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The periodic ozone hole over northern Scandinavia raises concern whether
increased ultraviolet radiation (UVR) will adversely affect primary production in
Norwegian kelp forests. Quantitative predictions of UVR effects on kelp forest
production require knowledge of spectral sunlight, its attenuation in marine
waters, and the formulation of a high-resolution biological weighting function
(BWF) that reflects the wavelength dependency of UV photoinhibition. A full
spectrum irradiance model is presented which describes the temporal and spectral
character of underwater light in a Laminaria hyperborea kelp forest at Finney,
Norway (62.8° N, 6.5° E). The measurement-validated irradiance model was
formulated based on a solar radiation transfer model, measured attenuation
coefficients at the kelp forest, and astronomical and simulated tides. The least

canopy exposure to UVR occurred when spring high waters coincided with solar
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noon, and the greatest UVR exposure occurred during neap low waters at noon.
Tides altered daily photosynthetically active radiation (PAR) available for
photosynthesis by < 9% whereas overcast skies reduced PAR by as much as 70%.
The irradiance model was then combined with a BWF to produce a daylight- and
depth-integrated production model. BWFs were determined experimentally for L.
hyperborea collected from high light (0 m) and low light (10 m) environments.
Photosynthetic oxygen evolution and carbon fixation were measured concurrently
employing two emerging procedures: a fiber-optic optode system for measuring
dissolved oxygen and stable isotope ('°C) labeling of tissue C-uptake. The final
production model was tested under different ozone depletion, tide, and cloud
cover scenarios. Model simulations demonstrate that ozone depletion will have
negligible impact on kelp forest production. Coastal waters shield the subtidal
population from UVR, that is biologically effective UVR only penetrates < 3 m,
even when low neap tides occurs at noon. Clouds vary daily production up to
20%, which suggests that available PAR primarily determines production in the

kelp forest.
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Chapter 1: A Conceptual Model of Kelp Production

STRATOSPHERIC OZONE DEPLETION

A significant challenge to scientists of the 21 century is to understand and
address issues of global climate change. Molina and Rowland (1974) discovered
that chemically inert chlorofluorocarbon gases released into the atmosphere
would break down photochemically in the stratosphere and begin a chain reaction
of ozone destruction. Since then, seasonal ozone depletion events, especially
significant over the Antarctic continent and the Arctic polar sea, have been
measured with ground instruments and ozone mapping satellites. Models
demonstrate that, paradoxically, global warming cools temperatures and increases
water vapor in the stratosphere, conditions that facilitate ozone destruction
(Danilin et al. 1998; Shindell et al. 1998; Kirk-Davidoff et al. 1999). As a result,
even though emission of chlorofluorocarbons and other ozone depleting gases are
expected to decrease after 2000, ozone losses in the Northern Hemisphere are
expected to be greatest between 2010 and 2020, with column ozone
concentrations of < 150 D.U., approximately a 68% decrease since 1980 (Shindell
et al. 1998). Due to the optical properties of ozone, reduction in the stratosphere
shifts the spectral distribution of sunlight to include shorter wavelengths of
ultraviolet-B radiation (UVB, 320 — 280 nm) that reaches the Earth’s surface.
Consequently, marine organisms are potentially exposed to greater levels of

biologically harmful ultraviolet radiation (UVR).



Ultraviolet radiation disrupts several biological processes in marine
organisms. When absorbed, short-wavelength, high-energy UVB photons damage
nucleic acids, such as DNA, and cellular proteins. Consequences extend
throughout the marine community with losses in production from bacteria and
viruses, to phytoplankton and macrophytes, and to pelagic and benthic organisms
at higher trophic levels (for review: Hider ef al. 1995; Héder et al. 1998; Jeffrey
et al. 2000; Vernet 2000; Zagarese 2000). In particular to phototrophs, UVR
disrupts unprotected photosystems and carbon fixing enzymes.

Unlike vertically mixed phytoplankton communities, seaweeds are
attached at their growth site, thereby permanently restricting them to specific light
habitats and radiant UV exposure. Macroalgae therefore adapt physiologically to
the prevailing light regime at their attachment depth (Liining 1979; Bischof et al.
1998; Hanelt 1998). Increased particulate and dissolved matter in coastal waters
attenuates UVR more rapidly than photosynthetically active radiation (PAR, 400
— 700 nm) (Smith and Baker 1979; Gibson et al. 2000). Seaweeds in the intertidal
and upper subtidal receive saturating PAR irradiance, but production is potentially
constrained by greater UVR exposure. Algae deeper in the water column receive
shorter periods of saturating PAR but are less UVR inhibited than near-surface
algae.

Algal production is thus depth dependent and reflects both stimulating and
inhibiting functions of full spectrum solar irradiance. Kelp (Laminariales,
Phaeophyta) dominate seaweed communities from temperate to polar coasts, often

forming extensive beds or ‘forests’ which extend down a depth gradient. The



question whether UVR affects kelp has been addressed experimentally using
artificial sunlamp and/or natural sunlight and using a variety of different measures
of production, including growth (Wood 1987; Aguilera ef al. 1999; Michler et al.
2002), oxygen photosynthesis (Larkum and Wood 1993; Clendennen ef al. 1996;
Forster and Liining 1996; Aguilera ef al. 1999), and chlorophyll fluorescence
(Dring et al. 1996a; Hanelt et al. 1997c; Brouwer et al. 2000; Bischof et al. 2002).
These studies support the hypothesis that UVR in general, and UVB in specific,
effectively inhibit photosynthesis in kelp. The next step scientifically is to
quantitatively link ozone depletion with potential decreases in kelp productivity,
and other macroalgae, in their natural environment.

The Arctic ozone hole associated with the polar stratospheric vortex is
periodically located over northern Scandinavia (Hansen and Chipperfield 1999).
The result has been several occurrences in the late 1990s and 2000 of record low
ozone concentrations over northern Norway, compared to two decades prior (Fig.
1.1). In addition, warm Atlantic currents along the coast of Norway ameliorate
seawater temperatures, discourage winter ice formation, and allow the dominant
kelp, Laminaria hyperborea (Gunn.) Foslie, to thrive in the upper subtidal up to
mean low water (MLW) tide height. Consequently, L. hyperborea forests are
potentially susceptible to increases in incident UVB during spring ozone depletion
events. Using an experimental and modeling approach, the principle objective of
this research was to quantify how predicted ozone loss over Scandinavia affects

primary production in L. hyperborea kelp forests.



