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INTRODUCTION

Diatoms are microscopic photosynthetic protists,
present in the water column of oceans, in the ben-
thos, intertidal habitats and many freshwater and
moist terrestrial ecosystems (Vanormelingen et al.
2008). Due to their high abundance and diversity,
diatoms are regarded as a very successful evolution-
ary group (Boyd et al. 2000, Thomas & Dieckmann
2002, Mock & Valentin 2004). This can partially be

explained by efficient light use for photosyn thesis in
combination with effective  photo-protection mecha-
nisms (Ruban et al. 2004, Zhu & Green 2010), facili-
tating high diatom productivity in dyna mic light
environments (Mortain-Bertrand 1989, Lavaud 2007).
Wave-focusing and shifting cloud cover can change
solar irradiance locally within milliseconds (Schenck
1957, Max 1986). Spectral differences occur as a
function of depth in the water column as influenced
by suspended matter and water trophic states (Kirk
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2010). Blue light may penetrate deep into oligotro-
phic waters, while longer wavelengths of the sun-
light spectrum are attenuated e.g. by the inherent
water absorption of red light and near-infrared radi-
ation. Blue light attenuates more in turbid or nutri-
ent-rich waters due to scattering and absorption of
particulate and dissolved organic matter and absorp-
tion by phytoplankton (Atlas & Bannister 1980), which
utilizes foremost blue and red wavelengths of the
 visible light spectrum (Gilbert et al. 2000). Diatoms
inhabiting the microphytobenthos are exposed to a
diffused light field caused by scattering on detritus,
inorganic particles and organic matter (Baker &
Lavelle 1984). Scattering of light affects both the
intensity and quality of available photo synthetic active
radiation (PAR) inside the sediment, while it can
even enhance PAR locally (Kühl &  Jørgensen 1994).
In fine sediments, light of shorter wavelengths usu-
ally attenuates more due to scat tering on densely
packed small particles and light absorption by the
microphytobenthos, but exhibits higher subsurface
scalar irradiance maxima (Kühl et al. 1994, Cartax-
ana et al. 2016). Sedimentary light attenuation can be
caused by Rayleigh scattering on subwavelength-
sized particles, i.e. unconsolidated clay minerals like
illite, kaolinite and montmorillo nite (Babin et al. 2003),
which are major constituents in intertidal mudflats
(Bobos & Rocha 2006).

Diatoms contain large amounts of chlorophyll (chl) a
and chl c for efficient light harvesting in the blue and
red spectral range of light (Mann & Myers 1968).
Carotenoids such as xanthophyll pigments expand
the light absorption spectrum of diatoms towards the
green wavelength range (Kuczynska et al. 2015).
Carotenoids also shield against excessive radiation
by heat dissipation under high irradiance; a mecha-
nism that in diatoms is particularly effective under
energy-rich blue light (Siefermann-Harms 1987).
Photo trophic organisms evolved different mecha-
nisms to cope with high solar irradiance, which can
be roughly classified as removal and prevention
strategies (Demmig-Adams & Adams 1992). Removal
strategies include surveillance and scavenging of
reactive oxygen species (Apel & Hirt 2004), photo
electron circulation by sinks other than photosyn -
thesis such as photorespiration (Wu et al. 1991), and
dissipation of energy in the form of heat (Bilger &
Björkman 1990). The xanthophyll cycle in diatoms is
an effective mechanism to remove excessive energy
(Schumann et al. 2007), enabling efficient regulation
of photosynthesis under intermittent light regimes
(Ruban et al. 2004). Prevention strategies involve
structural adaptation that reduce of light exposure

via reflection or attenuation of harmful radiation
(Haupt 1973, Demmig-Adams & Adams 1992). Pre-
vention strategies may also be mediated by structural
features such as biological photonic crystal struc-
tures, e.g. it was demonstrated that specialized iri-
descent protein grana in the mantle of giant clams
act as Bragg-reflectors back-scattering harmful radi-
ation and reshaping the propagation of beneficial
wavelengths for better exposure of their photosymbi-
otic microalgae situated in deeper tissue layers (Holt
et al. 2014). While coloration of photopigments is
based on selective light absorption, structural col-
oration is caused by the wave-nature of light leading
to a specific interference pattern via diffraction grat-
ings, selective mirrors or photonic crystals (Kinoshita
et al. 2008, Sun et al. 2013).

