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Short-term temperature eifects on oxygen and
sulfide cycling in a hypersaline cyanobacterial

mat (Solar Lake, Egypt)

Andrea Wieland!*, Michael Kiihl?

ABSTRACT: We investigated short-term temperature effects on oxygen and sulfide cycling with O,,
pH. and H;S microsensors in a hypersaline cyanobacterial mat, incubated in darkness and at a down-
welling irradiance, E4 (PAR), of 425 pmol photons m™2 57! in a laboratory. The incubation temperature
was increased from 25 to 40°C in 5°C intervals. Areal rates of gross and net photosynthesis, of O, con-
sumption in the aphotic zone and of dark O, consumption were maximal at 30°C, i.e. close to the in situ
temperature of the natural habitat. Areal rates of dark oxygen consumption showed only a minor tem-
perature dependence as O, consumption was diffusion limited at all temperatures. Sulfide production
increased strongly with temperature in both the dark and light incubated mat (Q;q = 1.8 to 3.2), and this
led to saturation of sulfide oxidation and an increased sulfide efflux out of the dark incubated mat,
which was maximal at 35°C. In the uppermost layer of the dark incubated mat, pH decreased due to
aerobic respiration, sulfide oxidation and fermentation, and this decrease was enhanced with temper-
ature. In the light incubated mat, the thickness of the photic zone decreased with temperature from
0.9 to 0.5 mm. Oxygen penetration and peak oxygen concentration decreased with temperature,
whereas the upper sulfide boundary and thus the zone of sulfide oxidation rose closer to the mat sur-
face in the light incubated mat. Areal rates of sulfide oxidation increased more than 2-fold from 25 to
40°C in the light incubated mat. The relative contribution of sulfide oxidation to oxygen consumption
in the aphotic zone increased significantly with temperature, indicating that at elevated temperatures
incomplete sulfide oxidation occurred in the light incubated mat. Both the photosynthetically induced
pH maximum and the overall pH of the mat decreased with increasing temperature due to enhanced
heterotrophic activity, sulfide oxidation, and a changed depth distribution of these processes. Our data
demonstrate a close coupling of oxygen and sulfur cycling in hypersaline microbial mats, that is
strongly regulated by temperature.
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INTRODUCTION

Microbial mats are benthic ecosystems where primary
production, aerobic and anaerobic heterotrophic and
chemolithotrophic processes occur in close association
(van Gemerden 1993}). In hypersaline environments, the
elevated salinity precludes survival of most higher
organisms and thus reduces grazing pressure and bio-
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turbation, leading to the development of thick and well-
laminated microbial mats. Such predominantly microbial
systems are well suited to studying the regulation and
interaction of microbial processes involved in benthic
carbon cycling. Furthermore, many microbial mat com-
munities exhibit a striking similarity to Precambrian
stromatolite communities in the fossil record (Schopf &
Klein 1992). Biogeochemical and microbiological studies
of recent microbial mats can, therefore, provide im-
portant information for interpreting the stable isotope
signatures of carbon cycling left in the fossil record.
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One of the best studied hypersaline environments is
Solar Lake (Sinai, Egypt), a small lake characterized by
an exceptional limnological cycle. During winter (and
most of the year) the lake is stratified, with colder and
less saline surface waters above the thermocline.
Overturn to holomixis occurs in summer due to a salin-
ity increase of the surface waters, caused by increasing
evaporation towards summer (Por 1969, Cohen et al.
1977). During the stratification period, steep gradients
of temperature, pH, redox potential, salinity, oxygen,
and sulfide develop in the Solar Lake water column
(Cohen et al. 1977). The bottom of Solar Lake is cov-
ered by well-developed microbial mats (Krumbein et
al. 1977, Jergensen et al. 1983), with high concentra-
tions of mostly autochthonous organic matter in the
upper few c¢m of the shallow-water mats (Krumbein et
al. 1977, Aizenshtat et al. 1984). Although high pri-
mary production occurs in the uppermost millimeters
of the mat, the yearly biomass accretion rate is rela-
tively low, indicating high remineralization rates due
to aerobic and anaerobic degradation (Krumbein et al.
1977). This indication is also supported by the high
abundance of aerobic heterotrophs (Krumbein et al.
1977), anaerobic heterotrophs and, especially, of sul-
fate-reducing bacteria (Jergensen & Cohen 1977) in
the uppermost layer of the mat. Heterotrophic pro-
cesses can supply CO, to the autotrophic community of
the mat, alleviating the inorganic carbon limitation of
photosynthesis (Canfield & Des Marais 1993, Teske et
al. 1998), which is indicated by the enrichment in
heavy carbon isotope (Schidlowski et al. 1984).

The physico-chemical conditions in microbial mats
are characterized by pronounced fluctuations. Chemi-
cal gradients in the mat change drastically within a diel
cycle (Revsbech et al. 1983). Solar radiation induces
oxygenic photosynthesis in the mat, resulting in a
pronounced build-up of oxygen supersaturation in the
uppermost 1 to 3 mm thick surface layer above the sul-
fidic zone. During the night, sulfide accumulates and
rises closer to the mat surface, with only minor oxygen
penetration into the mat (Revsbech et al. 1983). Thus,
the inhabiting microorganisms have to be physiologi-
cally flexible and fairly well adapted to the prevailing
fluctuating conditions, as has already been demon-
strated for the sulfate-reducing bacteria and cyanobac-
teria (Cohen et al. 1986, Jergensen et al. 1986, Krekeler
et al. 1997, Krekeler et al. 1998, Teske et al. 1998). Be-
sides the light regime, temperature also changes on a
diel basis (Revsbech et al. 1983). Temperature varia-
tions additionally occur throughout an annual cycle,
due to the limnological cycle in the water column of the
lake. Jergensen et al. (1979) measured diel temperature
variations at the mat surface both in winter and sum-
mer, ranging from 27 to 33°C in summer (September)
and from 22 to 27°C in winter (March).

Temperature is an important environmental variable
controlling benthic metabolic activities. Temperature
effects on benthic primary production (e.g. Rasmussen
et al. 1983, Grant 1986), aerobic respiration (Thamdrup
et al. 1998) and sulfate reduction (e.g. Abdollahi &
Nedwell 1979, Skyring 1987, Westrich & Berner 1988)
have been investigated in marine sediments. Only
little is known about the temperature regulation of
carbon cycling in marine microbial mats and relatively
few studies address the temperature regulation of
metabolic processes in mats (Skyring et al. 1983, Javor
& Castenholz 1984, Jergensen 1994b). In a detailed
study of the biogeochemistry of hypersaline mats, Can-
field & Des Marais (1993) considered the major micro-
bial processes (oxygenic photosynthesis, sulfate reduc-
tion, oxygen consumption due to aerobic respiration
and sulfide oxidation). However, their measurements
were limited to 2 different temperatures.

