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sediment. By combining electrochemical, thermocouple and ber-optic microsensor

measurements of Q, temperature and light, we could calculate the proportion 6the

absorbed light energy that was either dissipated as heat oranserved by photosynthesis.
We show, across a range of different incident light regimegshat such radiative energy
budgets are highly dominated by heat dissipation constitihg up to 99.5% of the

absorbed light energy. Highest photosynthetic energy cornsrvation ef ciency was found
in the coral sediment under low light conditions and amounte to 18.1% of the absorbed

light energy. Additionally, the effect of light directioriay, i.e., diffuse or collimated light,
on energy conversion ef ciency was tested on the two surfaceassociated systems.

The effects of light directionality on the radiative energyudgets of these phototrophic
communities were not unanimous but, resulted in local spadi differences in heat-transfer,
gross photosynthesis, and light distribution. The light adimation index, kK, i.e., the

irradiance at the onset of saturation of photosynthesis, w&> 2 times higher in the coral
sediment compared to the bio Im and changed the pattern of plotosynthetic energy
conservation under light-limiting conditions. At moderat to high incident irradiances,
the photosynthetic conservation of absorbed energy was higest in collimated light; a
tendency that changed in the bio Im under sub-saturating icident irradiances, where
higher photosynthetic ef ciencies were observed under dffise light. The aim was to
investigate how the physical structure and light propagabin affected energy budgets
and light utilization ef ciencies in loosely organized vecompact phototrophic sediment
under diffuse and collimated light. Our results suggest thahe optical properties and the
structural organization of phytoelements are important &its affecting the photosynthetic
ef ciency of bio Ims and sediments.

Keywords: bio Im, canopy, coral reef sediment, diffuse and col limated light, heat dissipation, light use ef ciency,

microsensors, photosynthesis
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INTRODUCTION Bird and Riordan, 1986; Brodersen et al., 2008; Gorton et al.,
2010Q. In addition, submerged benthic systems will experience
Photosynthetic sediments and bioIms are characterized byemporal and spatial di erences in light eld isotropy depending
pronounced vertical strati cation of the microbial envirament  on turbidity, water depth, sun angle, and the re ective propest
as a result of steep light gradients, high metabolic agtiaitd  of the surrounding environment Krakel, 1979; Kirk, 1994;
limitations of heat and solute transport by di usionK(ihl Wangpraseurt and Kiihl, 2014
et al, 1996; Kuhl and Fenchel, 2000; Al-Najjar et al., P012 Increased rates of photosynthesis have been observed in
The radiative energy balance in such phototrophic microbiaforest communities with an increasing proportion of di use
communities is a ected by the incident radiative energy frim  |ight, possibly due to a more even distribution of light in the
sun, of which a fraction is backscattered and thus not abswrb canopy Gu et al., 1999: Krakauer and Randerson, 2003; Misson
while absorbed light energy is either photochemically coresg et al., 2005; Urban et al., 200 Whereby light energy is more
via photosynthesis or dissipated as heat via radiative energyciently harvested from all directions deeper in the canopy.
transfer and non-photochemical quenching (NP@J-Najjar  However, at the single leaf scale a 2-3% lower absorptance
et al., 2010; Brodersen et al., 2)1%he quantity and quality was found under di use light as compared to collimated light
of light are the main controlling factors of photosynthesisid  at equivalent incident irradiances3(odersen and Vogelmann,
the microscale distribution of light in microphytobenthigstems  2007. In corals, it has been observed that gross photosynthesis
has been studied intensively over the last decadiesiénsen and increased 2-fold under collimated compared to di use light
Des Marais, 1988; Lassen et al., 1992a; Kuhl and JargenSén, 18f identical downwelling irradianceV{angpraseurt and Kihl,
Kuhl, 2009. A sub-saturating ux of photons will limitthe rate of 20149 and the directional quality of light may thus elicit
photosynthesis, as the available light is insu cient to supidbe  di erent photosynthetic responses and could potentially change
maximal potential rate of the light reactions. But as the pimoto the photosynthetic e ciency. A factor that could contribute
ux increases, photosynthesis saturates, wherebyo€comes a to dierences in photosynthetic activity under diuse and
competitive inhibitor on the binding-site of C®to Ribulose- collimated light is photoinhibition, which occurs when the
1,5-bisphosphate carboxylase oxygenase (Rultiséaywskiand  electron transport chain is fully reduced and the photosystems
Raven, 20017 In addition, when light energy absorption exceedsare light saturated\urata et al., 2007 Under high collimated
the capacity for light utilization, excess energy is chaemel light conditions, chloroplasts in leaves move to periclinal
into heat production via NPQ processes to avoid degradatiowalls, and this might lead to decreased photoinhibition due
of pigments and other cell constituents e.g., by reactivgletn to shading of other chloroplastsGprton et al., 1999 Under
oxygen produced by the de-excitation of triplet state chloigph di use light, chloroplast movement to the periclinal walls is
(3Chl ) (Miiller et al., 200). not complete illiams et al., 200Band thus distributed more
Photosynthetic organisms deploy di erent mechanisms torandomly, which could lead to less e ective self-shading and
avoid photo-damage, where NPQ is an e ective short-ternphotoprotection Brodersen et al., 2008
solution to dispose of excess energyiler et al., 200). If a The balance between photosynthesis and respiration and
photosynthetic cell experiences high light conditions on éyda therefore, light use e ciency in benthic phototrophic systesm
basis, long-term regulation can be achieved by regulatgig | is also in uenced by the thickness of the di usive and thermal
harvesting pigment composition and concentratioNy(mark  boundary layers Jgrgensen and Des Marais, 1990; Jimenez
etal., 200p One strategy is to lower the light harvesting pigmentet al., 2011; Brodersen et al., 2D1%he di usive boundary
content to decrease the absorption cross section by inergasilayer (DBL) is a thin water layer over submerged objects
transmittance, while another strategy involves upregataf  through which molecular diusion is the dominant transport
photoprotective pigments such as xanthophylls, that absormechanism controlling the exchange of dissolved gases, (e.g
energy-rich blue-green light but quench non-photochemlical O, and CG) and solutes with the ambient watedgrgensen
(Zhu et al., 201D and Des Marais, 1990; Shashar et al., J.9Bkhe DBL can thus
Since photosynthetic cells perceive light from all direcsion impose a major control on respiration and photosynthesis in
the light eld angularity is important for determining the aquatic environments. Dissipation of absorbed solar racieas
total irradiance experienced by a ceKi(hl and Jgrgensen, heat drives an increase in surface temperature that is counte
1999, and it has e.g., been shown that the incident lightbalanced by heat transfer to the surrounding water via arttadr
geometry can in uence photosynthetic light use e cienciesda boundary layer (TBL), where convection dominates the tpams
photoinhibition in terrestrial plant canopiesu et al., 2002 In of heat and the surface warming increases linearly with the
sediments, incident light will be spread by multiple scattgri incident irradiance Jimenez et al., 20)ldHeat and mass transfer
and, while the light eld will become entirely diuse with phenomena through boundary layers are therefore important
depth Kuhl and Jgrgensen, 1994the response of benthic processes when considering rates of photosynthesis andiradiat
photosynthetic organisms to incident di use light is unknown energy budgets.
Through evaporation, an increase in cloud-cover has been In the present study, we present the rst radiative energy
predicted with global warming Schiermeier, 2006 which  budget of a heterogeneous coral reef sediment and compare it
will potentially change the direction of light from relatilye with the energy budget of a compact photosynthetic bio Im on
collimated beams (85% in clear-sky conditions) to a more a coastal sediment. We investigate how di use and collimated
isotropic di use light eld (  100% in cloud covered conditions; light elds with identical levels of incident irradiance a ethe
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radiative energy budget of the two microphytobenthic system 24 h prior to further handling at the Heron Island Research
Our analysis is based on a modi ed experimental approach rsiStation (HIRS), Australia. Sediment cores were then mounted

