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Light is a source of both energy and information for the biota. The spatial, temporal and spectral

variability of light experienced by marine phytoplankton differs significantly from that experienced by

terrestrial plants, due to the selective attenuation of solar irradiance in the aquatic medium. In the

present study we analysed such variability and focused, in particular, on those bands within the

spectrum that may act as potential signals for physiological responses. Our results demonstrate that

the spectral variation of the light field carries information on the time of day, the vertical position

and the presence of very close neighbours, also underwater. This is consistent with the recent findings

of a widespread occurrence of photoreceptors in marine algae. We show also that red photoreceptors,

whose presence in marine algae was difficult to reconcile with the strong attenuation of long

wavelengths by water, may be triggered at depth by the red light generated by transpectral processes.

INTRODUCTION

Light availability and its spectral distribution are first-

order controls on the productivity of the sea. Photoauto-

trophs use light as a source of energy for their biosynthesis;

however, several other responses and behaviours such as

complementary chromatic adaptation (Grossmann et al.,

1993), vertical migrations (Cullen et al., 1985), phototaxis

(Sineshchekov et al., 2000), chloroplast movement and

reorientation (Furukawa et al., 1998), circadian rhythms

(Sournia, 1974), and certain aspects of life strategies

(Eilertsen et al., 1995) are also regulated by light. Therefore,

the reconstruction of the spatial and temporal variability

of the underwater light field and its spectral signature can

be considered essential prerequisites for the understanding

of phytoplankton physiology, ecology and behaviour.

Phytochromes of higher plants are involved in control-

ling and modulating physiological and developmental

responses and are believed to have been selected for inter-

preting light signals in terrestrial environments. However,

the presence of this family of photoreceptors in the earliest

marine organisms, such as cyanobacteria and purple

bacteria, supports the hypothesis of a marine origin of

phytochrome. Indeed, algae physiologically acclimate to

variations in spectral quality (Senger and Bauer, 1987),

and several chromatic photoreceptors, such as red:far-red-

light (R:FR) absorbing photoreceptors (Wu and Lagarias,

1997; Jorissen et al., 2002), UV and blue (B) light photo-

receptors (Hader and Lebert, 1998), and green (G) light

photoreceptors (Sineshchekov and Govorunova, 2001)

have been reported in different phytoplankton groups.

Some authors have proposed that band ratios (e.g. R:FR,

B:R and G:R) may act in algae, as in higher plants, as

complex switches controlling relevant processes such as

synthesis or destruction of pigments (Lopez-Figueroa, 1992),

migration (Lopez-Figueroa, 1998), photoadaptation and

phototaxis. By contrast, some other authors (Hughes et al.,

1984; Dring, 1988) have stated that in aquatic environments

light intensity is far more important than light quality in

regulating photoacclimation and other physiological re-

sponses, because of the high degree of variability of spectral

ratios with depth. In addition, given the high rate of attenua-

tion of red wavelengths with depth, one could exclude the

possibility that red light may play a role below the first few

metres of the water column.

During the last two decades a large effort has been

devoted to the characterization of the bio-optical proper-

ties of the water column, both with measurements and

models (Morel, 1988, 1991; Sathyendranath and Platt,

1988). The wide range of existing bio-optical models has

been largely applied so far either to the quantification of

photosynthesis or to the reconstruction of the spectral

signatures of the ocean as a diagnostic tool for biogeo-

chemical processes in the sea. There has been little effort,

however, to estimate the variability of the underwater light

field in order to predict photobiological responses and

activities of marine organisms.
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To address this problem, we discuss here the results

derived from a semi-analytical radiative transfer model,

to reconstruct spectral irradiance at the sea surface and

in the pelagic realm; the results are used to identify

specific bands and band ratios suited for photoregulative

responses in marine algae, also given the recent evidence

of the spectral response of specific phytoplankton photo-

receptors (Wu and Lagarias, 1997; Furukawa et al., 1998;

Kondou et al., 2001).