Whereas several microsensor studies of oxygen and
sulfur cycling in hypersaline mats have been reported
(e.g. Jargensen et al. 1979, 1983, Revsbech et al. 1983),
we are not aware of studies where the effect of tem-
perature on oxygen and sulfide turnover, and their
coupling to each other, has been addressed in detail. In
this study, microsensor measurements in Solar Lake
microbial mats were performed to investigate short-
term temperature effects on the cycling of dissolved
oxygen and sulfide in dark and light conditions. The
goal was to gain detailed information on how tempera-
ture affects (1) the major autotrophic and heterotrophic
processes involved in carbon cycling, and (2) the bal-
ance between these processes in a hypersaline mat.

MATERIAL AND METHODS

Samples and experimental set-up. Microbial mat
samples (approximately 30 x 25 x 4 cm} were collected
by snorkeling in the shallow (0.4 to 0.5 m deep) eastern
part of the hypersaline Solar Lake (Sinai, Egypt) in
November 1996. The in sifu temperature at the mat
surface was 27.5°C and the salinity of the overlying
water was 105%., as determined by a portable refrac-
tometer (Atago, S-28E, Japan). The mat sample was
transferred within a few hours to the Interuniversity
Institute in Eilat (Israel). During transport, the mat
sample was kept moist in a plastic dish with only a thin
film of Solar Lake water above the mat surface in order
to avoid excess sulfide accumulation.

In the laboratory, a mat subsample (approximately
6 x4 x 2.5 cm) was mounted in a flow chamber modified
from Lorenzen et al. (1995). The subsample was em-
bedded in agar (1.5% [w/v] in filtered Solar Lake
water), leaving the mat surface flush with the surround-
ing agar surface. A submersible water pump (E-Heim,
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Germany) was connected to the flow chamber and gen-
erated a constant flow of filtered and aerated Solar
Lake water over the mat surface. The temperature of
the Solar Lake water reservoir was adjusted to +0.5°C
via a heat exchanging metal coil connected to a ther-
mostat (Julabo, F32-HC, Germany). In the experimen-
tal set-up, the salinity was determined with a conduc-
tivity meter (WTW, LF 197, Germany), which was
calibrated by readings with a refractometer.

The flow chamber was illuminated with a fiber-optic
halogen light source (Schott, KL 1500, Germany), and
the downwelling irradiance, E; (PAR), at the mat sur-
face was adjusted to 425 pmol photons m™ s7!, as
determined by an underwater quantum irradiance
meter (LiCor, LI-250, USA). For accurate determination
of Ey (PAR), the quantum sensor was placed at the
same distance from the light source and with the same
amount of overlying Solar Lake water as the microbial
mat. Experimental light-dark shifts were controlled by
an electronic shutter (Vincent Ass., Uni-blitz VS35-
S2TO, USA) that was inserted in the light path between
the lamp and the mat sample.

Microsensors. Clark-type O, (Revsbech 1989) and
H,S (Jeroschewski et al. 1996, Kiihl et al. 1998)
microsensors, and glass pH microelectrodes (Revsbech
& Jergensen 1986) were used to measure the tempera-
ture-dependent distribution of oxygen and sulfide in
the light and dark incubated Solar Lake mat. The O,
microsensor had a tip diameter of <10 pm, a stirring
sensitivity of <2%, and a tgy response time of <0.5 s.
The H,S microsensor, which was coated with black
enamel paint to avoid light interference on the mea-
suring signal (Kihl et al. 1998), had a tip diameter of
<20 pm. The length of the pH-sensitive glass at the tip
of the pH microelectrode was <100 pm, with a tip
diameter of <15 pm.

Microsensor calibrations. The O, microsensor was
linearly calibrated at each experimental temperature
from readings of microsensor current in the anoxic part
of the mat (0% oxygen) and in the overlying air satu-
rated Solar Lake brine (100 % air saturation). Dissolved
oxygen concentrations of air saturated brine at experi-
mental temperatures and salinities were calculated
according to Sherwood et al. (1991).

The glass pH microelectrodes were calibrated in
standard buffer solutions (Mettler Toledo, Switzerland)
at different temperatures. In one case (at 30°C), the pH
microsensor was not calibrated at the measuring tem-
perature. Therefore, the calibration slope obtained at
25°C was corrected for temperature, based on an aver-
age of the relative temperature-dependent change of
the calibration slope, as measured with 4 other pH
microelectrodes. In the experimental set-up, the mV
signals of the pH microelectrodes and the pH of the
overlying Solar Lake water, which was determined

with a commercial pH meter (Mettler Toledo, MA 130,
Switzerland) at 25°C, was used to correct for salinity
(parallel shift of the calibration curve). For salinity
corrections at elevated experimental temperatures
(>25°C}, the pH reading of the macroelectrode at 25°C
was corrected for the temperature increase, assuming
that the pH decreases 0.0114 pH units per 1°C temper-
ature increase according to Grasshoff (1983).
Calibration of the H,S microsensor was done in an
Erlenmeyer flask closed with a silicon rubber stopper
with holes for (1) the microsensor, (2) a tube through
which a constant flow of nitrogen gas was flushed into
the flask, and (3) an inlet for addition of defined vol-
umes of Na,S stock solution to the stirred anoxic buffer
solution (200 mM phosphate buffer, pH 7). After each
addition of Na,S, a subsample was taken out and fixed
in zinc acetate. The samples were stored dark and cold
prior to the determination of total dissolved sulfide by
the methylene blue method (Cline 1969). The H,S con-
centration in the analyzed samples was calculated
according to the equation (Jeroschewski et al. 1996)

K, ‘
[H;07]
where [S,. ] is the total sulfide concentration, and Kj is
the first dissociation constant of the sulfide equilib-
rium, assuming a pK; of 7.05 (Kuhl & Jergensen 1992,
and references therein). The slope of the H,S calibra-
tion curve, determined by linear regression, was used
to calculate the distribution of H,S in the mat. Subse-
quently, the total sulfide distribution in the mat was
calculated by use of Eq. (1) with measured H,S and pH
values at corresponding depths. In the latter case, the
pK, was corrected for temperature and salinity, as lin-
early extrapolated from the pK;" measured in artificial
Dead Sea brines and the pK,; at 25°C in non-saline
medium (Hershey et al. 1988). The slope of the H;S cal-
ibration curve was corrected for temperature based on
previously obtained data (C. Steuckart & A. Wieland
unpubl. results). The slope decreased 5.6% at 30°C,
10.7 % at 35°C and 13.1 % at 40°C as compared to the
slope of the calibration curve at 25°C. In the following,
H,S denotes dissolved hydrogen sulfide, whereas S,
or sulfide denotes total sulfide, i.e. the sum of H,S,
HS-, and S*~.