described byAl-Najjar et al. (201Q) in a custom-made ow-chamber ushed with aerated seawater
(26 C and S D 35) for another 24 h prior to measurements.
MATERIALS AND METHODS The ow-chamber (interior dimensions: 25 8 8 cm) had
. . a honeycomb bae between the water inlet and the sample,
Sample Sites and Collection ensuring a stable laminar ow (see more detailsLichtenberg

Coral reef sediment was sampled in April 2012 from a shelteregk al., 2015 During the acclimation time in the ow-chamber,
pseudo-lagoon (“Shark Bay")\(erner et al., 2006on the reef the sediment cores were kept under a downwelling photon
at surrounding Heron Island (15155, 23 26%S) that is located  jrradiance of 1,000mmol photons m 2s * provided by a ber-

on the southern boundary of the Great Barrier Reef, Australiapptic tungsten halogen lamp equipped with a collimating lens
Maximal incident solar photon irradiance at the sedimentfage  (KL.2500-LCD, Schott GmbH, Germany). Before measurement
of the shallow reef at during calm mid-day low tides is,500—  at each experimental irradiance, the coral sediment core was
2,000mmol photons m 2s ! (Jimenez et al., 2012; Wangpraseurtijluminated for at least 45 min to ensure steady state @d

et al., 2014p The coral sediment (CS) was mainly composedemperature conditions; as con rmed from repeated micrope |

of bright, semi- ne grained particles (mostly in the 200-500measurements. Throughout measurements, the ow-chamber
mm size fraction) of deposited CaG@om decomposed corals was ushed with a stable laminar ow (0.5 cm s 1) of ltered

and other calcifying reef organisms. Diatoms, dino age#aand  aerated seawater over the sediment surface as generated by a
cyanobacteria were found as dispersed aggregates in tmeesedi  Flyval U1 pump submerged in a 20 L thermostated aquarium

pore space along with amorphic organic material (detritus26 C and S D 35) and connected with tubing to the ow-
throughout the upper few mm of the sediment (Figure S1). chamber.

The biolm (BF) originated from a shallow sand bar
at Aggersund, Limfiorden (Denmark) experiencing maximumBijo Im Samples
summer photon irradiance of 1,000-1,56®0l photons M2 The BF samples were collected and contained in small
s 1. The biolm was Comprised of a 1 mm thick smooth rectangular plastic trays (7 2 5 cm) with the upper
layer of photosynthetically active lamentous cyanobaiet@nd  surface exposed and ush with the upper edge of the tray
microalgae Wicrocholeus chtonoplastes, Oscillatoria sppd,  wall. After collection, the samples were kept humid and
pennate diatoms) embedded in exopolymers on top of ne-under a 12:12 h light-dark regime (LOO mmol photons m 2
grained (125-256m) dark sul dic sandy sediment(@ssenetal., s 1) in a thermostated room (16-18). The bio Im surface
1992b; Nielsen et al., 2015 appeared dark green—brownish due to predominance of dense
Coral reefs are usually considered oligotrophic but aroundommunities of cyanobacteria and diatomsagsen et al., 199pb
Heron Island NH; and PQy concentrations of 0.3and 0.1mg  Prior to measurements, a sample tray was placed for 2 days in
L * (corresponding to 17mmol L *NHzand 1mmolL ' 4 ow-chamber ushed with 0.2mm ltered aerated seawater
POy) have been foundmith and Johnson, 19pwhichis lower (21 C, SD 30) under a downwelling photon irradiance 0f500
but in the same order as what is found in Danish waters (segmol photons m 261 During measurements, a stable laminar
e.g., Figure 16.1 inlenriksen et al. (200).)In our experiments, ow (0.5 cm s 1) over the bio Im surface was maintained by a
we used a recirculating system containing 20 L of seawager (Swater pump (Fluval U1, Hagen GmbH, Germany) immersed in a
below) that was changed daily. We therefore do not estimatgo L aquarium with ltered aerated seawater (£1SD 30) and
that nutrient concentrations had a large impact on productionconnected with tubing to the ow-chamber.
between the two systems.
The porosity of the coral sediment and bio Im,, was 0.78 Experimental Setup
and 0.80, respectively, as determined from the weight log@bf ||jumination was provided by a ber-optic tungsten halogen
sediment (known initial volume and weight) after drying @ €  |amp equipped with a collimating lens (KL-2500 LCD, Schott,
until a constant weight was reached: Germany) positioned vertically above the ow-chamber. A
spectrum of the used halogen lamp can be found in the Suppl.
o Info. in Lichtenberg et al. (201@&nd is compared to typical solar
'gi spectrum measured on Heron Island reef atinthe Suppl. Info. in
s Wangpraseurt et al. (2014ayho found no major spectral e ects
where My is the weight of water, { is the density of water, M 0N gross photosynthesis measurements. The intensity oéthp |
is the We|ght of sediment/bio |m, and @|S the sediment/bio Im could be controlled without Spectral distortion by a built-iier

#D

o|ZE

Mw
Dw

[0}

density. wheel with pinholes of various sizes. The downwelling photon
. irradiance of photosynthetically active radiation (PARP4@00
Coral Sediment Samples nm), E4(PAR), (see de nitions of abbreviations in Appendix)

The CS samples were collected with Perspex corers (inneras measured with a calibrated irradiance meter (ULM-500,
diameter 5.3 cm), and were maintained under a continuousValz GmbH, Germany) equipped with a cosine collector (LI-
ow of aerated seawater at ambient temperature and salinitf92S, LiCor, USA). De ned experimental irradiances (0, 50, 10

(26 C and S D 35) under a natural solar light regime for 200, 500, and 1,00@mol photons m 2 s 1) were achieved by
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adjusting the aperture on the ber-optic lamp. The downwellingecm 2s 1) were calculated by depth integration over the euphotic
spectral irradiance at the above-mentioned levels was alzone with respect to the measuring interval used in the depth
measured in radiometric energy units (in W rinm 1) witha pro le measurement of B(z), similar to Al-Najjar et al. (2010,
calibrated spectroradiometer (Jaz, Ocean Optics, USA). 2012)

