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The photophysiology of surf diatoms - a review
La fotofisiologia de las diatomeas de la zona de rompiente - una revisién
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ABSTRACT

The light environment in high energy surf-zones is extremely complex because of the periodic passing of waves, which
cause the formation of foam and the suspension of sand. Despite high light attenuation, most of the surf-zone 1s euphotic. Surf
diatoms. such as Anaulus australis Drebes et Schulz, Artheva armatus (West) Crawford, Asterionella socialis Lewin et Norris,
Asterionellopsis glacialis (Castracane) Round and Aulacodiscus kitronii Arnott, are brought to the water surface by attachment
to bubbles and are then returned to the water column by passing wave bores. This mechanism of flotation results in exposure to
irradiances varying between full sunlight inhibitory to photosynthesis, and irradiances insufficient for photosynthesis, in a
short space of time. The fluctuating light regime caused by the passing of the wave bores does not prevent photoinhibition.
Three periods of photosynthesis can be identified: 1) photoinduction. 2) maximum photosynthetic rate (P,,,, and 3) pho-
toinhibition. The photoinduction phase is time-dependent, while photoinhibition is quantun-dose dependent. Inhibition of
photosynthesis is associated with changes in the relative concentrations of diatoxanthin and diadinoxanthin. The xanthophyll
cycle can be argued to play a role in photoprotection. However, photoinhibition still occurs in situ. Surf diatoms have high
assimilation numbers and fix far more carbon than is required for their daily cell division cycle, even before photoinhibition
occurs. This makes photoinhibition a protective rather than destructive phenomenon in surf diatoms.
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RESUMEN

El ambiente luminico de la zona de rompiente de fas olas es extremadamente complejo debido al paso periddico de las olas. lo
que produce formacién de espuma y suspension de arena. Aun cuando existe atenuacién de la luz, la mayor parte de la zona de
rompiente es eufdtica. Diatomeas de este hdbitat, tales como Anaulus australis Drebes et Schulz, Attheya armatus (West)
Crawford, Asterionella socialis Lewin et Norris, Asterionellopsis glacialis (Castracane) Round y Aulacodiscus kittonii Arnott,
son llevadas a la superficie del agua por medio de la adherencia a burbujas de aire. para luego ser retornadas a la columna de
agua por las olas que pasan. Este mecanismo de flotacidn resulta en exposicion a la irradiacién que varia en cortos periodos de
tiempo entre plena luz del sol inhibitoria para la fotosintesis ¢ irradiaciones insuficientes para la misma. El fluctuante régimen
de luz causado por el paso de las olas no previene fotoinhibicién. Se pueden identificar tres periodos de fotosintesis: 1)
fotoinduccion, 2) tasa fotosintérica maxima (Pmdx), y 3) fotoinhibicion. La fase de fotoinduccion es dependiente del tiempo.
mientras que la fotoinhibicién es dependiente de la dosis de quantum. La inhibicién de la fotosintesis estd asociada con
cambios en las concentraciones relativas de diatoxantina y diadinoxantina. Se puede argumentar que el ciclo de la xantofila
juega un rol en la fotoproteccion. Sin embargo, la fotoinhibicién aun ocurre in situ. Las diatomeas de la zona de rompiente tie-
nen numeros altos de asimilacion y fijan mucho mds carbono que lo requerido para sus ciclos diarios de divisién celular aun
antes que ocurta fotoinhibicién. Esto hace de la fotoinhibicién un fenémeno mds protector que destructor en las diatomeas de
la zona de rompiente.

Palabras clave: Fotosintesis. fotoinhibicion, fotoproteccion, ciclo de la xantofila.

INTRODUCTION

Several surf-zones of larger sandy beaches
are notable because surf diatoms such as
Anaulus australis Drebes et Schulz, Artheva
armatus (West) Crawford, Asterionella socialis
Lewin et Norris, Asterionellopsis glacialis
(Castracane) Round and Awulacodiscus
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kittonii Arnott accumulate into extremely
high cell concentrations in the narrow strip
along the shore (Lewin & Schaefer 1983,
Sloff et al. 1984, Talbot & Bate 1986). Such
accumulations of surf diatoms have been
shown to occur along the west coast of the
United States of America, New Zealand,
much of the south coast of Africa, Tasmania,
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the south and west coast of Australia, and the
coasts of Brazil and Argentina.

