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INTRODUCTION

Microbial mats have been defined as vertically
laminated structures developing in the superficial sedi-
ment layers and on solid surfaces (van Gemerden 1993).
They are characteristically dominated by different func-
tional groups of microbes, including oxygenic photo-
trophs (comprising microalgae and cyanobacteria),
aerobic heterotrophic bacteria, chemotrophic sulphur
bacteria, phototrophic sulphur bacteria and sulphate-

reducing bacteria. Due to their structure and organisa-
tion, microbial mats are an ideal model system to study
the biochemical conversion of organic matter in sedi-
ments (Canfield & Des Marais 1993). Microbial mats de-
velop under a wide range of environmental conditions.
They can be observed in freshwater systems (van
Gemerden 1993), intertidal marine sediments (van
Gemerden et al. 1989, Epping et al. 1999) or in hyper-
saline lagoons (Jørgensen & Cohen 1977). Moreover,
microbial mats particularly form under extreme condi-
tions of temperature, which have been described in arid
hot deserts (Johansen 1993), sulphidic hot springs (Pier-
son et al. 1987) and in the permanently cold environment
of the polar regions, especially in Antarctica (Vincent et
al. 1993, Hawes & Schwarz 1999).
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ABSTRACT: Short-term temperature effects on oxygen turn-over in artificial cold-adapted microbial
mats were experimentally studied using microsensor techniques. The artificial mats were cultured in
benthic gradient chambers under opposing oxygen and sulphide gradients, and community meta-
bolism was analysed after 8 mo of incubation at 5°C. Microbial mat samples from Lake Fryxell
(Antarctica) were used as inocula. Both net and gross O2 productivity were maximal at 10°C, whereas
gross O2 production was completely inhibited at 15°C. Thus, the microbial community exhibited a
psychrophilic response. Nevertheless, the inhibition of oxygenic photosynthesis at 15°C might result
from indirect effects of accumulation of H2S in the photic zone, which might induce the inhibition of
photosystem II activity. The dynamics of the dark and light net metabolism of O2 were estimated from
transient oxygen profiles. They were strongly affected by the temperature changes, exhibiting tem-
perature characteristics well above those calculated from the steady-state approaches. This indicates
that indirect effects of temperature probably occurred, i.e. (1) migration of microorganisms locally
resulting in higher biomass, (2) an increase of the oxygen requirements for the oxidation of reduced
compounds such as H2S, or both. The results show that the metabolic rates of the different functional
groups in these artificial microbial mats were fine-tuned to the prevailing temperature. This resulted
in a close coupling of oxygen and sulphur cycles as has been previously found for mesophilic hyper-
saline mats.
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Light and temperature are among the major factors
that govern metabolic process rates in general and
therefore also the primary production and respiration
of phototrophic communities. In Antarctica, there is
increasing evidence of temperature increase and
enhancement of ultraviolet B flux through the ozone
hole (Wynn-Williams 1996). Whereas many studies
have addressed the effects of UV radiation on the
structure and the productivity of sea ice communities
(Vincent et al. 1993, Quesada et al. 1995, Wynn-
Williams 1996, Nadeau et al. 1999), little is known
about the consequences of temperature changes on
the microphytobenthic communities. Psychrophilic
and psychrotrophic strains have been described for
most of the functional groups that classically inhabit a
microbial mat, including phototrophic microorganisms
(Tang et al. 1997, Madigan et al. 2000), and aerobic
and anaerobic chemoorganoheterotrophic bacteria
(Isaksen & Jørgensen 1996, Mountfort et al. 1997,
Knoblauch et al. 1999). However, it remains unknown
whether psychrophiles dominate in Antarctic micro-
bial mat communities or whether they only constitute a
minority. A recent study of culturable strains (Tindall et
al. 2000) supports the latter hypothesis for the aerobic
organoheterotrophs in the mat samples from Lake
Fryxell, Antarctica. Nevertheless, the temperature
optimum of community metabolism is not a simple
average of the physiological temperature optima of the
individual members, but is also determined by the
complex interactions observed within a microbial mat
(van den Ende & van Gemerden 1994). A recent study
has shown that photosynthesis in an Antarctic
cyanobacterial biofilm was optimal well above the in
situ temperature (Nadeau & Castenholz 2000). Using
microsensor techniques, the effects of temperature on
the oxygen and sulphide turn-over in mesophilic
hypersaline microbial mats have been described in
detail (Epping & Kühl 2000, Wieland & Kühl 2000).
These studies demonstrated that the responses of
microbial mats to short-term changes in temperature
were extremely complex due both to the tight coupling
between the production and consumption and to the
strong interactions occurring between the carbon, the
oxygen and the sulphur cycles. On the basis of these
studies in mesophilic environments, we anticipated
that coupling of biogeochemical cycles is also an
important regulating factor for temperature effects in
microbial mats originating from polar regions.