A unique feature of diatoms is their encasement in
a nanostructured silicate frustule, which has been
shown to have photonic crystal-like properties (Fuhr -
mann et al. 2004) interacting with electromagnetic
radiation in the ultra-violet (UV) to visible (VIS) spec-
trum of light (Ellegaard et al. 2016). The frustule
comprises 2 valves and their corresponding girdle
bands which keep the frustule together (Round et al.
1990). The term valve wall refers to the complex
asymmetric 3D structures in the valve including
chambers and pores of different size in the micro- to
nanometer range (De Stefano et al. 2007, Chen et al.
2015, Romann et al. 2015, Valmalette et al. 2015).
Diatoms can be classified by the shape and ornamen-
tation of their valve, where centric valves show a
radial symmetry and pennate valves are usually
elongated with bilateral symmetric ornamentations
(Round et al. 1990). Different functions have been
proposed with regards to the frustule material prop-
erties and its micro- and/or nano-structure: (1) the
complex architecture of the valve provides an enor-
mous physical strength and could serve as predation
defense (Hamm et al. 2003, Aitken et al. 2016); (2) the
frustule might affect sinking rates in diatoms under
nutrient depletion (Smetacek 1985); (3) the nano-
structuring of the valve might sort nutrients from
harmful bacteria and viruses by size exclusion (Losic
et al. 2006); (4) the pH buffering property of biosilica
enables the enzymatic conversion of bicarbonate to
CO2 inside the cell, thus enabling photosynthetic car-
bon assimilation (Milligan 2002); (5) the photonic
crystal-like structures in the valve could modulate
PAR for efficient photosynthesis (De Tommasi 2016),
e.g. by focusing light onto the chloroplasts (De Ste-
fano et al. 2007) or by screening incident light for
harmful radiation and excess light energy (Yamana -
ka et al. 2008). In some diatom species, the biosilica
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of the frustule itself absorbs UV light that could
 otherwise inhibit photosynthesis and damage the
photosynthetic apparatus (Ellegaard et al. 2016).
Mycosporine-like amino acids associated with the
valve provide an additional UV-protection on the
exterior side of the frustule (Ingalls et al. 2010). The
photonic properties of frustules may be generated by
different optical phenomena such as photonic wave-
guiding, Rayleigh scattering on single nanometric
features of the frustule, diffraction on grating struc-
tures and Fabry-Pérot interference on the internal
valve chamber walls (Hoover & Hoover 1970, Fuhr -
mann et al. 2004, Dossou 2017). However, the pho-
tonic crystal-like structures and frustule optics may
significantly vary between the >100000 described
diatom species (Guiry 2012), and it is presently com-
plicated to link frustule optical properties to the dif-
ferent life forms of diatoms, e.g. planktonic forms in
surface waters, or non-motile and motile life forms
inside the microphytobenthos. Only raphid diatoms
are motile, due to a slit in their valve (the raphe),
allowing for locomotion upon excretion of adhesive
strands of mucilage (Edgar & Pickett-Heaps 1983).

In this study, we report on the frustule optical prop-
erties of different raphid diatom species from an
estuarine intertidal mudflat. We describe the photo-
synthetic activity of this community as a function of
light color and photon irradiance, and provide de -
tailed information about the light attenuation charac-
teristics in this particular environment. Motile raphid
diatoms were extracted with the lens-tissue tech-
nique after induction of upwards migration with light
and low-tide stimuli (Consalvey et al. 2004). Frustule
optics were determined in different motile diatom
species to evaluate whether differences in their frus-
tule optics could affect niche differentiation inside
the microphytobenthos.

MATERIALS AND METHODS

Sampling site

A meso-tidal mudflat was sampled at low tide dur-
ing August and September 2016 on the Portuguese
Atlantic Coast in the estuarine system ‘Ria de Aveiro’
(Portugal; 40° 35’N, 8°41’W) (Serôdio et al. 2008).
Sediment samples were transferred to polyethylene
trays and kept at photon irradiances of 100 µmol pho-
tons m−2 s−1 provided as white light from a halogen
lamp in 10 h light:14 h dark cycles. Sea water from
the sampling site was added at the end of the light
period and drained off again before illumination was

started the next day. This cycle was repeated for 3 d
after sampling.

Harvesting of motile diatom species, preparation of
rinsed frustules and taxonomic identification

Sediment from the intertidal mudflat was brought
to the laboratory, where motile raphid diatom species
were sampled for the experiments within 3 consecu-
tive days. Immediately after the onset of illumination
in the morning, a lens cleaning tissue (WhatmanTM,
GE Healthcare) was placed on the sediment surface
to collect motile cells. The lens tissue was removed
after 2 to 4 h and washed in autoclaved seawater, and
the resulting suspension was stored for subsequent
photophysiological characterization. Diatom suspen-
sions were further collected for extraction of oxidized
frustules. For this, the diatom suspension was cen-
trifuged at 5000 × g prior to removal of organic
 matter by nitric acid oxidation, which was monitored
by the fading color of bromophenol blue added to the
suspension. Cleaned diatom frustules were washed
in distilled water before a drop of the solution was
placed on a coverslip and mounted in NaphraxTM
(Northern Biological Supplies, UK). Taxonomic iden-
tification and cell counts were done at 100× using an
oil immersion objective on a Leica DM2500 LED
microscope equipped with differential interference
contrast (DIC). A total of 40 random ocular fields
were screened, and 668 valves were counted. Spe-
cies were identified according to Witkowski & Lange-
Bertalot (2000) and references therein.