Collimated light was achieved by attaching a collimating X
lens to the ber cable of the lamp. Di use light was achieved PGD 1z Pc(2) (2
by inserting a TRIMMS di user (Transparent Refractive Index
Matched Microparticles; Smith et al., 2003 between the Temperature and O , Calculation
collimator and the sample followed by lamp adjustment tOThe net upward ux of Q@ from the photic zone of the sediments
achieve the same absolute levels of downwelling irradi@nce i the overlaying seawater was calculated (in nmeld 2

the bio Im/sediment surface in collimated and diuse light g 1y from measured steady-state @oncentration pro les using

treatments. Fick's rstlaw of di usion:

' b D& 3
Microscale Measurements of O , and Nep @ 3
Temperature

Oxygen concentrations were measured with a Clark-type owhere Iy is the diusion coe cient of Oy in seawater at
microsensor (tip diameter 25mm; OX-25, Unisense A/S, experimental temperature and salinity ar% is the linear Q
Aarhus, Denmark) with a fast response timeQ(5 s) and a low Cconcentration gradient in the DBL.

stirring sensitivity € 1-2%;Revsbech, 19%9The microsensor ~ 1he downward Q ux from the photic zone of the sediments
was connected to a pA-meter (Unisense A/S, Aarhus, Denmark the aphotic part of the sediment/bio Im was calculated in a
and was linearly calibrated at experimental temperature angmilar manner as:

salinity from measurements in the aerated seawater in tbe-fr @

owing part of the ow-chamber and in anoxic layers of the Nepip  # Do— (4)
sediment. @

Temperature measurements were performed Wwith ape total ux of O, out of the photic zone, i.e., the total
thermocouple microsensor (tip diameter 50 mm; T50, pet photosynthesis in the photic zone (NPP), was subsequently
Unisense A/S, Aarhus, Denmark) connected to a thermocouplggiculated as the di erence between the upward and downward
meter (Unisense A/S, Aarhus, Denmark). The temperaturgy, yx (Kihl etal., 1995
microsensors were linearly calibrated against readingstugh To calculate the radiative energy conserved via photosyrghesi
precision thermometer (Testo 110, Testo AG, Germany; acyura (.5 in Jm 2 s 1) we multiplied the areal gross photosynthesis,

0.2C) in seawater at dierent temperatures. AnalogueGgpp, with the Gibbs free energy formed in the light-dependent
outputs from the temperature andmicrosensor meters were reactions, where @|S formed by Sp||tt|ng water, which gains

connected to an A/D converter (DCR-16, Pyroscience GmbHgncluding the formation of ATP) a Gibbs free energy af B
Germany), which was connected to a PC. All microsensorgg2 9 kJ (mol @) ! (Thaueretal., 1997

were mounted in a PC-interfaced motorized micromanipulator
(MU-1, PyroScience GmbH, Germany) controlled by dedicated FsD XppEg (5)
data acquisition and positioning software (ProFix, Pyreace,

Germany). The micromanipulator was oriented in a 45 The amount of the absorbed light energy that was not
angle relative to the vertically incident light to avoid fsel photochemically conserved was dissipated as heat resuttiag i
shading, especially in the light measurements. Depth pro les qocal increase of the sediment/bio Im temperature relalyve
temperature and @ concentration were measured in vertical the ambient seawater and thereby leading to the establishme
steps of 100mm. Before pro ling, the microsensor tips were of 3 TBL. The heat dissipation, i.e., the heat ux (in J%s 1)

manually positioned on the sample surface to de ne h®  from the sediment/bio Im into the water column was calcuat
0 position, determined from visual detection through a stere py Fourier's law of conduction:

microscope. The precisions of this approach is abouthe
average grain size of the sediments, i.e., 125#800 a

The local volumetric rates of gross photosynthesis &y, - D k@ (6)
in units of nmol @ cm 2 s 1) were measured with ©
microsensors using the light-dark shift methoBdvsbech and wherek is the thermal conductivity in seawater (0.6 W Ak 1)
Jorgensen, 19R3Volumetric rates were measured in verticalanddT/dzis the measured linear temperature gradient in the TBL
steps of 108mm throughout the sediment until no photosynthetic (Jimenez et al., 2008The heat ux from the photic zone into the
activity in the given depth was detected. The immediate Oaphotic sediment/bio Im, 3%, was calculated as in Equation (6)
depletion rate upon brief (2—4 s) darkening equalled the locabut with the thermal conductivity constant of the sedimeki),
rate of photosynthesis just prior to darkening; while no respen which was estimated as:
in the O, signal upon darkening indicated a zero rate of
photosynthesis. Areal rates of gross photosynthesis (in raol kb D kgl ) K @)
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where ks is the carbonate thermal conductivity (3.1 W m  Re ectance Measurements
K 1, Clauser and Huenges, 199%; is the seawater thermal The PAR irradiance re ectance (R) of the sediment/bio Im
conductivity, and is the porosity of the sediment¢vell, 198%  surface was calculated as

The total heat ux, was used as an estimate of the total 700

heat dissipation in the photic zone and was calculated as: E,. /

420

Microscale Light Measurements
Spectral photon scalar irradiance was measured in units aftsou

l . _ . . . . . .
nm ~witha ber-optic scalarirradiance microprobe [integrating measured at the sediment surfackiifl, 2003 and Eq( )

sphere diameter 100nm; (Lassen et al., 199%&onnectedtoa . o . -
ber-optic spectrometer (USB2000, Ocean Opics, Dunedin, FLIS the downwelling irradiance estimated as the backsaadter

USA). A black tive light-well dt d 3pectral radiance measured over a white re ectance standard
). Ablack non-re ective light-well was used to record gpc (Spectralon; Labsphere, North Sutton, NH, USA); both measured
of the downwelling photon scalar irradiandgy( ), (in units of

I . . ‘ . with a ber-optic eld radiance microprobe {grgensen and Des
counts nm ) with the tip of the scalar irradiance microsensor Marais, 198} The R(PAR) measurements assumed that the light
positioned in the light path at the same distance from the Iightb ’ . .

