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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 Finnøy,

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 (13C) 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 21st 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).
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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: Häder et al. 1995; Häder 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 (Lüning 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
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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 et al. 1999; Michler et al.

2002), oxygen photosynthesis (Larkum and Wood 1993; Clendennen et al. 1996;

Forster and Lüning 1996; Aguilera et 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.
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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-2 (Sjøtun et al. 1995), and adult sporophyte densities in excess of 20

individuals m-2 (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 (Sjøtun et al. 1996), and growth cycles in the alga involve

a circannual rhythm tuned to daylength (Schaffelke and Lüning 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 (Sjøtun

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
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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 Finnøy 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 et 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 et 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 Finnøy study site and with two

simulated tides that encompassed the extremes in daily irradiance patterns at the

canopy. At the Finnøy 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)
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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 Finnøy, 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

13C 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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Figure 1.1. Monthly maximum (open triangles), mean (closed circles), and
minimum (open diamonds) stratospheric ozone concentrations for
March (A) and April (B) over Andenes, Norway (69.3˚ N 16.0˚ E).
Data are from Nimbus-7 (1982 – 1992), Meteor-3 (1993 – 1994),
and Earth Probe (1994 – 2002) satellites available from
http://toms.gsfc.nasa.gov. Arrows signify years of ozone depletion
over Scandinavia.
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Figure 1.2. A conceptual diagram of kelp forest production under full spectrum
solar irradiance. Starred inputs were varied in the sensitivity
analysis.
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Chapter 2: Stable Isotope (13C) and O2 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 14C 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 13C

isotope label. Important advantages of the 13C method include simplicity of

sample processing, avoidance of environmental hazards and restrictions of

radioactive 14C, and ability to be used as a dual tracer with 15N. 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 (Pmax)
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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

13C 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 O2 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 Björk 2000;

Franklin and Badger 2001; Perkins et 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

(14C) 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 et al. 1977; Gerard 1988; Geider

and Osborne 1992; Aguilera et al. 1999), with 14C-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 14C protocols. While 14C

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 14C 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 14C tracer experiments, which uses the

stable isotope of carbon (13C) as a label of photosynthetically incorporated carbon
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within macroalgae. Slawyk et al. (1977; 1979) originally presented a 13C

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 13C-labeled sodium (bi)carbonate

is added to seawater and atom percent 13C (at-% 13C) 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-% 13C

of cells before and after the incubation, (2) at-% 13C of the labeled dissolved

inorganic carbon (ΣCO2) 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 13C method to

seagrass studies and showed good consistency between 13C and both 14C and O2

production rates.

The purpose of the present study was to demonstrate the utility of the 13C

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 13C rate equation to highlight assumptions, suggest minor

analytical improvements, and present adaptations to macroalgal applications. I

also describe a straightforward method to determine inorganic δ13C in labeled

seawater. Photosynthetic rate is dependent on the amount of inorganic 13C

enrichment, and analytical determination of this value is critical if any pre-

incubation manipulations alter 13C 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 et 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 Finnøy, 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 13C and partially deoxygenated. Several days before light experiments

NaH13CO3 (99% 13C, Cambridge Isotope Laboratory, Andover, MA) was added

to 0.45 µm filtered seawater in a large volume carboy. The carboy lid was left

loose, and the container was occasionally shaken to allow ΣCO2 to exchange with

the atmosphere and partially re-equilibrate. Prior to incubation, a smaller volume

of 13C enriched seawater was brought to experimental temperature (5˚ C), and O2

was stripped from solution by bubbling with N2 for 8 min. As N2 also displaced

ΣCO2, 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 O2 during incubations.
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For short duration experiments (1 – 2 h), significant 13C enrichment was

needed to generate a measurable 13C uptake signal in kelp tissue. From the

amount of NaH13CO3 mixed with the volume of seawater in the carboy, at-% 13C

was calculated to increase from ca. 1% 13C in natural seawater to 45% for light

trials 1 – 3 (i.e., 2.908 g NaH13CO3 in 20 L seawater) and 50% for trials 4 – 10

(i.e., 4.000 g NaH13CO3 in 22 L seawater). Addition of this amount of labeled

bicarbonate nearly doubled ΣCO2 concentration. By allowing the incubation

medium to re-equilibrate with the atmosphere for several days, and by bubbling

seawater with N2(g) prior to incubation, initial ΣCO2 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 ΣCO2 concentrations (Table 2.1). Shifts

in ΣCO2 and at-% 13C due to O2 stripping required direct measurement of both

ΣCO2 and at-% 13C 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 HgCl2 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 µmol photons m-2 s-1 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 13C 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 13C enriched and

oxygen saturated seawater. Discs incubated in opaque cuvettes allowed for

quantification of both light-independent carbon fixation and respiration (O2

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 13C uptake

and O2 evolution during incubation times shorter than 6 h.
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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 O2 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 µM) for several

minutes, which suggests minimal O2 exchange with atmosphere during

measurement. Micro-optodes were calibrated prior to each trial with oxygen-

saturated seawater and seawater depleted of O2 by addition of Na2S2O4.

After light/dark treatments, sample cuvettes were removed from the

photoinhibitron and placed in a temperature-monitored water bath. O2

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 O2 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 O2

concentration and (blank corrected) O2 concentration at beginning of experiment,

divided by the time duration of the incubation. Dark respiration rates were added

to the net O2 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 µmol O2 m
-2 s-1.

Isotopic Measurement of Organic Carbon in Kelp Tissue

Carbon uptake rates were based on amount of 13C incorporated by

photosynthesis into tissue organic carbon during time of incubation. Rates are

obtained from measurement of natural abundance δ13C in kelp organic matter and

δ13C of kelp after the experiment. Natural abundance δ13C 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 δ13C variation between individual kelp plants was less than

0.2% of the expected change in δ13C at typical photosynthetic rates, initial

experimental δ13C values were considered equal to natural abundance δ13C 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 δ13C of Pee Dee Belemnite. Mean chitin δ13C and percent organic

carbon were -19.91‰ within precision of ± 0.10‰ coefficient of variation (CV =

% standard deviation of mean) and 44.74 ± 0.64% carbon, respectively.

Experimental kelp δ13C values ranged from 100 – 300‰ at typical photosynthetic

rates, and these artificially heavy samples suffer a systematic underestimation

when analyzed against an instrument calibrated with a light δ13C standard.

