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Summary

Based on combined microsensor measurements of
irradiance, temperature and O2, we compared light
energy budgets in photosynthetic microbial mats,
with a special focus on the efficiency of light energy
conservation by photosynthesis. The euphotic zones
in the three studied mats differed in their pho-
totrophic community structure, pigment concentra-
tions and thickness. In all mats, < 1% of the absorbed
light energy was conserved via photosynthesis at
high incident irradiance, while the rest was dissi-
pated as heat. Under light-limiting conditions, the
photosynthetic efficiency reached a maximum, which
varied among the studied mats between 4.5% and
16.2% and was significantly lower than the theoreti-
cal maximum of 27.7%. The maximum efficiency cor-
related linearly with the light attenuation coefficient
and photopigment concentration in the euphotic
zone. Higher photosynthetic efficiency was found in
mats with a thinner and more densely populated
euphotic zone. Microbial mats exhibit a lower photo-
synthetic efficiency compared with ecosystems with
a more open canopy-like organization of photosyn-
thetic elements, where light propagation is not hin-
dered to the same extent by photosynthetically
inactive components; such components contributed
about 40–80% to light absorption in the investigated
microbial mats, which is in a similar range as in
oceanic planktonic systems.

Introduction

Photosynthetic mats are compacted and densely popu-
lated microbial ecosystems. Light is the primary energy
source, which leads to the accumulation of organic matter
in the biomass of photoautotrophic bacteria and microal-
gae. Excretion of photosynthates and degradation of
phototrophs supports a high diversity of heterotrophic
bacteria that remineralize organic matter using a variety of
electron acceptors such as O2 or sulfate, and chem-
olithotrophs that gain energy from reoxidation of reduced
mineralization products such as sulfide (Teske and Stahl,
2001; Des Marais, 2003; Ward et al., 2006). This micro-
bially mediated energy conversion and element cycling is
very intensive and occurs within a layer that is typically a
few millimetres to centimetres thick (van Gemerden
1993). The close coupling of autotrophic and het-
erotrophic processes results in a low net growth rate
ranging from < 1 to a few mm per year in most microbial
mats. Most studies on photosynthetic microbial mats have
focused on detailed investigation of microbial diversity,
the interactions between different microbes and bio-
geochemical processes, and the influence of environmen-
tal conditions and mass transfer on the ecosystem
structure and function (e.g. Ferris et al., 1997; Epping and
Kühl, 2000; Des Marais, 2003; Jonkers et al., 2003; 2005;
Ward et al., 2006; Dillon et al., 2009; Foster et al., 2009).
These studies show that although the structure and func-
tion are generally highly variable among photosynthetic
mats from different habitats, there exists a typical pattern
that is common for all of them – a pronounced vertical
stratification of the microbial community and of microen-
vironmental conditions in the form of steep gradients of
physical and chemical parameters. This stratification is a
result of steep attenuation of light with depth, high
volume-specific rates of metabolic activity of the different
functional groups in the mat ecosystem, and the diffusion-
limited transport of substrates and products of metabolic
processes (Jørgensen et al., 1987; Kühl et al., 1996; Kühl
and Fenchel, 2000; Visscher and Stolz, 2005). Besides
spatial variability, large temporal fluctuations in microen-
vironmental conditions due to variable light availability
associated with day-night cycles are also typical for pho-
tosynthetic mats, at least in and around the euphotic zone
where the primary productivity occurs (Steunou et al.,
2008; Jensen et al., 2011). Photosynthetic microbial mats
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are amongst the most investigated microbial ecosystems,
yet the overall energy efficiency of such purely microbial
ecosystems is largely unexplored (but see Al-Najjar et al.,
2010).

In this study, we focus on the efficiency with which light
as the primary energy source is utilized and converted to
chemical energy in three photosynthetic mats originating
from locations with different environmental characteris-
tics. We followed the fate of light energy in the mats using
a recently developed microsensor-based approach (Al-
Najjar et al., 2010). Specifically, we used microsensors for
irradiance, temperature and O2 to measure, respectively,
the rates of light absorption, heat production and photo-
synthetic energy conservation in the system. Subse-
quently, we divided the respective energy fluxes with the
flux of absorbed light energy to calculate the efficiencies
of light energy conservation and heat dissipation as a
function of the absorbed light flux. These functional mea-
surements were supplemented with pigment analysis and
microscopy to characterize the influence of structural
parameters on the light energy budget in the different
mats.