These surt diatoms possess a mechanism
that enables them to adhere to bubbles. As a
result they float to the water surface between
wave bores (Sloff et al. 1984). With each
passing wave, the cells are tumbled into the
water column and rise back into the surface
foam again after the wave has passed. This
results in the development of a unique light
environment that is highly variable and
characterised by strong attenuation of
irradiance, but where the floating cells are
periodically exposed to full sunlight.

Surf diatoms have a unique light climate
to cope with and have adapted to this harsh
environment in such a way that they ef-
fectively out-compete all other species and
develop a complete dominance where they
occur. The current state of our knowledge
about this highly variable light climate and
the photosynthetic characteristics of surf
diatoms experiencing it are reviewed in this
paper.

The light environment

Attenuation of light in surf-zones is almost
entirely due to three factors: bubbles, sand
and diatom pigments. Differences in turbu-
lence result in different attenuation coef-
ficients based on where waves are breaking.
Surf-zones with diatom accumulations are
typically in either a longshore bar-trough
state or dissipative energy state (Campbell &
Bate 1988). Attenuation coefficients where
waves break are on average four times higher
than in the trough where waves are reform-
ing (Fig. 1) (Campbell et al. 1988a). Surf
diatoms mostly accumulate on the beach
terrace and always where waves are break-
ing. The light environment also changes as a
result of the passing waves. After waves
break the attenuation coefficient almost
doubles (Fig. 1). This is because there are
more bubbles both in and on the water
surface than just before the next wave bore
passes.

Once a wave passes, bubbles rise to the
surface carrying surf diatom cells into the
foam. This results in the high cell concentra-
tions commonly recorded at the water
surface. The pigment concentration in surface
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layers strongly attenuates the light (Campbell
et al. 1988a) so that below a diatom accumu-
lation aphotic conditions exist. Most of the
cells are in the neuston just before a wave
passes. The cells are dumped into the water
column as the wave moves past the ac-
cumulation. The cells then rise with the
bubbles to accumulate in the surface foam
until the next wave breaks. Thus surf diatoms
are exposed to a fluctuating light environ-
ment ranging from near aphotic conditions to
full sunlight within an average of 10 seconds
(Fig. 2).
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Fig. 1: Irradiance attenuation coefficients measur-
ed before and after the passing of wave bores on
the beach terrace, in the trough and nearshore as
well as an estimated value for the bar.
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Fig. 2: The proposed irradiance regime expe-
rienced by surf diatoms while in accumulations.

Régimen de irradiacién experimentado por acumulaciones
de diatomeas de la zona de rompiente de las olas.
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The photosvnthesis-irradiance
relationship

The photophysiology of Anaulus australis is
the best described of the surf diatoms. Fig. 3
gives an average photosynthesis-irradiance
curve based on measurements done at
ambient temperature at fortnightly intervals
over a year (Campbell 1987). The standard
error bars include variation due to differen-
ces in water temperature. Because of the high
cell numbers in situ, photosynthesis was
measured on natural populations of diatoms
using oxygen evolution. The chlorophyll-
specific photosynthetic rate measured at
saturating irradiance (PB ) is high at 16 g
C g chl a’! h'! compared to that measured in
other phytoplankton species. The average
PB .. for 188 other phytoplankton species
was 5 g C gchl a! h! (references listed in
Campbell 1987).

When this curve is compared with that of
a mixed population of Attheva armatus and
Asterionella socialis (Fig. 3) (Lewin &
Schaefer 1983), the only difference is in the
value of P, .. The initial slope is the same
indicating similar ability to fix carbon at low
irradiances. I, (the irradiance of onset of
light saturation, Talling 1957) is lower due to
the low P_ .. A high P and I, is usually
considered to be an indicator of high light
adaptation. While it can be argued that the
*C method used by Lewin & Schaefer
(1983) resulted in the lower P ., it was
possible on one occasion during 1986 to
measure the photosynthesis-irradiance rela-
tionship of Asterionellopsis glacialis (Fig. 3)
using the same technique and equipment
used in the work on Anaulus australis. As
with the data of Lewin & Schaefer (1983) the
Pmax is much lower than that of Anaulus
australis at around 7.5 mg C mg chl a’' h!
and the light-limited slope is similar to that
of Anaulus australis. No data is available for
any other surf diatoms.

