
AQUATIC MICROBIAL ECOLOGY
Aquat Microb Ecol

Vol. 37: 265–281, 2004 Published December 15

INTRODUCTION

Temperature and irradiance are important environ-
mental controls on photosynthesis and respiration in
marine sediments (e.g. Hartwig 1978, Rasmussen et al.
1983, Grant 1986, MacIntyre & Cullen 1995). In shal-
low waters, both variables change on a seasonal and a
diel basis superimposed by tidal and weather-driven
variations, all having an impact on the benthic micro-

bial activity (Grant 1986, Cahoon 1999, Glud et al.
2002). Studies at subtidal and intertidal sites have
shown that temperature can exert tight control on ben-
thic photosynthetic rates, and can lead to seasonal
acclimation and/or change in the microphytobenthic
community composition (Rasmussen et al. 1983, Grant
1986, Blanchard et al. 1996, Barranguet et al. 1998).
Temperature acclimation usually describes phenotypic
changes in a community as a response to short-term
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C-cycling in shallow water communities experiencing seasonal and diel temperature fluctuations.
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temperature change, whereas temperature adaptation
involves genetic differences in metabolism between
communities from different thermal environments
(Berry & Bjorkman 1980, Davison 1991). Temperature
adaptation in microorganisms has typically been stud-
ied in cultures or in sediment slurries placed in
benches at well-defined temperatures (Blanchard et al.
1996, Isaksen & Jørgensen 1996, Thamdrup & Flei-
scher 1998). Based on data for minimum, optimum and
maximum temperatures of the activity, the organisms
are divided into groups, such as psychrophile, meso-
phile and thermophile, that tolerate low, medium and
high temperatures, respectively (Davison 1991).

Temperature-changed activity is often quantified by
the so-called Q10 factor (the relative rate of increase at
a temperature increase of 10°C). Such studies have
shown an insignificant difference in temperature
adaptation of aerobic respiration between arctic and
temperate communities (Thamdrup & Fleischer 1998).
In contrast, lower Q10 values have been reported for
benthic sulphate reduction in Antarctic sediments
compared to measurements performed at temperate
latitudes (Isaksen & Jørgensen 1996). However, most
benthic temperature studies have been performed on
highly manipulated samples or inferred from seasonal
rates at in situ temperature, which may be confounded
by changes in other environmental controls. To our
knowledge, only 2 detailed temperature studies on

intact benthic communities exist, both performed in
hyper-saline mat systems (Epping & Kühl 2000,
Wieland & Kühl 2000). No detailed studies have been
performed on subtidal microphytic communities.

Studying the temperature response of intact benthic
microbial communities is complicated by the simulta-
neous impact on physical and chemical controls, and
by the fact that benthic microbial communities host a
complex phototrophic and heterotrophic diversity
(Revsbech et al. 1981, Epping & Jørgensen 1996,
Fenchel & Glud 2000). Temperature studies of aerobic
activity based on traditional bell jar approaches can
easily be misinterpreted, as they do not account for
changes in O2 penetration depth (Epping & Jørgensen
1996). Further, it is to be expected that data from slurry
samples can be biased due to changes in the benthic
community structure and in the environmental con-
trols. Application of O2 microsensors allows a detailed
and unconfounded evaluation of the biological temper-
ature effects on both photosynthesis and respiration
with a high spatial resolution (Revsbech & Jørgensen
1986, Glud et al. 2000).

The aim of the present study was to evaluate possi-
ble differences in the temperature adaptation strategy
between arctic and temperate benthic microphyte
communities, during short-term temperature varia-
tions. The study includes rate measurements of sedi-
ment community respiration, gross photosynthesis and
net photosynthesis as determined from O2 microsensor
measurements in intact sediments, sampled at 3 dif-
ferent sites.

MATERIALS AND METHODS

Study site and conditions. Sediment samples were
collected from a temperate site (Nivå Bay, Denmark), a
northern-temperate site (Trondheimsfjord, Norway)
and a high-arctic site (Adventfjord, Svalbard, Norway)
(Fig. 1). The 3 sites were located in the subtidal zone
(water depth <4 m, Table 1) and characterised by fine-
grained sandy sediments, without onsite-growing
macroalgae or vascular plants. Median grain size was
not determined but microscopic investigations sug-
gested that the mean grain size was around 200 to
500 µm at all the investigated sites. All sites were
located in partly protected semi-enclosed bays, and
the benthic microphytes were apparent as a golden-
brownish colouring of the sediment surface. Micro-
scopic analyses of fresh and Lugol-fixed samples veri-
fied that the benthic microphytes were dominated by
the pennate diatom genera Nitzschia and Navicula.
Few specimens of Fragilaria, Surirella and Amphora
were observed. There was no apparent difference in
the genera present at the different sites.
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Fig. 1. Map including the sampling sites, Nivå Bay, Denmark,
the Trondheimsfjord, Norway, and the Adventfjord, Sval-

bard, Norway
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Sediment porosity (φ) was determined by core slicing
and subsequent drying, but resulted in underesti-
mated values due to an unavoidable loss of water in
the relatively sandy sediment (data not shown). There-
fore, porosity was instead estimated from the ratio
between the O2 concentration gradient measured
immediately above and below the sediment surface
(Glud et al. 1995, Epping & Jørgensen 1996). In addi-
tion, porosity was estimated from resistivity measure-
ments according to Klinkenberg (1951) and Ullman &
Aller (1982). The average porosity applying these
2 approaches amounted to 0.60 ± 0.11 (n = 19). No sig-
nificant difference in porosity was observed between
the investigated sites and the same value was there-
fore used for all calculations.

All samples were collected during the winter months
and consequently the temperature at the time of sam-
pling was close to the minimum of the annual range
(Table 1). Irradiance and salinity during the sampling
periods are shown in Table 1. Incident irradiance and
temperature at the sediment surface were measured
using small-submerged data loggers (HOBO, Onset
Computer Cooperation), intercalibrated to a cosine-
corrected quantum sensor (LiCor LI-190SA connected
to a LiCor LI-1000 data logger). The chlorophyll a
(chl a) concentration of the surficial sediment (0 to
1 cm) was determined from at least 4 sediment cores at
each site. Samples were initially frozen at –80°C and
subsequently extracted in 96% ethanol for 24 h. The
chl a concentration was determined spectrophotomet-
rically (Parsons & Strickland 1963) using the extinction
coefficient suggested by Wintermans & DeMots (1965)
(Table 1).