Microprofile measurements. The H,S and the pH
microsensors were glued together, after orienting the
tips of both microsensors as close as possible in the
same horizontal plane under a microscope. The H,S
and the pH microsensors were fixed together with the
O, microsensor (within an area of approximately 1 cm?
of the mat surface) in a motor driven micromanipulator
(Oriel, Encoder Mike, USA; Marzhduser, MD4 modi-
fied, Germany). The O, and H,S microsensors were
connected to fast-responding picoammeters. The pH

[HaS] = [Si]/| 1+ (1)
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microelectrode was connected to a high impedance
millivoltmeter. The microsensors were positioned on
the mat surface by use of the motorized micromanipu-
lator, while watching them through a dissection scope
(Zeiss, SV6, Germany). The measuring signals were
recorded with a strip chart recorder (Servogor, 124
plus, UK) and with a computer data acquisition system
(National Instruments, Labview, USA) that also con-
trolled the micromanipulator. Profiles of O,, pH and
H,S were measured with a vertical depth resolution
of 100 pm. Microsensor measurements were started 1
to 3 h after changing the temperature conditions. Then
several measurements were performed to ensure the
establishment of a new steady-state, which was nor-
mally reached within a few hours after the tempera-
ture change.

Gross photosynthesis measurements. Gross photo-
synthesis was measured with fast-responding O,
microelectrodes by means of the light-dark shift tech-
nique (Revsbech & Jergensen 1983). Precisely defined
light-dark shifts were achieved with the electronic
shutter (see above), which was triggered via the data
acquisition software. A photodiode close to the shutter
registered the moment of darkening. The initial rate of
O, depletion was calculated automatically by the data
acquisition software via linear regression on the
acquired data points over the initial 1 to 2 s of darken-
ing. Gross photosynthesis was recorded in steps of
100 pm vertical depth intervals. The distribution of the
volumetric gross photosynthetic rates with depth is
given as nmol O, cm™® (porewater) s™' (Revsbech et al.
1981). In the following, the photic zone refers to the zone
in the mat where oxygenic photosynthesis could be
detected by the light-dark shift technique. The aphotic
zone refers to the oxic zone below the photic zone.

Calculations. Depth-integrated rates of gross photo-
synthesis, i.e. areal gross photosynthesis, were cal-
culated from the porosity corrected volumetric rates in
the photic zone. The mat porosity, ¢, was assumed
to be 0.9 (Jergensen & Cohen 1977, Jorgensen et
al. 1979). Areal rates of net photosynthesis and dark
O, consumption were calculated from the linear

O, gradient (Q%(Z_)] in the diffusive boundary layer
z

above the mat surface {(Jergensen & Revsbech 1985,
Jensen & Revsbech 1989) according to Fick's first law
of (1-dimensional) diffusion:

Jo = - D, 3€2) (2)
dz

where Dy is the free solution molecular diffusion coef-

ficient of O,, and J; is the O, flux towards the mat sur-

face (dark incubated mat} or towards the air saturated

overlying brine (light incubated mat), respectively.

Positive values of J; indicate a net O, import into the

mat, whereas negative values of J; indicate a net O,
export out of the mat.

The photosynthetically produced O, diffuses not
only out of the mat into the overlying brine, but also
diffuses into the aphotic zone of the mat. This down-
ward O, flux out of the photic zone, J;, equals the areal
O, consumption in the aphotic zone below (Jensen &
Revsbech 1989, Kuhl et al. 1996). J, was calculated as:

dc
J, = —oD 2 (3)
dz

C(z)

d . . .
where is the O, concentration gradient at the

lower boundary of the photic zone, i.e. the tangent to
that point where the concavity of the O, profile
changes direction. At lower incubation temperatures,
this point was located slightly below the lower bound-
ary of the photic zone. The sediment diffusion coeffi-
cient, D,, was calculated from the free solution molec-
ular diffusion coefficient, Dy, and the mat porosity, ¢,
according to Ullman & Aller (1982):

D, = ¢*Dy (4)

The free solution diffusion coefficient of O, was taken
from Broecker & Peng (1974) and corrected for temper-
ature and salinity according to Li & Gregory {1974).

Net production and consumption zones of S, through-
out the sulfidic zone of the mat were calculated by using
a numerical procedure for the interpretation of measured
steady-state microprofiles (Berg et al. 1898}. This proce-
dure is based on a series of least square fits to the mea-
sured concentration profiles, assuming an increasing
number of production and consumption zones. The fits
are compared by statistical F-testing, resulting in the
simplest production-consumption profile, which repro-
duces the measured concentration profiles within the
chosen statistical accuracy (more details in Berg et al.
1998). For this analysis, ¢ and D, were estimated as for
the calculation of J;. The diffusion coefficient Dy(S,y)
was calculated from Dy(O;) assuming the same
ratio between both diffusion coefficients as between the
whole sediment diffusion coefficients (D) in the mat,
where D,(Sy) = 0.64 Di(0O,) (Jorgensen et al. 1979). Areal
rates of net sulfide production/consumption were ob-
tained by multiplying the calculated volumetric rates by
the thickness of the reaction zones.

RESULTS
Mat structure and composition
The mat structure was compacted and finely layered

with a smooth gelatinous ca 1 mm thick brownish-
orange surface layer. This surface layer was dominated
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by halotolerant unicellular cyanobacteria, most proba-
bly belonging to the Halothece cluster (Garcia-Pichel
et al. 1998). A ca 0.5 mm thick dark green band below
the surface layer was dominated by filamentous
cyanobacteria, mainly Microcoleus chthonoplastes. At
35°C, a macroscopic change of the mat surface was ob-
served. The original brownish-orange color of the mat
surface changed to greenish-white. After the experi-
ment, and, thus, after measurements at 40°C, the mat
sample was frozen in liquid nitrogen. Light microscopy
on thawed samples revealed that the surface layer
was now not only dominated by unicellular cyanobac-
teria, but also by filamentous cyanobacteria (mainly
M. chthonoplastes) and Chloroflexus-type filamentous
bacteria. Additionally, the whitish appearance of the
surface layer was due to accumulation of elemental
sulfur, mainly associated with small bacterial cells
resembling Thiocapsa roseopersicina, a non-motile,
physiological versatile purple sulfur bacterium inhabit-
ing microbial mats (de Wit & van Gemerden 1987).

