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1. Introduction

Photosynthesis has been of scientific interest since the mid eighteenth century (J.
Priestly). Since then several Nobel Prizes have been given in photosynthesis-related
research, from H. Fischer in 1930 (porphyrins and leaf pigments), M. Calvin (and his
student A. Benson, CO,-assimilation in photosynthesis) in 1961, and R. Marcus for his

contribution to the theory of electron transfer reactions in photosynthesis in 1992.

Photosynthesis supports the bulk of life on Earth and thereby underpins the biomass and
biodiversity of the planet. Approximately 45 % of the photosynthesis each year occurs
in aquatic environments (Falkowski 1994, Field et al. 1998). The Arctic region
contributes considerably to the global primary production. The annual production of the
Barents Sea is estimated to ~90 g C m ™~ (Sakshaug 2004). In comparison the average for
the world oceans is ~140 g C m ™ y~' (Field et al. 1998). Irradiance and temperature are
important variables controlling the rates of photosynthesis. This also pertains for
respiration, which can be considered the opposite process. In temperate and arctic seas
(including coastal shallow waters) both variables show marked seasonal and diurnal

variation (Papers 1 & 4, Cahoon 1999, Glud et al. 2002, Sakshaug 2004).

Primary production is typically measured as O,-evolution or *C-assimilation, but can
also be estimated using variable fluorescence as a proxy (Marra 2002). The techniques,
however, measure different physiological processes with potentially different response
to environmental variables such as light and temperature (Paper 3, Geider & Osborne
1992, Morris & Kromkamp 2003). Accurate estimation of the marine primary
production is important on both local and global scale because primary production is a
‘cornerstone’ in marine food webs and in the ecosystem carbon budget. Primary
production will inevitably be affected by climate change which is likely to alter sea
temperature and irradiance (cloudiness and ice cover). Possible changes are suspected to

be amplified in the Arctic (Sakshaug 2004, Holland et al. 2006).



My thesis focuses on the flux of photons, i.e. irradiance' originating from the Sun, as it
‘travels’ down the water column, being absorbed by microalgae fuelling photosynthesis
(Fig. 1.1). Each of the sections in this thesis presents an introduction to the subject in
question, followed by a brief presentation of the relevant underlying theory, concluding
with a review of my most important findings. The theory part is meant to review the
underlying theories on which the papers are based, and to provide assistance in

interpreting the results.

! Irradiance (denoted E, umol photons m 2 s™") is the flux of radiant energy on a (small) surface, divided

by the area of the surface, per time unit.



2. Scope of my thesis

The aim of my thesis is to elucidate the different pathways of light in the marine
environment, from underwater irradiance to the absorption of photons in microalgae2.
The pathway is followed through light harvesting and the subsequent electron transfer,
to the fuelling of the photosynthetic process (Fig. 1.1, Papers 1, 2 & 3). In addition, the
effect of temperature on photosynthesis and respiration in pelagic and benthic
microalgae has been investigated (Papers 3 & 4). A novel approach to estimate the light
absorption in Photosystem II (PSII) is evaluated in combination with Pulse Amplitude
Modulated (PAM) fluorescence measurements, to calculate the rate of photosynthetic
oxygen production (Paper 2). The approach was evaluated against measured rates of

oxygen production and '*C-assimilation, as a function of temperature (Papers 2 & 3).

Paper 1 is an in situ study of water column processes in the Marginal Ice zone (MIZ) of
the Barents Sea, Paper 2 & 3 are laboratory studies on culture-grown phytoplankton
species, and Paper 4 is a comparison study of intact temperate and arctic diatom-

dominated benthic communities from shallow-water sites.

The aims of the papers were:

1) to analyse the significance of spectral composition of irradiance in relation to the
concentration and vertical distribution of chl a, dissolved oxygen and
phytoplankton productivity in the water column. Spectral attenuation is related
to optical depth and discussed in a photo-physiological context, including the

concentration and composition of phytoplankton pigments and productivity

2) to determine the absolute rates of photosynthetic O, production from variable

fluorescence (PAM) measurements by testing three bio-optical approaches to

% Throughout the thesis, the term ‘microalgae’ is used referring to both pelagic and benthic microalgae.

‘Phytoplankton’ or ‘microphytobenthos’ are used referring to pelagic or benthic microalgae, specifically.



3)

4)

estimate the light absorption in PSII, against measured O, production rates. 4

spectral-related approach using PSII-specific light absorption is recommended.

to investigate the relationship between temperature and photosynthetic
parameters derived from measurements of 1) O,-production by O,-microsensors,
2) calculated rates of O,-production based on variable fluorescence combined
with bio-optical determined PSII absorption, and 3) measured rates of '*C-
assimilation. The temperature influence on photosynthetic parameters is

discussed in a physiological context.

to evaluate possible differences in the temperature adaptation strategy between
arctic and temperate benthic microalgae-dominated communities, during short-
term temperature incubation studies. The study includes rate measurements of
the sediment community respiration, gross photosynthesis and net
photosynthesis as determined from O, microsensor measurements in intact

sediments.



3. Light regime in water columns and sediments

Sunlight is essential to primary producers being the energy source driving
photosynthesis (Falkowski & Raven 1997). Light available for photosynthesis is
referred to as photosynthetically active radiation (PAR) and includes radiation at
wavelengths from 400 to 700 nm (Kirk 1994). The underwater light regime ultimately
determines the vertical distribution, abundance and photosynthetic activity of
phototrophic microalgae in the water column (phytoplankton) and in the benthic
sediments (microphytobenthos) beneath. The Arctic light regime offers extreme
seasonal variation, from midnight sun to winter darkness. Moreover, phytoplankton in
the water column are subject to a strong vertical light gradient, which is amplified in the
MIZ by the sea ice cover. The focus on light regime in the present thesis begins
immediately beneath the sea surface. The variables that affect the light regime above the
sea surface will, thus, not be treated further than mentioning that day length, zenith sun
angle, cloud cover, albedo (i.e. the reflection of light) and ice cover in the Arctic and
Antarctic, are major key variables (Sakshaug et al. 1989, Sakshaug & Slagstad 1992,
Kirk 1994).

3.1. Downwelling irradiance and attenuation
Downwelling irradiance’, Eq (in this work termed E, since only downwelling irradiance
is considered), in a water column diminishes in an approximately exponential manner
with depth (Kirk 1994). This can be described as

E . =Ee " 3.1
where E, and E are the values of downwelling irradiance at depth z m and just below
the surface, respectively, and Ky (m™) is the vertical diffuse attenuation coefficient for

downwelling irradiance.

* Downwelling irradiance (Ey) is defined as the flux of photons received by a flat collector with a cosine

response, facing upwards (Kirk 1994).



The attenuation of light in water is wavelength specific, having the highest attenuation
in the long-waved red spectrum, subsequently decreasing with wavelength. Pure
seawater is transparent mainly to blue light (clearest at 475 nm), followed by green
light, and is nearly opaque to red light and UVB (Paper 1, Kirk 1994). With focus on
K, the spectral attenuation for downwelling irradiance can be rewritten from equation

3.1as

Ky, = ln(Em;) /E.) (3.2)
where Eoq), E;) and Kgn) have a spectral distribution. Light is attenuated in the water
column as a consequence of both absorption and scattering. The attenuation coefficient
K, 1s thus related to the absorption and scattering by water molecules, chromophoric
dissolved organic matter (cDOM), particulate organic and inorganic material, and the
living plankton themselves (Sathyendranath et al. 2000). In clear oceanic water masses,
Ka 1s mainly influenced by the absorption and scattering of phytoplankton, by the sea
water itself, and in some cases by marine cDOM (Case I waters), while terrigenous

c¢DOM and suspended matter additionally influence the optical properties in coastal

water masses and fjords (Case II waters, Jerlov 1976, Sathyendranath et al. 2000).

In the strictest sense, Kq) (as an apparent® optical property) is dependent on the angular
distribution of the light field and lacks the additive quality of inherent’ optical
properties. Nonetheless, Ky, is often considered to be a ‘quasi-inherent’ optical
property and treated as such, and is therefore commonly considered independent of the
solar zenith angle (Smith & Baker 1978, Kirk 1994, Sosik in press), which is the case in
this work (Paper 1).

In oceanic waters, typical K4 values for PAR, Kypar), are in the range of 0.03 to 0.10 m™

" measured during low chl a concentrations (<0.1 mg m °), e.g. in the Sargasso Sea

* The optical properties that govern the underwater irradiance regime are divided into so-called ‘inherent’
and ‘apparent’ properties. The former is independent of the solar zenith angle and includes properties of
absorption and attenuation. The latter is dependent on solar angle, and includes backscatter and

reflectance (Mobley 1994, Light and Water).



column, a given optical depth will correspond to a much shallower physical depth than

in a chl a-poor water column.

Profiles of chl a, dissolved oxygen and primary production showed large natural
variations in the Barents Sea. Yet the variables showed a trend of aligning by forming
profiles with comparable curvatures when plotted as a function of optical depth for
PAR, &par), instead of physical depth. If plotted as a function of the attenuation at 490
nm, &uoo) (blue light), uniformity in the curvature became increasingly clear (Paper 1,
Behrenfeld & Falkowski 1997). Conclusion, optical depth proved to be valuable in the
attempt to describe the dynamics of chl a, dissolved oxygen and primary production in

the water column of the MIZ in the Barents Sea (Paper 1).

3.3. Spectral irradiance versus PAR: the relationship to primary production

Paper 1 shows that the accumulated® chl @ concentration in the water column during
bloom conditions in the Barents Sea is correlated with the optical depth, Epar).
Furthermore, I found that when the optical depth was calculated from a single
wavelength at 490 nm, the coefficient of determination (%) increased from 0.41 to 0.50
(entire data set, Fig 3.2). Focusing on only the chl a-rich peak-bloom stations with [chl
a] >9 mg m >, the correlation between accumulated chl  and optical depth was close to
100 % (r* = 0.99, insert in Fig 3.2). This shows that chl a, representing the
phytoplankton biomass, correlates to the total light absorption down to an optical depth
of ~9, corresponding to ~0.01 % of the surface irradiance at 490 nm (Paper 1). These
results are consistent with findings in the North Water Polynya, where chl a and
particulate organic carbon (POC) were the components that most influenced K,

accounting for 36 to 83 % of the variance in light attenuation (Vasseur et al. 2003).

® The accumulated chl a concentration (mg m?) was calculated from accumulating (summarising)
trapezoidal integrated volumetric values for each measuring interval from the surface and down through

the water column.
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Fig. 3.2. Optical depth as a function of the accumulated chl a concentration down through the water
column, calculated for a) PAR, &par), and b) 490 nm, &g, , for 12 stations visited during summer months
2003-5 in the Barents Sea. The insert in b) shows data collected exclusively during chl a-rich, >9 mg m*,
peak-bloom conditions (stations XIV and XVI). Lines are linear regressions and the coefficient of

determination (%) is given.

It is important to note that chl a is a biomass estimate and is therefore not directly
correlated to rates of production. Hence, I analysed the relationship between
downwelling irradiance and the chl g-normalised primary production rates. The results
showed that the primary production was strongly related to optical depth, and hence the
water column light regime. I concluded that the chl a-normalised primary production
was closer related to the irradiance at 490 nm (blue light) than to PAR (Paper 1). The
conclusion was supported when all data of chl a-normalised production rates were
plotted as a function of downwelling irradiance for PAR, E,par), and at 490 nm, E,490),

respectively (Fig. 3.3). The compiled data showed that 66 % (r* = 0.66) of the variance

-12-



in the normalised production could be explained by PAR (Fig 3.3a), while 81 % (1* =
0.81) could be explained from the downwelling irradiance at 490 nm (Fig 3.3b).

A strong correlation between the irradiance at 490 nm and primary production is
consistent with the average absorption spectrum for the identified dominating
phytoplankton groups (Paper 1, Johnsen & Sakshaug in press) and illustrate that the
phytoplankton community of the MIZ respond spectrally equivalent to temperate and
tropical phytoplankton ecosystems (Bouman et al. 2000, Bricaud et al. 2004). In
conclusion, by fitting chl a-normalised production rates to downwelling irradiance at
490 nm, instead of PAR, improved the correlation ~15 % (Paper 1). It follows, as
mentioned in 3.1, that shading of the water column by phytoplankton is considerably
more pronounced in blue light than for PAR. This is of relevance for modelling the 1 %
irradiance depth and critical depth (see Paper 1 for details).

2 _
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s
5 20 +
o)
£
(@]
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0 T .

0 50 100
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O
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Fig. 3.3. Chl a-normalised primary production rates plotted as a function of available irradiance as a)
PAR and b) at 490 nm in per cent of the immediate sub-surface irradiance. Data are compiled from 12
stations visited during summer months 2003-5 in the Barents Sea. Lines are linear regressions and the

coefficient of determination (r*) is given. Regression lines are forced through origo.
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4. Light absorption in microalgae and Photosystem II (PSII)

This section includes a presentation of the absorption properties of microalgae and their
light-harvesting and photo-protective pigments. The presentation includes the
absorption properties of PSII and an evaluation of three bio-optical approaches to

quantify the PSII-specific light absorption in microalgae.

4.1 Light absorption in microalgae

The rate of light absorption sets an upper limit for algal productivity, i.e. photosynthetic
activity. The photosynthetic unit is composed of PSII, PSI and their respective light-
harvesting complexes (LHC II and I, Green et al. 2003). The different pigments in LHC
IT and I, both chlorophylls and carotenoids (see section 4.2), have different absorption

properties, and the bulk properties reflects a composite spectrum of the summed

contributions from all absorbing molecules presented, i.e. a; (M) . The absorption

properties of single-isolated pigments is generally well described and understood and
can be used to identify and model microalgae absorption under both laboratory and field

conditions (Johnsen et al. 1994a, Jeffrey et al. 1997a, Jeffrey et al. 1997b).

As mentioned earlier, light absorption in a water column is characterised as an inherent
optical property, and as such holds properties of being additive. This means that, for a
water sample containing a mixture of constituents, the absorption and scattering
coefficients of the various constituents are independent. Thus, the total coefficient can
be determined by summation. The total absorption, a(A) can then be calculated from the
summarised absorption by sea water, aw(A), phytoplankton ay(A), cDOM, a.pom(A), and
non-algal particles, an,p(A) (Prieur & Sathyendranath 1981). The non-algal particles
essentially include virus, heterotrophic bacteria and other heterotrophs, as well as debris
from these organisms. In the open ocean, far from terrestrial influence, phytoplankton
are generally the principle agents responsible for the optical properties of a water

column (Morel & Prieur 1977, Morel 2006).

- 14 -



In the present study I measured absorption in laboratory-grown monocultures of

phytoplankton to obtain the in vivo chl a-specific absorption coefficient, a; (A) (m* (mg

chl a)™). The in vivo absorption coefficient yields information about total absorption of
photosynthetic and photo-protective pigments and reflects the photo-acclimation status

of the algae (Paper 2 & 3, Johnsen & Sakshaug 1993).

4.2. Light harvesting and photo-protective pigments

The three main pigment classes that determine the bio-optical properties of algae are the
chlorophylls (chl’s), the carotenoids and the phycobiliproteins (Johnsen et al. 1994b,
Jeffrey et al. 1997b). The two major functions of microalgae pigments are light

harvesting and photo-protection (Scheer 2003).

The chl’s and phycobiliproteins are involved mainly in light harvesting. The carotenoids
play an import role both in light harvesting and in photo protection for degrading
potentially damaging excess excitation energy to (mostly) harmless heat (Scheer 2003).
The major light-harvesting carotenoids are fucoxanthin and the 19’-acyloxy-
fucoxanthins, along with peridinin (specific for some dinophytes) and prasinoxanthin
(specific for some Prasinophytes) (Sathyendranath et al. 1987, e.g. Johnsen et al. 1994b,
Jeffrey et al. 1997b).

The major in vivo absorption signature caused by the chlorophylls (chl @, b and ¢) is in
the blue (400 — 500 nm) and in the red (580 — 700 nm) regions of the PAR spectra. The
major light-harvesting carotenoids absorb in vivo mainly at 450 — 550 nm (Johnsen &
Sakshaug in press, and references herein). Figure 4.1 illustrates the absorption of
individual pigments and the effect of the photoprotective carotenoid diadinoxanthin in
high and low light adapted cells of Prorocentrum minimum. The general absorption
maxima for light-harvesting and photo-protective carotenoids at 490 nm motivated the
choice of 490 nm when relating primary production to a single wavelength (section 3.3,

Paper 1, see also Fig. 4.2 and Paper 2) (Johnsen et al. 1994a, Johnsen et al. 1994b).

-15-



The composition and ratio of pigments and carotenoids can be used as chemotaxonomic
markers for microalgae identification, and to elucidate the photo-acclimation status of
algal cells (Johnsen et al. 1994b, Jeffrey et al. 1997b). This can be studied with HPLC
(High Performance Liquid Chromatography) techniques, and important pigment-group
markers can be used to differentiate between major phytoplankton groups since
chlorophyll ¢3 and 19’ -acyl-oxy-fucoxanthins are major pigment markers for
Haptophytes, chl b and prasinoxanthin for prasinoxanthin-containing Prasinophytes,
while a high fucoxanthin to chl a ratio (w:w) indicates the presence of diatoms (Paper 1,
Jeffrey et al. 1997a). As mentioned above, the different chl’s and carotenoids have
absorption maxima at different wavelengths and thus K4 (in Case I waters with low
cDOM) will reflect the concentration and composition of phytoplankton pigment groups

(Bricaud et al. 1988, Bricaud et al. 1998).
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Fig. 4.1. Fractional unpacked absorption (obtained from a pigment model) of individual pigments and the
effect of the photoprotective carotenoid diadinoxanthin in (A) high light- and (B) low light-adapted cells
of Prorocentrum minimum. 1: total pigments; 2: photosynthetic pigments (total pigments minus
diadinoxanthin); 3: chl a; 4: chl ¢2; 5: peridinin; 6: diadinoxanthin (From Johnsen et al 1994a, MEPS
114:245-258, with permission).

4.3. Absorption in Photosystem II
During photosynthesis ~20 % of the absorbed light is utilised in the photochemical
process, while ~75 - 77 % is lost as heat (thermal decay), and 3 - 5 % is emitted as chl a

fluorescence of which about 95 % arises from PSII (Owens 1991, Kirk 1994).

- 16 -



Fluorescence emission intensity (at a fixed wavelength) is dependent on the wavelength
of the excitation light. By measuring fluorescence emission at 730 nm against a
wavelength-specific excitation light, a fluorescence excitation spectrum® can be
obtained (Blankenship 2002). The shape of the fluorescence excitation spectrum
resembles that of the corresponding action spectrum for oxygen, as well as arises from
PSII, and thus represents the fraction of light received by PSII (Haxo 1985, Neori et al.
1988). The distribution of light absorption between PSII and PSI is pigment-group
specific; this is also the case for the fluorescence excitation spectrum caused by the cell

composition of chl’s and carotenoids (Johnsen & Sakshaug in press).

From a theoretical viewpoint, Johnsen et al. (1997) suggested that the PSII-specific light

absorption for photosynthesis can be calculated by scaling the in vivo fluorescence
excitation spectrum to the in vivo absorption spectrum, a; (M), by the ‘no-overshoot’
procedure (Fig 4.2, Paper 2). By matching the fluorescence spectra to a:, (L) between

540 and 650 nm, assuming a 100 % energy conversion efficiency, the obtained

spectrum equals the PSII absorption spectrum, F, (A) (Johnsen et al. 1997). In contrast
toa, (1), the Fyg, (1) does not include the signatures from photo-protective carotenoids

and PSI (Johnsen & Sakshaug 1993, in press).

% A plot of the intensity of fluorescence emission at a fixed wavelength versus the wavelength of

excitation is called a fluorescence excitation spectrum (Haxo 1985).

-17 -
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Fig. 4.2. In vivo absorption (thick line) and PSlI-scaled fluorescence excitation (thin line) spectra for the
dinoflagellate P. minimum (upper panel), the haptophyte P. parvum (middle panel) and the diatom P.
tricornutum (lower panel). The fluorescence excitation spectrum was scaled to the absorption spectrum
by the ‘no-overshoot’ procedure, to estimate the light absorption by PSII. The difference spectra (dotted
line) were obtained by subtracting the excitation from the absorption spectra and hence denote the light

absorption by PSI and photoprotective pigments.

The amount of photons absorbed by PSII, ELSH, was computed by spectrally
weighting F, (1) against the incubator light source according to eq. 4.1, as illustrated in

Fig. 4.3
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where E()) is the spectral irradiance of the incubator light source and E(PAR) is the
integrated irradiance from 400 to 700 nm (Paper 2 & 3).
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Fig. 4.3. An illustration of the calculation of the light absorption by PSII, apsu. The in vivo fluorescence
excitation spectrum was scaled to match the in vivo absorption spectrum by the ‘no-overshoot’ procedure
(as in Fig. 4.2). The light absorption by PSII equals the shaded area, which is obtained by spectrally
weighting (eq. 4.1) the scaled excitation spectrum against the spectral irradiance of the incubator light

source (Epagy = 2 pmol photons m > s™"). Data are from Papers 2 & 3.

Most studies dealing with PSII absorption for measurements of photosynthesis assume
that the light absorption by PSII and PSI, respectively, is divided equally giving a ratio
of 0.5 (e.g. Schreiber et al. 1986, Kolber & Falkowski 1993, Gilbert et al. 2000).

However, this imposes an error as the distribution of chl a between PSII and PSI has a
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ratio >0.5 in most microalgae’. The distribution of chl a between PSII and PSI is
pigment-group specific and related to the light-harvesting complex and the distribution
of chl a and pigments within the cell (Johnsen & Sakshaug in press). Chromophytes, the
algae class | worked with, has an average PSII to PSI ratio of 0.72, as recently found by
Johnsen & Sakshaug (in press). This is in agreement with the PSII to PSI ratio of 0.75 to
0.82 reported in Paper 2.

In Paper 2, we tested the ‘no-overshoot’ approach to calculate the fraction of light
received by PSII in absolute units. To evaluate the practical implications of this
theoretical approach, the outcome was tested along with two other commonly applied
bio-optical approaches for estimating light absorption in PSII (Paper 2, Kromkamp &
Forster 2003, Johnsen & Sakshaug in press). The results were then applied in
combination with measurements of the quantum yield for PSII to obtain rates of

photosynthetic O, production from PAM measurements.

4.4. Evaluating three bio-optical approaches to estimate the light absorption in
PSII

In Paper 2, we tested three bio-optical approaches to estimate the fraction of light
absorbed by PSII. These estimates were to be used in combination with the operational
quantum yield for PSII, derived from PAM measurements, to calculate rates of O,
production. The three approaches were: 1) the factor 0.5 which implies that absorbed
light is equally distributed among PSI and PSII, 2) the fraction of chl a in PSII,
determined as the ratio between the red-peak ratios between PSlI-scaled fluorescence
excitation and the corresponding absorption spectrum (Fig. 4.3) and 3) the measure of
light absorbed by PSII, determined from the scaling of fluorescence excitation spectra to
absorption spectra by the ‘no-overshoot’ procedure (Fig. 4.2). By calculating
photosynthesis vs. irradiance (P vs. E, see box 5.1) parameters using the three

approaches, we compared the results against simultaneously measured rates of oxygen

7 Cyanobacteria, however not microalgae, represent an important group of phototrophs with the major
part of chl a associated with PSI, giving a ratio between PSII and PSI of ~0.12 (Johnsen & Sakshaug
1996).
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production. Generally, approach 1) underestimated while approach 2) overestimated the
gross O, production rate. In conclusion, approach 3 gave the best approximation to
estimate quanta absorbed by PSII. Hence, we recommend approach 3) for estimation of

gross O, production rates based on PAM fluorescence measurements (Paper 2).
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5. Photosynthesis and respiration

This section includes a brief presentation of the fundamental theories in photosynthesis
and respiration underlying my initial interest for studying these processes by applying
different methodological approaches. The introduction is meant to provide essential
information on the subject and to assist the understanding of the papers included in this
thesis. The most important findings from the comparison of variable fluorescence
measurements and O, production measurements for studying photosynthesis are
presented towards the end of the section. Section 6 reviews the achieved results

concerning temperature effects on photosynthesis and respiration.

5.1. Photosynthesis

Photosynthesis is the process of capturing radiation energy from the sun and
transforming it into chemically bound energy (Fig. 1.1). The processes of
photosynthesis are responsible for the energy supply in the formation of organic carbon
compounds and for the metabolism in primary producers. The overall oxygenic®

photosynthetic process can be represented as (Falkowski & Raven 1997):
2H,0+CO, —"" _(CH,0)+ H,0+0, (5.1)

The photosynthesis process within the chloroplasts can be divided into two parts: the

‘light reactions’ and the ‘dark reactions’.

The light reactions can be described by the formula:

2H,0+ Light —2*9 4" +4e” + O, (5.2)

and is the process in which light energy, via chl a, is used to withdraw hydrogen from
water to generate electrons, and liberate oxygen. In this process, chl a fluorescence is
emitted when the excited electrons decay to the ground state. The reactions drive the

ATPase and take place in the thylakoid membranes.

¥ The photosynthetic process can, additionally to oxygenic, be carried out during anoxic condition by
exchanging the oxygen in eq. 5.1 by e.g. an atom of sulphur to run anoxic photosynthesis. Most
photosynthetic bacteria, with exception of cyanobacteria and prochlorophytes, are obligate anaerobes. In

the present thesis, the term photosynthesis will address only the oxygenic process.
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5.2. Respiration

The reverse reaction of photosynthesis is oxidative respiration’. This process is the
breaking of the high-energy bonds of carbohydrates in an oxidative reaction, supplying
energy for metabolism. Both phototrophic and heterotrophic organisms carry out
respiration. Whereas photosynthesis proceeds only during periods with sufficient
irradiation, respiration is carried out during both light and dark conditions (Raven &

Beardall 1981, Hall & Rao 1999).

The respiration rate in phototrophs can be divided into two parts: 1) ‘dark respiration’
which is the metabolic respiration of a cell, phototroph or heterotroph, independent of
the electron transport of photosynthesis. Dark respiration is thus, in principle,
independent of photosynthetic activity. However, even uncoupled from photosynthetic
activity it might be enhanced by the rate of photosynthesis, as a response to a generally
enhanced metabolism (Markager et al. 1992, Epping & Jorgensen 1996).
Experimentally, dark respiration is very difficult to isolate from the photorespiration
under illumination (Raven & Beardall 1981). 2) ‘Photorespiration’ is the 'extra'
oxidative respiration, in addition to dark respiration, and is closely linked to
photosynthetic activity. Photorespiration is divided into two reactions, the Mehler'®
reaction and the oxygenase reaction of RuBPc (ribulose 1,5-bisphosphate carboxylase)

(Raven & Beardall 1981, Falkowski & Raven 1997).

5.3. Measuring photosynthesis: three methodological approaches
As seen from the theory above, photosynthesis can be estimated from the variable
fluorescence kinetics of PSII, from the rate of O, production and from the rate of .

assimilation (Paper 3). Each of these methods has its advantages and disadvantages and

® As with photosynthesis, respiration can also be anoxic. In anoxic respiration, organic molecules are
oxidised by an electron accepter other than O,, e.g. nitrate or sulphate. In this thesis, the term respiration
refers to the oxygenic process only.

1 The Mehler reaction, also called pseudocyclic electron transport, involves an electron transport
sequence where the O, produced at PSII is reduced again at PSI. Consequently, there is no net production

of O,. The process leads to formation of ATP, but not NADPH,.
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have all been applied to access the ecosystem primary production in various
environments. The techniques, however, measure different products of the
photosynthetic pathway and reflect different physiological processes with potentially
different responses to environmental variables, such as temperature (Paper 2 & 3,

Geider & Osborne 1992, Geel et al. 1997, Morris & Kromkamp 2003).

Below is a brief presentation of the three measuring techniques, ordered downstream
according to the electron flux of the photosynthetic pathway. In the following section,

the outcome of the three techniques will be compared.

Variable fluorescence measurements

Variable fluorescence from PSII can be measured by e.g. Pulse Amplitude Modulated
(PAM) fluorometry and can be used to estimate the operational quantum yield'' of PSII,
®pgyr (Schreiber et al. 1986). The electron transfer rate (ETR, from PS II to PS I) can be
quantified from ®pgy times the absorbed quanta in PSII, as a proxy for the gross
photosynthetic rate (Paper 2 & 3, Genty et al. 1989, Kroon et al. 1993). The electrons
generated in PSII are closely coupled to the Oy-evolution, and subsequently follow
several pathways, among those the reduction of CO, via NADP(H) production
(Falkowski & Raven 1997). The PAM technique is fast and non-invasive and can thus

yield measurements of photosynthesis with a high temporal and spatial resolution.

In this study, the operational quantum yield of PSII, ®pgj;, was calculated from steady-
state fluorescence before (F;) and after exposing the sample to a saturating light pulse

(Fm"), during actinic illumination by the PAM technique (Eq. 5.4, Genty et al. 1989).

