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Abstract Short-term effects of temperature and irradi-
ance on oxygenic photosynthesis and O, consumption in
a hypersaline cyanobacterial mat were investigated with
O, microsensors in a laboratory. The effect of temper-
ature on O, fluxes across the mat-water interface was
studied in the dark and at a saturating high surface
irradiance (2162 pmol photons m™2s™') in the tem-
perature range from 15 to 45 °C. Areal rates of dark O,
consumption increased almost linearly with tempera-
ture. The apparent activation energy of 18 kJ mol™" and
the corresponding Q¢ value (25 to 35 °C) of 1.3 indi-
cated a relative low temperature dependence of dark O,
consumption due to mass transfer limitations imposed
by the diffusive boundary layer at all temperatures.
Areal rates of net photosynthesis increased with tem-
perature up to 40 °C and exhibited a Q¢ value (20 to
30 °C) of 2.8. Both O, dynamics and rates of gross
photosynthesis at the mat surface increased with tem-
perature up to 40 °C, with the most pronounced increase
of gross photosynthesis at the mat surface between 25
and 35 °C (Qo of 3.1). In another mat sample, mea-
surements at increasing surface irradiances (0 to
2319 pmol photons m™ s™') were performed at 25, 33
(the in situ temperature) and 40 °C. At all temperatures,
areal rates of gross photosynthesis saturated with no
significant reduction due to photoinhibition at high ir-
radiances. The initial slope and the onset of saturation
(Ex = 148 to 185 umol photons m > s™') estimated
from P versus E4 curves showed no clear trend with
temperature, while maximal photosynthesis increased
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with temperature. Gross photosynthesis was stimulated
by temperature at each irradiance except at the lowest
irradiance of 54 pmol photons m™ s~', where oxygenic
gross photosynthesis and also the thickness of the photic
zone was significantly reduced at 40 °C. The compen-
sation irradiance increased with temperature, from
32 pumol photons m™2 s™! at 25 °C to 77 pmol photons
m™2 s~ at 40 °C, due to increased rates of O, con-
sumption relative to gross photosynthesis. Areal rates of
O, consumption in the illuminated mat were higher than
dark O, consumption at corresponding temperatures,
due to an increasing O, consumption in the photic zone
with increasing irradiance. Both light and temperature
enhanced the internal O, cycling within hypersaline
cyanobacterial mats.

Introduction

Temperature and light are major environmental factors
controlling benthic primary productivity (Cadée and
Hegeman 1974; Rasmussen et al. 1983; Grant 1986;
Canfield and Des Marais 1993; Barranguet et al. 1998).
Benthic phototrophic communities often experience
fluctuating environmental conditions, e.g. variation of
the light regime as well as temperature changes, both on
a daily and on a seasonal scale. During a seasonal cycle,
the benthic community may acclimate and/or undergo a
change in structure and composition due to such envi-
ronmental fluctuations (Grant 1986; Blanchard et al.
1996; Barranguet et al. 1998).

In microbial mats photosynthesis and heterotrophic
processes occur in close association within a several-
millimeter-thick microbial community (van Gemerden
1993). If environmental conditions, like elevated salini-
ties or temperature, preclude survival of higher organ-
isms and, consequently, reduce the grazing pressure on
the microbes, thick laminated microbial mats develop,
which are characterized by high microbial population
densities and steep physico-chemical gradients (Stal and
Caumette 1994). This process can also be artificially
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induced in normal coastal sediments by removal of
grazing organisms (Fenchel 1998). Due to the absence of
bioturbation and their compacted microbial composi-
tion, microbial mats are ideal model systems to study the
regulation and interaction of numerous autotrophic and
heterotrophic processes.

The required spatial resolution and sensitivity to
study microbial processes on a microscale can be ob-
tained by the application of microsensors (Revsbech and
Jorgensen 1986; Amann and Kiihl 1998). With the so-
called light-dark shift technique the distribution of
oxygenic gross photosynthesis can be determined at high
spatial resolution (Revsbech and Jorgensen 1983). From
depth-integrated rates of gross photosynthesis and ox-
ygen fluxes, determined from steady-state oxygen mi-
croprofiles, oxygen consumption in the light can be
estimated for distinct layers of the community, i.e. in the
photic and aphotic parts of the oxic zone (Jensen and
Revsbech 1989; Kiihl et al. 1996).

A stimulation of oxygen consumption in the light has
been demonstrated in biofilms and microbial mats
(Kuenen et al. 1986; Jensen and Revsbech 1989; Neely
and Wetzel 1995; Epping and Jergensen 1996; Kiihl
et al. 1996) and a close coupling between oxygen- and
inorganic carbon-producing/consuming processes and,
therefore, between autotrophic and heterotrophic mi-
crobes was suggested (Canfield and Des Marais 1993;
Kiihl et al. 1996). The response of photosynthesis to
light and temperature may thus also affect various het-
erotrophic processes in microbial mats and vice versa.
Photosynthesis is strongly regulated by light, and the
effect of temperature on photosynthesis seems also de-
pendent on the light level (Davison 1991). Thus, in the
natural habitat several environmental parameters vary
simultaneously and determine a complex regulation of
phototrophic and oxygen-consuming processes.

Solar Lake is a small hypersaline lake situated on the
coast of Sinai (Egypt). The lake has a characteristic
limnological cycle, with inverse thermal stratification
during winter and holomixis during summer, causing
pronounced variations of environmental conditions
(Cohen et al. 1977). The cyanobacterial mats covering
the bottom of the lake (Krumbein et al. 1977; Jorgensen
et al. 1983) are characterized by steep chemical gradients
as a result of the high activity of phototrophic and
heterotrophic processes within the mats (Revsbech et al.
1983). Cyanobacterial mats in the shallow part of the
lake are subjected to diel temperature variations
(Jorgensen et al. 1979; Revsbech et al. 1983). As already
indicated in earlier studies of hypersaline microbial mats
from different localities (Canfield and Des Marais 1993;
E.H.G. Epping and M. Kiihl, unpublished results), the
oxygen metabolism in the mat may be significantly
regulated by both temperature and irradiance.