METHOD

The amplitude and variability in spectral irradiance are

predicted over the visible bands, where specific photo-

receptors are active, by using a semi-analytical radiative

transfer model. In particular we focus on the absorption

bands of known and putative photoreceptors of algae,

such as cryptochrome (B, �450 nm), rhodopsin (G,

�500 nm) and phytochrome-like receptors (R and FR,

670 and 730 nm).

We compute with the model the spectral downwelling

irradiance at the ocean surface and in the ocean interior.

The model inputs include the geographical location,

date, time, and a range of environmental parameters.

Its structure is based principally on pre-existing models,

as described below, but has been modified to address the

potential for photoregulation responses by marine phyto-

plankton.

Solar radiation at the sea surface

The intensity of the incident radiation at the sea surface

is a function of the solar inclination angle and of the

scattering and absorption properties of the atmosphere;

it has been estimated from the cosine of the solar zenith

angle y, which depends on the day of the year, time of

day, and latitude of the site of interest.

The spectral distribution of the solar flux at the top

of the atmosphere is based on Neckel and Labs’ data

(Neckel and Labs, 1984); a spectral resolution of 1 nm is

retained throughout the propagation to the sea surface

and into the ocean interior.

Under clear skies the direct (Edd) and diffuse (Eds) com-

ponents of the global downwelling irradiance (Ed) at the sea

surface are computed assuming a vertically homogeneous

atmosphere. Molecular scattering (Rayleigh scattering)

determination is based on measured pressure, ozone, oxy-

gen and water vapour absorption coefficients taken from

Bird and Riordan (Bird and Riordan, 1986); aerosol scatter-

ing computation is based on an empirical model (Gathman,

1983). We also included Reed’s formula (Reed, 1977) to

perform simulations with different levels of cloudiness.

This parameterization, however, does not adequately

capture the narrow time interval before sunrise and after

sunset (y > 90�, the twilight), during which the upper

atmosphere continues to diffuse and to reflect sunlight to

the earth’s surface. This twilight period has been shown

to play a key role in higher plant photoregulation

responses (Casal et al., 1990) and in circadian rhythms

among plants and animals (Roenneberg and Foster,

1997). The duration of twilight varies with the latitude

of the observer and the declination of the sun. To repro-

duce the surface solar irradiance at zenith angles >90�,
we developed an empirical parameterization of the spec-

tral irradiance at zenith angles from 80 to 96�, based on

measured values of spectral downwelling irradiance

Ed(l) at the sea surface, taken over the twilight period.

The rate of Ed decrease at dusk varies with wavelength,

and a second-degree polynomial equation in time captures

99% of the observed variability. The coefficients of the

polynomial are computed at each wavelength, subject to

the constraint of the value and the first derivative at 80�, as

computed based on a cos(y) dependence, and a value of

2.5 � 10�5 W m�2 nm�1 at 96� for all the wavelengths,

which is the limit of sensitivity of the radiometer used (noise

equivalent irradiance). It is worth mentioning that the

error in the cosine response of the radiometer for 60� <

y < 85� is below 10% and that for y > 90� only the diffuse

component of downwelling radiation is present. The

numerical procedure is applicable to all sites, once

the atmospheric properties have been parameterized.

Parameterization of underwater attenuation

The fraction of irradiance transmitted through the sea

surface, Ed(0–) is calculated taking into account the

reflection, the refraction and the sea surface roughness

(Gregg and Carder, 1990).

The global (direct, Edd, plus diffuse, Eds) downwelling

irradiance, Ed, at a given depth z is derived through the

following relationship (Sathyendranath and Platt, 1988):

Edðl; zÞ = Eddðl; z0Þ � e�Kddðl;zÞ�ðz�z0Þ

þ Edsðl; z0Þ � e�Kdsðl;zÞ�ðz�z0Þ

where z0 is a depth where Edd and Eds are known, and

Kdd(l, z) and Kds(l, z) are the spectral diffuse (or vertical)

downward attenuation coefficients for the direct and the

diffuse components of the global downwelling irradiance,

respectively.