" The quantum yield is defined as the ratio of moles of product to the moles of photons absorbed in a
photochemical reaction (Falkowski & Raven 1997). Thus, the operational quantum yield of PSII, ®@pgy, is
mol electrons generated in PSII to mol photons absorbed. Likewise, is the quantum yield for O,, ®,, mol
O, produced to mol photons absorbed. The inverse of the quantum yield (1/®) is called the ‘quantum
requirement’, i.e. mol photons absorbed per mol product formed. Because of an inevitable energy loss in

the photochemical reactions, the quantum yield is always <1, while the quantum requirement is >1.
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The maximum quantum yield, ®psii max, Was calculated in a similar way on dark

acclimated (~15 min) cells. See Papers 2 & 3 for a detailed methodological description.

F-F

D, = AF/F, = (5.4)

In combination with knowledge of the chl a-specific light absorption in PSII (section
4.3), measurements of @pgyy can be used to estimate the photosynthetic rate of gross O,

production, Ppgyy, as from eq. 5.5 (Kroon et al. 1993);

Posit = Ppgy 'E'F'EPSU (5.5)

where I is the stoichiometric ratio of oxygen evolved per electron generated at PSII.
Usually, according to theory of the standard Z-scheme of photosynthesis, I'" is assumed
to equal 0.25 O, electrons ' (for PSII, Kroon et al. 1993, Gilbert et al. 2000). However,
a lower ratio is usually found when studied empirically (Paper 2 & 3, Kromkamp et al.
2001, Longstaff et al. 2002). For simplicity, I initially assumed I" to be 0.25 in the
present study (see section 6.1 and Paper 3 for a discussion on the divergence between

the theoretical and empirical ratio).

Dissolved oxygen measurements

Measuring the rate of photosynthesis in phytoplankton using concentration changes of
dissolved O, was first proposed by Gaarder & Gran (1927), who invented the light-dark
bottle technique. They calculated the concentration of dissolved O, using the Winkler
titration technique (Strickland & Parsons 1968). With the development of the O-
electrode, measurements of dissolved O, have become faster and possible to apply
during incubation experiments. The fast responding and signal-stable Clark type O»-
microelectrode (Revsbech 1989) has been widely applied in aquatic science, and allows
for continuous measurements of net O,-production in the light, and O,-respiration in the

dark (for a review see Glud et al. 2000).

In oxygenic photosynthesis, the term ‘gross photosynthesis’ refers to the rate of oxygen
evolution equivalent to the photochemically generated electron flux produced from the
oxidation of water, excluding any respiratory losses (Sakshaug et al. 1997). ‘Net

photosynthesis’ in the present work is defined as the net evolution of oxygen following
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all respiratory losses within the investigated system (i.e. both autotrophic and

heterotrophic respiratory oxygen consumption).

All measurements of O, production and consumption rates in this study were performed
using Clark-type O, microelectrodes (Revsbech 1989) with a fast response (90 %
response in <10 s for net production/consumption and <0.5 s for gross production
measurements), small tip size (external diameter <1 mm) and low stirring sensitivity (<3

%).

Photosynthetic gross O, production can be measured in benthic sediments by the
light/dark shift method (Paper 4, Revsbech & Jorgensen 1983, Glud et al. 1992).
However, because of a much lower biomass per volume, this method has not yet been
successfully applied on water samples. In sea water, gross O, production can be
measured by spiking the water samples with '*O-labelled water and measuring the
amount of '"*O-labelled O, produced photosynthetically (Bender et al. 1987).
Alternatively, gross production can be estimated from correcting the net O, production
rates for respiration. The '*O-labelling method unequivocally measures gross primary
production (i.e. there are no respiratory losses of the labelled O,), while the latter
method will lead to gross production being underestimated if respiration in the light is
significantly different from respiration in the dark. In the present study, gross O,
production was measured by the light/dark shift technique in sediments (Pgross, Paper 4)
and estimated from the net production and dark respiration rates in the studied
phytoplankton cultures (Po,, Paper 2 & 3). Net O, production was measured from
concentration profiles (P,, Paper 4) and from net changes of the O, concentration over

time in phytoplankton samples (Paper 2 & 3).

M C_assimilation measurements

The "C technique was developed by Steemann-Nielsen (1952) and has probably been
the most widely used method in aquatic science for estimating primary production,
because of its high sensitivity allowing measurements on low biomass. The method
quantifies the rate of '*C-assimilation and hence the conversion of inorganic C into cell

biomass. It reflects an activity intermediate to net and gross photosynthesis, dependent
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on the incubation time (Lewis & Smith 1983, Falkowski & Raven 1997, Maclntyre et
al. 2002). For 1 hour incubations, the technique is, for convenience, commonly assumed
to indicate gross rates (P4c). This method, however, is labour-intensive and the
quantum yield of carbon fixation varies according to the intermediate steps in
photosynthesis, environmental variables and growth phase of the cells (Paper 3, Kroon
et al. 1993). As a consequence, models of primary production based on the "*C method

can be inaccurate (Prézelin et al. 1991, Schofield et al. 1993, Kroon et al. 1993).

5.4. Comparing PSII fluorescence and oxygen production

Photosynthetic O,-production, ®@pgy; and/or 14C-assimilation have been compared in a
number of studies of macroalgae, microphytobenthos, and marine phytoplankton (e.g.
Geel et al. 1997, Barranguet & Kromkamp 2000, Longstaff et al. 2002). Although the
investigations have been conducted under a variety of experimental conditions, a
preponderance of the studies on microalgae find a linear relationship between O,-
evolution and ®pgy; under moderate irradiance, sometimes with deviation at very low or
very high irradiance conditions (e.g. Schreiber et al. 1995, Flameling & Kromkamp
1998). Different explanations for the deviation have been proposed: spectral difference
in PAR sources, changes in O,-consumption in the light, cyclic electron transport
around PSII and Mehler-type reactions, see Flameling and Kromkamp (1998) for an

overview.

In my studies at moderate irradiances below the photoinhibited levels, the relationship
between rates of measured (Po,) and calculated O, production (Ppsy, from PAM and
PSII absorption, eq. 5.5) showed approximately linear responses (r* = 0.7-0.97, Fig. 5.2,
Paper 2). As seen from Fig. 5.2, the linear response of Ppgy; versus Po, showed species-
specific slope coefficients for the three microalgae species investigated. Where the
diatom (P. tricornutum) tended to show a slope coefficient close to unity, Ppgy tended to
underestimate the O, production, compared to Po;, for the dinoflagellate (P. minimum)
and overestimate Ppgyy for the haptophyte (P. parvum). The divergence in the slope
coefficient was presumably caused by a lower quantum yield for O, @, and hence a

stoichiometric ratio lower than the 0.25 theoretically assumed for the calculation of Ppgyy
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(eq. 5.4) of oxygen evolved per electron generated at PSII. A careful discussion of this

subject is found in Paper 2 & 3.
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Fig. 5.2. Rates of O, production calculated from ®pg;; in combination with apsi, Ppsy, as a function of

measured O, production, Po,, for P. minimum, P. parvum and P. tricornutum. The dashed line represents

x =y (Paper 2).

The PAM and the O,-microelectrode techniques have their limitations and strengths in
terms of sensitivity and noise. In low lights (E < Ey), the electron transfer rate (ETR) is
relatively robust and thus the estimation of o from the PAM technique. Conversely, the

microelectrode technique is working near the detection limit, thus yielding a low
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accuracy for a. In high light (E > Ey), the accuracy of the results from the PAM and the
O,-microsensor technique, respectively, are the opposite of that for low light (E < Ey).
As the ratio of @, to E decreases with increasing irradiance the accuracy becomes
weak. In contrast, the signal-to-noise ratio of the O,-microsensor increases with

increasing irradiance, yielding more reliable results under high light conditions.
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6. Temperature effects on photosynthesis and respiration

The present thesis contains two distinctly different approaches to studying temperature
effects on processes of photosynthesis and respiration. Paper 3 is a study on laboratory-
grown monocultures of pelagic phytoplankton, and Paper 4 is a study on intact diatom-
dominated benthic communities, sampled at shallow water. However, both papers are
based on physiological response studies in microalgae, and the associated heterotrophic
community, imposed by short-term (minutes to hours) temperature experiments.
Laboratory-grown cultures of phytoplankton allow for detailed investigations of
temperature-imposed responses on light-saturated and light-limited rates of
photosynthesis (P vs. E relationship), where intact sediment samples with
microphytobenthos allow for ecological relevant, intact-community temperature-
response studies. This section contains a review of the achieved results on temperature
effects on light-saturated and light-limited photosynthesis, followed by an introduction
to the results of the benthic community study. Section 6.4 summarises the ecosystem

implications of the obtained results.

6.1. Temperature effects on light-saturated photosynthesis

Calculated and measured O»-production rates along with '*C-assimilation rates showed
overall the same relative response to a short-term temperature change for all the three
phytoplankton species studied (Paper 3). The maximum photosynthetic rate, P< .2,
increased with temperature, resulting in an average Qo of 2.1 £ 0.2 (mean * S.E.). The
Q1o values showed only small variance between methods and species. This
demonstrated that ®pg; from intact algae cells responded similarly to the rate of O,-
evolution and '*C-assimilation, to a short-term temperature change. This is consistent
with the hypothesis that the overall rate-limiting reaction for light-saturated
photosynthesis is carbon fixation rather than electron transport, as suggested by Sukenik

et al. (1987). For the present data, this implies that ®pg); as well as the O,-production

"2 The > on PC,,.x denotes that the parameter was normalised to the particulate organic carbon (POC)

content of the sample investigated. Likewise, ‘*’ denotes normalisation to the chl a content.
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Box 6.1 : Temperature and Q, (temperature coefficient)

Temperature in an important environment variable for understanding the physiological ecology
of microalgae in nature, as it affect key biological processes, including photosynthesis,

enzymatic activity and respiration (Davison 1991).

Calculation of Qg

Temperature-imposed activity changes are often quantified by the so-called ‘Q;o factor’,
describing the relative rate of increase for a temperature increase of 10 °C. The temperature
response of a given process can be calculated from the apparent activation energy (E,, kJ-mol”
") and Qi then from E,. E, can be calculated from the initial linear slope of an Arrhenius plot
where In(k) is plotted as a function of temperature (R-T)"', according to Raven and Geider
(1988) as:

In(k) = In(4) +|—E,(RT) |

where k is the rate of the reaction, A is the Arrhenius constant, R is the gas constant (8.3144 J~

.mol™) and T is the absolute temperature (K).

Q) is then calculated for a given temperature interval of interest as (Berry & Bjorkman 1980):

0, = exp(Ea.lo(RT(T + 10))")

All Qy values in the present study are calculated from Arrhenius plots, according to the above
equation. In the literature, Qo is sometimes alternatively calculated from a more simple

equation, which is strictly exponential, as:

Qo = (”2 /5 )(10/(12711))

where t; and t, are the lower and upper temperatures of the range of consideration, and r; and r,

are the metabolic rates corresponding to t; and t,, respectively (Davis & Mclntire 1983).

Acclimation versus adaptation

Temperature acclimation usually describes phenotypic changes in a community as a response
to short-term temperature change, whereas temperature adaptation involves genetic differences
in metabolism between communities from different thermal environments (Berry & Bjorkman
1980, Davison 1991)

may be limited by carbon-fixing enzyme activity, i.e. the Rubisco-complex. In addition,
the data suggest that rates of @pg;; and O,-production driven by the light reactions were
not different from rates of '*C-fixation, driven by the dark reaction, as a function of

short-term temperature changes (Paper 3). Conclusively, the PAM technique, analogous
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1o Or-production and " C-assimilation measurements, can be applied to study relative

temperature responses of light-saturated photosynthesis.

Overall, the absolute rates of calculated O,-production, Ppgy; (based on @pgyj, Eq. 5.5),
showed a species-specific correlation to and overestimated the measured O,-production

rates of ~1 to 3 times, for light-saturated photosynthesis (Fig. 6.1). As I have shown,

;)sn is a good measure for the light absorption in PSII (section 4.3 & 4.4, Papers 2 &
3). Hence, I suggest that the off-set of the @ps;; based measurements (Ppsyy) is caused by
a lower quantum yield for Os-production than the theoretical maximum, and thus the
amount of O evolved per electron generated in PSII (I) is lower than the commonly
assumed 0.25 (Paper 3, e.g. Kroon et al. 1993, Suggett et al. 2004). The lower quantum
yield for Os-production can possibly be ascribed to irradiance induced cyclic electron
transport around PSII, Mehler reactions (Flameling & Kromkamp 1998, Longstaff et
al. 2002), and to the difference between the rates of metabolic respiration (‘dark’
respiration) during light and dark conditions, respectively (section 5.2). The off-set of

the Dpgy; based measurements seemed to be insensitive to temperature (Paper 3).

P.minimum P.parvum P.tricornutum

-1

umol 0,,"C (mg POC)" h

O.W5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Temperature (°C) Temperature (°C) Temperature (°C)
Fig. 6.1. Effect of temperature on the absolute values for the maximum photosynthetic rate (P,y). The
photosynthetic parameters were calculated from rates of measured O,-production (P<y,, filled circles),
Dy (PCPSH, eq. 5.5, open diamonds), and 14C-assimilation (PC14C, grey triangles). The three pelagic algae

species were grown at 15 °C and 80 pmol photons m ™~ s™* (Paper 3).
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6.2 Temperature effects on light-limited photosynthesis

The relative and absolute values of o showed an analogous response to a short-term
temperature change and showed itself to be insensitive to (P. minimum), or possibly
slightly decreasing (P. parvum and P. tricornutum), with increasing temperature
resulting in average Qo of 1.0 = 0.2 (mean £ S.E.). Based on a statistical test of
covariance (ANCOVA) I concluded that the temperature response for the three methods
was the same for all three species (Fig 6.2, Paper 3). The absolute values of o
demonstrated an off-set of of psi compared to of o2 and of 14c Which was constant for
the entire temperature range, arguing for a linear temperature-insensitive relationship
between rates obtained from the three methods, in the light limited part of the P vs. E
curve. The off-set in the light-limited region was similar to the off-set of Ppsy in the
light-saturated region (Fig. 6.1) and hence I concluded that the off-set was general for
the ®pgy; based Oy-production rates (P<psy), for the entire irradiance range (Paper 3).
The possible decrease of o° with temperature for P. tricornutum is explained by an
apparent decrease of the chl a to C ratio, as o (carbon-specific) is often correlated to

this ratio because light absorption is correlated with chl a (Maclntyre et al. 2002).

P.minimum P.parvum P.tricornutum
0.25
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umol 0,,"*C (mg POC)" h™" (umol m?s™)"

0.00

0O 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Temperature (°C) Temperature (°C) Temperature (°C)

Fig 6.2. Effect of temperature on the absolute values for the maximum light utilization coefficient (0.°).

Symbols and calculations as in Fig 6.1 (Paper 3).
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6.3 Temperature effects on intact benthic microphyte communities

Studies at subtidal and intertidal sites have shown that temperature can exert tight
control on benthic photosynthetic rates, and can lead to seasonal temperature
acclimation and/or change in the microphyte community composition (e.g. Grant 1986,
Barranguet et al. 1998). In Paper 4, I studied the short-term temperature effects on
respiration and photosynthesis in intact diatom-dominated benthic communities
collected at two temperate and one high-arctic subtidal sites, to resolve a potential
adaptation strategy (Fig. 6.3). Areal rates of both total (TOE) and diffusive (DOE) O,
exchange were determined from O-microsensor measurements in darkness and at 140
umol photons m *s™'. In darkness, the O, consumption increased exponentially with
increasing temperature for both TOE and DOE with Q, ranging between 1.7 and 3.3.
Overall, Qo was not correlated to the in situ water temperature or geographical position.
Accordingly, no difference in the temperature acclimation or adaptation strategy of the
microbial community was observed (see Paper 4 for details). Gross photosynthetic rates
increased with temperature yielding Qo in the range of 2.2 to 2.6. However, no
temperature adaptation was observed between the sites. The present study shows that
increasing temperature stimulates the heterotrophic activity more than gross
photosynthesis does. Consequently, the typically mixed benthic community of
heterotrophic and phototrophic microbes gradually turns heterotrophic with increasing
temperature. In conclusion, no difference in the temperature acclimation response
between the sites was observed, suggesting that the temperature adaptation strategy for
the benthic microbial communities was similar for the arctic and the temperate

communities.
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Fig. 6.3. Areal rates of total oxygen exchange as a function of temperature, measured from whole core
incubations in darkness (dark columns) and at 140 pmol photons m 257! (open columns) in (a) Denmark,
(b) Norway and (c) Svalbard. Negative values indicate net O, consumption and positive values net O,

production (Paper 4).

6.4. Phototrophic versus heterotrophic temperature responses (ecosystem
implications)

The results of Paper 3 demonstrate that PCmaX increased and o was more or less
insensitive to increasing temperature for all the three investigated species, consistent
with most eukaryote algae (Davison 1991). Generally, the light-limited photosynthesis,
represented by o, is a function of photochemical light reactions (not enzyme-
dependent), whereas the light-saturated part, represented by Py, is limited by enzyme
activity associated with the carbon metabolism of the dark reactions (Paper 3, Davison
1991, Sakshaug et al. 1997). Intact community responses to temperature, as in benthic
microphyte communities, are confounded by both light-saturated and light-limited
processes, as the irradiance regime within the sediment is distributed gradiently, and is
further complicated by the simultaneous impact on physical, chemical and biological
controls (Paper 4, Epping & Jorgensen 1996, Fenchel & Glud 2000). Based on the
laboratory results showing that the light-limited part of photosynthesis is temperature
insensitive (Paper 3), it is presumed that the temperature response of the intact benthic
microphyte communities (quantified from Qo) is controlled by the light-saturated
temperature response. Thus the light-saturated temperature response on photosynthesis

is responsible for the temperature response of the net community in the sediments
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(Paper 4). This is consistent with the obtained Q) values, see Papers 3 and 4 for

details.

A dataset extracted from Paper 3, allowed isolation of the effect of temperature on rates
of net O, production, measured on the laboratory-grown culture of Prorocentrum
minimum, at five irradiances and in darkness (Fig. 6.4). The data shows that the net O,
production rate as a function of temperature decreases with decreasing irradiance in a
manner so that the temperature of maximum production (not to be confused with the
temperature optimum) decreases. This phenomenon illustrates the balance between the
phototrophic versus the heterotrophic temperature response, and leads me to conclude
that the heterotrophic activity increased more than the gross O, production, with
increasing temperature, in laboratory-grown culture. In conclusion, the phytoplankton
and the intact microphytobenthic community responded similarly, demonstrating a
gradual transition from a phototrophic to a heterotrophic dominated community with
increasing temperature. This has implications for the carbon cycling in both pelagic
and benthic microalgae-dominated communities that experience seasonal and diel

temperature fluctuations.

Similar observations have previously been reported for intertidal sediments (Davis &
Mclntire 1983) and in temperate planktonic communities (Lefevre et al. 1994, Robinson
2000). The observations have generally been explained by a stronger and more rapid
physiological acclimation of heterotrophic compared to phototrophic activity, to
temperature changes. [ therefore suggest that the stronger heterotrophic temperature

response as observed in my studies is a general rather than exceptional phenomenon.
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Fig. 6.4. Effects of temperature on rates of the net O, production (which is the sum of the gross O,
production and the respiration) in a laboratory-grown culture of P. minimum. Each of the six panels
represents different irradiances, from 430 pmol m = s~ (upper left) to darkness (lower right) (based on the

dataset of Paper 3).
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7. Conclusions

Profiles of chl a, dissolved oxygen and primary production showed large natural
variations in the Barents Sea. Yet the profiles correlated closely to optical depth,
i.e. a certain irradiance regime defined from the attenuation coefficient. The chl
a-normalised primary production correlate stronger to the light regime in the
blue-green region, at 490 nm, than to PAR, improving the correlation between
irradiance and primary production by ~15 %. Hence, I suggest using 490 nm
instead of PAR when relating phytoplankton production to a single wavelength
band.

An accurate estimation of light absorption in PSII is essential for calculating
rates of photosynthetic O, production from the operational quantum yield in
PSII, ®pgy, derived from PAM measurements. Three bio-optical approaches to
estimate the fraction of light absorbed by PSII were tested. The best estimate
was obtained from a spectrally weighted approach based on the PSII-scaled
fluorescence excitation spectrum, by the so-called ‘no-overshoot’ procedure.
The approach was evaluated by comparing calculated rates of photosynthetic O,
production based on @pgy; and the PSII absorption, against simultaneously
measured rates of O, production. This approach is hence recommended for

estimation of gross O, production rates from PAM fluorescence recordings.

Both calculated and measured O,-production rates along with 4C-assimilation
rates showed the same relative response to a short-term temperature change, (for
the three studied microalgae species.) This implies that the PAM technique
analogous to O,-production and '*C-assimilation measurements can be applied
to study relative temperature responses of photosynthesis versus irradiance
relationships. Absolute rates of calculated O,-production based on ®ps;; showed
a species-specific correlation and overestimated the measured O,-production
rates of ~1 to 3 times during both light-limited (ot“) and light-saturated (P pax)

photosynthesis. The off-set of the ®pgy; based measurements was due to a lower
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quantum yield for O,-production than the theoretical maximum and seemed to
be insensitive to temperature. In conclusion, the PAM technique can be used to
study temperature responses of photosynthesis in microalgae when attention is

paid to the absorption properties in PSII.

No difference in the temperature acclimation response was observed between the
investigated arctic and temperate diatom-dominated benthic communities. This
was observed from similar Q;¢ values, arguing for a similar temperature
adaptation strategy between the sites. Overall, temperature stimulated the
heterotrophic activity more than the gross photosynthesis, gradually turning the

benthic communities heterotrophic with increasing temperature.
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8. Some thoughts on photosynthesis and algorithms of primary

production

Bio-optical models developed for the estimation of marine primary production P, and
often used with remotely sensed ocean colour data (often determined as g C m™> s ™),
can be written on the general form (e.g. Platt & Sathyendranath 1988, Claustre et al.
2005)

P = PAR|[chla| a;@c 8.1
where a; is the chl a-specific absorption coefficient and @ is the quantum yield for

carbon fixation. Equation 8.1 is in units of moles, which by multiplying with a factor of
12 can be converted into grams of carbon. The estimation of PAR and [chla] is

generally not an issue, and these variables can be estimated with a good accuracy, even

at a global scale from remotely sensed data or models. Estimation of the product of a;
and @ is in general considered more challenging (e.g. Claustre et al. 2005). Statistical
relationships that relate a:; ®. to [chl a] have been described, however, these only

reproduce average trends and remain limited in accounting for natural variability (e.g.

Bricaud et al. 1995).

Three major findings in the thesis have inspired me to propose some improvements to
eq. 8.1, with the aim of estimating P from natural ecosystems. First, Paper 1
demonstrates that from a simple approach exchanging PAR with the irradiance at 490

nm the correlation of irradiance to measured primary production can be improved by
~15 % (Fig. 3.3 and section 3.3). Secondly, Paper 2 shows that replacing a; with the
PSII-specific absorption coefficient, F;sn , gives a more accurate estimate of the light

absorption for oxygenic photosynthesis (origin in PSII), as it corrects for absorption by

photo-protective carotenoids (and PSI). Thirdly, Paper 3 quantifies the (maximum)

quantum yield of O, production based on the light absorption in PSII, ™"®_, . Using
"o instead of ®,. is in principle not better, however, by applying the bio-optical

approach for quantification of the PSII absorption (Paper 2) it is possible to quantify
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"1®  with a better accuracy than usually applied for ®,.. Consequently, incorporating

these improvements into equation 8.1, it can be rewritten as

*

Fpy = kE [Chla]FPsn "o, (8.2)

where k is a factor correcting the irradiance at 490 nm to the 400 - 700 nm waveband.
The outcome of eq. 8.2 is an estimate of the photosynthetic (gross) O, production in
units of mole, and summaries the finding in this thesis synthesised in a single equation.

This approached offers improvement to the mentioned uncertainties included in eq. 8.1.

As ™"'®_, in this study is based on culture-grown phytoplankton it is not necessarily
representative under in sifu conditions. Obviously, there exists a challenge in obtaining
accurate and reliable measurements of ""®_, (and similar bio-optical parameters)

under natural conditions in phytoplankton and microphytobenthic communities. This
task is still recognised as a major challenge (Behrenfeld & Falkowski 1997, Claustre et
al. 2005).

Conclusively, to improve models for marine primary production, not least for the Arctic
region, further field investigations are required. From simultaneously measurements of
photophysiological parameters (P vs. E curves), phytoplankton absorption and
taxonomic composition (e.g. HPLC) knowledge of the in situ variability of the bio-
optical parameters (e.g. the quantum yield for photosynthesis) can be obtained (Claustre
et al. 2005, Johnsen & Sakshaug in press). Such studies would be extremely valuable
for future improvement of primary production estimates: perhaps especially in the
Arctic with present climate change scenarios predicting a decreasing ice cover and thus

increased light availability in the water column (Holland et al. 2006).
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Abstract

Surface incident irradiance and spectral downwelling irradiance (E,q)) were measured
to obtain the spectral attenuation coefficients (Kqn)) and optical depth (&) at twelve
stations in the Marginal Ice Zone (MIZ) of the Barents Sea, as part of the Norwegian
CABANERA programme. The stations were sorted according to their bloom stage;
early, peak and late, based on multidisciplinary data analysis. Profiles of the
concentration of chl a, dissolved oxygen and primary production (PP) exhibited large
variations yet were visually clustered similarly as a function of &par), showing close
correlations. As a function of &uoo), the chl a-normalised production (PP*) profiles
clustered largely above the 10 % E,490) depth, and the shape of the profiles became
more uniform. The optical depth for PAR, @par), was correlated to the chl a
concentration at an r* of 0.41, whereas 90y yielded an improved correlation of 0.50.
The relationship between downwelling irradiance and PP* showed the highest
coefficient of determination in the blue-green region, E,90) (r2 =(.81) compared to
PAR (> = 0.66) and green-orange E/s85) (r* = 0.59). As phytoplankton related more
closely to blue-green irradiance (490 nm) than to PAR and green-orange (585 nm), we
therefore suggest using 490 nm when relating phytoplankton production to a single
wavelength. Photosynthetic pigment analyses (HPLC) showed that diatoms were
predominant during peak phases of blooms whereas smaller cells of Haptophytes (e.g.
Phaeocystis sp.) and chl b-containing algae (e.g. Chlorophytes and Prasinophytes)
dominated during early- and late bloom stages. The presented results emphasise the
importance of a spectral approach when relating phytoplankton chl @ and primary
production to underwater irradiance. This has implications for improving of primary

productivity models and application of remote sensing techniques in the Barents Sea.

Key Words: Spectral attenuation, PAR, Photosynthetic pigments, Marine phytoplankton,

Primary production, Barents Sea, Marginal Ice Zone



1. Introduction

The Barents Sea is the westernmost of the Siberian shelf seas and a transition sea
between the Arctic Ocean and the Nordic seas. It boundaries to the north and west by
steep continental slopes and its average depth is 230 m (Loeng, 1991). The Barents Sea
is partly ice covered, primarily by seasonal ice, with a maximal extension in March-
April depending on the inflow and temperature of Atlantic water masses (Vinje and
Kvambekk, 1991). The latter impose large annual variations, which affect the heat flux
into the Barents Sea and causing large variations in the ice cover. The northern and the
southern parts of the Barents Sea are divided by the Polar Front, separating the Arctic
waters of the north from the Atlantic waters from the south. Close to, and north of the
Polar Front, which is most distinct in the western parts at 75 - 76° N, the spring bloom
starts in early May induced by the thermally created stratification in the upper 20 - 30 m
by the melting of ice (Sakshaug and Slagstad, 1992). As the ice melts, and the ice edge
retreats northward, the phytoplankton bloom is triggered in the upper nutrient-rich layer
as it becomes gradually more exposed to light. As a result, the intensity of the primary
productivity is closely related to ice-edge region, the Marginal Ice Zone (MIZ), and
limited by the availability of light (Sakshaug, 1997). The intensive fluctuating physical
conditions and horizontal gradients within the MIZ causes pronounced variations in the
phytoplankton abundance, pigment concentration, species composition and evidently

the primary productivity of the pelagic Barents Sea ecosystem.

The vertical diffuse attenuation coefficient (Kq) of light in a water column is related to
the absorption and scattering by phytoplankton, coloured dissolved organic matter
(cDOM), and suspended matter (Sathyendranath ef al., 2000). In clear oceanic water
masses, Kq4 is mainly influenced by the absorption and scattering of phytoplankton, by
sea water itself and in some cases by marine cDOM (Case I waters), while terrigenous
cDOM and suspended matter additionally influence the optical properties in coastal
waters masses and fjords (Case II waters, Jerlov, 1976; Sathyendranath ez al., 2000).
The ‘optical depth’ in a water column is defined as the vertical diffuse attenuation

coefficient, spectral or PAR, multiplied by physical depth (Morel, 1988). The optical



depth differs from the physical depth and is independent of this. Thus, a given optical
depth will correspond to different physical depths, in waters of different optical
properties, yet to the same overall diminution of irradiance (Kirk, 1994). Thus in chl a-
rich water column, a given optical depth will correspond to a much shallower physical
depth than in a chl a-poor water column. Phytoplankton biomass (e.g. chl @) and
productivity are related to optical depth, and can be calculated for PAR or with a

spectral resolution.

