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¯oras, angiosperms typically constitute only a very small percentage
of the total diversity15,17,29Ðperhaps re¯ecting low pollen produc-
tion and poor dispersal abilities associated with insect pollination.
Similarly, with one strongly disputed exception angiosperm wood
has not been recorded from Aptian or older rocks, and angiosperm
leaves in Aptian or earlier ¯oras are also extremely rare. However,
exceptionally preserved whole plants reported from the Lower
Cretaceous Crato Formation, Brazil, document that diverse
herbaceous water plants were present by the Aptian±Albian and
were a prominent part of the angiosperm assemblage of this ¯ora21.
These observations suggest that the apparent discrepancy between
the diversity of angiosperm reproductive structures and the diver-
sity of leaves and wood during the earliest phases of angiosperm
diversi®cation may in part be explained by the low potential of
leaves and stems of herbaceous plants, including water lilies and
monocots, to be preserved.
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Phytoplankton size structure is acknowledged as a fundamental
property determining energy ¯ow through `microbial' or `herbi-
vore' pathways1. The balance between these two pathways deter-
mines the ability of the ecosystem to recycle carbon within the
upper layer or to export it to the ocean interior1. Small cells are
usually characteristic of oligotrophic, strati®ed ocean waters, in
which regenerated ammonium is the only available form of
inorganic nitrogen and recycling dominates. Large cells seem to
characterize phytoplankton in which inputs of nitrate enter the
euphotic layer and exported production is higher2±4. But the size
structure of phytoplankton may depend more directly on hydro-
dynamical forces than on the source of available nitrogen5±7. Here
we present an empirical model that relates the magnitude of
mesoscale vertical motion to the slope of the size±abundance
spectrum8±10 of phytoplankton in a frontal ecosystem. Our model
indicates that the relative proportion of large cells increases
with the magnitude of the upward velocity. This suggests that
mesoscale vertical motionÐa ubiquitous feature of eddies and
unstable frontsÐcontrols directly the size structure of phyto-
plankton in the ocean.

The oceanic mesoscale, 10±100 km, is the equivalent of the
atmospheric storm scale. It is generally considered to be the most
energetic scale, and it is where fronts between water masses become
unstable and strong three-dimensional circulations are set up.
Fronts are places of enhanced biological activity and, from the
biological point of view, vertical circulation is of great signi®cance
to primary productivity as it may explain the patchiness of primary
productivity in the surface layers of the ocean and the patchiness of
nutrient distributions11. During the OMEGA (Observations and
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Modelling of Eddy Scale Geostrophic and Ageostrophic Circula-
tion) project, multidisciplinary observations were made in the
northwestern AlboraÂn (Mediterranean) Sea, where water of Atlantic
and Mediterranean origin meet, creating gyres, fronts and eddies of
different scales. This sea is an ideal region in which to study
physical±biological coupling, particularly the relation between
vertical motion and the size structure of phytoplankton.

If vertical motion controls the size structure of phytoplankton,
the slope of the community size±abundance spectrum (SAS; see
Methods) should be less negative in areas of upward motion than in
areas of downward motion, because upward motion increases the
residence time of large cells in the upper layer against their tendency
to sink. Small cells, on the other hand, do not sink (or sink very
slowly) because of the dominance of viscosity at very low Reynolds
numbers; therefore, vertical motion would not have a differential
effect on this part of the community SAS. Ideally there should be a
positive correlation between the magnitude of the upward vertical
velocity (w) and the ¯atness of the spectrum linear model, owing to
the increased retention of large cells within the upper layers. The
relation obtained for our complete set of observations was not so
simple (Fig. 1a); however, a linear relationship between vertical

velocity and size spectrum slope was clearly evident for vertical
velocity magnitudes of less than 5±6 m d-1 (Fig. 1b):

SAS slope � 20:944 � 0:033w �in m d 2 1
� �1�

(r2 = 0.683, a , 0.001; 95% con®dence interval (CI) for the
regression slope: 0.025±0.042). Our conceptual model indicates
that there may be a positive relation between the magnitude of the
mesoscale vertical motion and the slope of the SAS of phytoplank-
ton. If the size structure of phytoplankton were nutrient dependent,
we would expect a different relation between vertical velocity and
SAS slope at the depth of the `deep chlorophyll maximum' (DCM),
where cells are expected to ®nd optimal growth conditions in the
vicinity of the nutricline.