When it is needed (i.e. for chlorophyll fluorescence

computation) scalar irradiance, E0, is derived as follows:

E0ðz; lÞ =
Edðz; lÞ
mdðz; lÞ

where �mmd is the downwelling average cosine, estimated

according to the approximation of Gordon (Gordon, 1989).
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The values for K ’s coefficients derive from an estimate,

at 1 m resolution, of the main processes responsible for the

attenuation of light in the marine environment: absorption

by seawater, phytoplankton, detritus and yellow substance

(the coloured dissolved matter, CDOM), backscattering by

seawater and particulate matter.

In the version used for the simulations reported in the

following sections, the spectral absorption and backscat-

tering coefficients are computed according to bio-optical

models used for case I waters, where the variability in

optical properties is largely due to variability of phyto-

plankton. Therefore, the optical properties of the dis-

solved and particulate matter are parameterized as a

function of the concentration of chlorophyll a.

In particular the total spectral absorption coefficient,

a(l), is derived as proposed by Morel (Morel, 1991).

aðlÞ = ½awðlÞ þ 0:06 � ac
0ðlÞ � C0:65�

� ½1 þ 0:2 � e�0:014�ðl�l0Þ�

where aw(l) is the absorption coefficient of pure water,

ac0(l) is a non dimensional statistically derived chloro-

phyll a specific absorption coefficient (normalized by the

maximum), 0.06 the value given to the maximal optical

cross section of chlorophyll a (a�chl
max), C the chlorophyll

a concentration. Note that the product of a�chl
max by ac0(l)

is the optical cross section of chlorophyll a, a�chl(l). The

last term in brackets accounts for the contribution of the

colored dissolved organic matter (CDOM).
For the total backscatter coefficient, bb(l), the bio-

optical model utilized is the following (Morel, 1988):

bbðlÞ =
1

2
bwðlÞ

þ 0:002 þ 0:02 � 1

2
� 1

4
logC

� �
� 550

l

� �� �

� ½0:30 � C0:62 � bwð550Þ�

with bw being the total scattering coefficient of pure

water.
The optical properties of seawater are based on

tabulated values (Smith and Baker, 1981; Haltrin and

Kattawar, 1991; Pope and Fry, 1997).

Finally, inelastic or transpectral processes taken into

account are Raman scattering and chlorophyll a

fluorescence; they are of particular interest in the

range–R:FR (l > 600 nm), less energetic, part of the

spectrum, where direct solar light is rapidly absorbed by

water (Kd � 0.2–2 m�1). The relationships used to com-

pute the downward Raman irradiance (Marshall and

Smith, 1990; Haltrin and Kattawar, 1993) assume an

isotropic distribution function for Raman scattering. The

irradiance produced by chlorophyll a fluorescence has the

shape of a Gaussian curve and peaks around 685 nm. This

radiant flux is quantified as a function of chlorophyll a

concentration, its specific absorption coefficient, a�chl(l),

and the value of the quantum yield of fluorescence Ff.

This diffuse light field is isotropic and its contribution to

the plane downwelling irradiance, Efd, is quantified accord-

ing to the following expression (Maritorena et al., 2000):

EfdðzÞ =
�f

4
�
C

Ð700

400

E0ðz; lÞa�chlðz; lÞdl

ðk � KdÞ

where k represents an attenuation coefficient for the

irradiance generated by fluorescence and propagating

upward.

RESULTS

Model validation

The validation of the in-water model was performed using

data measured in open waters (case I ) of the Eastern

Mediterranean Sea. Pigment profiles and measured sur-

face Ed were used as input for simulations, and measured

downwelling irradiance profiles as validation points.

Discrete samples and fluorometric downcasts were

coupled to compute the vertical distribution of chloro-

phyll concentration with a resolution of 1 m. Irradiance

profiles were acquired using a 13 channel (400, 412, 443,

470, 490, 510, 531, 555, 590, 619, 665, 685, 700 nm)

spectral radiometer (Satlantic Inc., SeaWiFS Profiling

Multispectral Radiometer) following standard SeaWiFS

protocols (Mueller et al., 1995).