THE BIOLOGY AND ECOLOGICAL SIGNIFICANCE OF LAMINARIA HYPERBOREA

Dense forests of Laminaria hyperborea form extensive underwater habitat
that extends geographically in western Europe from 40° N in Portugal to 71° N in
Norway, diminishing on the coasts of the Barents Sea (Kain 1967). Along the
coast of mid-Norway, L. hyperborea beds produce standing crops approaching 40
kg fr. wt m™ (Sjetun ef al. 1995), and adult sporophyte densities in excess of 20
individuals m™ (Sivertsen 1997). Kelp provide habitat for an astoundingly diverse
community of marine algae, invertebrates and fish (Sivertsen 1997). For example,
over 10,000 individuals representing greater than 50 species of macrofauna are
found associated with a single L. hyperborea holdfast (Christie et al. 1998).
Moreover, L. hyperborea in Norway is an important economic crop (for alginates)
with 170, 000 tons harvested annually (Christie et al. 1998).

Seasonal growth in Laminaria hyperborea sporophytes begins in January
and peaks in late spring (Sjetun et al. 1996), and growth cycles in the alga involve
a circannual thythm tuned to daylength (Schaffelke and Liining 1994). Vegetative
expansion of the lamina begins from mitotic division within an intercalary
meristem at the intersection between the stipe and the base of the lamina. This
results in a annual constriction, visible in the spring, between yearly lamina; the
older lamina is eventually shed. Summer storage of photosynthetic carbon (as
mannitol or laminarin) supports rapid growth the following winter/spring (Sjetun
et al. 1996). If increased UVR with spring ozone depletion impedes either mitotic
divisions or the photosynthetic capability of the spring lamina, then decreased size

(i.e., surface areas for photosynthesis) of the lamina may result in less



photosynthetic carbon storage in the summer. Reduced carbohydrate would be
available for sorus development in the autumn/winter (i.e., reproductive potential)
and lamina formation the following spring.

Finally, Laminaria hyperborea is the keystone species in Norwegian
coastal ecosystems. L. hyperborea is significant for several vital roles in the
community, including: (1) providing three-dimensional structure that supports
diverse algal and invertebrate assemblages and creates nursery habitat for juvenile
fish, (2) dampening of ocean swells and tidal currents along the shore and within
the community, (3) buffering the system from excess nutrient inputs, and most
significant to this research, (4) producing organic carbon available to higher
trophic levels. Kelp carbon enters the near-shore food web either directly by
urchin or gastropod grazing (Sivertsen 1997; Fredriksen in prep.) or indirectly via
detrital, particularly microbial, consumers (Dunton and Schell 1987; Duggins et
al. 1989). Interruption of carbon flow and changes in food web structure
(Bustamante and Branch 1996; Fredriksen in prep.) are several consequences of
reduced photosynthetic potential of kelp in an increased UVB environment. I
present here a model of kelp forest production that is responsive to full spectrum
sunlight and that integrates single-day carbon fixation in L. hyperborea lamina

over their depth distribution at the Finngy Island study site (62.8° N 6.5° E).
A CONCEPTUAL MODEL OF LAMINARIA HYPERBOREA CARBON PRODUCTION

Stratospheric ozone is a significant factor influencing UVB at the Earth’s
surface, but ozone absorption is a tertiary factor after solar elevation and cloud

cover. Penetration of UVB in marine waters depends on the optical properties of
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the water, and incident radiation at the kelp canopy varies with the timing and
height of the daily tide (Hanelt ef al. 2001). Conceptually, a model of daily kelp
production incorporates full spectrum solar irradiance incident at the canopy with
the photosynthetic response of kelp to PAR and UVR (Fig. 1.2). Irradiance
simulations began with a solar radiation transfer model of daily sunlight
penetration through the atmosphere to the sea surface (System for Transfer of
Atmospheric Radiation: STAR, Ruggaber ef al. 1994). Inputs within STAR
allowed for the variation in stratospheric ozone concentration and accounted for
maritime atmospheric aerosols. Both clear-sky and overcast conditions were
simulated in the final model. After accounting for reflection at the sea surface,
spectral irradiance was passed through the air-sea interface. Attenuation of
downwelling irradiance in the water was then modeled with attenuation
coefficients measured in April 2001 and interpolated/extrapolated to 1-nm
resolution. Water depth above the kelp canopy was varied with tides predicted
from astronomical tidal components specific to the Finney study site and with two
simulated tides that encompassed the extremes in daily irradiance patterns at the
canopy. At the Finney kelp forest, semi-diurnal tide extremes were identified as
high spring water coincident with solar noon and low neap water at noon. Low
spring water does not occur at noon at the study site.

The photosynthetic component of the production model depended
critically on the experimental determination of the biological weighting function
(BWF) for Laminaria hyperborea photoinhibition. The BWF describes

mathematically the wavelength dependency of UV inhibition at high (1-nm)



spectral resolution. The BWF was then coupled with a traditional photosynthesis
versus irradiance relationship (PI model, based on PAR); PI parameters of
saturation irradiance and maximum uninhibited photosynthetic rate were also
experimentally derived. The result was a production model that estimated daily
carbon fixation under full spectrum sunlight. Simulations varied in ozone
concentration, tide height, and clear versus overcast conditions to test the
response of daily production of near-surface kelp and depth-integrated production
of the kelp forest to these environmental factors.

The response of the Laminaria hyperborea kelp forest at Finney, Norway
to ozone depletion was addressed in three sections. First, two emerging
techniques in measuring macroalgal photosynthesis are detailed in the context of
the complex experimental design necessary for determination of the BWF. In
photosynthetic experiments, both oxygen evolution and carbon uptake were
measured concurrently using, respectively, oxygen optodes and a non-radioactive
C isotopic label. Second, a numerical model of full spectrum irradiance is
described that predicts daily patterns of solar irradiance incident at the Laminaria
hyperborea canopy and throughout the depth range of the species. Third,
biological weighting functions are presented for high light and low light adapted
L. hyperborea. The biological response was then modeled under UVR exposure,
and sensitivity of primary production to UVR in the L. hyperborea kelp forest was
simulated under different stratospheric ozone concentration, tides, and cloud

cover scenarios.
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Thermosphere/
mesosphere

Figure 1.2. A conceptual diagram of kelp forest production under full spectrum
solar irradiance. Starred inputs were varied in the sensitivity
analysis.