The aim of the present study was to obtain detailed
information about the regulation of oxygenic photo-
synthesis and O,-consuming processes by temperature
and irradiance. We studied the short-term response of
oxygenic photosynthesis and O, consumption to varying

light and temperature conditions in a Solar Lake cy-
anobacterial mat by use of O, microsensors under con-
trolled laboratory conditions. In another study, we also
investigated the interactions of O,- and H,S-producing/
consuming processes in microbial mats and how these
are regulated by temperature under dark and light
conditions (Wieland and Kiihl 2000).

Materials and methods
Samples

Microbial mats were collected in the shallow eastern part of the
hypersaline Solar Lake (Sinai, Egypt) at an approximate water
depth of 0.4 to 0.5 m in June 1997. The mat samples (3 to 4 cm
thick) were taken by Plexiglas corers with an inner diameter of 5.0
to 5.6 cm. The in situ temperature was 33 °C and the salinity at the
sampling site was 1149, as determined by a refractometer (Atago,
Japan). Maximal irradiances at noon reached ~2300 pmol photons
m > s' (Eilat, Israel). The mat samples in the cores were trans-
ported to the Interuniversity Institute in Eilat within a few hours
after sampling, where measurements were performed under con-
trolled laboratory conditions.

Experimental set-up

Mat subsamples (approximately 2.5 x 2.5 X 2 cm) were immobi-
lized [1.5% agar (w/v) in filtered Solar Lake water] and mounted in
a flow chamber modified from Lorenzen et al. (1995). The flow
chamber was connected to a submersible water pump (E-Heim,
Germany), which created a constant flow of aerated and filtered
Solar Lake water over the mat surface. Experimental temperatures
of the water reservoir were adjusted to +0.5 °C with a heat-
exchanging metal coil connected to a thermostat (Julabo, Germa-
ny). The mat surface was illuminated with a fiber-optic halogen
light source (Schott KL 1500, Germany). Neutral density filters
(Oriel, USA) were inserted in the collimated light beam to adjust
the downwelling surface irradiance, Eq (PAR). For quantification
of Eq (PAR) with an underwater quantum irradiance meter (LiCor,
USA), the flow chamber was replaced by the underwater quantum
sensor, which was submerged in Solar Lake water and placed at the
same position and distance as the mat sample relative to the light
source.

Microsensor measurements

Microprofiles of O, and gross photosynthesis were measured with
Clark-type O, microelectrodes (Revsbech 1989). The O, micro-
electrodes had outer tip diameters of <10 pum, stirring sensitivities
of <2% and t9y response times of <0.5 s. The O, microelectrodes
were connected to a fast-responding, miniaturized picoammeter
(MasCom GmbH, Germany) plugged into the prolonged shaft of
the microelectrodes and mounted on a motor-driven micromanip-
ulator (Oriel, USA; Méarzhduser, Germany). The microsensors were
positioned on the mat surface by use of the micromanipulator,
while watching the mat surface and the tip of the microelectrode
through a dissection microscope (Zeiss, Germany). The measuring
signals were recorded on a strip chart recorder (Servogor, UK) and
on the computer data acquisition system (National Instruments,
Labview, USA) that also controlled the micromanipulator. Linear
calibration of the O, microelectrode from readings in the aerated
overlying Solar Lake water (100% air saturation) and in the anoxic
part of the mat (0% oxygen) was done with every measured profile.
Dissolved O, concentrations in aerated Solar Lake brine at ex-
perimental temperatures and salinities were calculated according to
Sherwood et al. (1991). Steady-state O, microprofiles were mea-
sured in intervals of 100 um vertical depth.



Gross photosynthesis was measured by means of the light-dark
shift technique (Revsbech and Jergensen 1983). The mat surface
was darkened by closing an electronic shutter (Vincent Ass., Uni-
blitz, USA), which was fixed in the light beam and triggered by the
data acquisition software. A photodiode close to the shutter reg-
istered the moment of darkening. The rate of O, depletion after
darkening of the mat was calculated automatically via linear re-
gression over the initial 1 to 2 s by the software. Gross photosyn-
thesis profiles were recorded with a resolution of 100 um vertical
depth. Since volumetric gross photosynthetic rates determined with
the light-dark shift technique are given as nanomoles of O, per
cubic centimeter (porewater) per second (Revsbech et al. 1981),
measured rates of volumetric gross photosynthesis were corrected
for porosity, which was assumed to be 0.9 (Jorgensen and Cohen
1977; Jorgensen et al. 1979). Gross photosynthesis rates measured
with the light-dark shift microsensor technique seem to include O,
consumed by photorespiration but not by the Mehler reaction,
since the latter is tightly coupled to light-dependent photosynthetic
electron transport, whereas photorespiration continues for several
seconds after light is extinguished (Glud et al. 1992). The zone
where gross photosynthesis was measurable with the light—dark
shift technique is hereafter referred to as the photic zone. The
aphotic zone represents the oxic zone below the photic zone.

Experimental light—dark cycles at increasing temperatures were
performed on the mat surface at a downwelling irradiance of
2162 pmol photons m™2 s™'. The O, microelectrode was positioned
on the mat surface, and after reaching O, steady-state levels in the
dark (light), the light was turned on (off).

Calculations

Diffusive fluxes of O, across the mat-water interface, J,, were
calculated from steady-state O, profiles using Fick’s first law of
(one-dimensional) diffusion:

s

(1)

where D, is the free solution molecular diffusion coefficient of O,,
and {[dC(z)]/dz} is the linear O, concentration gradient in the dif-
fusive boundary layer above the mat surface, where transport of
solutes is dominated by molecular diffusion (Jorgensen and Revsb-
ech 1985). A positive flux indicates a net O, uptake, while a negative
flux indicates a net O, export out of the mat. In the dark-incubated
mat, J, is a measure of O, consumption rate per unit area of the
microbial mat, Ry, In the light-incubated mat, —J, is a measure of
areal rates of net photosynthesis, P,. If O, consumption is higher
than gross photosynthesis, this leads to a net O, uptake in the light
and P, is, therefore, negative. Areal rates of net photosynthesis in
the photic zone, Py, por, Were calculated as the total O, flux out of the
photic zone (Jensen and Revsbech 1989; Kiihl et al. 1996):

Pn.phol =Js—J . (2)

Jo = =D, |:

The downward O, flux, J;, at the lower boundary of the photic
zone, which is also a measure of O, consumption in the aphotic
zone, Rypnor, Was calculated by:

Jie — D, {diiz)} .