Presumably, this is a result of less efficient ionization of 13CO2 (i.e., fractionation)

at high 13CO2 concentrations or nonlinearities in cup amplifiers. To check for this

bias, a calibration curve for heavy δ13C values was produced using various δ13C

NaHCO3 standards (Fig. 2.3). Seven heavy δ13C standards were created by mixing

measured quantities of laboratory grade NaHCO3 (EM Science, USA, #SX0320-

1) with NaH13CO3 to produce expected values of δ13C between -5.93‰ (NaHCO3

only) and 1000‰. 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 δ13C was linear over the δ13C

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

equation: Calculated δ13C = (Observed δ13C – 0.9373) / 2.2971.

Isotopic Measurement of Inorganic Carbon in Incubation Medium

Short-duration 13C PI experiments require a heavily enriched 13C source to

obtain measurable δ13C changes in samples. In this experiment, seawater was

initially enriched 50% in 13C, but after O2 stripping was 60 – 80% enriched (Table

2.1). Photosynthetic rate calculation depends critically on at-% 13C of the

inorganic carbon source, so the δ13C of enriched seawater used in incubations

(δ13Cse) 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(g) 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 HCl, and again an equal volume of solution was

removed. The HCl solution had been previously stripped of dissolved ΣCO2 by

bubbling with the same He above for a minimum of 3 h. Acidification effectively

converted inorganic carbon forms of HCO3
– and CO3

-2 into aqueous CO2.
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Samples bottles were stored upside-down in the dark for at least 40 h to allow for

equilibration CO2(aq) with headspace CO2(g).

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. δ13C of each injected sample was

determined with the IRMS.

If inorganic 13C was increased by 50% in seawater, δ13C values would

approximately equal 88,000‰. Extremely heavy δ13C 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 13CO2
- ions generated using this procedure.

Instead of replacing the internal high ohmic feedback resistor in the voltage

amplifier, I chose to dilute the δ13C value of my enriched seawater samples. First,

a calibration curve was produced for dilute δ13C samples (Fig. 2.4). Five standard

solutions of δ13C equal to 33,200, 61,800, 85,200, 107,700, and 130,200‰ were

created with seawater (1.64‰, 2.33 mM natural abundance ΣCO2) and

NaH13CO3. In glass serum bottles, δ13C stocks were diluted 1:69.5 v/v with 2.25

mM NaHCO3 (-5.93‰). A NaHCO3 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. δ13C

values observed after EA-IRMS analysis systematically under-represented diluted

δ13C values expected from quantities of H12CO3
- and H13CO3

- 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 δ13C

composition, ΣCO2 of the remaining seawater was determined on an IO

Analytical Wet Oxidation TOC Analyzer (Model 1010). Observed δ13C of diluted

samples were adjusted to calculated diluted seawater δ13C (δ13Csd), using the

linear calibration equation: Calculated δ13C = (Observed δ13C – 1.933) / 0.873.

Converting observed δ13C to calculated δ13C in enriched media samples also

corrects for: 1) equilibrium isotopic discrimination between CO2(aq) in bottle and

CO2(g) in headspace, and 2) any chemical interference associated with salinity,

ionic strength, and presence of volatile organic compounds in full strength

seawater. Final δ13C of enriched seawater samples (δ13Cse) were calculated from

δ13Csd values and mass balance equations as described below.

Calculation of 13C Photosynthetic Rate

Photosynthetic rate was calculated from the isotopic mass balance of

tissue organic carbon and seawater dissolved inorganic carbon (ΣCO2),

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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δ13C was measured for both photosynthetic samples and incubation

seawater. δ13C values were corrected for the contribution of 12C16O17O to total

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

13C/12C for each sample (Rsam) is determined from the definition of δ13C:

δ13C = −








 ⋅

R
R

sam

PDB

1 1000 (1)

where RPDB is the Pee Dee belemnite carbon isotope standard (R = 0.0112372).

Atom % 13C is calculated from Rsam/(Rsam + 1) × 100 and is equivalent to the

molar ratio of 13C to total carbon (12C + 13C) in the sample.

Atom % 13C in H13CO3
- enriched incubation seawater (ase) is derived from

the natural abundance of 13C in seawater and the amount of 13C bicarbonate label

added. When enriched seawater is used immediately after the addition of 13C

bicarbonate, then ase can be calculated from the mass balance:

a C a C a Cse se sn sn b b⋅ = ⋅ + ⋅13 13 (2)

where asn is at-% 13C in natural seawater before enrichment, a13b is at-% 13C in

NaH13CO3 added (= 99%), C13b is mmoles 13C bicarbonate added, Csn is mmoles

ΣCO2 in natural seawater, and Cse is total mmoles of ΣCO2 in enriched seawater at

beginning of experiment (Cse = Csn + C13b). Csn and asn can be determined

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

(Parsons et al. 1984) and asn assumed equal to 1.1112 % (= δ13C of 0.0‰; Mateo

et al. 2001).

If it is suspected that the ratio of 13C to 12C in enriched seawater has

changed prior to the experiment, then ase must be measured analytically. Addition
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of 13C bicarbonate to seawater results in high δ13Cse values that must be diluted

before analysis on the EA-IRMS as noted previously. Once the diluted seawater

δ13Csd value has been determined (see Isotope Measurement of Incubation

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

a C a C a Csd sd se se b b⋅ = ⋅ + ⋅12 12 (3)

where asd is at-% 13C of diluted incubation seawater, a12b is at-% 13C of stock

NaH12CO3, Csd is total mmoles ΣCO2 in diluted seawater, and C12b is mmoles of

unlabeled bicarbonate in dilution stock. As Csd = C12b + Cse, then:

a a DIC V
a a

DIC Vse sd b b
sd b

se se

= + ⋅( ) ⋅
−( )

⋅( )12 12
12

(4)

in terms of ΣCO2 concentration (mM) of stock solution (DIC12b) and total ΣCO2

concentration in incubation seawater (DICse). Vse is volume (L) of DICse added to

serum bottle, and V12b is volume of dilution stock in serum bottle (i.e., V12b = vol.

serum bottle – Vse = 0.0695 L).

Once ase is known, the isotope mass balance equation for the derivation of

photosynthetic rate begins as:

a C a C a C a Ctn tn se se tf tf sf sf⋅ + ⋅ = ⋅ + ⋅ (5)

where atn is the at-% 13C in initial tissue (i.e., natural abundance of 13C to total C

in the alga), atf is the at-% 13C in the final tissue after incubation, asf is the at-%

13C remaining in the seawater after incubation, Ctn is number of mmoles of

organic carbon in the algal tissue, Ctf is number of mmoles of carbon in the final

algal tissue, and Csf is number of mmoles of ΣCO2 remaining in the seawater after
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incubation. The change in tissue carbon over time (∆C) is the difference between

Ctf and Ctn. If Ctn = Ctf – ∆C  and Csf = Cse – ∆C are substituted into the mass

balance Eq. (5), and if it is assumed that asf = ase, then the equation can be

rewritten as:

a C a C C a Ctf tf tn tf se⋅ = ⋅ −( ) + ⋅∆ ∆ (6)

The assumption that at-% 13C of enriched seawater medium (ase) does not change

over the incubation period allows photosynthetic rate calculation to be simplified

and eliminates the need to determine δ13C 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 asf would remain 99% of the initial value of ase.