As reported in Figure 1, modelled profiles show good

agreement with in situ data in most of the bands. The

highest errors are displayed in the near-UV blue region

(412, 443 nm), where the mean percentage error is �10%

in the first 20 m and ranges between 50 and 70% in the

20–100 m layer. This discrepancy may derive from an

inadequate parameterization either of the absorption due

to dissolved matter (i.e. CDOM) or of the backscattering of

particulates in Mediterranean waters.

Therefore we reduced the observed difference by

modifying the parameterization of the absorption of

CDOM (aCDOM).

It is generally accepted that aCDOM follows with the

wavelength a roughly exponential law, according to the

following expression:

aCDOMðlÞ = aCDOMðl0Þ � e�Sðl�l0Þ

where S is the slope of the semi-logarithmic expression,

and depends on the light reactivity of the chromophores
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of the different types of DOM. As shown in the Method

section, in the general version of our model S has the

constant value of 0.014, following Bricaud et al. (Bricaud

et al., 1981). Recent studies (Ferrari, 2000) reported

higher values (up to 0.028) in the Mediterranean. We

found that �0.05 is the value to use for better reproduc-

tion of our in situ data (see Figure 1), which is rather

high, but close to the upper limit of the range reported

for other open-ocean sites (Højerslev and Aas, 2001).

Moreover, absorption spectra acquired at several sites in

the Mediterranean Sea (WetLab attenuation-absorption

meter AC9) seem to confirm what we found numerically,

since they in fact exhibit sharp peaks at 412 nm (data not

shown), despite what is commonly assumed in case I

waters, where phytoplankton are responsible for the

highest peak of absorption at 430–440 nm.

Daily and depth variability of band ratios

We quantified the irradiance integrated over selected

wave-bands of the visible spectrum, in particular: B

Fig. 1. Vertical profiles of measured (solid line) and modelled (dashed and dotted lines) downwelling irradiance at 11 selected wavelengths in a site
of the Eastern Mediterranean Sea. The dashed line refers to the general version of the model, the dotted line to the version modified for the
Mediterranean Sea. The chlorophyll profile (last panel) was acquired at the same site and used as input for the simulations.
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(400–450 nm), G (500–550 nm), R (630–680 nm) and FR

(700–750 nm), and analysed the diurnal and vertical vari-

ability of the band ratios R:FR, B:R, G:R.

In Figure 2 we report the results of simulations per-

formed at the surface level and at selected depths of the

water column. At the sea surface all the analysed band

ratios display the highest variability at twilight. In particu-

lar, R:FR (Figure 2a) shows a steep increase before dawn

followed by a slighter decrease, a rather constant value

during the central part of the day, and a symmetric

behaviour around dusk. The vertical distribution of the

band ratios depends on the optical properties of water and

its constituents (suspended and dissolved matter). In water

R:FR shows a high degree of daily variability. Its value

increases with depth, due to the stronger diffuse attenua-

tion coefficient (Kd) of FR versus R. Nevertheless this

variability is observed only in the upper 10–15 m. Below

this level, solar incoming irradiance in the 650–750 band

is completely lost by water attenuation, and the only R

and FR photons present are produced by transpectral

Fig. 2. Band ratio variation with time of the day at selected depths of the water column (note the different scales on the y-axis). Chlorophyll
concentration as in Figure 1. Irradiance has been integrated over 50 nm per each indicated band. (a) R:FR (630–680:700–750. (b) B:R
(400–450:630–680). (c) G:R (500–550:630–680).
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processes, i.e. Raman scattering and chlorophyll a

fluorescence. In addition the R:FR ratio is rather insensi-

tive to the chlorophyll the concentration, as shown in

Figure 3a.

Because of the high difference in the attenuation

coefficient of B and G versus R light, B:R and G:R

ratios reach values up to several thousands as depth

increases to 40–50 m (Figure 2b and c). They also display

drastic changes on the daily scale, especially at dawn

and dusk, observable even at depth.

Finally both ratios are affected by the vertical shape of

the chlorophyll profile, exhibiting an evident minimum in

correspondence to the chlorophyll maximum (Figure 3b

and c); moreover, B:R varies significantly along with

changes in concentration of chlorophyll a.