Scanning electron microscopy

Rinsed valves from the diatom suspension were air
dried on metal stubs covered with a thin pellicle of
graphite, coated with gold-palladium and observed
with a scanning electron microscope (JEOL-JSM 5400,
Jeol, Tokyo), operated at 10 to 20 kV.

Hyperspectral imaging and image analysis

A water drop containing cleaned diatom frustules
was transferred to a microscope glass slide and cov-
ered with a glass cover slip. Transmittance was
measured with an objective with 10× magnification
(UPlanFL N 10×/0.3; Carl Zeiss, Germany) on a light
microscope (Axiostar Plus, Carl Zeiss) connected to
a hyper-spectral camera system (VNIR-100, Thermis
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Vision Systems, St Louis, USA). Hyperspectral ima -
ges were calculated in percent transmission, after
correction for dark noise and normalization to full
light transmittance images acquired in the absence
of samples. Light transmittance was determined on a
~10 µm2 area on the valve surface. Data acquisition
from hyperspectral image stacks was performed with
the PhiLumina Hyperspectral Imaging System soft-
ware (PhiLumina, University of Mississippi, USA).

Dark field microscopy

Cleaned valves from the suspension were observed
in a drop of water with an optical compound micro-
scope (BX41 Laboratory Microscope, Olympus, USA)
at 40× or 200× magnification (UPlanFL N 4×/NA =
0.13; UPlanFL N 20×/NA = 0.5; Carl Zeiss). Dark
stops of different size were applied between light
source and condenser (U-PCD2, Olympus, Tokyo) to
generate different angles of incident white light, i.e.
θ = 15°, θ = 25°, and θ = 50°. Images were recorded
with a charge coupled device camera using the
 manufacturers’ software (Color View Soft Imaging
System, Olympus).

Variable chlorophyll fluorescence imaging

A 1 ml portion of diatom suspension was incubated
with 1 µl of 0.25 µM latrunculin-A (LAT-A) solution
(Thermo Scientific, Waltham, USA). It was earlier
demonstrated that LAT-A inhibits motility of raphid
diatoms, without affecting photosynthesis (Cartax-
ana & Serôdio 2008). A drop of inhibited diatom sus-
pension was placed on a microscope glass slide and
covered with a glass coverslip. The coverslip was
mounted on an epifluorescence microscope (Axiostar
Plus, Carl Zeiss) equipped with a variable chloro-
phyll fluorescence imaging system (RGB Microscopy
I-PAM, Heinz Walz, Germany; Trampe et al. 2011).
Keeping the sample in the dark, blue non-actinic
measuring light (λ = 450 nm) was used to determine
minimum fluorescence yields (Fo), while a strong sat-
urating blue light pulse was used to determine the
maximum fluorescence yield in the dark (Fm). Data
were recorded using the I-PAM system software
(ImagingWin; Heinz Walz), while subsequent calcu-
lations were done on exported image files of Fo and
Fm (in TIF format). Variable fluorescence (Fv) was
calculated as Fv = Fm − Fo (Maxwell & Johnson 2000),
prior to calculation of the maximum quantum yield of
PSII (φPSII; Genty et al. 1989) as φPSII = Fv/Fm, using the

Ratio Plus plug in and image calculator functions of
the freeware Fiji (ImageJ) (Schindelin et al. 2012).

PSII absorption cross section and steady state light
curves of PSII electron transport vs. irradiance

The functional wavelength-dependent light ab -
sorp tion cross section of PSII (SigmaλII) and the effec-
tive PSII quantum yield (ΔF/Fm’) were quantified
with a multicolor variable chlorophyll fluorescence
analyzer (Multi-Color PAM; Heinz Walz). SigmaλII
was measured at monochromatic light as provided by
LEDs at wavelengths of λ = 440, 480, 540, 590, and
625 nm. Measurements were performed with the
script file Sigma1000.FTM executed in the firm -
ware PamWin_3.Ink as described by Schreiber et al.
(2012). Thereafter, diatom suspensions diluted in
autoclaved seawater in the assemblage presented in
Table 1 were dark-acclimated for 30 min before
steady state light curves were derived from measure-
ments of the ΔF/Fm’ over a set of increasing actinic
irradiance levels. Photon irradiance levels of 15, 45,
100, 200, 250, 350, 530, 770, 1050 and 1800 µmol pho-
tons m−2 s−1 of actinic blue light (λ = 440 nm) or 10, 40,
100, 200, 360, 550, 800, 1100, and 1800 µmol photons
m−2 s−1 of actinic red light (λ = 625 nm) were applied
for each 12 min prior to saturation pulse measur-
ing ΔF/Fm’. Photosynthetic electron transport rates at
PSII (ETRII) were calculated under consideration of
SigmaλII for the respective colors (Schreiber et al.
2012) as described elsewhere (Genty et al. 1989,
Max well & Johnson 2000). Non-photochemical ener -
gy quenching (NPQ) at PSII was calculated as de -
scribed by Bilger & Björkman (1990).