The aim of the present study was to assess the short-
term response of oxygen community metabolism to
changes of temperature in an artificial cold-adapted
microbial mat. For that purpose, benthic gradient
chambers (BGC) (Pringault et al. 1996) were used for
experimental culturing of artificial mats from inocula of
Antarctic lake microbial mats. The oxygen turn-over

rates were measured using microsensor techniques,
and variations of oxygen and hydrogen sulphide depth
profiles were monitored at different temperatures. The
formation and structure of the experimental biofilms
were studied in detail by Buffan-Dubau et al. (2001,
this issue).

MATERIALS AND METHODS

Experimental conditions. Experimental microbial
mats were cultured in BGC (Pringault et al. 1996) from
inocula (10% v/v mixed into the top 1 cm) originating
from natural microbial mats sampled in Lake Fryxell
(Antarctica). Further details of the sampling site, mat
sample collection and preservation, as well as cultur-
ing procedure are described in Buffan-Dubau et al.
(2001). In the present study, we used the Mat 2
described by Buffan-Dubau et al. (2001). The mat was
8.5 mo old and was cultured at 5°C. At the end of the
culturing period, the BGC was opened, and O2 and
H2S microsensors were gently inserted into the mat
without disturbing the structure to perform the profile
measurements.

Oxygen and hydrogen sulphide concentration pro-
files and the rates of oxygen community metabolism
were measured at 0, 5, 10 and 15°C. The artificial mat
was exposed to the defined temperature for 24 to
36 h, which was the minimum time required to
achieve the whole set of measurements. Between
each experiment at the different temperatures, the
mat was set back and maintained at the culturing
temperature (i.e. 5°C) for 24 to 48 h. The oxygen and
hydrogen sulphide depth profiles were then mea-
sured to check whether the changes caused by tem-
perature were reversible. During the entire experi-
ment, the micromanipulator was maintained at the
same reference position. This way, all measured pro-
files exactly corresponded to the same position in
space. The experiments reflected a precise measure-
ment of temperature effects on profiles and processes
for that particular spot. Therefore, the measurements
were not influenced by the spatial heterogeneity of
the mat (Buffan-Dubau et al. 2001). During measure-
ment, light was provided from the same source as that
used for the culturing (i.e. incandescent lamp); the
photosynthetic active radiation (PAR) was 70 µmol
photons m–2 s–1 at the mat surface.

Microsensors measurements. Oxygen concentra-
tions were measured with a Clark-type O2 microelec-
trode (Revsbech 1989). The response time was less
than 1 s and the stirring sensitivity was around 1%.
Two-point calibrations were performed using the pro-
cedure described by Revsbech & Jørgensen (1986).
Oxygen partial pressures were converted to concen-
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trations as a function of salinity and temperature
(Garcia & Gordon 1992). From steady-state profiles,
the net productivity (NP) of oxygen was calculated
from the linear oxygen gradient in the diffusive bound-
ary layer (DBL) according to Kühl et al. (1996), i.e. a
positive flux indicated a net export of oxygen from the
mat to the overlying water, the mat acting as source for
oxygen, whereas a negative flux indicated that the mat
acted as a sink for oxygen.