The impact of chlorophyll fluorescence

In Figure 3d, R and FR irradiance are reported in

relation to chlorophyll a concentration. Simulations

were performed using modelled pigment profiles with a

Gaussian shape, a deep chlorophyll maximum (DCM)

located at 50 m with concentrations ranging from 0.3

to 12 mg m�3, constant values for optical cross-section

of chlorophyll a [a�chl
max = 0.06 m2 (mg Chl a)�1],

Fig. 3. Vertical profiles of spectral bands at different levels of chlorophyll a concentration (chlorophyll maximum at 50 m). (a) R:FR ratio
(630–680:700–750). (b) B:R ratio (400–450:630–680). (c) G:R ratio (500–550:630–680). (d) R + FR (630–680 + 700–750).
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fluorescence quantum yield (Ff = 0.02) and solar zenith

angle (15�). The resulting R + FR photon irradiance (inte-

grated over 100 nm) incident at the depth of the DCM

varies from1.98�10�2 to2.73�10�3mmolquantam�2 s�1

and from 2.39� 10�3 to 1.31� 10�6mmol quanta m�2 s�1

at 100 m, depending on the total amount of chlorophyll.

Indeed R–FR irradiance decreases as pigment content

increases, since the absorption of B–G light due to more

abundant phytoplankton in fact reduces the available

excitation energy.

We also tested the influence of the variability of

physiological parameters such as a�chl and Ff on the

fluorescence emission. We considered two cases of ver-

tical chlorophyll distribution: the first with a minimum

value of 0.1 mg m�3 and DCM concentration of 0.4 mg

m�3, the second with concentrations 10 times higher

(1–4 mg m�3). The results of the analysis are reported

in Figure 4 for the depth of the DCM, i.e. 50 m. Over

the range considered for Ff (0.01–0.06), R + FR irra-

diance varies �4-fold in the first case and 5-fold in the

second (Figure 4a). On the other hand a positive varia-

tion of the optical cross-section has two opposite effects:

it increases the fluorescence emission proportionally, but

decreases the depth-integrated PAR, thus reducing the

amount of fluorescence produced locally. The two effects

in some way compensate for each other in the case of

DCM = 0.4 mg m�3, so that at the depth of 50 m one

can measure similar amounts of R and FR over the

range of a�chl
max considered [0.02–0.12 m2 (mg Chl a)�1],

with PAR irradiance varying almost 4-fold (Figure 4b).

In the case of higher chlorophyll content in the water

column, the second effect prevails, thus R and FR

decrease by�20-fold as a�chl
max increases from 0.02

and 0.12 m2 (mg Chl a)�1 (Figure 4b), due to a sig-

nificant reduction in local PAR (from �52 to 0.7 mmol

m�2 s�1), which means that the ratio between R and PAR

shows variations of 3.5 or 4.5 times (depending on the

chlorophyll concentration).

Finally we estimated the red fluorescence generated

by a single phytoplankton cell and compared it with the

background irradiance in the same band (results

reported in Figure 5). The light emitted by a cell having

a chlorophyll a content of 1 pg ranges from 3.6 � 109 to

5.7 � 1010 photons m�2 s�1 when locally incident PAR

varies from 4.1 � 1018 to 4.9 � 1019. The rate of arrival

of red photons on a neighbour cell is a function of the

distance between the ‘source’ and the ‘target’ and its

size. It ranges from 20 to 0.25% of the emitted flux, as

the distance between the two cells varies from 10 to 100 mm.

Therefore, in proximity to the DCM, the flux per-

ceivable by one cell due to the emission of another

one 100 mm away is 1–3 orders of magnitude greater

than the background red light field, depending on the

chlorophyll a concentration in the water column

(Figure 5). Obviously higher or lower cellular pigment

content makes the signal from the cell increase or decrease

accordingly.

DISCU SSION

The purpose here was to single out spectral bands and

ratios that may contain information on the characteristics

of the local environment of marine autotrophs and to

formulate testable hypotheses on their ecological signifi-

cance, based on the results of a radiative transfer model.