Chapter 2: Stable Isotope (°C) and O, Optode Alternatives for
Measuring Photosynthesis in Marine Seaweeds

ABSTRACT

Direct quantification of photosynthetic carbon assimilation in seaweeds
provides a valuable measure of primary production by these abundant
macrophytes. Most photosynthetic studies with macroalgal are based on oxygen
evolution. This approach is preferred over traditional '*C tracer techniques since
oxygen electrodes are generally inexpensive and radioactive wastes are not
produced. Nevertheless, oxygen techniques do not directly measure carbon
assimilation; thus, primary production estimates rely on the conversion of oxygen
units to carbon units via a photosynthetic quotient, which may vary depending on
physiological state and nutrient status of the alga. Here, I present two methods for
measuring photosynthesis in macroalgae, both of which should greatly enhance
prospects for photosynthetic research, particularly under field conditions. First, a
carbon uptake procedure is described which relies on incorporation of a stable °C
isotope label. Important advantages of the '*C method include simplicity of
sample processing, avoidance of environmental hazards and restrictions of
radioactive '*C, and ability to be used as a dual tracer with °N. Second, I
employed a fiber-optic micro-optode system for measurement of dissolved
oxygen. The fluorescence-based optodes stabilize quickly (< 15 s), do not
consume oxygen, and are simple to set-up and maintain. Oxygen and carbon
photosynthesis were assessed concurrently in a light/dark chamber design. Both

techniques resolved significant decreases in light-saturated photosynthesis (Pax)
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in the kelp Laminaria hyperborea collected subtidally at 10 m compared to kelp
at 0 m (from mean low tide). Oxygen and carbon photosynthetic rates agreed well
with published values and were mutually consistent, considering a reasonable
photosynthetic quotient. Estimated measurement errors (< 2%) associated with the
BC technique were less than intrinsic variation (> 20 %) in photosynthetic rates
(and lamina dry weights) between kelp individuals with similar light histories.
Both techniques should provide an alternative to traditional photosynthetic

protocols and stimulate further primary production research in macrophytes.

INTRODUCTION

The photosynthetic utilization of sunlight by plants and algae provides
basic organic compounds for energy and matter flow through most aquatic
ecosystems. During photosynthesis, inorganic carbon is reduced to simple
carbohydrate(s), and O, is liberated as a by-product. Therefore, the most
fundamental measurements of photosynthesis and plant/algal productivity involve
assessing either carbon uptake or oxygen evolution over a given period of time.
As an alternative, pulse amplitude modulated (PAM) chlorophyll fluorescence
was enthusiastically explored as a rapid and nonintrusive measurement of
photosynthesis (Beer et al. 1998; Beer et al. 2000), but the relationship between
production rates and PAM-derived electron transport rates becomes increasingly
uncertain at high irradiances or in algae with thick thalli (Beer and Bjork 2000;
Franklin and Badger 2001; Perkins ef al. 2002). Methods of measuring
photosynthetic gas exchange, despite their underlying assumptions and associated

chamber effects, remain necessary for most primary production applications.
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Since its introduction by Steemann-Nielsen (1952), radioactive carbon
("*C) as a tracer of photosynthesis has become the standard in phytoplankton
primary production research (Geider and Osborne 1992; Falkowski and Raven
1997). In contrast, macroalgal researchers frequently employ oxygen evolution
procedures in production experiments (Hatcher ef al. 1977; Gerard 1988; Geider
and Osborne 1992; Aguilera et al. 1999), with '*C-based field experiments
relatively rare (Berger and Bate 1986; Dunton and Schell 1986; Dunton and
Jodwalis 1988). The predominate use of oxygen procedures is ostensibly due to
low cost and simplicity as compared to macrophyte '*C protocols. While '*C
labeled phytoplankton can be filtered and dissolved directly into liquid
scintillation solution, macrophyte tissue must be either dry combusted (Berger
and Bate 1986; Dunton and Schell 1986) or solubilized (Lewis et al. 1982; Arnold
and Littler 1985) prior to '*C counts. Macrophyte experiments generate large
volumes of radioactively labeled seawater, which accrue additional costs in
storage, shipping, and disposal. However, oxygen evolution measurements tend to
overestimate primary productivity because other metabolic processes (e.g.,
nitrate/nitrite reduction) compete with carbon fixation for reducing power and
ATP energy generated during photosynthetic light-reactions. Ultimately, carbon is
the energy currency moved through trophic systems; therefore, direct
determination of photosynthetic carbon fixation is preferred when constructing
macroalgal carbon budgets and other primary production studies.

I present an alternative method to '*C tracer experiments, which uses the

stable isotope of carbon ('°C) as a label of photosynthetically incorporated carbon
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within macroalgae. Slawyk et al. (1977; 1979) originally presented a "°C
procedure to measure photosynthetic production in phytoplankton, and Hama et
al. (1983; 1993) and Mousseau et al. (1995) further developed the technique, also
for phytoplankton studies. A known amount of *C-labeled sodium (bi)carbonate
is added to seawater and atom percent °C (at-% '*C) in phytoplankton cells is
determined after a light trial, i.e., a certain light level for a certain length of time.
Photosynthetic rate is then proportional to the mass balance between (1) at-% "C
of cells before and after the incubation, (2) at-% ">C of the labeled dissolved
inorganic carbon (£CO;) source, and (3) concentration of particulate organic
carbon either before, sensu Slawyk et al. (1977), or after, sensu Hama et al.
(1983), the incubation. Mateo et al. (2001) recently introduced the °C method to
seagrass studies and showed good consistency between °C and both '*C and O,
production rates.

The purpose of the present study was to demonstrate the utility of the "*C
method in macroalgal research by comparing light-saturated photosynthetic rates
of the kelp Laminaria hyperborea collected from two depth intervals. I revisit the
derivation of the '’C rate equation to highlight assumptions, suggest minor
analytical improvements, and present adaptations to macroalgal applications. I
also describe a straightforward method to determine inorganic 8'°C in labeled
seawater. Photosynthetic rate is dependent on the amount of inorganic "*C
enrichment, and analytical determination of this value is critical if any pre-

incubation manipulations alter "°C relative to total inorganic carbon.
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I also introduce fiber-optic oxygen micro-sensors (micro-optodes) to
measure photosynthetic oxygen evolution. Oxygen optodes utilize the
fluorescence quenching ability of oxygen to relate oxygen concentration in
seawater to fluorescence quantum yield of an immobilized fluorophore in the
probe (Klimant et al. 1995). The Microx TX oxygen meter and associated micro-
optodes (PreSens, Germany) have promise in both field and laboratory
applications (Glud et al. 1999; Glud ef al. 2000). The instrument is compact and
lightweight and is controlled from a laptop computer. In my configuration, the
micro-optode fiber-optic is housed inside a syringe needle, which allows easy
insertion into sealed chambers for either real-time oxygen measurements or before
and after measurements in classic light/dark bottle incubations. Compared to
Clark-type oxygen (macro)electrodes, optodes have a rapid response time, and
since they do not consume oxygen, they do not require correction for

consumption effects.
MATERIALS AND METHODS

Kelp Collection and Tissue Preparation

Photosynthetic experiments were conducted in April 2001 in a field
laboratory established on the island of Finney, Norway. Carbon uptake and
oxygen evolution were compared in the kelp, Laminaria hyperborea, collected
near the sea surface (0 m relative to mean low water level) and at 10 m. Adult
kelp were harvested one day prior to the experiments, and whole kelp thalli were
stored overnight in dark underwater collection bags suspended in a protected boat

channel adjacent to the field laboratory.
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A 1.8 cm diameter brass coring device was used to excise kelp discs from
the first lamina, i.e., the newly-formed photosynthetic material produced that
winter/spring. All discs were cut from tissue at least 10 cm from the basal,
meristematic region of the lamina, and tissue discs were kept under dim
laboratory light in a temperature controlled (5° C) seawater container. Mucilage
was produced initially from the margins of the kelp discs, but after 1 h the wound
response had ceased. Photosynthetic rates were determined in 10 separate
photosynthesis versus irradiance experiments with 5 individual kelp plants from

two depths: 0 m and 10 m.