Microprofiles of O,, pH, S,,; and photosynthesis

In Fig. 1 steady-state O,, pH and S, profiles in the
dark and light (425 pmol photons m™2 s7!) incubated
Solar Lake mat are shown. Dark O, profiles were only
slightly affected by changes in temperature, as O, was
completely consumed in the uppermost 0.2 mm of the
mat even at 25°C (Fig. 1, left panel). In the light incu-
bated mat, O, penetration and maximal O, concentra-
tion were highest at 25°C as compared to the other
incubation temperatures (see also Table 1). The oxic
zone was 3.7 mm thick and the maximal pO, at 0.8 mm
depth was >7 times air saturation. With increasing
incubation temperature, O, penetration and peak O,
concentration in the mat showed a decreasing trend
(see also Table 1). The thickness of the photic zone
decreased with temperature, while maximal volumet-
ric rates of gross photosynthesis showed an increasing
trend with temperature (Table 1).

At 25°C, pH decreased strongly in the uppermost
layer of the dark incubated mat due to aerobic respira-
tion, fermentation and sulfide oxidation (Fig. 1, central
panel). The pH dropped to a minimum value of 7.3 at
0.7 to 1.3 mm depth and then increased to pH 7.4. The
pH decrease in the uppermost part of the mat became
more pronounced with temperature, reaching a mini-
mal pH of 7.0 at 40°C. The pH in the deeper parts of
the mat also became more acidic with temperature and
decreased approximately 0.4 pH units between 25 and
40°C. In the light incubated mat, photosynthetic CO,
fixation led to a broad maximum in pH (up to pH 9.5),
indicating a predominance of photosynthesis at 25°C.
Below this peak, pH strongly decreased due to aerobic

respiration, fermentation and sulfide oxidation. The
photosynthetically induced pH maximum decreased
with temperature down to a peak pH of 8.2 at 40°C.
Additionally, the zone below the pH maximum became
more acidic with temperature.

Sulfide profiles, calculated from the measured pH
and H,S profiles, were strongly affected by tempera-
ture both in the dark and in the light incubated mat
(Fig. 1, right panel). In the dark incubated mat, steep
gradients of S, developed in response to the tempera-
ture increase. Maximal concentrations of 1552 uM of
total sulfide, corresponding to 624 uM H,S at the pre-
vailing pH of 7.2 at that depth, were detected at 35°C
in the dark incubated mat, as compared to 588 uM
(216 pM H,S, pH 7.4) at 25°C. In the dark, net sulfide
production increased with temperature, and increas-
ing amounts of sulfide diffused out of the mat at higher
temperatures. The upper boundary of sulfide in the
light incubated mat, i.e. the oxic-anoxic interphase,
moved upwards when the temperature was increased.
Also in the illuminated mat, steep sulfide gradients
developed with increasing temperature as a result of
enhanced sulfide production.

Oxygen conversion

Fig. 2 shows areal rates of gross and net photosynthe-
sis, and dark O, consumption as a function of tempera-
ture. Net photosynthesis was affected most strongly by
temperature and decreased significantly at tempera-
tures above 30°C. Areal rates of dark O, consumption
were much less influenced by increasing temperatures.
Dark O, consumption, areal gross and net photosynthe-
sis all exhibited a maximum at 30°C, and showed a
decreasing trend with higher temperatures. The mis-
match at 25 and 30°C between gross and net photosyn-
thesis has been observed and described previously in a
similar microbial mat from a hypersaline lagoon in
Spain (E. H. G. Epping & M. Kihl unpubl.}. If rates of
net photosynthesis are higher than apparent rates of
gross photosynthesis, negative O, consumption rates
would result. For this reason, the calculation of O, con-
sumption rates in the light was neglected. Neverthe-
less, rates of net photosynthesis were minimal at 35°C,
indicating maximal O, consumption in the light. Fur-
thermore, gross photosynthesis was minimal at 25°C
with maximal O, penetration (Table 1), indicating min-
imal rates of O, consumption at 25°C.

Sulfide conversion

The averaged S, profiles measured in the dark and
in the light incubated mat (Fig. 1) were analyzed by a
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Table 1. O, penetration, maximal O, concentration, thickness of the photic zone, areal rates of gross photosynthesis, and maximal
volumetric gross photosynthesis as a function of temperature

Temperature O, Maximal O,
(°C) penetration concentration
(mm) (nM}
25 3% 1041 + 8.74
30 2.6 967 + 5.75
35 1.0 339 + 14.25
40 1.2 400 + 4.12

Photic Gross Maximal gross
zone photosynthesis photosynthesis

(mm) (nmol O,cm s} (nmol O, cm *s71)
0.9 0.22 £ 0.01 4.36+£1.01
0.8 0.36 £ 0.01 7.13+£0.20
0.6 0.30£0.01 11.54 £+ 0.36
0.5 0.27 £ 0.01 10.40 £ 0.42

0.4
Tm
£ 03+
(5]
S
2
£ 0.2 \
wn
L
g
= 0.1+ ‘/.\I—’_——I
e
<
0.0 T T T T —
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Temperature (°C)

Fig. 2. Areal rates (mean = SD) of gross photosynthesis, net

photosynthesis, and dark O, consumption, as calculated from

O, profiles and volumetric gross photosynthetic rates shown
in Fig. 1

numerical procedure (Berg et al. 1998) and zones of net
sulfide production (sulfate reduction) and net sulfide
consumption (aerobic chemotrophic and chemical sul-
fide oxidation, anoxygenic phototrophic sulfide oxida-
tion, sulfide precipitation by Fe?* and polysulfide for-
mation) were identified (Fig. 3). Rates of net sulfide
production (positive values) and consumption (negative
values) in the dark incubated mat at 25°C were low as
compared to the higher incubation temperatures. In the
uppermost part of the mat, a zone of net sulfide produc-
tion was calculated. The lack of net sulfide oxidation in
that zone led to a sulfide efflux out of the mat. Below
this sulfide production zone, an apparently anaerobic
net sulfide consumption zone was present. An increase
of the experimental temperature caused an enhance-
ment of sulfide production. Especially at 35 and 40°C,
zones of intense sulfide production developed close to
the mat surface, and the efflux of sulfide increased with
temperature (Fig. 3, left panel).

In the light, the upper boundary of sulfide and,
therefore, the zone of sulfide oxidation moved up-
wards in the mat as a result of temperature increase,
following roughly the decrease in O, penetration

(Fig. 3, right panel). With increasing temperature, a
zone of sulfide production developed just below the
sulfide oxidation zone. The linear part of the sulfide
gradients indicate zones where no net sulfide produc-
tion or consumption occurred, i.e. zones where the
gradients were solely determined by sulfide diffusion.
Sulfide production in the light incubated mat was most
probably underestimated at 35 and 40°C, since the
curvature of the sulfide profiles in the deeper zones,
where sulfide concentration gradients became less
steep, were missed experimentally. The thickness of
the zone where O, and S,,, coexisted decreased with
temperature, from 1.2 mm at 25°C to a minimal thick-
ness of 0.1 mm at 35°C.