Depth profiles of gross O2 production rates were
measured with a vertical resolution of 100 to 200 µm
using the standard light-dark (L-D) shift technique
(Revsbech & Jørgensen 1983). Areal gross photosyn-
thesis (AGP) corrected for porosity was then calculated
by integrating the photosynthesis profiles. The micro-
bial mat developed as a roughly 2.5 to 5 mm thick
organic matrix on top of the sandy sediment (Buffan-
Dubau et al. 2001). It has been found that a substantial
part of phototrophic biofilms consists of intact cells
with intracellular water; a precise estimation of the
porosity by standard drying procedures is thus difficult
(Canfield & Des Marais 1993). Therefore, we have
used an average porosity of 0.8 (v/v), which is a typical
value observed in the top 1 mm of microbial mats with
high amounts of exopolysaccharides (Wieland & Kühl
1999, Epping & Kühl 2000). H2S concentration profiles
were measured with a H2S microsensor (Kühl et al.
1998). Calibration procedures have been previously
described by Pringault et al. (1998).

The temperature dependence of the different meta-
bolic processes was characterised by calculating the
apparent activation energy (Ea) and the corresponding
temperature coefficient (Q10) value according to Isak-
sen & Jørgensen (1996). Ea (J mol–1) was determined
from the slope of an Arrhenius plot:

ln(k)  =  ln(A) + [–Ea × (R × T)–1] (1)

where k is the process rate, A is the Arrhenius con-
stant, R is the gas constant (8.3144 J K–1 mol–1) and T is
the absolute temperature (°K). Q10 was calculated
between 0 an 10°C with the following equation:

Q10 =  exp{Ea × 10 × [R × T × (T + 10)]–1} (2)

Dynamics of dark oxygen respiration and light net
oxygen metabolism (net result of production and res-
piration) were calculated by a recently developed
technique. Accordingly, O2 concentrations were moni-
tored during short dark-light (D-L) cycles, and this
procedure was repeated sequentially at different
depths. It was checked that the O2 concentration
returned to the same value after completion of the D-
L cycle. Preliminary observations showed that full
reversibility was achieved when a 20 min dark period
was followed by a 40 min light period. Hence, this
regimen was adopted and measurements were

repeated at a vertical depth resolution of 200 µm,
starting below the maximum depth of oxygen pene-
tration up to 1 mm above the mat surface. From this
series of measurements it was, therefore, possible to
deduce the transient state depth profiles of O2 during
a L-D cycle. The transient rates of dark O2 respiration
and light net O2 metabolism were calculated at differ-
ent depths from the numerical solution of the differen-
tial equations according to the second Fick’s diffusion
law (Epping et al. 1999):

(3)

where C represents the O2 concentration, z the depth,
t the time, Ds the sedimentary diffusion coefficient of
O2, P the O2 production and R the O2 respiration rates
expressed per unit of pore water volume. For Ds, a con-
stant value with depth was assumed that equals 50%
of the diffusion coefficient in water, Do. Do coefficients
were calculated as a function of temperature and salin-
ity according to Broeker & Peng (1974). Data acquisi-
tion and calculation procedures have been described
by Epping et al. (1999). For each D-L cycle, oxygen
concentration was recorded at a frequency of 1 every
5 s. A total of 720 transient O2 profiles were deter-
mined.

RESULTS

Steady-state solute profiles and depth distribution of
gross photosynthesis

In the dark, maximum depths of oxygen penetration
varied from 0.6 to 0.2 mm (Fig. 1). Exposure to light
resulted in oxygen accumulation below the mat sur-
face, between 0 and 1 mm depth. Results were differ-
ent for 15°C, where the light profile showed that the
mat was still acting as an oxygen sink and not as an
oxygen source (Fig. 1). Oxygen peaks were maximal at
10°C with values of ca 300% of air saturation, corre-
sponding to 1000 µM of dissolved O2. The maximum
depth of O2 penetration decreased with temperature
from 3.2 mm at 0°C to 0.8 mm at 15°C. From 0 to 10°C,
volumetric rates of gross photosynthesis increased
with temperature, but at 15°C photosynthesis was not
detectable (Fig. 1). The maximum gross O2 production
was observed at the same depth horizon, i.e. 0.6 mm,
with a value of 2.2, 3.5 and 4.5 nmol cm–3 s–1 at 0, 5 and
10°C, respectively. For this temperature range, the
thickness of the photic zone was 0.8 to 1.0 mm inde-
pendent of temperature.