Results

The data presented here were obtained from photosyn-
thetic mats originating from Abu-Dhabi (AD), the Arctic
(ARC) and Australia (AUS). In the AD mat, the pigmented
surface layer contained substantial amounts of sediment
particles and appeared orange-red at the top and dark-

green below. The ARC sample consisted of a brown-
green layer covering dark-brown muddy sediment. The
AUS mat contained a highly compacted dark-green layer
on top of dark-brown and black sediment (Fig. S1).

Photopigments

Hyperspectral imaging of vertical mat sections revealed
large differences between the vertical distributions of pho-
topigments (Fig. 1, upper panels). All mats contained
Chlorophyll a (Chl a), a light harvesting pigment charac-
teristic of oxygenic phototrophs (in vivo absorption
maximum ~675 nm), which was localized in the top
1-1.8 mm of the mats. Phycocyanin (PC), an accessory
pigment characteristic of cyanobacteria (in vivo absorp-
tion maximum ~ 625 nm), was detected in the AD and
AUS mats. The PC : Chl a ratio increased locally at
depths between 1-1.2 mm in the AD mat (Fig. 1A), while
the highest PC : Chl a ratio was found in the top
0.2-0.3 mm of the AUS mat (Fig. 1C). Besides Chl a and
PC, significant amounts of bacteriochlorophyll a, which is
a characteristic pigment of anoxygenic phototrophs, were
detected in the deeper layers of the AD mat. Phycocyanin
could not be reliably detected in the ARC mat by the
hyperspectral imaging method, because it was masked by
the high amounts of chlorophyll c (Chl c; in vivo absorption
maximum ~ 630 nm), a characteristic pigment of diatoms.
Nevertheless, additional microscopy observations
(Fig. S2) confirmed that both cyanobacteria and diatoms
were abundant in the ARC mat.
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Fig. 1. Distribution of selected photopigments in the studied photosynthetic microbial mats. Composite RGB images in the upper panels show
distributions of chlorophyll a (Chl a; green channel), phycocyanin (PC; red channel) and bacteriochlorophyll a (BChl a; blue channel), as
derived from hyperspectral imaging based on their characteristic spectral signatures (see Fig. S1 for details). Regions characterized with high
PC : Chl a ratio are depicted in yellow. Scale bar is 1 mm. Lower panels show vertical profiles of Chl a concentrations measured by high
performance liquid chromatography. A and B, C and D, and E and F correspond to the AD, ARC and AUS mat respectively.
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Quantitative pigment analysis by HPLC revealed that
Chl a concentrations varied substantially among the
studied mats (Fig. 1, lower panels), with the lowest and
highest values found in the AD and AUS mat, respec-
tively (Table 1). The areal Chl a content in the euphotic
zone (see section Photosynthesis below) was consider-
ably lower than the total areal Chl a content in the mat,
which was true for all mats but especially pronounced
for the AD and AUS mats. With respect to accessory
photopigments, we found PC in all mats, whereas fucox-
anthin (FUC), which is a characteristic pigment of
diatoms, was only detected in the ARC mat. The ratio
between the total content of accessory pigments and
Chl a in the top 2 mm of the mats varied between 0.14
and 0.95 (Table 1).

Light distribution

The scalar quantum irradiance integrated over the spec-
tral range of photosynthetically active radiation for oxy-
genic photosynthesis (PAR; 400-700 nm) decreased
quasi exponentially with depth in the mats (Fig. 2, left
panels). Light attenuation was strongest in the AUS mat
and weakest in the AD mat (Table 1). Correspondingly,
light penetration depths, defined as depths where scalar
irradiance decreased to 1% of the value at the mat
surface, ranged from 0.4 to 1 mm, and roughly coincided
with the maximum thickness of the euphotic zone
(Table 1).

Photosynthesis

The euphotic zone, defined as the layer where gross
photosynthesis was detectable with the microsensor-
based light-dark shift method (Revsbech and Jørgensen,
1983), was confined to the mat surface and its thickness
varied among the mats (Fig. 2, right panels). With
increasing irradiance, the thickness of the photic zone
increased substantially in the AD mat (from 0.4 to
1.1 mm), only slightly for the ARC mat (from 0.6 to
0.8 mm), and showed no change in the AUS mat
(0.3 mm). The photosynthetic activity varied significantly
with depth, reaching maxima at depths of 0.4, 0.2 and
0.1 mm for the AD, ARC and AUS mats respectively.
Under saturating irradiance, the volumetric rates of gross
photosynthesis were on average highest in the AUS mat
(6-13 mmol O2 m-3 s-1) and lowest in the AD mat
(2-6 mmol O2 m-3 s-1), whereas maximal areal rates of
gross photosynthesis were similar for all mats
(3-4 mmol O2 m-2 s-1; Table 1).