Modification of the multicolor 
PAM measurement head

The measuring head unit of a multicolor PAM
(MCP-BK Optics, Heinz Walz) was modified to allow
for simultaneous illumination of sediments with col-
ored light, while measuring scalar irradiance depth
profiles with a fiber-optic microprobe. A 3D model of
the MCP-BK Optics unit was generated in the open
source software Autodesk 123D design (Autodesk,
Mill Valley, USA) using the dimensions provided in
the multicolor PAM manual. In the modified version,
an open space was left close to the measuring
 window. Consequently, a fiber optic scalar irradiance
microprobe could be inserted into the sediment,
while the same spot could be illuminated with the
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PAM emitter rod of the unit (see Fig. S1 in Supple -
ment 1 at www. int-res. com/ articles/ suppl/m588p029
_ supp/). The 3D printed model was made out of PLA
nylon filament (Nylon Black, BEEverycreative, Aveiro,
Portugal) in a full metal dual extruder (model hel-
loBEEprusa, BEEverycreative). More de tailed infor-
mation on how to use this 3D printer is published
elsewhere (Serôdio et al. 2017). The modified 3D
model produced in the software Autodesk 123D
design is available in Supplement 2.

Scalar irradiance in sediments with or 
without diatoms, and in suspensions of oxidized

diatom frustules

Autoclaved sediment was muffled in an incubator
at 70°C for 3 d. Thereafter, sediment was filled into
50 ml tubes and left overnight until saturated with
(1) autoclaved seawater or (2) diatom suspension
extracted from the intertidal sediment in the assem-
blage presented in Table 1. Attenuation of scalar
irradiance was measured with a fiber optic scalar
irradiance microprobe (Rickelt et al. 2016) inserted
into the sediment surface at an angle of 45° relative
to the vertically incident light. Surface positioning
of the sensor was controlled by ob servation through
a digital 400× microscope (Dino-Lite AM4013MZT4,

Electronics Corporation, USA). The
sensor was in serted into the sedi-
ment in vertical increments of
0.1 mm using a micromanipulator
(MM33, Märtz häuser, Germany)
controlled by an electric motor
(Model 18011 Controller, Oriel
Encoder Mike and Oriel, Oriel
Newport Corporation, USA). Down-
welling spectral irradiance (Ed) (λ =
400−800 nm) from a halogen lamp
(KL 2500 LCD, Schott AG, Jena,
Germany), or from a modified
 multicolor PAM LED panel (see
description above; determined at
wavelength λ = 440 and 625 nm,
respectively) was recor ded with the
scalar irradiance microprobe con-
nected to a PC-controlled spectro -
photometer (USB 2000+, Ocean
Optics, Dunedin, USA) running the
manufacturer’s spectral acquisition
software (Spectra Suite, Ocean
Optics). Scalar irradiance spectra
measured at different depths below

the sediment surface were normalized to the incident
downwelling irradiance spectra measured over a
black light well, i.e. a black taped box. The same
setup was used to measure scalar irradiance spectra
in a mix of densely packed oxidized frustules in the
species assemblage presen ted in Table 1 in a droplet
of water, where the measurements were subsequently
normalized to scalar ir radiance spectra measured in
a droplet of water in the absence of frustules (see
Fig. 6B).