Incubation Medium

Seawater used in photosynthetic incubations was both enriched in
inorganic "°C and partially deoxygenated. Several days before light experiments
NaH"CO; (99% "*C, Cambridge Isotope Laboratory, Andover, MA) was added
to 0.45 um filtered seawater in a large volume carboy. The carboy lid was left
loose, and the container was occasionally shaken to allow 2CO; to exchange with
the atmosphere and partially re-equilibrate. Prior to incubation, a smaller volume
of 1°C enriched seawater was brought to experimental temperature (5° C), and O,
was stripped from solution by bubbling with N, for 8§ min. As N also displaced
2CO,, longer bubbling times decreased photosynthetic rates due to carbon
limitation. Stripping resulted in initial experimental oxygen concentrations of ca.
20 — 30 % seawater saturation (Table 2.1) and prevented super-saturation

degassing of O, during incubations.
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For short duration experiments (1 — 2 h), significant °C enrichment was
needed to generate a measurable °C uptake signal in kelp tissue. From the
amount of NaH">CO; mixed with the volume of seawater in the carboy, at-% "*C
was calculated to increase from ca. 1% *C in natural seawater to 45% for light
trials 1 — 3 (i.e., 2.908 g NaH"’COj in 20 L seawater) and 50% for trials 4 — 10
(i.e., 4.000 g NaH'"’COj3 in 22 L seawater). Addition of this amount of labeled
bicarbonate nearly doubled ZCO, concentration. By allowing the incubation
medium to re-equilibrate with the atmosphere for several days, and by bubbling
seawater with Ny prior to incubation, initial ZCO, concentrations at beginning
of light experiments were reduced to just 13% (mean, trials 1 — 3) and 17%
(mean, trials 4 — 10) greater than in situ ZCO; concentrations (Table 2.1). Shifts
in £CO, and at-% "’C due to O, stripping required direct measurement of both
SCO, and at-% °C for each trial. Both in situ seawater and pre-trial media
samples were collected in 60 mL serum bottles (Wheaton). Bottles were stoppered
with butyl-rubber septa and aluminum caps so that air bubbles were not trapped
inside. Water samples were fixed by injecting 0.2 mL saturated HgCl, into serum
bottles, while an equal volume of seawater was removed. Bottle tops were sealed

with parafilm to ensure minimal evaporation losses.

Photosynthesis versus Irradiance (PI) Experiments

Photosynthetic rates were determined for Laminaria hyperborea in a
spectral incubator, the photoinhibitron, which was modified from phytoplankton
applications to be used with kelp discs. The apparatus consists of (1) a black,

anodized, aluminum block bored to hold 80 20 mL quartz-bottomed incubation
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cuvettes, (2) a continuous-flow water bath to control temperature, (3) a 2500 W
xenon lamp light source, and (4) a central mirror that reflects light up through the
apparatus (Neale and Fritz 2002). The spectral composition and intensity of
irradiance treatments were manipulated with Schott polychromatic cutoff filters
and neutral density screens. In the macroalgal configuration, photosynthesis rates
were determined in 48 different light treatments in each 1.5 h experimental trial,
though only photosynthesis determined using 395 nm cutoff filter is presented
here. Neutral density interference filters produced six different irradiances under
the 395 nm filter, which was effectively a PAR-only spectral treatment (Fig. 2.1).
Prior to each PI trial PAR irradiances were confirmed with a spherical quantum
sensor (Biospherical Instruments QSL-100), and six light treatments averaged 20,
248, 668, 702, 996, 1204 umol photons m™2 s for the 10 PI trials. Temperature
was maintained at 5 + 1° C by adding ice as needed to a large volume (ca. 50 L)
reservoir and by continuously cycling this water through the photoinhibitron’s
water bath.

Incubation cuvettes were filled with >C enriched and deoxygenated
seawater, and kelp discs were suspended in cuvettes about 1 cm from the cuvette
bottom (Fig. 2.2). A rubber o-ring, crosshatched with thin transparent thread,
supported the disc. Suspending the disc in the cuvette assured proper orientation
perpendicular to the light source and promoted unimpeded water movement
around the thallus. After removing air bubbles, cuvettes were sealed with

modified silicon stoppers.
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Vigorous water motion was required in each cuvette to discourage
formation of boundary layers and decreased carbon diffusion rates to the thallus.
Silicon stoppers were fitted with motorized magnetic stir bars (Fig. 2.2). A strong
disc magnet was attached via a short axle to a 1.5 V DC electric motor (Radio
Shack). The device was then secured inside a bored-out silicon stopper, and the
stopper was sealed at the bottom with a plastic cage that housed a small magnetic
stir bar. Once cuvettes with motors were set into the photoinhibitron, motors were
connected to a B&K Precision 20 amp DC power source. Speed of magnetic stir
bars was adjusted by controlling the voltage supplied to the motors.

In addition to six light treatments, each PI trial consisted of 3 dark
treatments and 3 oxygen ‘blanks’. Oxygen blanks were deoxygenated seawater
without kelp tissue, whereas dark treatments began with both *C enriched and
oxygen saturated seawater. Discs incubated in opaque cuvettes allowed for
quantification of both light-independent carbon fixation and respiration (O;
consumption). Both dark treatments and blank cuvettes were placed in the
photoinhibitron’s water bath, but out of the light beam.

Both oxygen and carbon rate equations presume that the rate of production
is constant throughout the duration of the light treatment. Rate linearity was not
confirmed experimentally for Laminaria hyperborea in the photoinhibitron set-
up, but Mateo et al. (2001) demonstrated linearity in seagrasses in both °C uptake

and O, evolution during incubation times shorter than 6 h.