Photosynthetic rate (P) is derived from Eq. (6) to yield carbon uptake (∆C)

in terms of at-% 13C of initial and final algal tissues, at-% 13C of enriched

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

P
a a

a a

C

t
tf tn

se tn

tf ( mol C mg dry wt  h-1 -1µ =
−( )
−( )

⋅ ⋅ ⋅) .83 2 α (7)

Algal carbon (i.e., Ctf) content on a dry weight basis is determined from mass

spectrometer (or elemental analyzer) analysis. If photosynthesis is normalized to

dry weight, then Ctf is simply tissue weight percent carbon (%C). To normalize

carbon uptake on a single-sided areal basis, Ctf is multiplied by the dry weight to

area ratio particular to the individual sample. My photosynthetic rates are

expressed in µmol C m-2 s-1.
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Eq. (7) includes a fractionation correction, α, that should be evaluated on a

study-by-study basis. Enzyme kinetics of RUBISCO lead to a temperature-

dependent discrimination against the heavier 13C isotope relative to 12C (O'leary

1988). Procedurally, this isotope discrimination results in underestimation of

actual photosynthesis. To compensate, ∆C  can be corrected by a kinetic

fractionation factor (α). Depending on the study, α 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 et al. 2001). An algal specific fractionation factor

can be estimated from the natural, in situ δ13C of ΣCO2 (δ
13Csn) and algal tissue

(δ13Ctn), specifically:

α
δ δ

δ
=

−

+
+

13 13

131000
1

C C
C

sn tn

tn

(10)

where δ13C values are in units of parts per thousand. If photosynthesis is not

corrected for 13C 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 β-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 (atd) run concurrently with light trials, and rate of β-

carboxylation is calculated similarly to ∆C in Eq. (9). Alternatively, calculating

∆C  using dark trials as initial at-% 13C values (i.e., asn = at d) would also
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compensate for β-carboxylation. If β-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 (Pmax) 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

O2 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, Pmax values for 0 m L. hyperborea calculated from

micro-optode oxygen measurements (2.20 µmol O2 m
-2 s-1; April 5˚ C) compare

well with literature values from Clark-type O2 electrode incubations. For example,

at 12˚C, Pmax ranged from 2.4 to 2.9 µmol O2 m
-2 s-1 for L. hyperborea collected

in May/June in Helgoland, Germany (Lüning 1979), and at 13˚C, Pmax yielded

2.87 µmol O2 m
-2 s-1 in October for the same shallow-water kelp population at

Finnøy, Norway (Chapter 4). Similarly, 14C uptake rates produced 1.76 µmol C

m-2 s-1 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) µmol C m-2 s-1 determined for L. hyperborea using the 13C

method.
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In all light treatments, molar carbon assimilation rates were significantly

lower than gross molar O2 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 O2 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-2, 10 m = 10.7

mg cm-2; 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 13C method. Intra-sample

variations in P were determined for a single 13C 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 tf, atn, and asd 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 (13C method), which is less than the 22.6%

inter-thallus variation measured with O2 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 Pmax variation is reduced somewhat if Pmax 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

13C-method remains small compared to natural heterogeneity of the thallus.

DISCUSSION

Micro-optode O2 measurement and the 13C 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 O2 electrode

protocols (Littler and Arnold 1985). Micro-optodes offer compact oxygen systems
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that provide rapid O2 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 13C uptake is an alternative to

14C primary production experiments in macroalgae. A significant advantage of

using a 13C label is the avoidance of hazards and restrictions associated with

radioactive 14C isotopes. Stable 13C is readily transported across international

borders and does not produce radioactive waste, both significant impediments

when applying 14C procedures. Further, the non-radioactive 13C 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 δ13C and δ15N can be determined concurrently on an

EA-IRMS, dual labeling experiments with 13C and 15N (as 15NH4Cl or Na15NO3)

are possible and would address both carbon and nitrogen metabolism (Slawyk et

al. 1977; Slawyk et al. 1988). On a larger scale, combined 13C and 15N enrichment

experiments can be used to follow C and N fluxes through ecosystem food webs

(Hama et al. 1993). The major disadvantage of the 13C technique is cost; at ca.

$10 US/sample, cost may become prohibitive with complex experimental designs

that require high sample replication.

Does 13C Uptake Measure Net or Gross Photosynthesis?

The general procedure and underlying biochemistry of carbon uptake

experiments are similar for both 13C and 14C 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 O2, 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, 14C

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 (Søndergaard

1988). In an experiment with 12 species of macroalgae, Søndergaard (1988)

concluded that 14C incubations measured gross photosynthesis for up to 33 hours.

The same arguments should apply to stable isotope tracer experiments. Short-term

13C 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 14C 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

photosynthetic rate for the same reasons that 13C procedures measure gross
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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 13C procedure.

ΣΣΣΣCO2 Enrichment

Unlike 14C tracer methods, addition of 13C label to incubation media

significantly increases seawater ΣCO2. For instance, in my 1.5 h incubations I

doubled initial ΣCO2 concentration while increasing ase in seawater from at-% 13C

of 1.1108% to a calculated value of 50.2%. A substantial enrichment in ase is

necessary to generate measurable increases in the isotopic composition of tissue

organic carbon at the end of the incubation, and the relative 13C differences

between light treatments increases with more at-%13C added to the incubation

medium. Procedurally, the actual increase in inorganic 13C, and therefore ΣCO2,

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 (ase)

that produced a target tissue (atf) at%-13C value of ca. 1.4% (δ13C of ca. 300‰)

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 ΣCO2 concentrations, the increase in ΣCO2 in 13C

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

ΣCO2, and found that 13C-measured photosynthetic rates changed little with more

available ΣCO2. 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 HCO3
-, inorganic carbon will likely not

become limiting in enriched 13C experiments. On the other hand, artificially high

ΣCO2 in 13C 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 ΣCO2 was decreased further when O2 was purged with

N2 prior to incubations. Consequently, ΣCO2 levels in my incubation media were

less than 17% over natural concentrations, a ΣCO2 enrichment which likely did

not accelerate production rates (Mateo et al. 2001). Both manipulations required

that ase and DICse were determined analytically prior to the start of each

incubation rather than calculated directly from the quantity of 13C 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. In 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 14C tracer experiments, the 13C technique should encourage direct

measurement of carbon assimilation in macroalgae. The general 13C procedure is

straightforward and should readily be adapted to other experimental

configurations (Fig. 2.6). Where O2 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.