In the dark, H2S reached the mat surface (Fig. 2), and
low concentrations of H2S were measured in the DBL
above the sediment. This shows that the sulphide
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consumption in the mat was not sufficient to counter-
balance the sulphide input by both diffusion from
below the mat and sulphate reduction in the mat. Light
exposure at 0, 5 and 10°C resulted in the complete dis-
appearance of H2S in the first millimetres of the mat,
meaning that the photic zone became free of sulphide
(Fig. 2). In contrast, at 15°C, light exposure had only a
very minor impact on the H2S profile, and even at the
end of the light period most of the photic zone was still
exposed to H2S.

Steady-state oxygen metabolism at different 
temperatures

AGP and NP were plotted as a function of tempera-
ture (Fig. 3). From 0 to 10°C, both activities increased
with temperature, from 3.40 to 8.68 nmol cm–2 min–1 for

AGP and from 2.37 to 7.29 nmol cm–2 min–1 for NP. The
maximal values were measured at 10°C, which is
above the culturing temperature (i.e. 5°C). The appar-
ent Ea from 0 to 10°C were equal to 60.4 kJ mol–1 and
72.4 kJ mol–1 for AGP and NP, respectively. These
values corresponded to a Q10 of 2.6 and 3.1, respec-
tively. Exposure to 15°C was critical for the oxygen
production in the mat, as no gross production was
detectable and negative values were measured for NP
(–2.28 nmol cm–2 min–1). This shows that the mat
switched from a net autotrophic mode to a fully hetero-
trophic mode.

Similarly, oxygen consumption flux was measured in
the dark at the different temperatures (Fig. 3). From 0
to 10°C, activities also increased from 2.62 to 3.77 nmol
cm–2 min–1 for the oxygen uptake. Again, the maxi-
mum rate was observed at 10°C, which was above the
culturing temperature, and exposure to 15°C gave rise
to a strong decrease. The apparent Ea of dark O2

uptake (from 0 to 10°C) was 23.4 kJ mol–1, correspond-
ing to a Q10 of 1.4.
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Fig. 1. Averaged steady-state profiles (n = 3) of oxygen under
dark (D) and light (S) exposures and the corresponding gross
photosynthesis (h) profiles in the artificial microbial mat

incubated at different temperatures

Fig. 2. Averaged steady-state profiles (n = 3) of H2S under
dark (D) and light (S) exposures in the artificial microbial mat

incubated at different temperatures
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Transient dynamics of oxygen metabolism and
temperature effects

The short D-L cycling experiments (cf. ‘Materials
and methods’) allowed a detailed description to be
obtained of the dynamic changes of oxygen commu-
nity metabolism occurring shortly after shifting
between light and dark. The variables comprised the
dark O2 respiration and the net O2 production rate,
which were calculated during the dark and light peri-
ods, respectively (cf. ‘Materials and methods’). Tem-
perature strongly affected the dark respiration distrib-
ution. At 0, 5 and 10°C, the profiles of dark O2

respiration exhibited 2 distinct layers: an upper zone
associated with the photic zone observed in the light
and a deeper zone overlying the oxic-anoxic interface
where reduced compounds could be oxidised (Fig. 4).
The evolution in time and depth of these 2 zones was
strongly affected by the increase of temperature. At
0°C, respiration rates and the thickness of both layers

were almost constant with time, whereas at 10°C, the
dynamics of both respiration zones were very marked.
At the latter temperature, dark respiration in the
upper layer decreased with time and the peak moved
slightly upwards to the sediment surface (Fig. 4). In
the deeper layer, the dark respiration rate strongly
decreased with time and the peak also migrated
upwards. At the end of the dark exposure, the upper
part of the mat was still active, whereas the deepest
respiration layer completely disappeared. At 15°C,
respiration was very low, maximum rates were below
0.5 nmol cm–3 s–1, and no clear trend with time was
observed (Fig. 4).