18



Measurement and Calculation of Oxygen Evolution

Carbon uptake and oxygen evolution were determined concurrently in
each replicate PI trial. Oxygen concentration in incubation seawater was
measured before and after light/dark treatments. Initial subsamples of
deoxygenated incubation medium were collected every time six sample cuvettes
were placed in the photoinhibitron. Subsamples were sealed with motorized
stoppers, and oxygen concentration was determined within ca. 5 min. Magnetic
stir bars in cuvettes were briefly activated to homogenize seawater. Stoppers were
then removed, and oxygen concentrations determined immediately. A needle-type
fiber-optic oxygen optode and a temperature probe were inserted 1.5 cm into
seawater, and temperature compensated O, concentration was monitored with a
Microx TX (PreSens) oxygen meter coupled to a PC laptop computer. The
instrument was controlled with proprietary software (Microx v.1.4.6). Oxygen
measurements stabilized within 15 s and remained constant (= 5 uM) for several
minutes, which suggests minimal O, exchange with atmosphere during
measurement. Micro-optodes were calibrated prior to each trial with oxygen-
saturated seawater and seawater depleted of O, by addition of Na;S;04.

After light/dark treatments, sample cuvettes were removed from the
photoinhibitron and placed in a temperature-monitored water bath. O,
concentrations were determined within 5 min of removal from photoinhibitron.
Following a brief pulse from the electric motor to homogenize seawater in
cuvettes, kelp discs were carefully removed, and O, concentration immediately

analyzed. As the volume of seawater varied by a much as 20% between
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incubation cells, absolute seawater volume was measured for each individual
cuvette.

Net oxygen evolution rates were calculated from the difference in final O,
concentration and (blank corrected) O, concentration at beginning of experiment,
divided by the time duration of the incubation. Dark respiration rates were added
to the net O, evolution rates to yield gross photosynthesis. Though I recognize
that respiration rates may increase during light treatments (Falkowski and Raven
1997), the experimental design prevented us from measuring dark respiration after
light trials. I assumed that before and after treatment respiration rates were
equivalent, and this assumption is supported in photosynthetic studies with
Laminaria saccharina (Gerard 1988). Photosynthetic rates were normalized to

thallus area (single-sided) with units of pmol O, m™s™.
Isotopic Measurement of Organic Carbon in Kelp Tissue

Carbon uptake rates were based on amount of '>C incorporated by
photosynthesis into tissue organic carbon during time of incubation. Rates are
obtained from measurement of natural abundance 8'"°C in kelp organic matter and
8'3C of kelp after the experiment. Natural abundance §'"°C was determined with
three replicate tissue samples from 4 individual kelp plants from both 0 m and 10
m. Initial tissue samples were removed from the first lamina and immediately
dried at 60° C. As §'"°C variation between individual kelp plants was less than
0.2% of the expected change in 8'°C at typical photosynthetic rates, initial
experimental 8"°C values were considered equal to natural abundance §'°C in kelp

tissue at each collection depth. After incubation, kelp discs were thoroughly
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rinsed twice in seawater and once in freshwater to remove excess labeled
bicarbonate from the thallus. Discs were blotted dry, placed in micro-centrifuge
tubes (for storage), and dried at 60° C. Dry weights of kelp discs were recorded,
and discs were ground to a fine powder for stable carbon isotope analysis.
Isotopic composition of both natural abundance and experimental kelp
discs were analyzed using a Finnigan MAT DeltaPlus continuous flow stable
isotope mass spectrometer attached to a Carlo Erba NC 2500 elemental analyzer
(EA-IRMS). The instrument was calibrated daily using a secondary standard
(powdered chitin from shrimp shells, Sigma Aldrich CO., USA, #C-8909) and
related to 8'°C of Pee Dee Belemnite. Mean chitin 8'°C and percent organic
carbon were -19.91%o within precision of + 0.10%o coefficient of variation (CV =
% standard deviation of mean) and 44.74 + 0.64% carbon, respectively.
Experimental kelp 8'"°C values ranged from 100 — 300%o at typical photosynthetic
rates, and these artificially heavy samples suffer a systematic underestimation
when analyzed against an instrument calibrated with a light '"°C standard.
Presumably, this is a result of less efficient ionization of >CO; (i.e., fractionation)
at high >CO, concentrations or nonlinearities in cup amplifiers. To check for this
bias, a calibration curve for heavy 8'°C values was produced using various §'°C
NaHCO; standards (Fig. 2.3). Seven heavy 8"°C standards were created by mixing
measured quantities of laboratory grade NaHCO; (EM Science, USA, #SX0320-
1) with NaH"COj to produce expected values of 8'°C between -5.93%o (NaHCO;
only) and 1000%o. Mixed sodium bicarbonate isotope standards were dissolved in

200 mL deionized water, and solutions were shaken vigorously to homogenize
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dissolved ions. Each standard was then freeze-dried, and the resulting solid
ground to a fine powder. Heavy standards were analyzed on the EA-IRMS, and

the relationship between observed and expected 8'°C was linear over the §'"°C

range measured. Experimental kelp samples were corrected by the best-fit linear

equation: Calculated 8"°C = (Observed §"°C — 0.9373) / 2.2971.

Isotopic Measurement of Inorganic Carbon in Incubation Medium

Short-duration ">C PI experiments require a heavily enriched °C source to
obtain measurable 8'°C changes in samples. In this experiment, seawater was
initially enriched 50% in ">C, but after O, stripping was 60 — 80% enriched (Table
2.1). Photosynthetic rate calculation depends critically on at-% '*C of the
inorganic carbon source, so the 8'"°C of enriched seawater used in incubations
(d"°Cy.) was determined analytically using general concepts and procedures
described in Miyajima et al. (1995).

All water samples for isotopic analysis were stored in 60 mL Wheaton
glass serum bottles (actual inner volume without headspace 70.5 = 0.5 mL). At
ambient laboratory temperature (23 — 25° C) and atmospheric pressure (1 atm, sea
level), a 5 mL gas headspace was created by injecting ultra-pure He(,) with a 5 mL
gas-tight syringe (Hamilton) into each serum bottle. An equal amount of fluid was
removed from each bottle to equalize pressure. Samples were then acidified with
addition of 0.50 mL of 6.0 N HCI, and again an equal volume of solution was
removed. The HCI solution had been previously stripped of dissolved 2CO, by
bubbling with the same He above for a minimum of 3 h. Acidification effectively

converted inorganic carbon forms of HCO; and CO;” into aqueous CO,.
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Samples bottles were stored upside-down in the dark for at least 40 h to allow for
equilibration COy(,q) With headspace COy().

After equilibration, 1 mL of headspace gas was injected with a 1 mL gas-
tight syringe (Hamilton) into the gas-injection port between the oxidation and
reduction columns of the Carlo Erba EA. Before gas samples were taken from
bottle headspace, the syringe was purged several times with He to expel residual
sample/atmospheric gases trapped in the needle. Even though combustion was not
necessary with this procedure, EA furnaces were kept at operating temperatures to
maintain stable analytical conditions. 8'°C of each injected sample was
determined with the IRMS.