Table 2.1. ΣCO2 and dissolved O2 (DO) in natural, in situ seawater and in experimental seawater at beginning of
each complete PI replicate experiment. Values are reported as x ± SE (standard error) with sample
number in parentheses (n) in column headings. In situ temperature: 3 – 5° C, salinity: 32‰. 1Values of at-
% 13C for seawater off the island of Finnøy were determined for water samples collected in September
1999. ND = no data.

Trial Kelp Depth ΣΣΣΣCO2 (4) at-% 13C (5) DO (3) ΣΣΣΣCO2 (2) at-% 13C (2) DO (9)

(m) (mM) (%) (µM) (mM) (%) (µM)

1 0 2.13 ± 0.01 1.1108 ± 0.00021 379 ± 2 2.40 ± 0.00 64.159 ± 0.286 115 ± 2

2 393 ± 1 2.45 ± 0.02 59.656 ± 0.089 139 ± 6

3 373 ± 1 2.37 ± 0.00 63.732 ± ND 103 ± 2

4 372 ± 3 2.44 ± 0.03 80.800 ± 0.512 80 ± 3

5 377 ± 1 2.49 ± 0.01 80.323 ± 0.415 71 ± 2

6 10 2.13 ± 0.01 1.1108 ± 0.00021 373 ± 0 2.46 ± 0.02 79.095 ± 0.127 92 ± 1

7 373 ± 0 2.51 ± 0.03 79.154 ± 0.154 76 ± 3

8 381 ± 1 2.47 ± 0.02 78.409 ± 2.417 65 ± 2

9 384 ± 1 2.49 ± 0.01 78.411 ± 0.574 90 ± 2

10 393 ± 1 2.51 ± 0.04 78.459 ± 0.117 84 ± 4

In Situ Dissolved Gases Experimental Dissolved Gases
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Table 2.2. Maximum photosynthetic rates (Pmax) of Laminaria hyperborea
collected from 0 m and 10 m depth. Statistical p-values result from
independent t-tests for means between collection depths. Values of
Pmax are x ± SD of n = 5 independent Michaelis-Menten curve fits.
PQ: photosynthetic quotient.

0 m 10 m p

Oxygen (µmol O2 m
-2 s-1) 2.20 ± 0.31 1.72 ± 0.35 0.048

Carbon (µmol C m-2 s-1) 1.92 ± 0.20 1.32 ± 0.21 0.002

PQ (—) 1.14 ± 0.07 1.30 ± 0.15 0.068

Collection Depth

Measurement



Table 2.3. Analytical experimental error associated with 13C uptake measurements. Sample means represent replicate
measurements of the same variable for a single photosynthetic calculation. Data were taken from the
calculation of photosynthesis for a single, randomly chosen, light saturating treatment with a 10 m
Laminaria hyperborea tissue disc (actual P = 1.11 µmol C m-2 s-1). In the sensitivity test, P* was
calculated assuming that the measurement erred positively by the coefficient of variation (CV). For
comparison, % deviation (% dev.) of P* from P is reported. ND = no data.

Variable Description    ± SD (n) CV P* % dev.

(%) (µmol C m-2 s-1)

a12b (%) at-% 13C NaH12CO3 stock 1.1047 ± < 0.0001 (3) 0.01 1.11 0.01

asd (%) at-% 13C diluted seawater 2.3271 ± 0.0114 (9) 0.49 1.10 -0.93

DICse (mM) ΣCO2 enriched seawater 2.51 ± 0.03 (10) 1.02 1.13 1.00

atf (%) at-% 13C final algal tissue 1.4744 ± 0.0029 (4) 0.19 1.12 0.75

atn (%) at-% 13C natural algal tissue 1.0896 ± 0.0009 (4) 0.08 1.11 -0.24

W (%) weight percent C in tissue 28.6 ± 0.5 (4) 1.76 1.13 1.76

D (mg) dry weight of tissue disc 12.7 ± 0.1 0.79 1.12 0.79

α (—) fractionation factor 1.020 ± 0.001 (4) 0.09 1.12 0.09

B biomass (area) 2.54 ND ND ND

P Sensitivity to     + CV

 x

  x
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Figure 2.1. Spectral irradiance plot of six light treatments under 395 nm Schott
cutoff filter. Spectral light treatments were measured with a quartz
fiber-optic probe connected to a diode-array spectrophotometer. The
spectrophotometer was calibrated with a NIST 1000 W lamp.
Corresponding PAR irradiances are presented in µmol photons m-2 s-
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Figure 2.2. Cross-section of incubation cuvette and motorized stirring
mechanism in photoinhibitron. Light originates from a 2500 W
xenon lamp and passes though a Schott cutoff filter (395 nm), UV-
transparent Plexiglass (bottom of water bath), a neutral density
screen, and the quartz-bottomed cuvette. Magnetic stir bar
continuously mixes water inside cuvette, discouraging diffusive
boundary layers and promoting oxygen and carbon exchange
between photosynthetic tissue and seawater medium. Temperature is
maintained with a continuous-flow water bath.
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Figure 2.3. δ13C calibration curve for tissue isotope samples with artificially
heavy isotopic composition. Three replicate samples were analyzed
for each isotope standard.
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Figure 2.4. Dilution δ13C calibration curve for 13C enriched seawater media.
Three replicate samples were analyzed for each isotope standard.
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Figure 2.5. Gross photosynthesis versus irradiance responses for Laminaria
hyperborea collected from (A) 0 m and (B) 10 m depth. Oxygen
evolution and 13C carbon fixation were measured concurrently for
each light treatment. Individual data points are x ± SE (n = 5), and
the Michaelis-Menten formulation was fit to mean data points.
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Figure 2.6. Summary of analytical procedures for determination of
photosynthesis in macrophytes based on 13C uptake.

Enrich incubation medium with NaH13CO3

Sample algal tissue for natural isotope abundance

Begin photosynthetic incubation for time t

Terminate experiment and dry tissue samples

Measure dry weight (D) of tissue samples

Determine atn, atf and weight % C on EA-IRMS

Calculate P from Eqs. (7 – 9)

Is incubation medium used immediately?