Anaulus australis 1s more high light adapt-
ed than the other three species. Both Arntheva
armatus and Asterionella socialis, are report-
ed to have extensive mucilage and clay coats
(Lewin & Norris 1970) as does Asterionellopsis
glacialis (Du Preez & Campbell in press).
These cell coverings most likely reduce the
light received by the chloroplasts compared to

that received by Anaulus australis for the
same incident irradiance.

Photoinhibition

The photosynthesis-irradiance relationship
for Anaulus australis presented by Campbell
(1987) (Fig. 3) was determined using oxygen
evolution with short incubation times. When
long incubations are used, photosynthesis
can be substantially reduced (Du Preez et al.
1990). Three hour incubations of Anaulus
australis showed a reduction in photo-
synthetic rate of 20% at 800 pmol m? s-!
(less than half full sunlight).

It has been suggested (Lewin & Schaefer
1983) that the ability of surf phytoplankton
species to float would be of benefit to them
in two ways. Firstly, flotation maintains the
cells within the surf-zone as they are carried
towards the beach by wave action. Secondly,
flotation exposes the cells to high irradiances
near, or equal to that of full sunlight and the
cells are in a position to photosynthesise
maximally. Teleologically, it makes sense for
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Fig. 3: The photosynthesis-irradiance relation-
ships of the surf diatoms Anaulus australis
Drebes et Schulz (dots, annual mean + 1 SE,
taken from Campbell 1987), a mixture of Attheyva
armatus (West) Crawford and Asterionella
socialis Lewin et Norris (squares; taken from
Lewin & Schaefer 1983) and Asterionellopsis
glacialis (Castracane) Round (triangles). In each
case a hyperbolic tangent form of the P- I
relationship is fitted (Harrison et al. 1985).
Relaciones fotosintesis-irradiacion de las diatomeas Anaulus
australis Drebes et Schulz (annual mean + | DE, tomado
de Campbell 1987), mezcla de Attheya armatus (West)
Crawford y Asterionellu socialis Lewin et Norris (tomado
de Lewin & Schaefer 1983) y Asterionellopsis glacialis
(Castracane) Round. Para cada relacién P - 1 se ajusté una
tangente hiperbélica (Harrison et al. 1985).
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phytoplankton that accumulate at the water
surface to make optimal use of the available
light, or at the very least, to be adapted to
withstand high irradiances. Yet it is apparent
that surf diatoms are photoinhibited by high
irradiances.

The photosynthetic capacity (the chloro-
phyll specific rate of photosynthesis measur-
ed at saturating irradiance, PB ) of cells
kept in low light conditions showed two
phases (Du Preez et al. 1990). The PB_ .
increased following exposure to light. This
was interpreted to be a photoinduction phase.
Thereafter P8, levelled off to remain at
a fixed rate for the remainder of the light
period. By contrast, cells kept in full sunlight
showed an additional phase (Fig. 4) (Du
Preez et al. 1990). After a very short photoin-
duction and constant photosynthetic rate
phase, cells became photoinhibited to a
quarter of the initial rate within 1 hour.
Photoinhibition was reversible in that the
cells recovered fully following a 14 hour
dark period to a PB,, similar to that of the
cells kept in low light.

High cell concentrations resulted in a sub-
stantial reduction in the extent of photo-
inhibition (Du Preez et al. 1990). At a con-
centration of a million cells ml"!, no photo-
inhibition could be demonstrated after 8
hours incubation at 800 pmol m™2 s, At
50 000 cells ml!, the measured rate of
photosynthesis decreased by 80% after an
incubation of | hour. Intermediate cell con-
centrations resulted in intermediate respon-
ses. At high cell numbers (i.e. in dense accu-
mulations) photoinhibition will be delayed
substantially.

Photoinhibition was observed in our
experiments as a reduction of the assimila-
tion number (carbon fixed per unit chloro-
phyll per hour) in siru at the Sundays River
beach (Campbell 1987). This suggests that
the cells derive some advantage, other than
optimal photosynthesis, by rising into the
surface foam. It is possible that there is in-
sufficient light in most of the surf-zone to
saturate photosynthesis as the water is
relatively turbid. By accumulating at, or
near, the water surface, the cells would be
exposed to high irradiances, sufficient to
saturate photosynthesis, but also sufficient to
cause photoinhibition.
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Fig. 4: A representation of the phases of photo-
synthetic activity related to photon dose in
Anaulus australis Drebes et Schulz.