Pure seawater is transparent mainly to blue light (clearest at 475 nm), followed by green
light, and is nearly opaque to red light and UVB (Kirk, 1994). The clearest pre-bloom
arctic waters have a vertical attenuation coefficient (Ky) of 0.07 m ' implying that 1% of
the surface light reaches a depth of 66 m and 0.1 % of the surface light reaches > 130 m
(Dallgkken et al., 1995). Algae, in contrasts to pure seawater, absorb mainly blue to
blue-green and red light while being virtually transparent in the green-orange
wavelength band. Thus, when a phytoplankton bloom develops, the 1 % light
penetration depth decreases more rapidly for blue light than for green-orange light,
turning the water greenish. Self-shading by phytoplankton in the water column is
therefore considerably more pronounced than apparent from the commonly measured
PAR depth (Bricaud and Morel, 1986; Nelson et al., 1993; Sakshaug, 2004). The 1 %
irradiance depth (PAR) often is used as an approximation for the euphotic zone
(Falkowski and Raven, 1997). However, considering the spectral properties of

absorption and of the water itself, this is a rough estimate.

Phytoplankton pigments, chlorophylls (chl’s) and carotenoids, can be used as
chemotaxonomic markers and to elucidate photo-physiological functionality through
knowledge about the ratio between light-harvesting pigments and photo-protective
carotenoids (Jeffrey et al., 1997b; Johnsen et al., 1994). The qualitative and quantitative
abundance of phytoplankton pigments can be studies by HPLC (High Performance
Liquid Chromatography) techniques. Important pigment-group markers can be used to
differentiate between major phytoplankton groups; as chlorophyll ¢; and 19-acyl-oxy-
fucoxanthins are major pigment markers for Haptophytes, chl 5 and prasinoxanthin for

prasinoxanthin-containing Prasinophytes, while a high fucoxanthin to chl a ratio (w:w)



indicate the presence of diatoms (Jeffrey et al., 1997a). Different chl’s and carotenoids
have absorption maxima at different wavelengths and thus will Ky, in Case I waters with
low cDOM, content reflect the concentration and composition of phytoplankton

pigment groups (Bricaud ef al., 1988; Bricaud et al., 1998).

The aim of the present paper was to evaluate the relationship between the concentration
and vertical distribution of chl a, dissolved oxygen and primary production to the
irradiance field in the water column. Moreover, we wanted to analyse the significance
of a spectral resolution compared to PAR of the relationship between irradiance field
and the phytoplankton productivity in the water column. The analyses are based on in
situ data from 12 stations in the MIZ of the northern Barents Sea, sampled during the
Norwegian research program ‘CABANERA’ (Wassmann, this issue). The spectral
attenuation is related to optical depth and discussed in a photo-physiological context,
including the concentration and composition of phytoplankton pigments and
productivity. The present study is relevant for our understanding of the dynamics of the
primary producers in the Barents Sea as the productivity by phytoplankton is little
related to the day of the year or the physical depths, but instead to the light field as
determined by latitude and ice cover and the optical properties, as attenuation and

scattering, in the water column.



2. Materials and Methods

2.1. Study area

Sampling was conducted in the Marginal Ice Zone (MIZ) of the northern Barents Sea
and across the shelf break into the Polar Ocean during three cruises with research vessel
R/V Jan Mayen (University of Tromse, Norway). The field data in this study were
collected as part of the Norwegian research program ‘CABANERA’. A total of twelve
pelagic stations, of which eleven were partly ice covered, were visited in July 2003 and
2004, and May 2005, respectively. Stations were chosen to represent different bloom-
development stages within the MIZ. The stations were sampled in numerical order and
numbered by their Roman numbers (Fig. 1). Bloom-development stage, sampling date

and position, and ice cover are given in Table 1.

2.2. Sampling

In situ profiles of conductivity, temperature, depth (CTD) and chlorophyll a
fluorescence were measured using a Sea-Bird CTD (SBE9 system, Sea-Bird Electronic,
US) equipped with a Seapoint fluorometer (Chlorophyll Fluorometer, Seapoint Sensors,
US). Water was collected from 12 fixed depths (1, 5, 10, 20, 30, 40, 50, 60, 90, 120, 150
and 200 m) and one additional depth in the chl a-max layer (defined from the
fluorescence profile) if not covered by one of the fixed depths. Water samples for
dissolved oxygen measurements and for nutrients were collected using Niskin bottles (5
L, model 1010C), mounted on the CTD rack, from the first cast. Sea water for other
analyses was subsequently sampled using Go-Flow bottles (20 and 30 L, General
Oceanics) and Niskin bottles (5 L), from the eight upper depths and the four lower
depths, respectively.

Water samples for pigment composition analysis (HPLC) were collected at the depth of
1 m “surface” and at chl g-max. The in situ fluorescence-determined chl a-max layer
and the in vitro measured chl a-max layer mismatched at some stations and, thus, did
the samples for pigment composition analysis from chl a-max not always match the

depth of the chl a-peak. Volumes of 1000 - 3000 mL, depending on the chl a



concentration, were filtered onto Whatman GF/F glass fibre filters <15 h after sampling
(stored in the dark at 2 °C in 15 L plastic containers until filtered). Two to four
replicates were filtered when possible. Filters were frozen immediately at —20 °C and
subsequently transported and stored in liquid nitrogen (—196 °C) or in a bio-freezer (—80
°C) until analysed in the laboratory at Trondhjem Biological Station (Trondheim,

Norway) within three months from sampling.

2.3. Pigment analysis

Pigment composition analysis was performed using a Hewlett-Packard HPLC 1100
Series system, equipped with a quaternary pump system and diode array detector.
Pigments were separated is a Waters Symmetry C8 column (150 X 4.6 mm, 3.5 um
particle size) using the method described by Zapata et al. (2000), as modified by
Rodriguez et al. (2006). The frozen filters with algae were extracted, in Teflon-lined
screw-capped tubes, in 1.5 mL of methanol overnight at —20 °C. The extract was re-
filtered (Millipore 0.2 pm) to remove debris, and 154 pL of the final extract was
injected in to the HPLC system, using an automatic injection system. Chlorophylls and
carotenoids were quantified by their absorbance at 440 nm and identified by a diode
array detector (A =350-750 nm, 1.3 nm spectral resolution). Calibration of the HPLC
system was performed using standards for chl a from Sigma (C6144, Aldrich, UK) and
custom isolated standards for carotenoids and chl ¢, made using a preparative column
on the same HPLC instrument (Rodriguez ef al., 2006, K. Andresen unpub.).
Identification of pigments and specific extinction coefficients for quantification

followed procedures recommended by Jeffrey et al. (1997a).

2.4. Measurements of nutrients, chl a, dissolved oxygen and primary production
Sea water samples for nitrate and phosphate analyses were drained directly from the
Niskin bottles and subsequently frozen and stored for later analysis. The nutrients were
analysed on a Scalar Autoanalyser (Scan Plussystem, Netherlands) by the National
Environmental Research Institute in Roskilde, Denmark (Kivimie, Pers. Comm.). Chl a
was measured from sea water samples filtered on GF/F filters, extracted overnight in

pure methanol. The concentrations of chl a and phaeophytin were determined before



and after acidification (Holm-Hansen et al., 1965) using a calibrated fluorometer
(Turner Designs) by (Hodal and Kristiansen, this issue).

Sea water for dissolved oxygen concentration measurements were cautiously drained
directly from the Niskin bottles into 125 mL dark glass bottles (Winkler type), which
were closed immediately with a gas-tight lid. The oxygen concentration was measured
on-board within an hour using an O,-microelectrode (Clark type, Unisense, Denmark)
calibrated against an atmosphere-saturated and an oxygen-depleted sample. The samples
and the calibration solutions were temperature-stabilised prior to measurements, in a
water bath at 1 °C for 20 min, due to the temperature sensitivity of the oxygen sensor.
The oxygen sensor was connected to a picoammeter (Unisense) and the output was read
from a flatbed recorder (Kipp & Zonen, The Netherlands).The atmospheric saturation of
oxygen in each sample was calculated as a function of temperature and salinity
according to Li and Gregory (1974).

Primary production rates were obtained from 24 h in situ incubations using the '*C-
incorporation technique (Steemann-Nielsen, 1952) by Hodal and Kristiansen (this issue).
Water from the eight upper depth and for chl a-max were enriched with '*C-labeled
bicarbonate and incubated at the respective depths in light and dark bottles.
Subsequently, the water samples were filtered after which the filters were frozen for

later analysis on a scintillation counter ashore.

2.5. Irradiance measurements

Surface incident irradiance and repeated downward irradiance profiles were measured
with a spectral resolution of 1 nm, from 380 to 800 nm, using an underwater
spectroradiometer (RAMSES 101, TRIOS, Germany). Profiles were conducted
lowering the instrument ‘by hand’, and irradiance was measured with a vertical
resolution of 1 m in the upper 10 m, and 5 to 10 m below the 10 m depth (depending on
the attenuation) down to <0.1 % incident irradiance depth (max 90 m). Profiles were
preferably measured from nearby ice flows in order to representative in sifu conditions
(and avoid shading by the ship) at approximately solar noon and midnight at each
station. Data were collected on a PC and the instrument pack was power-supplied from

a 12V car battery, through a 12-200 V converter, when running on ice flows.



2.6. Calculations

The vertical attenuation of light, which is a consequence of both absorption and
scattering of light, is spectrally dependent. The vertical attenuation coefficient for a
specific wavelength (Kqp), m ") for downwelling irradiance was calculated as Eq. 1
(Kirk, 1994)

Koy = —111<E0m /E_ZW) (1)

z
where Eon) and E,, are the values of downwelling irradiance at a specific wavelength
just below the surface, and at z m depth, respectively. The spectral-specific optical
depth, &), was then calculated for the same wavelength, from Eq. 2 (Kirk, 1994; Morel,

1988)

o0 = Ka? )

In the present study we have calculated Kqp) and &g, for 490 and 585 nm to represent
the blue-green and green-orange wavelength bands, respectively. The spectrally-
averaged (4-700 nm) attenuation coefficient, Kq par), was calculated using Eq.1,
replacing Eoq, and E, ) with downwelling PAR just below the surface, Egpar), and at z
m depth, E,par), respectively. Similarly, the spectrally-averaged optical depth, Epar),
was calculated from Eq. 2, replacing Ky with Kgpar). Eopar) and E,par) were
calculated by integrating the spectral irradiance data from 400 to 700 nm. As a
consequence of the logarithmic relationship in Eq. 1, the 1% attenuation depth for a
certain water column will correspond to an optical depth of 2.3 (Eq. 2). Similarly, did

the 0.1% attenuation depth corresponds to an optical depth of 4.6.
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3. Results

3.1. Position and bloom-development stage of sampling stations

The twelve sampling stations were geographically positioned in different regions of the
Northern Barents Sea (Fig. 1) and were divided into northern shelf-break stations (VII
and XIV), interior stations (II, ITI, X, X1, XIII) and southern MIZ stations (I, IV, XVI,
XVII, XVII) (Sundfjord ef al., this issue). The northern and the interior stations were
located north of the Polar Front, where the southernmost stations were at the Polar Front.
The hydrographical characteristics and the prevalence of water masses differed
markedly between stations. The northernmost stations were strongly influenced by
Arctic Water (temperature <—1°C and salinity between 34.4 and 34.7 (Pfirman et al.,
1994)) and the southernmost by Atlantic Water (temperature >3°C and salinity >34.95
(Carmack, 1990)), with the two water masses mixed intensively in the interior
(Sundfjord et al., this issue). Station XIII and XVIII were strongly influenced by tidal
and wind-driven mixing, respectively (Sundfjord et al., this issue). Station X VIII was
the only station which was not covered by sea ice during sampling, and the station was
exposed to storm conditions immediately prior to sampling.

The sampling stations were grouped into three bloom-development stages; early, peak
and late bloom, as none of the stations represented pre- or post-bloom situations (Table
1). The grouping of the stations were achieved from multidisciplinary data analysis;
including profiles of CTD data, nutrients (Kivimie ef a/., submitted to J. Mar. Res.),
dissolved oxygen (this study), chl a and '*C-assimilation (Hodal and Kristiansen, this
issue), and vertical transport of particulate organic matter (POM) (Reigstad, this issue).
The optical properties of the water column were not considered when stations were
grouped and can therefore be related independently to the development stage of the

bloom at each station.

3.2. Pigment composition

The phytoplankton pigment composition in the water column was analysed at each
station. Ratios of light-harvesting carotenoids (LHC), chl’s, photo-protective
carotenoids (PPC) and degraded pigments (deg.pig.) to chl a were calculated to
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elucidate the pigment signature and physiological state of phytoplankton cells at
different bloom stages (Table 2). Replicate samples from 1 m and chl g-max,
respectively, were pooled for each station.

The overall dominating light-harvesting carotenoid was fucoxanthin (fuco), which was
found at all stations at ratios to chl a of 10 to 54 % (w:w, Table 2). Fucoxanthin is a
major chemotaxonomic marker for Chromophytes (with exception of Cryptophytes and
Dinophytes). Peridinin and cis-peridinin (a degradation product of peridinin) specific
marker for Dinophytes, were found only at the early-bloom stations XVII and IV, with
ratios of 7 and 4 %, respectively. At the early- and late-bloom stations, a relatively high
ratio to chl a was observed of 19’-butanoyl-oxy-fucoxanthin (19°But, 1-5 %) and 19°-
hexanoyl-oxy-fucoxanthin (19°Hex, 1-12 %). This co-varied with a high chl c3 to chl a
ratio (4-9 %) indicating the presence of Haptophytes (e.g. Phaeocystis sp.). These
group-specific pigments are relatively stable chemotaxonomic markers and show little
variance (< 25 %) as a function of photo-acclimation status (Rodriguez et al., 2006).
The peak-bloom stations showed the highest ratios of fucoxanthin to chl a (23-54 %)
and relatively low ratios of other group-specific markers to chl g, indicating a
dominance of diatoms. Station X VI, for example, showed to be diatom dominated (~ 90
% of biomass) indicated by a high fuco:chl a ratio (54 %), chl cj4;:chl a ratio (26 %),
low chl c3:chl a ratio (3.5 %) and absence of other group-specific pigment markers

(Table 2).

The ratio of the pooled PPC, the sum of diadinoxanthin (diadino) and diatoxanthin
(diato) to chl a, was higher for the surface samples (5-25 %) than for the chl a-max
samples (12-16 %, Table 3), indicating a ample light regime in the surface waters at all

the stations.

Chl b was present at most stations with ratios to chl a of 1-20 %, indicating the presence
of Chlorophytes, Euglenophytes and/or Prasinophytes. The highest ratios tented to be
associated with the early- and late-bloom stations (and the peak-bloom station X) and
support the importance of chl b-containing phytoplankton during these bloom
conditions (Egeland et al., 1995, Table 2 and 3). The co-existence of chl b with

prasinoxanthin (prasino) at station X VIII emphasise the presence of prasinoxanthin-
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containing Prasinophytes. The apparent high ratio of chl b to chl a at station X was
found in the surface waters and associated with a low chl a concentration (0.3 mg m>),

and was consequently linked to a low signal to noise ratio (data not shown).

3.3. Downwelling irradiance and spectral attenuation

Vertical profiles of E,par), in per cent of the immediate sub-surface irradiance, Eqpar),
is a function of the total attenuation of light in the water column, and is shown for all
early-, peak- and late bloom stations (Fig 2a-c). Absolute values of incident irradiance,
Epar (umol photons m? s’l), Eorpar) and the 10 % and 1 % attenuation depths (the depth
at which E,par) equalled 1 % and 10 % of Eopar)) are given in Table 4. The shape of
the E,par) profiles and the 1% attenuation depth for each station illustrate the overall
optical properties for the three bloom-development stages.

The early-bloom stations were characterised by a deep PAR penetration, as clearly
observed from the deep 1 % attenuation depth (especially at station VII, Fig 2a). In
contrast, the peak-bloom stations were characterised by shallower attenuation depths,
especially at station XIV and XVI (Fig 2b), resulting from strong light attenuation due
to high pigment concentrations. The late-bloom stations showed a deeper PAR
penetration than the peak-bloom stations and hence a deeper 1% depth, which
corresponded to lower pigment concentrations, as typically during late-bloom

conditions.

Station VII, XVI and I were selected to represent each of the bloom-development stages
as examples for the early- peak- and late-bloom stage conditions, respectively, and
profiles of the downwelling irradiance at 490 nm, 585 nm and PAR are shown (Fig 3a-
¢). The early-bloom station VII was characterised by “clear blue waters” as seen from
the deep penetration of blue light (490 nm) and a relatively shallower penetration of
green-orange light (585 nm). The attenuation of green-orange light by the water itself is
stronger than for blue light, and the deep blue-light penetration observed at this station
is characteristic for waters containing <1 mg chl a per m* (Morel, 1988). The peak-
bloom station XVI was characterised by greenish water as seen from similar attenuation
of 490 nm, 585 nm and PAR, as the high algae biomass ([chl ] >10 mg m°) effectively
absorbed the light at 490 nm (primarily by fuco, Johnsen et al., 1992). The irradiance at
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585 nm, however, was only weakly attenuated compared to the clear waters of the early
bloom demonstrating a neglectable phytoplankton absorption at 585 nm, even though
chl ¢; absorb efficiently at this wavelength band (Johnsen ef al., 1992). At the late-
bloom station I, the water (again) turned blue, showing a deeper light penetration at 490
than at 585 nm, and a 1 % attenuation depth at 490 nm >70 m. The chl a concentration

of station I was <1 mg m™ (Fig 3c).

Spectral attenuation coefficients, Kq), at 490 nm, 585 nm and PAR, as a function of
depth, are shown for station VII, XVI, and I (Fig 4a-c). The attenuation coefficient was
up to 6 times higher at the peak-bloom station (XVI) than for the early- and late-bloom
stations (VII and I), mainly due to a strong light absorption by phytoplankton pigments,
leading to a shallow light penetration depth. This observation was emphasised by the
higher attenuation at 490 nm than at 585 nm (and PAR) for the peak-bloom station and
opposite for the early- and late-bloom stations, respectively. For station XVI the 490
and 585 nm irradiance were attenuated beyond the sensitivity of the spectroradiometer
(<0.0001 pmol photons m ™ s~ wavelength ') at >20 m depth. The relationship between
the optical and the physical depth at 490 nm, 585 nm and PAR is shown for station VII,
XVI and I as examples (Fig 4d-e).

3.4. Optical versus physical depth

Vertical profiles of chl a concentration, concentration of dissolved oxygen and primary
production rate were related to physical depth, optical depth for PAR and for 490nm,
and analysed according to bloom development stage (Fig. 5-7). At the early-bloom
stations the chl a concentration was <3.4 mg m and associated with the upper surface
waters showing chl a-max depths shallower than 10 m, as typical for early bloom
conditions. Station VII, representing the earliest registered stage of a bloom, showed a
chl a-max of only 0.9 mg m at I m depth (Fig. 5a). The peak-bloom station chl a-max
was related to depth between 10 and 30 m, with values of 3.0 to 12.8 mg chl a m ™ (Fig
5b). At the peak-bloom stations the chl a concentration was diminished in the surface
waters as compared to the chl a-max, except at station XIV and XVI where the chl a
concentration was high (>9 mg m™) from the surface down to the chl a-max and further

below to 30m (fig. 5b). Station XIV and XVI represented the two bloom stations with
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highest chl a concentration. At the only true late-bloom station (I) chl a showed a deep
maximum at 37 m and was absent (<0.1 mg m ) at the surface (<10 m, Fig 5c¢).

The vertical distribution of chl a as a function of the optical depth, &par), showed that
the chl a-max correlated to an optical depth between the 10 % and 1 % attenuation
depth (equal to &par) between 2.3 and 4.6), at most of the stations (Fig 5d-f). Two
exceptions were found at station XIV and X VI, where the chl a concentration showed
no clear correlation with Epary. This was caused by the high Kgpar) and shallow light
penetration depth observed at these two stations. Then the chl a distribution was
analysed as a function of Eu49onm) the maximum chl a concentration (and shape of the
profiles) largely moved ‘up-ward’ and correlated closely to the 10 % depth (where the

irradiance at 490 nm equalled 10 % of the immediate sub-surface irradiance at 490 nm,

Fig 5g-i).

The distribution of dissolved oxygen in a water column reflects the net result of
biological activity and physical transport mechanisms as advection (mixing) and
molecular diffusion. In a stratified water column, the biological activity will govern the
distribution of dissolved oxygen, as advection is minimal and the importance of
molecular diffusion is restricted to a mm scale. The net biological activity is thus the
result of biological oxygen consumption (respiration) and production (photosynthesis)
rates.

The in situ distribution of oxygen at the visited stations varied from 87 to 122 % of the
atmospheric oxygen saturation (Fig. 6). The oxygen distribution was by large sub-
saturated (<100 % saturation) throughout the water column at the early-bloom stations
(Fig. 6a), and super-saturated (>100 %) in the upper waters of the peak-bloom stations
(Fig. 6b). At the peak-bloom stations the oxygen distribution showed distinct profiles
with maximum levels in the upper 20 m and sub-saturated oxygen levels below 30 to 50
m (Fig. 6b). At the late-bloom station I, the oxygen level was weakly super-saturated in
the upper ~40 meters and sub-saturated below, suggesting that the oxygen consumption
rate exceeded the production rate (resulting in a net consumption) at this station, which
led to the reduction of the oxygen peak as observed predominate at the peak-bloom
stations (Fig. 6¢). The vertical oxygen distributions as a function of &par) tended to

show peak values that correlated at the 10 % irradiance depth, again, with exception for
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station XIV and XVI and the mixed station XVIII (Fig. 6d-f). As a function of Eu4gonm)
the oxygen profiles ‘compressed’ to a shallower optical depth and the oxygen level
tented to be at equilibrium (~100 % atmospheric saturation) at the 10 % attenuation

depth, for both the peak- and late-bloom stations (Fig. 6g-i).

The primary production was associated with the surface waters (<20 m) at the early-
bloom stations overall descending deeper and deeper in the water column, as the bloom
stage developed, towards the deep (30-40 m) primary production observed at the late-
bloom station (Fig. 7a-c). Re-analysed, as a function of optical depth, revealed that the
primary production were related to the region in the water column with an irradiance
regime between 10 and 1 % of Eopar) and above 10 % of Eqo0), most pronounced at the
deep-production stations (I, III and X, Fig. 7d-i). These results indicate that the primary
production is related not to the depth in metres but to optical depth. A more detailed
description of the primary production rates and the chl a distribution can be found in

(Hodal and Kristiansen, this issue).

Chl g-normalised primary production rates illustrate the light-dependent production as
the implication of the chl a concentration is neutralised (Fig 8). Consequently, the
profiles illustrate the light-harvesting characteristics and capacity of the phytoplankton
community, reflecting the light availability for photosynthesis throughout the water
column. The chl a-normalised production ranged from ~9 to 30 mg C (mg chl a)' d' in
the surface and decreased rapidly approaching zero between 10 and 50 meters (Fig 8a-c).
The shape of the normalised primary production profiles was generally alike for the
different stations, but reach zero at different depths. When the profiles were analysed as
function of &par) the profiles were more tightly clustered (than as a function of physical
depth) and decreased to values below 0.5 mg C (mg chl a) ' d™' near the 1% depth, with
a few exceptions (Fig. 8d-f). As a function of Euoonm), the profiles clustered even closer
with the majority of stations reaching a chl a-normalised production rate below 2 mg C
(mg chl @) ' d" at the 10% depth and below 0.5 mg C (mg chl a) ' d”' above the 1%
depth (Fig 8g-1). The exceptions will be discussed (in section 4.3).
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4. Discussion

In the Marginal Ice Zone of the Barents Sea, phytoplankton blooms are triggered by the
melting of sea ice, creating stratification, which leaves phytoplankton suddenly exposed
to strong light (Sakshaug and Slagstad, 1992). The intensive fluctuating physical
conditions and horizontal gradients within the MIZ causes pronounced variations in the
phytoplankton abundance, pigment concentration, species composition and evidently
the primary productivity. In the Barents Sea, Kqu) and &) are mainly influenced by the
absorption and scattering of phytoplankton and by sea water itself, as we assumed
marine cDOM concentrations to be low (Sathyendranath ez /., 2000; Vasseur et al.,
2003) and terrigenous cDOM to be neglectable, even though ¢cDOM is little studied in
the Arctic (Sakshaug, 2004).

4.1. Pigment concentration and composition

The chl a concentration profiles generally reflected the bloom stage of the
phytoplankton community (Fig 5). The chl a varied from low concentrations at the
early-bloom station VII, to high concentrations at the chl a-dense bloom station XVI.
The station representing the latest stage of a bloom, station I, showed a deep, low chl a
concentration with maximum at 37 m (the deepest observed of all stations). The water-
column integrated chl a concentration ranged from 12 to 588 mg chl a m > as the
integrated values at the earliest to the peak bloom stations, VII and XVI, respectively,

was almost 50 fold (Hodal and Kristiansen, this issue).

The peak-bloom stations were generally dominated by diatoms, as identified from the
fuco to chl a ratios of 23 to 54 % and low abundance of other major pigment markers
for phytoplankton (Table 2 and 3); such as for Haptophytes (19’But, 19°Hex, chl c3),
Dinophytes (peridinin, chl ¢,) and prasinoxanthin-containing Prasinophytes
(prasinoxanthin, chl ). A general diatom dominance at the peak-bloom stations were
supported by Hodal and Kristiansen (this issue); they found larger cells (>10 um) to

account for 50 to 97 % of the chl a concentration and responsible for 35 to 100 % of the
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primary production. A diatom dominance is commonly observed during peak bloom

conditions in the Barents Sea (von Quillfeldt, 2000).

Isolation of chl b from the peak bloom stations and absence of prasino, 19’Hex and
19°But (except at station III), lead us to conclude that the chl b originated from
Chlorophytes (Jeffrey et al., 1997a), presumable abundant at most of the peak bloom
stations (Table 2). An exception among the mostly diatom-dominated peak-bloom
stations, were indicated at station X were Hodal and Kristiansen (this issue) found a
large fraction of small-celled (<10 pm) phytoplankton, accounting for 52-61 % of the
chl a biomass and 71-91 % of the production, atypical for the peak bloom stations. This
observation concurred with the highest ratio of chl b that we isolated from the peak-
bloom stations (Table 2), and suggests an importance of a picophytoplankton
community (cells <3 pum). Picophytoplankton are not distinguishable in light
microscopes and are often overlooked in classical studies of algaec composition. Thus,
we know little about their contribution to the primary production and importance for the
ecosystem in the Barents Sea (Not et al., 2005), though they have been reported to be
numerous occasionally (Throndsen and Kristiansen, 1991). A resent study indicates that
Prasinophytes can be a major component in truly Arctic waters while Haptophytes are
prominent in more Atlantic waters (Not ef al., 2005). These observations support our
findings. HPLC signature studies of distinct phytoplankton pigment marker may be of
great taxonomic and ecological significance for future studies of picophytoplankton and

their importance for the primary production in the Barents Sea.

The pigment signature for the early- and late-bloom stations suggested larger
phytoplankton diversity than at the peak-bloom stations and an increased importance by
small-cell phytoplankton groups during early and late bloom conditions seemed likely.
This, we concluded from high ratios of chl c3:chl a and the coherence of 19°But, 19’Hex
and chl ¢3 proposing the presence of Haptophytes especially in the surface waters at the
early-bloom stations and at chl g-max at the late-bloom stations (Table 2 and 3). The
presence of prasinoxanthin in combination with chl 4 in the samples from chl a-max
argues for a significance of prasinoxanthin-containing Prasinophytes during early- and

late-bloom conditions. A higher ratio of PPC to chl a in the surface samples than at chl
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a-max demonstrated a ample light regime in the surface waters (Moline, 1998),
pronounced at the peak- and late-bloom stations (Table 3). At late bloom scenarios, high
PPC ratios are typically observed in relation to nutrient starvation and correlated within
our data of a high abundance of degraded pigments during late bloom (Table 2 and 3).
The major phytoplankton pigment groups have absorption maximum at different
wavelength (Johnsen ef al., 1994). This implies that the spectral attenuation is

dependent on both the composition and the concentration of phytoplankton pigments.

4.2. Chl a and dissolved oxygen as a function of optical versus physical depth
Profiles of chl a concentration and the dissolved oxygen concentration showed a natural
large variability when plotted as a function of depth in metres, during both early-, peak-
and late-bloom conditions (Fig. 5-6a-c). However, the variables showed a trend of
aligning in comparable curvatures when plotted as a function of optical depth calculated
for PAR, &par), instead of physical depth (Fig 5-6d-f). When data were plotted as a
function of optical depth, calculated from the attenuation at 490 nm (&uo0)) uniformity in

the shape of the profiles became increasingly clear (Fig 5-7g-1).