Energy budget

Reflectance measurements with a field radiance fibre-
optic microprobe revealed that the fraction of the incident
light energy absorbed by the mat ecosystem as a whole
ranged from 82.5% for the AD mat to 98.3% for the AUS
mats respectively (Table 1). The remaining light energy
was backscattered and not utilized.

The flux of energy conserved by photosynthesis, JPS,
increased linearly with the flux of absorbed light energy
under light-limiting conditions and reached saturation at
high irradiance, which was similar for all studied mats
(1.4-1.8 J m-2 s-1; Fig. 3, green symbols in left panels).
The inverted exponential model of Webb and colleagues
(1974) provided a good fit to the photosynthesis versus
absorbed energy data (green curves in Fig. 3, left panels;
R2 > 0.98). The initial slope of this fit represented the
maximal efficiency with which the absorbed light energy
was photochemically conserved in photosynthesis. This
maximal efficiency ranged from 4.5% for the AD mat to
16.2% for the AUS mat (Table 1), and was substantially
lower than the theoretical maximum of 27.7% as esti-
mated for an ideal photosynthetic system requiring 8
photons to evolve one molecule of O2 (Al-Najjar et al.,
2010).

Excess absorbed light energy was dissipated as heat
causing a small temperature increase inside the mat rela-
tive to the overlying water (data not shown, but see
Al-Najjar et al., 2010). The heat dissipation flux, JH,
increased linearly with the absorbed light energy (Fig. 3,
red symbols in left panels). The sum of JPS + JH was equal
(within 2%) to the flux of light energy absorbed by the mat
ecosystem (compare red and black lines in left panels in

Table 1. Functional and structural characteristics of the studied
mats.

AD ARC AUS

RPAR (%) 17.5 5.8 1.7
APAR,mat (%) 82.5 94.2 98.3
APAR,cells (%) 16.4 25.8 58.3
Anon-PS = 1 - APAR,cells/APAR,mat (%) 80.1 72.6 40.7
a (mm-1) 4.6 6.6 13.4
zp (mm) 1.1 0.8 0.4
Chl a (mg cm-3) 14.5 35 52
AP (mg cm-3) 2.0 8.1 49.4
Pa,max (mmol O2 m-2 s-1) 3.9 2.9 3.0
Pvol,max (mmol O2 m-3 s-1) 3.3 4.1 7.6
ePS,max (%) 4.5 7 16.2

RPAR, mat reflectance, integrated over photosynthetically active radia-
tion; APAR, mat absorbance, calculated as 1 - RPAR; APAR,cells, estimated
absorbance of photosynthetically active cells in the mat; Anon-PS, esti-
mated absorbance of photosynthetically inactive components in the
mat; a, light attenuation coefficient; zp, light penetration depth; Chl a,
average Chlorophyll a concentration in the euphotic zone; AP, con-
centrations of accessory pigments (phycocyanin and fucoxanthin) in
top 2 mm of the mat; Pa,max, areal rate of gross photosynthesis at
saturating irradiance; Pvol,max, average volumetric rate of gross photo-
synthesis in the euphotic zone at saturating irradiance; ePS,max,
maximum efficiency of light energy conservation by photosynthesis.
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Fig. 3), confirming that the combined measurements of
light, O2 and temperature accounted for all significant
fluxes in the light energy budget of the mats.

Overall, heat dissipation dominated the light energy
budget in all studied mats. Under light-limiting conditions,
where the photosynthetic efficiency was maximal, heat
dissipation constituted between 84% (AUS mat) and 96%
(AD mat) of the absorbed light energy. At high irradiance,
typically experienced by the mats during midday, > 99%

of the absorbed light energy was dissipated as heat and
thus < 1% was conserved by photosynthesis (Fig. 3, right
panels).

Photosynthetic efficiency versus mat characteristics

The maximal photosynthetic efficiency, ePS,max, determined
for each of the studied mats, was most strongly correlated
with the light attenuation coefficient (R2 = 0.98; Fig. 4A).

Fig. 2. Vertical profiles of scalar irradiance
integrated over PAR (left) and volumetric
rates of gross photosynthesis (right) in the AD
(A and B), ARC (C and D) and AUS (E and F)
mat. Scalar irradiances were normalized to
the value measured at the mat surface, and
are plotted in linear (filled symbols) and
logarithmic (open symbols) scale. Rates of
photosynthesis were measured at increasing
incident downwelling irradiances shown in
legend (in mmol photons m-2 s-1). Error bars
represent standard errors derived from
three measurements at each depth. Dotted
horizontal line indicates the mat surface.
A and B are reproduced from Al-Najjar and
colleagues (2010).1.4
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Significant correlations, although with lower R2, were also
identified between ePS,max and the average concentrations
of Chl a in the euphotic zone (R2 = 0.85; Fig. 4B, filled
symbols) and the average concentrations of photopig-
ments (sum of Chl a and the accessory pigments PC and
FUC) in the euphotic zone (R2 = 0.95; Fig. 4B, open
symbols).