This is not the case (Fig. 1b), and the relation is the same for
assemblages at, over, or below the DCM. This suggests that nutrients
are not the critical factor controlling the size structure of the
community. We would expect, however, a light-related effect on
the DCM size structure, as when the DCM occurs very deep in the
water column it seems to be characterized by small cells and low
amounts of chlorophyll, whereas the opposite occurs in the case of a
shallow DCM4,12,13. Our observations do not support this hypothesis
(Fig. 2). In fact, the size spectrum with the least negative slope
corresponds to a very deep DCM community (Fig. 3), whereas
spectra very similar in shape (Fig. 2) correspond to DCM layers
placed at very different depths within the water column (Fig. 3). In
all the cases, size distributions are highly similar up to cell sizes
around 5 mm equivalent spherical diameter and diverge for larger
cells with higher sinking velocities. This divergence illustrates the
size-dependent, counteracting effect of upward vertical motion and
implies that, on relative terms, the ¯atter spectrum has around
seven times the biomass of steeper spectra in the size range of cells
between 104 mm3 (,25 mm diameter) and 105 mm3 (,60 mm dia-
meter).

Hypotheses about the vertical motion control on the size of
planktonic organisms were previously proposed at two very differ-
ent scales. At the scale of tens of metres, which characterizes
Langmuir circulation, the coupled upwelling and downwelling
processes were considered to be responsible for the accumulation
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Figure 1 Slope of the size±abundance spectrum plotted against the magnitude of vertical

velocity (w ) diagnosed for mesoscale instability. a, For the full range of w, ®lled circles

represent observations below the thermocline that can be considered free from the

in¯uence of mixed layer mixing processes. b, Data points and a linear regression

(continuous line) for w in the range between 6 5 m d-1; ®lled circles represent

measurements at the depth of DCM, described by the model (broken line):

SAS slope = -0.932 + 0.036w ( r 2 = 0.854; a , 0.001; 95% CI for the regression slope

= 0.024±0.048).
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Figure 2 Size±abundance spectra of DCM phytoplankton communities at the spots of

highest upward and downward vertical velocity in the range considered in Fig. 1b. Filled

diamonds, DCM community placed at 60 m depth, w = +3.8 m d-1; open squares, 30 m

depth, w = -4.8 m d-1; open circles, 50 m depth, w = -4.8 m d-1. Abundance is

expressed in relative units to eliminate differences in absolute biomass between spectra.

For ®lled diamonds, r 2 = 0.934 (a , 0.001); regression slope = -0.778 (95% CI =

-0.897, -0.660); for open squares, r 2 = 0.952 (a , 0.001); regression slope = -1.085

(95% CI = -1.224, -0.946); for open circles, r 2 = 0.972 (a , 0.001); regression

slope = -1.095 (95% CI = -1.207, -0.983).
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of organisms with negative or positive buoyancy (a size-related
property)14. At the biogeographical, large scale of oceanic regions in
the Paci®c Ocean, it has been proposed that average cell diameter is
the largest in regions of weak ascending and weak descending
motion, and that it is the smallest in areas of most intensive vertical
motion5,6. Notably, a linear relation between cell diameter and
vertical motion for the range of weak velocities at the large scale
of oceanic convergences and divergences has been reported5.