Sample incubation medium just
prior to experiment

Determine asd of medium with
isotope dilution procedure

Determine final ΣCO2 (= DICse) of
enriched medium

Calculate ase from Eq. (4)

Estimate Csn and asn, or determine
analytically

Calculate ase from Eq. (2)

YES NO
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Chapter 3: Tidal Influence on Temporal and Spectral Underwater
Irradiance in a Norwegian Kelp Forest

ABSTRACT

Solar radiation changes in quantity and spectral quality as it passes

through the atmosphere and seawater. In marine environments, sunlight available

for photosynthesis and other biological processes depends on solar elevation and

optical properties of the water. Irradiance is spectrally attenuated with depth, but

the relative depth for photosynthetic organisms attached on the seabed changes

with daily tides. A full spectrum (280–700 nm, 1-nm resolution), clear-sky

irradiance model is presented which describes the temporal patterns and spectral

character of underwater light at the canopy in a Norwegian kelp (Laminaria

hyperborea)  forest. The model incorporates the System for Transfer of

Atmospheric Radiation (STAR) model with tide predictions and attenuation

coefficients measured in the Laminaria forest. Model output reflects daily time

courses and spectral distributions that agreed with surface UVB as well as surface

and underwater PAR measurements made in autumn 1999 and spring 2001. Daily

and spring/neap tide cycles influenced the light climate at the kelp canopy,

particularly in the UV region. Peak irradiance at all wavelengths co-occurred at

solar noon only under low neap tides. Otherwise, underwater irradiance maxima

of both PAR and UV shift from solar noon towards times of shallower water.

During periods of high spring waters, peak UVB occurs twice—mid-morning and

mid-afternoon—and is temporally offset from maximum PAR. Cloud cover

reduced total daily UVB irradiance as much as 60 – 77%. Based on a < 2 m tide
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range and relatively clear coastal waters characteristic of the Norwegian coast,

tide cycles vary total daily PAR by < 9%. In contrast, variation in cumulative

UVB between spring high and neap low waters is nearly two-thirds of daily

variation in incident irradiance caused by cloud cover. Tidally induced temporal

and spectral variation in the underwater light environment influence daily patterns

of kelp photosynthesis. This measurement-validated irradiance model reproduces

the timing and magnitude of radiant exposure incident at the kelp canopy and is

applicable to the study of macroalgal production and other benthic processes in

the euphotic zone.

INTRODUCTION

Temporal and spectral variations in solar radiation are remarkably more

complex in the sea than on land. Available radiation transfer models reliably

calculate diurnal clear-sky surface irradiance with respect to solar elevation,

stratospheric ozone concentration, aerosol type, and barometric pressure (Gregg

and Carder 1990; Ruggaber et al. 1994). Spectral heterogeneity underwater

increases, however, as sunlight either reflects off the sea surface or passes through

the water column. Surface reflectance is a function of solar elevation, wave height

(or sea roughness), and amount of sea foam and bubbles (Kirk 1994). Absorption

and scattering properties of the water column determine light attenuation; these

spectrally dependent optical properties vary temporally with turbidity, plankton

blooms, and dissolved substances in seawater (Smith and Baker 1978; Prieur and

Sathyendranath 1981).
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Seaweed communities experience different light climates than terrestrial

plants or plankton suspended in the water column. Without clouds, plants in

terrestrial habitats respond to the sun’s diurnal elevation cycle, i.e., high fluxes of

ultraviolet (UV) radiation coincide at solar noon with maximum

photosynthetically active radiation (PAR). For planktonic organisms, the

interaction of vertical mixing and solar elevation largely determine daily variation

in the light environment. The quantity and quality of light plankton receive

depends on mixing rate, mixed layer depth, and water optical properties (Neale et

al. 1998a; Huot et al. 2000). Seaweeds, on the other hand, remain attached at a

fixed location on the seabed. The timing and spectrum of irradiance are clearly

functions of depth, but water depth continually changes with the ebb and flow of

tide. Tidal cycles and diurnal irradiance are not necessarily in phase, so daily

periods of high irradiance occur when high sun angles interact with low water

levels. Increased tide height further narrows the spectral composition of sunlight

with preferential absorption of red and UV wavelengths (Jerlov 1976), and

semidiurnal and spring/neap phases of the tide cycle temporally control water

height above the canopy.

Production models require prediction of in situ light available for

photosynthesis, and in Laminaria kelp communities, available sunlight depends

on the daily tide. Dring (1987) presented the first comprehensive light climate

model concerning intertidal and subtidal seaweed environments. In areas with a

high tide range, tidal influence on the light environment largely explained critical

light levels and lower seaweed distributions. Subsequent studies further described
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the tidal influence on the temporal progression of underwater PAR, or wavelength

regions within PAR (400–700 nm), at the seafloor (Dring and Lüning 1994;

Bowers et al. 1997). Large daily fluctuations in irradiance occur depending on the

spring/neap cycle and the timing of high and low waters. If high tide occurs at

midday, maximum irradiance peaks twice on either side of high water, but if low

water occurs at noon, a single irradiance peak reaches the benthos (Bowers et al.

1997). On longer time scales, total daily irradiance is lowest during high midday

spring tides and highest during low midday neap tides. Water attenuation, timing

of high and low water, and tidal range specific to the location together control

temporal irradiance patterns (Dring 1987; Dring and Lüning 1994; Bowers et al.

1997).

Reduction in stratospheric ozone concentration increases short-wavelength

UVB radiation incident at the sea surface (Díaz et al. 2000). Notably, UVB

radiation directly inhibits production in photosynthetic organisms (Larkum and

Wood 1993; Häder and Worrest 1997; Keiller and Holmes 2001), including kelp

(Dring et al. 1996a; Aguilera et al. 1999; Dunton et al. in prep). The first step in

addressing whether continued ozone depletion is detrimental to kelp forest

production is to understand the diurnal, full spectrum (280–700 nm) light climate

at the kelp canopy. In this study, a clear-sky irradiance model was constructed

that incorporated daily tides levels to predict spectral irradiance throughout a

depth gradient. Building on Dring (1987), this study included measured

attenuation coefficients and spectral distribution of sunlight at the sea surface. The

proposed model extends into the ultraviolet spectrum and has 1-nm resolution.
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Model output was tested against surface PAR, spectral UVB, and underwater

PAR measured in autumn 1999 and spring 2001 in a Norwegian Laminaria

hyperborea (Gunn.) Foslie forest. Daily underwater irradiance patterns clearly

show influence of tide on the temporal and spectral nature of irradiance received

at the kelp canopy.