Station XIV and X VI were apparently divagating to the above described uniformity in
shape as a function of optical depth, which was observed as a deep chl a distribution
exceeding the light penetration depth (Fig. Se+h). This was observed from a high chl a
concentration (>9 mg m ) at optical depths below 8. This phenomenon can be
explained as chl a biomass being ‘build up‘ during an earlier stage of the bloom holding
lower chl a concentration and deeper light penetration (e.g. as at station XVII). As the
biomass and the chl a concentration has increased in the well-illuminated surface waters,
absorption and inter- and intra cellular shading by the phytoplankton in the water
column has become increasingly pronounced (Mitchell and Kiefer, 1988; Sakshaug and
Slagstad, 1991), causing the irradiance to decrease to less than 0.1 % of Ey at 20 m
depth (Fig. 2b). Thus did the chl a distribution at station XIV and XVI not correlate
directly with optical depth (Fig Se+h). A chl @ accumulation in the surface layer of the
MIZ is a typical event during the few weeks of ice melting, particularly in the strongly

stratified waters north of the Polar Front (Wassmann, 2002).
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Analysing the accumulated chl a concentration down through the water column at all
the stations, as a function of optical depth showed that PAR explained 41 % (r* = 0.41,
Fig 9a) of the variance in the total chl @ distribution. As a function of &u490) the
correlation improved to 50 % (r2 =0.50, Fig 9b). The accumulated data showed, that
during early- and late-bloom conditions, characterised by a low chl a concentration and
deep light penetration, kqp of water itself is more important than kyn) of phytoplankton.
Such conditions resulted in data points ‘below’ the regression line of Fig 9. Contrary,
the relationship between the accumulated chl a concentration and &9y exclusively for
the chl a-rich stations XIV and XVI, [chl a] >9 mg m *, showed a near 100 %
correlation (r* = 0.99, inlet in Fig. 9b). This showed that chl a, representing the
phytoplankton biomass, correlated to the total light absorption down to an optical depth
of ~9, corresponding to ~0.01 % of the surface irradiance at 490 nm (Fig. 3). The
optical depth at 585 nm only explained 9 % of the total variance in the accumulated chl
a concentration (Fig.9c). These results are consistent with findings in the North Water
Polynya by Vasseur et al. (2003). They found chl a and particulate organic carbon
(POC) to be the most influencing components on Ky, and to account for 36 to 83 % of

the variance in light attenuation (Vasseur et al., 2003).

The concentration and distribution of dissolved oxygen supported the ordering of the
stations into the particular development stages, reflecting sub saturated concentration at
the early-bloom stations and super saturation in the light exposed surface waters at the
peak-bloom station (Fig. 6). The fact, that the oxygen profiles correlated closely to the
light attenuation, especially at 490 nm, implies that the oxygen production by
phytoplankton is easily recognised in the water column. The oxygen concentration
reflects the net result of the oxygen production and the oxygen consumption within a
water column. Accordingly, do oxygen profiles store information of the community
production (Pomeroy, 1997). As for chl a, the close correlation between the dissolved
oxygen profile and the optical depth divagated at station XIV and XVI (Fig. 6e+h). The
explanation is parallel to that for chl g, as the ‘build up’ of chl a by an efficient
photosynthetic activity, as well ‘builded up’ a super saturation of oxygen, which at time

of sampling were below the 1 % attenuation depth. We suspect, however, that this must
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have happened recently as the dissolved oxygen concentration, at sampling, still was

super saturated.

4.3. Primary production as a function of optical versus physical depth

The two main controlling factors for primary production in a water column are the light
regime and the nutrients (Sakshaug, 1997). At sufficient surface irradiance, nutrients
become limited in the surface waters and are depleted with increasing photosynthetic
activity, as during bloom conditions (Falkowski and Raven, 1997; Sakshaug ef al.,
1994). Our data are in agreement with such a scenario, as the biomass (as chl @) and the
primary production descended as a function of physical depth (Fig. 7), leaving the
surface waters relative clear to light penetration (Fig. 2), in accordance with Kirk (1994)
and Sakshaug and Slagstad (1991). As a result, did the phytoplankton decent in the
water column but remained positioned in water masses of similar optical properties,

resulting in uniform profiles when plotted as a function of optical depth (Fig. 7+8).

The chl a normalised primary production (Fig. 8) showed a strong correlation when
rates were plotted as a function of Epar) and an even more uniform profile shapes as a
function of &9 ). As seen from Fig. 8d-f, the majority of the normalised production
decreased and approached zero near the 1 % attenuation depth as a function of {par). As
a function of &g the profiles clustered even closer and approached zero higher up in
the water column near the 10 % depth. These results illustrated that the primary
production was strongly related to optical depth and the water column light regime.
Based on these findings we concluded, that the chl ¢ normalised primary production
related stronger to the blue irradiance regime, at 490nm, than to PAR (Fig. 8g-i). The
conclusion was supported when all data of chl a-normalised production rates were
plotted as a function of the E,(par) and E,490), respectively (Fig. 10). The compiled data
showed that 66% (r* = 0.66) of the variance in the normalised production could be
explained by PAR (Fig. 10a), while 81 % (r* = 0.81) could be explained from the
downwelling irradiance at 490 nm (Fig. 10b). A strong correlation between the
irradiance at 490 nm and primary production is consistent with the average absorption
spectrum for the identified dominating phytoplankton groups (Johnsen et al., 1992) and
illustrate that the phytoplankton community of the MIZ respond spectrally equivalent to
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temperate and tropical phytoplankton ecosystems (Bouman e? al., 2000; Bricaud et al.,
2004). The irradiance at 585nm (green-orange light) showed a coefficient of
determination (r*) to normalised primary production of 0.59 and verified at weak
importance of green-orange light for photosynthesis (Fig. 10c). Additionally to PAR,
490 nm and 585nm we tested the relationship between 440 nm and the normalised
production. The data showed a weaker relationship than for 490 nm, giving an r* = 0.77
for the relationship between E40)and the normalised primary production (data not

shown).

An apparent exception to the trend of uniformity for the profile shape was observed at
station XIV (Fig. 8) where the chl @ normalised production was higher below the 10 and
1% attenuation depth, than at the remaining stations. This optical deeper production
lead to a >3 times higher integrated primary production at station XIV (1475 mg C m 2
d") than for instance at station XVI (405 mg C m > d"!, Hodal and Kristiansen, this
issue), having a similar chl a concentration and distribution, as well as light attenuation
properties (Fig. 2b and 5). The high production efficiency observed at station XIV could
have several explanations. First, the phytoplankton community at station XIV could be
stronger low-light acclimated than compared to station X VI, resulting in increased
photosynthetic efficiency per chl a (Behrenfeld and Falkowski, 1997; Johnsen and
Sakshaug, 1996) caused by a higher quantum yield for C-fixation (Hancke et al.,
submitted). Secondly, the nutrient concentrations were markedly higher at station XIV
(>0.8 umol NOjy/kg at 0 to 20 m) compared to station XVI (<<0.1 pmol/kg at 0 to 20 m)
stimulating a higher and longer-lasting primary production. This kept the phytoplankton
cells at an exponential growth phase at station XIV compared to a more stationary-
phase at station XVI. The higher nutrient input at station XIV was primary imposed by
vertical mixing, constrained by the hydrodynamic conditions of the continental slope
zone, were the station was located (Fig. 1, Sundfjord et al., this issue). Thirdly, a
difference in the species composition of the dominating diatoms were observed between
the two stations, from microscope analyses (T. Ratkova, pers. comm.), even through the
composition of the major phytoplankton pigments did not differ, as observed from
pigment analyses (Table 3). At station XIV typically early bloom species as Bacterosira

spp. (typical in Atlantic waters) seemed to be dominating, while more typical late bloom
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species as Thalassiosira spp. and Chaetoceros spp. seemed to dominate at station XVI

(Reigstad, this issue, and T. Ratkova pers. comm.).

4.4 Conclusions

In the present study we have evaluated the downwelling irradiance and the spectral
attenuation coefficients in relation to concentration and vertical distribution of chl «,
dissolved oxygen and primary production. Concentration profiles of these variables
showed large natural variations but clustered into similar shapes as a function of Epar),
showing close correlations. As a function of &u490) the correlation became more clear and
the shape of the profiles more uniform (Fig. 5-8). The optical depth for PAR, &par),
explained 41 % (r* = 0.41, Fig 9a) of the variance in the accumulated chl a
concentration down through the water column, while 490y improved this correlation to
50 % (r* = 0.50, Fig 9b). The downwelling irradiance and the chl a-normalised primary
production showed a closer relationship in the blue region, at 490 nm, than for PAR, as
the normalised production as a function of E,490) gave an *=0.81 and of E par) gave .
=0.66 (Fig. 10). Based on these findings we concluded that phytoplankton related
stronger to blue-green irradiance at 490 nm than to PAR and 585 nm, and we hence
suggest using 490 nm instead of PAR when relating phytoplankton production to a
single wavelength band, in agreement with Kyewalyanga ef al. (1992). This will
according to our data, improve the correlation to measured primary production of ~15 %
(Fig 10). Our results reflect that phytoplankton essentially absorb blue light in natural
water columns. It follows that inter- and intra cellular shading by phytoplankton is
much stronger in blue light than in PAR and green light, of relevance for calculating the
critical depth. Diatoms seemed to be predominant during peak bloom whereas smaller
cells of Haptophytes (e.g. Phacocystis sp.) and chl b-containing algae (e.g.
Chlorophytes and Prasinophytes) seemed dominating during early- and late bloom. The
present study is relevant for our understanding of the dynamics of the primary
production in the Barents Sea. Improved understanding of the spectral attenuation and
phytoplankton composition during bloom stages in the MIZ is important for
advancement of primary productivity models and application of remote sensing

techniques in the Barents Sea.

23



Acknowledgements

We sincerely thank P. Wassmann and his ‘right-hand’ group for arrangement and
logistics of three successful cruises in the Barents Sea. The captain and crew of R/V Jan
Mayen (UiT) and the CABANERA participants are thanked for an always enjoyable
working climate and miscellaneous assistance during field work. K. Andresen is
thanked for HPLC analyses. This study is part of the project "Carbon flux and
ecosystem feed back in the Northern Barents Sea in an era of climate change"
(CABANERA) financed by the Norwegian Research Council (project number:
155936/700).

24



References

Behrenfeld, M.J., Falkowski, P.G., 1997. A consumer's guide to phytoplankton primary
productivity models. Limnology and Oceanography 42 (7), 1479-1491.

Bouman, H.A., Platt, T., Sathyendranath, S., Irwin, B.D., Wernand, M.R., Kraay, G.W.,
2000. Bio-optical properties of the subtropical North Atlantic. II. Relevance to models
of primary production. Marine Ecology-Progress Series 200, 19-34.

Bricaud, A., Bedhomme, A.L., Morel, A., 1988. Optical-Properties of Diverse
Phytoplanktonic Species - Experimental Results and Theoretical Interpretation. Journal

of Plankton Research 10 (5), 851-873.

Bricaud, A., Claustre, H., Ras, J., Oubelkheir, K., 2004. Natural variability of
phytoplanktonic absorption in oceanic waters: Influence of the size structure of algal

populations. Journal of Geophysical Research-Oceans 109 (C11).

Bricaud, A., Morel, A., 1986. Light Attenuation and Scattering by Phytoplanktonic
Cells - a Theoretical Modeling. Applied Optics 25 (4), 571-580.

Bricaud, A., Morel, A., Babin, M., Allali, K., Claustre, H., 1998. Variations of light
absorption by suspended particles with chlorophyll a concentration in oceanic (case 1)
waters: Analysis and implications for bio-optical models. Journal of Geophysical

Research-Oceans 103 (C13), 31033-31044.

Carmack, E., 1990. Large scale physical oceanography of polar oceans. In: Smith, W.O.
(Ed.), Polar oceanography, part A: Physical Science. Academic Press, New York, pp.
171-222.

Dallekken, R., Sandvik, R., Sakshaug, E., 1995. Seasonal variations in the vertical light

attenuation coefficient in the Greenland Sea: effect of phytoplankton light absoption. In:

25



Skjoldal, H.R., Hopkins, C.C.E., Erikstad, K.E., Leinaas, H.P. (Eds.), Ecology of Fjords

and Coastal Waters. Elsevier Science, Amsterdam.

Egeland, E.S., Johnsen, G., Eikrem, W., Throndsen, J., Liaaen-Jensen, S., 1995.
Pigments of Bathycoccus Prasinos (Prosinophyceae): Methodological and

chemosystematic implications. J. Phycology 31, 554-561.

Falkowski, P.G., Raven, J.A., 1997. Aquatic photosynthesis. Blackwell Science.

Hancke, K., Hancke, T.B., Olsen, L.M., Johnsen, G., Glud, R.N., submitted.
Temperature effects on microalgae photosynthesis-light responses measured by O2-
production, Pulse Amplitude Modulated (PAM) fluorescence and 14-C assimilation.
Journal of Phycology.

Hodal, H., Kristiansen, S., this issue. The importance of small cell phytoplankton in
spring blooms at the mariginal ice zone in the northern Barents Sea. Deep-Sea Research

Part I1.

Holm-Hansen, O., Lorenzen, C.J., Holmes, R.W., Strickland, J.D.H., 1965.
Fluorometric determination of chlarophyll. Journal du Conseil International pour 1’

Exploration de la Mer 30, 3-15.

Jeffrey, S.W., Mantoura, R.F.C., Bjernland, T., 1997a. Data for the identification of 47
key phytoplankton pigments. In: Jeffrey, S.W., Mantoura, R.F.C., Wright, S.W. (Eds.),
Phytoplankton pigments in oceanography: guidelines to modern methods. UNESCO,
Paris, pp. 449-559.

Jeffrey, S.W., Vesk, M., Mantoura, R.F.C., 1997b. Phytoplankton pigments: windows
into the pastures of the sea. Nature & Resources 33 (2), 14-29.

Jerlov, N.G., 1976. Marine optics. Oceanography Series 14. Elsevier, Amsterdam, pp.
1-231.

26



Johnsen, G., Sakshaug, E., 1996. Light Harvesting in bloom-forming marine
phytoplankton: Species-specificity and photoacclimation. Scientia Marina 60, 47-56.

Johnsen, G., Sakshaug, E., Vernet, M., 1992. Pigment Composition, Spectral
Characterization and Photosynthetic Parameters in Chrysochromulina-Polylepis. Marine

Ecology-Progress Series 83 (2-3), 241-249.

Johnsen, G., Samset, O., Granskog, L., Sakshaug, E., 1994. In-Vivo Absorption
Characteristics in 10 Classes of Bloom-Forming Phytoplankton - Taxonomic
Characteristics and Responses to Photoadaptation by Means of Discriminant and Hplc

Analysis. Marine Ecology-Progress Series 105 (1-2), 149-157.

Kirk, J.T.O., 1994. Light and Photosynthesis in Aquatic Ecosystems. Cambridge

University Press, Bristol.

Kivimie, C., Bellerby, R., Sundfjord, A., Omar, A., submitted to J. Mar. Res.
Variability of new production and CO2 air-sea exchange in the northwestern Barents

Sea in relation to sea ice cover.

Kyewalyanga, M., Platt, T., Sathyendranath, S., 1992. Ocean Primary Production
Calculated by Spectral and Broad-Band Models. Marine Ecology-Progress Series 85 (1-
2), 171-185.

Li, Y.H., Gregory, S., 1974. Diffusion of ions in sea water and in deep-sea sediments.

Geochem Cosmochim Acta 38 (703-714).

Loeng, H., 1991. Features of the physical oceanographic conditions of the Barents Sea.

Polar Research 10, 5-18.
Mitchell, B.G., Kiefer, D.A., 1988. Chlorophyll a specific absorption and fluorescence

excitation spectra for light-limited phytoplankton. Deep-Sea Research Part 1 35 (5),
639-663.

27



Moline, M.A., 1998. Photoadaptive response during the development of a coastal
Antarctic diatom bloom and relationship to water column stability. Limnology and

Oceanography 43 (1), 146-153.

Morel, A., 1988. Optical Modeling of the Upper Ocean in Relation to Its Biogenous
Matter Content (Case-1 Waters). Journal of Geophysical Research-Oceans 93 (C9),
10749-10768.

Nelson, N.B., Prezelin, B.B., Bidigare, R.R., 1993. Phytoplankton Light-Absorption and
the Package Effect in California Coastal Waters. Marine Ecology-Progress Series 94 (3),
217-227.

Not, F., Massana, R., Latasa, M., Marie, D., Colson, C., Eikrem, W., Pedros-Alio, C.,
Vaulot, D., Simon, N., 2005. Late summer community composition and abundance of
photosynthetic picoeukaryotes in Norwegian and Barents Seas. Limnology and

Oceanography 50 (5), 1677-1686.

Pfirman, S.L., Bauch, D., Gammelsrad, T., 1994. The Northern Barents Sea: Water
mass dristibution and modification. In: Johannesen, O.M., Muench, R.D., Overland, J.E.
(Eds.), The polar oceans and their role in shaping the global environment: The Nansen

Centennial Volume. AGU, Washington DC., pp. 77-94.

Pomeroy, L.R., 1997. Primary production in the Arctiv Ocean estimated from dissolved

oxygen. Journal of Marine Systems 10, 1-8.

Reigstad, M., this issue.

Rodriguez, F., Chauton, M., Johnsen, G., Andresen, K., Olsen, L.M., Zapata, M., 2006.
Photoacclimation in phytoplankton: implications for biomass estimates, pigment

functionality and chemotaxonomy. Marine Biology 148 (5), 963-971.

Sakshaug, E., 1997. Biomass and productivity distributions and their variability in the
Barents Sea. Ices Journal of Marine Science 54 (3), 341-350.

28



Sakshaug, E., 2004. Primary and secondary production in the Arctic Seas. In: Stein, R.,
Macdonald, R.W. (Eds.), The organic carbon cycle in the Arctic Ocean. Springer-
Verlag, Berlin Heidelberg, pp. 57-81.

Sakshaug, E., Bjorge, A., Gulliksen, B., Loeng, H., Mehlum, F., 1994. Structure,
Biomass Distribution, and Energetics of the Pelagic Ecosystem in the Barents Sea - a

Synopsis. Polar Biology 14 (6), 405-411.

Sakshaug, E., Slagstad, D., 1991. Light and Productivity of Phytoplankton in Polar
Marine Ecosystems - a Physiological View. Polar Research 10 (1), 69-85.

Sakshaug, E., Slagstad, D., 1992. Sea-Ice and Wind - Effects on Primary Productivity in
the Barents Sea. Atmosphere-Ocean 30 (4), 579-591.

Sathyendranath, S., Bukata, R.P., Arnone, R., Dowell, M.D., Davis, C.O., Babin, M.,
Berthon, J.F., Kopelevich, O.V., Campbell, J.W., 2000. Remote Sensing of Ocean
Colour in Coastal, and Other Optically Complex Waters. In: Sathyendranath, S. (Ed.),
Reports of the International Ocean-colour Coordinating Group. IOCCC, Dartmouth,
Canada, pp. 23-46.

Steemann-Nielsen, E., 1952. The use of radio-active carbon (**C) for measuring organic

production in the sea. J Cons Int Explor Mer 18, 177-140.

Sundfjord, A., Fer, I., Kasajima, Y., Svendsen, H., this issue. Observations of turbulent

mixing and hydrography in the marginal ice zone of the Barents Sea.

Throndsen, J., Kristiansen, S., 1991. Micromonas-Pusilla (Prasinophyceae) as Part of
Picoplankton and Nanoplankton Communities of the Barents Sea. Polar Research 10 (1),

201-207.

Vasseur, C., Mostajir, B., Nozais, C., Denis, M., Fouilland, E., Klein, B., Demers, S.,

2003. Effects of bio-optical factors on the attenuation of ultraviolet and

29



photosynthetically available radiation in the North Water Polynya, northern Baffin Bay:

ecological implications. Marine Ecology-Progress Series 252, 1-13.

Vinje, T., Kvambekk, A.S., 1991. Barents Sea drift ice characteristics. Polar Research
10, 59-68.

von Quillfeldt, C.H., 2000. Common diatom species in arctic spring blooms: Their

distribution and abundance. Botanica Marina 43 (6), 499-516.

Wassmann, P., 2002. Seasonal C-cycling variability in the open and ice-covered waters

of the Barents Sea: an introduction. Journal of Marine Systems 38, 1-7.

Wassmann, P., this issue. Introduction.

Zapata, M., Rodriguez, F., Garrido, J.L., 2000. Separation of chlorophylls and
carotenoids from marine phytoplankton: a new HPLC method using a reversed phase C-

8 column and pyridine-containing mobile phases. Marine Ecology-Progress Series 195,

29-45.

30



Ie

- 0 8Ly ol¢ S0v oSL S00TS0° 1€ IMAX PaXIA
S'1 0¥-0¢ 9°9S .0¢€ €96 6L ¥00T°LO'TE IX POXIA
S'1-0 09-0t 9'¢1 .0¢ P'EE oSL €00T°L0°01 1 e
01 06-08 L'9S 06T 780 oLL S00T°S0°sT 1AX ead
1 0S 061 91 9°L0o18 €00T°S0°0T AIX Jead
€1 09-0t 9'¢t 6T Yoy o6L ¥00C°L0°6C IX ead
S1-6°0 0S-0% 9'1¥ o8C L'TT o6L 00T LO'LT X ead
SI-1 0L-0S T'8EoST ¥C0 o6L €00T°LOST 111 ead
1 09-0% 7’81 oLT 0¥l o8L £00T°L0°¢l 11 ead
S'1-°0 0L-09 870 ol L'SToLL S00T°S0'8¢C IIAX Ajreg
S0 08 79T 06T 6'1C oC8 ¥00T°L0O'€T 1A Ajreg
0 09-0§ L'60 06T 7'€0oLL €00C°LO'81 Al Ajreg
(ur) ssowory) 99 (%) 10400 29[  (g) opmuduo] (N) opmne] Surduwies jo ojeq uonels  ade)s woolg

uore)s yoes jo Suruuigoq

o} 78 SSOUOIY} A1 PuR I19A09 901 ‘uonisod ‘arep Surjdures Surpnjour ‘oFe)s Surdojoasp woo[q 193ye pardpio suoness Surjdureg ;1 jqe],



[43
S.JUo pue DHT Jo wns ot st (syuowdid Sunsoarey-1y31)) JHT «

S, 9l 16 G¢€ G0 0¢ ¥v G¥ ¥s 90 81 o.w Bw ‘e jyo
6el €L 9zl SLL 4G Gl GG 89 leL S 44 e |yopuswhid |ejo ).
L'e L9z €y L€ Ty 66 €8l €8l €6 T¢ €9 Odd/dH1 soney
162 08 622 €9 99 9ZL /1 4 19 a8 Yo
6¢C G'g 9y a1 e piquoydoseyd
LT 9¢ e pigioydoseyd
6C e unAydoseyd
zZolL e epl||Aydoiojyo
1€ C_C_U_ng-m\o
el 80 zl jeausp-oong  Bid-Bag
L€z ve Z6L Zlz 60L €9 TZ ST 90L L€l LY Ojelp + oulpelq Jdd
z6 ge TS L'y 6¢ €¢ 4 [ €9 1Yo
¢elL 62T z9z §¢ee L0l 66 L0 ¥z 90, 00! Z+Lo 1Yo
e gl 0C ¥6 ¥€ 80 v'6l 9¢ q1yo SAlVe)
6l E[OIA
60 ouiseld
Lo L ¥0 ze 00Nj-"X8H,6 |
028 T¢€T 6€G €8y LGy LIS 972 GTE 96 92¢ POl oon4
0L 9¢ 90 LG oony-ing 61
02 uluipuad OH1
v 2 v v z v € € 3 L 9 (u) sejdwes jo 'oN
8l ! 9l vl Ll ol € 4 Ll L 14 "ou uonels
woo|q ajeT wioo|q yead woo|q >_._mm_

‘[IIX UO1eIS 38 POJOJ[[0o
a1oMm eyep Juawsid oN “sajduwres pajood ay) 10§ (W SWI) UOILIUIUOD 1 [YJ AIN[OSqE AU} YIM 1071250} ‘USAIS A1 v o 0} sjuewSid

[e101 pue ‘Ddd 03 JHT JO soner ay ], "(u) udAId s1 sojduwres Jo Joquinu pue uone)s yoed 10y pajood a1om Xeuwl-» [yd pue (W) sidjem
ooejuns woyj sojdweg *sageis wooq 91e[ pue -yead -A[19 01 SUIPIOJOE PAIdPIO PUE UONE)S Yord wolf paje[ost (-Sid “3op) syuowSid

popei3ap pue (Ddd) sprouaiosed aanodjoid-ojoyd (s, [yo) sjjAydoiorys ‘(OHT) Sprousloted 3unsaAley-1ysi[ Jo v [Yo 01 soney :7 dqe ]



113

8'G 622 Y €e 601 9'¢ W buw ‘e jyo
74" 06 16 el vzl 11 e |yopuswhid |ejo )
9y z's ol Gz 0¥ 191 Odd/dH1 soney
v'ee L'ZL 8Ll 6’8z Syl vl aNi-e [yo
L'l 6l v'e 6 8'9 a1l e piqioydoseyd
€'e ¥'S e pigioydoseyd
90 e unAydoseyd
7’9 6Ll e apl|iAydoiojyo
zl 70 uluipiad-sfo
L'l A\ LL S0 Ll jeausp-oong  "Bid'Beq
7’91 L'Z) eecl 9'v¢ ¥'0z zs ojelp + ouipeiq Jdd
9¢ L€ G'e 6y (987 €90 Yo
602 L'2L 191 L'y 7’6l Z+10 Yo
v'e 9l L'yl v'e v'e zZel q |yo sIy0
[ 9l E|OIA
80 90 ouiseld
€y 10 90 10 €0 00Ny-"XoH,6 |
ey 9'0¥ €.z G'96 €08 €8¢ oon4
6'l 1’0 ze L0 0¥ oony-ing 61
0¥ LS uiuiplad OH1
L vl S L 9 S (u) se|dwes jo "oN
8Ll 9L'yLLL0LE'e L'y 8l 9L'vL'0lL AN 2 "ou uonels
woo|q ajeT woo|q Yesd woo|q >_.=mm_ woo|q ajeT woo|q yead woo|q >_._mm_
Xew-e |yd (w ) eoeung

"T 9IqEL Ul s suonelAdIqqy ‘so[dures pajood oy 10§ (W SI) UONLIUIUOD P [YD AIN[OSGE A} I 1071050} ‘USAIS dIe » [0 0 spuowSid
€101 pue ‘Ddd 03 JHTJO soner oy, "uaAI3 a1e sojdwes Jo Joquinu pue Joquunu uorne)s -a8eis yoea 10y pajood pue 93e)s woo[q 1918

pa1opio axe sajdwes Ajoanoadsar ‘xew-o [yo pue (w |) s1o1em doepns wodty ‘31d-39 pue Ddd S.JUY° ‘DHTJO P [Yo 031 soney :¢ dqe],



123

(1vdog jou pue ‘(AVdE) OUBIPLIII JUSPIOUT 9OBJINS S} WOIJ PAIL[NI[LD 4

*S€ *1'Cl - (44! MIAX PoxIN
Lce 01 Orl 781 110:¢ PoXIN
0'6¥ 09T 76T 534 I oe]
0°CI 8Y LET 0¢ IAX Jead
Syl 9 €1c 80¢ AIX Jead
S'Le 9'61 L1T - IX Jead
0'6€ 0yl 61¢ 65¢ X Jead
9'v¥ 0°6¢ 8Ly 0SL I Jead
0L 9T (34! LET I Jead
8e 4 60€ 0ty IAX Apreg
06 < 6°S1 6 144! 1A Alreq
8'¢T sol 80¢ 6LE Al Areg
Avdog 30 04 | QIvdog 3o 94 0 (s , wsuojoyd jourd) (| s w suojoyd joun)

uonelg oJe)s woorg
01 Surpuodsanioo (w) ypdo@ 03 Surpuodsariod (wr) ydog Gavaog avayg

w0/ 01 00§ Wolj ddueIpeL [enddds oyy Suneidojur £q paje[nofed a1om
(avaog pue ¥vdg -pappe st (yadop uonenuape ayp) Avog jo oy 1 pue o Tenbs GV yorym 103 (wr) z yydap oy, " 81 ur umoys soqyoid

QOUBIPBLII [BO1}IOA ) 0) Surpuodsariod VA0 sourIpLLIl 90BJINS-qNS SJRIPSUIWI PUL Ik UL VA 90UBIPLLIL Q0BJINS JUSPIOU] :f J[qe ],



— ‘10° _ 20° . 30° 40°

2003: Stn. I-VI ‘ A

™

2004: Stn. VII-XIII ' /
2005: Stn: XIV-XVIII 0 — /“’\Or/jé%
o plankton ‘\/r/\\/—/““ﬂ%f— —— /
- S N e

@ plankton + benthos S ~————r

U _—
I /”/

>~

O/
( / (llt
SR

jp

=

q/fm \
e

] Pl

)S‘Ja“*" g\%\}
g

\

_/\)

/ ;3:
L [ & :
2 o

vl
59
0 O
oo

@ c
kvl

PNE
o [ D
S0
w

i

|~

Vs

z éc_;%
¢ R ¥
S:;JE

o

\\\l \ 0
NN
| \\V

|

i)
m <|l ||/| Ilj%(. . / /ll B “H\\ Jl'
'Iui'-c"l&/ ]T'|'||]|r;i;l / [ o OXVII e
A J T WE

Fig. 1: Map of the study area including the sampling stations, visited in order during
2003 (station I, II, III and 1V), 2004 (VIL, IX/X, XTI and XIII) and 2005 (XIV, XVI,
XVII and XVIII). Technical data on the stations are given in Table 1.
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Fig. 5: Chl a concentration profiles for the early- (left column), peak- (middle column)
and late-bloom (right column) stations plotted as function of physical depth (m, upper
panel), optical depth (PAR, middle panel) and optical depth calculated at 490 nm (lower
panel). The two mixed stations (XIII and XVIII) are included in the late-bloom panels.
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Fig. 6: Dissolved oxygen concentration profiles (in per cent of atmospheric saturation)
for the early- (left column), peak- (middle column) and late-bloom (right column)
stations plotted as function of physical depth (m, upper panel), optical depth (PAR,
middle panel) and optical depth calculated for 490 nm (lower panel). The two mixed
stations (XIII and XVIII) are included in the late-bloom panels.
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Fig. 7: Primary production profiles for the early- (left column), peak- (middle column)
and late-bloom (right column) stations plotted as function of physical depth (m, upper
panel), optical depth (PAR, middle panel) and optical depth calculated for 490 nm
(lower panel). The two mixed stations (XIII and XVIII) are included in the late-bloom

panels. Primary production data from Hodal et al. submitted.
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Fig. 8: Profiles of the chl a-normalised primary production for the early- (left column),
peak- (middle column) and late-bloom (right column) stations plotted as function of
physical depth (m, upper panel), optical depth (PAR, middle panel) and optical depth
calculated for 490 nm (lower panel). The two mixed stations (XIII and XVIII) are

included in the late-bloom panels. Primary production data from Hodal et al. submitted.