Areal rates of O, consumption and net S,,, produc-
tion, and the maximal possible O, fluxes through the
diffusive boundary layer towards the mat surface (J,x)
in the dark incubated mat are shown in Fig. 4A. The
calculation of J,,, was based on the equation for the
calculation of molecular diffusion fluxes, J, through the
diffusive boundary layer from Jergensen & Revsbech
(1985):

J = Do(Og)A(Oz)/Zg

where Dy(O,) is the molecular diffusion coefficient of
O,, Zs is the thickness of the effective diffusive bound-
ary layer, and A(O,) is the difference between the con-
stant bulk water O, concentration and the O, concen-
tration at the mat surface. For the calculation of Jg,.,
the O, concentration at the mat surface was assumed
to be zero and thus A(O,) equaled the concentration of
dissolved O, in the overlying Solar Lake brine (100 %
air saturation). Z5 was determined from measured dark
O, microprofiles (Fig. 1) according to Jergensen &
Revsbech (1985).

Measured O, fluxes towards the dark incubated mat
and calculated maximal O, fluxes, J.. in the dark
showed a similar temperature dependency. The differ-
ences between both rates was minimal at 30°C and
maximal at 35°C, with Jyax being 12 and 22 % higher
than the measured actual rates of dark O, consump-
tion. Sulfide production in the dark increased from
minimal rates of 0.024 nmol S, cm™? s at 25°C to
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Fig. 4. (A) Areal rates of O, consumption, net S,, production,
and of calculated maximal possible O, consumption (Jnx See
text) in the dark incubated mat. (B) Areal rates of O, con-
sumption in the aphotic zone, J, net S, oxidation, and net S,
production (----, see text) in the light incubated mat

maximal production rates of 0.111 nmol S, cm™2 s at
40°C. The steepest, i.e. 3-fold, increase of areal S,
production rates occurred between 30 and 35°C,
where areal S, production rates also started to exceed
areal rates of dark O, consumption.

In Fig. 4B areal rates of O, consumption in the
aphotic zone, J;, and of net sulfide oxidation at the
upper sulfide boundary in the light incubated mat are
shown. Taking not only net sulfide oxidation at the
upper sulfide boundary into account, i.e. including
also sulfide consumption zones in the deeper anoxic
part of the mat, a measure of the total net sulfide pro-
duction in the light incubated mat was obtained (dot-
ted line). Areal rates of net sulfide production in the
light incubated mat increased almost linearly with
temperature, ranging from 0.026 nmol S, cm™2 s7! at
25°C to 0.061 nmol S, cm™2 s~! at 40°C. Net sulfide
oxidation at the upper sulfide boundary showed a
similar trend, with a 27 % lower areal rate at 30°C,
which is due to the zone of anaerobic sulfide con-
sumption (Fig. 3). Oxygen consumption in the aphotic
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Fig. 5. Areal O, consumption due to sulfide oxidation to ele-

mental sulfur (Je, solid bars} and to sulfate (Jsop-, hatched

bars) relative to the overall areal O, consumption in the
aphotic zone (J)

zone, J;, expressed as the downward O, flux at the
lower boundary of the photic zone in the light incu-
bated mat showed a similar, but more pronounced,
pattern of temperature response as compared with
dark O; consumption. Maximal rates of J; at 30°C
amounted to 0.124 nmol O, cm™? 57!,

The relative contribution of sulfide oxidation to the
overall O, consumption in the aphotic zone of the light
incubated mat is shown in Fig. 5. From the sulfide oxi-
dation rates at the upper sulfide boundary, the corre-
sponding rates of O, consumption, which would be
needed to oxidize all sulfide either to elemental sulfur,
Je or sulfate Jsoz-, was calculated and expressed rela-
tive to J;, which was determined from the measured O,
profiles. Calculations were based on the stoichiometry
of the reactions (de Wit 1992):

st + 0502 — SO + Hzo
H,S + 20, — SO2™ + 2H*

Aerobic sulfide oxidation to elemental sulfur would
have been possible at all incubation temperatures,
accounting for minimal 12 % (30°C) or maximal 28 % of
Js (40°C). Complete sulfide oxidation to sulfate would
not have been possible at elevated temperatures (35
and 40°C), even if sulfide oxidation were the only O,
consuming process in the aphotic zone. The drop of the
relative contribution of sulfide oxidation to the total
O, consumption in the aphotic zone at 30°C is due to
the much stronger temperature-induced increase of
J;compared to the increase of sulfide oxidation (Fig. 4).
Even if complete sulfide oxidation to sulfate occurred
at 30°C, 53% of J; would still have been due to
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other O,-dependent processes (e.g. heterotrophic re-
spiration).

DISCUSSION

Our results show that increased temperature
affected both reaction rates and the depth distribution
of reaction zones for processes involved in O, and S;y
cycling in the microbial mat. Due to the numerous
temperature-dependent processes and their close cou-
pling, direct and indirect temperature effects acted in
concert and determined the temperature response of
the microbial community.

Temperature eifects on photosynthesis

Both the thickness of the photic zone and the volu-
metric rates of gross photosynthesis changed with tem-
perature (Table 1, Fig. 1). The thickness of the photic
zone decreased with temperature, whereas the indi-
vidual volumetric rates generally increased, with the
highest maximal volumetric gross photosynthetic rate
detected at 35°C (Table 1). Indirect temperature effects
on the rates of volumetric gross photosynthesis could
have been due to the temperature response of the
closely associated heterotrophic community, resulting
in changes of chemical gradients. The temperature-
induced decrease of the pH maximum in the photic
zone (Fig. 1) may have been of great significance for
the regulation of photosynthesis. At a given concentra-
tion of inorganic carbon, high pH values cause a
decrease of available CO, and vice versa. It was shown
that the potential 'C assimilation in homogenized sur-
face samples from the Danish Wadden Sea (tidal sand-
flat) increased with decreasing pH (Rasmussen et al.
1983). Furthermore, increased heterotrophic activity at
higher temperatures could have enhanced the CO,
supply for photosynthesis.

Temperature affected not only the volumetric gross
photosynthesis rates and chemical gradients, but also
the thickness of the photic zone. The most significant
changes occurred between 30 and 35°C, where a
macroscopic change of the mat surface was also ob-
served. The original brownish-orange color of the mat
surface changed to a greenish-white appearance, most
probably due to migration of filamentous cyanobacte-
ria and the accumulation of elemental sulfur in the
upper mat layers. The temperature-induced increase
of the volumetric gross photosynthesis rates in the up-
per part of the mat surface could thus be explained by
a direct temperature effect on photosynthesis or by an
increased density of phototrophs in the surface layer
caused by an upward migration of cyanobacteria.

