Respiration rates of an individual

embryo are determined as the slope from the linear regression equations: early

R = -0.147 + 0.00514x, r 2 = 0.9580, n = 19; late R = -0.354 + 0.0179x,

r 2 = 0.9138, n = 18. For later stages (. 20 d) a maximum metabolic rate of 21 pmol O2

per h per individual was estimated from the rate of change in respiration during earlier

development.
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Figure 3 Biochemical composition and buoyancy of the eggs of Riftia pachyptila. a, Egg

composition was assessed in different females, one from a cruise in May 1998, four from

November 1998, and two from December 1999. Standard errors were less than 6% for

the lipid assays and less than 2% for the protein assays, but are not plotted on the stacked

histograms. b, Buoyancy was measured as ¯otation rates in pressurized vessels equipped

with view ports for monitoring the vertical position of the eggs and zygotes (mean 6 s.e.;

sample sizes ranged from 62 to 223 observations per treatment).
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NNW/SSE trending axis. The four-month current record from
December 1999 to April 2000 gave evidence of a longer potential
dispersal distance for larvae of R. pachyptila, which we have selected
to present in detail.

To estimate dispersal potential of R. pachyptila, we modelled the
movement of neutrally buoyant particles (`larvae') released at
hourly intervals into the observed current regime. We followed

each larval trajectory (Fig. 4b) for either a speci®ed lifespan or until
a larva had moved more than 25 km off axis (at which point it was
considered `lost' from the ridge system). During the four-month
interval from December 1999 to April 2000 (Fig. 4a, b), larvae
released at most time points experienced substantial cross-axis
transport, with the exception of those released between 16 and
42 d after the current meter was used, when ¯ow was consistently
aligned SSW, roughly along the axis (Fig. 4b). Only a few combina-
tions of release time and lifespan resulted in net dispersal distances
greater than 100 km (only 0.9% of the releases); these occurred for
larvae released on or shortly after day 16 with lifespans of 20±34 d
(Fig. 4d). The maximum along-axis dispersal distance for any
individual was 103.4 km SSE, and the furthest NNW any individual
travelled was 47.3 km. In the eight-month current pro®le from April
1999 to December 1999, the longest dispersal distance SSE along-
axis was only 54 km. Notably, the along-ridge ¯ow reversals at our
98 N site result in a much higher probability that larvae will be
retained within a few tens of kilometres of their source population,
which might provide a mechanism of larval retention and rapid
population growth at this site5.

Contrary to expectations, a longer metabolic lifespan at 98 N EPR
did not necessarily translate into a longer along-ridge dispersal
distance. The more time a larva spent in the currents, the more likely
it was to be swept off axis (Fig. 4d, `survivors' curve). Sustained
intervals of off-axis ¯ow are characteristic of other sites on Eastern
Paci®c ridges19,20, indicating that long-lived larvae probably have
similar fates at these sites. Furthermore, mean along-axis velocities
for extended ($ 40 d) intervals are typically less than 3 cm s-1 on
Eastern Paci®c ridges because of reversals in current direction19±22.
These velocities would result in dispersal distances of less than
100 km for any larvae of R. pachyptila that remained near the ridge.
An exception to this hydrodynamic limitation of dispersal occurs at
138 N EPR where periods of unidirectional, along-axis ¯ow with
mean velocity of 4.5 cm s-1 can last as long as 60 d (ref. 22). In this
region, a longer lifespan of R. pachyptila larvae would result in
substantially increased (up to 245 km) dispersal distances. It is also
important to note that while off-axis ¯ows impede dispersal along a
ridge, they may be responsible for rare but important dispersal
events to isolated vents (for example, on seamounts) or between
ridges. In these cases, larval lifespan would limit the range and
in¯uence the frequency of successful colonization. Our data
show the overriding importance of current ¯ow in determining
dispersal potential and suggest that populations at different vent
sites may have different dispersal limits depending on local current
conditions.

We have integrated physiological, developmental and hydrody-
namic data into a speci®c dispersal estimate for larvae of
R. pachyptila. Our unique ®nding is a close relationship between
the physiology of tubeworm larvae and the physics of the oscillatory
current regimes at the 98 509 N EPR site. There, the balance between
larval lifespan and ¯ow reversals can account for both larval
dispersal to colonize new vent sites, and larval retention to rapidly
populate an existing vent site. At our site in this region it does not
appear that the dispersal distance of R. pachyptila is limited by the
physiological performance of its larvae, but by temporal oscillations
in the along-axis currents and by larval loss in cross-axis ¯ows. Now
that we have provided an estimate of the metabolic lifespan for
larvae of R. pachyptila, dispersal distances can be predicted under
the current regimes at other hydrothermal vent sites where this
species occurs. M

Methods
Culture methods and measurements

Adult Riftia pachyptila were collected from vent sites along the EPR (98 509 N) and
returned to the surface. In 2±3 h of arrival aboard ship, ripe eggs and sperm were removed
from the gonoducts of adults at ambient pressure (1 atm), and combined for fertilization
at 2 8C. The highest fertilization success rates (. 90%) were obtained by keeping
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Figure 4 Dispersal potential of larvae of Riftia pachyptila modelled from current regimes

at 98 N East Paci®c Rise. a, Current velocities represented by arrows showing compass

heading and velocity. b, Plan view of the trajectory of a water parcel, with its origin (star) at

the location of the current meter and its path calculated from hourly-averaged velocities