Discussion

On a cellular level, the efficiency of light utilization in
photosynthetic organisms depends on a variety of
factors, including irradiance, temperature, nutrients, salin-
ity, hydration status and pigmentation (Falkowski and
Raven, 1997; Flameling and Kromkamp, 1998; Beardall

0 200 400 600 800 1000

0

3

6

9

12

60

70

80

90

100

0 50 100 150 200 250
0.0

0.5

1.0

1.5

2.0

2.5
0 200 400 600 800 1000

0

1

2

3

4

5

0 50 100 150 200 250
0

3

6

9

12

15

80

100
Back-scattered

Heat

%
of

ab
so

rb
ed

lig
ht

B

%
of

in
ci

de
nt

lig
ht

A

C
on

se
rv

ed
en

er
gy

(J
m

-2
s-1

)

0

50

100

150

200

250

H
ea

te
ne

rg
y

(J
m

-2
s-1

)

Absorbed light (µmol photon m-2 s-1)Absorbed light (µmol photon m-2 s-1)

G
ro

ss
P

S
(µ

m
ol

O
2

m
-2

s-1
)

0 50 100 150 200 250
0.0

0.5

1.0

1.5

2.0

2.5

0

50

100

150

200

250
0 200 400 600 800 1000

0

1

2

3

4

5

C
on

se
rv

ed
en

er
gy

(J
m

-2
s-1

) C

H
ea

te
ne

rg
y

(J
m

-2
s-1

)

G
ro

ss
P

S
(µ

m
ol

O
2

m
-2

s-1
)

0 200 400 600 800 1000

0

3

6

9

12

70

80

90

100

50 100 150 200 250
0

3

6

9

12

15

80

100 D
Back-scattered

Heat

%
of

ab
so

rb
ed

lig
ht

%
of

ab
so

rb
ed

lig
ht

0 200 400 600 800 1000

0

5

10

15
60

70

80

90

100

0 50 100 150 200 250
0

5

10

15
60

80

100
F

Heat

Conserved by PS

%
of

ab
so

rb
ed

lig
ht

Absorbed light energy (J m-2 s-1)

%
of

in
ci

de
nt

lig
ht

0

100

200

300

400

500

0.0

1.0

2.0

3.0

4.0

5.0

0 45 90 135 1300 1950

0 20 40 60 250 375 500
0.0

0.5

1.0

1.5

2.0

2.5
E

C
on

se
rv

ed
en

er
gy

(J
m

-2
s-1

)

Absorbed light energy (J m-2 s-1)

H
ea

te
ne

rg
y

(J
m

-2
s

-1
)

G
ro

ss
P

S
(µ

m
ol

O
2

m
-2

s-1
)

Conserved by PS

Conserved by PS

Fig. 3. Left panels: Fluxes of gross photosynthesis, JPS, and heat dissipation, JH, as a function of the flux of absorbed light energy, Jabs.
Symbols represent measured values, green curves are fits by the inverted exponential model, red lines are linear fits of the measured JPS + JH

versus Jabs, whereas black dotted lines depict the condition of light energy conservation (JPS + JH = Jabs). Right panels: energy budgets in the
studied microbial mats as a function of absorbed light energy, showing relative contributions of the photosynthetically conserved energy
(green), energy dissipated as heat (red) and back-scattered energy (grey). The contributions were normalized to the absorbed (left axis) and
incident (right axis) light energy. Top, middle and bottom panels correspond to the AD, ARC and AUS mats respectively. When appropriate, the
fluxes are displayed in units of energy (Joule) and quanta (mol). Note the break on the x-axis in E and on the y-axis in B, D and F.
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et al., 2001; Abed et al., 2006; Ludwig et al., 2006; Aarti
et al., 2007; Chaves et al., 2009). For given environmen-
tal conditions, photosynthetic cells employ specific regu-
latory mechanisms to optimize harvesting and utilization
of incident light energy. Considering the large daily fluc-
tuations in light availability, non-photochemical quenching
(NPQ) is perhaps the most important short-term regula-
tory mechanism. Photosynthetic cells use NPQ to protect
their photosynthetic apparatus from photo-damage by
channelling excess light energy to heat dissipation,
resulting in a substantially reduced quantum efficiency
and thus saturation of photosynthesis at high irradiance
in comparison to light-limiting conditions (Falkowski and
Raven, 1997).