Sampling and experimental set-up. Samples were
collected by hand in Nivå Bay, by SCUBA divers in the
Trondheimsfjord, and by a ‘kayak’-like home-made
sampler in the Adventfjord. During sampling in the
Adventfjord 40 to 50 cm of sea ice covered the fjord

and holes were drilled prior to sampling. All samples
were collected directly in Plexiglas core liners (inner
diameter = 52 mm; length ≈ 150 mm). Intact, undis-
turbed sediment cores with clear overlying water and
without larger stones were selected. For each site, 6 to
12 cores were sampled, placed in an insulated box and
transported within a couple of hours and with mini-
mum disturbance to the laboratory. In the laboratory,
cores were placed in bottom water from the sampling
site kept at in situ temperature. The cores were
exposed to a 12:12 h light:dark cycle (140:0 µmol pho-
tons m–2 s–1, respectively) by a halogen lamp (Schott
KL 1500). Even though the daylight period was longer
at the more northern sites, irradiance at the 3 sites was
comparable as a consequence of lower zenith angle of
the sun at higher latitude. Data from the Trondheims-
fjord were based on 3 individual sampling sessions,
whereas data from Nivå Bay and the Adventfjord were
based on a single set of samples from each site.

To enable temperature manipulation of the sediment
cores, a microcosm was constructed (Fig. 2). By combi-
nating a heating plate and a cooling coil, water tem-
perature in the microcosms was changed in steps of 3 ±
0.2°C. A halogen lamp equipped with an optical fiber
served as light source (Schott KL 1500) and incident
irradiance was measured at the sediment surface using
a cosine-corrected quantum sensor (LiCor LI-190SA).
A stable water flow above the sediment surface was
secured using an internal rotating magnet, which
caused a diffusive boundary layer (DBL) of 300 to
500 µm at the measuring spots. Flushing by an air
pump kept the water of the microcosm at atmospheric
oxygen saturation at all times.

Microsensor measurements. All oxygen measure-
ments were carried out using Clark-type O2 micro-
electrodes with a guard cathode (Revsbech 1989). Total
oxygen exchange (TOE) rates were measured using
electrodes with external tip diameters of ~1000 µm,
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Parameter/site Nivå Bay Trondheimsfjord Adventfjord
(Denmark) (Norway) (Svalbard, Norway)

Time of sampling February 2001 March 2002 May 2000d

Temperature (°C)a 2.5 ± 1.3 (0–30) 4.2 ± 0.7 (0–18) –1.6 ± 0.2 (–1.8–7.0)
Irradiance (µmol photons m–2 s–1)b 68 ± 46 (380) 35 ± 20 (83) 46 ± 35 (195)
Salinity (‰)c 18 ± 7 29 ± 3 34 ± 0.4
Water depth (m) 0.4 ± 0.2 3.0 ± 1.5 1.3 ± 0.6
Chlorophyll a (mg m–2) 22.9 ± 6.5 (n = 4) 23.8 ± 5.6 (n = 10) 2.7 ± 0.7 (n = 4)
aIn situ temperature at day of sampling, annual temperature range shown in parentheses
bAverage incident irradiance (during light hours) measured on sediment surface at day of sampling; maximum measured
irradiance at month of sampling shown in parentheses

cMeasured across a 30 d interval
dSampled beneath 40 to 50 cm of sea ice cover

Table 1. Time of sampling, geographical position, and in situ water temperature, irradiance, salinity, water depth, and chloro-
phyll a concentration for the 3 investigated sites. n: number of samples
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stirring sensitivity of <3%, and a 90% response time of
<40 s (Glud et al. 2000). Gross photosynthesis and
microprofiles were measured using electrodes with ex-
ternal tip diameters <15 µm, stirring sensitivity <1%
and a 90% response time <0.5 s. All electrodes were
calibrated at the individual temperature settings by a 2-
point calibration performed in both anoxic and air-
saturated samples (Glud et al. 2000). This is essential
because the Clark-type microelectrode responds to the
partial pressure of O2, thus the signal is sensitive to am-
bient temperature (Gundersen et al. 1998). The sensors
were positioned either manually or by motor-driven
micromanipulators. The sensor current was measured
using a picoammeter (Unisense) connected to a strip
chart recorder and a PC using the software ‘Profix’
(Unisense) (Revsbech & Jørgensen 1986).

Total oxygen exchange measurements. TOE rates
were calculated from the change in the O2 concentra-
tion of the overlying water, accounting for the enclosed
water volume (Fig. 2a). Net O2 consumption by the
benthic community was apparent from a decrease in
the O2 concentration, while net production was seen as
an increase in O2 concentration. Oxygen microprofiles
were measured in the same set-up after removal of the
transparent lid and ensuring 100% air saturation of the
overlying water phase (Fig. 2b).

Each core was incubated in darkness and at 140 µmol
photons m–2 s–1 at each temperature. After changing
the irradiance, cores were pre-incubated for 45 min
prior to any measurements to ensure quasi steady state

(this was confirmed by repeated microsensor measure-
ments). To study impacts of temperatures, the ambient
temperature was increased stepwise by 3°C. All cores
were initially incubated at the lowest temperature.
After a temperature change, the cores were pre-
incubated for 60 min to obtain quasi steady state. At
each temperature level, the measuring period lasted
for approximately 3 h. Consequently, all cores experi-
enced the same ‘temperature history’.

The time required to ensure quasi steady state was
determined by repeated microprofiling (every 5 to
10 min). Further, preliminary investigations confirmed
that the order of temperature change had no effect on
the community response in the interval from –1 to
18°C. However, after exposure to temperatures >18°C,
the community rates were not always re-established
when temperatures were subsequently lowered (data
not shown).

Diffusive oxygen exchange (DOE) measurements.
DOE rate was estimated from the diffusive flux of O2

between the sediment and the water (Jup) as calculated
from steady-state O2 concentration profiles (Figs. 2b &
3). Jup was determined from the linear concentration
gradient within the DBL, using Fick’s first law of
diffusion (Eq. 1 in Fig. 3a) (Jørgensen & Revsbech
1985, Crank 1989). Symbols and abbreviations used
throughout the paper are listed in Table 2.