42



Accumulated chl a (mg m'z)

0 100 200 300 400 500

a

E(PAR)

300 400 500

?=0.99

£(490nm)

£(585nm)

Fig. 9: Accumulated chl a concentration down through the water column, collected at
all visited stations, as a function of a) optical depth for PAR, par), b) optical depth at
490nm, &490), and optical depth at 585nm, &sss). The inlet in b) shows data exclusively
calculated for the two chl a-rich peak-bloom stations XIV and XVI, with [chl a] >9mg

m”. Lines are linearly regressions and the coefficient of determination (r%) is given.
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Fig. 10: Chl a normalised primary production rates as a function of a) E,par) in per cent
of EO(PAR)» b) Ez(490) in per cent of E0(490), and C) Ez(585nm) in per cent of EO(SSSnm) for the
entire dataset. Lines are linearly regressions and the coefficient of determination (1*) is

given. Regression lines were forced through origo.
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ABSTRACT

Light absorption by phytoplankton is both species-specific and affected by photo-
acclimational status. To estimate oxygenic photosynthesis from Pulse-Amplitude-
Modulated (PAM and Fast repetition rate, FRR) fluorescence, the amount of quanta
absorbed by PSII needs to be quantified. We present here three different bio-optical
approaches to estimate the fraction of light absorbed by PSII: 1) the factor 0.5 which
implies that absorbed light is equally distributed among PSI and PSII, 2) the fraction of
chl a in PSII determined as the ratio between the scaled red-peak fluorescence
excitation and the red absorption peak and 3) the measure of light absorbed by PSII,
determined from the scaling of the fluorescence excitation spectra to the absorption
spectra by the ‘no-overshoot’ procedure. Three marine phytoplankton species were used
as test organisms: Prorocentrum minimum (Pavillard) Schiller (Dinophyceae),
Prymnesium parvum cf. patelliferum Green et al. (Coccolithophyceae in Haptophyceae),
and Phaeodactylum tricornutum Bohlin (Bacillariophyceae). Photosynthesis vs.
irradiance (P vs. E) parameters calculated using the three approaches were compared
with P vs. E parameters obtained from simultaneously measured rates of oxygen
production. Generally, approach 1) underestimated while approach 2) overestimated the
gross O, production rate calculated from PAM fluorescence. Approach 3, in principle
the best approach to estimate quanta absorbed by PSII, also was superior according data.
We, hence, recommend approach 3) for estimation of gross O, production rates based

on PAM fluorescence measurements.

Key words: Bio-optics, chl a fluorescence, PAM, photosynthetic oxygen production,

PSII-scaled fluorescence excitation

Abbreviations: AQpsyi - Absorbed quanta by PSII, E — Irradiance, ETR - Electron
transfer rate, rETR - Relative electron transfer rate, RC - Reaction centres in PSI or PSII,
LHC - Light harvesting complexes associated with PSI and PSII, P — Photosynthesis,
PAM - Pulse Amplitude Modulated fluorescence, Qa - Quinone A, QR — Quantum

requirement,



INTRODUCTION

In the past decades, there has been a growing worldwide demand for efficient measuring
and monitoring of primary production of phytoplankton. Traditionally, photosynthesis
in aquatic systems is measured as carbon fixation using the '*C method (Steemann-
Nielsen 1952). This method, however, is labour-intensive; besides, the quantum yield of
carbon fixation varies according to changes in the rate constants for the intermediate
steps in photosynthesis, variability in environmental conditions and the growth phase of
the cells (Kroon et al. 1993). As a consequence, models of primary production based on
the "*C method are inaccurate (Prézelin et al. 1991, Falkowski and Woodhead 1992,
Schofield et al. 1993, Kroon et al. 1993).

Pulse Amplitude Modulated (PAM) fluorescence in combination with bio-optical
measurements offers a technique to estimate gross photosynthetic oxygen production
rate. The technique which is based on in vivo variable fluorescence, estimates the
photochemical efficiency of PSII (Schreiber et al. 1986); it is fast and non-invasive, and
provides information of chl a fluorescence kinetics (Govindjee 1995). The quantum
yield of charge separation in PSII (®pg);), which can be calculated (Genty et al. 1989),
depends on the red-ox state of the first stable electron acceptor in PSII (Qa). When all
the Q4 are oxidised in dark-acclimated cells, the reaction centres (RC) are open,
photochemistry can proceed, and fluorescence emission is low. When all Q4 are
reduced under actinic light, the RCs are closed and photosynthesis is saturated. The
energy that hits a closed RC is dissipated as heat and fluorescence emission (Owens
1991).

Using the PAM technique, dark-acclimated cells are excited with a red probe light that
is not sufficient enough to induce photosynthesis, ensuring that the detected
fluorescence is derived only from the light-harvesting antenna pigments. The initial
fluorescence (Fy) can only be measured in dark-acclimated cells, which possess the
maximum fraction of open RCs. To determine the maximum fluorescence (Fp,), a
saturation pulse of white light is applied to the dark-acclimated cells in order to close all
RCs in PSII. The pulse induces a primary stable charge separation of the first electron

(e") acceptor of PSII (Qa). Measured under actinic light, the initial and maximum



fluorescence are denoted Fy’ and F,,,’, respectively. Kroon et al. (1993) modelled the
oxygen production rate (Ppsyy) by quantifying the relationship between light absorbed by
PSII (AQpsi), the quantum yield of charge separation in PSII (®pg), and the
stoichiometric ratio of oxygen evolved per electron generated in PSII (I'). To estimate
AQpsy, bio-optical measurements are required. The in vivo chl a-specific absorption

coefficient (afD ), mz(mg Chl a) ") (Morel et al. 1987) yields information on total

absorption of photosynthetic and photo-protective pigments and reflects the photo-
acclimation status of the phytoplankton (Johnsen and Sakshaug 1993). The in vivo

fluorescence excitation spectrum represents the fraction of light received by PSII (Haxo

1985, Neori et al. 1988). If scaled to a:; (M) by the ‘no-overshoot’ procedure described by

Johnsen et al. (1997), assuming 100 % conversion efficiency at the wavelength of

maximum fluorescence the scaled fluorescence excitation spectrum, Fy, (A) , m*(mg Chl
a) ' is obtained. In contrast to a; (A), the Fyg, (1) does not include the signatures from

photo-protective carotenoids and PSI (Johnsen and Sakshaug 1993, Johnsen et al.
1997).By spectral weighting, the fraction of absorbed light received by LHCII and

transferred to PSII, can be calculated (;;511 , Fig 1, Johnsen and Sakshaug submitted).

Usually, the PAM technique is used to determine photosynthetic variables on a relative
scale, such as the quantum yield of charge separation (®psyr) or the rate of PSII electron
transport (fETR). These variables can be used to determine, on a relative scale, the
production of algae in aquatic systems. Investigations as to how and if the relative
fluorescence measurements provided by PAM (or the Fast Repetition Rate Fluorometer,
FRRF) can be related to photosynthetic oxygen production (Pps) have been attempted
by Kolber and Falkowski 1993, Schreiber et al. 1995, Gilbert et al. 2000, Kromkamp et
al. 2001, Longstaff et al. 2002 but, to our knowledge, no attempt has been made to
differentiate between absorption of light by PSII and PSI and their respective LHCs to
obtain Ppgyi. So far it has been assumed that PSII and PSI absorb light in equal
proportions irrespective of the species in question (Schreiber et al. 1986, Kolber and

Falkowski 1993, Gilbert et al. 2000, Kromkamp and Forster 2003).



This paper focuses on methods for determining photosynthetic oxygen production rate
based on in vivo variable fluorescence. We have tested three different approaches to
estimate the fraction of light absorbed by PSII to find out if the PAM-based technique
can be used in combination with bio-optics to determine photosynthetic parameters in
terms of oxygen production. The results are derived from experiments during which the
oxygen evolution and the in vivo fluorescence measurements were conducted

simultaneously in the PAM cuvette.



MATERIALS AND METHODS

Algal cultures

Unialgal cultures originating from the culture collection of Trondhjem Biological
Station, Prorocentrum minimum (Pavillard) Schiller (Dinophyceae), Prymnesium
parvum cf. patelliferum Green et al. (Coccolithophyceae in Haptophyceae), and
Phaeodactylum tricornutum Bohlin (Bacillariophyceae) were grown in semi-continuous
cultures in 5-L flasks with f/2 medium (Guillard and Ryther 1962), pre-filtered (0.2 pm
sterile filters pasteurised at 80°C in 3h), and enriched with silicate (P. tricornutum only),
were grown at 15 + 1°C, salinity of 33, and constantly bubbled with filtered air. The
illumination was continuous “white” fluorescent light (Philips TLD 36W/96) providing
80 umol -m *'s”'. The growth rate and the chl a concentration were maintained in a
semi-constant state by diluting the cultures once per day, corresponding to a specific
growth rate at 0.2 p-d"' for P. minimum and P. parvum, and 0.7-0.8 p-d”" for P.
tricornutum, both prior to and during the experiments. The stock cultures were enriched

with 1 g NaHCO; L™ to avoid depletion of inorganic carbon.

While growing, the physiological state of the cultures was monitored daily by
measuring the ratio of in vivo chl a fluorescence before and after addition of DCMU
(3(3,4 dichlorophenyl)—1, 1-dimethylurea, 50 uM final concentration) in a Turner
Designs fluorometer. A ratio of DCMU-fluorescence to fluorescence of >2.5 indicates a
healthy state of the culture (Sakshaug and Holm-Hansen 1977). In our study the ratio
generally ranged from 2.7-3.5.

Experimental set-up

PAM fluorescence measurements and oxygen evolution rate were made simultaneously
in a temperature-controlled plastic cuvette (Fig. 2). Prior to incubations, a sub-sample of
100 mL was placed in a temperature-controlled water bath at 10 or 20°C for 30 min,
keeping the irradiance. Subsequently, 2.7 mL of the sample was inserted into the cuvette,
which was sealed with no headspace of air, using a lid housing a Peltier cell in which

the temperature was kept constant (+ 0.2°C, Walz, Germany, US-T/S). The algae were



kept suspended inside the cuvette by a slowly circulating water flow driven by the

cooling of the Peltier cell and heating of the incubator light.

Sub-samples were kept in the dark for 15 min prior to generating photosynthesis vs.
irradiance (P vs. E) curves. Both P vs. E data for oxygen production and PAM
fluorescence were measured during 10 min incubations followed by step-wise
increasing of the irradiance, from (1-500 pmol photons'm *'s ). The incubator light
source was a slide projector equipped with a halogen lamp, and the light passed an IR
filter (cut off at 695 nm) in front of the PAM detector, and slide frames with different

layers of spectrally neutral mosquito netting.

Irradiance measurements

The growth irradiance was measured inside the culture flasks filled with sterile
seawater, using a scalar (47) irradiance sensor (Biospherical Instruments QSL—100, San
Diego, USA). The incubation irradiance (PAR) was measured inside the (PAM cuvette)
incubation chamber, using a cosine-corrected (27) light collector on the DIVING-PAM
(Walz, Effeltrich, Germany). The spectral distribution of the incubation light was
measured using a RAMSES spectroradiometer (TRIOS, Germany) from 400-850 nm
with 1 nm resolution. The irradiance and the spectral distribution of the incubation light

were used for calculating light absorbed by PSII.

PAM measurements

Fluorescence was measured using a PAM—101 fluorometer with a 102 and 103 module
(Walz, Effeltrich, Germany, Schreiber et al. 1986) equipped with a photomultiplier
detector (PMT, Walz, Germany, PM—101/N, Fig. 2). A red light-emitting diode (655 nm
peak, <0.15 pmol photons'm >s ', at 1.6 kHz) was used as probe light at an intensity
too low to induce significant variable fluorescence. In the following we used the
nomenclature of van Kooten and Snel (1990). The minimum fluorescence (F,) and the
maximum fluorescence (Fy,) was measured at the end of the dark acclimation period (15
min), when approximately all reaction centres (RCs) were closed. F,, was measured

during exposure to a saturating light pulse from a halogen lamp (0.6 s at >5000 pmol



photons'm *'s™', Scott, Germany, KL1500 electronic) which illuminated the sample via
an optical fibre. The maximum quantum yield of PSII charge separation (®psii_max) i
the dark-acclimated cells was calculated as

b, =F/F = M

PSII_max
1:m

Under actinic illumination, the operational quantum yield of PSII (®psy) was calculated

from the steady-state fluorescence (F,") and the maximum fluorescence after a

saturation pulse (Fy,") at each incubation irradiance (Genty et al. 1989):
F

m

Py = AF/ Frln: )

O, measurements

Net O, production rate was measured as the O, concentration change during incubation
for each irradiance by a Clark-type O,-microsensor (Revsbech 1989) inserted through a
tight-fitting miniature pipe in the wall of the incubation cuvette (Fig. 2). The sensor had
an external tip diameter of ~100 um, stirring sensitivity of <1.5%, and a 90% response
time of <4 s. Prior to the measurements, the electrode was calibrated by a 2-point
calibration both in anoxic and air-saturated seawater at the specific temperature (Glud et
al. 2000). The sensor current was measured using a picoammeter (PA 2000, Unisense,
Denmark) connected to a strip-chart recorder (Kipp and Zonen, Netherlands) and a PC.
The dark respiration rate was measured during the last 10 min of the dark period prior to
the light incubations. The photosynthetic O, production rate (Po;) was calculated by

adding the dark respiration rate to the net O, production rate.

Bio-optical measurements

In order to calculate oxygen evolution per biomass and time on basis of measurements
of Dpgyy, it is necessary to estimate the light absorbed by PSII in absolute units. Such a
calculation requires knowledge of the in vivo chl a-specific absorption coefficient

(a; (1)) and the PSII-scaled in vivo fluorescence excitation spectrum ( F;S,I (A) ; Johnsen
et al. 1997). We obtained a; (M) and F;SH (A) (Fig. 1) by measuring the optical density

(OD())) of phytoplankton cells collected on glass fibre filters (Whatman GF/F) in a



dual-beam spectrophotometer (Hitachi 150-20), using a clean filter wetted with filtered
sea water as reference (Yentsch 1962, Mitchell and Kiefer 1988). Three replicate
spectra were measured from 350 to 800 nm at 1 nm increments, and the average OD
from 750-800 nm was subtracted from the whole spectrum to correct for light scattering
(Mitchell and Kiefer 1988). OD of the filter with algae (ODgy) was converted to OD in
suspension (ODgysp) using a second-order polynomial expression (B-correction, Eq. 3,

Mitchell 1990).

0D, ()=ml - OD,, () +m2 - [OD,(WF @)

susp

The parameters ‘m1’ and ‘m2’ has been determined on laboratory cultures: m1 = 0.508
and m2 = 0.134 for P. parvum (Chauton et al. 2004) and m1 = 0.221 and m2 = 0.577 for
P. minimum and for P. tricornutum values for Skeletonema costatum were used; ml =
0.407 and m2 = 0.602 (R. Sandvik unpublished data) because of their similar
pigmentation and size, the parameters for S. costatum were used for P. tricornutum.

Absorption (a, m™") was calculated from ODyysp according to Eq. 4:

a=23-0D_ () - (S/V) “

susp

S is the clearance rate of GF/F filter (mm?) and V, the volume (mL) of the filtered
sample (Mitchell and Kiefer 1988).

The chl a concentration was measured on extracts from the filters that were used for in
vivo light absorption, using a spectrophotometer (Hitachi 150-20). Immediately after the
in vivo light absorption measurement, the filters were extracted in pre-cooled 100%
methanol (4°C, 5 mL) for 3 h in glass centrifuge tubes. The tubes were placed in the
dark at 4°C and stirred for 10 sec in a Vortex-mixer after 0, 1.5 and 3 h. The extracts
were re-filtered (0.2 um polycarbonate filter) before measuring OD from 350 to 800 nm.
The chl a concentration (mg-m ) was calculated using the extinction coefficient for chl

a in methanol at 665 nm, 74.5 L-g’1~cm’1 (MacKinney, 1941).

The chl a-specific absorption coefficient ( afp ), mz(mg chl @) ') was determined by

normalising the absorption spectrum (m’l) to the chl a concentration (mg~m’3, Fig. 1).
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In vivo fluorescence excitation spectra were measured using a spectrofluorometer
(Hitachi F-3000). An infrared-transmitting glass filter (Schott RG 695 IR) was placed
in front of the photomultiplier to prevent direct and scattered light from the light-source
and cells. Prior to the measurements, a time scan was recorded with DCMU-treated
cells (50 uM final concentration) during 1.5 min (scan time for a full spectrum)
avoiding non-variable chl a fluorescence signal (Johnsen and Sakshaug 1993). The in
vivo chl a fluorescence excitation spectra were recorded with excitation wavelengths
from 400 to 700 nm (5 nm bandwidth), and emission was monitored at 730 nm (5 nm
bandwidth, Neori et al. 1988). The data were recorded at 1 nm resolution. All
fluorescence excitation measurements were quantum corrected using the dye Basic Blue

3 (Kopf and Heinze 1984, Sakshaug et al. 1991).

Scaling of the fluorescence excitation spectra followed the ‘no-overshoot’ procedure
(Johnsen et al. 1997, Johnsen and Sakshaug submitted) by matching the fluorescence
spectra to the corresponding absorption spectra at selected wavelengths, yielding a PSII-

scaled fluorescence excitation spectrum, Fyg, (A). The matchpoint preventing

‘overshoot’ was ~550 nm for P. minimum and P. parvum, except that for P. minimum at
20°C it was ~650 nm (Fig. 3). P. tricornutum exhibited matchpoints in the red band,
675-685 nm (Fig. 3). The ‘no-overshoot’ procedure yields an upper limit for the number

of quanta absorbed by PSII (Johnsen and Sakshaug submitted).

Particulate organic carbon

Particulate organic carbon (POC) was measured on filtered subsamples (Whatman
GF/F, baked) and analysed after treatment of the samples with fuming hydrochloric acid
(Carlo Erba Elemental Analyzer Model Na).

Calculation of the oxygen production rate, Ppsy

Oxygen production rate (Ppgy;) can be calculated as

PPSII :(I)Psn -E- F'AQPSH )

11



Dpgyr is the quantum yield of charge separations in PSII (mol e *mol photon™', Genty et
al. 1989) and E is the irradiance (pmol photons-m‘z-s'l), which multiplied by ®pgyy
yields the relative electron transfer rate (rETR). I is the stoichiometric ratio of oxygen
evolved per electron generated at PSII. According to the standard Z-scheme of
photosynthesis, four stable charge separations are needed in each PSI and PSII to
release one O, molecule. I, accordingly, is 0.25 O»(¢")"' (Kroon et al. 1993, Gilbert et
al. 2000). Empirically, a quantum requirement (QR) higher than eight photons has been
observed, caused by different sinks for photosynthetic electron transport; e.g. Mehler-
type reactions and photorespiration (Kromkamp et al. 2001; Longstaff et al. 2002). For
simplicity, we assumed I" = 0.25. AQpsy; represents quanta absorbed by PSII (m*(mg chl

ay’.

With the aim to quantify the O, production rate from PAM fluorescence in absolute

units, we tested three different approaches for estimating AQpg;;.

1) AQpsp=0.5" ;; . The commonly used correction factor 0.5 implies that
absorbed light is equally distributed among PSI and PSII. (Schreiber et al.1986,
Kolber and Falkowski 1993, Kroon et al. 1993, Gilbert et al. 2000, Morris and
Kromkamp 2003)

2) AQpsu=Fy- 5; : Fy1 1s the fraction of chl a in PSII determined from the ratio
between the scaled (‘no-overshoot”) red-peak fluorescence excitation and the red

absorption peak (a,, (red) /a, (red)) (Johnsen et al. 1997, Fig. 1 and 3).

3) AQpsn= g;sn : This factor represents light absorbed by PSII, determined from
the scaling of the fluorescence excitation to the absorption spectra by the ‘no-

overshoot’ procedure (Johnsen et al. 1997, Fig. 1 and 3).

Both a_(}) and Fyg, (A) were spectrally weighted from 400 to 700 nm (Eq. 6)

12



400

B [ﬁ X(\) - EQ dx]

6
E(PAR) ©

X is the spectrally weighted chl a-specific absorption coefficient (5;) or the spectrally

weighted PSII-absorption (gx*asn), Xis a; (A) or F:sn (A), and E()) is the incubation

irradiance.

Curve fitting

The P vs. E curves were fitted to data using a non-linear least squares procedure
(SigmaPlot 9.0, SYSTAT Sotfware inc. US) using the equation by Webb et al. (1974,
Eq. 7). The photosynthetic parameters; the maximum photosynthetic rate (Pp,y) and the
maximum light utilisation coefficient (o) were calculated for each curve. The light
saturation parameter (Ex) was calculated as Py, /0. Notation of the photosynthetic

parameters follows Sakshaug et al. (1997), Table 1.

P=P_ . [1 - exp[_ 2 E]

max

)

RESULTS

The total amount of absorbed light (5;) ranged from 0.0068 to 0.0164 m*(mg chl a) ', P.

parvum exhibiting the highest and P. minimum, the lowest absorption coefficients
(Table 2).

The fraction of chl a in PSII (Fy) ranged from 70 - 98% (Table 2). For P. tricornutum,
Frr was 97% and 98% for the 10°C and 20°C incubations, respectively. P. minimum
exhibited the lowest coefficients, 80% and 70% for 10°C and 20°C, respectively. The

fraction of light absorbed by PSII (;)sn) ranged from 0.0054-0.0132 mz(mg chl a)™
with P. parvum and P. minimum exhibiting the highest and lowest fractions,

respectively (Table 2).
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P vs. E curves for the O, production rate, measured with O,-microsensors (Po;) and
calculated from the operational quantum yield of PSII (®pg);) in combination with the
three bio-optical approaches (Ppsy1), showed the typical P vs. E shape with a nearly
linear initial slope (o) and increasing saturation (Ppy,) with increasing irradiance. None
of the curves showed a decrease in P at high irradiances; thus, photo-inhibition was not

observed.

PAM-derived photosynthetic parameters were compared to parameters derived from
direct O, measurements (Fig. 4). The photosynthetic parameters derived from PAM
measurements are gross O, production, since it measures the relative electron transport
rate in PSII and are not influenced by O, respiration. From the O,-microsensor
technique, net O, production was measured. By adding the O, respiration in the dark,
gross O production was estimated. However, this underestimates the gross O,
production due to an enhanced O, respiration under illumination compared to the dark
respiration (Canfield and DesMarais 1993, Glud et al. 1992, Ludden et al. 1985).
Consequently, rates of Ppgy; (based on PAM fluorescence) should theoretically be higher

than Po, rates (measured by O,-microsensors).

The maximum production rate for Poa (Po2_max) Was ~2 times higher (1.5 —2.4) in
cultures incubated at 20°C than at 10°C (Fig. 4, Table 3), as expected according to a Qi
of ~2 normally observed for phytoplankton (Davison 1991, Hancke et al. submitted).

For Ppgpr, the maximum O, production rate (Ppsir_max) Was normally highest when based
on Fyr g(p (approach 2), followed by ;asn (approach 3), and lowest when based on

0.5'52> (approach 1, Fig. 4, Table 3). Overall, Pps;; exhibited the same trend as Poy,

except for P. minimum at 20°C which yielded Ppsii_max ~2 times lower than Py max, and
for P. parvum 20°C where Ppsii max Were ~2 times higher. For the other incubations the
range of values for Ppsii max Was in the same area as the value of Poy max (Fig. 4, Table

3).
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The light saturation parameter (Ex) showed a pattern opposite of that for Pyax, implying
that Ex was higher when calculated on basis of Ppgy than on basis of Po, for P. minimum

and P. tricornutum, and lower for P. parvum (Fig. 4, Table 3).

To find the best linear fit between calculated and measured maximum oxygen
production, Ppsir max, €stimates based on three bio-optical approaches were plotted as a

function of Poy max (Fig. 5a). Approach 1, 2 and 3 gave slope coefficients of 0.6 (R2 =
0.50), 1.2 (R2=0.51) and 1.0 (R> = 0.51), respectively. Approach 3 (arsi) resulted in

the slope coefficient closest to unity, implying that arsi provides the best fit for Ppsir max

to POZﬁmax-

The relationship between the maximum light utilisation coefficient (o) for Po, and
calculated values of a was tested by plotting a for P, against o for Ppgy;, again using the
three bio-optical approaches (Fig. 5b). The linear regressions exhibited slopes of 0.12
(R*=0.22), 0.26 (R*=0.27) and 0.19 (R* = 0.23) for the three approaches, respectively
(Fig. 5b), indicating a weak relationship.

Since Poy max and Ppgir max calculated from apsn matched well, we analysed the

relationship between Po, and Ppgyy, using ELSH , for the entire irradiance range for the
three species in question (Fig. 6). The relationship between Po, and Pps;; was adequately
described by a linear regression (R* = 0.7-0.97). The slope differed between the species
and in two cases, with the incubation temperature. P. minimum incubated at 10°C

exhibited a slope of 0.86 (R* = 0.94) and at 20°C, 0.59 (R* = 0.92) (Fig. 6a), indicating

that Po, is closely related to Ppgyy estimates derived on basis of the ;1:51[; moreover, that
the two are linearly related. The slopes for P. parvum were 1.23 (R* =0.70) and 2.5 (R?
=0.87) for 10 and 20°C, respectively, suggesting that Ppgy; overestimates Po, by a factor
of 1.2 at 10°C and 2.5 at 20°C (Fig. 6b). The slopes for Po, against Ppgy; of P.
tricornutum were 1.3 at 10°C (R* = 0.89) and 1.0 at 20°C (R* = 0.97); thus, not

significantly different from unity (Fig. 6¢). Consequently, the relationship between P,

15



and Ppsr did not differ between the two incubation temperatures, predicting a linear

relationship near unity for the entire P vs. E curve.
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DISCUSSION

We have tested three bio-optical approaches to determine the fraction of light absorbed
by PSII. In combination with PAM fluorescence, they were subsequently evaluated
against measured rates of oxygen production. This made it possible to improve the

quality of estimates for the O, production rate in absolute units from PAM based

fluorescence. Johnsen and Sakshaug (submitted) suggested that g;sn is the most
accurate and direct measure of light absorbed by PSII, whereas Fy only corrects for light
absorbed by PSII and not the photoprotective carotenoids. Fy; therefore overestimates
the light absorbed by PSII and consequently, the O, production rate. In addition,
presupposing that light is equally absorbed by PSII and PSI, underestimates the
absorption by PSII and the O, production rate; in chromophytes by ~20%.

The fraction of chl a in PSII calculated from of Fy; (Table 2) was high compared to
approach 1. High compared to those suggested by Johnsen and Sakshaug (submitted),
our Fy; might be associated with our high ODg; readings in the 550-600 nm bands,
where OD otherwise is typically low. In the same context, uncoupling of LHC from
PSII will enhance state II-I transitions (Mullineuax and Allen 1988, Kroon et al. 1993)

which may cause high Fy; values.

Representing total absorbed by PSII, Fy- 5; can yield too high values for Ppgj;. On the

other hand, 0.5 5:, usually underestimates Po, because the PSII:PSI ratio is higher for
nearly all chromophyte phytoplankton; Johnsen and Sakshaug (submitted) suggest an

average Fyy of 0.72 for this group. In principle, ;;ssn yields the most accurate estimate
for light absorbed by PSII because it corrects for absorption by photoprotective

carotenoids and PSI (Johnsen et al. 1997) and is therefore most suitable for calculating

Ppsy1 on basis of PAM data.