. o . . . ackscattered from the sediment/bio Im surface was congdet
source as the sediment surface. Using identical lightregttithe

absolute downwelling irradianc&agg ) (in W m 2) was also di used (Kuhland Jorgensen, 1994
quanti ed with a calibrated spectroradiometer (Jaz-ULM, Qtea Absorbed Light Energy

whereEy( ) is the upwelling irradiance at the sediment surface,
here estimated as the diuse backscattered spectral radiance

Optics, Dunedin, Florida, USA). The absorbed light energyfgs inWm 2D Jm 2s 1)inthe
) ] sediment/bio Im was estimated by subtracting the downingjl

Irradiance Calculations and upwelling irradiance at the surface:

The spectral scalar irradiancEg( ), was measured in vertical

steps of 0.1-0.2 mm in the sediment and was calculated as the w0

fraction of the incident downwelling irradiance, i.€g( )/Eg( ), JesD Eq( )1 R. /)d (12)

and plotted as transmittance spectra in %Eg{ ). The relative 420

measurements of scalar irradiance in di erent depths in the
bio Im/sediment were converted to absolute scalar irradia  WhereEqg( ) and R( ) are the downwelling spectral irradiance
spectra in units of W m2 nm 1 as Eagq ) Eo( )/Egq( ). and irradiance re ectance, respectively. This parameter is
Absolute scalar irradiance spectra were converted to photoduivalent to the so-called vector irradiance, which is asuee
scalar irradiance spectra (in units afmol photons m? s *  of the net downwelling radiative energy ux.
1 ; \ -

nm 7) by using Plancks equation: Energy Budget and Photosynthetic
Ef ciency Calculations
A balanced radiative energy budget of the sediment/bio Im
was calculated according té\(Najjar et al., 201pwith slight
whereE is the energy of a photon with wavelength, h is  modi cations (Figure 1) as:
Planck's constant (6.626 10 **W %), andcis the speed of light
invacuum (inms ). JesD 3 C Fs (13)

Spectral attenuation coe cients of scalar irradiancey(K),
were calculated a&(ihl, 2009:

E DhS ®)

assuming that auto uorescence from the sediment/bio Imava
negligible. ConsequentlypsC "y D 1, where,"ps and "y
represent the e ciency of photosynthetic energy conservation

Ko. /D |nm (9) and heat dissipation, respectively, for a given absorbed ligh
2 I energy dgsin the entire euphotic zoneX(-Najjar et al., 2010
where Eg( ); and Eo( ), are the spectral scalar irradiances "osD NN and”y D H(JB9 (14)

measured at depthyzand 2, respectively. JnBs JnBs

Light attenuation was also calculated by integrating the ) )
spectral quantum irradiance over PAR (420-700 nm) yieldind\ré@l gross photosynthesis rates as a functioj\gé were tted

the PAR scalar irradianc&g(PAR),in mmol photons m 2 s 1), with the saturate_d exponential modelVbb et al., 1974to _
i.e., the light energy available for oxygenic photosynthesi estimate .the malemfm conserved energy ux by photosynthesis
each measurement depth. The di use attenuation coe cient of(dsmax) (inJm <s %)

Eo(PAR), K9(PAR) was obtained by tting the measurdg)(PAR) JhesE
vs.depth pro les with an exponential model: bs-Japd D bymax(l € ) (15)

(A . This yielded an estimate of the maximum photochemically
Eo.2z/ D Ep.0/ e (ARG 2.0) (10)  conserved energy uxJbsmax. The respective e ciencies
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Light
Diffuse Collimated

FIGURE 1 | Major pathways of light energy conversion and diss  ipation in bio Im and coral sediment. Incident irradiance was either diffuse or collimated (top
yellow arrows) and supplied the sediments with the incomingnergy ux, Jjy (solid yellow arrow). A fraction of the incoming light eneygwas re ected from the surface
and thereby not a part of the absorbed light energy (dgs). Through multiple scattering by biotic and abiotic compoeants in the bio Im/sediment, the light eld
becomes increasingly diffuse with depth. The absorbed lighenergy is either photochemically conserved in photosyntsis (Js) in the photic zone or dissipated as
heat (34) via radiative energy transfer and non-photochemical quehing leading to local heating in the bio Im/sediment (red lig). Gross photosynthesis (blue bars) is
dependent on light and is thus higher near the surface whichrives a production of G (blue line) that exceeds the consumption via respiration aleads to the
formation of a diffusive boundary layer (DBL). The surplus @5, i.e., the net photosynthesis, can be calculated as the diéirence between the upwards QOZ(Up))v and
downwards (o, pown)) Ux of Oz from the photic zone. Similarly, the fraction of the absorbe: energy that is dissipated as heat can be calculated as the fference
between upwards Jpyup)) and downwards 0pown)) heat ux through the thermal boundary layer (TBL) into the @vlaying water and into the aphotic

sediment/bio Im layer, respectively.

under light-limiting conditions, i.e., forlagd 0, were then 28.1% for diuse and collimated light, respectively. Re entio

calculated as: did not change with increasing irradiance (Figure S2). The
b pro les of scalar irradiance showed non-uniform attenuatio
"psmax D S and "Hmn D1 "psmax (16)  with depth and could be in uenced by local enhancement of

photon pathlength Kuhl and Jgrgensen, 1994; Kuhl et al., 1997
whereE, is the photochemical light acclimation index, i.e., thein the uppermost layersF{gure 2). At the highest incident
iradiance at the onset of photosynthetic saturation, clalad ~ photon irradiances (500 and 1,00@mol photons m 2 s 1),
asEc D Jsmac= , Where is the initial slope of the tted the exponential attenuation of collimated light within the

photosynthesis vsagdscurve. bio Im was observed below 0.2 mm, whereas di use light was
attenuated exponentially from the bioIm surface under all

RESULTS investigated irradiance levelBi§ure 2). In the coral sediment,
the exponential attenuation occurred deeper (below 0.5-0.7

Light Environment mm) due to enhanced scattering, redistribution and trapping of

Atallincidentirradiances, the photon scalar irradiancg(FAR),  photons in the upper sediment layersSigure 2). In the bio Im,
decreased with increasing sediment depffig@re 2). Light PAR attenuation was stronger in the top layer than in the
attenuation was strongly enhanced around wavelengths 6@5 abottom layer both for di use and collimated lightHigure 2).
670 nm, corresponding to absorption maxima of phycocyanimAdditionally, attenuation of collimated light in the top yar
and Chl a, respectively Kigure 3). Surface re ection from the was stronger than for diuse light at all irradiances except
bio Im surface was on average 1.8 and 1.7% of the incidert,000 mmol photons m?2 s 1, whereas light attenuation in
PAR under diuse and collimated light, respectively, while itthe lower sediment dominated layers was similar for di use
was >15 times higher in the coral sediment, i.e., 30.2 andnd collimated incident light. In the coral sediment no distt
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dierences in light attenuation was observed between topwith average PAR attenuation coe cient ci D 9.52 anda

and bottom layers other than a deeper onset of exponentidd 10.54 mm?! for diuse and collimated light, respectively,