Oxygen profiles across the benthic interface were
obtained with a vertical resolution of 50 to 100 µm. The
thickness of the oxic zone (O2-pd) was directly deter-
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Fig. 2. Microcosms in which samples were installed prior to and during measurements. Sample temperature was controlled by a
cooling coil and a heating plate connected to a digital temperature sensor. Two Teflon-coated magnets were installed and driven
by a magnetic stirrer in the heating plate (65 to 70 rpm). The upper magnet (20 mm length) was mounted inside the core liner,
30 mm above the sediment surface, by a thin metal wire. The lower magnet provided stirring of the water in the microcosm,
together with the air bubbling. (a) Close-up of the upper sediment core closed by a transparent lid mounted with an O2 micro-
electrode and stirring magnet. (b) Close-up of the upper sediment core open to the surrounding water, with a positioned O2

microelectrode for measuring O2 microprofiles
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mined from the measured profiles accounting for the
observed thickness of DBL. The sediment dark respira-
tion (Rdark) was estimated as the flux of O2 into the sed-
iment (–Jup) from the overlying water (Eq. 1 in Fig. 3a).
The average specific sediment respiration (Rdark,vol),
defined as the integrated average volumetric respira-
tion of the oxic zone, was calculated by dividing Rdark

with O2-pd (Eq. 2 in Fig. 3a).
Net photosynthesis (Pn) in light equalled the flux of O2

out of the sediment (Jup) towards the overlying water
(Eq. 6 in Fig. 3b). The specific net photosynthesis of the
production zone (Pn,vol) was calculated as the total flux of
O2 out of the production zone, i.e. the sum of the flux to
the overlying water (Jup) and the downward flux to the
non-production zone (Jdown) (Eq. 7 in
Fig. 3b) divided by the thickness of the
production zone (Eq. 8 in Fig. 3b) (Glud
et al. 1992, Kühl et al. 1996). Jdown was
determined from the turning tangent to
the O2 profile at the boundary between
the production and the non-production
zones. The production zone was defined
as the upper oxic zone delimited down-
ward by the horizon of the compensation
point, i.e. where the gross O2 production
equalled the O2 consumption at incident
surface irradiance of 140 µmol photons
m–2 s–1 (Fig. 3b). The production zone is
not identical to the photic sediment zone;
however, in the present study the actual
production zone is in focus. The light
attenuation within the investigated
sediments was not determined but sup-
posed similar to the light attenuation
measured by Kühl & Jørgensen (1994) in
similar coastal sandy sediments. The
non-production zone was defined as the
oxic zone beneath the production zone.

In addition to Rdark and Rdark,vol, the
specific respiration of the separated
production and non-production zones
was calculated. The specific dark res-
piration rate of the production zone
(Rdark,vol,prod) was calculated as the O2

flux into the production zone (–Jup)
minus the O2 flux down to the non-
production zone (Jdown), accounting for
the thickness of the production zone
(Eq. 4 in Fig. 3a). Consequently, the
dark respiration rate of the non-pro-
duction zone (Rdark,vol,nprod) was calcu-
lated as the downward flux to the
non-production zone (Jdown) account-
ing for the thickness of the oxic non-
production zone (Eq. 5 in Fig. 3a). The

oxygen profiles were measured at spots with high
microphytic biomass in order to study the tempera-
ture response of respiration and photosynthesis. For
this reason, the measured DOE rates were not always
representative for the entire core area.

For O2 flux calculation in the sediment, the effective
diffusion coefficient of O2 (Ds) was derived from the
molecular diffusion coefficient of O2 (Do) and the sedi-
ment porosity (φ), according to Ullmann & Aller (1982)
(Eq. 9). The Do was from Broecker & Peng (1974) and
corrected for temperature and salinity as described by
Li & Gregory (1974).

Ds =  φ · Do (9)
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Abbreviation Definition

DBL Diffusive boundary layer 

TOE Total oxygen exchange 
(whole core consumption/production rates)

DOE Diffusive oxygen exchange 
(diffusive consumption/production rates)

C(z) Oxygen concentration at depth z (nmol cm–3)

Do Molecular diffusion coefficient of oxygen in water (cm2 s–1)

Ds Effective diffusion coefficient of oxygen in sediment 
(cm2 s–1)

depthprod Thickness of production zone

depthnprod Thickness of non-production zone

Ea Apparent activation energy (kJ mol–1)

Jdown Flux of O2 from the production zone to the non-production
zone (nmol O2 cm–2 s–1)

Jup, –Jup Flux of O2 across the DBL (nmol O2 cm–2 s–1)

Rdark (DOE) Areal sediment respiration in darkness (nmol O2 cm–2 s–1)

Rdark,vol Specific sediment respiration in darkness (nmol O2 cm–3 s–1)

Rdark,vol,prod Specific respiration of the production zonea in darkness
(nmol O2 cm–3 s–1)

Rdark,vol,nprod Specific respiration of the non-production zoneb in darkness
(nmol O2 cm–3 s–1)

Pn (DOE) Areal net photosynthesis of the sediment in light 
(nmol O2 cm–2 s–1)

Pn,vol Specific net photosynthesis of the production zone
(nmol O2 cm–3 s–1)

Pgross Areal gross photosynthesis of the production zone 
(nmol O2 cm–2 s–1)

Pgross,vol Volumetric gross photosynthesis (nmol O2 cm–3 s–1)

P(z) Volumetric gross photosynthesis at depth z 
(nmol O2 cm–3 s–1)

O2-pd Oxygen penetration depth in the sediment

aThe production zone was defined as the upper 1.0 to 1.2 mm of the sediment
having a net O2 production in light

bThe non-production zone was defined as the oxic zone immediately
beneath the production zone. The oxic zone was defined as the upper sedi-
ment zone with a [O2] > 1 nmol O2 cm–3

Table 2. Definition of abbreviations
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Steady-state oxygen profiles were confirmed in each
experiment by comparing 2 or more profiles measured
within a time interval of 5 to 20 min.

Gross photosynthesis. Gross photosynthesis at depth
z, P(z), was measured by the light-dark shift method.
This approach estimates the gross O2 production from
the initial decrease of O2 after a sudden eclipse of 
light (Revsbech & Jørgensen 1983, Glud et al. 1992).
The O2 concentration was recorded continuously for
4 s during a light-dark shift. Repetitive measurements
at 5 min intervals were performed at the same position.
A photoelectrical cell connected to the flatbed recorder
was used to obtain the exact timing for the onset of
darkness.

