
tures have so far been adequately demon-
strated in T. weissflogii.

Considering first the nature and location
of the carboxylase and decarboxylase, Rein-
felder et al. suggest1 that the significance of
PEP carboxylase in diatoms may have been
missed because of lack of carbon limitation
during cell culture. In many studies, how-
ever, the dissolved CO2 concentration was
probably the least well controlled growth
condition4, particularly for enzyme assays
in which the requirement for algal biomass
outweighed other considerations. Earlier
reports of PEP carboxylase activity in
diatoms were probably due in fact to PEP
carboxykinase activity5,6. The PEP carboxy-
lase activity found by Reinfelder et al. in 
the chloroplast (53% of total) in the 
Percoll-purified chloroplast fraction of 
T. weissflogii1, and the finding of 22%
Rubisco activity in the soluble fraction, sug-
gest considerable cross-contamination of
the preparations, which would cast doubt
on the localization of PEP carboxykinase.

Reinfelder et al. also base their con-
clusions on 14C-tracer kinetics. The shortest
labelling time they observed using 14C is 5 s,
with much higher labelling of malate than
has previously been found in diatoms5.
However, even the 65% labelling by 14C they
report in the C4 (b-carboxyl) position of
malate is not sufficient to justify designa-
tion as C4 biochemistry because secondary
carboxylation of labelled PEP, arising from
labelled phosphoglycerate generated by
Rubisco, can occur. 

One crucial diagnostic test for C4 bio-
chemistry is whether the label on malate
extrapolates back to 100% at time zero.
However, the two points provided in the
data of Reinfelder et al.1 are insufficient to
establish a time course. The brown seaweed
Ascophyllum nodosum (Phaeophyceae) is
closely related to diatoms: it has a 
similar C4-like photosynthetic physiology7

and shows significant 14C-labelling of C4

compounds8. But under conditions of inor-
ganic-carbon saturation (sea water), the
initial 14C-incorporation product after 1–2 s
of photosynthesis is phosphoglycerate7.
Also, C4 plants that use PEP carboxykinase
as their decarboxylating enzyme use aspar-
tate9 rather than malate1 as a substrate. 

The finding that phosphoglycerate is the
first product of carbon fixation in photo-
synthesis by Ascophyllum7 and by various
diatoms6 suggests that heterokont algae
photosynthesize using a C3 pathway and
that synthesis of C4 compounds using 
b-carboxylases (mainly, if not exclusively,
PEP carboxykinase) has a ubiquitous
anaplerotic role in these organisms. The
increased labelling of C4 compounds rela-
tive to phosphoglycerate under conditions
of low inorganic carbon is also seen when
growth rate is limited by (non-carbon)
nutrients or by light6. 

Invoking a role for C4 photosynthesis to
explain the physiological properties and
13C-discrimination values of diatoms seems
unnecessary, given the capacity of such cells
to accumulate inorganic carbon and hence
CO2 by means of the biophysical CO2-
concentrating mechanism — a process for
which there is a large amount of evi-
dence6,7,10. Until these issues are unequivo-
cally resolved and the other features of C4

photosynthesis are demonstrated, we
believe that it is premature to designate
marine diatoms as C4 photosynthesizers in
the traditional sense.
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Reinfelder et al. reply — Johnston et al. are
not convinced that a C4 photosynthetic
pathway exists in microalgae. The essential
feature of C4 photosynthesis is the fixation
of inorganic carbon as a C4 compound that
is subsequently decarboxylated to provide
CO2 as a substrate for Rubisco in the Calvin
cycle. It is known that many microalgae
incorporate at least some inorganic carbon
directly into C4 compounds such as malate,
but the controversy hinges on whether this
carbon is released and fixed by Rubisco. 

The extrapolation of 14C incorporated
into the C4 position of malate to 100% at
time zero, which is proposed as a crucial
diagnostic test by Johnston et al., is thus not
a direct verification of C4 photosynthesis. 
It would be experimentally difficult to 
determine and is not mathematically 
well defined — for example, this approach
yields an intercept of only 89% in maize, a
well-known C4 plant1. A better demonstra-
tion is provided by the transfer of 14C from
the C4 compound malate to the C3 com-
pound phosphoglycerate, the first product
of Rubisco, as we have shown. Also, we have
recently found (unpublished results) that
addition of the C4 compound oxaloacetate
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to compensated cultures of T. weissflogii
triggers immediate production of O2 in the
light, but no O2 consumption in the dark,
which further supports our proposal that
this diatom uses C4 photosynthesis.

Johnston et al. also comment on the
substrate of PEP carboxykinase and the
localization of enzymes. However, oxalo-
acetate, which is the substrate for PEP 
carboxykinase, can be produced by oxida-
tion of aspartate or malate. We agree that
cellular-fractionation techniques cannot
definitively establish how the enzymes of 
a photosynthetic C4 pathway are compart-
mentalized — so far, fractionation results
have been confirmed by other techniques in
the case of carbonic anhydrase, which has
been shown to be located in the cytoplasm
of T. weissflogii using antibodies.