Statistical analysis

Significance was determined at the p < 0.05 level
using 1-way analysis of variance (ANOVA) followed
by the Holm Sidak post-hoc test. Significant differ-
ences of SigmaλII were tested on the effects of differ-
ent wavelengths, i.e. λ = 440, 480, 540, 590 and
625 nm. Significant differences of light attenuation in
sediments were tested at wavelengths of λ = 440 nm
and λ = 625 nm at different depths. Significant differ-
ences of scalar irradiance in mixed oxidized frustules
were tested at wavelengths λ = 440 nm and λ =
625 nm on one level, i.e. scalar irradiance in percent
of incident irradiance. All data were normally distrib-
uted and passed the equal variance test. Degrees of
freedom are indicated as subscript letters after F val-

Taxon Abundance (%) Rank

Amphora sp.1 8 12
Amphora sp.2 0.15 12
Amphora sp.3 0.3 11
Entomoneis sp.1 0.15 12
Fallacia sp.1 0.15 12
Gyrosigma fasciola (Ehrenberg) J. W. Griffith & Henfrey 31.89 1
Navicula cf. phyllepta Kützing 3.89 7
Navicula gregaria Donkin m.2 4.79 6
Navicula phyllepta Kützing 0.45 10
Navicula salinarum Grunow cf 0.15 12
Navicula sp.1 5.84 4
Navicula sp.2 17.37 3
Navicula sp.3 3.29 8
Navicula sp.4 0.45 9
Navicula sp.5 0.15 12
Nitzschia frustulum (Kützing) Grunow 0.3 11
Nitzschia pararostrata (Lange-Bertalot) Lange-Bertalot 0.15 12
Nitzschia sp.1 0.3 11
Staurophora salina (W. Smith) Mereschkowsky 4.49 5
Staurophora sp.1 25.45 2
Tryblionella apiculata Gregory 0.15 12

Table 1. Diatom taxa collected from an estuarine intertidal mudflat (Aveiro, Por-
tugal). The taxa are listed in alphabetical order with the 3 most abundant species 

marked by grey shading
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ues, while re sults from the post-hoc test are indicated
as statistical power (p)-values. All statistics were per-
formed with SigmaPlot 11.0 (Systat Software).

RESULTS

Composition of raphid diatoms in 
the microphytobenthos

The silicate valves of raphid diatom species bear a
raphe slit facilitating motility by excretion of muci -
lage (Fig. 1). The raphid fraction of diatoms extracted
from an estuarine intertidal mudflat was dominated
by the species Gyrosigma fasciola (32%), Stauro -
phora sp.1 (25%) and Navicula sp.2 (17%). In total,
21 species with an abundance of >0.15% were
identified. The large diatom species Gyrosigma

balticum and Pleurosigma angulatum were very rare
(<0.15%), but an examination of a permanent sam-
ple slide at lower magnification (200×) confirmed
that they were an integral part of the diatom assem-
blage (Table 1).

Spectral light transmittance through single valves
of raphid diatoms in water

Transmittance spectra through valves of the spe-
cies G. balticum and P. angulatum in water showed
stronger attenuation of shorter wavelengths, when
an objective with lower numerical aperture (NA =
0.14) was used. This was not the case in the most
abundant species G. fasciola, which appeared almost
transparent in hyperspectral imaging in the same
optical setup (exemplary spectra; Fig. 2B). Pore struc-
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Fig. 1. Organization of the frustule of motile raphid diatoms. Raphid frustule scheme in (A) lateral view and (B) distal view.
(C) SEM image of the raphid pennate diatom species Gyrosigma fasciola. (D) Close-up on the exterior surface of the
 Gyro sigma fasciola valve observed in SEM. (E) Illustration of the valve wall nanostructure variety in cross-section showing
hexa gonal arrangement (left hand; inspired by centric Coscinodiscus spp.) and rib structures with areolae in square lattice
arrangement (right hand; inspired by pennate Achnanthes spp.). Abbreviations: Central area (ca); sternum (s); raphe (r). Scale 

bars = 5 µm (C,D); ~500 nm (E)
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turing on the exterior side of the valve surface dif-
fered in lattice pattern between the 3 tested species,
i.e. areolae of G. fasciola valves were arranged in
square lattice, G. balticum in quasi-square and
P. angulatum in a hexagonal arrangement (Fig. 2C).

Light scattering properties of single valves of
raphid diatoms in water

In dark field microscopy, forward scattering of blue
light was observed on valves of G. fasciola, G. balti -

cum and P. angulatum. However, the angle of inci-
dent white light (θ) at which this phenomenon was
visible differed between the species. Forward scat-
tering of blue light was visible at incident light angles
of θ  = 50° on valves of G. fasciola and P. angulatum
and at incident light angles of θ = 15° and θ = 25° on
valves of G. balticum (Fig. 3A). Although other col-
oration was possible at different angles, e.g. greenish
coloration on the valves of G. balticum at a θ  = 50°
angle of incidence, forward scattering of blue light
was the most abundant observation in all tested spe-
cies (Fig. 3A).
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Fig. 2. Structural coloration of valves in raphid diatoms. (A) Micrograph of Gyrosigma balticum in differential interference
contrast microscopy. (B) Transmission spectra of single valves of Gyrosigma fasciola (green), Gyrosigma balticum (grey) and
Pleurosigma angulatum (black) observed with hyperspectral imaging. (C) SEM images of the corresponding species showing
the arrangement of large areolae on the exterior valve side indicated in red color. Gyrosigma fasciola: square arrangement;
Gyrosigma balticum: quasi-square arrangement; Pleurosigma angulatum: hexagonal arrangement with a central pore. 