Two practical approaches were applied to obtain the
gross photosynthetic rate as a function of temperature.
In Approach 1, we depth-integrated the gross photo-
synthesis of the entire production zone (Pgross). In this
approach, an electrode sensor tip was placed at the
very surface of the sediment and then moved down-

ward in steps of 100 µm. P(z) was measured at each
depth, using the light-dark shift method, until the mea-
sured rates approached zero at the bottom of the pro-
duction zone. Temperature was kept constant until a
complete vertical gross photosynthesis profile was
obtained (Glud et al. 1992, Kühl et al. 1996).

Approach 2 did not include profiling, and gross
photosynthesis was solely obtained at the depth of the
maximum activity within the production zone (Pgross,vol).
In this approach, the microsensor tip was carefully
placed at the given position, and subsequently tem-
perature was changed <6°C h–1 while performing
light-dark shifts every 10 to 20 min. Pgross rates were
calculated using Fick’s second law of diffusion simpli-
fied according to Revsbech et al. (1986):

(10)

The gross O2 production P(z) equals the initial linear
decrease of the O2 concentration C(z,t) at a specific

P z
C z t

t
( )

( , )= − d
d

270

==

Dark:

R =

=

=

=

==

=

 O
2 

p
en

et
ra

tio
n 

d
ep

th

 

Non–prod.
zone

Pr ction zone

D
ep

th
 (z

)

DBL

–Jup

down

 

DBL

 Production zone

D
ep

th
 (z

)

Jup

J

 

b

– JupRdark

Rdark,vol

 

O2 conc C(z)

Production zone
J

 

 

 

Diffusive O2 exchange calculations
a

Non–prod.
zone

Production zone

O2 conc C(z)

down

Light:
 O

2 
p

en
et

ra
tio

n 
d

ep
th

– Do
dC(z)

dz

Jdown
dC(z)

dz

dC(z)

dz

dC(z)

dz

Jdown

(– Jup ) + Jdown

depthprod

Rdark,vol,prod

Rdark,vol,nprod
depthnprod

– Jup

O2-pd

Ds

Jdown Ds

=
 Jup +  Jdown

depthprod

Pn,vol

Pn Jup Ds

(2)

(3)

 

(1)

(4)

(5)

(6)

(7)

(8)

Fig. 3. Eqs. (1) to (8) for calculat-
ing diffusive O2 consumption
and production rates from
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Kühl et al. (1996)
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depth (z) over time (t). For a more detailed discussion of
the technique and the required assumptions, see Glud
et al. (1992).

Slurry experiments. Apart from the measurements
in intact benthic communities, slurry experiments on
re-suspended samples from the Trondheimsfjord were
performed in darkness. The oxic, production and non-
production zones of the sediment were incubated in
parallel by resuspending sediment samples (equiva-
lent to ~100 g dry matter l–1) in seawater from the sam-
pling site. The boundaries of the production and the
oxic zones were determined from O2 microprofiles
measured prior to core slicing. Before suspension of
the sediments, fauna visual to the naked eye was care-
fully removed from the slurries. The sediment slurries
were placed in the thermo-regulated water bath
(Fig. 2) and air-flushed for 30 min prior to the experi-
ment to ensure air-saturation and oxidation of reduced
inorganic substances. All slurries were stirred with a
magnetic stirrer in the time period prior to and during
the measurements. Any potential O2 consumption by
bacteria in the added seawater was assumed minor
and ignored (Thamdrup et al. 1998). Oxygen consump-
tion was measured after closing the samples, avoiding
bubbles and placing a microelectrode in the chamber
lid. The O2 consumption was measured continuously
for each incubation and was in all cases linear. The
temperature was kept constant during each incuba-
tion, and the incubations were performed at tempera-
ture steps between 0 and 48°C. Each incubation period
was adjusted to ensure a total O2 concentration change
of 10 to 30%.

Arrhenius plot and Q10 calculations. The effect of
temperature on respiration rates, net photosynthetic
and gross photosynthetic rates was quantified by calcu-
lating the apparent activation energy (Ea, in kJ mol–1)
and the corresponding Q10 value for each type of data
set. Ea was calculated as the slope of the available data
point from the initial linear part of an Arrhenius plot
(temperature < optimum), where ln(k) was plotted as a
function of temperature (RT )–1, according to Raven &
Geider (1988) and Isaksen & Jørgensen (1996) as:

ln(k) = ln(A) + [–Ea(RT)–1] (11)

where k is the rate of the reaction, A is the Arrhenius
constant, R is the gas constant (8.3144 J K–1 mol–1) and
T is the absolute temperature (K). Ea is not the chemi-
cal activation energy but the overall temperature
response of respiration or photosynthesis within the
entire sediment community. The Q10 value was calcu-
lated from Eq. (12), where Ea quantifies the increase of
the reaction rate. In all cases, a temperature interval
from 0 to 10°C was used in the calculation of Q10. Stan-
dard errors (SE) were obtained for Ea based on the
linear regressions (p = 0.05).

Q10 = exp{Ea · 10[RT (T + 10)]–1} (12)

Measured rates of respiration, as well as gross and
net photosynthesis, were compared between sites. A
statistical analysis of covariance (ANCOVA) was per-
formed to test for insignificance of the Q10 values be-
tween sites, as the rate × site interaction computed by
S-PLUS 6.2. ANCOVA assumes statistically indepen-
dent values. The experimental design of the present
study, however, does not offer completely independent
data due to the repeated measurements on the incu-
bated cores. We, however, judged that this had little
effect on the obtained statistical results and we found
no superior statistical model to fit the present study.

RESULTS

Total O2 exchange rates

TOE rates were measured in darkness and at
140 µmol photons m–2 s–1 as a function of temperature
(Fig. 4). The negative TOE rates in darkness reflect
sediment O2 consumption (influx of O2), whereas the
positive TOE rates in light reflect net O2 production
(efflux of O2). In darkness, the O2 consumption in-
creased exponentially with increasing temperature at
all the investigated sites. No optimum temperature
was observed between –1 and 21°C. To compare the
temperature response between sites, Q10(0–10°C) values
were calculated from the apparent Ea based on the lin-
ear slope of the Arrhenius plots (Fig. 4d). The calcu-
lated Q10 values for the dark-incubated cores were 3.3,
2.4 and 2.4 for Nivå Bay, the Trondheimsfjord, and the
Adventfjord, respectively. Ea ± SE and Q10 values are
presented in Table 3.