3)

The porosity, ¢, of the mat was assumed to be 0.9 (see above). The
sediment diffusion coefficient, D,, was calculated from the mat
porosity and the free solution molecular diffusion coefficient, D,
according to Ullman and Aller (1982):

Dy = ¢2 D, . (4)

The free solution molecular diffusion coefficient of O, was taken
from Broecker and Peng (1974) and corrected for temperature and
salinity (Li and Gregory 1974).

Areal rates of total O, consumption in the light, Rjgn., and of
O, consumption in the photic zone, Ryhoi, Were calculated by
(Canfield and Des Marais 1993; Kiihl et al. 1996):

and (5)

Rphol = Pg - Pn,phol ) (6)

Rlight = Pg - P

where P, is the areal rate of gross photosynthesis, calculated by
integration of the porosity corrected volumetric gross photosyn-
thesis rates over the depth of the photic zone. Volumetric rates of
O, consumption in the photic zone were calculated by dividing
calculated areal rates of Rpno (Eq. 6) by the thickness of the photic
zone.

Photosynthesis versus irradiance curves (P vs E4 curves) were
obtained by fitting areal rates of gross photosynthesis at increasing
irradiances to an exponential function (Webb et al. 1974) using the
solver routine of Excel 5.0 (Microsoft):

_;fdﬂ 7 7)

where P, is the maximal photosynthetic rate at light saturation,
and o is the initial slope of the P versus Ey curve.

The effect of temperature on process rates was quantified by
calculating the apparent activation energy, E,, and the corre-
sponding Q¢ according to Isaksen and Jergensen (1996). E, was
determined from the slope of an Arrhenius plot, i.e. In(k) versus
(R T)", based on the integrated form of the Arrhenius equation:

P:Pm{l —exp(

In(k) = In(4) + [-E, (R T)7'] , (8)

where k is the process rate, 4 is the Arrhenius constant, R is the gas
constant (8.3144 J K™' mol™") and T is the absolute temperature
(K). Q10, which is the factor of process rate increase by a 10 °C
temperature increase, was calculated by:

010 = exp{E, 10K [R T (T +10K)]"'} . 9)

Results
Structure

The microbial mat had a gelatinous structure with a 1 to
2 mm thick yellow-brownish surface layer composed of
diatoms (Navicula sp., Nitzschia sp.) and unicellular
cyanobacteria, belonging to the Halothece cluster
(Garcia-Pichel et al. 1998). The surface layer was fol-
lowed by a dense ca. 0.5 to 1 mm thick green layer of
filamentous cyanobacteria (mainly Microcoleus chtho-
noplastes). At higher experimental temperatures, the
mat topography became rough, probably due to mi-
gration and aggregation of microbes in the surface layer
of the mat.

Oxygen fluxes as a function of temperature

In the dark-incubated mat, O, penetration and O,
concentration at the mat surface decreased gradually
from 15 to 35 °C. At further increasing temperatures,
the O, concentration at the mat surface slightly in-
creased again (Fig. 1). In the light-incubated mat
[E4 (PAR): 2162 pmol photons m™ s~'], O, penetration
decreased from 3.8 mm at 15 °C to 2.1 mm at 35 °C,
and did not change significantly at 40 or 45 °C (profiles
not shown).
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Fig. 1 Averaged steady-state O, concentration profiles (n = 3)
measured in a dark-incubated mat at increasing temperatures (see
figure key). Note that the 100% air saturation value translates into
decreasing amounts of absolute O, concentration with increasing
temperature

Areal rates of dark O, consumption, Rg,,, increased
almost linearly with temperature from 0.042 (+0.001)
nmol O, em™2s™! at 15 °C to 0.084 (£0.004) nmol O,
ecm 2 s™' at 45°C (Fig. 2A). The apparent activation
energy of Ryark, as determined from the linear slope of an
Arrhenius plot of these data, amounted to 18 kJ mol™'
(Fig. 2B) and is a measure of the temperature response of
all O,-consuming processes in the mat. In the light-
incubated mat [E4 (PAR): 2162 pmol photons m™> s '],
areal rates of net photosynthesis, P,, increased between
15 and 40 °C from 0.044 (£0.004) to 0.264 (£0.008)
nmol O, cm ™2 57!, and then slightly decreased at 45 °C to
0.245 (+0.016) nmol O, cm™2 s™! (Fig. 2A). The appar-
ent activation energy, calculated in the temperature range
from 15 to 30 °C, amounted to 77 kJ mol™" (Fig. 2B).
From the activation energies, we calculated Q,, values
of 1.3(25t0 35 °C)and 2.8 (20 to 30 °C) for areal dark O,
consumption and net photosynthesis, respectively.

Oxygen dynamics at the mat surface as a function
of temperature

Both the steady-state O, levels and the O, dynamics at
the mat surface changed with increasing temperature
(Fig. 3). The O, steady-state concentration in the light
increased from 283 uM at 15 °C to 596 uM at 40 °C,
whereas the O, steady-state concentration in the dark
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Fig. 2 A Areal rates of dark O, consumption, Ry, and of net
photosynthesis, P,, at increasing temperatures. Symbol and error bars
indicate mean =+ standard deviation (» = 2 to 3). B Arrhenius plot
of the rates shown in A

decreased from 93 pM at 15 °C to 10 uM at 40 °C. The
initial rate of O, depletion after darkening, i.e. the gross
photosynthesis at the mat surface, increased with tem-
perature up to 40 °C and then decreased at 45 °C
(Fig. 4A). An apparent activation energy of 86 kJ mol™!
in the temperature range from 15 to 35 °C was calcu-
lated (Fig. 4B), yielding a Qo of 3.1 (25 to 35 °C).