attenuation (0.5—-0.7 mm). The top layer of the bio Im showedcompared toa D 1.18 mm ! in the coral sediment (both light
10 times stronger light attenuation than the coral sedimentypes).
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In both sediments, attenuation of light corresponded tosediment had a 1-1.4 mm thick DBL; dark respiration was
absorption maxima of Ché (440 and 670 nm) and phycocyanin similar to the bio Im (0.037 nmol Q@ cm 2s 1), while saturation
(620 nm;Figure 3). A third attenuation maximum was observed of photosynthesis was reached at a higher downwelling photon
around 575 nm indicative of phycoerythrin, commonly found in irradiance of 200 mmol photons m2 s 1 (Figure 3. The
cyanobacteriaGolyer et al., 2005In the bio Im, attenuation of  similar dark respiratory @ uptake in sediment and bioIm
visible light was strongest in the top 0.3 mm of the bio Imeept  indicated that the combined respiration of autotrophic and
under the highest collimated irradiance (1a®ol photonsm 2 heterotrophic organisms was of similar magnitude in the two
s 1), where the strongest attenuation occurred over the 08-0systems. The more variable DBL thickness in the coral sedime
mm zone Figure 3. Below 0.6 mm, the enhanced attenuationvaried independently of irradiance and was most likely a ttesul
around wavelengths 575, 625, and 670 nm decreased and thiethe heterogeneous surface topograpRig(re 4). A detailed
attenuation of light in the PAR region became more uniform in mapping of the DBL landscape was beyond the scope of this study
the underlying layersKigure 3). Again, attenuation of collimated but, we estimate that the mass transfer between the sediment
light was slightly higher than di use light. and overlying water was not in uenced by turbulences which

In the coral sediment, the highest light attenuation was 1-2vould have been evident as non-linear concentration gragie
mm below the sediment surface .6 mm 1 at 670 nm at all between sediment surface and bulk wateiclitenberg et al.,
incident irradiances) while the lowest attenuation wasrfdin ~ 2017. At incident irradiances> 200 mmol photons m2 s 1
the upper 0—1 mm, consistent with the scalar irradiance pro legshe O, productive zone was strati ed under both di use and

(Figures 2 3). collimated light, with an @ concentration maximum of 600%
) _ air saturation 1.7 mm below the sediment surfadeiqure 4).
Temperature and O , Microenvironment Photosynthesis was apparently distributed in two major layers

In the biolm, a 0.8 mm thick diusive boundary layer a 0.5 mm thick layer at the sediment surface, and &
(DBL) developed between the biolm and the surroundingmm thick layer peaking 2 mm below the sediment surface
water Figures 1 4). In dark, O, was depleted within the upper (Figure 4 and Figure S3). The ©concentration pro les for
1.5 mm and the areal dark respiration rate was calculated tdi use and collimated light were similar at low to moderate
0.039 nmol @ cm 2 s 1. The uxes of @ increased with irradiance, then showed a deepep Penetration depth under
irradiance until saturation was reached at a downwellingtpho di use light at incident irradiance>500 mmol photons m 2
irradiance of 100 mmol photons m2 s 1, where the top s ! in comparison to Q pro les measured under collimated
of the bioIm experienced @ concentrations>450% of air light (Figure 4. The & pro les in the coral sediment showed
saturation Figure 4). The O, concentration pro les for diuse high standard deviations, possibly due to a more patchy
and collimated light were similar, although@enetrated deeper distribution of the photosynthetic organisms within the seent
under di use light, especially at the highest photon irradiaac and overall variability in the sediment grain size and scefa
(500 and 1,000vmmol photons m 2 s 1 Figure 4). The coral topography.

L 200 | | 1000
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2] 0 | 50 100

2> ,..% :
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41 1 )
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FIGURE 4 | Vertical micropro les of O 5, concentration in bio Im (upper panel) and coral sediment(lower panel) . Red and black symbols represent
measurements under diffuse and collimated light, respeatély, while numbers in panels denote downwelling photon iadiance inmmol photons m 2's 1. The lineiny
D 0 indicates the bio Im/sediment surface. Symbols represent nean values, while dashed lines represent 1 S.D. (n D 3).
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In both bio Im and coral sediment, the surface temperatureirradiances of> 200mmol photons m 2 s ! (Figure S3A). The
increased relative to the overlaying seawater with inéngas thickness of the photic zone generally increased with irgirea
irradiance. The local heating was dissipated by heat transfhoton irradiance and varied from 0.4 to 1.2 mm in the bio Im
over a 3 mm thick TBL into the overlaying seawater andunder di use lightand from 0.2 to 0.9 mm under collimated ligh
into deeper sediment layerBifures 5 6). Robust measurements  In the coral sediment, the highest volume-speci c rates of
of bio Im/sediment heating could only be obtained at incitte photosynthesis were measured within the upper 1 mm, with
photon irradiances of 200 mmol photons m?2 s 1 ( 500 maximal gross photosynthesis rates of 11.97 nmpt@ 3s 1
mmol photons m 2 s 1 for the coral sediment under collimated at the sediment surface under collimated light and 3.05 n@pl
light). At the highest irradiance (1,006mmol photons m2 cm 3s ! ata depth of 0.6 mm under di use light (Figure S3B).
s 1), the bio Im surface was 0.51 0.036 and 0.41 0.008C  The photic zone in the coral sediment increased with incregsi
warmer than the overlaying water, while the coral sedimenirradiance and ranged in thickness from 1.5 to 3 mm under
surface was 0.53 0.031 and 0.48 0.040C warmer than the diuse light and from 2 to 3.5 mm under collimated light. The
surrounding water for di use and collimated light, respealy. apparent strati cation in @ concentration found in the coral
Similar temperature pro les were observed between collishatesediment was con rmed in the pro les of gross photosynthesis
and di use light, although a slightly enhanced surface hagti with peaks in gross photosynthesis in the upper 1 mmand 1.5-2.5
and thus a higher e ux of heat was observed under di use mm from the surface at photon irradiancess0 mmol photons
light (Figure 5). Comparing the slope of the surface warming vsm 2's 1 (Figure S3B).
vector irradiance under di use and collimated light, respeetly, Under low photon irradiance< 200 mmol photons m 2 s 1
diuse light had a greater impact on surface warming by 30in the bio Im, the area speci c gross photosynthesis rate (PG)
and 27% in the bio Im and in the coral sediment, respectivelywas higher under di usive illumination, while PG under di use

2

(Figure 6). and collimated illumination were similar at higher irradie@s
(Figure 6). In contrast, PG in the coral sediment was generally
Photosynthesis in the range of 3-4 times lower under di use- compared to

Maximal volume-specic gross photosynthesis rates of th&ollimated light (Figure S3BFigure 6B). We note that the
bio Im ranged between 7.0 and 8.7 nmol ,0cm 3 s 1 gross photosynthesis measurements in the coral sedimergrund

(collimated and di use light, respectively) under low irratice  di use light were performed at the University of Technology

(50-200mmol photons m 2s 1), while rates decreased at photon Sydney (UTS) rather than on HIRS, where the rest of the
measurements took place. We speculate that the transport from