If inorganic *C was increased by 50% in seawater, 8'°C values would
approximately equal 88,000%o. Extremely heavy 8'°C exceeds the analytical
range of the IRMS configured for natural abundance measurements. Specifically,
maximum amplifier output voltage on the mass 45 Faraday collection cup
saturates with the abundance of CO, ions generated using this procedure.
Instead of replacing the internal high ohmic feedback resistor in the voltage
amplifier, I chose to dilute the 8'"°C value of my enriched seawater samples. First,
a calibration curve was produced for dilute 8"°C samples (Fig. 2.4). Five standard
solutions of 8'°C equal to 33,200, 61,800, 85,200, 107,700, and 130,200%o were
created with seawater (1.64%o, 2.33 mM natural abundance XCO,) and
NaH'">COs. In glass serum bottles, §'°C stocks were diluted 1:69.5 v/v with 2.25
mM NaHCOj; (-5.93%0). A NaHCOj solution without enrichment was included as

the sixth standard in the curve. Bottles were sealed, and isotopic compositions of
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diluted standards were determined on the EA-IRMS as described above. 8"°C
values observed after EA-IRMS analysis systematically under-represented diluted
8"°C values expected from quantities of H'?COs” and H>CO;3” mixed, but this bias
was linear over the range of standards created (Fig. 2.4).

Enriched seawater samples for each photosynthetic trial were prepared and
analyzed similarly to the dilution standards. After subsampling 1 mL for §"°C
composition, 2CO, of the remaining seawater was determined on an IO
Analytical Wet Oxidation TOC Analyzer (Model 1010). Observed 8"°C of diluted
samples were adjusted to calculated diluted seawater 8'°C (8'°Cyq), using the
linear calibration equation: Calculated 8'°C = (Observed 8'"°C — 1.933) / 0.873.
Converting observed 8'°C to calculated 8'°C in enriched media samples also
corrects for: 1) equilibrium isotopic discrimination between COy(,q) in bottle and
COy() in headspace, and 2) any chemical interference associated with salinity,
ionic strength, and presence of volatile organic compounds in full strength
seawater. Final §'"°C of enriched seawater samples (8'°Cy) were calculated from

8"*Cyq values and mass balance equations as described below.

Calculation of C Photosynthetic Rate

Photosynthetic rate was calculated from the isotopic mass balance of

tissue organic carbon and seawater dissolved inorganic carbon (ZCO,),

determined both before and after light treatment. The mass balance approach
followed Hama et al. (1983; 1993) and Mateo et al. (2001) with analytical

modifications for macrophytes.
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8'°C was measured for both photosynthetic samples and incubation
seawater. 8"°C values were corrected for the contribution of ?C'*0'70 to total

mass 45 signal intensity by the equations of Santrock et al. (1985). The ratio of

BC/2C for each sample (Ryqm) is determined from the definition of §'°C:

613C=(h—1)-1000 (1)

PDB
where Rppp is the Pee Dee belemnite carbon isotope standard (R = 0.0112372).
Atom % "°C is calculated from Ryum/(Rsam + 1) x 100 and is equivalent to the
molar ratio of °C to total carbon (**C + °C) in the sample.
Atom % °C in HCO5 enriched incubation seawater (as) is derived from
the natural abundance of °C in seawater and the amount of ">C bicarbonate label
added. When enriched seawater is used immediately after the addition of °C

bicarbonate, then ay. can be calculated from the mass balance:

a, C,=a, C,+a;, C, (2)
where a, is at-% "*C in natural seawater before enrichment, a3, is at-% "C in
NaH"COj; added (= 99%), C;35 is mmoles °C bicarbonate added, Cy, is mmoles
2CO, in natural seawater, and Ci. is total mmoles of Z2CO, in enriched seawater at
beginning of experiment (Cs, = Cy, + Ci35). Cs, and ag, can be determined

experimentally as described below, or C,, can be approximated from salinity

(Parsons et al. 1984) and a,, assumed equal to 1.1112 % (= 8"°C of 0.0%o; Mateo
etal.2001).
If it is suspected that the ratio of '°C to '*C in enriched seawater has

changed prior to the experiment, then a,, must be measured analytically. Addition
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of 1°C bicarbonate to seawater results in high 8'°Cs. values that must be diluted
before analysis on the EA-IRMS as noted previously. Once the diluted seawater
8"°C,q value has been determined (see Isotope Measurement of Incubation

Medium above), a,. can be calculated from the mass balance:

a, C,=a

5 5 o Cot @1 3)
where a,q is at-% >C of diluted incubation seawater, a;» is at-% ">C of stock
NaH'"?COs, C,y is total mmoles ZCO, in diluted seawater, and C25 is mmoles of
unlabeled bicarbonate in dilution stock. As Cyy = Cj2p + Cse, then:
(dsd - d/]b)

a =d;d+(D[C;Jb'%2b)'(D[C V')

se

4

in terms of ZCO; concentration (mM) of stock solution (DIC/,) and total ZCO,
concentration in incubation seawater (DICy,.). V. is volume (L) of DIC, added to
serum bottle, and V2, is volume of dilution stock in serum bottle (i.e., V2, = vol.
serum bottle — V. = 0.0695 L).

Once a,. 1s known, the isotope mass balance equation for the derivation of

photosynthetic rate begins as:

d/n ’ C;n + dse ’ Q'e = dy' ) C;/ + d;f' ) C:v/' (5)
where a,, is the at-% ">C in initial tissue (i.e., natural abundance of B¢ to total C
in the alga), a, is the at-% "°C in the final tissue after incubation, a is the at-%
C remaining in the seawater after incubation, C,, is number of mmoles of

organic carbon in the algal tissue, Cris number of mmoles of carbon in the final

algal tissue, and Cyris number of mmoles of XCO, remaining in the seawater after
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incubation. The change in tissue carbon over time (AC) is the difference between
Cyand Cp. If Cy, = Cy— AC and Cyp= Cy. — AC are substituted into the mass
balance Eq. (5), and if it is assumed that a, = a,., then the equation can be

rewritten as:

a, C,=a, (C,f - AC) +a, AC 6)

The assumption that at-% "C of enriched seawater medium (a,.) does not change
over the incubation period allows photosynthetic rate calculation to be simplified
and eliminates the need to determine 8'°C of media after incubation. With a
photosynthetic rate typical of shallow-water kelp and with an algal tissue to
container volume ratio equal to my experiment with the photoinhibitron, after one
year in continuous light a,s would remain 99% of the initial value of ay..
Photosynthetic rate (P) is derived from Eq. (6) to yield carbon uptake (AC)
in terms of at-% ">C of initial and final algal tissues, at-% ">C of enriched

seawater, and the carbon content in the algal sample after incubation:

M.i-g:&.z-a

P(umol C mg dry wt' h™') = ( )
ﬂye - dl}?