There is strong evidence that marine
diatoms can concentrate inorganic carbon
for photosynthesis2,3, but little to indicate
how such a mechanism might work. C4

pathways are used to accomplish this in
multicellular C4 plants and so may serve the
same function in marine diatoms.
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Aerodynamics

Insects can halve 
wind-turbine power

For no apparent reason, the power of
wind turbines operating in high winds
may drop, causing production losses of

up to 25 per cent1. Here we use a new flow-
visualization technique to analyse airflow
separation over the blades and find that
insects caught on the leading edges in earli-
er low-wind periods are to blame. These
potentially catastrophic power glitches can
be prevented simply by cleaning the blades.

Unpredictable changes in power levels
have been noted on wind farms in Califor-
nia, with power sometimes falling to half
the output predicted from the turbine
design and generating two or more different
power levels at the same wind speed 
(Fig. 1a). Although this phenomenon
(termed ‘double’ or ‘multiple’ stalling) 
has been investigated2–4, the cause has
remained unknown. 

One study5 commissioned by a turbine
manufacturer (NEG Micon) used a new
invention called a stall flag6 (patent, Energy
Centre of The Netherlands) as a flow-
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separation detector (Fig. 1b) to try and
solve the problem. This device works on the
principle of a hinged flap that opens up in a
separated airflow to uncover an individual
reflector (Fig. 1c) which allows the flow to
be visualized. Operation of a stall flag on a
turbine with a rotor diameter of 44 metres
is illustrated in Fig. 1d, in which the light
tracks are from exposed reflectors and 
indicate where the blades stall.

We found that the stalling behaviour of
the blades depends on the degree of contam-
ination of the leading edges. However, the
reduction in power should be continuous
(as debris on the blades would be expected
to accumulate gradually) rather than
stepped in distinct levels as shown in Fig. 1a.

We considered the possibility that flying
insects caught on the turbine blades could
explain this effect. Insects prefer to fly in
conditions of high air humidity, low wind
and temperatures above about 10 7C. Under
these circumstances, they will increasingly
foul the leading edges of the blades. In low
winds, the incident angle between the flow
and the blades is small, which corresponds
to low air velocity around the leading edges,
so the blade is not susceptible to contami-
nation of the leading edge and the power
output is unaffected. Insects rarely fly in
high winds, so turbines operating in steady
high-wind conditions do not become cont-
aminated and power levels remain constant. 

In high winds, however, the angle
between the flow and the blades increases
and the aerodynamic suction peak (the area
of minimum pressure and maximum air
velocity) shifts to the leading edge. If this
happens to be already spattered with dead
insects, power output will fall: the greater
the contamination at the suction peak, the
sooner the blades will stall and the more lift
will be lost (Fig. 1e). Thus after each period
of low wind, the amount of insect contami-
nation may change, causing a different
power level to be produced in high wind.

We verified this hypothesis experimen-
tally by using stall flagging to compare air-
flow over smooth blades with that over
blades that had been artificially roughened
on their leading edges (by installing a zigzag
tape of maximum thickness 1.15 mm). The
two turbines used were within 50 metres of
each other to ensure equal inflow (Fig. 1f).
A 25-Hz digital video camera recorded the
stall-flag signals, providing thousands of
computer-processed images which indicat-
ed that flow separation on the roughened
blades was significantly increased at wind
speeds of 11–25 m s11 . This effect extended
over the entire blade span, which explains
the previously observed power losses (Fig.
1a). Moreover, power output from rough-
and smooth-bladed turbines was equal at
low wind speeds, but higher from the ‘clean’
blades at high wind speeds (Fig. 1g), neatly
reproducing the effect shown in Fig. 1a.

We also studied a time series for the
power output from four different turbines
and found that the power at high wind
speeds decreased markedly after every 
period of low wind speed, rising again after
the blades were cleaned either manually or
by rain, as expected. It is likely that accumu-
lation of ice or dirt on the blades could 
create distinct power levels in high winds in
the same way as insect contamination.
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The Netherlands
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correction
Thin solid films roll up into nanotubes
O. G. Schmidt, K. Eberl
Nature 410, 168 (2001)
Citation of additional earlier work by Prinz et al.
(for example, see ref. 1) relating to these results was
inadvertently omitted.

1. Prinz, V. Ya. et al. Inst. Phys. Conf. Ser. 166 Ch. 4, 199–202;

203–206 (2000).
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Figure 1 Insects cause multiple levels of power output from wind turbines. a, Example of production of two or more power levels at the

same wind speed on different dates. b, The stall flag, consisting of a hinged flap and a reflector. c, Stall flags, showing the separated-

flow area on an aerofoil. d, Recording of stall-flag signals from the NEG Micon turbine in California. The light tracks are produced by

reflected light from open stall flags. e, Illustration of the insect hypothesis proposed to explain multiple power levels. f, The two turbines

used for validation of the insect hypothesis; these were only 50 m apart to ensure equal air inflow. g, Power curves for the two turbines

with ‘rough’ or ‘clean’ blades, which are similar to those in a.
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