Similar to previous studies on photosynthetic microbial
mats (e.g. Kühl et al., 1996; Kühl and Fenchel, 2000), our

results show that the overall response of a photosynthetic
mat ecosystem to increasing irradiance mirrors the
response of an individual photosynthetic cell. The photo-
synthetic efficiency was highest under light-limiting condi-
tions, with a significant part of the absorbed light energy
being conserved as chemical energy (4.5-16.2%,
depending on the mat). In contrast, at high irradiances
typical of midday in situ conditions the photosynthetic
efficiency decreased below 1% and > 99% of the
absorbed light energy was dissipated as heat (Fig. 3, right
panels).

In addition to this qualitative similarity, there are also
important differences to consider when comparing photo-
synthetic efficiencies of single cells and mat ecosystems.
First, environmental conditions influencing photosynthetic
efficiency in mats, most notably light, vary steeply within
the euphotic zone. Second, photosynthetic mat ecosys-
tems contain significant amounts of detritus, exopoly-
mers, sand grains and mineral precipitates (Kühl and
Fenchel, 2000) that contribute to light absorption but not
to photosynthesis. We discuss the consequences of these
factors in more details below.

Our results show that photosynthetic efficiency was
higher in mats with a shallower and more densely popu-
lated euphotic zone (measured as a concentration of
photopigments), and that it increased linearly with the
attenuation coefficient of PAR in the mat. The latter sug-
gests that the light attenuation coefficient is a good pre-
dictor of a microbial mat’s efficiency to conserve light
energy. The rationale behind this can be understood by
considering that in a mixture of photosynthetically active
and inactive components, the photosynthetic efficiency
and light attenuation are tightly linked through the density
and distribution of photopigments that channel light
energy into the photosynthetic reaction centres. Higher
pigment concentrations, which are indicative of higher
photosynthetically active biomass, imply higher volumet-
ric rates of photosynthesis and thus, for a given incident
irradiance, higher photosynthetic efficiency. At the same
time, when pigment concentrations are higher, light
absorption is stronger and occurs within a shallower zone,
and the contribution of photopigments to total light
absorption in the mat relative to that of photosynthetically
inactive components, becomes higher.

Due to strong light attenuation, cells at the top of a mat
photosynthesize with lower efficiency than those located
only a few tens of micrometers below, because they are
partially inhibited by light. On the other hand, although the
cells in deeper mat layers photosynthesize with close to
maximum efficiency, their growth is likely limited by light.
This suggests that, for a given incident irradiance, there is
an optimum position or interval of positions below the mat
surface, where the available light is not too high to inhibit
and not too low to limit photosynthesis. Under these light

Fig. 4. Maximum photosynthetic efficiency of the studied mats,
ePS,max, as a function of (A) light attenuation coefficient, aPAR, and
(B) pigment concentrations in the euphotic zone. Closed and open
symbols in panel B correspond to Chl a and the sum of Chl a and
accessory pigments (phycocyanin and fucoxanthin) respectively.
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conditions, cell growth could be optimal and result in a
distinct layer characterized by high density of photosyn-
thetically active cells and thus high volume-specific rates
of photosynthesis. Indeed, such a distinct structural and
functional layering is typically found in photosynthetic
mats (e.g. Fenchel and Kühl, 2000; Jonkers et al., 2003;
Al-Najjar et al., 2010; this study).

Generally, the maximal photosynthetic efficiencies in
the studied mats were considerably lower than the esti-
mated theoretical maximum of 27.7% (Al-Najjar et al.,
2010), indicating that light absorption by photosyntheti-
cally inactive components played a significant role in the
light energy budget. We estimated the contribution of
non-photosynthetic components based on an assump-
tion that the photosynthetically active cells were ideal,
i.e., operating with a theoretically maximal quantum
efficiency of 1/8 mol O2 (mol photons)-1. The expected
efficiency of an ideal photosynthetic ecosystem that
absorbs the same fraction of incident light energy as the
studied mats (82.5-98.3%; Table 1) is in the range of
23-27% (Fig. 5, crosses), which considerably exceeds
the measured mat efficiencies. In contrast, the absor-
bance of an ideal ecosystem required to obtain the
same efficiencies as those measured for the studied
mats ranges between 16-58% (Fig. 5, open symbols).
By subtracting the measured and required absorbances
(horizontal arrows in Fig. 5), we estimated that the con-
tribution of photosynthetically inactive components to
total light absorption in the mat ecosystem was up to
73-80% for the AD and ARC mats and about 41% in the

AUS mat. These estimates and the measured differ-
ences between the studied mats were consistent with
the results obtained by combining staining of exopoly-
meric substances (de Beer et al., 1996) and confocal
microscopy, which showed larger amounts of exopoly-
mers relative to photosynthetic cells and a more loosely
organized structure in the AD and ARC mats as com-
pared with the AUS mat (Fig. S3).