In light, the TOE rates increased gradually with
increasing temperature to a maximum at temperatures
between 6 and 12°C, followed by a decrease (Fig. 4).
The Q10 values for TOE in light were 1.7, 2.4 and 1.5 for
Nivå Bay, the Trondheimsfjord, and the Adventfjord,
respectively (Fig. 4e, Table 3).

For TOE in the dark, no significant difference of the
Q10 was observed between the Trondheimsfjord and
the Adventfjord (p > 0.05); however, a significant dif-
ference (p = 0.01) between the 3 sites was observed, as
Ea for Nivå Bay was higher than for the 2 other sites.
For TOE in light, there was no significant difference of
the Q10 between the 3 sites (p = 0.59). In all cases,
increasing temperature stimulated heterotrophic
activity more than photosynthesis, gradually shifting
the otherwise net autotrophic sediment community
towards a greater predominance of heterotrophic
activity. Temperature effects on total oxygen exchange
rates, however, essentially represent a ‘black box’
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approach confounded by changes in the O2 penetra-
tion depth, DBL thickness, diffusion coefficients, etc.,
and yields limited information on the actual microbial
temperature response. This, however, can be derived
from micro-profile measurements.

Diffusive O2 exchange rates in darkness

With increasing temperature, the O2 solubility de-
creases while the molecular diffusion coefficient in-
creases. In order to extract the biological response of the
intact community, detailed microsensor measurements
at the different experimental settings are required.
Steady-state O2 microprofiles were measured at temper-
atures from –1 to 21°C, and the corresponding DOE rates
were calculated. In darkness, DOE rates increased expo-
nentially with increasing temperature while the O2-pd
decreased (Fig. 5). The Q10(0–10°C) values for DOE in dark-
ness were 2.2, 1.7 and 2.4 for Nivå Bay, Trondheimsfjord

and Adventfjord, respectively (Ea ± SE and Q10 are pre-
sented in Fig. 5d & Table 3), and were not significantly
different between the 3 sites (p = 0.19). The Q10 values in
darkness, at the selected spots that were dominated by
phototrophs, tended to be lower than for the TOE, which
integrates the response of the entire sediment area. This
supports the observation of lower Q10 values for the au-
totrophic activity compared to the heterotrophic activity.
Q10 for O2-pd were 0.42, 0.64 and 0.73 for Nivå Bay, the
Trondheimsfjord and the Adventfjord, respectively (Fig.
5e, Table 3). The decrease in O2-pd with decreasing tem-
perature led to a lower volume of oxic sediment. The
specific respiration rates (Rdark,vol) (for method see Fig. 3)
were thereby strongly stimulated by increasing temper-
ature, with Q10 values of 5.2, 2.6 and 3.2 for Nivå Bay, the
Trondheimsfjord and the Adventfjord, respectively (Ea ±
SE and Q10 are presented in Fig. 5f & Table 3). However,
the Q10 for Nivå Bay was slightly higher than for the 2
other sites; the difference was not significant (p = 0.06).
The biological temperature response for the community
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was, hence, significantly stronger than was obtained
from simple flux measurements.

Production and non-production zone respiration

The oxic zone of the sediment was divided into an
upper production zone and a lower non-production
zone, to some extent reflecting the natural zonation of
microbes (Fig. 3) (e.g. MacIntyre & Cullen 1995,
Epping & Jørgensen 1996). Based on measured O2 pro-
files in darkness, specific consumption rates were cal-
culated for each zone, as Rdark,vol,prod and Rdark,vol,nprod,
respectively. The O2 consumption rates were overall
higher (1 to 6 times) for the production zone than for
the non-production zone (Fig. 6). However, the Q10

values tended to be higher for the non-production than
for the production zone, the exception being the
Adventfjord, which exhibited very low microphytic
biomass (Table 4). The higher Q10 response in Nivå
Bay and the Trondheimsfjord for non-production zone
respiration supports the previous observation of
heterotrophs being more sensitive to temperature
changes compared to the autotroph organisms.

Gross photosynthesis

Due to the relatively low biomass of microphytes at
the Adventfjord (Table 1), it was not possible to make
robust gross photosynthetic measurements at that
location. Depth-integrated rates of gross photosynthe-
sis (Pgross) (Approach 1, see ‘Materials and methods’)
were determined as a function of temperature only for
the Trondheimsfjord, whereas point measurements
(Pgross,vol) (Approach 2) were carried out in both Nivå
Bay and the Trondheimsfjord.

Pgross rates were obtained from integrating vertical
profiles of gross photosynthesis across the production
zone, for each temperature (Fig. 7). The shape of the
profiles was similar during changing temperature,
demonstrating a constant activity distribution with
depth and, hence, no vertical shift in the photosyn-
thetic activity was observed. The Pgross rate showed a
linear response with increasing temperature from 0°C
to the optimum temperature (Topt) at 12°C, with a Q10

value of 3.1 (Fig. 8d, Table 3). The Pgross,vol rate, based
on point measurements, showed a response similar to
Pgross obtained both in the Trondheimsfjord and in Nivå
Bay. For the Trondheimsfjord, Topt was 12°C and Q10

for Pgross,vol was 2.6 (Fig. 8b,d, Q10 and Ea in Table 3).
For Nivå Bay, Topt was 15°C and Q10 2.2 (Fig. 8a,c, Q10

and Ea in Table 3). Conclusively, the point measure-
ments confirmed the same trend as the depth-inte-
grated approach.