Since the 10°C incubation of the mat induced both
an initial strong stimulation of the volumetric rates of
dark O2 respiration and a marked dynamic time
course, these results are detailed in Fig. 5. At 0°C,
after 20 min of darkness, oxygen concentrations were
still high in the photic (0.6 mm) and aphotic (1.4 mm)
zones. In contrast, at 10°C, oxygen completely dis-
appeared after 18.3 and 13.7 min at 0.6 mm (photic
zone) and 1.4 mm depths (aphotic zone), respectively
(Fig. 5). This resulted in a sharp decrease of res-
piration, as soon as oxygen reached a limiting concen-
tration. Thus, the strong decrease of oxygen concen-
tration with time within the aphotic zone explained
the decrease of the rates in the bottom respiration
layer.

The depth distribution of net O2 production rates
upon the shift from dark to light was also strongly
affected by temperature (Fig. 6). Positive values indi-
cated a net O2 production, whereas negative values
indicated that O2 respiration exceeded photosynthetic
O2 production. At 0 and 5°C, a zone of net O2 produc-
tion was observed close to the surface (Fig. 6) and,
thus, in relation with the presence of the oxygenic pho-
totrophic microorganisms (Buffan-Dubau et al. 2001).
Deeper in the mat, respiration was taking place at a
low rate. Under light exposure, at 0 and 5°C, no clear
variation with time was observed for the net O2 metab-
olism profile. In contrast, incubation at 10°C resulted in
a completely different trend: the structure including 2
distinct zones was also present; however, both layers
were tightly coupled with regard to their evolution
with time (Fig. 6). The net production of O2 (upper
layer) increased with time and concomitantly the respi-
ration zone (lower layer) exhibited an increase of the
rates together with an increase of the layer thickness.
As previously observed for the respiration, dynamics of
net O2 metabolism were not very pronounced at 15°C.
No layer with net oxygen production was detected,
and a relatively small peak of net O2 consumption was
observed at ca 0.6 to 1 mm depth (Fig. 6). The maxi-
mum value, i.e. 0.3 nmol cm–3 s–1, remained constant
with time.
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Fig. 3. Temperature effects on net productivity (h), gross
photosynthesis (S) and dark O2 uptake (■ ) in the artificial
microbial mat. Areal rates were calculated from the data pre-
sented in Fig. 1. The arrows indicate the temperature origi-
nally used for culturing the mat. Error bars are ±1 SD (n = 3)
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Fig. 4. Depth profiles of the dark oxygen respiration as a function of time in the artificial microbial mat incubated at 
different temperatures. Dynamics of the respiration were calculated from transient oxygen profiles measured during short

dark-light cycles
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DISCUSSION

Temperature effects on oxygen metabolism during
steady states

The different metabolic processes that affected the
oxygen turn-over in the artificial cold-adapted micro-
bial mat exhibited similar responses to short-term
temperature changes; i.e. the rates increased from 0
to 10°C, and a strong decrease of the activity was
observed at 15°C. However, at 15°C respiration was
still active while oxygenic photosynthesis was totally
inhibited. The oxygen community metabolism was
thus psychrophilic, i.e. cold-loving, showing that the
community involved in the oxygen cycle was adapted
to the temperature used for culturing (5°C). A possible
explanation is that the artificial mat was dominated by
psychrophilic microorganisms according to the defini-
tion of Morita (1975). For each metabolic process, the
optimum temperature (Topt) was always around 10°C,
i.e. above the temperature used for the culturing
(5°C), although the determination of Topt would