(7

Algal carbon (i.e., Cy) content on a dry weight basis is determined from mass
spectrometer (or elemental analyzer) analysis. If photosynthesis is normalized to
dry weight, then Cy is simply tissue weight percent carbon (%C). To normalize
carbon uptake on a single-sided areal basis, C,ris multiplied by the dry weight to
area ratio particular to the individual sample. My photosynthetic rates are

. 2 -
expressed in umol C m™ s™.
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Eq. (7) includes a fractionation correction, «, that should be evaluated on a
study-by-study basis. Enzyme kinetics of RUBISCO lead to a temperature-
dependent discrimination against the heavier °C isotope relative to '*C (O'leary
1988). Procedurally, this isotope discrimination results in underestimation of
actual photosynthesis. To compensate, AC can be corrected by a kinetic
fractionation factor (o). Depending on the study, a can be chosen to be an
average fractionation of 1.025 (Hama et al. 1983), an algal specific fractionation
(this study), or omitted entirely from the calculation (Slawyk et al. 1977,
Mousseau et al. 1995; Mateo ef al. 2001). An algal specific fractionation factor
can be estimated from the natural, in situ '"°C of CO, (8" C,,) and algal tissue
(8" C,), specifically:

613C _ 513C
o= Ry m +
1000 +6"C,

(10)

where 8'°C values are in units of parts per thousand. If photosynthesis is not
corrected for °C fractionation in macroalgae, then apparent carbon fixation rate is
under-represented by 1 to 3%.

A second correction can be included in P calculations to compensate for
the amount of organic carbon fixed by f-carboxylation, i.e., light-independent
carbon fixation (Johnston and Raven 1986; Cabello-Pasini and Alberte 1997).
Non-photosynthetic carbon fixation is determined from carbon uptake in dark
incubation cuvettes (a,) run concurrently with light trials, and rate of P-
carboxylation is calculated similarly to AC in Eq. (9). Alternatively, calculating

AC using dark trials as initial at-% '>C values (i.e., as, = a,q) would also
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compensate for B-carboxylation. If B-carboxylation is an insignificant fraction of
total carbon fixed during the experiment, as is the case in this demonstration, then

this second correction can be ignored.

RESULTS

Both oxygen- and carbon-based measurements of photosynthesis yielded
significant differences in maximum photosynthesis (Pu.) between Laminaria
hyperborea collected from 0 m and from 10 m (Fig. 2.5). Photosynthesis versus
irradiance responses were modeled with the Michaelis-Menten formulation, i.e., a
rectangular hyperbola (Chapter 3). Maximum photosynthetic rates based on both
O, evolution and carbon uptake were 22% and 33% less, respectively, in 10 m
kelp compared to surface-dwelling kelp (Table 2.2). If differences in temperature
and season are considered, P, values for 0 m L. hyperborea calculated from
micro-optode oxygen measurements (2.20 pmol O, m™ s™'; April 5° C) compare
well with literature values from Clark-type O, electrode incubations. For example,
at 12°C, P, ranged from 2.4 to 2.9 pmol O, m™ s for L. hyperborea collected
in May/June in Helgoland, Germany (Liining 1979), and at 13°C, P, yielded
2.87 umol O, m™ s in October for the same shallow-water kelp population at
Finney, Norway (Chapter 4). Similarly, '*C uptake rates produced 1.76 pmol C
m™ s™ in the basal adult lamina (from 6 m depth) of L. solidungula from the
Alaskan Beaufort Sea (Dunton and Jodwalis 1988), which is comparable to 1.92

(0 m) and 1.32 (10 m) pmol C m™ s™ determined for L. hyperborea using the °C

method.
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In all light treatments, molar carbon assimilation rates were significantly
lower than gross molar O, evolution rates (paired t-test; p < 0.001); therefore,
photosynthetic quotients (PQ) were greater than one. PQ is defined as the mole
ratio of rates of O, evolution and C uptake. In Laminaria hyperborea, PQ ranged
from 1.14 for 0 m kelp to 1.30 for 10 m kelp, though these values were not
significantly different (Table 2.2). Both values are within the range of other PQ
estimates (0.67 to 1.57) in the Laminariales (Hatcher et al. 1977; Axelsson 1988).

Macroalgal dry weight (D) and weight percent carbon (W) were
significantly different in 0 m and 10 m collected kelp. Shallow-water kelp have
32.7% greater dry weight per unit area (mean 0 m = 16.0 mg cm™>, 10 m = 10.7
mg cm’>; t-test: p < 0.001) and 9.7% more carbon by weight (mean 0 m = 34.3%,
10 m 31.0%; t-test: p < 0.001) than 10 m collected kelp. As carbon weight percent
is proportion to the peak area of the EA-IRMS signal, both D and W were
determined individually for each experimental kelp disc without subsampling.
Moreover, disc-specific values of D and W reduced variation in photosynthetic
rate compared to rates calculated using population means of the two
measurements.

Variations in photosynthesis calculations originate primarily from inter-
thallus differences rather than analytical error of the '’C method. Intra-sample
variations in P were determined for a single Bc light treatment (Table 2.3). If
variation is defined as the coefficient of variation, and if P was calculated
assuming each variable equaled its mean plus CV, then the recalculated P* values

changed by < 2% for all analytical variables. Even if all measurements
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coincidently varied by their respective CV (e.g., in the direction that would
change P positively), P* increased a maximum of only 5.7%. Measurements of
a, am, and asq are the most critical to the final P value, but intra-sample
measurement variation in each of these three variables was less than 0.5%. In
contrast, replicate kelp thalli in identical light treatments have 16.8% CV
averaged over all light treatments ('’C method), which is less than the 22.6%
inter-thallus variation measured with O, micro-optodes (t-test: p = 0.023).
Further, this approximate 20% variation in photosynthesis is consistent with
variation found in basal lamina dry weights (25.1% in 0 m kelp and 23.3% in 10
m kelp). Inter-thallus P, variation is reduced somewhat if P, is calculated
from independent Michaelis-Menten curve fits (oxygen: 0 m 14.0%, 10 m 20.3%;
carbon: 0 m 10.5%, 10 m 16.3%; Table 2.2). Regardless, analytical error of the

PC-method remains small compared to natural heterogeneity of the thallus.

DISCUSSION

Micro-optode O, measurement and the ">C labeling procedure produced
photosynthetic rates in Laminaria hyperborea that agree with published values
and were mutually consistent, assuming a reasonable photosynthetic quotient.
Intrinsic physiological heterogeneity explained most of the procedural variation in
photosynthetic rates, and photosynthetic variation from 17 —23% was comparable
to the 23 — 25% variation in simple measurements of lamina dry weight.