Observations about the size distribution of fractionated chlor-
ophyll in the equatorial Paci®c are also better interpreted in terms
of circulation (equatorial upwelling and horizontal transport)
rather than a nutrient effect7. There have been no previous
published studies relating the vertical component of mesoscale
¯uid ¯ow to the size structure of the primary producer community
for two main reasons. First, mesoscale vertical velocities are too
small to be measured directly using traditional vessel mounted or
moored acoustic current pro®lers and therefore they have to
be determined (see Methods) through careful analysis of high-
resolution hydrographic measurements and assumed balance con-
ditions for the ¯ow15±17. Second, determining the SAS of the
planktonic community (see Methods) is a time-consuming task
frequently substituted by average descriptors such as `̀ net-plankton,
cell average diameter''5,6 or bulk variables such as `̀ size-fractionated
chlorophyll''7.

The impossibility of discriminating a nutrient-mediated effect of
mesoscale vertical motion on the size structure of phytoplankton at
the DCM layer gives support to the existence of a direct vertical
motion control on community structure, and suggests that the
interaction between water vertical motion and cell sinking proper-
ties are the primary forces in shaping the size-abundance spectrum
of phytoplankton in the upper layer of the ocean. Biological
processes such as photo-adaptation, nutrient uptake and growth,
and cell motility would determine other DCM properties like
species composition or chlorophyll and biomass concentration,
usually analysed to explain the origin and maintenance of the
DCM layer and the vertical distribution of phytoplankton in
general18±21.

However, we have to question why the interaction between
vertical motion and size structure is limited to weak magnitude of
vertical velocity. There are several, non-mutually exclusive explana-
tions to be considered. The ®rst is principally a sampling problem.
Generally, the magnitude of vertical velocity is inversely related to
the scale of the horizontal ¯ow ®eld16,22,23. For example, vertical

velocities estimated from the curl of the wind stress5,6 are typically in
the range of 6 10-1 m d-1. In highly energetic mesoscale ¯ows like
ours, vertical velocities between 10 and 100 m d-1 (refs 16, 17, 24)
are more typical, but are associated with strong advection (in our
case up to 1.5 m s-1) that make it dif®cult to make synoptic
observations and result in vertical motion estimates that are
susceptible to large errors25. Consequently, it is out of the centre
of the frontal jet, where the observations are more truly synoptic
that we can have most con®dence in our results and where the
magnitude of the vertical velocity is lowest.

Second, mesoscale, ageostrophic vertical motion can be modi®ed
by other physical processes like wind-driven turbulence in the
uppermost layer, tidal oscillations or internal waves at the thermo-
cline that might contribute to the scatter of points at high vertical
velocities. To avoid contamination with mixed layer processes, we
have identi®ed those data points below the thermocline (Fig. 1a).
Both the complete data set and the subset containing data only from
below the thermocline show similar scatters against vertical velocity
magnitude, however, indicating that wind-driven turbulence is not
the origin of the scatter. It is more dif®cult to avoid contamination
from internal waves, but the SeaSoar hydrographic sections show no
evidence of signi®cant internal wave activity in the region.

All this suggests that the interaction of mesoscale vertical motion
with other physical processes is probably of less importance in
explaining the scatter of points at high values of vertical velocity. In
the third place, the interaction between upward water motion and
the sinking velocity of cells should be considered. The calculated
range of vertical velocities includes the sinking velocities of phyto-
planktonic cells even for the largest sizes14. The largest cells included
in our size±abundance spectrum (Fig. 2) have diameters between 60
and 70 mm and, according to Smayda's model14, they would sink at
2±2.5 m d-1. Thus, the range of vertical velocities in Fig. 1b is of the
same order as the range of the size-dependent sinking velocity of the
cells included in our SAS analysis. This suggests that only a relatively
small upward water motion is needed to support phytoplanktonic
cells in the size range analysed, which certainly contains the bulk of
ocean primary producers. Consequently, an extended mathematical
model for the whole range of vertical velocity values shown in Fig. 1
would need a much broader SAS analysis including large particles
such as colonies, aggregrates and fecal pellets. Such an analysis
would permit the complete evaluation of the role of mesoscale
dynamics in controlling the size structure of pelagic particles and its
impact on the vertical ¯ux of carbon in the ocean. M
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Methods
Modelling the SAS of phytoplankton