Microprofiles of O, and gross photosynthesis

In another mat subsample, depth profiles of dissolved O,
and gross photosynthesis were measured as a function of
increasing downwelling irradiance and temperature
(Fig. 5). At all experimental temperatures, O, penetra-
tion increased with increasing irradiance. Oxygen con-
centrations within the mat increased with irradiance up to
amaximal O, concentration at 626 pmol photonsm™ s~
at each experimental temperature. Oxygen penetration
in the dark decreased with increasing temperature from
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Fig. 3 Oxygen dynamics at the mat surface during experimental light—
dark cycles [Ey (PAR): 2162 pmol photons m2s '] at A 15 °C,
B 25 °C and C 40 °C. Note different time scales

0.5 mm at 25 °C to 0.2 mm at 40 °C. A temperature-
induced decrease of O, penetration was also found in the
illuminated mat. At low irradiances of 54 and 119 umol
photons m™2 s™!, both O, penetration and peak O, con-
centration decreased with temperature. At 54 umol
photons m2s™!, a gradual, temperature-dependent
transition from a net O, export (25 °C) towards a net O,
import (40 °C) across the mat-water interface was
observed. Peak O, concentrations at high irradiances, i.e.
626, 1000 and 2319 pmol photons m™2 s™!, were maximal
at 25 °C and minimal at 33 °C at each irradiance. The
thickness of the aphotic zone decreased under each
light condition with increasing temperature.

The vertical zonation of gross photosynthetic activity
changed with increasing irradiance and exhibited two to
three distinct zones of high activity at saturating irra-
diances. At low irradiances, the thickness of the photic
zone was constant at 25°C (1.7 mm) and 33 °C
(1.5 mm), whereas at 40 °C it increased significantly
from 0.7 to 1.6 mm between 54 and 119 pmol photons
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Fig. 4 A The initial rate of O, depletion after darkening, i.e. gross
photosynthesis, as determined at the mat surface from experimental
light—dark cycles at increasing temperatures (calculated from data in
Fig. 3). Symbols and error bars indicate mean + standard deviation
(n = 2 to 3). B Arrhenius plot of the rates shown in A

m 2 s”'. At each temperature, an additional subsurface

peak of photosynthesis was found at 626 umol photons
m~2 s~'. This peak moved deeper into the mat at higher
irradiance (Figs. 5, 6C).

At each temperature, the volumetric gross photosyn-
thesis rate at the mat surface increased with irradiance up
to 626 pmol photons m™ s~!, and decreased at higher
irradiances (Fig. 6A). The averaged volumetric gross
photosynthesis rate in the upper 0.1 to 0.7 mm of the mat
showed a similar trend at 33 and 40 °C (Fig. 6B). At
25 °C, the averaged gross photosynthesis rate did not
decrease, but approached saturation at high irradiances.

Photosynthesis versus irradiance at three
experimental temperatures

At each temperature, areal rates of gross photosynthesis,
P,, increased with irradiance up to 626 pmol photons
m % s~ (Fig. 7, left panels). The initial slope of the P
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Fig. 5 Averaged depth profiles of O, concentration and gross
photosynthesis as a function of increasing downwelling irradiance at
25 °C (upper panels), 33 °C (central panels), and 40 °C (lower panels).
Note the different O, concentration scales. Standard deviation of
gross photosynthesis at each depth is indicated by error bars (n = 2
to 5). Error bars were only included in the averaged O, profiles (n = 2
to 3) if the standard deviation was higher than the O, concentration
range that is comprised by the symbol
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Fig. 6 A Volumetric gross photosynthesis rate at the mat surface, B
the averaged volumetric gross photosynthesis rate in the upper 0.1 to
0.7 mm of the mat, and C the depth of the maximal volumetric gross
photosynthesis rate of the subsurface photosynthesis peak versus
downwelling irradiance at 25, 33 and 40 °C
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versus Eq curve, o, and the onset of saturation at irra-
diance E, = P./o showed no clear trend with temper-
ature and amounted to « = 0.0022, 0.0031 and 0.0026,
and to E, = 175, 148 and 185 pmol photons m™2 s™" at
25, 33 and 40 °C, respectively. The maximal photosyn-
thetic rate at light saturation, P, (Eq. 7), increased
from 0.38 nmol O, cm™2s™! at 25°C to 0.48 nmol
0, cm ™ s 'at 40 °C. An increase of P, with tempera-
ture was found at each irradiance except at 54 umol
photons m™ s™!, where P, first increased between 25
and 33 °C, and then decreased again at 40 °C.

Areal rates of net photosynthesis, P,, and of net
photosynthesis in the photic zone, Py, pnot, increased with
irradiance up to 626 pmol photons m>s™' at each
temperature and then either decreased (25 and 33 °C) or
further increased with increasing irradiance (40 °C). The
compensation irradiance, E., where O, production (P,)
is balanced by O, consumption (Rjighy), i.6. P, = 0, in-
creased with temperature from 32 pmol photons m™> s~
at 25 °C to 53 pmol photons m™ s~ at 33 °C and to
77 pmol photons m™2 s™! at 40 °C.

Oxygen consumption versus irradiance at three
experimental temperatures

From the measured gross photosynthesis rates and the
O, fluxes determined from the measured O, profiles
(Fig. 5), rates of O, consumption were calculated (see
“Materials and methods™). Areal rates of total O, con-
sumption in the mat, Rjign, increased at each tempera-
ture with irradiance up to 626 pmol photons m™> s~!
(Fig. 7, right panels). At higher irradiances, Rjgpn in-
creased further (25°C) or approached saturation
(33 °C), while at 40 °C Ryjgn decreased at irradiances
above 626 pmol photons m~2s!. Areal rates of O,
consumption in the photic zone, Rho, showed in gen-
eral a similar trend, but decreased between 54 and
119 pmol photons m™2 s™'at 25 and 33 °C. Rates of O,
consumption in the aphotic zone, R,pho initially in-
creased with irradiance at each temperature, but were
almost invariant at high irradiances as compared to
Riight and Rphor. At high irradiances, Rpnot Was always
higher than R,pho and thus mainly contributed to Ryjgh,-

At each temperature, both Rjgne and Ry increased
with P, until gross photosynthesis was saturated
(Fig. 8). Ruphot showed a less pronounced correlation
with gross photosynthesis.