(®lled circles denote positions at weekly intervals; grey line denotes the ridge axis).

c, Along-axis distances (NNW is positive) travelled by larvae with a selected (26-d) lifespan

released at hourly intervals in the 98 N current regime. Out of the 3,388 larval releases

modelled, only 39% remained within 25 km of the ridge axis (these were termed

`survivors'). The maximum dispersal distance for a survivor with this 26-d lifespan was

103 km SSE. d, Maximum distance dispersed and percentage of survivors for larvae of

each speci®ed lifespan released in the dispersal model as described in c. For a lifespan

greater than 42 d, no larval releases remained within 25 km of the ridge crest.
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concentrated eggs and sperm together (,1,000 ml-1) for 2±3 h, before transferring them
to the pressure chambers at 50±100 ml-1. We used standard high-performance liquid
chromatography pumps and inert ®ttings to establish ¯ow-through cultures in which
®ltered seawater was continuously replaced in a pressure vessel23. At the ¯ow rates used,
90% of the column volume was exchanged in a 36-h period (that is, 1 ml min-1 for a
500-ml vessel with internal mixing, as veri®ed by direct calibration). Embryos and larvae
could be reared for up to 34 d using this culture system. We measured respiration rates of
developing embryos using end-point assays. Embryos were transferred and maintained at
pressure (250 atm) in 1-ml pressure vessels during 4±6 h incubation periods. The vessels
were then depressurized and the oxygen concentration (pO2) in the water measured at
1 atm using a microcathode oxygen sensor9,10. Under our conditions there was no
degassing when the sample chambers were depressurized because the initial seawater
oxygen concentration (O2 solubility at 1 atm) does not increase when pressurized in our
sealed system. Respiration rates were determined by transferring under pressure different
numbers of embryos into the 1-ml pressure vessels, and then regressing the resultant total
oxygen use against total number of individuals (Fig. 2b). The linear response over a broad
range of embryo concentrations veri®es that respiration rates were not impacted by
concentration-dependent interactions. This method of analysis also controls for back-
ground respiration rates in the 1-ml chambers by using only the regression slope10. In
addition, we have made respiration measurements using the low oxygen concentrations of
deep-bottom water at vent sites (170 mM O2 measured in samples collected by Alvin in
Niskin bottles) and have found no effects on larval metabolic rates. We measured the
protein content of eggs by Bradford assay with bovine serum albumin as the standard.
Lipid class analyses were performed using thin layer chromatography and quanti®cation
by ¯ame-ionization detection (Iatroscan)24.

Buoyancy of eggs and zygotes was measured in pressurized 80-ml volume stainless steel
vessels with an inside diameter of 3.2 cm. Plexiglas ports on both the top and bottom sides
permitted illumination and visualization of the central 1-cm diameter portion of the water
column using a dissecting microscope. All observations were done under pressure at 2 8C.
After all eggs had ¯oated to one end of the chamber, we reversed the chamber rapidly and
took samples every 5 min over the following hour. At each sampling interval, the number
of eggs arriving at the upper viewport was counted. Edge effects were avoided by counting
only those eggs visible in the middle third of the column.

Dispersal model

The current velocities (corrected for magnetic variation) recorded at our study site varied
strongly on fortnightly periods and this data record was suf®ciently long to realize eight
full cycles of along-axis current reversals (December 1999 to April 2000). The neutrally
buoyant plume at this site was centred roughly 175-m off bottom (as reported previously15

and as veri®ed by our own measurements of conductivity, temperature and density (CTD/
transmissometer casts). Positioning the current meters at this depth provided measure-
ments of current regimes that were the most relevant to larval dispersal. The ridge trends
NNW/SSE, at a 108 angle from geographic North, requiring the currents used for the
dispersal calculations to be translated into along- and across-axis alignments. In the
dispersal model, the along-axis distance xi (in m) travelled by an individual larva released
at time step i was calculated as

xi � dt ^
i�l 2 1

j�i

uj for i � 1 to �n 2 l � 1�

where dt is a 1-h time step, uj is the mean along-axis velocity (m h-1) during jth 1-h time
step, n is the number of 1-h intervals in the current record, and l is the larval lifespan (h).
The cross-axis distance yi was calculated similarly, substituting the cross-axis velocity vj for
uj. We set a limit of 25 km as the maximum distance that a larva could travel off axis and
still be able to colonize the ridge. This distance corresponds roughly to the outer limit of
the ridge base, and was selected because the ridge-affected ¯ows tend to extend roughly to
this distance19,25,26. Any larva that strayed more than 25 km off axis was excluded from
further analysis.
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Cortical areas are generally assumed to be uniform in their
capacity for adaptive changes or plasticity1±4. Here we demon-
strate, however, that neurons in the cat striate cortex (V1) show
pronounced adaptation-induced short-term plasticity of orienta-
tion tuning primarily at speci®c foci. V1 neurons are clustered
according to their orientation preference in iso-orientation
domains5 that converge at singularities or pinwheel centres6,7.
Although neurons in pinwheel centres have similar orientation
tuning and responses to those in iso-orientation domains, we ®nd
that they differ markedly in their capacity for adaptive changes.

² Present address: Neuroscience and Motor Control Group (NEUROcom), E U Fisioterapia, Campus de

Oza, 15006 A Coruna, Spain.
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