Representacion de las fases de actividad fotosintética rela-
cionada a dosis de fotones en Anaulus australis Drebes et
Schulz.

Photoinhibition may be reduced, on occa-
sion, by the accumulation of the cells in the
foam in numbers high enough to shade each
other.

Surf diatoms may accumulate at the water
surface in order to maintain themselves
within the surf-zone as suggested by Talbot
& Bate (1987). If the cells do not accumulate
at, or near the water surface they will be lost
from the surf-zone by the prevailing water
circulation patterns. Surface accumulation
ensures that the cells are retained within the
surf-zone, but with resulting photoinhibition.

Fluctuating light

It has been suggested (Gieskes et al. 1979,
Harris 1978) that diatoms in situ will not be
photoinhibited as the cells move vertically
in the water column resulting in a short resi-
dence period in that part of the water column
receiving photoinhibitory irradiances.

The movement of cells in the water
column occurs in a rhythmic fashion. This
can be demonstrated by an increase in foam
chlorophyll @ concentration and a propor-
tionate decrease in water chlorophyll a
concentration with time after the passing of a
wave bore (Fig. 5). This movement of the
cells, together with a rhythmic increase and
decrease in irradiance due to wave passage
results in a fluctuating light regime.

The elimination of high irradiance photo-
inhibition is one of the most commonly
reported effects of fluctuating irradiance
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Fig. 5: The chlorophyll a concentration of the
toam and water sampled in a diatom accumula-
tion at the passing of a wave bore (t = 0 s), at 3
and 7 seconds after a wave bore and just before
the next wave (t = 12 s) showing the location of
the cells with time relative to the water surface.

Concentracion de clorofila ¢ en {a espuma y agua muestrea-
das en una acumulacion de diatomeas durante (t=0s), 3y 7
segundos después del paso de una ola y justo antes de la ola
siguiente (t = 12 s), mostrando la localizacién temporal de
las células en relacién a la superticie del agua.

(Harris 1978). This is because photoinhi-
bition 1s a time-dependent process and
relatively short exposures to high irradiance
do not depress photosynthesis to the extent
that it does when phytoplankton are kept in
full sunlight for several hours (Harris 1978,
Marra 1978).

Anaulus australis cells became photo-
inhibited under a range of fluctuating light
regimes, provided the quantum dose was
high enough (Campbell et al. 1988b). Photo-
synthetic rates under fluctuating light were
not significantly different from an average
of the photosynthetic rate measured at the
constant maximum irradiance and the con-
stant minimum irradiance of the fluctuating
light regime (Fig. 6). Because the relation-
ship is near to 1:1, it can be seen that there is
also no enhancement of photosynthesis in a
fluctuating light field for this diatom.

The photoinduction phase lasted equally
long at all quantum dose treatments (17
minutes + 2 minutes) (Du Preez et al. 1990).
However, photoinhibition was found to be
quantum dose dependent for a given cell
concentration.

Xanthophyll cvele

Because surf diatom cells are exposed to
very high irradiances, close to full sunlight

for at least part of the time, it is reasonable to
assume that they must have photoprotective
mechanisms to prevent light-induced damage
to the cells. The xanthophyll cycle, which is
generally accepted to be a mechanism by
which excess light energy is dissipated by
photosynthetic organisms (Foyer et al. 1989),
has been demonstrated to occur in Anaulus
australis. This cycle in diatoms, involves an
interconversion between two xanthophyli
pigments, namely diatoxanthin and diadino-
xanthin (Olaizola et al. 1992). The con-
version only occurs under high light con-
ditions and has only been measured in cells
that exhibit photoinhibition (Fig. 7). Rapid
recovery from photoinhibition, shows that
the photosystems are intact and are not per-
manently damaged by high light. Prolonged
periods of high light can lead to irreversible
photooxidation and cell death (Demmig-
Adams 1990).