require more detailed measurements between 5 and
15°C. It is well known that the temperature optimum
of psychrophilic or psychrotrophic bacteria is often
well above the in situ temperature of their natural
habitats (Isaksen & Jørgensen 1996, Tang et al. 1997,
Fristen & Priscu 1998, Knoblauch & Jørgensen 1999).
The natural mats from Lake Fryxell (Antarctica) used
as inocula for the culturing of the artificial mats are
exposed to temperatures below 10°C during the
whole year (Buffan-Dubau et al. 2001). Therefore, we
think that the mats from Lake Fryxell were a good
source for psychrophilic and psychrotrophic microor-
ganisms. The culturing at 5°C might have resulted in
enhanced selection of psychrophiles. Nevertheless,
the temperature response of the metabolic processes
involved in the oxygen cycle might be also explained
by a more efficient coupling between the different
metabolic processes at the temperature optimum.
Therefore, while efficient coupling of the metabolic
processes prevents build-up of toxic intermediates,
the observed suboptimal rates at higher temperature
than the optimum one might be due to imbalance and
negative feedback on rates of accumulated toxic
products such as sulphide.

Link between oxygen production and 
sulphur cycling

The oxygen production was strongly affected by the
incubation at 15°C. Gross photosynthesis was fully
inhibited and the mat switched from a net autotrophic
mode to a fully heterotrophic mode (Fig. 3). Pigment
signatures and microscopic observations showed that
green microalgae and cyanobacteria inhabited the
oxic layer (Buffan-Dubau et al. 2001). Cyanobacteria
that form microbial mats in Arctic or Antarctic sys-
tems have been shown to be mostly psychrotrophs
(Tang et al. 1997, Fritsen & Priscu 1998), whereas
microalgae from polar regions are generally consid-
ered to be psychrophiles (Smith et al. 1994). More-
over, a recent study showed that an Antarctica micro-
bial mat inhabited by both psychrophilic and
psychrotrophic cyanobacteria actively photosynthe-
sised at temperatures from 2 to 20°C, with maximum
photoincorporation of carbon at 20°C (Nadeau & Cas-
tenholz 2000). Therefore, the inhibition of gross pho-
tosynthesis at 15°C observed in our artificial mat may
have been due to an indirect effect of temperature on
oxygen production. Actually, at 15°C, under light
exposure, steady-state sulphide profiles showed that
H2S was still present in the photic zone with an aver-
age concentration of 60 µM and a maximum of
140 µM at 1 mm depth. H2S is known to be very toxic
for the photosystem II (PSII). The threshold concentra-
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Fig. 5. Time course of oxygen consumption after darkening in
the artificial microbial mat at 2 different depths: in the photic
zone (0.6 mm) and in the aphotic zone (1.4 mm), for 0 and
10°C (left panels). The corresponding oxygen concentration

evolution is also shown (right panels)
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Fig. 6. Depth profiles of the net metabolism of oxygen as a function of time in the artificial microbial mat incubated at 
different temperatures. Positive values indicate a net oxygen production, whereas negative values indicate a net oxygen
consumption. Dynamics of the net metabolism of oxygen were calculated from transient oxygen profiles measured during short

dark-light cycles
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tion and the type of inhibition depend on the microor-
ganism species (Cohen et al. 1986). It can therefore be
hypothesised that the inhibition of gross photosynthe-
sis was due to a sulphide effect and not to a psy-
chrophilic response. The inhibition of PSII was clearly
reversible since oxygenic photosynthesis was again
taking place as soon as the mat was incubated under
light to its in situ temperature, which led to a com-
plete disappearance of H2S in the photic zone.