Effect of temperature and irradiance on O, turnover

Areal rates of dark O, consumption, Ry,, showed no
clear trend with temperature (Fig. 9A). At all irradi-
ances, Rjjgne Was higher than Ry, at corresponding
temperatures. At 54 pmol photons m™ s~ (Fig. 9B),
temperature had a significant effect on the balance be-
tween photosynthesis and O, consumption. Both gross
photosynthesis, P,, and total O, consumption, Rjgnt,
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Fig. 7 Areal rates of gross S S
photosynthesis, P, net photo- 08425°C 03] 08425°C 03]
synthesis, P,, net photosynthe- 02y E, 02
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increased with temperature from 25 to 33 °C and then
decreased again at 40 °C. Net photosynthesis, P,, de-
creased with temperature. At 25 °C, Rjjgn; amounted to
70% of P,, whereas at 33 °C photosynthetic O, pro-
duction was almost balanced by O, consumption (99% of
P,). At 40 °C, O, consumption exceeded photosynthetic
O, production (197% of P,), leading to an import of O,
across the mat—water interface, which almost equaled the
O, supply by photosynthesis (97% of P,). Relative to Py,
Rphot strongly increased with temperature from 41% at

25 °Cto 187% at 40 °C. Both absolute and relative rates
of Ryphot and P, decreased with temperature.

At 119 and 626 pmol photons m™~ s™' (Fig. 9C, D),
P, as well as Ryho and Rjigpe increased with temperature.
At 25 °C, 55 to 37% of the photosynthetically produced
O, diffused out of the mat, whereas the remaining 45 to
63% was consumed within the mat. At higher temper-
atures, the relative O, export across the mat—water in-
terface, P, decreased with temperature due to increased
O, consumption within the mat. Relative to Py, Raphot
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decreased (119 pumol Photons m2s!) or increased

(626 pmol photons m™ s™') with temperature.

At 1000 and 2319 pmol photons m~2 s! (Fig. 9E, F),
similar trends were observed. However, the percentage
of the produced O, which was consumed within the mat
decreased at 40 °C. R,phor increased between 33 and
40 °C. Although P, was highest at 40 °C, Rppo¢ de-
creased so strongly that even the increased rates of
Ryphot could not compensate for the decrease, and thus
the relative O, consumption within the mat decreased,
resulting in an increased O, export across the mat-water
interface, i.e. an increase of net photosynthesis.

Discussion

Temperature and diffusive boundary layer effects
on O, fluxes

Our data showed a temperature-induced increase of the
O, dynamics at the mat surface and of the fluxes across
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the mat-water interface. In highly active communities,
the diffusive boundary layer (DBL) poses a mass-trans-
fer resistance and thus limits the O, flux across the solid—
water interface (Jorgensen and Revsbech 1985; Jorgen-
sen and Des Marais 1990; Kiihl and Jergensen 1992a;
Kiihl et al. 1996). The thickness of the DBL is influenced
by the hydrodynamic conditions (e.g. flow velocity) and
the roughness (topography) of the mat (Jorgensen and
Revsbech 1985; Jorgensen and Des Marais 1990).

Temperature increases the diffusive O, transport
through the DBL, since the diffusion coefficient of O,
increases, and theoretically the DBL thickness decreases
with temperature (Jorgensen and Revsbech 1985). This
is, however, partly counterbalanced by a decreased O,
solubility at higher temperature. Thus, the effect of
temperature on the O, exchange across the mat-water
interface is not only determined by temperature-induced
changes of biological activity, but also by temperature
effects on the hydrodynamics and other physical pa-
rameters influencing the O, flux across the mat-water
interface (see above).

The presence of a microsensor above the mat induces
a local compression of the DBL (Glud et al. 1994). This
effect is most pronounced for smooth surface topogra-
phies and seems to be alleviated in heterogeneous
phototrophic mats (Lorenzen et al. 1995). It was con-
cluded that the microsensor-induced DBL compression
can be treated as being equivalent to measuring at a
higher local flow velocity (Lorenzen et al. 1995), as long
as the microsensor is kept near the mat surface for pe-
riods long enough to allow steady-state conditions to
establish (Glud et al. 1994). The exact mechanism be-
hind the DBL compression and whether it has a tem-
perature-dependent component, e.g. due to changes in
fluid viscosity and density, awaits further investigation.

In the dark-incubated mat, the O, flux into the mat,
representing dark O, consumption Rg,, was enhanced
by increasing temperatures (Fig. 2), which amounted to
an increase of 102% between 15 and 45 °C. The O,
diffusion coefficient increased by 99%, and O, solubility
decreased by 27%. Theoretically, the effective thickness
of the DBL, Zs, should decrease by 24% between 15 and
45 °C, as estimated by the equation for the calculation
of Z; for flow over a flat plate (Jorgensen and Revsbech
1985; Vogel 1989):

xp
Up’
where x is the distance from the leading edge of the
plate, U is the flow velocity, p is the dynamic viscosity
and p is the density of the liquid. The theoretical de-
crease of Zs with temperature was calculated from
Eq. 10, using Z; determined from the measured O,
profile at 15 °C (280 um) with the temperature-depen-
dent changes of p and p (Riley and Skirrow 1975;
Millero and Poisson 1981).

With these values, we would expect an increase of the
O, flux by 91% between 15 and 45 °C, as estimated from
the equation (Jorgensen and Revsbech 1985):

Zs=5 (10)
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where AO» is the difference between the O, concentra-
tion in the bulk water and at the mat surface, which was
determined from the dark O, profile at 15 °C.
However, we cannot differentiate clearly between the
contribution of temperature-induced changes of bio-
logical activity and of physical parameters to the mea-
sured changes of Rg,k. As calculated from Eq. 10, Z;

above) to 213 pum at 45 °C. In our data, Z; showed an
increasing trend with temperature, as determined from
measured dark O, profiles, and increased from 280 pm
at 15 °C to 341 um at 45 °C. This points to a tempera-
ture-dependent change in surface roughness, e.g. due to
migration of microbes. Increased surface roughness
tends to retard the flow and therefore leads to a thicker
DBL (Jorgensen and Des Marais 1990).