Heron Island created prolonged anoxic conditions throughout

the sediment and this might have caused a change in community
6l A composition and structure of the sediment. These measurésnen
— were therefore excluded when calculating the light energiget
E 4 for di use light in the coral sediment.
£ -2
5 Energy Budgets
2 0 The photosynthesis-irradiance (PE) curve of the coral sedime
£ 2 measured in di use light increased with increasing lightensity
a ol with an initial slope of 0.05 0.01, until reaching an asymptotic
= ‘ saturation level atpkmaxD 1.72 0.20 J m2s?!ata
E 5/C downwelling photon irradiance of 300mmol photons m 2s 1
= 4l (Figure 6B). In contrast, the PE-curve of the coral sediment
2 in collimated light increased with the with a slope of 0.26
T 2 0.04, reaching a maximum saturation value p§ daxD 4.24
% 0 0.23 J m?2 s 1, at downwelling photon irradiance 110
8 mmol photons m 2 s 1 (Figure 6B). In the bio Im, the onset
-E 2] of photosynthesis saturation occurred already at a dowringell
B 4l photon irradiance of 50mmol photons m 2's 1, where gs max
o e reached an asymptotic saturation level of 0.87 §m 1 for both
di use and collimated light Figure 6A).
Sediment surface warming increased linearly with irradan
FIGURE 5 | Vertical depth pro les of temperature change, 17 (in C) under both di use and collimated light with average slopes of
measured in bio Im (upper panels) and coral sediment (lower pa nel) at Cxy D 4.3310 *cC m ?s 1) ! and C8con D 2.1410 3
downwelling photon irradiances of 0, 200, 500, and 1,000  mmol C@m s l) Lin the coral sediment, as compared to&F
photons m 2's 1 under collimated (A,C) and diffuse light(B,D). Symbols D 2.7710 3 C (J m2s 1) 1 and BR.y D 2.010 3 C (J
_represen_t means, while d_ashed lines indicgte 1S.D.(n D. 3)._The dc_)tte_d line m 2 s 1) 1 in the bio Im ( Figures 6C,D. Surface warming was
in y D 0 indicates the sediment surface, while the dotted line in © 0 indicates . . . . .
a0 C temperature change. stronger'under d'| use light as compared to collimated light in
both sedimentsKigures 5 6C,D).
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FIGURE 6 | Energy conversion by photosynthesis, heat dissip  ation and the sum of photosynthesis and heat dissipation vs. downwelling irradiance in
bio Im (left panels) and corals sediment (right panels). Red symbols and lines show data for diffuse illumination, wie black symbols and lines show data for
collimated illumination(A,B) Areal gross photosynthesis rates (in J m2 s 1) measured at downwelling photon irradiances of 0, 50, 100, @0, 500, and 1,000 mmol
photons m 2's 1, and then tted with a saturated exponential model (Vebb et al., 1974; CS: R& D 0.92, R2_ D 0.97; BF: R? D 0.88 for both diffuse and
collimated; n D 3). (C,D) Temperature gradients (in C) between the ambient seawater and the sediment surface (ovD 0.5cm s 1), measured at vector irradiances
0f 30, 75,and 1493 m 2's 1 or 40,100, and 200 I m 2's 1 for the coral sediment and bio Im, respectively. Data pointshow means  SD (1 D 3); CS: Rgiﬁ D
0.99, RZ_, D 0.96; BF: R? D 0.99 for both diffuse and collimated light(E,F) The summed energy dissipation of the system (in J n? s 1), i.e., the sum of energy
conserved by photosynthesis and energy dissipated as heatneasured at vector irradiances of 30, 75, and 149 J m 2s 1 and 40,100, and 200 I m 2s 1 for the
coral sediment and bio Im, respectively. The dashed line refesents a 1:1 relationship between the incoming and outgoig energy of the system (i.e., the theoretically
expected relationship). CSRZ D 0.99, R%q D 0.96; BF: R? D 0.99 for both diffuse and collimated light;if D 3).

The summed ux of energy conserved by photosynthesis and About 29% of the incident light energy was back-scattered
dissipated as heatHdC J4) serves as a control to determine from the coral sediment surface and thus not absorbed,
the potential deviations between absorbed and dissipatedjgne whereas the surface re ection was only2% of the incident
(Figures 6E,}. Dissipation of energy from the system increasedrradiance in the bio Im (Figure 7, Figure S2). The fraction of
linearly with increasing vector irradiance with slopes iettoral energy conserved by photosynthesis decreased with incgeasin
sediment of 0.89 0.003 and 0.89 0.120, for diuse and irradiance in both bioIm and sedimentKigures 7 8). Over
collimated light respectively, and slopes in the bio Im of .9 the investigated incident irradiances (200-1,0@800l photons
and 1.03, for di use and collimated light respectively. Wheh alm 2 s 1), photosynthetic energy conservation in the coral
outgoing/used energy equals the incoming light energy thypes sediment illuminated with di use light decreased from 6.7 to
of the used- vs. incoming energy curve wouldb#, and thus 2.0% of the incident light energy, favoring heat dissipation
the method used here apparently accounted for the majority ofwhich increased from 63.1 to 67.8%), and from 9.3 to 2.1%
the incident light energy. of the incident light energy under collimated light (where
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FIGURE 7 | Light energy budgets for bio Im (A,B)  and coral sediment(C,D) in percent of the incident light energy calculated at downwiing photon irradiance
(PAR) of 200, 500, and 1,000mmol photons m 25 1 under diffuse (A,C) and collimated (B,D) incident light. The amount of light backscattered from the ediment
surface is shown in blue, while the amount of light energy dispated as heat and via photosynthesis is shown in red and gen, respectively. Notice the break on the
y-axis. We assumed similar GPP under diffuse and collimatelight in the calculations for the coral sediment under difge light (see Table S1 and Figure S3).

heat dissipation increased from 62.6 to 69.8%gure7. lowest measured incidentirradiance (Bfol photons m 2s 1;
Table S2). Figure 8). In addition, the bio Im had higher photosynthetic

Under an incident photon irradiance of 2@mol photons e ciencies under di use light compared to collimated light at
m 2 s 1, the proportion of incident light energy that was low light intensities € 200mmol photons m 2's 1; Figure 8).
conserved via photosynthesis was much lower in the bioIm The photosynthetic e ciencies of bio Im and coral sediment
where 1.9 and 2.3% (di use and collimated light, respectively) under light-limiting conditions (dgd 0), "psmax Wwere
the incident light energy was conserved, whereas 96.3 afd®6 calculated from the initial slope of the areal PG vs. vector
of the incident light energy was dissipated as heat, resgdgtiv irradiance curve to 26.2% of the absorbed light energy (CS,
(Figure 7, Table S1). At an incident irradiance of 1,06@nol  collimated light) compared to 16 and 9.0% of the absorbed ligh
photons m2 s 1, only 0.6 and 0.5% of the incident energyenergy (BF, di use and collimated light, respectively).
was conserved by photosynthesis, while 97.6 and 97.8% was
dissipated as heat under di use and collimated light, respetyi DISCUSSION
(Figure 7, Table S2).