MATERIALS AND METHODS

Site Description

Canopy spectral irradiance was modeled for a kelp forest community

which extends subtidally from a small rocky outcropping ca. 1 km from the island

of Finnøy, Norway (Fig. 3.1). The study site was located about 15 km west of

mountain peaks (650 – 750 m) which delimit the Moldefjorden fjord. Kelp are

attached on a gradual bathymetric gradient from basaltic outcrops into a tidal

channel, ca. 25 m deep. Laminaria hyperborea, the dominant kelp species in the

community, continues subtidally from mean low water (MLW) to approximately

20 m deep. The kelp forest is situated perpendicular to incoming Atlantic Ocean

swells. Near-surface kelp are subjected to moderate wave energy and exposed to

atmosphere briefly in wave troughs and continuously during low spring tides.

Below 5 m, tidal currents control water movement. Kelp blades align with the

horizontal water movement of swells and tidal currents and on average are

oriented parallel to the sea surface and incoming light. Incident solar radiation

was measured during two field excursions to the community: autumn 1999 (4 –

17 Sep) and spring 2001 (28 Mar – 8 Apr).
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PAR Measurement

Daily PAR was continuously monitored at two locations: the field

laboratory (surface PAR) and the kelp forest study site (underwater PAR), ca. 1

km distant from each other. Terrestrial surface irradiance was measured with a

cosine corrected PAR sensor (LI 190SA, LI-COR) and recorded on a LI 1000 (LI-

COR) datalogger. The datalogger was programmed to store mean irradiance

values at 5-min intervals (autumn 1999) and 15-min intervals (spring 2001).

Sensors were situated to avoid shading by nearby buildings, but mountains in the

east caused some unavoidable shading in the early morning. There were no

shading structures in the vicinity of the off-shore site.

Underwater scalar irradiance (= photon flux fluence rate) was measured in

situ with LI-COR LI 193SA 4π quantum sensors. Sensors were connected to a

nearby LI 1000 datalogger encased in an underwater housing. During both field

expeditions, underwater sensors were attached at the top of a metal pole, and the

pole was secured to a Laminaria hyperborea stipe from which the blade was

removed. This provided a rigid structure which held the sensor ca. 0.25 m above

the kelp canopy. In autumn 1999, the sensor was situated 1.7 m below MLW, and

irradiance was averaged at 5-min intervals. In spring 2001, the sensor was located

0.5 m below MLW, and 15-min averages stored. In autumn 1999 only, a second

LI 193SA PAR sensor was secured on the seafloor to monitor irradiance below

the kelp canopy. The below-canopy sensor was anchored 2.3 m below MLW and

integrated every 5 min.



52

Spectral UVB Measurement

UVB was measured daily with an SR-18 spectroradiometer (Smithsonian

Environmental Research Center, serial number UN) located near the terrestrial

PAR sensors. This instrument has a cosine corrected diffuser which transmits

downwelling irradiance to a filter wheel with 18 interference filters (Neale et al.

2001). Filters have bandwidths of 2 nm and nominal centered wavelengths from

290 to 330 nm (calibrated centered wavelengths: 290.02, 291.91, 294.03, 296.06,

298.02, 299.9, 302.02, 303.97, 305.92, 307.9, 309.81, 311.82, 313.9, 316.22,

317.97, 320.26, 323.69, 329.48 nm). Irradiance data were acquired as 1-min

averages on a laptop computer.

Vertical Attenuation Coefficients

Spectral attenuation coefficients (Kd(λ)) were modeled based on actual

downwelling irradiance profiles through the water column at the kelp forest study

site. Profiling radiometers were deployed off a Zodiac inflatable boat during

cloudless conditions near solar noon. In autumn 1999, 24 irradiance profiles over

7 days were obtained with a Biospherical Instruments PUV-500 underwater

radiometer. The PUV-500 had four UV channels with 10-nm bandwidth (305,

320, 340, and 380 nm), a broadband PAR sensor, and a depth sensor. With this

instrument, data were acquired with a cable attached to a surface laptop PC

computer. On a single clear day in spring 2001, 4 vertical profiles were conducted

with a Satlantic profiling radiometer. The Satlantic is a self-contained instrument

with an OCI-200 head connected to a STORDAT acquisition system. The OCI-

200 head measures irradiance at 304.9, 323.4, 338.4, 380.5, 443.2, 490.6, and
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554.4 nm, though the 304.9 channel was inoperable during this project.

Temperature and depth were also recorded throughout the profile. Data were later

downloaded, calibrated, and converted to physical units on a laptop computer

using Satlantic proprietary software, SatCon v1.2A.

Attenuation coefficients for each vertical profile were calculated according

to the Lambert-Beer law (Gordon 1989):

E z Ed d
K zd( ) ( ) exp( ( ) )λ λ λ, , 0-= ⋅ − ⋅ (1)

A list of symbol notation is provided in Table 3.1. Kd(λ)’s were calculated as the

linearly regressed slope of logarithmically transformed irradiance at each depth.

Optical properties were assumed homogeneous in the well-mixed waters of the

kelp zone, so that a single Kd(λ) could be applied from 0 m to 20 m deep.

Spectral attenuation coefficients at 1-nm intervals from 280 – 700 nm

were modeled based on measured Kd(λ)’s determined from vertical profiles (Fig.

3.2). The spectral shape of Kd(λ)’s in the PAR region was estimated from average

Kd(λ)’s associated with Jerlov oceanic type III and coastal type 1 waters (Jerlov

1976). A 50:50 mix of ocean type III and coastal type 1 waters was assumed

since: 1) the island of Finnøy is located ca. 15 km off the Norwegian coast, 2) the

Norwegian sea is classified as ocean type III (Jerlov 1976), and 3) coastal water

types were categorized, in part, according to observations along Scandinavian

coasts (Jerlov 1976). Spectral attenuation coefficients from Jerlov (1976) Table

XXVII were interpolated/extrapolated to 1 nm wavelengths with Kaleidagraph’s

(v.3.5) interpolation function. The spectral shape was then normalized to 380

nm—the common measured wavelength of the Satlantic and PUV-500
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radiometers. The shape of Kd(λ) fit well with measured values in the PAR range

obtained by the Satlantic instrument (Fig. 3.2, spring 2001). As a check on the

procedure, broadband Kd(PAR) was calculated from modeled sunlight (400 – 700

nm) at subsurface 0 m and at 5 m. Predicted Kd(PAR) agreed with observed

Kd(PAR) as measured with the PUV-500 in autumn 1999 (Fig. 3.2), but the Jerlov

spectral shape underestimated Kd(λ) in the UV, particularly in the UVB range (cf.