The PAM and the O,-microsensor techniques have their limitations and strengths in

terms of sensitivity and noise. In weak light (E < Ey), ®@pgy is relatively high compared
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to E, yielding a robust measure of the relative electron transfer rate (rETR), thus, the
estimation of o based on the PAM technique is reliable. Conversely, the microsensor
technique is working near the detection limit, in weak light and with a low signal to
noise ratio; thus, yielding low accuracy for a.

During light-saturated photosynthesis (E > Ey), the accuracy of the results from PAM
and O-microsensor techniques, respectively, are opposite that for estimates of a. Ppax

based on PAM yields a small @, : E ratio because ®,, decreases with increasing E,

causing low accuracy of rETR at high irradiance. In contrast, the signal to noise ratio of
the O,-microsensor increases with increasing irradiance, turning the method more

reliable in the light-saturated part of the P vs. E curve.

The operational quantum yield of oxygen production (®g;) can be calculated (Flameling
and Kromkamp 1998):
P
Dy =—2—— ®
115-E- apsi
115 is a correction factor providing uniform dimensions and P, , the chl a specific

oxygen production at each irradiance. Comparing ®@pgy; from PAM measurements and
D, from O, measurements show a positive correlation at high irradiance independent
of species or temperature (Fig. 7). The exception is data at low light measured with O,
electrodes. As described, the signal to noise ratio at weak light is low, yielding uncertain
data. The 4:1 line in Fig. 7 indicates the relationship between ®pgy; and ®p,, which
illustrates the assumption of four photons in PSII yielding one oxygen molecule; thus, I'
=0.25. For P. minimum, however, the ratio <4:1, indicates a quantum requirement (QR)
lower than 4 to produce one oxygen molecule. In contrast, P. parvum exhibited QR
>4:1. The Opgy; : Doy ratio for P. tricornutum fits the 4:1 relationship well. Both
Kromkamp et al. (2001) and Longstaff et al. (2002) observed QR different from 4. The
difference in QR in our material might cause the divergence between P, and Ppgy; for P.

minimum and P. parvum (P vs. E curves in Fig. 4 and Fig. 6).
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Because our data in principle were conducted simultaneously in the same experimental

set-up, they can be used to calculate the maximum quantum yield ™" ® (Hancke et

02_max

al. submitted) from the initial slope of the P vs. E curve based on the O, measurements

(o) and the fraction of light absorbed by PSII (;;sn ):

*

pSIl OLP02
®02_max == )
apsi-115

115 is a correction factor ensuring uniform dimensions. On basis of ""®_, . we can

in turn calculate the minimum quantum requirement (QR), which is the inverse of

PSlI@

02_max *

1

02_max

QR = (10)

Because of the questionable reliability of ™"® and QR, they are not used in the

02_max

calculations of Ppgjr.

From our tests, apsu (approach 3) seems to provide the best input variable for

calculating the oxygen production rate from PAM measurements. This implies that ars
is the most relevant for light absorbed by PSII. The other two approaches overestimate
(FHETp , approach 2) or underestimate (0.55; , approach 1) the measured oxygen
production, respectively.

Our results support the theory-based conclusions of Johnsen and Sakshaug (submitted).

We, hence, recommend apsi to estimate gross oxygen production from PAM

fluorescence measurements.
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Fig. 1. Schematic drawing of the steps involved in the bio-optical determination of the fraction of

light absorbed by PSII according to Johnsen and Sakshaug 1996; Johnsen et al. 1997. The

incubation light source is given in PAR, 400-700 nm. Fy; and apsn are evaluated as new input

parameters to estimate light absorbed by PSII using PAM to estimate oxygenic photosynthesis.
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Fig. 2. A schematic drawing of the experimental set-up. A: Fiber optics to lead incubator light
and flash light through a short pass filter (SP 695 nm) to the sample in the cuvette. B: Probe light,
a red light emitting diode (LED, <0.15 pmol photons'm s ', 655 nm, 1.6 kHz and 100 kHz) with
an excitation filter (SP 695 nm). C: Photomultiplier detector (PMT, Walz, Germany, PM—101/N)
with emission filter (LP 695 nm). D: O,-microsensor inserted through a tight-fitting miniature
pipe in the wall of the incubation cuvette. E: A Peltier cell in which the temperature was kept
constant (+ 0.2°C, Walz, Germany, US-T/S). The algae were kept suspended inside the cuvette
by a slowly circulating water flow driven by the cooling of the Peltier cell and heating from the

incubator light.
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Fig. 3. In vivo POC-specific absorption coefficients, a; (V) (thick black line), the PSII-scaled
fluorescence excitation spectra, Fyg, (A) (thin black line) and the corresponding difference spectra,
(a, (M)- Fygy (A), dotted black line) for P. minimum (A-B), P. parvum (C-D) and P. tricornutum

(E-F), at 10°C (left column) and 20°C (right column). The difference spectra denote the non-
fluorescent fraction indicating absorption of PSI and photoprotective pigments (diadinoxanthin

and diatoxanthin).
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Fig. 4. Photosynthesis vs. irradiance curves calculated from PAM fluorescence measurements
(Ppsn) based on three bio-optical approaches for estimation of light absorbed by PSII, AQps:
0.5 gq, (approach 1), Fy 5:, (approach 2) and a;sn (approach 3) and simultaneously measured

photosynthetic O, evolution (Po) for P. minimum (A-B), P. parvum (C-D) and P. tricornutum
(E-F), at 10°C (left column) and 20°C (right column). Parenthesis in Fig. 4D denotes outliers.

Note different y-axes.
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Fig. 5. A) Maximum photosynthetic rate, Ppsii_max, based on arsi, Fir Eq, and 0.5 Eq, , as function

of Poz max, for the six incubations (three species; P. minimum, P. parvum and P. tricornutum, and

two temperatures; 10 and 20 °C). Units on both axes are pimol O,(mg POC) "“h™". B) appsn

calculated from apsn , Fir e_1¢ and 0.5- ELP , as function of opg,, for the same six incubations. Units
on both axes are pmol O,(mg POC) "h™" (umol photons'ms')"". The dashed line represents x

=y.
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ABSTRACT

Short-term temperature effects on photosynthesis were investigated by measuring
0,-production, Photosystem II (PSII) fluorescence kinetics and '*C-incorporation
rates in monocultures of the marine phytoplankton species Prorocentrum minimum

(Dinophyceae), Prymnesium parvum (Coccolithophyceae), and Phaeodactylum

2 1

tricornutum (Bacillariophyceae), grown at 15°C and 80 pmol photons-m s
Photosynthesis versus irradiance curves were measured at seven temperatures (0 to
30°C) by all three approaches. The maximum photosynthetic rate (P .x) Was
strongly stimulated by temperature, reached an optimum for P. minimum only (20 -
25°C), and showed a similar relative temperature response for the three applied
methods, with Q¢ ranging from 1.7 to 3.5. The maximum light utilisation coefficient
(ar%) was insensitive or decreased slightly with increasing temperature. Absolute
rates of O,-production were calculated from PAM based fluorescence measurements
in combination with bio-optical determination of absorbed quanta in PSII. The
relationship between PAM based O,-production and measured O,-production and
'C-assimilation showed a species-specific correlation with 1.2 to 3.3 times higher
absolute values of PCmax and OLC, when calculated from PAM data for P. parvum and
P. tricornutum but equivalent for P. minimum. The off-set seemed to be temperature
insensitive and could be explained by a lower quantum yield for O,-production than
the theoretical maximum (due to Mehler-type reactions). Conclusively, the PAM

technique can be used to study temperature responses of photosynthesis in

microalgae when paying attention to the absorption properties in PSII.

. 14 C e . . .
Key index words: “C-assimilation, O,-production, microalgae, PAM-fluorescence,

phi-max, photosynthetic parameters, quantum yield, temperature

Abbreviations: ETR, electron transport rate; PAM, pulse amplitude modulated
fluorescence; P-E, photosynthesis-irradiance; POC, particular organic carbon; PQ,

photosynthetic quotient; Q;o, temperature coefficient; See also Table 1.



INTRODUCTION

Pelagic photosynthesis can be estimated by measuring O,-evolution, Photosystem 11
(PSII) fluorescence kinetics or '*C-assimilation. Each of the methods has their
advantages and disadvantages and have all been applied to assess the ecosystem
primary production in various environments. The techniques, however, measure
different products of the photosynthetic pathway and reflect different physiological
processes with potential different responses to environmental variables like
temperature or salinity (Geider and Osborne 1992, Geel et al. 1997, Morris and
Kromkamp 2003).

0O;-evolution measurements using O,-electrodes allows for net O,-production
measurements in light and O,-respiration in the dark (Glud et al. 2000). Gross O,-
production can then be estimated as the net production added the respiration
(assuming constant respiration in light and dark). As such the approach quantifies the
Os-production rate from the water-splitting complex in PSII. PSII fluorescence can
be measured by Pulse Amplitude Modulated (PAM) fluorometry and can be used to
measure the operational quantum yield of PSII (®pgy;, Schreiber et al. 1986). From
multiplying ®pgs; with the quanta absorbed in PSII the electron transfer rate in PSII
can be calculated (Genty et al. 1989). The electron transfer rate (ETR) is a proxy for
the gross photosynthetic rate (Kroon et al. 1993). The electrons generated in PSII are
closely coupled to the O,-evolution , but follows several pathways, among those
reduction of CO, via NAD(P)H production (Falkowski and Raven 1997). "*C-
assimilation rate measurements quantifies the amount of DIC (dissolved inorganic
carbon) converted into cell biomass and reflect an activity intermediate to net and
gross photosynthesis, dependent on the incubation time (Falkowski and Raven 1997).
For 1 hour incubations the technique is for convenience commonly assumed to

indicate gross rates.

Photosynthetic O,-production, ®pgy; and/or 14C-assimilation have been compared in a

number of studies of vascular plants (e.g. Demmig and Bjorkman 1987, Seaton and



Walker 1990), macroalgae (e.g. Hanelt and Nultsch 1995, Longstaff et al. 2002),
microphytobenthos (Hartig et al. 1998, Barranguet and Kromkamp 2000, Glud et al.
2002a) and marine phytoplankton (Falkowski et al. 1986, Kroon et al. 1993, Geel et
al. 1997, Flameling and Kromkamp 1998, Rysgaard et al. 2001, Morris and
Kromkamp 2003). Although the investigations have been conducted under a variety
of experimental conditions, an overweight of the studies on microalgae find a linear
relationship between O,-evolution and ®pg); under moderate irradiance (e.g.
Falkowski et al. 1986, Genty et al. 1989, Geel et al. 1997), sometimes with deviation
at very low (Schreiber et al. 1995, Flameling and Kromkamp 1998, Masojidek et al.
2001) or very high irradiance conditions (Falkowski et al. 1986, Flameling and
Kromkamp 1998). Different explanations for the deviation have been proposed;
spectral difference in PAR sources, changes in O,-consumption in the light, cyclic
electron transport around PSII and Mehler-type reactions, see Flameling and
Kromkamp (1998) for an overview. The relationship between O,-production and
Opgyp is far from universal and apparently there exist inter-species variance in the
shape of the relationship and of the slope-coefficient (Barranguet and Kromkamp
2000, Masojidek et al. 2001). Additionally, it must be expected that environmental
variables, such as temperature, can affect established relations for a given species.
Even so, detailed comparison studies accounting for environmental variables, such as
temperature, are still very limited (Barranguet and Kromkamp 2000, Morris and
Kromkamp 2003). If fluorescence measurements are to be applied successfully for
quantifying photosynthetic production, more careful and detailed studies of the
temperature effect on the relationship between O,-evolution, ®@pgyy and e
assimilation are required (e.g. Schofield et al. 1998, Kuhl et al. 2001, Glud et al.
2002b, Morris and Kromkamp 2003)

The aim of the present study was to investigate the relationship between temperature
and photosynthetic parameters derived from measurements of O,-production, ®@pgy
and '*C-assimilation, using three culture-grown phytoplankton species;
Prorocentrum minimum (Pavillard) Schiller (Dinophyceae), Prymnesium parvum cf.

patelliferum Green (Coccolithophyceae in Haptophyceae), and Phaeodactylum



tricornutum Bohlin (Bacillariophyceae), selected to represent typical species of

Scandinavian waters. Photosynthetic activity was quantified from 1) measured rates
of O,-production by O,-microsensors (PCOZ, umol O,-(mg POC)’I-h’l), 2) calculated
rates of O,-production based on ®pgy; in combination with bio-optical determination
of quanta absorbed in PSII (PCPSH, pmol O-(mg POC)’l~h’l), and 3) measured rates
of "C-assimilation (P 4c, pmol 14C-(mg POC) “h™"). The temperature influence on

photosynthetic parameters is discussed in a physiological context.



MATERIALS AND METHODS

Algal cultures

Unialgal cultures of Prorocentrum minimum (strain 79A, Oslofjord, isolated by
K.Tangen, culture at TBS), Prymnesium parvum (isolated in Ryfylke, S- Norway,
culture from University of Oslo), and Phaeodactylum tricornutum (unknown origin,
TBS culture collection) were grown in semi-continuous cultures in f/2 medium
(Guillard and Ryther 1962), pre-filtered (0.2 um sterile filters, and pasteurised at
80°C in 3h) and enriched with silicate (P. tricornutum only). All cultures were sub
sampled from the culture collection of Trondhjem Biological Station, and grown at
15 + 1°C, 33 ppt salinity seawater, and constantly bubbled with filtered air. The
illumination was continuous “white” fluorescent light (Philips TL 40W/55 tubes)
providing 80 pmol photons-m s~ as measured by means of a QSL-100 quantum
sensor (Biospherical Instruments, USA) placed inside the culture flasks. The growth
rate and the chlorophyll a (chl @) concentration were maintained semi constant by
diluting the cultures once per day corresponding to a specific growth rate of 0.2 p-d ™'
for P. minimum and P. parvum, and 0.7 - 0.8 p-d”' for P. tricornutum both prior to
and during the time of the experiments. The cultures were enriched with 1 g NaHCO;
L' to avoid depletion of inorganic carbon due to photosynthesis.

While growing, the physiological state of the cultures were monitored daily by
measuring the ratio of in vivo chl a fluorescence before and after addition of DCMU
(3(3,4 dichlorophenyl)-1, 1-dimethylurea, 50 uM final concentration) in a Turner
Designs fluorometer. DCMU blocks the electron transport in PSII and result in a
maximal fluorescence. The ratio of fluorescence measured after and before the
addition of DCMU >2.5 indicates a healthy state of the cell (Sakshaug and Holm-
Hansen 1977). In our study the ratio generally ranged from 2.7 to 3.5.

Experimental conditions
Cultures were sub sampled every morning, in order to perform parallel
measurements of photosynthesis versus irradiance (P-E curves) from O,-evolution,

PAM and "C-assimilation measurements. The sub samples were placed in a water



bath set at one of the seven experimental temperatures (0, 5, 10, 15, 20, 25 and 30°C)
and the experiment started after the respective temperatures had stabilised within the
sample (<30 min). Incident irradiance was maintained. Subsequently, the sample was
simultaneously introduced to each of the experimental setups.

0,-evolution and "*C-assimilation rates were measured in parallel after placing
samples in a photosynthetron (Lewis and Smith 1983) in the dark and at 10 levels of
irradiance from 3 to 570 umol photons-m *:s”' (PAR), determined by the QSL-100

quantum sensor. The photosynthetron was placed in a temperature controlled
laboratory at the respective temperature. The samples were illuminated from below
with an adjustable xenon light source (Osram 250W) while a water-flow-through
system prevented radiation heat. Correct temperature was ensured by continuous (1 s
frequency) temperature measurements using small water-proof data loggers (TidbiT,
Onset Computer Cooperation) installed in dummy samples.

Triplicate samples were incubated in 20 mL polyethylene scintillation vials for 1 h.
Vials for O, evolution measurements were filled completely and closed with a lid
mounted with a miniature pipe (i.d. = 0.8 mm, length = 5 mm). The miniature pipe
excluded head space of air, avoided potential pressure to accumulate from
photosynthetic O,-production and allowed for insertion of an O,-microsensor. 2 mL

of sample was incubated for carbon assimilation measurements.

O>-microsensor measurements

All oxygen measurements were carried out using Clark-type O,-microelectrodes with
a guard cathode (Revsbech 1989), having an external tip diameter of ~100 wm,
stirring sensitivity of <1.5%, and a 90% response time of <4 s. The electrodes were
calibrated using anoxic and air-saturated solutions at the specific temperature setting,
as oxygen electrode signals are sensitive to temperature (Gundersen et al. 1998, Glud
et al. 2000). The sensor current was measured using a picoammeter (Unisense,
Denmark) connected to a strip-chart recorder (Kipp & Zonen, The Netherlands) and
a PC (Revsbech and Jargensen 1986). The gross O,-production rate (P€02) was
estimated by adding the dark respiration to the net O,-evolution rate (both measured

at each temperature), determined from the O,-concentration change corrected for



incubation time. All samples were mixed gently with a Pasteur pipette introduced
through the miniature pipe prior to measuring, ensuring a homogeneous O,-
concentration within the vial. In several cases the concentration of O, was monitored
continuously during incubation, by an electrode installed in a randomly selected

sample, confirming linear O,-evolution.

PAM measurements

Fluorescence was measured using a PAM-101 fluorometer with a 102 and 103
module (Walz, Effeltrich, Germany) (Schreiber et al. 1986) equipped with a
photomultiplier detector (PMT, Walz, Germany, PM-101/N). A red light-emitting
diode (655 nm peak, <0.15 pmol photons-m s, at 1.6 kHz) was used as probe light
at an intensity too low to induce variable fluorescence. In the following we used the
nomenclature of van Kooten and Snel (1990). The minimum fluorescence (F,) and
the maximum fluorescence (F;,,) was measured at the end of a dark acclimation
period (15 min), when approximately all reaction centres were closed. F;,, was
measured during a saturating light pulse from a halogen lamp (0.6 s, at >5000 pmol

photons-m 25!, Scott, Germany, KL1500 electronic) exposed to the sample via an

optical fibre. The maximum quantum yield of PSII charge separation (®psi_max) in
the dark acclimated cells was calculated as:

ppBh 0

PSII_max
- E

)

Under actinic illumination, the operational quantum yield of PSII (Dpgy1) was
calculated from the steady-state fluorescence (Fs) and the maximum fluorescence
after a saturation pulse (Fy,") at each incubation irradiance (Genty et al. 1989):
F -F
Ppgy = AF/F,'=—-— )

The incubation light was provided by a slide projector equipped with a halogen lamp
and slide frames with different layers of neutral filters. After F, and F,, were
measured, the samples were exposed for 5 min at each of the irradiances (1 - 500

pmol photons-m’z-s’l), before measuring Fs and Fy,". The incubation irradiance (E,

PAR) was measured inside the incubation chamber using a cosine-corrected (27)



light collector of the DIVING-PAM (Walz, Effeltrich, Germany). The spectral
distribution of the incubation light was measured using a RAMSES
spectroradiometer (TRIOS, Germany) from 400 to 700 nm (E(A), 1 nm resolution).
The irradiance and the spectral distribution of the incubation light were used for
further calculations of the amount of light absorbed by PSII. A Peltier cell (US-T/S

Walz) kept the temperature constant (+ 0.2°C) during incubations.

Bio-optics
To calculate O,-evolution per biomass and time from ®pgy;, the light absorbed by
PSII were quantified in absolute units from the in vivo chl a-specific absorption

coefficient, a; (A), (m*(chl a)™"), and the PSII-scaled in vivo fluorescence excitation

spectrum F;SH (M) (m*(chl a)™). The optical density (OD) was measured on glass
fibre filters according to Yentsch (1962) and Mitchell and Kiefer (1988), and
converted to OD in suspension (Mitchell 1990). Absorption was calculated according
to Mitchell and Kiefer (1988) and normalised to chl a to give a;(k) . In vivo
fluorescence excitation spectra were measured according to Neori et al. (1988) and
Johnsen and Sakshaug (1993) and quantum corrected using the dye Basic Blue 3

(Kopf and Heinze 1984). F,g, (1) was obtained from scaling the fluorescence
excitation spectrum to the corresponding a:, (A) using the ‘no-overshoot’ procedure
by matching the two spectra at wavelengths between 540 and 650 (Bidigare et al.
1989, Johnsen et al. 1997). The light absorption in PSII (;;SH , m>(chl @) ") was
obtained by spectrally weighting Fy, (A) against the incubator light source according
to Eq. 3

%F;sn () - E(y) di

apsn = 400 (3)
E(PAR)

where E()) is the spectral irradiance of the incubator light source and E(PAR) is the
integrated irradiance from 400 to 700 nm. The applied bio-optical procedure above is

described in details in Hancke et al. (Rate of O, production derived from PAM

10



fluorescence: Testing three bio-optical approaches against measured O, production
rate, submitted to J. Phycology, hereafter referred to as Hancke et al. submitted).

Definitions of bio-optical parameters used are given in Table 1.

Calculation of Os-evolution from PAM measurements in combination with bio-optics

ETR is equal to the product of ®pg); and the amount of quanta absorbed by PSII

(;;sn ). By knowing the stoichiometric ratio of oxygen evolved per electron
generated in PSII the rate of O, evolution (P<pgy) can be quantified (Kroon et al.
1993). Instead of calculating ETR we directly calculated the O,-production rate in
absolute units (Ppsy, tmol O,-(mg POC) "-h "), from Eq. 4. (See Hancke et al.
(submitted) for a discussion on different approaches for quantifying the amount of

quanta absorbed by PSII)
Pogy = Ppgyi - E- F';;’su 4)

where I is the stoichiometric ratio of oxygen evolved per electron generated at PSII.
According to the standard Z-scheme of photosynthesis, four stable charge separations
take place in both PSI and PSII, to evolve one O, molecule, i.e. § electrons to yield
one molecule of oxygen. I" will according to this assumption be 0.25 O, electrons '
(Kroon et al. 1993, Gilbert et al. 2000). Empirically, a higher number than 8
electrons have been found which may be due to alternative electron “loss”, e.g.
Mehler-type reactions (Kromkamp et al. 2001, Longstaff et al. 2002, Hancke et al.

submitted). For simplicity, we assumed I"to be 0.25 in the present study.

Most papers that use PAM-estimated ®pgy; to calculate O, evolution rates assume
that that absorbed irradiance is distributed between PSII and PSI with a ratio of 0.5
(Gilbert et al. 2000). This is a rough estimate and the ratio is higher for most
phytoplankton classes with the consequence of underestimating the O, evolution
from PSII (Johnsen and Sakshaug, Bio-optical characteristics of PSII and PSI in 33
species (13 pigment groups) of marine phytoplankton, and the relevance for PAM
and FRR fluorometry, submitted to J. Phycology, hereafter refereed to as Johnsen

11



and Sakshaug submitted). In the present paper we have applied a bio-optical

procedure to measure the PSII-specific absorption directly.

Photosynthetic O>-production rates obtained in the photosynthetron and in the PAM
cuvette was compared in a pilot-study by measuring P-E curves of O,-evolution in
both experimental setups. An O,-microsensor was inserted directly in the PAM
cuvette (Hancke et al. submitted), and measured rates were compared to the O»-
production rates measured in the photosynthetron. The P-E curves calculated from
the two experimental set-ups shown equivalent shapes and similar rates and had an
average difference and a standard deviation for Pcmax and o of 2.2 +21.3 % and
22.7 + 23.8 %, respectively. Simultaneous measurements of ®pgy; verified

reproducible photosynthetic responses between the pilot-study and the present study.

" Carbon assimilation
Carbon assimilation rate (PC14C) was calculated from Eq. 5 (Geider and Osborne

1992)

p¢ f

1ac™

dpm,, | 1
dpm,, ] [TCOZ][dt] ©)

where f is the isotope discrimination factor assumed to be 1.06, dpmyy is the '*C
activity in organic matter (disintegrations per minute), dpmy, is the total '*C activity
added to the sample, [TCO,] is the total inorganic carbon concentration and dt is the
incubation time.

After incubation, the samples were acidified with HCI to pH between 1.5 and 2 and
left overnight in a fume hood without caps to remove all inorganic C (Geider and
Osborne 1992). Samples were back-titrated with NaOH to pH ~8 before scintillation
cocktail (Ultima Gold) was added and the activity was measured in a scintillation
counter (Packard Tri-Carb 1900). [TCO,] was estimated from measured pH and total
alkalinity (AT). AT was calculated after titration with HCl (Wedborg et al. 1999) and
total inorganic carbon from (Andersson et al. 1999). The dark-incubated uptake was

generally <20% (<10% at temperature >15°C) of the light-incubated uptake and was
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subtracted in the rate calculations. We observed no temperature influence on the

dark-incubated '*C-uptake.

Curve fit regression and calculations of Q¢
The P-E curves were fitted from Eq. 6 (Webb et al. 1974), as no tendency of
reduction of P at irradiance >Ej (photoinhibition) was observed for the applied range

of irradiance (0 - 566 wmol photons-m s ).

lexp{uc E]
Pcmax

The maximum photosynthetic rate (P tmol O, or *C-(mg POC)"-h ™), the

PC :PC

(6)

maximum light utilisation coefficient (o; pmol O or "*C-(mg POC) "-h™"-(umol
photons-m’2-s’1)’1), and the light saturation index (Ey = PCan/0S; pmol photons-m™
'.s™") were calculated from fit of the P-E curves. All curve fitting was carried out
using ordinary least-squares criterion in SigmaPlot 9.0 (SYSTAT Software Inc.
USA, 2002).

For o or P€,, (response variables) the relationship with temperature and the
covariance with method was analyzes using the statistical tool ANCOVA, with
method as the test factor. Calculations were computed using S-Plus 6.2 (Insightful
Corporation, US).

The temperature response of P ax Was quantified by calculating the apparent
activation energy (E,, kJ-mol ") and the corresponding Qo from each method and
species. E, was calculated as the slope of the data between 5 to 20°C in an Arrhenius
plot (Eq. 7), where In(k) was plotted as a function of temperature (R-T) "', according
to Raven and Geider (1988) as:

_Ea
In(k) = In(4) + [R TJ )

where k is the rate of the reaction, A is the Arrhenius constant, R is the gas constant
(8.3144 J"-mol™") and T is the absolute temperature (K). Q;o was calculated from Eq.

8, for the temperature interval of 10°C to 20°C (Isaksen and Jorgensen 1996).
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@®)

Ea-10
R-T(T +10)

0, = exp{

The maximum quantum yield for O, production (PS"(I)oz_max; mol O,-(mol quanta)’l)

was calculated from the PSII-specific light absorption (g;SII) and was calculated for

each temperature as:

*

pSII Q

¢ max = —k
O 15 A ©)

where 115 is a constant required to obtain consistent dimensions.
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RESULTS

P-E data

P-E curves were fitted to POC normalised production rates derived from O,-
microsensor measurements (P<o;, pmol O;-(mg POC) "h™"), quantum yield of charge
separation in PSII (®ps;;) by PAM fluorescence (PCPSH, wmol O,-(mg POC)_I-h_l) and
1 C-assimilation (P 4c, pmol 14C-(mg POC) "h™") at temperatures from 0 to 30°C, at
5°C interval. P-E curves at 5 and 20°C are shown for P. minimum, P. parvum, and P.
tricornutum (Fig. 1). O,-microsensor and '*C-assimilation rates were measured in
triplicates and error bars are shown (Fig. la-c, g-i). Evident for all three species and
three methods, the maximum production rates were clearly higher (2.2 - 6.0 times) at
20°C than at 5°C. We observed no sign of photoinhibition for the applied irradiance
range (0 - 566 pumol photons-m2-s™"). The relationship between temperature and the

photosynthetic parameters, calculated from O, evolution, ®psy;; and 14C-assimilation,
was first investigated for relative values (excluding the significance of the light

absorption) normalised at 5°C, being the lowest temperature with minimal scatter

(Fig. 2), then for absolute values (calculated by the use of ;}an , Fig. 3).

Temperature effects on relative P-E parameters

The relative response of the maximum photosynthetic rate (Pcmax) increased 2.5 to
6.0 times relative to the rate at 5°C, with increasing temperature, for all of the three
investigated algal species, and varied overall little between species and method (Fig.
2a-c). P showed a temperature optimum at 20 - 25°C for P. minimum followed
by a decrease (Fig. 2a), whereas no clear sign of a temperature optimum was
observed for P. parvum or P. tricornutum within the investigated temperature range
(Fig. 2b+c). The relative values for PC14C _max Increased more with temperature than
PCOLmax indicating a slightly stronger temperature response for '*C-assimilation than
for O,-production, most apparent for P. minimum. The relative response of P<psy; max
with increasing temperature laid in-between PC14C max and Pcozﬁax for P. parvum,
and showed slightly lower temperature responses for P. minimum and P.

tricornutum.
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The temperature response on P, was quantified by the Q,, factor (Table 2)
calculated from Arrhenius plots (not shown). The average Qo was 2.1 £ 0.2 (mean +
S.E.) and Q¢ showed only small variance between methods and species, with an
exception of PC14C _max for P. minimum. Apparently, Qo for PC14C _max Were higher
than for Pcoz_max and PCPSH _max, SUpporting the observation of a stronger temperature

response for C-assimilation than for the two other methods.