Pigment analyses of the mat showed that the anoxic
layer comprised phototrophic purple non-sulphur
bacteria (Buffan-Dubau et al. 2001). It may seem sur-
prising that we did not obtain a clear signal from
phototrophic purple sulphur bacteria, despite the
availability of hydrogen sulphide. However, this is
consistent with previous results indicating that iso-
lates of purple sulphur bacteria from cold environ-
ments grew very slowly at 4°C and did not show spe-
cific adaptation to low temperatures (Herbert &
Tanner 1977). Thus, purple non-sulphur bacteria are
apparently a more successful group at low tempera-
tures. This is also consistent with a recent study
reporting the presence of psychrophilic purple non-
sulphur bacteria in Antarctic microbial mats (Madigan
et al. 2000). Some representatives of the purple non-
sulphur bacteria can oxidise sulphide to sulphur or
sulphate, using photon radiation as an energy source
(Imhoff 1995). Sulphide profiles at 0, 5 and 10°C
showed that sulphide oxidation was high during the
light period (Fig. 2). This strong stimulation during
the light period might reflect a direct role of sulphide
photo-oxidation by purple non-sulphur bacteria and
cyanobacteria, and also an indirect effect of photo-
synthetically produced oxygen as a substrate for
chemotrophic sulphide oxidation by colourless sul-
phur bacteria. Thus, the major pathway of sulphide
oxidation in the mat remains unknown. At 15°C the
small difference between the dark and light H2S
profiles indicated that sulphide consumption was
strongly inhibited both in the light and in the dark

(Fig. 2). Two possibilities can be envisioned. Firstly, if
purple non-sulphur bacteria were the major sulphide
oxidisers in the mat, their psychrophilic character
would have inhibited sulphide oxidation at 15°C,
leading to accumulation of H2S in the photic zone,
which resulted in the inhibition of oxygen production.
Secondly, if colourless sulphur bacteria were the pre-
dominant sulphide oxidisers in the mat, we can infer
that either these bacteria were psychrophiles or that,
alternatively, a direct inhibition of oxygen production
at 15°C deprived these bacteria of their electron
acceptor.

In conclusion, the psychrophilic response observed
for oxygen production may have been due to (1) a
direct inhibition of gross photosynthesis by the incuba-
tion at high temperature, (2) an inhibition of the PSII by
H2S accumulation in the photic zone or (3) a combina-
tion of both phenomena. Our conclusion is consistent
with those previously reported for natural microbial
mats in warm environments where oxygen production
was strongly affected by sulphide production, which
was enhanced by temperature increases (Wieland &
Kühl 1999, Epping & Kühl 2000).

Temperature dependence on reaction kinetics

Temperature has a direct influence on the reaction
kinetics of metabolic processes, which can be de-
scribed by their Ea and Q10 values. Therefore, we
have calculated the apparent Ea and Q10 values for
the different aspects of oxygen community metabo-
lism in the artificial mat and compared those with val-
ues previously described for other benthic environ-
ments (Table 1). The temperature optimum, on which
the terminology is based, is most often the privileged
parameter in studies of cold adaptation, but Ea

deserves more attention (Thamdrup & Fleischer
1998). These authors have invoked a decrease of Ea as
an efficient adaptation to low temperatures in cold-
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Metabolic process Sample origin Temp. range Ea Q10 Source
(°C) (kJ mol–1)

Oxygen consumption Microbial mat 15 to 30 55 2.35 Epping & Kühl (2000)
Oxygen consumption Microbial mat 25 to 40 18 1.3 Wieland & Kühl (2000)
Oxygen consumption Arctic sediment 0 to 40 39 1.8 Thamdrup & Fleischer (1998)
Oxygen consumption Coastal sediment 0 to 50 44 to 71 1.9 to 3.1 Thamdrup et al. (1998)
Net photosynthesis Microbial mat 25 to 40 77 2.8 Wieland & Kühl (2000)
Gross photosynthesis Microbial mat 25 to 40 86 3.1 Wieland & Kühl (2000)
Oxygen consumption Artificial mat 0 to 15 23 1.4 This study
Net photosynthesis Artificial mat 0 to 15 72 3.1 This study
Gross photosynthesis Artificial mat 0 to 15 60 2.6 This study

Table 1. Apparent energy activation (Ea) and temperature characteristic (Q10) for different metabolic processes
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adapted organisms because this would allow them to
maintain a high catalytic efficiency at low tempera-
ture. We think that in cold environments, a decrease
of Ea is indeed a selective pressure, whereas a
decrease of the temperature optimum is probably not
selected as such.