Fig. 3.2, autumn 1999). Thus, Kd(λ) in the UV region (280 – 400 nm) was

modeled by applying an exponential curve fit to the radiometrically determined

Kd(λ)’s (Neale 2001): autumn 1999 Kd(λ) = 343.14 • exp(-0.01767 • λ) R2 > 0.99,

spring 2001 Kd(λ) = 71.019 • exp(-0.013567 • λ) R2 = 0.99.

Canopy Irradiance Model

The irradiance model predicts the spectral (280 – 700 nm) quantity of light

at fixed depth intervals relative to the kelp canopy. In this implementation, mean

low water (MLW) was defined as 0 m deep, and the sign convention was positive

with increased depth. Daily irradiance and tide heights were aligned temporally

such that maximal irradiance occurred at zenith, i.e., solar noon. The model was

programmed in MATLAB v.6.1 and has a four-step basic flow diagram:

1) Surface Irradiance: Spectral irradiance at the sea surface was obtained

using the atmospheric radiation transfer model STAR. Total

downwelling irradiance was divided into direct sunlight and diffuse

skylight components.

2)  Subsurface Irradiance: Radiation was passed through the air-ocean

interface and incorporated losses due to specular and sea-foam
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reflectance. Downward irradiance values were converted to scalar

units.

3) Tidal Depth: Daily depth at the benthos depends on tide height. The

model incorporated either the astronomical tide for days in 1999 and

2001 or user-defined ‘ideal’ tides.

4) Canopy Irradiance: Spectral scalar irradiance at 30-min intervals were

calculated at defined depth intervals using the Lambert-Beer equation.

The model also computed broadband PAR, UVA, and UVB and daily

integral irradiance for PAR, UVA, and UVB.

Surface Irradiance:

Clear-sky solar irradiance at the sea surface was obtained with the System

for Transfer of Atmospheric Radiation, STAR (Ruggaber et al. 1994). STAR was

chosen because of its close agreement with measured irradiance, particularly in

the UVB, in comparison to other publicly available models (Neale 2001; Neale et

al. 2001). The STAR program allows inputs of date and time, latitude and

longitude of Finnøy, seasonal ozone column profile, maritime-clean aerosol type,

and 1-nm spectral resolution. Ozone concentration as estimated from TOMS

(toms.gsfc.nasa.gov) and NOAA published barometric pressures

(www.cdc.noaa.gov) were input for each day modeled. STAR default values were

used for other input variables. UV spectra were smoothed with a 2-nm gaussian

filter (Neale 2001).

One limitation of standard STAR output is that it produces total global

irradiance. Models that transfer radiation across the air-sea interface require the
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contribution of both direct sunlight and diffuse skylight to total irradiance. The

Gregg and Carder (1990) maritime radiation model1, modified to include UVB

wavelengths by Arrigo (1994), supplies both direct and diffuse components of

downward irradiance. Despite this benefit, Gregg and Carder (1990) tends to

underestimate measured irradiance over the day (Neale et al. 2001), although it

has been commonly used in marine production models (Neale et al. 1998a; Huot

et al. 2000). In the current implementation, the Gregg and Carder (1990) model

provided the ratio of Edd(0
+, λ, t) and Eds(0

+, λ, t) at each daylight time, and this

ratio was used to deconstruct STAR derived Ed(0
+, λ, t) into direct and diffuse

components. Both atmospheric models were run with similar times, location,

ozone quantities, and barometric pressures. Sea-surface direct (Edd(0
+, λ, t), W m-

2
 nm-1) and diffuse (Eds(0

+, λ, t), W m-2
 nm-1) irradiances were calculated at 30

min intervals during daylight hours, and these data matrices were stored as look-

up tables for the canopy irradiance model.

Subsurface Irradiance:

After accounting for reflection, sunlight and skylight are transmitted

through the sea surface, and downwelling quantities are converted to total scalar

irradiance. Both reflectance and scalar conversion rely on time of day and solar

zenith angle (θ). Diurnal variation in θ (degrees) depends on latitude (γ), solar

declination (σ), and centered hour angle (τ) through (Iqbal 1983):

cos( ) sin( )sin( ) cos( )cos( )cos( )θ γ σ γ σ τ= + (2)

                                                  
1 The MATLAB application of Gregg and Carder (1990) was coded (unpublished) by R. Davis
and modified by Y. Huot (1998).
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where τ = 15 • (12.0 – h) and where σ is calculated as in Iqbal (1983):

σ ψ ψ= − +0 006918 0 399912 0 070257. . cos( ) . sin( )
− +0 006758 2 0 000907 2. cos( ) . sin( )ψ ψ
− +0 002697 3 0 00148 3. cos( ) . sin( )ψ ψ (3)

The date is expressed as an angle (ψ = 360˚ • d / 365), where d = Julian day (of

non-leap year) minus one.

Incident surface reflectance has both direct (ρd) and diffuse (ρ s)

components, and surface irradiance reflects off the sea surface (i.e., specular

reflectance, subscript sp) and off wave sea foam (subscript f) such that (Gregg and

Carder 1990):

ρ ρ ρd dsp f= + (4)

ρ ρ ρs ssp f= + (5)

Wind speed (W, m s-1), or more precisely wind stress, is the primary force that

determines sea foam reflectance. In accordance with Gregg and Carder (1990),

sea foam reflectance is related to wind speed through:

ρ f = 0

for  m s-1W ≤ 4 (6)

ρ ρf a DD C W D= −1
2

2

for  m s-14 7< ≤W (7)

ρ ρf a DD C D W= −( )3 2
2

for  m s-1W > 7 (8)

Constant values D1 – D4 and ρa are provided in Table 3.1. Drag coefficients (CD)

also depend on wind speed:
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C WD = +( ) ⋅− −0 62 1 56 10 3. . 1

for  m s-1W ≤ 7 (9)

C WD = +( ) ⋅ −0 49 0 065 10 3. .

for  m s-1W > 7 (10)

Direct specular reflectance is subject to zenith angle and wind speed. For a

smooth ocean surface with W < 2 m s-1, specular reflectance is governed by

Fresnel’s law (Kirk 1994):

ρ θ
θ
θ

θ
θdsp

j
j

j
j

( )
sin ( )

sin ( )

tan ( )

tan ( )
=

−

+
+

−

+

1
2

1
2

2

2

2

2 (11)

where j is the solar zenith angle in water after refraction. Underwater zenith angle

is determined according to Snell’s law (Kirk 1994):

sin( )
sin( )

θ
j

n
n

w

a

= (12)

whereas nw and na are the refractive indices of water and air, respectively, and

nw/na is equal to 1.33 for seawater (Kirk 1994). Specular reflectance for wind

speeds > 2 m s-1 is expressed through (Gregg and Carder 1990):

ρ
θ

dsp
b

=
−( )0 0253

40
. exp

( )
(13)

with b = -7.14 • 10-4W + 0.0618.