Scale bars = 20 µm (A); 1 µm (C)
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Spatial distribution of photosynthesis 
in diatom cells

Differences between the 3 diatom species were
also observed in the distribution of chloroplasts at the
single cell level, as determined with a microscope
imaging variable chlorophyll fluorescence. We ob -
served differences in the cellular spatial distribution
of maximum quantum yields of PSII (ΦPSII). In cells
of G. fasciola, ΦPSII was distributed in bilateral sym-
metry about the apical plane. Cells of G. balticum
hosted a single large chloroplast filling almost the
entire cell in close proximity to the frustule. Cells of
G. balticum hosted 2 clearly defined chloroplasts
(Fig. 3B).

Photosynthesis activity of raphid diatoms 
in  suspension

Light color significantly affected the functional
wavelength-dependent absorption cross-section of
PSII (SigmaλII; F4,14 = 33; p < 0.001). SigmaλII was
maximal at λ = 440 nm with 6.6 ± 0.6 nm2, followed
by λ = 480 nm with 4.8 ± 0.7 nm2 and 3.4 ± 0.5 nm2

at λ = 590 nm (n = 5; mean ± SD). SigmaλII was lowest
at λ = 540 nm with 2.2 ± 0.3 nm2 and λ = 625 nm with
2.7 ± 0.6 nm2 (Fig. 4A).

Blue light (λ = 440 nm) induced highest ETRII of
320 ± 23 µmol electrons m−2 s−1 at an irradiance of
750 µmol photons m−2 s−1, while red light (λ = 625 nm)
induced ETRII of 213 ± 13 µmol electrons m−2 s−1 at

36

Fig. 3. Optical properties of valves and in vivo distribution of photosynthesis. (A) Light scattering properties of valves in water
observed with objectives of different numerical aperture (NA) in dark field microscopy. The center and right hand image
shows the same field of view at different angle of incidence (θ) varied with dark stops of different size. (B) Distribution of the
maximum quantum yield of PSII (see color bar for scale) in Gyrosigma fasciola, Gyrosigma balticum and Pleurosigma angula-
tum, as observed by variable chlorophyll fluorescence microscopy (Trampe et al. 2011). The spatial arrangement of chloro-

plasts (chlpst) and the frustule outlines are indicated. Scale bars = 100 µm (A,B)
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an irradiance of 1600 µmol photons m−2 s−1 (n = 3;
mean ± SD; Fig. 4B). Non-photochemical energy
quenching (NPQ) at photosystem II was higher under
blue light compared to NPQ determined at compara-
ble photon irradiances of red light (n = 3; Fig. 4C).

Scalar irradiance in sediments in the absence and
presence of live diatoms

Sediments from an intertidal estuarine mudflat
were first autoclaved to determine scalar irradiance
(E0) and light attenuation in the absence of live
diatoms and cyanobacteria. Depth attenuation of
blue light (λ = 440 nm) was significantly higher com-
pared to that at red light (λ = 625; n = 3; F1,53 = 37; p <
0.001; Fig. 5A). When diatoms were spiked into the
autoclaved sediment, attenuation of shorter wave-
length in the tested range λ = 450−800 nm increased.
In addition, attenuation in the red spectral range
maximum at λ = 664 nm was observed (n = 3; Fig. 5B).
When normalizing scalar irradiance spectra (E0)
measured at 0.1 mm depth in sediments spiked with
diatoms to similar measurements in autoclaved sedi-
ment, a typical diatom light absorption spectrum was
calculated. The same light absorption profile was
determined in the diatom suspension (n = 3; Fig. 5C).

Scalar irradiance in a water drop containing mixed
frustules from raphid diatoms

The presence of frustules from raphid diatoms sig-
nificantly enhanced scalar irradiance (in % of inci-
dent irradiance) at shorter wavelengths (~1.3-fold)
compared to that of longer wavelength light, i.e. E0 at
λ = 440 was 117 ± 8%, while E0 was 91 ± 5% at λ =
625 (n = 9; mean ± SD; F1,19 = 77; p < 0.001; Fig. 6).