Temperature had no, or only little, effect on relative values of o showing similar
temperature responses for each of the three species and an average Qo of 1.0 £ 0.2
(mean £ S.E.). Qo values of 0.9 for P. parvum and P. tricornutum indicated a slight
decrease of o for this species. No difference was observed between the three
methods as function of temperature for any of the species, arguing for an equivalent
temperature response on photosynthetic O,-production, ®@pgy; and 14C_assimilation in

the light limited part of the photosynthesis versus irradiance curve.

Relative values of Ex showed a strong temperature response (Fig. 2g-i) and increased
2.6 to 6.5 times (relative to the rate at 5 °C). As o generally was insensitive to
temperature the temperature response of By mirrored P,,,. Similarly, as o did not
differ between methods the temperature response of Ey tended to be stronger for '*C-

assimilation than for O, and ®pg; based production rates.

Temperature effects on absolute values of P-E parameters

Increased temperature significantly increased the absolute values of P, for the
three investigated species (Fig. 3a-c), in accordance with the relative response, but
varied more between species and in some cases between methods. The absolute
values of P, supported the observation of a temperature optimum for P. minimum
at 20 - 25°C and no temperature optimum for P. parvum and P. tricornutum within
the investigated temperature range. The absolute values of P, were overall lowest
for P. minimum (Fig. 3a) and highest for P. tricornutum (Fig. 3c). PC ax for the latter
decreased slightly at 30°C giving a weak indication of a temperature optimum at

25°C for P02 max and P€14c max. As PCay are carbon-specific, the rates do correlate
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directly to maximum growth rates and reflect the productivity of the studied species
(Maclntyre et al. 2002).

Between methods, the absolute values showed some inter-species variation of PC nax
as a function of temperature. The method used had a significant effect on P€, for
all the three species (p < 0.05), however, the interaction between temperature and
method (temperature X method) was significant for P. parvum only, as PCPSH max
showed 1.8 to 2.9 times higher absolute values than for the two other methods as
function of temperature (p << 0.05, Fig. 3b). The response of PCOLmalx and PCchnalx
was not significantly different. The temperature X method interaction was non-
significant for P. minimum (p = 0.43, Fig. 3a) nor for P. tricornutum (p = 0.07, Fig.
3¢) emphasizing that there was no difference of Pcmax between the three
methodological approaches. Despite the statistical insignificance, PCPS[[ _max for P.
tricornutum (seemed to) show slightly higher absolute values than PCOLmax and

PC|4C7maX (p-values are shown in Table 3).

The temperature effect on absolute values of a was non-significant (P. minimum,
Fig. 3d) or slightly decreasing with increasing temperature (P. parvum and P.
tricornutum, Fig. 3e-f). The slight decrease of o° was observed as 0 o, (P. parvum)
and occoz and OLCPSH (P. tricornutum) decreased marginally. The additional values of
o did not change with increasing temperature (p-values are shown in Table 3). The
temperature X method interaction was non-significant for all of the species
demonstrating no difference between the slopes for the three methods applied.
Consequently, was the temperature response on the three methods the same. The
method, however, had a significant effect on o resulting in significantly higher
absolute values of O(.Cpsu compared to (xcoz and OLC14C, for all of the three species. This
off-set was especially clear for P. parvum as o psy was 1.7 to 3.3 times higher than
0 02 and a4 (Fig. 3¢). The two latter were not significantly different. For P.
tricornutum (XCPSH was 1.1 to 1.7 times higher than values for (xcoz and o 1ac (Fig.
3f). Two outliers of o for P. tricornutum ((xC02 at 0°C, and OLC14C at 15°C) have been
eliminated from the data set due to unrealistic values caused by high scatter at low

irradiances.
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As 0 was constant or slightly decreasing with increasing temperature, the light
saturation index (E\) vaguely increased or mirrored the P, temperature response
(Fig. 3g-1). Ex for P. minimum increased linearly to a temperature optimum at 20 to
25°C followed by a subsequent decrease. For P. parvum and P. tricornutum, Ex
increased continuously with increasing temperature for all of the three methods. The
relative higher values of OLCPSH and PCPSH _max compared to the two other methods, for
P. parvum and P. tricornutum, counteracted each other resulting in very similar

values of Ex for the three methods, as a function of temperature.

Temperature effects on the maximum quantum yield

The temperature effects on the maximum quantum yield (@) seemed to be
neglectable (P. minimum) or lead to a minor decrease with increasing temperature (P.
parvum and P. tricornutum) (Fig. 4). ®@psii max Were in the range of 0.6 to 0.75 and
lowest for P. minimum. PSH(D()zimax was lowest for P. parvum (0.06 to 0.13), but
within the same range for P. minimum and P. tricornutum (0.08 to 0.15),
respectively. The lower PSII(DOLmaX lead to a higher minimum quantum requirement
(QR, the inverse of the maximum quantum yield; 1/®,,x) for P. parvum than for the
two other species; 0.8 to 2.7 times higher than for P. minimum (1.9 £ 0.7 times, mean
+ S.D.) and 1.7 to 3.1 times higher than for P. tricornutum (2.2 + 0.5 times, mean +
S.D.). The QR for P. minimum and P. tricornutum was similar.

The calculated ™"® 14C_max Was lower than PSHCIDOZ_maX for P. minimum, however,
slightly higher for the two other species, in contradiction to established theory. We
have no obvious explanation for this other than it is likely that OLC|4C was
overestimated because of few measuring points and high scatter within the light
limited part of the P-E curve, which would lead to an overestimation of ®4c max.

Data for @4¢c max are not shown.
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DISCUSSION

The relationship between P-E parameters calculated from rates of O,-production,
Dpgyr and (C-assimilation was investigated as a function of short-term changes in
temperature. The results demonstrated that PCmax increased and o was more or less
insensitive to increasing temperature for all of the three species, as typical for most
eukaryote algae (Davison 1991). Generally, this is not surprising as o represents
light-limited photosynthesis and, as such, primarily is a function of photochemical
light reactions (not enzyme dependent) and P, describes the light-saturated
processes of photosynthesis and appears to be limited by enzyme activity associated
with the carbon metabolism of the dark reactions (assuming excess nutrients)

(Davison 1991, Sakshaug et al. 1997).

Temperature effects on Pcmgx

The relative values for P 14c_max tended to increase more with temperature than
Pcozimax indicating a slightly stronger temperature response for '*C-assimilation than
for O,-production, most apparent for P. minimum (Fig. 2). This observation was
supported by the Qyo values (Table 2). Theoretically, this was expected as P4¢
expresses gross carbon uptake rates excluding respiratory activity (Sakshaug et al.
1997) whereas P, probably underestimated the gross O»-production rate, due to an
enhanced O,-consumption in the light compared to the dark, which P, did not
account for. Enhanced O, consumption in the light is well documented for in marine
microalgae, as both intercellular (photorespiration and mitochondrial activity) and
extracellular (e.g. bacterial metabolism) O»-consumption is stimulated by
photosynthesis (Weger et al. 1989, Lewitus and Kana 1995, Xue et al. 1996). All the
above processes are stimulated by temperature and hence will the discrepancy
between the dark and the light O,-consumption rate increase with increasing
temperature (Davison 1991, Morris and Kromkamp 2003). This can explain the
relatively stronger temperature response for p¢ 14C_max than for Pcozfmax, which will

be further enhanced if the temperature response (Q1¢) on the O,-consumption
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processes exceeds the response of photosynthesis, as found for benthic microphytes

(Hancke and Glud 2004).

The potential for photorespiration increase with increasing temperature, as the
affinity of Rubisco for O, is reduced relatively to the affinity for CO, with increase
temperature (Berry and Raison 1981). However, the importance of photorespiration
in microalgae might be suppressed by the occurrence of a CO, concentrating
mechanism (Lewitus and Kana 1995).

Although the maximum photosynthetic rate is related only to the number of
photosynthetic units (n) and the minimum turnover time for electrons (T); Ppax =0T

! (Dubinsky et al. 1986), the rate-limiting step of the photosynthetic pathway has
been widely debated (Sakshaug et al. 1997). The relative temperature response of
PCPSH _max followed the temperature response of the two other techniques. This
demonstrated that ®pg); from intact algae cells responded similarly to the rate of O,-
evolution and '*C-assimilation, to a short-term temperature change. This is consistent
with the hypothesis that the overall rate-limiting reaction for light-saturated
photosynthesis is carbon fixation rather than electron transport, as suggested by
Sukenik et al. (1987). For our data, this implies that ®pgy; as well as the O,-
production must be limited by carbon-fixing enzymes, i.e. the Rubisco-complex, and
stress that @pg;; and O,-production rates were not separated from the 1C-fixation
rate, as a function of short-term temperature changes. This is consistent with the
observation of a linear relationship between P® (chl a normalised rates of P€0,) and
ETR as function of temperature, for temperatures between 10 and 30°C (Morris and
Kromkamp 2003). However, their data deviated from linearity at the extremes of the

investigated temperature range (5 and 35°C).

For absolute values of the maximum photosynthetic rate, the relationship between
rates of O,-production and '*C-assimilation is known as the photosynthetic quotient,
PQ (Laws 1991). Calculating PQ as the ratio between Pcozﬂax and PC14C _max resulted
in values between 1.2 and 3.6 (average for all data = 1.8 £ 0.7), which is consistent

with a general PQ of ~1.4 (Laws 1991, Sakshaug et al. 1997). As mention above,
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Pcoz_max might be an underestimate of the gross O,-production rate. However, PC e
_max Mmay underestimate the gross carbon uptake, as 15 min incubations have shown
to result in higher carbon uptake rates than 60 min incubations, which are used in the
present study (Lewis and Smith 1983, Maclntyre et al. 2002). PQ tended to decrease
with increasing temperature for all of the three species (with a slope coefficient of —
0.03 to —0.05 (~ Qo of 0.81 to 0.90), data not shown) and showed thus to be
temperature sensitive. This could be explained by a more pronounced increase of
PC14C _max compared to Pcoz_max as seen from the Qo (Table 2). An alternative
explanation for the decrease of PQ with temperature, to a light enhanced O,
consumption, is a potential electron cost for N uptake with increasing temperature

(Laws 1991).

In this paper we quantified the PSII electron flow and calculated the absolute rate of

O,-production in PSII (umol Oy-(mg POC) "-h™") by combining ®pgy; (from PAM

measurements) with the bio-optically determined quanta absorbed in PSII, E;SH
(Genty et al. 1989, Johnsen et al., Hancke et al. submitted). The aim was to compare
absolute rates of calculated O,-production from PSII with measured rates of O,-
production and "*C-assimilation, where most studies relate only to relative rates of
PSII efficiency, e.g. relative ETR, due to the challenge of measuring the light
absorption in PSII. The results demonstrated a species-specific correlation between
the three methods with PSpgpy showing higher absolute values of PC,..x and o than
those determined from measured O,-production (Pcoz) and "*C-asssimilation (PC 14C)

in most cases (Fig. 3).

The absolute values of P<ps;; showed a species specific off-set compared to Py, and
P€4c, what might origin in the assumption of ' = 0.25 (Eq. 5) proving it wrong.
Assuming that ®pg); is accurately measured by the PAM technique, which is
reasonable (Hancke et al. submitted), the divergence between measured O,-

production and calculated O,-production (from PSII fluorescence) can only be
caused by two parameters; the absorption properties (g;sn) or the amount of O,

evolved per electron generated in PSII (I'). As we believe that g;su is a good
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measure of the PSII absorption (Falkowski and Raven 1997, Johnsen et al. 1997,
Johnsen and Sakshaug submitted) we suggest that the electrons needed per O,
evolved is the major source for the difference between measured and calculated rates
of Oy-production. (See Johnsen and Sakshaug (submitted) for a discussion on the
absorption by non-photosynthetic versus photosynthetic efficient pigments and the
relation to PSII and light-harvesting complexes).

The calculated 7"

D03 max for P. parvum was in the range of 0.06 to 0.13 (Fig. 4)
corresponding to a QR of 8.0 to 17.3 mol photons-(mol O, produced) . This is 1.1 to
2.5 times higher than the theoretical minimum (see below) and was on average 1.9
and 2.2 times higher than the QR for P. minimum and P. tricornutum, respectively.
For the two latter species the QR was in the range of 5.7 to 10.4 and 5.1 to 9.4,
respectively. As ®psyi max did not differ markedly between the three species, the
higher PSH(I)ozimaX for P. parvum (of 1.1 to 2.5 times) is likely the explanation for the
off-set of PCPS[[ compared to PC02 and PC14C for this species. The off-set was
apparently temperature insensitive, which is consistent with the above explanation

and is further supported by the equivalent Qo values of the three methods.

The theoretical maximum quantum yield for O, when calculated from total

absorption (5* , not the PSII-specific absorption) is 0.125 O, electron ' (equivalent to
a QR = 8 electrons O, ). To correct for light absorption by PSI and photo-protective

pigments we based the quantum yield calculation on the light absorption in PSII

(gpsn) only. Consequently, the theoretical maximum quantum yield must be between

0.125 and 0.25, and we propose that it can be calculated from Eq. 10:

l‘heoretical‘ps”d)mimx = 0.125-[_3 ] (10)

apsn

Applying this equation on our data gave theoretical maximum quantum yields for O,
in the range of 0.155 - 0.165, 0.141 - 0.157 and 0.151 - 0.170 mol O,-(mol photons)
for P. minimum, P. parvum and P. tricornutum, respectively (Fig. 4, small open

circles). The theoretical maximum quantum yield for O, was temperature insensitive,
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as E}ZSH (Table 4). The average of the corresponding theoretical minimum QR was
then 6.3 £0.2, 6.8 £ 0.2 and 6.3 + 0.3 for the three species, respectively.

Values for the QR for O,-production well higher than the theoretical minimum have
commonly been published (Myers 1980, e.g. Gilbert et al. 2000). For freshwater
phytoplankton Gilbert et al. (1996) found that absolute electron transport rates
obtained from PSII fluorescence tends to overestimate primary production rates of
'C-fixation. They ascribe the discrepancy to the package effect of pigments in
phytoplankton cells and to a non-carbon related electron flow, e.g. nitrogen fixation,
photorespiration and the Mehler reaction. They assumed a PSII:PSI ratio of 0.5 but
corrected the absorbance spectra for non-photosynthetic pigments according to
Schofield et al. (1997).

Dividing @psy; max With PS”(DOZ_maX yield the exact amount of electrons generated in
PSII needed to produce one O, molecule. However, since ®psjj max and PSHCIDOLmax
were measured in two different experimental set-ups, our data do not support such a
calculation. However, as @psyi max differed only little the result would follow the
trend of PSH(I)ozimax. The higher QR for P. parvum than for P. minimum and P.
tricornutum would influence both P, and o. The temperature effect on @,y is

discussed below.

The lower quantum yield for O,-production than the theoretical maximum can be
caused by several pathways of electron ’loss’ leading to the off-set between PCPSH
and P, e.g. cyclic electron transport is PSII, pseudo cyclic transport in the Mehler
reaction, and light dependent mitochondrial respiration (Flameling and Kromkamp
1998, Longstaff et al. 2002). Our data do not offer a separation between these
processes but it seems likely that cyclic electron transport around PSII or a Mehler-
type of reaction (where the O, produced at PSII is reduced again at PSI) could

contribute to the off-set.

Nutrient-enriched treatments have shown to lower the quantum requirement from ~ 8

to 5 (mol electrons absorbed per mol O;) in experiments with the marine macroalga
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Ulva lactuca (Chlorophyta, Davison 1991). In our experiments, all of the cultures
were grown in f/2 medium and hence we assumed that the nutrients were not limited

and that no reduction of the quantum yield was caused by this reason.

Temperature acclimation of light-harvesting properties in form of pigment

complexes involves adjustment in both number and ratio of several photosynthetic
pigments (Johnsen and Sakshaug submitted). However, it is unlikely that the light-
harvesting properties changed in our short-term temperature incubations, as all the

cultures were grown at a constant temperature (15°C) and irradiance regime (80
umol photons-m s ™"). Besides, either a or apsu showed any correlation with

temperature nor did the relationship between them. Additionally, g;su exclude the
absorption by PSI and photo-protective pigments (Johnsen et al. 1997, Hancke et al.
submitted) hence a potential acclimation changing the absorption properties of these

components would not influence the rate of PCPSH.

Temperature effects on oF and Ey

The relative and absolute values of o“ showed an analogous response to a short-term
temperature change and demonstrated to be insensitive (P. minimum) or slightly
decreasing (P. parvum and P. tricornutum) with increasing temperature. This was
tested using a statistical test of covariance (Table 3). As the slope of o as a function
of temperature were similar for the three methods and the interaction of temperature
x method was non-significant (p = 0.5 — 0.96) we concluded that the temperature
response for the three methods was the same, for all three species. This is visually
evident as seen from the plot of the relative values, as normalised at 5 °C (Fig. 2d-).
The absolute values of 0.° demonstrated an off-set of Occpsn compared to O(Coz and

0 4c which was constant for the entire temperature range, arguing for a linear
temperature-insensitive relationship between rates obtained from the three methods,
in the light limited part of the P-E curve. The off-set of (xcpsn was similar to the off-
set of PCPSH_max and we hence conclude that the off-set was general for the ®pgy

based O,-production rates (PCPSH), for the entire irradiance range.
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A linear off-set of P<pgyy compared to P argues for a linear relation between the
PSII electron transport and the measured O,-production, however, our experimental
setup did not support a direct comparison, as PSpsi and PCq, were measured at
different irradiance levels (but within the same range). However, in a previous study
we found a linear relationship between PCPSH and Pc02 (as well for ®pgy and PSH(I)OZ)
for the same species when measured simultaneously in the same incubation chamber,

under equivalent growth conditions (Geel et al. 1997).

A linear relation between PCPSU and PC02 aligns with Geel et al. (1986) who also
found a linear relation between PSII electron transport rates and O,-production rates
at light-limited conditions in several marine phytoplankton species including P.
tricornutum. The relation between electron transport rate (ETR) and photosynthetic
oxygen evolution has been investigated in a range of studies. Although the
investigations were conducted under a variety of experimental conditions, an
overweight of these studies describe a linear relationship between O,-production and
®pgp; under moderate irradiances (e.g. Genty et al. 1989, Schreiber et al. 1995, Geel
et al. 1997). Non-linear or curvilinear correlations is described at high irradiance
conditions (Falkowski et al. 1986, Flameling and Kromkamp 1998, Masojidek et al.
2001), with an excess of electron transport compared to O,-production, or at very
low irradiance presumably due to light-enhanced dark respiration (Kroon et al.
1993). A close coupling between the quantum yield for O,-production and of charge
separation in PSII, but not between the quantum yield for O,-production and "*C-
fixation has also been reported (Maclntyre et al. 2002). For the deviations,
explanations such as spectral difference in PAR source, changes in O,-consumption
in the light, cyclic electron transport around PSII and Mehler-type reactions have

been proposed.
The slight decrease of o with temperature for P. tricornutum could be explained by

an apparent decrease of the chl a to C ratio, as o (carbon-specific) often is

correlated with the chl a to C ratio, since light absorption is correlated with chl a .
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The chl a to C ratio for P. minimum and P. parvum was constant across the

temperature range (except for a drop at 30°C for P. parvum, Table 5).

A mathematical consequence of the similar off-set of PCPSH compared to P002 and
PC14C, for both PCmax and OLC, resulted in similar values for Ej for the three methods.
Hence, did Ej for the three applied methods respond in parallel across the entire
range of temperature, and we conclude that temperature responses on Ey can be
studied quantitatively by the PAM technique, applying the present procedure to
calculate O,-production rates from ®pgy;. This is in contrast to Gilbert et al. (2000),
who found that ®@pgy; based O,-production rates most often overestimated the
measured O,-production rates during light saturation, while the rates were similar
during light-limited photosynthesis. This led Gilbert et al. (2000) to conclude that
fluorescence-based Ex often showed a shift to higher irradiances compared to that of

O, based P-E curves, for the green alga Chlorella vulgaris.

Conclusions

e Both calculated and measured O,-production rates along with '*C-
assimilation rates showed the same relative response to a short-term
temperature change, for the three studied microalgae species. This implies
that the PAM technique analogous to O,-production and '*C-assimilation
measurements can be applied to study relative temperature responses of
photosynthesis versus irradiance relations.

e Absolute rates of calculated O,-production based on ®pg;; showed a species-
specific correlation and overestimated the measured O,-production rates of
~1 to 3 times during both light-limited (o) and light-saturated (P max)
photosynthesis. The off-set of the ®pgy; based measurements were due to a
lower quantum yield for O,-production than the theoretical maximum and
seemed to be insensitive to temperature. The lower quantum yield for O»-
production can possibly be ascribed to irradiance induced Mehler-type

reactions.
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e The maximum quantum yield for both PSII and O,-production decreased with
increasing temperature, the latter considerable stronger than the first.

o Opgyy obtained with the PAM technique in combination with bio-optical
determined light absorption in PSII can be used as a valuable tool for
studying temperature dependence of photo-physiological processes in

combination with O, and 14 studies.
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Fig. 1. Photosynthesis versus irradiance (P-E) curves measured by a-c) O,-microsensors
(P€02), d-f) calculated from ®ps;; (based on PAM measurements) in combination with
bio-optical measurements (PCPSH) and g-1) measured 14C-assimilation (PC14C), at 5°C
(filled symbols) and 20°C (open symbols), respectively. The study was conducted on
three unialgal cultures of P. minimum (left column), P. parvum (middle column) and P.

tricornutum (right column). Units for P<o; and PSpsy; are in pmol O,-(mg POC) “Lht!

and for PC|4C in wmol 14C‘(mg POC)-h.
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Fig. 2. Relative effect of temperature on the maximum photosynthetic rate (P, upper
panel), the maximum light utilization coefficient (0., middle panel), and the light
saturation index (Ek, lower panel) for P. minimum (left), P. parvum (middle) and P.
tricornutum (right). The photosynthetic parameters were calculated from rates of
measured O;-production (Pcoz, filled circles), ®pgy1 (Pcpsu, open diamonds), and .
assimilation (P 4c, grey triangles). All parameters were normalised to 1.0 at 5 °C. All

cultures were grown at 15°C and 80 umol photons-m *-s .
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Fig. 3. Effect of temperature on the absolute values for the maximum photosynthetic
rate (P ay, upper panel), the maximum light utilization coefficient (0, middle), and the
light saturation index (Ex, lower panel) for P. minimum (left), P. parvum (middle) and
P. tricornutum (right). Calculation of photosynthetic parameters and growth conditions

as in Fig. 2.
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Fig. 4. Maximum quantum yield for O, (PS"(IDOZ_maX, filled circles) and PSII (®psi1_maxs

open diamonds) as function of temperature for (a) P. minimum, (b) P. parvum and (c) P.

tricornutum. PSII(DozimaX was calculated based on the light absorption in PSII (gpsn) and
similar was the theoretical maximum quantum yield for O, production (small open

circles), which was calculated for each temperature (Eq. 9, details in text).
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% Present address: Trondhjem Biological Station, Norwegian University of Science and Technology, 7491 Trondheim, Norway

ABSTRACT: Short-term temperature effects on respiration and photosynthesis were investigated in
intact diatom-dominated benthic communities, collected at 2 temperate and 1 high-arctic subtidal
sites. Areal rates of total (TOE) and diffusive (DOE) O, exchange were determined from O,-microsen-
sor measurements in intact sediment cores in the temperature range from 0 to 24°C in darkness and
at 140 pmol photons m™2 s7!. In darkness, the O, consumption increased exponentially with increas-
ing temperature for both TOE and DOE, and no optimum temperature was observed within the
applied temperature range. Qo was calculated from the linear slope in Arrhenius plots and ranged
between 1.7 and 3.3 at the respective sites. The volume-specific rate (Rgark vo1) SOlely representing the
biological temperature response was somewhat stronger, with Qy, values of 2.6 to 5.2. The Qy, values
were overall not correlated to the in situ water temperature or geographical position. Accordingly, no
difference in the temperature acclimation or adaptation strategy of the microbial community was
observed. Slurred oxic sediment samples showed a Qo of 1.7 and were, hence, lower than estimates
based on intact sediment core measurements. This can be ascribed to changes in physical and biolog-
ical controls during resuspension. Gross photosynthesis was measured with the light-dark shift
method at the 2 temperate sites. Both areal (Py;oss) and volumetric (Pyossvo1) Tates increased with tem-
perature to an optimum temperature at 12 and 15°C, with a Qyq for Py of 2.2 and 2.6 for the 2 sites,
respectively. The gross photosynthesis response could be categorised as psychrotrophic for both sites
and no temperature adaptation was observed between the 2 sites. Our measurements document that
temperature stimulates heterotrophic activity more than gross photosynthesis, and that the benthic
communities gradually become heterotrophic with increasing temperature. This has implications for
C-cycling in shallow water communities experiencing seasonal and diel temperature fluctuations.

KEY WORDS: Temperature - Adaptation - Benthic microphytes - Photosynthesis - Respiration - Q -
Microelectrodes - Oxygen
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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-

*Email: kasper.hancke@bio.ntnu.no

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

© Inter-Research 2004 - www.int-res.com
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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 & Jorgensen 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 Q 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 Qo values have been reported for
benthic sulphate reduction in Antarctic sediments
compared to measurements performed at temperate
latitudes (Isaksen & Jorgensen 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

78°15'N 15°42'E

Adventfjord, Svalbard

-4

63°35' N 10° 38'E

Niva Bay, Denmark
55°56'N 12° 34'E

Fig. 1. Map including the sampling sites, Niva Bay, Denmark,
the Trondheimsfjord, Norway, and the Adventfjord, Sval-
bard, Norway

Trondheimsfjord, Norway

intact benthic communities exist, both performed in
hyper-saline mat systems (Epping & Kiihl 2000,
Wieland & Kiihl 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 & Jergensen 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 O, penetration depth (Epping & Jergensen
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 O, microsensors allows a detailed
and unconfounded evaluation of the biological temper-
ature effects on both photosynthesis and respiration
with a high spatial resolution (Revsbech & Jorgensen
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 O, 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 (Niva 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 nm 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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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

irradiance at month of sampling shown in parentheses
‘Measured across a 30 d interval
dSampled beneath 40 to 50 cm of sea ice cover

Parameter/site Niva Bay Trondheimsfjord Adventfjord
(Denmark) (Norway) (Svalbard, Norway)
Time of sampling February 2001 March 2002 May 2000¢
Temperature (°C)* 2.5+ 1.3 (0-30) 4.2+0.7 (0-18) -1.6+0.2(-1.8-7.0)
Irradiance (pmol photons m=2 s71)P 68 + 46 (380) 35+ 20 (83) 46 + 35 (195)
Salinity (%o)° 18+ 7 29+3 34+0.4
Water depth (m) 04+0.2 3.0+1.5 1.3+0.6
Chlorophyll a (mg m™2) 229+6.5(n=4) 23.8+£5.6 (n=10) 2707 (n=4)

%In situ temperature at day of sampling, annual temperature range shown in parentheses
PAverage incident irradiance (during light hours) measured on sediment surface at day of sampling; maximum measured

Sediment porosity (¢) 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 O, concentration gradient measured
immediately above and below the sediment surface
(Glud et al. 1995, Epping & Jergensen 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 Niva 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 pmol pho-
tons m2 s7!, 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 Niva 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 pm 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 O, micro-
electrodes with a guard cathode (Revsbech 1989). Total
oxygen exchange (TOE) rates were measured using
electrodes with external tip diameters of ~1000 pm,
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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 O, micro-

electrode and stirring magnet. (b) Close-up of the upper sediment core open to the surrounding water, with a positioned O,
microelectrode for measuring O, microprofiles

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 pm, 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 O,, 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 & Jorgensen 1986).

Total oxygen exchange measurements. TOE rates
were calculated from the change in the O, concentra-
tion of the overlying water, accounting for the enclosed
water volume (Fig. 2a). Net O, consumption by the
benthic community was apparent from a decrease in
the O, concentration, while net production was seen as
an increase in O, 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 pmol
photons m™ s™! 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 O,
between the sediment and the water (J,;,) as calculated
from steady-state O, 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) (Jergensen & 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 pm. The
thickness of the oxic zone (O,-pd) was directly deter-
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mined from the measured profiles accounting for the
observed thickness of DBL. The sediment dark respira-
tion (Ryarx) Was estimated as the flux of O, into the sed-
iment (-J,p) from the overlying water (Eq. 1 in Fig. 3a).
The average specific sediment respiration (Rgarkvol)
defined as the integrated average volumetric respira-
tion of the oxic zone, was calculated by dividing Rgax
with O,-pd (Eq. 2 in Fig. 3a).

Net photosynthesis (P,) in light equalled the flux of O,
out of the sediment (J,,) towards the overlying water
(Eq. 6 in Fig. 3b). The specific net photosynthesis of the
production zone (P, ,,) was calculated as the total flux of
O, out of the production zone, i.e. the sum of the flux to
the overlying water (J,p) and the downward flux to the
non-production zone (Jyoun) (Eq. 7 in
Fig. 3b) divided by the thickness of the
production zone (Eq. 8 in Fig. 3b) (Glud

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

Dy = ¢-D, 9)

Table 2. Definition of abbreviations

et al. 1992, Kiihl et al. 1996). Jyown Was
determined from the turning tangent to

Abbreviation

Definition

the O, profile at the boundary between DBL
the production and the non-production

" - TOE
zones. The production zone was defined

as the upper oxic zone delimited down- DOE
ward by the horizon of the compensation

point, i.e. where the gross O, production C(2)
equalled the O, consumption at incident D,
surface irradiance of 140 pmol photons D,
m~2s7! (Fig. 3b). The production zone is

not identical to the photic sediment zone; depthyeq
however, in the present study the actual depthypoq

production zone is in focus. The light E,
attenuation within the investigated
sediments was not determined but sup-
posed similar to the light attenuation J

Jaown

—
measured by Kiihl & Jergensen (1994) in de . (DpOE)
similar coastal sandy sediments. The Riurivor

non-production zone was defined as the
oxic zone beneath the production zone.