Our results are consistent with the general patterns
and principles of community photosynthesis as dis-
cussed by Sand-Jensen and co-workers (Sand-Jensen
and Krause-Jensen, 1997; Krause-Jensen and Sand-
Jensen, 1998). First, the depth integrated rates of
maximal photosynthesis were similar amongst the
studied mats (variation of ~18%), although the maximal
volumetric rates of photosynthesis averaged over the
euphotic zone varied by almost a factor of ~2.5 (Table 1).
Similar large variability was observed for chlorophyll con-
centrations and PAR attenuation. This agrees with the
pattern identified for a wide range of aquatic photosyn-
thetic communities, where the increase in volumetric
photosynthesis and the decrease in the thickness of the
euphotic zone with increasing chlorophyll concentration
tend to restrict the variation in depth-integrated photo-
synthesis by the communities (Krause-Jensen and Sand-
Jensen, 1998).

Second, microbial mats are generally less efficient than
ecosystems exhibiting a more distinct canopy-like organi-
zation of their photosynthetic elements, such as forests,
macroalgal stands or corals (Sand-Jensen and Krause-
Jensen, 1997; Krause-Jensen and Sand-Jensen, 1998;
Gattuso et al., 1999; Hochberg and Atkinson, 2008). Both
canopies and mats exhibit strong light attenuation, and
individual phototrophic populations will be optimized to
the local light regime depending on depth and light expo-
sure. However, light propagation in canopies occurs
through a more transparent medium (air or water), and
dead biomass does not obstruct light propagation, as
most of it falls to the ground or is removed by water flow.
Therefore, light is less subject to attenuation by abiotic
components in canopies. Conversely, light propagation in
microphytobenthic communities is hindered by absorbing
and scattering abiotic material and particles. Thus, the
effect of photosynthetically inactive absorption of light on
overall photosynthetic efficiency in microbial mats is very
pronounced.

Comparing the disproportionation of light absorption
between photosynthetically active and inactive compo-
nents, photosynthetic microbial mats are apparently
similar to oceanic planktonic systems. This can be
inferred by assuming that this disproportionation, when
measured at 440 nm (wavelength of maximal absorption
of photosynthetic and non-photosynthetic pigments;
Bricaud et al., 2010), is representative of the dispropor-

Fig. 5. Maximum photosynthetic efficiency of a mat ecosystem,
ePS,max, as a function of mat absorbance (Amat, calculated as the
ratio between the absorbed and incident light energy flux). Filled
symbols represent measured data for the three studied mats;
crosses represent efficiencies of an ideal photosynthetic ecosystem
with the same absorbance as the studied mats. Horizontal arrow
between the filled and open symbol represents estimated
percentage of incident light energy that is absorbed by
photosynthetically inactive components of the respective mat.
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tionation derived for the entire PAR range (this study;
Table 1). For example, in the AD mat, the estimated con-
tribution of photosynthetically inactive components to total
light absorption in the system (~ 80%) was similar to that
found in hyper-oligotrophic waters of the South Pacific
Gyre, where the combined contribution of water, non-algal
particles (NAP) and coloured dissolved organic material
(CDOM) to total absorption is about 75% (Bricaud et al.,
2010). On the other side of the extreme, the AUS mat, in
which the non-photosynthetic components absorbed
about 40% of the light energy, is similar to systems in
more eutrophic waters such as the coastal upwelling near
Chile, where the combined contribution of water, NAP and
CDOM to total absorption is about 50% (Bricaud et al.,
2010).

In conclusion, light energy absorbed by photosynthetic
mats is primarily channelled to heat dissipation and only a
small fraction is conserved as chemical energy via pho-
tosynthesis. This fraction depends strongly on the incident
irradiance, reaching a maximum at light-limiting conditions
and decreasing to < 1% at irradiances typical of mid-day
solar exposure. Furthermore, this fraction is significantly
decreased due to non-specific light absorption by photo-
synthetically inactive components of the mat ecosystem
such as sediment particles, detritus and exopolymers.
Consequently, mats are more efficient when their euphotic
zone is thinner, populated with a higher density of photo-
synthetically active cells and thus characterized by
steeper light gradients. In fact, the light attenuation coef-
ficient in the euphotic zone was found to be a very good
predictor of the maximum photosynthetic efficiency of a
mat ecosystem.