Fig. 4. R + FR irradiance variation with fluorescence quantum yield
(Ff) and optical cross-section of chlorophyll a (a�chl

max) at the depth
of DCM, with concentration of 0.4 mg m�3 (thin line) and 4 mg m�3

(thick line). (a) and (b) R + FR irradiance is normalized by its mini-
mum value. (c) R + FR irradiance is normalized by PAR irradiance.
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While the date and the latitude determine only the

maximal irradiance and the duration of the twilight, the

daily variability of the sun angle also induces a spectral

variability in the light field. At dusk and dawn a greater

extinction of yellow–orange and a greater transmission

of B:G and FR bands occur than in normal daylight.

The most relevant aspect of the light pattern in this part

of the day is its informational content. In fact, phyto-

chromes of higher plants allow the detection of varia-

tions in the R:FR ratio, which represent a signal for the

starting and the ending of the photoperiod or for the

shading under canopies (Smith, 2000). Indeed, phyto-

chrome-like photoreceptors have also been found in

cyanobacteria (Lamparter et al., 1997) and unicellular

green algae (Wu et al., 1997; Jorissen et al., 2002), even

though their role in the ecological context is still not

fully understood, given the high attenuation rate of red

light at sea. Green and blue photoreceptors are known

to be involved in processes such as phototaxis in flagel-

late algae (Hader and Lebert, 1998; Sineshchekov and

Govorunova, 2001) and chloroplast migration in diatoms

and green algae (Kraml and Herrman, 1991; Furukawa

et al., 1998). Nevertheless, an overall reassessment of

the informational content of the light spectrum and of

the role of photoreceptors in the marine environment is

still lacking.

We focused on the absorption bands of known and

putative photoreceptors of algae and studied their daily

and vertical variability, trying to generalize with a dif-

ferent approach the results and the hypotheses emerging

from the above mentioned studies.

The significance of light quality ratios as signals is also

supported by the presence and the co-action in some

marine algae of more than one photoreceptor, such as

phytochrome and cryptochrome or phytochrome and

green receptors, or green and blue receptors (Ruyters,

1988; Lopez-Figueroa and Niell, 1989).

The daily pattern of R:FR resulting from our simula-

tions had already been reported (Chambers and Spence,

1984; Lopez-Figueroa, 1992), based on in situ measure-

ments performed above the sea surface and in coastal

waters at very shallow depths (1–3 m). The same authors

pointed out that R:FR shifts underwater are greater than

those displayed above the surface, and theoretically large

enough to provide photoperiodic information. Neverthe-

less this variability holds only in the upper 10–15 m.

Moreover fluctuations in meteorological conditions such

as sun glitter, clouds, sea roughness, etc. may change the

dependence of band ratios on solar angle. Further study

is required on the effect of these and other factors on the

daily variability of the underwater light spectrum.

For this reason we quantified the amount of R:FR light

over the different scales and conditions in order to establish

whether and where, besides the upper 10–15 m, this

radiation is in principle perceivable by marine phyto-

chromes. Our estimates at depth with low chlorophyll

concentrations agree with downwelling irradiance profiles

measured in oligotrophic waters by us (data not shown and

Figure 1) and with the hyperspectral radiometric data

published by Maritorena (Maritorena et al., 2000). Those

estimates of R and FR light intensities suggest additional

hypotheses on the assessment of the potential role of phy-

tochrome in marine environment. The classical phyto-

chrome-mediated responses have been denoted very low

fluence response (VLFR), low fluence response (LFR) and

high irradiance response (HIR), depending on the fluence

requirements, in terms of the number of photons received

and not of the rate of reception. Hence, considering that

VLFRs require photon fluence between 100 pmol m�2

and 100 nmol m�2 (Mancinelli, 1994), one can say that in

oligotrophic waters such responses are possible within the

whole euphotic zone, if integrated fluxes over 10 min are

considered.