We counted and measured phytoplanktonic cells by using a video-interactive, microscopy-
image analysis system that permits the discrimination and elimination of detritus and
other non-living particles. Individual linear measurements were transformed into
estimations of cell volume through numerical computation, and these were then
distributed along an octave (log2) scale of cell volume. Finally, a regression mode 1 was
applied to the log-transformed values of cell abundance (y axis, cells per ml) and cell
volume (x axis, mm3). The resulting key parameter is the slope (b) of the regression model:

log�cell abundance �cells per ml�� � a 2 b log�cell volume �mm3
��

A general account of methods for the analysis of the size structure of planktonic
communities can be found in ref. 10.

Computation of vertical velocity

In the framework of the Quasi-Geostrophic (QG) approximation, the vertical component
of the velocity ®eld (w) can be estimated from a diagnostic equation known as the Omega
equation26. This equation can be solved in a three-dimensional domain provided that
(1) the QG vertical forcing is know at every point of the domain; and (2) boundary
conditions are speci®ed. The vertical forcing term can be computed by ®nite differences
from hydrographic data alone (for example, from density and/or dynamic height data),
which must have been previously interpolated from stations to a regular grid. Regarding
boundary conditions, we assumed w = 0 at the bottom and surface, and Neumann
conditions at the lateral boundaries27. Several tests show that the sensitivity of vertical
velocity ®elds to lateral boundaries restricts to the few outermost grid points, with no
signi®cant in¯uence on the results obtained in the inner domain.
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Trichromatic colour vision, characterized by three retinal photo-
pigments tuned to peak wavelengths of ,430 nm, ,535 nm and
,562 nm (refs 1, 2), has evolved convergently in catarrhine
primates and one genus of New World monkey, the howlers
(genus Alouatta)3. This uniform capacity to discriminate red±
green colours, which is not found in other mammals, has been
proposed as advantageous for the long-range detection of either
ripe fruits4,5 or young leaves6 (which frequently ¯ush red in the
tropics7) against a background of mature foliage8,9. Here we show
that four trichromatic primate species in Kibale Forest, Uganda,
eat leaves that are colour discriminated only by red±greenness, a
colour axis correlated with high protein levels and low toughness.
Despite their divergent digestive systems, these primates have no
signi®cant interspeci®c differences in leaf colour selection. In
contrast, eaten fruits were generally discriminated from mature
leaves on both red±green and yellow±blue channels and also by
their luminance, with a signi®cant difference between chimpan-
zees and monkeys in fruit colour choice. Our results implicate leaf
consumption, a critical food resource when fruit is scarce10, as
having unique value in maintaining trichromacy in catarrhines.

In Kibale National Park, Uganda, leaves eaten by trichromatic
chimpanzees (Pan troglodytes), black-and-white colobus (Colobus
guereza), red colobus (Piliocolobus badius) and red-tailed monkeys
(Cercopithecus ascanius) could be discriminated from mature leaves
in colour only by the red±green channel (Fig. 1a). Consumed leaves,
which included some leaves of mature status, had a higher average
luminance, but the red±green colour channel was a far better
discriminant (Fig. 1b), primarily because many young red leaves
were dark. There were no signi®cant differences overall between
primate species in the colours of leaves eaten (Duncan's multiple
range test, P . 0.05), and the red±greenness of the leaves was highly
positively correlated with the ratio of protein content to toughness
(Spearman's test, R = 0.58, P , 0.001). This ratio was consistently
higher in leaves consumed by each primate than in mature foliage
(Fig. 2).

In contrast, eaten fruits were distinguishable on both the red±
green and yellow±blue colour channels (Fig. 3), as well as luminance
(Duncan's multiple range test, P , 0.001 for each case). Fruits
selected by monkeys were more yellow than mature foliage
(P , 0.03), whereas those eaten by chimpanzees were signi®cantly
more yellow than those eaten by monkeys (Duncan's multiple range
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