Light-dependent migration of filamentous cyanobac-
teria in microbial mats is well documented in the litera-
ture (Garcia-Pichel et al. 1894, Bebout & Garcia-Pichel
1995, Kruschel & Castenholz 1998). Our experiments
were, however, conducted at constant light conditions
and thus a light-induced migration is unlikely. We can-
not exclude the possibility, however, that the light field
and vertical light distribution in the mat changed due
to the observed changes of the mat surface. Increased
light scattering in the surface layer at elevated temper-
atures due to the observed accumulation of elemental
sulfur, in combination with high absorption due to the
pronounced abundance of filamentous cyanobacteria
at the mat surface, could have enhanced the light
attenuation. The macroscopic change occurred at
35°C, where sulfide production increased strongly
and steep sulfide gradients prevailed in the dark incu-
bated mat, indicating an indirect temperature-induced
migration due to enhanced sulfide production. Chemo-
taxis, and also sulfide-induced migration in benthic
cyanobacterial systems, was also suggested by Casten-
holz (1982) and Whale & Walsby (1984). Thus, the
observed reduction of the photic zone was most likely
caused by the migration of filamentous cyanobacteria.

Areal rates of oxygenic gross photosynthesis showed
an optimum curve-like response to temperature, with
a significant increase between 25 and 30°C and a less
steep decrease at increasing temperatures (Fig. 2).
Maximal rates of gross photosynthesis were detected
at 30°C, which was close to the in situ sampling tem-
perature {27.5°C) and within the range of diel temper-
ature variations in Solar Lake (Jorgensen et al. 1979).
The optimum curve of gross photosynthesis in the
Solar Lake mat differed from the typical response of
photosynthesis to increasing temperatures, which is a
progressive increase up to an optimum temperature,
and a rapid decline at temperatures above the opti-
mum temperature (Davison 1991). The most tempera-
ture-sensitive processes of photosynthesis are the
enzymatic reactions involved in CO, fixation, includ-
ing the enzymes ribulose-1,5-bisphosphate carboxy-
lase oxygenase (Rubisco) and carbonic anhydrase
(Davison 1991). Furthermore, temperature effects on
diffusion processes, such as diffusional supply of
CO,/HCOj3 and nutrients, may also contribute to the
temperature regulation of photosynthesis.

Net photosynthesis increased with temperature to
an optimum at 30°C, and then decreased strongly at
35°C, with a slight increase again at 40°C. A similar
optimum curve-like response of net photosynthesis
has also been observed in other cyanobacterial mats
(Javor & Castenholz 1984). The different temperature
responses of gross and net photosynthesis are due to
temperature-induced changes of O, consumption in
the light (see below). At 25 and 30°C, net photosynthe-
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sis was higher than gross photosynthesis, and calcula-
tion of O, consumption would result in negative rates
in the light. This mismatch was also observed and dis-
cussed by E. H. G. Epping & M. Kiihl (unpubl.). They
suggested that, if significant light-dependent hydro-
gen peroxide cycling occurs in microbial mats, this
could lead to an underestimation of gross photosynthe-
sis as determined by the light-dark shift technique. If
the mismatch is caused by an underestimation of gross
photosynthetic rates due to H,O, metabolism, and this
metabolism changes with temperature, it should also
have an effect on the temperature response curve of
gross photosynthesis. However, further investigations
are necessary to elucidate the mismatch between gross
and net photosynthesis.

Temperature efiects on O, consumption in the dark

Areal rates of dark O, consumption showed only
minor temperature-induced changes, with a maximum
at 30°C (Fig. 2). At the given diffusional O, supply
through the diffusive boundary layer (DBL), intense O,
consumption in the mat at 25°C limited O, penetration
to the uppermost 0.2 mm. Due to the DBL mass trans-
fer resistance, dark O, consumption of most shallow-
water sediments, microbjal mats and other highly
active microbial communities is limited and, therefore,
regulated by the diffusional O, flux through the
DBL (Jergensen & Revsbech 1985, Jorgensen & Des
Marais 1990, Kihl & Jgrgensen 1992, Jergensen
1994a). Enhanced O, supply due to a thinner DBL and
an increased O, diffusion coefficient at increasing
temperatures is partly counterbalanced by a lower O,
solubility (Jergensen & Revsbech 1985). Calculated
rates of maximal possible dark O, consumption, Jya,.
(Fig. 4A) were significantly influenced by the effective
DBL thickness, Zs;, which was determined from the
measured O, microprofiles. Z; was minimal at 30°C
and then increased to a maximum at 40°C, where the
mat surface topography became rougher. The differ-
ence between measured rates and calculated maximal
possible rates of dark O, consumption was minimal at
30°C, with J,.x being 12 % higher than measured rates
of dark O, consumption, thus indicating that dark O,
consumption approached the limit of O, transport
through the DBL.

Both heterotrophic aerobic respiration and oxidation
of reduced inorganic compounds contributed to O,
consumption in the dark incubated mat. Since no aero-
bic methane oxidation activity was detected in Solar
Lake microbial mats (Conrad et al. 1995), it is unlikely
that this process contributed significantly to O, con-
sumption either in the dark or in the light incubated
mat. Canfield & Des Marais (1993) estimated that most

of the O, that diffuses into the mat (pond 5, Guerrero
Negro, Baja California Sur, Mexico) at night is used for
sulfide oxidation. In the Solar Lake mat, <60 % of dark
O, consumption at 25 and 30°C would have been due
to sulfide oxidation, assuming that all (net) produced
sulfide was oxidized aerobically to sulfate within the
mat. Aerobic sulfide oxidation occurred very close to
the mat surface, since O, penetration at all tempera-
tures was very low (0.1 to 0.2 mm depth, Fig. 1). This
narrow zone of sulfide oxidation could be the reason
that no net sulfide oxidation was calculated by the
numerical procedure from Berg et al. (1998). Only at
40°C was a net sulfide consumption zone calculated
close to the mat surface (Fig. 3). This zone cannot only
be attributed to aerobic sulfide oxidation since it also
expands into the anoxic part of the mat, where e.g.
polysulfide formation could have contributed to sulfide
consumption.

With increasing temperature, the higher sulfide
availability at the mat surface could have caused an O,
limitation for sulfide oxidation, which is also indicated
by the observed accumulation of elemental sulfur.
Even if sulfide oxidation rates increased at elevated
temperatures, the formation of sulfur could have led
to a slight decrease in O, demand and thus, together
with decreasing aerobic respiration, to a decrease
of O, consumption (Fig. 2). Thamdrup et al. {1998)
suggested that temperature effects on benthic O, up-
take can largely be explained by the increased rates of
anaerobic mineralisation and, thus, oxidation of re-
duced inorganic compounds at higher temperatures.
Our data generally support this hypothesis, but sulfide
production in the Solar Lake mat increased so strongly
at elevated temperatures that sulfide oxidation became
saturated and/or O, limited.