We found a relatively low Qq value of 1.3 for dark
O, consumption. At elevated temperatures, enhanced O,
consumption reduced O, penetration to the uppermost
0.1 to 0.2 mm of the mat (Fig. 1). Since Z; increased
slightly with temperature, the total O, consumption of
the mat was apparently limited by the diffusive O,
supply through the DBL. The low temperature depen-
dence of Ry, can thus be explained by the constraints
on mass transfer imposed by the DBL at all experi-
mental temperatures. Thamdrup et al. (1998) postulated
that the effect of temperature on diffusive oxygen fluxes
(considering only dark aerobic respiration) is reduced
considerably by the diffusive constraints imposed by the
DBL.

Ryark Includes both O, consumption due to aerobic
heterotrophic respiration and due to oxidation of re-
duced inorganic compounds like sulfide. Temperature
stimulates both processes directly, and sulfide oxidation
could have been further enhanced by an increased sulfide
flux towards the mat surface, as sulfate reduction in
hypersaline mats is known to increase with temperature
(Skyring et al. 1983; Canfield and Des Marais 1991,
1993; Jorgensen 1994). In a separate study, we quantified
the temperature-induced increase of net sulfide produc-
tion/consumption rates in a Solar Lake mat sampled
during the winter period (November 1996) (Wieland and
Kiihl 2000). In that mat, a significant stimulation of both
sulfate reduction and sulfide oxidation was observed
with increasing temperature, and an increasing amount
of O, consumption at elevated temperature was due to
sulfide oxidation. However, both the structure and the
microbial composition of the surface layer differed from
the mat investigated in the present study, and we can
only speculate on the role of sulfide in the present study.

The temperature-induced changes of net photosyn-
thesis, P, represent the combined effect of temperature
on the mass transfer resistance imposed by the DBL,
and on gross photosynthesis and O, consumption within
the mat. Net photosynthesis at 2162 pmol photons
m 2 s7! reached an optimum at 40 °C (Fig. 2A), and
was thus highest in the temperature range around the
observed in situ temperature. The calculated Q¢ of 2.8
for P, is within the range of reported values for light-
saturated photosynthesis (Davison 1991). The observed
temperature-induced increase in O, dynamics at the
mat surface (Fig. 3) can be explained by increased
gross photosynthetic activity as well as by increased
O, consumption. The temperature-enhanced rates of
gross photosynthesis at the mat surface indicate that
light-saturated gross photosynthesis was regulated by
temperature-sensitive processes involved in carbon
assimilation.

Regulation of photosynthesis by irradiance
and temperature

In microbial mats and other densely populated photo-
trophic communities, light is strongly attenuated due to
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scattering and absorption by phototrophic organisms,
resulting in a steep light gradient within the mat. The
spectral composition of light is changing within the
community due to selective absorbance of light qualities
by various photosynthetic pigments (Jorgensen and Des
Marais 1988; Kiihl and Jergensen 1992b; Lassen et al.
1992; Kiihl et al. 1994). Light scattering can cause
locally increased light intensities near the mat surface
(e.g. Jorgensen and Des Marais 1988). Increasing surface
irradiance increases light penetration and activates
photosynthesis in deeper, light-limited parts of the mat,
resulting in a deepening of the photic zone. However,
many cyanobacteria are able to migrate within the mat
and can thus position themselves at depths where
favorable light conditions prevail (Castenholz et al.
1991; Garcia-Pichel et al. 1994; Kruschel and Casten-
holz 1998), including upward migration towards the mat
surface at low irradiances and downward migration at
high inhibitory irradiances. Furthermore, the zonation
and activity of aerobic heterotrophic organisms may
also influence the photosynthetic response by alleviating
inorganic carbon limitation at high photosynthetic rates
(Canfield and Des Marais 1993; Kiihl et al. 1996). The P
versus Eq4 curve thus represents the depth-integrated re-
sponse of the phototrophic community to increasing
irradiances, including migration events, light-intensity-
induced changes of photosynthetic activity, increases in
the thickness of the photic zone and changes of photo-
synthetic activity in response to varying chemical gra-
dients and heterotrophic activities.

The initial slope, o, of the P versus Eq curve is de-
termined by light-harvesting efficiency and photosyn-
thetic energy conversion efficiency (Henley 1993).
Temperature can affect «, since both temperature-inde-
pendent (photochemical reactions, light absorption, ex-
citation energy transfer) and temperature-sensitive
processes (photophosphorylation, electron transport,
plastoquinone diffusion) are associated with photosyn-
thesis (Raven and Geider 1988; Davison 1991). Above a
certain irradiance, E\, photosynthesis starts to saturate
and approaches a maximal photosynthesis rate, P,. The
light-saturated photosynthetic rate is primarily limited
by carbon metabolism, including enzymatic reactions,
diffusion and transport processes, and is thus inherently
sensitive to temperature (Davison 1991; Henley 1993).

In the Solar Lake mat, maximal photosynthesis at
light saturation, P,,, increased with temperature (Fig. 7),
indicating that temperature stimulated processes in-
volved in carbon assimilation. The initial slope of the P
versus E4 curves and Ey did not show a clear trend with
temperature. The temperature optimum of light-satu-
rated photosynthesis was apparently above the in situ
temperature of 33 °C (Fig. 9). Rasmussen et al. (1983)
found that in situ temperatures were below the experi-
mental optimum temperature for potential photosyn-
thesis in a coastal sediment.