Diffusive O2 exchange rates in light

The net photosynthetic rate integrates the gross O2

production (production zone) and the O2 consumption
(in light) of the entire oxic zone. Net photosynthetic
rates (Pn) were calculated from O2 microprofiles in light
(140 µmol m–2 s–1) (Fig. 9a–c). The light-induced
response was highest in Nivå Bay and lowest in the
Adventfjord, reflecting the microphytic biomass at the
respective sites. Generally, the O2 concentration and
the O2-pd of the benthic community decreased with
increasing temperature. Calculated rates of Pn

increased continuously with temperature from 0°C to
Topt, at all sites (Fig. 9d). Rates for Nivå Bay and the
Trondheimsfjord showed a subsequent decrease above
Topt, which was 12°C for the Trondheimsfjord and the
Adventfjord and 15°C for Nivå Bay. Calculated Q10 val-
ues for Pn, derived from the Arrhenius plot, were 1.4,
2.2 and 1.6 for Nivå Bay, the Trondheimsfjord and the
Adventfjord, respectively (Ea in Fig. 9d, including Q10

in Table 3), and were not significantly different (p =
0.47). The Adventfjord showed lower absolute rates
than for the 2 other sites. No rates were obtained for
the Adventfjord at temperatures >12°C.
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Nivå Bay Trondheimsfjord Adventfjord

Darkness
TOE 3.3 (n = 6) 2.4 (n = 15) 2.4 (n = 5)

75.9 ± 6.6 55.6 ± 4.5 55.2 ± 5.2

DOE (Rdark) 2.2 (n = 6) 1.7 (n = 12) 2.4 (n = 5)
50.0 ± 10 33.5 ± 6.2 56.0 ± 12

O2-pd 0.42 (n = 6) 0.64 (n = 12) 0.73 (n = 5)
–55.9 ± 3.4 –27.1 ± 4.9 –20.0 ± 7.3

Rdark,vol 5.2 (n = 6) 2.6 (n = 12) 3.2 (n = 5)
105 ± 13 61.8 ± 10 75.0 ± 17

Slurry – 1.7 (n = 7) –
respiration 35.7 ± 9.3

Light
TOE 1.7 (n = 3) 2.4 (n = 7) 1.5 (n = 2)

35.6 ± 49 56.1 ± 7.5 26.5

DOE (Pn) 1.4 (n = 3) 2.2 (n = 4) 1.6 (n = 5)
23.5 ± 7.3 50.2 ± 11 31.1 ± 13

O2-pd 0.78 (n = 4) 0.82 (n = 4) 0.78 (n = 5)
–16.0 ± 12 –12.4 ± 3.3 –15.7 ± 6.4

Pn,vol 1.5 (n = 3) 2.1 (n = 4) 1.6 (n = 5)
24.6 ± 2.2 46.3 ± 11 30.4 ± 6.8

Pgross – 3.1 (n = 4) –
73.6 ± 11

Pgross,vol 2.2 (n = 10) 2.6 (n = 13) –
50.9 ± 7.0 62.5 ± 11

Table 3. Q10 values (upper values) of respiration, net production
and gross photosynthesis, calculated from the activation ener-
gies (Ea) (lower values) from Figs. 4, 5, 8 & 9. Ea ± SE (kJ mol–1) is
given below the Q10, n is number of regression points
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O2-pd decreased with increasing temperature for
all 3 sites (Fig. 9e), and calculated values of Q10 were
0.78, 0.82 and 0.78 in Nivå Bay, the Trondheimsfjord
and the Adventfjord, respectively (Table 3). Conclu-
sively, O2-pd in the light showed a similar tempera-
ture response as in darkness but with Q10 values
closer to 1.0.

The specific net photosynthesis (Pn,vol) integrates the
sum of the gross O2 production and the O2 consump-
tion (in light) in the production zone. The Pn,vol rates
generally showed the same trend as Pn but with higher
rates (Fig. 9f). The Q10 of Pn,vol was 1.5, 2.1 and 1.6 for
Nivå Bay, the Trondheimsfjord and the Adventfjord,
respectively (Table 3), and there was no significant dif-
ference between the sites (p = 0.34). The Pn,vol data
indicate that the temperature response of the produc-
tion zone was similar to the entire oxic zone of the
sediment exposed to light.
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Fig. 5. Steady-state O2 microprofiles in intact sediment cores in darkness at various temperatures (–1 to 24°C) from (a) Nivå Bay,
(b) the Trondheimsfjord and (c) the Adventfjord. Arrhenius plots of (d) diffusive O2 consumption (Rdark) calculated from the slope
of the profile in DBL, (e) the oxygen penetration depth and (f) the specific respiration as a function of temperature are shown. 
Activation energies (Ea ± SE; kJ mol–1) are included (d–f), labelled N (Nivå Bay), T (Trondheimsfjord) and A (Adventfjord). 

Corresponding Q10 values are shown in Table 3

Nivå Bay Trondheimsfjord Adventfjord

Intact sediment core respiration
Prod. zone 3.5 (n = 6) 2.2 (n = 12) 3.5 (n = 5)

80.5 ± 19 49.5 ± 11 81.4 ± 20

Non-prod. zone 6.1 (n = 6) 2.4 (n = 12) 2.1 (n = 5)
116 ± 8.9 56.1 ± 11 46.6 ± 13

Slurred sample respiration
Prod. zone – 1.9 (n = 6) –

42.0 ± 10

Non-prod. zone – 1.6 (n = 5) –
31.0 ± 9.4

Table 4. Q10 values (upper values) of the production and non-
production zone-specific respiration based on the activation
energies (Ea) (lower values) calculated from intact sediment
cores and slurry samples in darkness (Figs. 6 & 10). Ea ± SE
(kJ mol–1) is given below the Q10, n is number of regression

points
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Slurry experiments

For the Trondheimsfjord, the oxygen consumption in
darkness was additionally measured in sediment slurries
from the oxic, production and non-production zones
(Fig. 10). The experiment was performed partly to eluci-
date to what extent resuspension affects the biological
response and to allow for comparison with previous stud-
ies of temperature effects on O2 consumption rates,
which mainly have been conducted on slurred samples.
Oxygen consumption of the entire oxic zone increased
with temperature from 0°C to Topt at 21°C followed by a
decrease, and Q10 was 1.7 ± 0.5 (Fig. 10, Table 3). Oxy-
gen consumption of the separated production and non-
production zones showed similarly increasing rates with
increasing temperature towards Topt at 24 and 39°C,
respectively (Fig. 10a). For both sediment zones, a clear
decrease in the consumption rate was observed at tem-
peratures higher than Topt. Q10(6–16°C) for the initial O2

consumption increase (6 to 18°C) was 1.9 and 1.6 for the
production and non-production zones, respectively
(Fig. 10b, Table 4). Q10 of the sediment slurries showed a
generally weaker temperature response than the Rdark,vol

rates for intact sediment cores. The higher Topt for the
non-production than for the production zone indicates a
higher temperature optimum for the heterotrophic com-
munity than for the phototrophic-dominated part of the
sediment, presumably due to the overall vertical zona-
tion of phototrophs and heterotrophs. The Q10 value,
however, was not significantly different for the 2 zones.