Temperature effects on O, consumption in the light

Oxygen consumption in the oxic zone of the light
incubated mat, i.e. the difference between gross and
net photosynthesis, was not calculated due to the
observed mismatch between both rates (see above).
However, the areal rates of gross photosynthesis and
the pronounced decrease of net photosynthesis (Fig. 2)
indicated that O, consumption in the oxic zone was
maximal at 35°C. Since O, consumption occurs both in
the photic and the aphotic zone of the light incubated
mat, and O, consumption in the aphotic zone was max-
imal at 30°C (Fig. 4), O,-consuming processes in the
photic zone must have contributed to the indicated
maximum at 35°C. Oxygen consumption in the photic
zone can be related either to the phototrophic com-
munity or to the associated heterotrophic community.
Photorespiration or consumption of produced glycolate
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could have contributed to O, consumption in the photic
zone. It was shown in hot spring cyanobacterial mats
that glycolate represents a major fraction of excreted
photosynthate (Bateson & Ward 1988). Although it is
generally assumed that photorespiration is low in
cyanobacteria, which have a DIC (dissolved inorganic
carbonj}-concentrating mechanism (Aizawa & Miyachi
1986, Colman 1989), the role of photorespiration has so
far not been investigated under conditions like those
observed in the Solar Lake microbial mat at the lower
temperatures, where high concentrations of dissolved
O, (>7 times air saturation) occurred together with
high pH (>9). High temperatures increase the poten-
tial for photorespiration (Davison 1991}, but O, concen-
trations and pH, and thus probably also the O,/CO,
ratios, were much lower at 35 and 40°C as compared to
25 and 30°C, indicating less favorable conditions for
photorespiration. Oxygen consumption in the photic
zone at 35°C could also have been influenced by the
observed changes of the surface layer.

In several systems, the excretion of organic com-
pounds by primary producers and the subsequent
uptake or turnover of these compounds by hetero-
trophic bacteria has been indicated (e.g. Haack &
McFeters 1982, Bateson & Ward 1988, Neely & Wetzel
1995, Malinsky-Rushansky & Legrand 1996). A close
coupling of heterotrophic processes and photosynthe-
sis has been suggested for cyanobacterial mats (Can-
field & Des Marais 1993, Teske et al. 1998) and epilithic
cyanobacterial biofilms (Kuhl et al. 1996). Zlotnik &
Dubinsky (1989) suggested that significant excretion of
dissolved organic carbon from phytoplankton occurs
under conditions favorable for photosynthesis, i.e.
when photosynthetic rates are high.

Both areal rates of gross photosynthesis (Fig. 2) and
areal O, consumption in the aphotic zone, J; {Fig. 4),
were maximal at 30°C and minimal at 25°C. Moreover,
it is indicated that aerobic heterotrophic processes
contributed significantly to Js at 30°C (Fig. 5), possibly
driven by a pronounced excretion of photosynthate at
maximal rates of gross photosynthesis. However, J;
includes all biological and chemical O,-consuming
processes (e.g. aerobic respiration and oxidation of
reduced inorganic compounds) in the aphotic zone.

At higher temperatures, sulfide production in-
creased and O, penetration decreased significantly,
pointing to an increasing contribution of sulfide oxida-
tion to the overall O, consumption in the aphotic zone.
Although sulfide can be oxidized both biologically and
chemically, chemical sulfide oxidation is generally
slower than biological oxidation of sulfide (e.g. Buis-
man et al. 1990). Revsbech et al. {1983) found that sul-
fide oxidation in the illuminated Solar Lake mat was
primarily biologically mediated. An exact contribution
of sulfide oxidation to O, consumption in the aphotic

zone cannot, however, be determined, since the O,
demand for sulfide oxidation depends strongly on the
oxidation product, on the microorganisms involved in
sulfide oxidation, and also on the biological and chem-
ical conversions of intermediate sulfide oxidation pro-
ducts. Furthermore, our microsensor measurements
were not done at exactly the same point and a direct
correlation of overlapping reaction zones of O, con-
sumption and sulfide oxidation is critical. However, the
measured O, and S, profiles showed clearly that
(1) sulfide oxidation, referred to as the S, consump-
tion at the upper boundary of the profile, increased
with temperature (Fig. 4); and (2) there was a pro-
nounced change in O, availability for sulfide oxidation
with temperature (Fig. 3). The O, availability can affect
the types of sulfide oxidation products formed, as has
been shown e.q. for Thiobacillus thioparus (van den
Ende & van Gemerden 1993).

Different oxidation states of intermediate sulfide oxi-
dation products do significantly influence the contribu-
tion of sulfide oxidation to O, consumption in the
aphotic zone. Only at 25 and 30°C would complete sul-
fide oxidation have been possible, as estimated from J
and calculated rates of sulfide oxidation (Fig. 5). At
these temperatures, the zone of sulfide oxidation over-
lapped significantly with the aphotic zone {Fig. 3). It is
thus likely that complete sulfide oxidation, or at least
oxidation to highly oxidized intermediates, occurred at
25 and 30°C. The situation changed drastically with in-
creasing temperature. At higher temperatures com-
plete sulfide oxidation would not have been possible,
even if only sulfide oxidation contributed to J; (Fig. 5).
At 35°C, the thickness of the zone where O, and S,
coexisted was minimal (0.1 mm, Fig. 3). Therefore,
the possibility of anoxic sulfide consumption by, e.g.,
anoxygenic photosynthesis (see below) and polysulfide
formation cannot be excluded at 35°C, and this could
have led to a lower O, demand for sulfide oxidation. At
40°C, J, increased again (Fig. 4), as a result of increas-
ing sulfide oxidation and a slightly higher O, availabil-
ity. Although the zone of sulfide oxidation was re-
stricted to the aphotic zone, complete sulfide oxidation
to sulfate was not possible, even if only sulfide oxi-
dation would have contributed to O, consumption in
the aphotic zone. Taking also O, consumption by aero-
bic respiration into account, it is probable that inter-
mediate sulfide oxidation products with a low oxidation
state accumulated due to incomplete sulfide oxidation.