The maximum photochemical energy conservation in thewe present a closed radiative energy budget of a heterogeneou
coral sediment was observed at an incident irradiance ®80  coral reef sediment and compare it to the radiative energygetid
mmol photons m 2 s 1 (18.1% of the absorbed light energy),of a at dense bio Im (Figure 6, Figure S4). The closed light
whereas the bio Im had maximum energy conservation throughenergy budgets were measured under both di use and collichate
photosynthesis (14.7% of the absorbed light energy) at thi#umination to test potential e ects of the directionality dijht

Frontiers in Microbiology | www.frontiersin.org 11 March 2017 | Volume 8 | Article 452



Lichtenberg et al. Radiative Energy Budgets of Sediment and Bio Im

FIGURE 8 | Photosynthetic energy conservation ef ciencies (in % of the absorbed light energy) of the bio In{left panel) and the coral sediment(right panel) ,
measured at incident photon irradiances of 50, 100, 200, 500and 1,000 mmol photons m 2's 1, under diffuse (red bars), and collimated (black bars) ligh

on the photosynthetic e ciencies of the phototrophs. We found scattering will most likely be present as the angle of re ectidll
that a higher fraction of the absorbed light energy was corest  be more complex due to the roughness of the surface, resutting i
by photosynthesis in the heterogenous loosely organized cora deeper penetration of light in the coral sediment.

sediment, while the radiative energy budgets of both sedime

types were highly dominated by dissipation of heat. Temperature

We directly measured both the upward and downward heat
Light dissipation of radiative energyFigure 5. Previous studies of

The thin highly pigmented cyanobacterial bio Im was growing €nergy budgets ignored the downward heat ux-(Najjar et al.,

on the surface of a ne_grained (125_25ﬁn) dark Sandy 2010, 2012 and aIthouthimenez et al. (2008§stimated the
sediment, whereas the photosynthetic microorganisms éenib downward heat dissipation from a theoretical model consiagri

a more patchy distribution within the large-grained (100950 the physical properties of heat transfer in coral skeletons thi
mm) bright and highly scattering coral sediment. This sturett ~ Study presents energy budgets of phototrophic systems forrwhic
di erence between the two systems led to 45 times higher the complete heat balance was directly measured. Over a range
surface re ection and a decreased energy absorption in thef incident irradiances, the downward heat ux was the same
coral sediment compared to the bio Im that displayed times ~ order of magnitude as the upward heat ux in both bio Im
higher light attenuation coe cients. As previously showngssen and coral sediment and thus is an important parameter when
et al., 1992b; Kiihl and Fenchel, 2)@be scalar irradiance at, compiling light energy budgets for the photic zone in benthic
or immediately below, the surface increased, and the sgectraystemsKigure 5).

composition was altered relative to the incident irradiance The majority of the absorbed light energy was dissipated
(Figures 2 3). Such increase in scalar irradiance in the neags heatKigure 7, Table S1) with a linear relationship between
surface layer is due to intense multiple scattering by paasicl increasing incident irradiance and heat dissipation undethb
(biotic and abiotic) causing a local photon path-length irmse  di use and collimated light, albeit with a 30% enhanced surface
and thus a prolonged residence time of scattered photons in the#arming under di use light as compared to collimated light
surface layers that also receive a continuous supply of intidefFigures 5 6). Apparently, diuse light was absorbed more
photons from the light sourceK(iihl and Jgrgensen, 199This e ciently in the uppermost layers, increasing the local photon

e ect can be further enhanced in the presence of exopolymemensity and residence time in these layers resulting ingased
with a slightly higher refractive index than the surroundin energy deposition and surface temperatures. This was supported
seawater leading to photon trapping e ectsi(hl and Jgrgensen, by a higher heat ux into the water column under diuse
1994, Decho et al., 203 urthermore, the structural di erence light, and a higher heat ux into the sediment under collineait
between the loosely organized Cagarticles compared to the light (data not shown). At increasing irradiances the soefa

at bio Im could possibly result in di erences in the re ectin ~ temperature of the sediments exceeded the surrounding water
characteristics from the uppermost layers. In the bio Im, thetemperature and convective heat transport occurred over the
at homogeneous surface re ects light relatively uniformyith ~ TBL (Figure 5 Jimenez et al., 20)..While we cannot dissect the
some ratio between specular vs. di use re ection. However, irobserved heat dissipation into particular mechanisms andt the
the heterogeneous coral sediment a higher degree of forwardlative magnitude, part of such dissipation in optically dense
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bio Ims and sediments involves NPQ processes that protect thbio Im appeared acclimated to low irradiances as previously
photosynthetic apparatus under high irradiance by channelinghown uhl et al., 1996; Kuhl and Fenchel, 2000; Al-Najjar
excess light energy into heat dissipatidralkowski and Raven, et al., 201pwhere highly reduced quantum e ciencies are seen
2007; Al-Najjar et al., 20)Z2The heat uxes from the photic zone at increasing irradiance due to the employment of e.g., NPQ
were generally higher in the bio Im when compared to the coralprocesses. Accordingly, the coral sediment maintained drigh
sediment, due to the lower re ection and thus higher absarpti photosynthetic e ciencies, even at high irradiance. Thigitmbin

in the bio Im (Figure S4). However, when normalizing the heatpart be explained by the high scattering in the sediment pasicl
uxes to the absorbed light energy (which was 33% higher irthat creates a more even spread of the light eld over the sedim
the bio Im than in the coral sediment) the heat dissipationsva matrix and a more dispersed photic zone; a factor that have
of similar magnitude, and variations in heat ux values beem been speculated to be responsible for the high photosynthesis
the sediment and bio Im became& 15%. The degree of heat in coral tissues Erodersen et al., 2014; Wangpraseurt et al.,
dissipation therefore seems tightly correlated to the gitprtf ~ 20149. A more homogenous distribution of light would create

absorbed energy. a larger region where light is neither limiting nor inhihity
. photosynthesis. Thus, the loosely organized more hetemgen
Photosynthesus coral sediment apparently exhibit a more open, canopy-like