DISCUSSION

Heterotrophic temperature response

Despite differences in water temperature and geo-
graphical position, the Q10 for the short-term tempera-
ture response of the dark respiration showed no signif-
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icant difference (p > 0.05) between the 3 sites. This was
true for both TOE and DOE rates, with one exception
for TOE in Nivå Bay showing a higher Q10 than for the
2 other sites (p < 0.05); we have no good explanation
for this exception. In general, we conclude that the
temperature acclimation response was similar for the 3
investigated sites. The lack of any distinct latitude
related temperature adaptation strategy could be due
to the relatively moderate temperature difference
between the investigated sites during sampling. In
fact, the seasonal temperature amplitude at each site
was larger than the temperature difference between
the sites at the time of sampling (Table 1). Moreover,
the diel temperature amplitude for the 2 temperate
sites, in summer, exceeded the temperature difference
between the 3 sites at sampling (in winter), with Nivå
Bay demonstrating a diel temperature amplitude of up
to 10°C during summer (data not shown). It can be
speculated that a seasonal temperature acclimation at
each site could be more pronounced than any latitude
related response.

A comparative study on short-term temperature
effects of aerobic respiration in slurred coastal sedi-
ments also concluded that Arctic and temperate sedi-
ments had similar Q10 values (Thamdrup & Fleischer
1998). However, a seasonal temperature acclimation
was observed for the temperate site, with Q10(0–10°C) of
2.0 and 3.0 for winter (1 to 3°C) and summer (13 to
15°C), respectively (Thamdrup et al. 1998). The sea-
sonal Q10 response was ascribed to a physiological
acclimation or a change in the genotypic composition
of the aerobic community. These findings contrast
conclusions of sulphate reduction measurements,
obtained in intact sediment incubations, having
Q10(2–12ºC) of 1.5 and 3.0 to 3.9 for Antarctic and tem-
perate sediments, respectively (Isaksen & Jørgensen
1996). However, Ea in the range of 40 to 75 kJ mol–1

(corresponding to a Q10(0–10°C) of 1.8 to 3.2) for
sulphate reduction have been published from the
permanently cold areas around Svalbard (Sagemann
et al. 1998), also pointing to a non-consistent latitude
dependence of Q10 on sulphate reduction rates.
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Q10 for the area based dark heterotrophic response
varied from 1.7 to 3.3. Published Q10 values of areal
O2 consumption rates from comparable experiments
range between 2.0 and 3.0 for subtidal and intertidal
sites (Duff & Teal 1965, Davis & McIntire 1983). A
broader range of Q10 values are published derived
from correlations between seasonal rates and water
temperatures and from manipulated samples (e.g.
Grant 1986, Therkildsen & Lomstein 1993). The latter
findings are, however, not directly comparable to our
short-term incubations.

Q10 for TOE tended to be higher than for DOE. As
previously mentioned, this supports a stronger temper-
ature response for the heterotrophs compared to the
phototrophs in the dark, as DOE is measured at spots
with high biomass of phototrophs, compared to TOE
integrating the entire core surface. TOE data poten-
tially include the infauna response, which can lead to a
relatively higher Q10 due to infaunal respiration. Q10

for fauna respiration is typically published to be ~2.5

and it cannot be excluded that it affected the Q10 based
on the TOE rates (Caron et al. 1990).

The Q10 values for the specific rate (Rdark,vol) were
higher than the area based values (2.6 to 5.2, Table 3).
As previously described, the Rdark,vol is corrected for the
O2-pd and solely represents the microbial response,
where the temperature effects on the areal rates are
biased by the decreasing thickness of the oxic zone,
with increasing temperature. In the literature, there
are only very few measurements of benthic volume-
specific temperature responses from similar settings
and these were not performed on intact communities
but on slurred samples. Our measurements show that
the temperature response in slurred sediments is lower
than in undisturbed sediment cores, with a Q10 of 1.7
(Ea = 35.7 ± 9.3) versus 2.6 (Ea = 61.8 ± 10), respectively
(Table 3). The lower temperature response following
resuspension must be ascribed to a radical change in
the community structure and the micro-environmental
controls of the community. Our data show that Q10
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Fig. 9. Steady-state O2 microprofiles in intact sediment cores at 140 µmol photons m–2 s–1 at various temperatures (–1 to 24°C)
from (a) Nivå Bay, (b) the Trondheimsfjord and (c) the Adventfjord. Arrhenius plots of (d) diffusive oxygen exchange (DOE)
equivalent to the areal net photosynthesis (Pn), (e) the oxygen penetration depth and (f) the specific net photosynthesis of the
production zone (Pn,vol) as a function of temperature are shown. Activation energies (Ea ± SE; kJ mol–1) are included, labelled 

N (Nivå Bay), T (Trondheimsfjord) and A (Adventfjord) (d–f). Corresponding Q10 values are shown in Table 3
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values from sediment O2 consumption studies, esti-
mated from areal rates and slurred samples, generally
underestimate the temperature response of intact sed-
iment microbial communities.

Phototrophic temperature response

The temperature response of the gross photosynthe-
sis from the 2 investigated sites was very similar
(Table 3). At both sites, Pgross and Pgross,vol increased
almost linearly until reaching Topt of 12 to 15°C, where-
after it gradually decreased. The curve expresses a
classical metabolic temperature response, thus the fol-
lowing criteria for cardinal temperatures were used for
categorisation: for psychrophiles, Tmin < 0°C, Topt ≤
15°C and Tmax ≤ 20°C; for psychrotrophs, Tmin ≤ 0°C,
Topt ≤ 25°C and Tmax ≤ 35°C; and for mesophiles, Topt is

~25 to 40°C and Tmax ≈ 35 to 45°C (Isaksen & Jørgensen
1996). Even though cardinal temperature ranges tradi-
tionally refer to thermal classes of growth, with
narrower limits and lower optimums, they have also
been used to describe metabolic activity (Isaksen &
Jørgensen 1996, Thamdrup & Fleischer 1998). This
generally accepted scheme categorises the gross
photosynthetic response for both Nivå Bay and the
Trondheimsfjord as psychrotrophic. Studies from the
Danish and Dutch Wadden Seas, applying other tech-
niques, have shown lower-end mesophile temperature
responses of gross photosynthesis, with Topt of 15 to
30°C (Colijn & van Buurt 1975, Rasmussen et al. 1983,
Blanchard et al. 1996).