Fig. 5. Ratio of cell to background fluorescence (660–710 nm) as a
function of the distance between two cells and of the cellular chlorophyll a
content. Cellular chlorophyll a content: (thick line) 9 pg cell�1; (thin line)
5 pg cell�1; (dotted line) 1 pg cell�1. Simulations were performed with
a�chl

max = 0.06 m2 [mg (Chl a)]�1 and Ff = 0.02. Estimates and parameters
reported below refer to the depth of the DCM (50 m). (a) Background
chlorophyll a concentration = 0.4 mg m�3; PAR irradiance = 4.9 � 1019

photons m�2 s�1. (b) Background chlorophyll a concentration = 4 mg m�3,
PAR irradiance = 4.1 � 1018 photons m�2 s�1.
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Let us now discuss how the described spectral vari-

ation matches the reported photoresponses.

Phototaxis towards red light is often reported as nega-

tive (Kondou et al., 2001). The most obvious interpreta-

tion of this behaviour is related to the avoidance of

supersaturating irradiance regimes. Thus, red light

would inform of the proximity to the surface, where

photodamage processes are likely to occur. On the

other hand, the surface can also be a place ‘where to

go’ for exploiting favourable light conditions; therefore

solar red light could have a role in the control of swim-

ming velocity, gravitaxis and chloroplast orientation, in

accordance with observations reported in green algae

(Kraml and Herrman, 1991; Sineshchekov et al., 2000).

Moreover phytoplankton chlorophyll, as demon-

strated above, emits red light perceivable locally by

neighbour cells over the background signal.

Due to the short distances (10–100 mm) required for

the detection of such a signal, neighbour perception

could be relevant only in the case of extremely proximal

cells. Recent studies on the diatom Chaetoceros decipiens

(Pickett-Heaps, 1998) have shown that colony length

regulation is a highly controlled process, where the gen-

eration of terminal cells, which are morphologically dif-

ferent from the intercalary ones, should depend on

external or internal triggers. We hypothesize that one

such trigger may in fact be the amount of red

fluorescence produced by the other cells in the colony

which would allow an estimate of the length of the

colony. Furthermore, the detection of ultra-neighbour

free cells would significantly help the partitioning of the

space at the microscale, preventing the competition for

the same resources (e.g. nutrients). As a matter of fact,

phototaxis performed by microscopic plankters produces

displacements in the same order as cell size, which

hardly result in significant changes in the ‘macroscopic’

light field experienced.

At a larger scale (metres) reductions in B:R and G:R

ratio occur at high values of chlorophyll concentration.

The related information on the bloom density could

then be involved, among other factors, in triggering

and timing processes in phytoplankton strategies, such

as induction of resting stages (Eilertsen et al., 1995),

aggregation (Roenneberg, 1996) and sexual reproduc-

tion (gamete formation) (Kremp and Heiskanen, 1999).

Indeed, the existence of sharp vertical gradients of chloro-

phyll fluorescence at fine scales (1–10 m) and micro-

scale (<1 m) is well known (Alldredge et al., 2002),

whereas the mechanisms responsible for the formation,

maintenance and destruction of those thin layers are still

poorly understood. In this context, local density infor-

mation detected by phytoplankton may have a role,

since processes like phototaxis and aggregation occur on

temporal and spatial scales compatible with those of such

structures.

Finally the classical ‘shade-avoidance’ responses of

higher plants may be also active in phytobenthos which,

perceiving red fluorescence from marine plants or

macroalgae, could avoid their shade by sliding on the

substrate (Cohn and Weitzell, 1996).

In conclusion, in the first 10–15 m of the water col-

umn it is possible that marine red photoreceptors mimic

the role they play in higher terrestrial plants.

Thus it seems reasonable to hypothesize that the clas-

sical phytochrome-mediated responses are more likely to

be observed in marine plants and macroalgae, or in

phytoplankton of shallow aquatic environments.

Even below that depth there are sufficient amounts of

red photons to give a selective advantage to organisms

equipped with red photoreceptors. We showed that the

perception of red light, whether or not coupled with blue

or green radiation, might act to control relevant bio-

logical responses, although their trigger is still unknown.
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