Experimental procedures

Samples

The studied photosynthetic microbial mats originated from
Abu Dhabi (AD mat), the Arctic (ARC mat) and Australia (AUS
mat). The AD mat was collected from an intertidal flat near
Sadeyat Island and incubated in the laboratory at 25°C in
0.2 mm filtered seawater originating from the North Sea
(salinity 33). The ARC mat was collected from an intertidal flat
in Ymerbukta, Svalbard, and incubated at 4°C in water from
the collection site (salinity 34; see Gihring et al., 2010). The
AUS mat was collected from the low intertidal zone of the
Exmouth Gulf (see Lovelock et al., 2010). It was incubated in
seawater North Sea (salinity 33) at 28°C, which circulated
over the mat for 5 hours per day to mimic the site-specific
environmental conditions. All mats were kept under a 10 h/
14 h light/dark illumination regime at incident irradiances of
480 (AD mat), 15 (ARC mat) and 120 mmol photons m-2 s-1

(AUS mat). Measurements were conducted between 3 weeks
and 2 months after sample collection. Phototrophic commu-
nities in the mats were dominated by cyanobacteria in the AD
and AUS mats and cyanobacteria together with diatoms in
the ARC mat (see Fig. S3).

Pigment analysis

Pigments in the mat samples were measured semi-
quantitatively using hyperspectral reflectance imaging and
quantitatively using spectrophotometry and liquid chromatog-
raphy on pigment extracts. In hyperspectral imaging, pig-
ments were identified based on their in vivo absorption
maxima and localized by calculating in every pixel of the
image the second derivative of the spectral reflectance at the
corresponding wavelength of maximal absorption, i.e.
minimal reflectance (Polerecky et al., 2009).

The spectrophotometric quantification of PC followed the
procedure described by Sode and colleagues (1991). The
uppermost 2 mm of the mats were freeze-dried sample sus-
pended in 1 ml of 65 mM phosphate buffer (pH 8.2) with
added lysozyme (62970, Fluka, Switzerland; concentration of
15 mg ml-1) and incubated for 2 h at 37°C. Afterwards, the
lysate was centrifuged at 3000 g for 20 min at 4°C, followed
by the measurement of supernatant absorbance in a spec-
trophotometer (Lambda 20, Perkin Elmer, USA).

Chlorophyll a and FUC concentrations were quantified
with high-performance liquid chromatography (HPLC). Mat
samples were freeze-dried, horizontally sliced in 200 mm
thick sections and dark incubated for 24 h at -20°C in 100%
acetone. Subsequently, the supernatant was filtrated through
a 0.45 mm Acrodiscs CR 4-mm syringe filter (Pall Gelman
Laboratory, USA) and the filtrates were injected into a
reverse-phase HPLC consisting of a Waters 996 photo diode
array detector (PDA) and a Waters 2695 separation module
(Waters, MA). Pigments were separated according to the
method described by Wright and colleagues (1991). Identifi-
cation and quantification were done by comparing the reten-
tion time and absorption spectrum of the eluents with those of
pigment standards (DHI Water and Environment, Denmark).

Energy fluxes and efficiencies

Measurements and calculations followed the protocols devel-
oped by Al-Najjar and colleagues (2010). Briefly, a mat
sample was placed in a flow-chamber and vertically illumi-
nated with a collimated light beam of photosynthetically
active radiation (PAR, 400-700 nm). A steady laminar flow of
seawater (salinity 33) above the mat surface was maintained
using a submersed water pump connecting the flow chamber
to an aerated water reservoir. Temperature was controlled by
recirculating the pumped seawater through a container
placed in a thermostat, and was adjusted with an accuracy of
0.05°C to 23°C for the AD and AUS mats and 4°C for the ARC
mat.

Volume-specific rates of gross photosynthesis in the mats
were measured by the microsensor-based light-dark shift
method (Revsbech and Jørgensen, 1983) using a fast-
responding O2 microelectrode (tip diameter 20 mm; Revs-
bech, 1989). The rates were depth integrated to calculate the
areal rate of photosynthesis, Pa, from which the flux of energy
conserved by photosynthesis was calculated as

J P EPS a G= . (1)

Here EG = 482.9 kJ (mol O2)-1 is the energy gained and
stored in the light-dependent reactions of photosynthesis,
where O2 is formed by splitting of water, reducing equivalents
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are used to form NADPH, and ATP is formed by the proton-
motive force (Al-Najjar et al., 2010).