DISCUSSION

While diatom frustules usually appear transparent
in light microscopy when an objective with large
numerical aperture is used (Hoover & Hoover 1970;
Fig. 2A), we observed attenuation of light in the blue
spectral range in valves of Gyrosigma balticum and
Pleurosigma angulatum when using lower numerical
aperture objectives. This differed from the valves
of the main abundant species Gyrosigma fasciola,
which appeared transparent throughout the visible
spectrum of light (Fig. 2B). Variation in the valve
pore symmetry and distribution, as observed in the 3

tested species, affects the valve photonic properties
and causes photonic bandgaps. Further understand-
ing of such phenomena would rely on a more de -
tailed investigation of the valve ultrastructure, which
is currently lacking, in combination with numerical
simulations of the structure-light interactions (Russell
1992). Higher attenuation of blue light by diatom
valves has been shown before, e.g. in the freshwater
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diatom Melosira varians, where it was speculated
that more energetic blue light could be absorbed by
the biosilica of the valve in order to protect photo -
synthesis at high irradiance (Yamanaka et al. 2008).
Valves of some diatoms can absorb wavelengths in
the UV range (Ellegaard et al. 2016), while the amor-
phous silicate in the diatom frustule (Sumper 2002) is
nearly transparent throughout the visible spectrum
of light (Fanderlik 1983). Hence, attenuation of blue
wavelengths is apparently caused by diffractive
interactions of light with the photonic crystal-like
structures of the valve wall (Hoover & Hoover 1970).
Light can for example diffract on the network of
pores on the valve surface (De Stefano et al. 2007;
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Fig. 6. Light enhancement by nanostructured frustules of
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tically incident collimated white light (large yellow arrow)
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Fig. 2C) or scatter on the complex silicate structures
inside the valve wall (Hoover & Hoover 1970). Such
scattering structures can be seen in dark field
microscopy where direct illumination is blocked. We
observed forward scattering of blue light on the
valves in all tested species; however, the angle of
incident white light at which this phenomenon was
visible varied between the species (Fig. 3A). We
speculate that the apparent conservation of blue light
scattering observed on the valves of different species
could indicate that this phenomenon has an ecologi-
cal advantage for the diatom cell. This was further
promoted by the observed variation of the effect
dependent on the angle of light incidence, indi cative
for different light micro-environments inhabited by
these species inside the microphytobenthos, where
some species might locate at subsurface positions in
diffused light fields (Baker & Lavelle 1984, Kühl &
Jørgensen 1994), while other species might experi-
ence more collimated sunlight at the sediment sur-
face (Kirk 2010). Different life-strategies might also
be indicated by variation of the spatial  distribution of
photosynthetic compartments in the cell, i.e. number
and arrangement of chloroplasts (Fig. 3B). In con-
trast, pelagic centric diatom species have multiple
chloroplasts that are usually evenly distributed over
the cell cortical periphery (Yoga moorthi 2007, Arm -
brecht et al. 2014, Goessling et al. 2016). The structural
arrangement of chloroplasts might hence indicate
different life-strategies in res ponse to the re spective
light micro-environment. Links between light climate,
life-strategy and the biochemical photo  synthetic archi-
tecture of diatoms were proposed earlier by Strzepek
& Harrison (2004), who observed that pelagic species
have widely forfeit their photosynthetic flexibility to
intermittent light regimes in order to reduce iron
requirements. We speculate that the variation of valve
optical properties and its under  lying photonic crystal-
like structures are indicative of different life-strate-
gies of dia tom species and furthermore that such
structures promote photosynthesis at varying light
environments. However, more detailed bio-optical
studies at the single cell level are needed to unravel
the exact optical mechanisms and their effect on
diatom photosynthesis.

Absorption of light in diatoms is dependent on their
photopigments, which typically absorb more light in
the blue spectral range (Kuczynska et al. 2015). How-
ever, whether or not absorbed light is available for
photosynthesis is dependent not only on the type and
assembly of pigments at the photosystems but also on
the antenna pigment-connectivity, which can be de -
termined as the wavelength-dependent functional