Oxygen micro-optode based photosynthetic procedures, methodological
considerations, and rate calculations are similar to established O, electrode

protocols (Littler and Arnold 1985). Micro-optodes offer compact oxygen systems
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that provide rapid O, assessment without concerns of background electrical
interference or oxygen consumption by the probe. In macrophyte photosynthetic
studies, oxygen measurements remain critical to the determination of respiration,
compensation irradiance, and photosynthetic quotient.

Photosynthetic carbon assimilation based on ">C uptake is an alternative to
'*C primary production experiments in macroalgae. A significant advantage of
using a "’C label is the avoidance of hazards and restrictions associated with
radioactive '*C isotopes. Stable °C is readily transported across international
borders and does not produce radioactive waste, both significant impediments
when applying '*C procedures. Further, the non-radioactive *C method simplifies
experimental protocols in the laboratory and in the field. After incubation, tissue
samples are simply dried, weighed, ground to powder, and analyzed on an EA-
IRMS. In addition, since 8"°C and 8"°N can be determined concurrently on an
EA-IRMS, dual labeling experiments with BCand PN (as NH4CI or NalSNOg)
are possible and would address both carbon and nitrogen metabolism (Slawyk ef
al. 1977; Slawyk et al. 1988). On a larger scale, combined ">C and "°N enrichment
experiments can be used to follow C and N fluxes through ecosystem food webs
(Hama et al. 1993). The major disadvantage of the '°C technique is cost; at ca.
$10 US/sample, cost may become prohibitive with complex experimental designs

that require high sample replication.
Does °C Uptake Measure Net or Gross Photosynthesis?

The general procedure and underlying biochemistry of carbon uptake

experiments are similar for both °C and '*C techniques, and both require the
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same methodological considerations (Peterson 1980; Arnold and Littler 1985). Of
chief concern is whether carbon isotope procedures measure gross or net
photosynthesis, or something in between. The discrepancy arises primarily
because, unlike O,, labeled organic carbon is not immediately available as a
substrate for respiration (Hobson et al. 1976; Dring and Jewson 1982). There is a
time lag, on the scale of hours (Dring and Jewson 1982), before labeled
photosynthetic products become accessible to respiratory cycles. As a result, '*C
labeling measures gross photosynthesis, at least in the short term. In macroalgae,
the argument of gross photosynthesis is reinforced as respiratory carbon pools are
large and have long turnover times compared to phytoplankton (Sendergaard
1988). In an experiment with 12 species of macroalgae, Sendergaard (1988)
concluded that *C incubations measured gross photosynthesis for up to 33 hours.
The same arguments should apply to stable isotope tracer experiments. Short-term
C experiments will be a measure of gross photosynthesis, and caution should be
used when extrapolating gross carbon uptake rates to long-term or community

level productivity.
DOM Exudation

Arnold and Littler (1985) stress the importance of quantifying the amount
of dissolved organic matter (DOM) released in '*C experiments. For example,
fucoid exudation, determined with minimal disruptive techniques, averaged 2—5%
of daily production (Carlson and Carlson 1984), though wounding may increase
DOM and mucilage release. Release of DOM likely has little effect on the final

hotosynthetic rate for the same reasons that >C procedures measure gross
p Y p g
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photosynthesis: namely, it is speculated that labeled photosynthetic products are
not available for exudation on short time scales. Nevertheless, quantifying DOM

exudation would strengthen the overall >C procedure.
2CO; Enrichment

Unlike '*C tracer methods, addition of >C label to incubation media
significantly increases seawater ZCO,. For instance, in my 1.5 h incubations I
doubled initial ZCO, concentration while increasing as. in seawater from at-% ">C
of 1.1108% to a calculated value of 50.2%. A substantial enrichment in ay. is
necessary to generate measurable increases in the isotopic composition of tissue
organic carbon at the end of the incubation, and the relative °C differences
between light treatments increases with more at-%'">C added to the incubation
medium. Procedurally, the actual increase in inorganic 13C, and therefore 2CO,,
depends on incubation time, i.e., less initial enrichment is necessary for longer
time trials. I found that at light-saturated photosynthetic rates, an enrichment (a;.)
that produced a target tissue (ay) at%-">C value of ca. 1.4% (8"°C of ca. 300%o)
provided sufficient resolution to detect differences in photosynthetic rates.

Hama et al. (1983; 1993) argue that since phytoplankton are generally not
carbon limited at seawater 2CQO, concentrations, the increase in ZCO; in Bc
procedures has no significant affect on the determination of photosynthetic rates.
As evidence, Hama et al (1983) compared photosynthetic rates of phytoplankton
using various increased inorganic carbon concentrations, up to 17.7% of seawater
2CO,, and found that *C-measured photosynthetic rates changed little with more

available ZCO,. Even so, the assumption of no carbon limitation in macroalgae
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may not apply in all situations. Carbon limitation may arise in two experimental
(and natural) conditions: 1) formation of diffusive boundary layer around thallus
(Wheeler 1980; Hurd 2000), and 2) exhaustion of inorganic carbon supply, as in
tide pools (Maberly 1990). In the former case, boundary layer thickness is
minimized with sufficient water motion in incubation containers (Littler 1979). In
the latter, if algae are able to utilize HCOs', inorganic carbon will likely not
become limiting in enriched *C experiments. On the other hand, artificially high
2CO, in "C experiments may dampen naturally significant photorespiration
(Holbrook et al. 1988).

To ameliorate confounding problems with high inorganic carbon
concentrations, I allowed my incubation medium to partially re-equilibrate with
the atmosphere. Incubation ZCO, was decreased further when O, was purged with
N prior to incubations. Consequently, 2CO; levels in my incubation media were
less than 17% over natural concentrations, a 2CO; enrichment which likely did
not accelerate production rates (Mateo et al. 2001). Both manipulations required
that a,. and DIC,, were determined analytically prior to the start of each
incubation rather than calculated directly from the quantity of '>C initially added

to the medium (Table 2.1).
Conclusions

Marine ecologists are concerned with how carbon flows through primary
producers to grazers and other consumers found in an ecosystem. The first step of
the process is to quantify how much carbon is assimilated into plant/algal organic

tissue through photosynthesis. /n situ procedures are generally preferred since
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they reproduce natural environmental and physiological conditions to a better
extent than laboratory and culture-based methods. I applied two techniques for
measuring photosynthesis in macroalgae, both of which are well suited for field
studies (Mousseau et al. 1995; Glud et al. 1999). Without the hazards and
restriction of '*C tracer experiments, the ">C technique should encourage direct
measurement of carbon assimilation in macroalgae. The general >C procedure is
straightforward and should readily be adapted to other experimental
configurations (Fig. 2.6). Where O, photosynthetic measurements are desirable,
and where studies require that both carbon and oxygen metabolic rates are
determined concurrently, the micro-optode oxygen instrument provides a compact

and robust system for rapid quantification of dissolved oxygen.
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