In addition to Rgak and Ryarkvor the
specific respiration of the separated

R(lark,vol,prod

Rdark,vol,npmd

production and non-production zones P, (DOE)
was calculated. The specific dark res-

piration rate of the production zone Pyvol
(Raark vor,proa) Was calculated as the O,

flux into the production zone (-J,) Pyross
minus the O, flux down to the non-

production zone (Jgown), accounting for Pyross,vol
the thickness of the production zone P

(Eq. 4 in Fig. 3a). Consequently, the

dark respiration rate of the non-pro- O,-pd

duction zone (Ryarkvolnproa) Was calcu-
lated as the downward flux to the
non-production zone (Jyown) account-
ing for the thickness of the oxic non-

“The production zone was defined as the upper 1.0 to 1.2 mm of the sediment
having a net O, production in light

PThe 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 [O,] > 1 nmol O, cm™3

Diffusive boundary layer

Total oxygen exchange
(whole core consumption/production rates)

Diffusive oxygen exchange
(diffusive consumption/production rates)

Oxygen concentration at depth z (nmol cm™)

Molecular diffusion coefficient of oxygen in water (cm? s™)
Effective diffusion coefficient of oxygen in sediment
(cm?s7Y)

Thickness of production zone

Thickness of non-production zone

Apparent activation energy (kJ mol™!)

Flux of O, from the production zone to the non-production
zone (nmol O, cm™2s7Y)

Flux of O, across the DBL (nmol O, cm™2s7!)

Areal sediment respiration in darkness (nmol O, cm™2s7')
Specific sediment respiration in darkness (nmol O, cm™ s71)

Specific respiration of the production zone® in darkness
(nmol O, cm™3 s71)

Specific respiration of the non-production zone in darkness
(nmol O, cm™3s71)

Areal net photosynthesis of the sediment in light

(nmol O, cm™2s71)

Specific net photosynthesis of the production zone
(nmol O, cm™3s71)

Areal gross photosynthesis of the production zone
(nmol O, cm 2571

Volumetric gross photosynthesis (nmol O, cm™3 s71)

Volumetric gross photosynthesis at depth z
(nmol O, cm™3s7!)

Oxygen penetration depth in the sediment

production zone (Eq. 5 in Fig. 3a). The
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Diffusive O exchange calculations

a 4
Dark: — LB B L
dc)
Ry = —Jop = -D, —2- (1)
dark up o Ny
dz =
-J é- Non-prod
Rdarkvol = = (2) S @ zone_
= [
Jgoun = D, 9CE) ® ©f o
dz g
J )+d o
Rdark.vo\,prod = up—down (4)
depth,,
J —
R - down (5)
Fig. 3. Egs. (1) to (8) for calculat- dark,volnprod depthnprod

ing diffusive O, consumption
and production rates from
steady-state O, concentration
profiles in (a) darkness and (b)
light, respectively. See Table 2
for definition of abbreviations.
For calculations performed in
the DBL, D, was applied, but for
calculations in the sediment, D, Pn = Jup = Ds M
was replaced by Ds (see text). dz
The DBL and the production
and the non-production zones Jdown = DS ﬂ
of the sediment are shown in dz
each panel. All flux measure-
ments were performed under p Jup+ Jdown
steady-state conditions and cal- depth
culations were based on Fick's
1st law of diffusion. Inspired by

Kiihl et al. (1996)

prod

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 O, production from
the initial decrease of O, after a sudden eclipse of
light (Revsbech & Jorgensen 1983, Glud et al. 1992).
The O, 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 (Py,s). In this
approach, an electrode sensor tip was placed at the
very surface of the sediment and then moved down-

0, conc C(z)

Production zone

Non-prod,
zone

Depth (z)

3
O, penetration depth

ward in steps of 100 pm. 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, Kiihl 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 (Pyross vo1)-
In this approach, the microsensor tip was carefully
placed at the given position, and subsequently tem-
perature was changed <6°C h™! while performing
light-dark shifts every 10 to 20 min. Py, rates were
calculated using Fick's second law of diffusion simpli-
fied according to Revsbech et al. (1986):
dC(z,t)

PO ="

(10)

The gross O, production P(z) equals the initial linear
decrease of the O, concentration C(zt) at a specific
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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 1"!) in seawater from the sam-
pling site. The boundaries of the production and the
oxic zones were determined from O, 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 O, 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 O, 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 O, concentration change
of 10 to 30 %.

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

In(k) = In(A) + [-E.(RT) ] (11)

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

Qi = exp|E, - 10[RT(T + 10)] "} (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 Qo values be-
tween sites, as the rate X 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 O, exchange rates

TOE rates were measured in darkness and at
140 pmol photons m™2 s7! as a function of temperature
(Fig. 4). The negative TOE rates in darkness reflect
sediment O, consumption (influx of O,), whereas the
positive TOE rates in light reflect net O, production
(efflux of O,). In darkness, the O, 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, Q1g(o-10°c) values
were calculated from the apparent E, based on the lin-
ear slope of the Arrhenius plots (Fig. 4d). The calcu-
lated Q( values for the dark-incubated cores were 3.3,
2.4 and 2.4 for Niva Bay, the Trondheimsfjord, and the
Adventfjord, respectively. E, + SE and Q, 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 Q¢ values for TOE in light were 1.7, 2.4 and 1.5 for
Niva Bay, the Trondheimsfjord, and the Adventfjord,
respectively (Fig. 4e, Table 3).

For TOE in the dark, no significant difference of the
Qo 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
E, for Niva Bay was higher than for the 2 other sites.
For TOE in light, there was no significant difference of
the Qo 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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Fig. 4. Areal rates of total oxygen exchange (TOE) as a function of temperature, measured from whole core incubations in

darkness and at 140 pmol photons m™2 57!

in (a) Niva Bay, (b) the Trondheimsfjord and (c) the Adventfjord. Negative values indi-

cate net O, consumption and positive values net O, production. Rates from each site were plotted in Arrhenius plots in (d) dark-
ness and (e) light. The activation energy (E, + SE; kJ mol™!) was calculated from the initial linear fit (d, e), labelled N (Niva Bay),
T (Trondheimsfjord) and A (Adventfjord). Corresponding Qy, values are shown in Table 3

approach confounded by changes in the O, 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 O, exchange rates in darkness

With increasing temperature, the O, 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 O, 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 O,-pd
decreased (Fig. 5). The Qo(o-10°c) values for DOE in dark-
ness were 2.2, 1.7 and 2.4 for Niva Bay, Trondheimsfjord

and Adventfjord, respectively (E, = SE and Qy, are pre-
sented in Fig. 5d & Table 3), and were not significantly
different between the 3 sites (p = 0.19). The Qo 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 Qy, values for the au-
totrophic activity compared to the heterotrophic activity.
Qy for O,-pd were 0.42, 0.64 and 0.73 for Niva Bay, the
Trondheimsfjord and the Adventfjord, respectively (Fig.
5e, Table 3). The decrease in O,-pd with decreasing tem-
perature led to a lower volume of oxic sediment. The
specific respiration rates (Ryask vo1) (for method see Fig. 3)
were thereby strongly stimulated by increasing temper-
ature, with Q;, values of 5.2, 2.6 and 3.2 for Niva Bay, the
Trondheimsfjord and the Adventfjord, respectively (E, +
SE and Qyare presented in Fig. 5f & Table 3). However,
the Qy for Niva 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



Hancke & Glud: Temperature responses of benthic microphyte communities 273

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. Maclntyre & Cullen 1995,
Epping & Jergensen 1996). Based on measured O, pro-
files in darkness, specific consumption rates were cal-
culated for each zone, as Ryarkvol,prod @0d Ryark vol,nprods
respectively. The O, consumption rates were overall
higher (1 to 6 times) for the production zone than for
the non-production zone (Fig. 6). However, the Qy
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 Qo response in Niva
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 (Pyross) (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 Niva
Bay and the Trondheimsfjord.

Pyross Tates 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 P, rate showed a
linear response with increasing temperature from 0°C
to the optimum temperature (Tp) at 12°C, with a Qy
value of 3.1 (Fig. 8d, Table 3). The Py o1 Tate, based
on point measurements, showed a response similar to
Pyross Obtained both in the Trondheimsfjord and in Niva
Bay. For the Trondheimsfjord, T,, was 12°C and Qo
for Pyrossvor Was 2.6 (Fig. 8b,d, Qo and E, in Table 3).
For Nivd Bay, T,y was 15°C and @ 2.2 (Fig. 8a,c, Qo
and E, in Table 3). Conclusively, the point measure-
ments confirmed the same trend as the depth-inte-
grated approach.

Table 3. @ values (upper values) of respiration, net production
and gross photosynthesis, calculated from the activation ener-
gies (E,) (lower values) from Figs. 4, 5, 8 & 9. E, = SE (kJ mol™!) is
given below the Qi n is number of regression points

Niva Bay Trondheimsfjord Adventfjord
Darkness
TOE 3.3 (n=6) 24 mn=15) 24 n=235)
75.9 £ 6.6 55.6 £4.5 552 %52
DOE (Rjarx) 2.2 (n=06) 1.7(n=12) 24 (n=25)
50.0 = 10 33.5+£6.2 56.0 £ 12
O,-pd 042 (n=6) 0.64 (n=12) 0.73 (n=5)
-55.9+34 -27.1+49 -20.0x 7.3
Raarkvol 52 (n=6) 2.6 (n=12) 32(n=295)
105+ 13 61.8 + 10 75.0 £ 17
Slurry - 17n=7) -
respiration 357+9.3
Light
TOE 1.7 (n=3) 24m=7) 1.5n=2)
35.6 +49 56.1+7.5 26.5
DOE (P,) 14 (n=3) 22n=4) 1.6 (n=15)
23.5+7.3 50.2 + 11 31.1+13
O,-pd 0.78 (n =4) 0.82 (n=4) 0.78 (n = 5)
-16.0 + 12 -12.4+£3.3 -15.7+6.4
Pyvol 1.5n=3) 21 (n=4) 1.6 (n=195)
246 2.2 46.3 £ 11 30.4£6.8
Pyross _ 3.1 (n=4) _
736+ 11
Pyross,vol 2.2 (n=10) 26 (n=13) _
50.9 £ 7.0 62.5+11

Diffusive O, exchange rates in light

The net photosynthetic rate integrates the gross O,
production (production zone) and the O, consumption
(in light) of the entire oxic zone. Net photosynthetic
rates (P,) were calculated from O, microprofiles in light
(140 pmol m=2 s7!) (Fig. 9a-c). The light-induced
response was highest in Niva Bay and lowest in the
Adventfjord, reflecting the microphytic biomass at the
respective sites. Generally, the O, concentration and
the O,-pd of the benthic community decreased with
increasing temperature. Calculated rates of P,
increased continuously with temperature from 0°C to
T,p at all sites (Fig. 9d). Rates for Niva Bay and the
Trondheimsfjord showed a subsequent decrease above
Topr Which was 12°C for the Trondheimsfjord and the
Adventfjord and 15°C for Niva Bay. Calculated Q;, val-
ues for P,, derived from the Arrhenius plot, were 1.4,
2.2 and 1.6 for Niva Bay, the Trondheimsfjord and the
Adventfjord, respectively (E, in Fig. 9d, including Qo
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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Fig. 5. Steady-state O, microprofiles in intact sediment cores in darkness at various temperatures (-1 to 24°C) from (a) Niva Bay,

(b) the Trondheimsfjord and (c) the Adventfjord. Arrhenius plots of (d) diffusive O, consumption (Ry.;) 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 (E, + SE; kJ mol!) are included (d-f), labelled N (Niva Bay), T (Trondheimsfjord) and A (Adventfjord).
Corresponding Qy, values are shown in Table 3

Table 4. Q,, values (upper values) of the production and non- O,-pd decreased with increasing temperature for
production zone-specific respiration based on the activation all 3 sites (Fig. 9e), and calculated values of @, were

energies (E,) (lower values) calculated from intact sediment . - . .
cores and slurry samples in darkness (Figs. 6 & 10). E, + SE 0.78, 0.82 and 0.78 in Niva Bay, the Trondheimsfjord

(kJ mol™) is given below the Qjo, n is number of regression and the Adventfjord, respectively (Table 3). Conclu-
points sively, O,-pd in the light showed a similar tempera-
ture response as in darkness but with Qo values
Nivé Bay Trondheimsfjord Adventfjord closer to 1.0.
The specific net photosynthesis (P, o) integrates the
Intact sediment core respiration sum of the gross O, production and the O, consump-
Prod. zone 35Mm=6) 22(Mn=12) 3.5(n=295)

80.5 + 19 495 + 11 81.4 + 20 tion (in light) in the production zone. The P,,, rates

Non-prod. zone 6.1 (n=6) 2.4 (n=12) 21 (n=5) generally showed the same trend as P, but with higher

116 + 8.9 56.1 + 11 46.6 + 13 rates (Fig. 9f). The @ of P,,, was 1.5, 2.1 and 1.6 for

Niva Bay, the Trondheimsfjord and the Adventfjord,

Prod. zone 1.9(n=6) respectively (Table 3), and there was no significant dif-

- 42.0 + 10 - ference between the sites (p = 0.34). The P,,, data

1.6 (n=5) indicate that the temperature response of the produc-

31.0+94 tion zone was similar to the entire oxic zone of the
sediment exposed to light.

Slurred sample respiration

Non-prod. zone
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Fig. 6. Arrhenius plot of production and non-production zone. O, consumption rates in darkness as function of temperature for

(a) Niva Bay, (b) the Trondheimsfjord and (c) the Adventfjord. Specific respiration rates for the separated zones are calculated

from oxygen profiles. Lines represent linear fits and activation energies (E,) are included. Corresponding Q,, valuesare shown in
Table 4

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 O, consumption rates,
which mainly have been conducted on slurred samples.
Oxygen consumption of the entire oxic zone increased
with temperature from 0°C to T, at 21°C followed by a
decrease, and Qo 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 T 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 Ty Qio(s-16°c) for the initial O,
consumption increase (6 to 18°C) was 1.9 and 1.6 for the
production and non-production zones, respectively
(Fig. 10b, Table 4). Q( of the sediment slurries showed a
generally weaker temperature response than the R,k vol
rates for intact sediment cores. The higher T, 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 Qy, value,
however, was not significantly different for the 2 zones.

Gross O, production (nmol cm= s7)

0 1 2 3 4 5
-0.2 T T T T 1
00 Sediment surface
009.-356' go‘c._ ,1‘800 1200
02 . '
’g o
£ o044
£
2 0°C
o6 e 3C
PR 6OC
—12°C
0.8+ -=--18°C

1.04

Fig. 7. Gross O, production profiles as a function of tempera-

ture in the Trondheimsfjord. Areal rates of gross photosynthe-

sis were calculated from the integrated area of each profile
(Fig. 8)

DISCUSSION
Heterotrophic temperature response
Despite differences in water temperature and geo-

graphical position, the Q, for the short-term tempera-
ture response of the dark respiration showed no signif-
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Fig. 8. Gross photosynthesis rates as a function of temperature in (a) Niva Bay and (b) the Trondheimsfjord. Closed symbols indicate

volumetric spot measurements, whereas open symbols represent depth-integrated areal gross photosynthesis rates (note different

y-axis scales). (#) Separate data set obtained data divided by 4. Arrhenius plots of the rates shown in (a) and (b) are presented in
(c) and (d), respectively. Activation energies (E, + SE; kJ mol™!) are included: corresponding Qy, values are shown in Table 3

icant difference (p > 0.05) between the 3 sites. This was
true for both TOE and DOE rates, with one exception
for TOE in Niva Bay showing a higher Qy, 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 Niva
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 Q;, values (Thamdrup & Fleischer
1998). However, a seasonal temperature acclimation
was observed for the temperate site, with Qg -1¢°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 Q, 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
Qio(2-12°c) of 1.5 and 3.0 to 3.9 for Antarctic and tem-
perate sediments, respectively (Isaksen & Jergensen
1996). However, E, in the range of 40 to 75 kJ mol™"
(corresponding to a Qio(o-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 Q;oon sulphate reduction rates.
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Qo for the area based dark heterotrophic response
varied from 1.7 to 3.3. Published Q,, values of areal
O, consumption rates from comparable experiments
range between 2.0 and 3.0 for subtidal and intertidal
sites (Duff & Teal 1965, Davis & Mclntire 1983). A
broader range of Qj, 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.

Qo 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 Qy, due to infaunal respiration. Q,
for fauna respiration is typically published to be ~2.5

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

The Q values for the specific rate (Rgarkvo) Were
higher than the area based values (2.6 to 5.2, Table 3).
As previously described, the Ry vor is corrected for the
O,-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 Qy, of 1.7
(E,=35.7 +£9.3) versus 2.6 (E, = 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 Q
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Fig. 9. Steady-state O, microprofiles in intact sediment cores at 140 pmol photons m™2 s™! at various temperatures (-1 to 24°C)

from (a) Niva Bay, (b) the Trondheimsfjord and (c) the Adventfjord. Arrhenius plots of (d) diffusive oxygen exchange (DOE)

equivalent to the areal net photosynthesis (P,), (e) the oxygen penetration depth and (f) the specific net photosynthesis of the

production zone (P, ) as a function of temperature are shown. Activation energies (E, = SE; kJ mol™!) are included, labelled
N (Niva Bay), T (Trondheimsfjord) and A (Adventfjord) (d-f). Corresponding Q,, values are shown in Table 3
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values from sediment O, 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, Pyoss and Pyrossvor increased
almost linearly until reaching T, 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, T, < 0°C, T,y <
15°C and Ty« < 20°C; for psychrotrophs, Ty, < 0°C,
Topt < 25°C and Tppex < 35°C; and for mesophiles, Top is

~251040°C and Ty, = 35 t0 45°C (Isaksen & Jorgensen
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 &
Jorgensen 1996, Thamdrup & Fleischer 1998). This
generally accepted scheme categorises the gross
photosynthetic response for both Niva 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 T, of 15 to
30°C (Colijn & van Buurt 1975, Rasmussen et al. 1983,
Blanchard et al. 1996).

In the literature, Q( 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 Qy, 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 Qi 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 C 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 Q;, values of 2.05 and 2.70 for gross
photosynthesis and respiration, respectively (Davis &
Mclntire 1983). The authors hypothesize that a high Q,
can be seen as a response to high water-temperature
variability and, hence, the authors ascribe the higher
Qo for the respiration to a more efficient acclimation of
heterotrophic compared to phototrophic organisms.
Similar observations have been made in temperate
planktonic communities (Lefévre 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 O, consumption in the dark (1.3) com-
pared to the gross photosynthesis (3.1) (Wieland & Kiihl
2000). The authors ascribed the low Q for respiration to
a limitation of the O, transport across the DBL at such
high temperatures (>40°C). However, the Q;, 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
amoderate irradiance (as for the present study), temper-
ature clearly increased the percentage of O, 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 & Kiihl (2000), correcting the areal rates for the
O,-pd, led to a Qy¢(25-35°c) for the volume-specific O, con-
sumption of 2.7. This 2-fold higher Q, for the specific
rate is in agreement with our study and supports that Qy,
values estimated from areal rates underestimate the mi-
crobial community temperature response.

All Q¢ values in the present study of O, consumption
were calculated from dark consumption rates. In light,
phototrophic as well as heterotrophic organisms con-
sume O,, and besides the metabolic respiration, ele-
vated O, 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%) O, consumption in light
compared to that in the dark, due to photorespiration
and associated processes (Glud et al. 1992, 1999,
Epping & Jorgensen 1996, Wieland & Kiihl 2000). The
present study does not allow for detailed calculation of
O, consumption in light, nor was it possible to calculate
the Q for the O, consumption in light from the data of
Wieland & Kiihl (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 & Jergensen 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 O, consump-
tion, as derived from the volume-specific O, consump-
tion rate (Rjarkvo) Showed higher Q;, values than de-
rived from areal flux measurements. Thus, Qg
calculated from areal rates of sediment O, consump-
tion will underestimate the Qo 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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Variation in space and time: The biology of a House
sparrow metapopulation

Variation in population dynamics and life history in a
Norwegian moose (Alces alces) population:
consequences of harvesting in a variable environment
Species delimitation and phylogenetic relationships
between the Sphagnum recurvum complex (Bryophyta):
genetic variation and phenotypic plasticity.

Metabolism of volatile organic chemicals (VOCs) in a
head liver S9 vial equilibration system in vitro.

Plant biodiversity and land use in subalpine grasslands. —
A conservtaion biological approach.

Encoding of pheromone information in two related moth
species

Behavioural and morphological characteristics in
Northern Tawny Owls Strix aluco: An intra- and
interspecific comparative approach

Genetic studies of evolutionary processes in various
populations of nonvascular plants (mosses, liverworts
and hornworts)

Vegetation dynamics following trampling and burning in
the outlying haylands at Sglendet, Central Norway.
Habitat selection, reproduction and survival in the
White-backed Woodpecker Dendrocopos leucotos

A study of driftwood dispersal to the Nordic Seas by
dendrochronology and wood anatomical analysis.
Muscle development and growth in early life stages of
the Atlantic cod (Gadus morhua L.) and Halibut
(Hippoglossus hippoglossus L.)

Bioenergetics in ecological and life history studies of
fishes.

Population genetic studies in three gadoid species: blue
whiting (Micromisistius poutassou), haddock
(Melanogrammus aeglefinus) and cod (Gradus morhua)
in the North-East Atlantic

The impact of environmental conditions of density
dependent performance in the boreal forest bryophytes
Dicranum majus, Hylocomium splendens, Plagiochila
asplenigides, Ptilium crista-castrensis and
Rhytidiadelphus lokeus.

Aspects of population genetics, behaviour and
performance of wild and farmed Atlantic salmon (Salmo
salar) revealed by molecular genetic techniques

The early regeneration process in protoplasts from
Brassica napus hypocotyls cultivated under various g-
forces

Mate choice, competition for mates, and conflicts of
interest in the Lekking Great Snipe

Modulation of glutamatergic neurotransmission related
to cognitive dysfunctions and Alzheimer’s disease
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Social evolution in monogamous families:

mate choice and conflicts over parental care in the
Bluethroat (Luscinia s. svecica)

Young Atlantic salmon (Salmo salar L.) and Brown trout
(Salmo trutta L.) inhabiting the deep pool habitat, with
special reference to their habitat use, habitat preferences
and competitive interactions

Host spesificity as parameter in estimates of arhrophod
species richness

Expressional and functional analyses of human,
secretory phospholipase A2

Microbial ecology in early stages of marine fish:
Development and evaluation of methods for microbial
management in intensive larviculture

The Cuckoo (Cuculus canorus) and its host: adaptions
and counteradaptions in a coevolutionary arms race
Methods for the microbial econtrol of live food used for
the rearing of marine fish larvae

Sexual segregation in the African elephant (Loxodonta
africana)

Seawater tolerance, migratory behaviour and growth of
Charr, (Salvelinus alpinus), with emphasis on the high
Arctic Dieset charr on Spitsbergen, Svalbard
Biochemical impacts of Cd, Cu and Zn on brown trout
(Salmo trutta) in two mining-contaminated rivers in
Central Norway

Maternal effects in fish: Implications for the evolution of
breeding time and egg size

Production and nutritional adaptation of the brine shrimp
Artemia sp. as live food organism for larvae of marine
cold water fish species

Lichen response to environmental changes in the
managed boreal forset systems

Male dimorphism and reproductive biology in corkwing
wrasse (Symphodus melops L.)

Coevolutionary adaptations in avian brood parasites and
their hosts

Spatio-temporal dynamics in Svalbard reindeer (Rangifer
tarandus platyrhynchus)

Exercise- and cold-induced asthma. Respiratory and
thermoregulatory responses

Dynamics of plant communities and populations in
boreal vegetation influenced by scything at Sglendet,
Central Norway

The function of scent marking in beaver (Castor fiber)

The Role and Regulation of Phospholipase A,in
Monocytes During Atherosclerosis Development
Dendrochronological constructions of Norwegian conifer
chronologies providing dating of historical material
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Functional analysis of plant idioblasts (Myrosin cells)
and their role in defense, development and growth
Effects of climatic change on the growth of dominating
tree species along major environmental gradients

The evolution of small GTP binding proteins in cellular
organisms. Studies of RAC GTPases in Arabidopsis
thaliana and

Causes and consequenses of individual variation in
fitness-related traits in house sparrows

Cultivation of herbs and medicinal plants in Norway —
Essential oil production and quality control
Behavioural effects of environmental pollution in
threespine stickleback Gasterosteus aculeatur L.
Assisted recovery of disturbed arctic and alpine
vegetation — an integrated approach

Reproductive strategies in Scandinavian brown bears

Population ecology, seasonal movement and habitat use
of the African buffalo (Syncerus caffer) in Chobe
National Park, Botswana

Olfactory receptor neurones specified for the same
odorants in three related Heliothine species (Helicoverpa
armigera, Helicoverpa assulta and Heliothis virescens)
Life history characteristics and genetic variation in an
expanding species, Pogonatum dentatum

Plant- and invertebrate-community responses to species
interaction and microclimatic gradients in alpine and
Artic environments

Sex roles and reproductive behaviour in gobies and
guppies: a female perspective

Environmental effects on lipid nutrition of farmed
Atlantic salmon (Salmo Salar L.) parr and smolt

A revision of Nereidinae (Polychaeta, Nereididae)

Natural and Experimental Tree Establishment in a
Fragmented Forest, Ambohitantely Forest Reserve,
Madagascar

Genetic, molecular and functional studies of RAC
GTPases and the WAVE-like regulatory protein complex
in Arabidopsis thaliana

Coastal heath vegetation on central Norway; recent past,
present state and future possibilities

Olfactory coding and olfactory learning of plant odours
in heliothine moths. An anatomical, physiological and
behavioural study of three related species (Heliothis
virescens, Helicoverpa armigera and Helicoverpa
assulta).
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Cytochrome P4501A (CYP1A) induction and DNA
adducts as biomarkers for organic pollution in the natural
environment

The Importance of Water Quality and Quantity in the
Tropical Ecosystems, Tanzania

Dynamics of Mountain Birch Treelines in the Scandes
Mountain Chain, and Effects of Climate Warming
Polygalacturonase-inhibiting protein (PGIP) in cultivated
strawberry (Fragaria x ananassa): characterisation and
induction of the gene following fruit infection by
Botrytis cinerea

Energy-Allocation in Avian Nestlings Facing Short-
Term Food Shortage

Metabolic profiling and species discrimination from
High-Resolution Magic Angle Spinning NMR analysis
of whole-cell samples

Dynamics of Genetic Polymorphisms

Life History strategies, mate choice, and parental
investment among Norwegians over a 300-year period
Functional characterisation of olfactory receptor neurone
types in heliothine moths

Studies on antifreeze proteins

Organochlorine pollutants in grey seal (Halichoerus
grypus) pups and their impact on plasma thyrid hormone
and vitamin A concentrations.

Motor control of the upper trapezius

Interactions between marine osmo- and phagotrophs in
different physicochemical environments

Implications of mate choice for the management of small
populations

Investigation of the biological activities and chemical
constituents of selected Echinops spp. growing in
Ethiopia

Salmonid fishes in a changing climate: The winter
challenge

Interactions between woody plants, elephants and other
browsers in the Chobe Riverfront, Botswana

The European whitefish Coregonus lavaretus (L.)
species complex: historical contingency and adaptive
radiation

Levels and effects of persistent organic pollutans (POPs)
in seabirds

Retinoids and 0-tocopherol — potential biomakers of
POPs in birds?

Life history consequences of environmental variation
along ecological gradients in northern ungulates
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Are the ubiquitous marine copepods limited by food or
predation? Experimental and field-based studies with
main focus on Calanus finmarchicus

Taxonomy and conservation status of some booted
eagles in south-east Asia

Conservation biology and acidification problems in the
breeding habitat of amphibians in Norway

Acesta Oophaga and Acesta Excavata — a study of
hidden biodiversity

Metal-mediated oxidative stress responses in brown trout
(Salmo trutta) from mining contaminated rivers in
Central Norway

Temporal and spatial effects of climate fluctuations on
population dynamics of vertebrates

Wildlife conservation and local land use conflicts in
western Serengeti, Corridor Tanzania

Reproductive decisions in the sex role reversed pipefish
Syngnathus typhle: when and how to invest in
reproduction

Female ornaments and reproductive biology in the
bluethroat

Selection and administration of probiotic bacteria to
marine fish larvae

Female coloration, egg carotenoids and reproductive
success: gobies as a model system

Metal binding proteins and antifreeze proteins in the
beetle Tenebrio molitor

- a study on possible competition for the semi-essential
amino acid cysteine