light absorption cross-section (SigmaλII; Schreiber et
al. 2012). We confirmed earlier results observed
in the centric diatom species Coscinodiscus granii,
showing that SigmaλII was significantly higher under
blue light compared to under red light (Goessling et
al. 2016; our Fig. 4A). Higher PSII electron transport
rates (ETRII) at λ = 450 nm compared with rates
induced by red light (Fig. 4B) may explain the higher
diatom productivity when grown under blue light
treatments, as observed in phytoplanktonic (Sanchez
Saa vedra & Voltolina 1995, Goessling et al. 2016) and
benthic diatom species (Mercado et al. 2004). How-
ever, another study found that diatom growth rates in
all 8 tested benthic species did not increase under
blue light when compared to similar irradiances at
other colors (Correa-Reyes et al. 2001). Mercado et
al. (2004) therefore concluded that the effect of blue
light on the growth of benthic diatoms could be
 species- dependent (Mercado et al. 2004). Energy dis-
sipation by carotenoids can also reduce photosyn-
thetic rates under blue light, which is energy-richer
and usually more absorbed (Dougher & Bugbee
2001). We could confirm that blue light induced higher
non-photochemical energy quenching (NPQ) com-
pared to that induced by red light (of similar photon
irradiance) in a suspension of benthic diatoms
(Fig. 4C). Brunet et al. (2014) showed that the xan-
thophyll pool size and the NPQ amplitude increased
when the pennate diatom species Pseudonitzschia
multistriata was grown under blue light for several
days (Brunet et al. 2014). Hence, the high response of
NPQ under blue light observed in our samples may
indicate that diatoms from the suspension were
adapted to considerable amounts of blue light in -
side the sediment. Interestingly, we observed that al -
though blue light attenuated more rapidly with depth
(Fig. 5A), dia toms were able to harvest blue light
more efficiently than longer wavelengths. Thus, a
light absorption spectrum typical for diatoms was
recorded in vitro, displaying the effective use of blue
light by diatoms located at different depths (Fig. 5B,C).
Rapid attenuation of blue light as observed in inter-
tidal mudflats earlier (Cartaxana et al. 2016) could be
linked to the fine sediment texture, i.e. shorter wave-
lengths might be scattered on particles of same or
smaller size via Mie or Rayleigh scattering, respec-
tively, in combination with strong absorption by
organic debris (Kühl & Jørgensen 1994).

To investigate the potential implication of the
optical properties of nanostructured diatom frustules
upon the light field inside the sediment, we also
measured attenuation of incident light in a drop of
water containing slurry of oxidized frustules. Here,
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blue light was significantly enhanced, which might
indicate that the frustule optical properties could
also modulate PAR on the community level inside
the sedimentary biofilm (Fig. 6). Enhanced blue
light might be explained by interactions of shorter
wavelengths in the visible spectrum of light with
the photonic-crystal like frustule structures or by
Rayleigh scattering on subwavelengths frustule
structures.

Stomp et al. (2007) point out that the specific sets of
pigments that evolved on Earth can be regarded as
instrumental for niche differentiation among photo -
trophs in relation to the solar spectrum as an energy
resource, and such differentiation can lead to re -
duced competition and coexistence of species (Stomp
et al. 2007). Selective filtration of sunlight by photo-
pigments leaves out parts of the spectrum available
for other phototrophic organisms. The canopies of
rainforests (Endler 1993, Binkley et al. 2013) and
stratified microbial mats (e.g. Kühl & Fenchel 2000)
are well-studied examples of such efficient niche dif-
ferentiation in regards to absorption and light use
throughout the spectrum of sunlight. Biological pho-
tonic crystal structures, which are surprisingly wide-
spread among photosynthetic organisms (Glover &
Whitney 2010, Vignolini et al. 2013), could further
broaden the spectral use of sunlight by local en -
hancement and redistribution of particular wave-
length within the PAR range. Such optical modula-
tion has e.g. been demonstrated in shade-dwelling
Begonia spp. living on the floor of tropical forests,
enhancing the quantum yield of PSII by increased
light capture to the green spectral range of light
(Jacobs et al. 2016). Photonic crystal structures might
thus constitute an advantage in strongly light-limited
environments, such as in diatom-dominated micro-
phytobenthos (Watermann et al. 1999). Cyanobac-
teria, which often occur in combination with diatoms
in intertidal mudflats (Underwood & Smith 1998, Stal
2010) may leave colorful niches by lower absorption
in the blue-cyan spectral range of light (Nicklisch
1998), where rapid attenuation of these wavelengths
inside the sediment might be compensated by pho-
tonic crystal structures in the frustule of raphid
diatom species. However, we strongly encourage
that further research needs to done to prove or dis-
prove the contiguity of diatom frustule optical prop-
erties upon niche differentiation of diatoms in the
microphytobenthos. Such experiments may focus on
the biofilm structure in intertidal mudflats and on the
behavioral light acclimation, including migration be -
havior, subsurface location and micro-cycling of sin-
gle diatom species.

In conclusion, this first biophotonic study of pen-
nate diatom frustules showed an apparent species-
specific variation in the optical properties of photonic
crystal-like structures in the valve. We speculate that
such variation can facilitate niche differentiation
inside the biofilm, and we propose that similar rela-
tionships might exist in other life-forms of diatoms.
Although the frustule may be one outstanding exam-
ple of structural light manipulation in nature, we pro-
pose that photonic structures can also be linked to
niche differentiation and efficient photosynthesis in
other phototrophic organisms. For now, we conclude
that the optical properties of the frustule of diatoms
modulate visible light in the PAR range inside the
cell, and inside the sediment of an estuarine inter-
tidal mudflat.
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