In the literature, Q10 values of benthic photosynthe-
sis have been based on a variety of different laboratory
and in situ techniques, which grossly hamper any
direct comparison. The majority of published Q10 val-
ues, however, are within the range of 1.5 to 2.5 (e.g.
Colijn & van Buurt 1975, Davis & McIntire 1983, Grant
1986), with a few outliers representing air-exposed
intertidal sediments (Rasmussen et al. 1983). In gen-
eral, a Q10 of ~2 for the gross photosynthetic rate is
commonly accepted (Davison 1991). Our data are at
the high end (2.2 to 3.1) of any comparable studies;
however, all previous measurements were performed
by 14C incubation techniques, which are known to
poorly represent the in situ rates (e.g. Revsbech et al.
1981). To our knowledge, no previous studies have
compared the benthic temperature response of gross
photosynthesis at different geographic settings.

Several intertidal studies have shown diatom migra-
tion on both diel and seasonal scales, and suggested
temperature and light to be controlling factors (e.g.
Barranguet et al. 1998, Saburova & Polikarpov 2003).
However, migration of diatoms (or physical mixing) can
occur without any measurable effect on the overall
photosynthetic activity of the benthic community (Blan-
chard & Gall 1994). In the present study, the benthic ac-
tivity distribution was unaffected by changes in temper-
ature and the conclusions on activity changes were thus
not confounded by any vertical migration. We can, how-
ever, not exclude the possibility that migration took place
but had no effect on the overall activity distribution.

Heterotroph versus phototroph temperature response

The present study shows that increasing temperature
stimulates the heterotrophic activity more than gross
photosynthesis. Consequently, the typically mixed ben-
thic community of heterotrophic and phototrophic mi-
crobes gradually turns heterotrophic at increasing tem-
perature. A gradual transition from a phototrophic- to a
heterotrophic-dominated community with increasing
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temperature has previously been reported for intertidal
sediments, with Q10 values of 2.05 and 2.70 for gross
photosynthesis and respiration, respectively (Davis &
McIntire 1983). The authors hypothesize that a high Q10

can be seen as a response to high water-temperature
variability and, hence, the authors ascribe the higher
Q10 for the respiration to a more efficient acclimation of
heterotrophic compared to phototrophic organisms.
Similar observations have been made in temperate
planktonic communities (Lefèvre et al. 1994, Robinson
2000) and for Antarctic macroalgae (Wiencke et al.
1993). The observations have generally been explained
by a stronger and more rapid physiological acclimation
of heterotrophic metabolism compared to photosyn-
thesis during short-term temperature variations. In the
present study, however, the diel temperature variability
was low at the time of sampling and the data do not
support the idea of a more rapid acclimation of hetero-
trophic metabolism. The stronger heterotrophic tem-
perature response, as observed in this study, seems to
be a general phenomenon rather than being excep-
tional. This was supported by Robinson (2000) with
data from a pelagic study carried out in the relatively
temperature-stable Aegean Sea.

A comparable detailed microsensor study on temper-
ature responses of a cyanobacterial mats in Solar Lake
(Egypt) (in situ temperatures of 25 to 45°C) has been per-
formed. The study indicated a relatively low temperature
response of the O2 consumption in the dark (1.3) com-
pared to the gross photosynthesis (3.1) (Wieland & Kühl
2000). The authors ascribed the low Q10 for respiration to
a limitation of the O2 transport across the DBL at such
high temperatures (>40°C). However, the Q10 values
were calculated from areal rates and, hence, they do not
represent the true microbial response. In accordance
with our observations, the authors also concluded that at
a moderate irradiance (as for the present study), temper-
ature clearly increased the percentage of O2 which was
consumed within the cyanobacterial mat. Thus, elevated
temperature increased the light requirement for a net
phototrophic community and, hence, at constant irradi-
ance, the mat turned into a net heterotroph community
at increasing temperature. Recalculating the data from
Wieland & Kühl (2000), correcting the areal rates for the
O2-pd, led to a Q10(25–35°C) for the volume-specific O2 con-
sumption of 2.7. This 2-fold higher Q10 for the specific
rate is in agreement with our study and supports that Q10

values estimated from areal rates underestimate the mi-
crobial community temperature response.

All Q10 values in the present study of O2 consumption
were calculated from dark consumption rates. In light,
phototrophic as well as heterotrophic organisms con-
sume O2, and besides the metabolic respiration, ele-
vated O2 consumption can be caused by photorespira-
tion and the turn-over of excreted photosynthate by

heterotrophic organisms. Several studies have docu-
mented a higher (10 to 30%) O2 consumption in light
compared to that in the dark, due to photorespiration
and associated processes (Glud et al. 1992, 1999,
Epping & Jørgensen 1996, Wieland & Kühl 2000). The
present study does not allow for detailed calculation of
O2 consumption in light, nor was it possible to calculate
the Q10 for the O2 consumption in light from the data of
Wieland & Kühl (2000).

In general, substrate limitation is not considered rate
limiting in coastal shallow water sediments, as a net
flux of nutrients and DOC from the sediment to the wa-
ter column is typical (Dalsgaard 2003). However, due to
the tight spatial and temporal coupling between pro-
duction and consumption of organic matter (e.g.
Epping & Jørgensen 1996) and the light-dependent ex-
cretion of photosynthates by microphytes, it is possible
that improved substrate availability will fuel an in-
creased respiration in light. No sign of rate-suppressing
substrate limitation was observed in the present study.

In conclusion, no difference in the temperature accli-
mation response between the sites was observed, sug-
gesting that the temperature adaptation strategic for
the benthic microbial community was the same for the
arctic and the temperate community. The biological
temperature response for the sediment O2 consump-
tion, as derived from the volume-specific O2 consump-
tion rate (Rdark,vol) showed higher Q10 values than de-
rived from areal flux measurements. Thus, Q10

calculated from areal rates of sediment O2 consump-
tion will underestimate the Q10 for the microbial tem-
perature response. Similarly, we suggest that slurred
sediment samples for estimation of metabolic activity
and responses to changes of environmental factors, i.e.
temperature or irradiance, will underestimate the re-
sponse due to significantly altered microenvironments.
The present study shows that increasing temperature
stimulates heterotrophic activity more than gross
photosynthesis, and consequently, the sediment grad-
ually turns heterotrophic with increasing temperature.
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