The light energy absorbed by the cells
has to be dissipated in order to prevent pho-
tooxidation. The xanthophyll cycle is one
mechanism by which this occurs. More
important however is dissipation of light
energy in photochemistry, or in other words
photosynthesis, leading to the production of
carbohydrates. Anaulus australis has been
shown to divide only once per day (Talbot &
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Fig. 6: The correlation between measured photo-
synthetic rate under fluctuating irradiance and
calculated photosynthesis (an average of the rate
measured in constant maximum and minimum
irradiances used in the fluctuating light measure-
ments).
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de luz fluctuante se usé una media de la tasa medida en
irradiaciones constantes miximas y minimas).
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Produccidn de diadinoxantina y coincidencia en la disminu-

cton de la tasa de fotosintesis después de exposicién a luz
intensa en Anaulus australis Drebes et Schulz.

Bate 1986). They can fix enough carbon for
this single cell division in about 4 hours (cal-
culated from carbon content and photo-
synthetic rate reported in Campbell 1987).
During this period they will dissipate energy
very efficiently. After this it appears as if the

cells continue to dissipate energy through

photosynthesis, but now exude much of this
carbon. Estimates indicate that about 50% of
the carbon fixed by the cells is exuded (also
calculated from Campbell 1987). It is also
during this latter part of the day that the surf
accumulations have been observed to dis-
sipate and it has been suggested (Talbot &
Bate 1986) that the cells sink out of the
foam and attach to sand grains. Here the cells
would be exposed to a much lower light en-
vironment and no longer subject to photo-
damage. In high light the production of ex-
tracellular mucilage (polysaccharide) would
help the diatoms to adhere to sand grains and
hence sink out of the high light. In the lower
light near the bottom, the polysaccharide
would gradually break down releasing the
diatom from the sand grains. The cells would
then be free to be carried up to the high light
by turbulence.

Surf accumulations only occur during
conditions of high wave activity. During
conditions of low wave activity accumula-
tions do not form. During calm conditions,
surf diatom cell numbers are very low
(Talbot & Bate 1988). The cells therefore
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must be in or on the sediments and/or be
behind the breaker zone. Wherever they are
within the system, they will be exposed to
relatively low light conditions or even com-
plete dark. That they survive is evidenced
by the formation of accumulations once
turbulent conditions return.

Experiments done with Anaulus australis
have shown that the chlorophyll a con-
centration in cells kept in the dark initially
increases due to low light acclimation and
then decreases gradually (Du Preez & Bate
1992). When returned to the light the chloro-
phyll a concentration increases rapidly.

The cells kept in the dark do not look
like those that are normally found in the light
and take on a resting form. Based on the data
presented by Du Preez & Bate (1992), it can
be estimated that Anaulus australis cells are
capable of surviving for at least 75 days in
complete dark and recover within 10 days
(Fig. 8). It is highly unlikely that more than
two months of calm weather will prevail and
so the cells should be able to survive the dark
conditions to which they are periodically
subjected.
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Fig. 8: The change in the chlorophyll concentra-
tion of Anaulus australis Drebes et Schulz cells
kept in complete darkness.

Cambios en las concentraciones de clorofila de células de
Anaulus australis Drebes et Schulz mantenidas en completa
oscuridad.

CONCLUSIONS

Surf diatoms, being exposed periodically to
high irradiances, have developed several
photoprotective mechanisms. They are 1) a
high chlorophyll a-specific photosynthetic
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rate, i.e. they complete their daily photo-
synthetic requirement for division in the first
four or five hours of the day; 2) by accu-
mulating into high cell concentrations, the
cells shade each other; 3) surf diatoms dis-
sipate excess energy by xanthophyll cycling
(producing diatoxanthin from diadinoxanthin
under high light conditions) in Anaulus aus-
tralis and this presumably also occurs in
other surf diatoms; 4) excess energy may
also be dissipated in production of a mucilage
coat in Attheva armatus, Asterionella socialis
and Asterionellopsis glacialis; or as exuded
polysaccharides in A. australis; 5) the cells
may sink out of the accumulations in the
late afternoon in order to avoid prolonged
exposure to the very high irradiances at the
water surface; and 6) photoinhibition is not
permanent as full photosynthetic activity is
restored by the next morning.

Anaulus australis has been demonstrated
to have the ability to survive long periods in
complete darkness by changed into a resting
state. The cells may remain in a resting state
until a high wave event returns them to the
high light environment in the surf-zone.
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