Steady-state temperature microprofiles were measured
using a thermocouple microsensor (tip diameter ~ 50 mm;
T50, Unisense A/S, Denmark) connected to an electric ther-
mometer. From these measurements the flux of heat dissi-
pation was calculated as

JH = ∂ ∂( )κ T z , (2)

where (∂T/∂z) is the temperature gradient in the thermal
boundary layer and k = 0.6 J m-1 s-1 K-1 is thermal conductiv-
ity of water (Young et al., 1996).

Light penetration in the mats was measured with a scalar
irradiance microprobe (integrating sphere diameter 100 mm;
Lassen et al. 1992). The exponentially decreasing part of the
measured profile was used to calculate the attenuation coef-
ficient of scalar irradiance. Spectrally resolved downwelling
irradiance, Il, was measured with a cosine collector con-
nected to a spectrometer (USB2000, Ocean Optics), which
was intercalibrated against a PAR quantum irradiance sensor
(LI-250, LI-COR Biosciences). Spectral reflectance of the
mats, Rl, was estimated as Rl = Il,mat/Il,ref, where Il,mat and Il,ref

are back-scattered spectral radiances measured with an
fibre-optic field radiance microprobe (fibre tip diameter
50 mm; Jørgensen and des Marais 1988; Kühl, 2005) above
the mat surface and above a white reflectance standard
respectively. Subsequently, the flux of absorbed light energy
in the PAR region was calculated as

J I E R dabs = −( )∫ λ λ λ λ1 , (3)

where El is the molar energy content of light with wavelength
l (see more details in Al-Najjar et al., 2010). Light, O2 and
temperature measurements were done in the same spot in
the mat, the latter two conducted sequentially after a steady-
state at a given incident irradiance was reached.

The fluxes of photosynthetically conserved energy, JPS,
were plotted against the fluxes of light energy absorbed by
the mat, Jabs, and fitted with an inverted exponential model
(Webb et al., 1974). This fit was subsequently used to calcu-
late the efficiency of photosynthetic energy conservation for a
continuous range of Jabs values as ePS = JPS/Jabs. Of specific
interest was the maximum photosynthetic efficiency, ePS,max,
which was derived from the fitted value of ePS at light-limiting
conditions (Jabs→0; see Al-Najjar et al., 2010). After experi-
mentally validating that Jabs = JPS + JH, the efficiency of heat
dissipation was calculated from the photosynthetic efficiency
as eH = 1 - ePS.
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Supporting information

Additional Supporting Information may be found in the online
version of this article.

Fig. S1. Hyperspectral imaging of vertical sections of the (A)
AD, (B) ARC and (C) AUS mats. Left panels: true-colour
images. The scale bar is 1 mm. Right panels: reflectance
spectra from selected points in the images calculated from
the second derivative of the measured reflectance spectra at
the wavelengths of maximal absorption. Note the significant
amounts of bacteriochlorophyll a in deeper part of AD mat
(region number 2). In addition to Chl a and PC, significant
amounts of bacteriochlorophyll a, which is a characteristic
pigment of anoxygenic phototrophs, were detected at depths
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> 1.5 mm in the AD mat based on the characteristic absorp-
tion maxima at 802 and 870 nm.
Fig. S2. False-colour images of photosynthetic cells and
exopolymers inside the (A) Abu-Dhabi, (B) Arctic and (C)
Australian mats obtained by confocal laser microscopy.
Z-stack extending over the top 300 mm were acquired in
10 mm steps and analysed with the ImageJ software
(Abramoff et al., 2004). Blue, red and green colour corre-
sponds to Chl a, PC and the EPS-bound dye fluorescent
brightener 28 respectively. The scale bar is 200 mm.
Fig. S3. Microscopic images of the cyanobacteria and
diatoms found in the studied mats. A-G: AD mat, H-L: ARC
mat, M-T: AUS mat. The probable taxons are: A: Aphanoth-

ece sp.1; B: Chroococcidiopsis sp.; C: Leptolyngbya sp.1; D:
Microcoleus sp.1; E: Euhalothece sp.; F: Aphanothece sp.2;
G: Aphanocapsa sp.; H: Oscillatoria sp.2; I: Phormidium sp.;
J: Nitzschia sp.; K: (not identified); L: Calothrix sp.; M: Phora-
midium sp.; N: Leptolyngbya sp.2; O: Microcoleus chthono-
plastes; P: Microcoleus sp.2; Q: Oscillatoria sp.1; R:
Anabaena sp.; S: Symploca muscorum; T: Leptolyngbya
sp.3. The scale bar in all the images is 5 mm.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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