No significant reduction of gross photosynthesis oc-
curred at high irradiances above 626 pmol photons
m2s™' (Fig. 7). The phototrophic community thus
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seemed to be high light adapted. Revsbech et al. (1983)
did not detect an overall photoinhibition, i.e. a reduction
of gross photosynthesis, in a Solar Lake mat with
1670 umol photons m™? s™! of sunlight. In our study,
volumetric gross photosynthetic rates at the mat surface
decreased at high irradiances (Fig. 6), indicating a par-
tial photoinhibition of the phototrophic community in
the surface layer of the mat (see also Kiihl et al. 1997).
Whether this reduction was caused only by photoinhi-
bition can, however, not be judged since motile
phototrophs can avoid photoinhibitory conditions
by downward migration into the mat (Bebout and
Garcia-Pichel 1995). Migration could be assumed by the
increasing depth of the maximal volumetric gross pho-
tosynthesis rate of the subsurface photosynthesis peak at
high irradiances (Fig. 6). The reduced rates in the
surface layer were apparently compensated by the
broadening of the photic zone and increasing rates in
deeper layers in response to increased light penetration.

Except at 54 umol photons m 2 s, P, was stimu-
lated by increasing temperatures at each light condition
(Fig. 9), indicating that gross photosynthesis was also
sensitive to temperature at subsaturating irradiances. At
54 ymol photons m ™2 s, P, and the thickness of the
photic zone strongly decreased at 40 °C (Figs. 5, 9),
which could be explained if cyanobacteria switched to an
alternative mode of metabolism. Oxygen was almost
completely consumed within the photic zone of the mat,
and the oxic—anoxic interface was close to the lower
boundary of the photic zone (Fig. 5). Temperature-en-
hanced sulfide production (Skyring et al. 1983; Canfield
and Des Marais 1991, 1993; Jorgensen 1994; Wieland
and Kiihl 2000) could have led to a penetration of sulfide
into the cyanobacterial layer of the mat at 40 °C. Thus,
the reduction of the (oxygenic) photic zone, and prob-
ably also the reduction of gross photosynthesis, could
have been due to cyanobacterial anoxygenic photosyn-
thesis (Garlick et al. 1977; Cohen et al. 1986; Jorgensen
et al. 1986; de Wit and van Gemerden 1987) or sulfide-
inhibition of oxygenic photosynthesis driven by an in-
creased sulfide availability at elevated temperatures. We
can also not exclude that some oxygenic gross photo-
synthesis occurred in the apparent anoxic layer, where
photosynthetically produced O, was immediately con-
sumed and, therefore, not measurable with O, micro-
electrodes (see also Castenholz et al. 1991).

Net photosynthesis and the total O, flux out of the
photic zone showed, except at 40 °C, a decreasing trend
at irradiances above 626 pmol photons m™2 s™" (Fig. 7),
indicating an increasing internal O, cycling within the
mat (see also below). At the compensation irradiance,
E_, gross photosynthesis is balanced by O, consumption
and thus no net O, exchange occurs across the mat—
water interface. The compensation irradiance increased
with temperature, as O, consumption was strongly in-
creased relative to gross photosynthesis. Consequently,
higher irradiances were required to turn the mat into a
net autotrophic community at elevated temperatures.
Increasing compensation irradiances with temperature

were also found for the brown alga Laminaria saccharina
(Davison 1991), and for a temperate hypersaline mi-
crobial mat from the Ebro Delta, Spain (E.H.G. Epping
and M. Kiihl, unpublished results).

Regulation of oxygen consumption by irradiance
and temperature

Total O, consumption in the mat increased with irra-
diance. Only at 40 °C did Rjjgn: decrease at irradiances
above 626 umol photons m™2 s~ (Fig. 7). In the light,
O, consumption occurs both in the photic and in the
aphotic zone of the mat. In the aphotic zone of the mat,
O, was consumed by aerobic respiration and sulfide
oxidation. Oxygen consumption in the aphotic zone,
Ryphot» did not significantly change with irradiance
(Fig. 7) and was apparently not directly controlled by
photosynthesis (Fig. 8). At 40 °C, R,pnot Was controlled
at low irradiances by the rates of O, consumption in the
photic zone, and, since the latter were controlled by
photosynthesis, R,phot also showed an indirect initial
increase with gross photosynthesis (Fig. 8). Enhanced
aerobic sulfide oxidation due to temperature-enhanced
sulfide production could have caused the significant re-
duction of the aphotic zone observed at 40 °C (see also
Wieland and Kiihl 2000).

In the photic zone, both heterotrophic and photo-
trophic microorganisms can participate in O, con-
sumption. Oxygen-consuming processes associated with
phototrophic organisms include pseudocyclic electron
transport (Mehler reaction), respiration and photore-
spiration. In the Mehler reaction, O, instead of NADP ™"
is the terminal electron acceptor for (non-cyclic) pho-
tosynthetic electron transport, leading to the formation
of hydrogen peroxide (Beardall and Raven 1990). In
cyanobacteria, O, consumption due to the Mehler re-
action can increase significantly at high irradiances,
where carbon assimilation becomes saturated and thus
NADP ™" becomes limited relative to the rate of non-
cyclic photosynthetic electron transport (Kana 1992).
An increased O, consumption due to the Mehler reac-
tion can also occur during, e.g., active transport of dis-
solved inorganic carbon (Miller et al. 1988). However,
only if the produced H,O, is not or at least not com-
pletely detoxified by catalase, a net O, consumption due
to the Mehler reaction would occur (Beardall and Raven
1990). Since catalase activity is inhibited by light (Butow
et al. 1994), it seems likely that O, consumption due to
the Mehler reaction could have occurred in the light-
incubated mat at high irradiances.

Photorespiration, i.e. O, consumption due to the
oxygenase activity of ribulose-1,5-bisphosphate carbox-
ylase oxygenase (Beardall and Raven 1990), is thought
to be suppressed in cyanobacteria due to their efficient
inorganic carbon concentrating mechanisms (Colman
1989). Some marine diatoms can also use bicarbonate
(which is converted to CO,) as an inorganic carbon
source for photosynthesis (Korb et al. 1997), but



photorespiration was indicated in diatom-dominated
freshwater biofilms (Glud et al. 1992) and in an artifi-
cially grown diatom biofilm (Jensen and Revsbech
1989). Thus, photorespiration in the Solar Lake micro-
bial mat cannot be completely excluded, especially under
conditions in which high O, concentrations prevailed in
the mat (Fig. 5).