In the artificial mat, Ea and Q10 values for oxygen
consumption were comparable to values found for per-
manently cold Arctic sediments (Table 1). Therefore,
this indicates that the heterotrophic community was
adapted to low temperature. Wieland & Kühl (2000)
have explained the low Ea they observed for oxygen
consumption in hypersaline mesophilic microbial mats
as a limitation of the oxygen transfer from the overly-
ing water to the mat induced by the temperature
increase (Wieland & Kühl 2000). Increase of tempera-
ture would have limited the supply of oxygen for the
mat, so limiting the oxygen uptake. A similar effect
might be also envisaged to partly explain the low Ea

found for the oxygen consumption in our study relative
to the values found from microbial mats of non-polar
environments (Table 1).

Our study confirms that photosynthetic oxygen pro-
duction is strongly regulated by temperature as previ-
ously reported (Davison 1991, Wieland & Kühl 2000),
and contrasts with a recent study indicating that tem-
perature had no effect on gross and net photosynthesis
rates (Epping & Kühl 2000). The apparent Ea and Q10

values calculated for gross and net photosynthesis in
the artificial mats were comparable to those reported
for microbial mats developing in warmer climates
(Table 1). Apparently, a significant decrease of Ea has
not been achieved for oxygenic photosynthesis in
microbial mats, and Antarctic microbial mats seem to

be characterised by lower productivity values than
their counterparts in warmer climates (Buffan-Dubau
et al. 2001). The relatively high Ea for oxygenic
photosynthesis might explain that psychrotrophic
cyanobacteria reduced their chlorophyll (chl) a content
in response to the low photosynthetic capacity at low
temperatures (Tang et al. 1997, Tang & Vincent 1999).
This is consistent with the chl a and NP values found
for the artificial cold-adapted microbial mats that were
lower than those reported for mats in warmer environ-
ments (Buffan-Dubau et al. 2001).

Indirect effects of temperature on dark respiration

Measurements of the respiration dynamics in the
dark, calculated from transient oxygen profiles,
showed that rates were strongly affected by tempera-
ture increase (Figs 4 & 5). From the respiration dynam-
ics calculated at 0 and 10°C, we estimated local appar-
ent Q10 values for both the photic and aphotic layers,
and compared these values to the Q10 value calculated
for the entire community from the steady-state dark
oxygen profiles (Fig. 7). At the beginning of darkness,
the apparent Q10 value in the aphotic zone was much
higher than the Q10 value estimated from the steady-
state profiles (Q10 = 1.4, cf. Table 1). Obviously, in the
aphotic zone at 10°C, the observed decrease of respira-
tion with time related to oxygen depletion (Fig. 5) led
to a significant decrease of this apparent Q10. The high
initial apparent Q10 could not be exclusively induced
by a direct effect of temperature on the reaction kinet-
ics. We invoke the possibility of migration, which
resulted locally in a higher biomass. Increasing tem-
perature enhanced H2S supply by diffusion and proba-
bly also by enhancing sulphate reduction, resulting in
an increase of the toxic effects of sulphide in the mat.
This toxicity could have induced an upwards migration
of heterotrophic bacteria and, therefore, in the aphotic
zone, the mat could have a higher biomass of hetero-
trophic bacteria at 10 than at 0°C, resulting in a higher
activity. In addition, most chemotrophic sulphur bacte-
ria are motile and actively follow the oxygen sulphide
interface (van Gemerden 1993). Thus, the enhance-
ment of H2S supply with increasing temperature might
have stimulated the oxygen requirements for H2S
reoxidation. This latter hypothesis was supported by
the H2S distribution during the transient states (data
not shown): at 0°C no H2S was detected at 1.4 mm,
whereas incubation at 10°C led to H2S accumulation at
the same depth upon dark exposure as soon as oxygen
was totally depleted. Similar patterns have been sug-
gested to explain the strong stimulation of respiration
with temperature increase in natural mesophilic micro-
bial mats (Epping & Kühl 2000).
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Fig. 7. Time course of apparent Q10 value in the photic (S) and
the aphotic (D) layers calculated from the dynamics of the
dark oxygen respiration presented in Fig. 5. The line re-
presents the Q10 value inferred from the steady-state dark

oxygen profiles
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