The overall photosynthetic e ciency of the bio Im and coral organization compared to the dense bio Im.
sediment decreased with increasing incident irradiancgh w ~ Community photosynthesis is generally higher than that of
photosynthesis exhibiting saturation at higher irradiangeder  individual phytoelementsKinzer and Sand-Jensen, 2002; Binzer
both di use and collimated light Figure 6). The highest energy and Middelboe, 2005; Binzer et al., 2DG&nd in addition,
storage e ciency of the coral sediment was observed undgatli  higher community photosynthesis has been found under di use
limiting conditions (< 200 mmol photons m 2 s 1; Figures 7 illumination in open canopy systems which was explained by a
8), and the coral sediment generally exhibited high light usenore even light eld inside the canopysU et al., 2002; Brodersen
e ciencies that were comparable to those observed in corals &t al., 2008 In spite of this di erence in overall acclimation to
equivalent incident photon irradiance&(odersen et al., 20).4 light, a decrease in the surface layer photosynthesis was seen
The photosynthetic activity in the coral sediment was steati in the coral sediment at an incident irradiance of 56@nol
at incident irradiances 50 mmol photons m 2 s 1 under both  photons m 2 s 1, which could either re ect the heterogeneity
di use and collimated light Figure 4). This strati cation could and patchiness of the phototrophs found in the sediment, or
be a result of di erent factors in uencing the photosynthetic could point to a possible migration of motile phototrophic
activity such as steep light attenuation over depth, locallprganisms. Migration as a phototactic response is recogniged a
high volume-speci c rates of metabolic activity, higher dbc an e ective mechanism for controlling photon absorption acgos
biomass of phototrophs, and di usion limitation of metabolic di erent systems such as terrestrial plantsgda et al., 200zand
products and substrateK(hl et al., 1996; Kuhl and Fenchel, microphytobenthic assemblagessodio et al., 2006; Cartaxana
2000; Al-Najjar et al., 20)2Such vertical strati cation has also et al., 2016a)band similar phototactic response has been shown
been associated with phototactic responses to ligtitgdle and in coral tissues where thie hospitelight environment can be
Walsby, 1984; Lassen et al., 199#here motile photosynthetic modulated by host tissue movemeit/angpraseurt et al., 2014a,
organisms migrate to an optimal depth for photosynthesis a?017. Downward migration at high irradiances is probably
a given irradiance, where the available light is neitheritimy ~ correlated with increasing photic stress e.g., by the foionat
nor inhibiting the rate of photosynthesis\(-Najjar et al., 201p  of reactive oxygen species that can damage photosystem Il by
These migration patterns are well documented both as photgareventing the synthesis of the D1 protein in these layeisdra
and aero-tactic responses and to escape from e.g., toxis lefvel et al., 2001; Nishiyama et al., 2001; Aarti et al., 2007; étzi.,
sul de (Kuhl et al., 1994; Bebout and Garcia-Pichel, J9Fhe  2009; Al-Najjar et al., 20)0Several ways to counter such photic
two photosynthetic active layers were situated at the sedlimestress exists. One of the most e ective short-term responses t
surface and 2 mm below ( 0.5 and 1 mm thick layers, photic stress is to employ NPQ in which photons are emitted
respectivelyfrigure 3). as heat when cells experience over-saturating photon uxes.
The area-speci c rates of gross photosynthesis of the cor@lnother strategy to avoid photo-damage is to upregulate the
sediment were 4 times higher than in the bioIm, due to expression of sun-protective pigments suctbasarotenes{hu
a 3 times deeper euphotic zone and slightly higher volumeet al., 201)) which were found in signi cant amounts by HPLC
speci ¢ photosynthesis rates in the coral sediment than iranalysis of the coral sediment (Figure S1).
the bio Im (Figures § 7; Figure S3). Consequently, the coral Photosynthetic energy conservation was higher under
sediment reached an asymptotic maximum in PG in terms otollimated light as compared to illumination with di use ligh
energy dissipation via photosynthesis o#.2 J m2 s 1 as at moderate irradiance (20®mol photons m 2 s 1; Figure 6).
compared to only 0.9 J m2 s 1 in the biolm (Figure6). This nding correlates with previous studies of individual
The E value, i.e., the irradiance at the onset of photosynthesirrestrial leaves reporting 10-15% higher energy conservat
saturation, was 2 higher in the coral sediment compared to thevia photosynthesis under collimated- relative to diuse ligh
Danish bio Im, which re ects the di erentin situlight conditions  (Brodersen et al., 20p&@&nd in corals it has been shown that
experienced by the two systems in their respective geographicoss photosynthesis was 2-fold higher under direct vs. & us
locations (Denmark: 59N, Heron Island: 23S). Thus, the dense light (Wangpraseurt and Kuhl, 20)4In terrestrial leaves, the
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more e cient utilization of collimated light has been asbed compared to di use light; a tendency that dramatically chashge
to specialized tissue structures such as columnar palisatie ceh the photosynthetic bio Im at low and light-limiting incient
(Vogelmann and Martin, 1993 that increase the absorptance irradiances ( 100 mmol photons m 2 s 1) favoring e ective

of direct light over diuse light Brodersen and Vogelmann, light utilization under di use light (up to a 2-fold increase).
2007). Furthermore, light-induced chloroplast movement hasHowever, cyanobacterial and diatom dominated mats have bee
been shown to be less e ective under diuse illumination shown to migrate vertically employing photo- and/or chemo-
(Gorton et al., 1999; Williams et al., 200t corals the higher tactic responsesi(chardson and Castenholz, 1987; Bhaya, 2004;
photosynthesis at the tissue surface was explained by opticatrodio et al., 2006; Coelho et al., 2011; Cartaxana et al.,
properties enhancing the scalar irradiance near the surfac&163 and the motility of the phototrophs was not considered
under direct illumination {Vangpraseurt and Kihl, 20)4This  here. Thus, there is a need to further explore how vertical
tendency changed dramatically in the dense photosynthetimigration a ects the radiative energy balance and thereby th
bio Im at light-limiting conditions (100 mmol photons m 2  light use e ciency in microbenthic systems such as sedinsent
s 1) favoring e ective light utilization under diuse light and bio Ims.

(Figure 7). Thus, the optical properties and the structural

organization of phytoelements seem tightly linked to theAUTHOR CONTRIBUTIONS
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APPENDIX

De nition of abbreviations and parameters.

Abbreviation De nition Unit

DBL Di usive boundary layer

TBL Thermal boundary layer

PAR Photosynthetically active radiation (420—700 nm)

BF Bio Im from Limfjorden, Denmark

CSs Coral sediment from Heron Island lagoon, Australia

N8 Upward & ux from photic zone nmolO,m 2s 1

Neet Downward G ux from photic zone nmolGm 2s 1

XNep Total net photosynthesis in photic zoneygp - Jnprt) nmolO; m 2s 1
Sediment porosity Dimensionless

Ps(2) Volume-speci c rate of gross photosynthesis nmol@n 3s 1

PG Area-speci c rate of gross photosynthesis nmela 2s 1

Fs Area-speci ¢ rate of gross photosynthesis in energy terms It

H" Upward heat ux from photic zone Jm?2s?

NTE: Downward heat ux from photic zone Jnfs !

H Total heat ux out of photic zone:  J# Jm?2s?

Eq( ) Spectral downwelling irradiance Countsnm 1

Eo( ) Spectral scalar irradiance % of By( )

s Absorbed light energy Jm?2s1

R Re ectance %

Ko(PAR) Di use attenuation coe cient of PAR scalar irradiance m 1

Ko( ) Spectral attenuation coe cient of scalar irradiance mm

Ex Photochemical light acclimation index, i.e., mmol photons m 2s 1

the irradiance at onset of photosynthesis saturation
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