Anoxygenic photosynthesis was not of major impor-
tance for sulfide oxidation, since O, penetrated deeper
than the depth of the photic zone and, except at 35°C,
O, and S, consumption zones overlapped. This points
to a predominance of chemolithotrophic sulfide oxi-
dation (Jergensen & Des Marais 1986). However, in-
complete aerobic sulfide oxidation under O, limitation
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could also support anoxygenic phototrophs via inter-
mediate sulfide oxidation products (van den Ende et al.
1996), thus allowing for a coexistence of both pro-
cesses. The latter is also indicated by the increased
abundance of Chloroflexus-type filamentous bacteria
in the surface layer, as observed by light microscopy
after the experiments. Although we did not measure
the vertical light distribution in the mat, enough light,
especially near-infrared light (Jergensen et al. 1979),
could have penetrated to the zone of sulfide oxidation
at elevated temperatures. The use of intermediates
is however not detectable with H,S microelectrodes.
Sulfide oxidation is also simplified if only sulfate and
elemental sulfur as oxidation products are considered.
Other possible intermediates like thiosulfate could also
have been produced and further transformed via oxi-
dation, reduction or disproportionation (e.g. Jergensen
1990, 1994b, Visscher et al. 1992). Disproportionation
reactions of different intermediates (e.g. thiosulfate,
sulfite) can lead to additional sulfide production (Bak &
Cypionka 1987, Bak & Pfennig 1987). Thus, our sulfide
consumption rates may represent part of the actual
rates of chemolithotrophic and anoxygenic photo-
trophic processes in the mat.

Temperature effects on pH microprofiles

The measured pH profiles are difficult to interpret in
terms of specific chemical or biological processes. In
the dark, pH decreased in the upper part of the mat.
Since sulfide oxidation and heterotrophic respiration
took place in the upper 0.2 mm of the dark incubated
mat, the overall pH decrease with depth was probably
also due to fermentation processes by fermentative
heterotrophic bacteria and/or cyanobacteria (Oren &
Shilo 1979, Moezelaar et al. 1996, Nold & Ward 1996).
Fermentation increased with temperature as indicated
from the decreasing pH in the upper part of the dark
incubated mat. Accumulation of fermentation products
under dark anaerobic conditions was shown in hot
spring cyanobacterial mats (Anderson et al. 1987).
Such fermentation products could serve as substrates
for sulfate-reducing bacteria (Moezelaar et al. 1996).
Furthermore, fermentative production of H, could sup-
port sulfate reduction in the dark (Skyring et al. 1988).

The pH maximum in the photic zone represents the
balance between the photosynthetically induced pH
increase due to CO, fixation and heterotrophic activity,
which tends to decrease the pH. The pH decrease in
the aphotic zone was caused by aerobic respiration
and sulfide oxidation. The chemical gradients and thus
the depth distribution of these processes changed sig-
nificantly with temperature (Fig. 3), contributing to the
observed temperature-enhanced pH decrease in the

aphotic zone and to the decrease of the photosynthe-
sis-induced pH maximum.

Temperature effects on sulfide production

Sulfide production increased with temperature, both
in the dark and light incubated mat (Figs. 3 & 4). The Qg
of sulfide production was determined according to Isak-
sen & Jergensen (1996). In the temperature range of 25
t0 35°C (30t0 40°C)a Qpof 1.82(1.78) in the lightand a
Qyp of 3.16 (3.05) in the dark incubated mat was calcu-
lated. Generally, reported Q,;, values of sulfate reduction
in cyanobacterial mats and saltmarsh sediments are in
the range of 2.0 to 3.5 (Abdollahi & Nedwell 1979,
Skyring et al. 1983, Jergensen 1994b). In other hyper-
saline mats, a 10°C temperature increase caused a 2-
to 4-fold enhancement of sulfate reduction both during
the day and night (Canfield & Des Marais 1991, 1993).

Our sulfide production rates represent net rates of
sulfide production, which, together with sulfide con-
sumption rates, represent a measure of net sulfide
cycling in the mat. Actual rates of sulfate reduction
may have been higher at all conditions. High rates of
sulfate reduction have been measured in the upper-
most few cm in Solar Lake mats, and it was found that
50 % of the total daily areal sulfate reduction occurred
in the uppermost 5 mm and 90% in the uppermost
3 cm of the mat, respectively (Jergensen & Cohen
1977). Furthermore, several studies indicate that sul-
fate reduction also occurs in the well-oxygenated zone
of light incubated hypersaline mats, where the pro-
duced sulfide is rapidly reoxidized (Canfield & Des
Marais 1991, Friind & Cohen 1992, Jergensen 1994b,
Teske et al. 1998). These processes are not included in
our net sulfide production rates, which could be one
reason for the different Qq values of sulfide production
in the dark and light incubated mat.

The most pronounced increase of sulfide production
in the dark incubated mat occurred between 30 and
35°C (Fig. 4), and a zone of high sulfide production
developed in the upper layer of the mat (Fig. 3). This
significant increase could have been due to both a
higher temperature optimum of the sulfate-reducing
bacterial community and possibly an increased avail-
ability of electron donors. Thus, sulfate reduction
became of increasing importance for the mineralisa-
tion of organic matter at elevated temperatures. A
stronger temperature dependency of sulfate reduction
than aerobic respiration and an increased role of
anaerobic mineralisation at increasing temperatures
was also suggested by Thamdrup et al. (1998) in a
study of suspended marine sediments.

The measured S, profiles did not always exhibit a
clear spatial separation of sulfide production and con-
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sumption zones, and sometimes several zones were
calculated by the numerical procedure (Fig. 3). Espe-
cially at 40°C in the dark incubated mat, zones of high
sulfide production and consumption were calculated
close to the mat surface and it is difficult to estimate if
these zones are only due to biological sulfide produc-
tion/consumption processes or if various chemical pro-
cesses like polysulfide formation via reactions between
sulfide and elemental sulfur took place. Also the occur-
rence of zones of anaerobic sulfide consumption under
several conditions (Fig. 3) is difficult to interpret.
Besides chemical reactions, these zones could also
result from changes of physical parameters in the mat,
like the porosity and the diffusion coefficient D;, which
were assumed to be constant.

CONCLUSIONS

Temperature had a complex effect on processes
involved in O, and sulfide cycling in the Solar Lake
cyanobacterial mat. Most of the involved microbial
processes are not only directly regulated by tempera-
ture, but also depend on the availability of various sub-
strates, either supplied by closely associated microbial
activities or by diffusional transport. These are also
temperature dependent and therefore contributed
indirectly to the temperature response of, e.g., photo-
synthesis and O, consumption. In the Solar Lake mat,
sulfide conversion processes became of increasing
importance for the O, turnover at elevated tempera-
tures. Thus, when temperature was increased above
in situ environmental temperatures, the sulfur cycle
strongly influenced the aerobic community and its
metabolism, and became a major controlling factor of
carbon turnover in the microbial mat.
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