Photosynthate released during photosynthesis by the
phototrophic community can serve as substrate for
heterotrophic bacteria and therefore stimulate aerobic
respiration. In a hot spring cyanobacterial mat, the
production and excretion of photosynthate, mainly
glycolate, was shown by Bateson and Ward (1988). An
uptake and utilization of excreted photosynthate by
heterotrophs is also indicated in other communities
(Haack and McFeters 1982; Bateson and Ward 1988S;
Neely and Wetzel 1995). Furthermore, a close coupling
of photosynthesis and heterotrophic respiration was
suggested for a hypersaline microbial mat (Canfield and
Des Marais 1993) and for an epilithic cyanobacterial
biofilm (Kihl et al. 1996). Thus, increasing gross pho-
tosynthesis could have led to an increasing release of
photosynthate, stimulating aerobic respiration in the
photic zone of the Solar Lake mat.

Oxygen consumption in the photic zone of the mat,
Rphot» generally increased with irradiance and tempera-
ture (Figs. 7, 9) and was mainly controlled by gross
photosynthesis (Fig. 8). However, some additional fac-
tors seem to have controlled O, consumption in the
photic zone at low and high irradiances. Rppoc (in per-
cent of P,) and volumetric rates of O, consumption in
the photic zone decreased at each incubation tempera-
ture between 54 and 119 pmol photons m > s~
(Table 1; Fig. 9). Thus, at 54 pmol photons m ™2 s,
Rphot must have been stimulated by other processes than
gross photosynthesis; especially at 40 °C, where Ry
amounted to 187% of P, (Fig. 9B). Due to the limited
O, penetration during darkness, cyanobacteria must
have switched to an alternative mode of metabolism
than aerobic respiration and/or may have migrated to-
wards the mat surface. Fermentation under dark an-
aerobic conditions has been demonstrated in several
cyanobacteria (Oren and Shilo 1979; Heyer et al. 1989;
Moezelaar et al. 1996) and in hot spring mats (Nold and
Ward 1996). Hence, accumulated fermentation products
could have stimulated heterotrophic respiration at
54 umol photons m™2 s™'. Since this effect was restricted

Table 1 Volumetric rates of O, consumption in the photic zone,
Rppnor, at experimental irradiances and temperatures

E4 (PAR) Rohot (nmol Oy cm™ s7h)
(umol photons m™=2 s ?
25 °C 33°C 40 °C
54 0.25 0.58 0.97
119 0.14 0.44 0.89
626 0.67 1.07 1.30
1000 0.70 1.13 0.96
2319 0.97 1.15 0.85
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to Rphot, and the thickness of the photic zone did not
increase as Eq (PAR) was increased from 54 to 119 pumol
photons m™2 s™! at 25 and 33 °C, we speculate that cy-
anobacteria migrated towards the mat surface during
darkness and remained there at low irradiances. Accu-
mulated fermentation products within this zone may
have fuelled aerobic respiration when the light was
turned on and photosynthesis led to a sufficient O,
supply.

Also at high irradiance, some additional temperature-
sensitive processes must have influenced O, consump-
tion in the photic zone. At 33 °C, Ry increased slightly
further at high irradiances although photosynthesis was
saturated. At 40 °C, Rpno¢ decreased at irradiances
above 626 pmol photons m™> s™! (Figs. 7.8). Further-
more, Rpno decreased at 40 °C as compared to the lower
temperatures, which was independent of gross photo-
synthesis, since P, increased with temperature (Fig. 9E,
F). This excludes a deleterious effect of the combination
of elevated temperatures and irradiances, since the
phototrophic population should have then also been
affected. Regulating mechanisms, e.g. the release of
photosynthate, may have changed at high irradiances in
response to temperature, but presently we cannot clearly
specify a certain mechanism.

Summary and conclusions

In summary, O, consumption in the photic zone was
coupled to photosynthesis and contributed significantly
to the total O, consumption of the microbial mat in the
light. Such a coupling can be explained via several
possible mechanisms, including photorespiration, the
Mehler reaction and the turnover of excreted photo-
synthate for use by heterotrophic organisms. At mod-
erate irradiances, temperature clearly increased the
percentage of the photosynthetically produced O, which
was consumed within the mat. Thus, elevated tempera-
tures increase the light requirement to turn the mat into
a net autotrophic community, as estimated from the O,
budget. We cannot, however, exclude that photosyn-
thetic CO, fixation, and thus net primary production
may have been underestimated due to the possibility of
anoxygenic photosynthesis. The response of photosyn-
thesis demonstrates an adaptation of the phototrophic
community to high irradiances and an apparent opti-
mum temperature of photosynthesis slightly above the in
situ temperature.

Dark O, consumption in hypersaline mats is strongly
regulated by the mass transfer constraints imposed by
the diffusive boundary layer. Temperature-enhanced
sulfate reduction can indirectly lead to a significant en-
hancement of dark O, consumption and O, consump-
tion in the aphotic zone of the illuminated mat due to
increased sulfide oxidation. Furthermore, temperature-
enhanced sulfate reduction can also lead to an increased
sulfide flux out of the dark-incubated mat at higher
temperatures (Wieland and Kiihl 2000) and therefore to
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a loss of reduced species. In the light the mass transfer
constraints on oxygen availability are alleviated, and we
have shown a pronounced coupling of O, production
and consumption within the photic zone of the illumi-
nated mat. This coupling is stimulated by irradiance as
well as by temperature.

Based on our findings on O, turnover, we speculate
that the carbon turnover is characterized by a similar
close coupling between autotrophs and heterotrophs,
which is affected significantly by irradiance and tem-
perature. Such a mechanism has important implications
for the way photosynthesis rates are estimated. Tradi-
tionally, O, consumption in dark incubations is assumed
representative for O, consumption in the light, and gross
O, production is estimated by summing net O, pro-
duction in the light with dark O, consumption (Geider
and Osborne 1992). The use of this approach would
significantly underestimate gross photosynthesis in mi-
crobial mats, where light-stimulated O, consumption
takes place. Such an underestimation would be even
more pronounced at elevated temperature and/or high
irradiance.
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