The diffuse specular component (ρssp) is simply 0.066 for flat seas and

0.057 for wind speeds > 4 m s-1. Finally, proportional reflectance is subtracted

from incident irradiance (W m-2 nm-1):

E Edd dd d( ) ( ) ( )0 , , t 0 , , t- +λ λ ρ= ⋅ −1 (14)

E Eds ds s( ) ( ) ( )0 , , t 0 , , t- +λ λ ρ= ⋅ −1 (15)
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and

E E Ed dd ds( ) ( ) ( )0 , , t 0 , , t 0 , , t- - -λ λ λ= + (16)

Conversion of downwelling sunlight under the sea surface to spectral

scalar irradiance requires calculation of the average cosine of downward

irradiance (µd). If it is assumed that upward irradiance (Eu) is negligible, then

subsurface scalar irradiance can be approximated by the relationship (Neale et al.

1998a; Huot et al. 2000):

E
E

o
d

d

( )
( )

0 , , t
0 , , t-

-

λ
λ

µ
≈ (17)

The average cosine of downwelling light under clear-sky conditions is weighted

by the ratio of direct to total downward irradiance and by the ratio of diffuse to

total irradiance (Prieur and Sathyendranath 1981):

1
0 859µ

λ λ λ λ

d

dd d ds dE E
j

E E
= +

( ) ( )
cos

( ) ( )
.

0 , , t 0 , , t 0 , , t 0 , , t+ + + +

(18)

Tidal Depth

The depth at any fixed location at the kelp canopy depends on tide height

and period during the day. The irradiance model may be specified to incorporate

harmonic tides predicted at Finnøy in 1999 and 2001. Otherwise, irradiance was

modeled without tidal influence or with ideal spring or neap tide ranges. All tides

are aligned temporally so that tide heights correspond with solar noon for the

dates included in the model, and tide amplitude is relative to MLW—the top

distribution of the subtidal Laminaria kelp forest canopy.
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Actual tides in 1999 and 2001 were based on seven harmonic constituents

and shoreline sea level constants published for the reference station at

Kristiansund, Norway, just north of Finnøy (Norwegian Hydrographic Service

1998; 2000). The chart datum in Kristiansund is 0.6 m below MLW. Tides at

Finnøy require a height correction factor of 1.1, but time correction for the

reference station is less than 5 min and was ignored. Tide symbols are listed in

Table 3.1, and astronomical constituent values are listed in Table 3.2. Time (t) is

in decimal hours with zero hour at 0:00 1 Jan 1999 and at 0:00 1 Jan 2001,

respectively. Harmonic tidal prediction follows the equation (Schureman 1958):

h t H f H a t V u ko i i i o i i
i

( ) cos ( )= + ⋅ ⋅ ⋅ + + −[ ]
=

∑
1

7

(19)

Tide height h(t) was then added to each depth (z) interval of the model.

To understand extreme variations in the irradiance field under different

tidal structures, daily spring and neap tide heights were modeled in an ideal

fashion with a simple cosine relationship:

h t H
H

t p To
sp

p( ) cos /= + ⋅ +( )[ ]
2

360 (20)

Tide height above MLW (Ho = 0.68 m) and mean amplitude of spring tide (Hsp =

1.82 m) and neap tide (Hnp = 0.88 m) were kept equal to values present at Finnøy

in 2001. Equation (20) allows for either ideal diurnal or semidiurnal tides by

varying tidal periodicity (Tp) between values of 24 and 12 h, respectively. The

timing of maximum and minimum tide height was manipulated by varying the
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phase (p) of the tide. During semidiurnal tides, high water occurs at noon when p

= 0 h, and low water is coincident with solar noon when p is set to 6 h.

Canopy irradiance

Daily scalar irradiance spectra were calculated at fixed depths in the kelp

forest according to the Lambert-Beer law (Eq. 1). The depth value relative to

MLW may become negative at shallow depth intervals during low spring tides. In

this case, depth (z) was set to 0 such that irradiance values would not exceed Eo(0
-

, λ, t). In addition to spectral irradiance, broadband PAR, UVA, and UVB were

integrated at each daylight time and depth interval. Daily integral irradiances were

also calculated for PAR, UVA, and UVB at each depth.

Five clear-sky irradiance simulations were modeled to demonstrate the

effect of tides on full spectrum irradiance in the Laminaria forest (Table 3.3).

First, modeled and measured spectral irradiance fields were compared on 16 Sep

1999 and 7 Apr 2001. Once agreement between measured and modeled values

was established, extremes in canopy irradiance structure were identified and

modeled. At the Finnøy kelp forest, tide height at solar noon follows a fortnightly

progression along the spring/neap cycle (Fig. 3.3). Thus, extremes in daily

spectral irradiance occur when high spring tides or low neap tides are centered at

solar noon. Low spring water does not coincide with noon at this site. Lastly,

subsurface irradiance spectra (= Eo(0
-, λ , t)) without tidal effects were also

included for discussion.
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RESULTS

Measured Solar Radiation

Of the 12 days with light data sets in Sep 1999, four days were

predominately clear-sky conditions (Fig. 3.4). Maximum PAR irradiance at solar

zenith on clear-sky days ranged from 1113 µmol photons m-2 s-1 on 4 Sep to 994

µmol photon m-2 s-1 on 16 Sep, and total daily PAR varied from 30.3 to 25.4 mols

photons m-2 day-1. UVB at 320 nm reached its greatest energy at 169 mW m-2 nm-

1 on 4 Sep but had decreased 9% by 16 Sep as solar declination waned toward the

September equinox. The remaining eight days were partly cloudy to overcast. On

7 Sep, a rainy and overcast day, total daily PAR was 71% less than 6 Sep while

maximum UVB (320 nm) at noon declined 68%. Complete day underwater PAR

measurements in 1999 were only available on 15 and 16 Sep; however, both

above and below-canopy PAR were measured on both days. With consideration to

the difference in sensor depth, only about 3 – 4% of PAR reached the benthos

below the kelp canopy.

In the spring 2001 field season only 2 days out of 12 were clear-sky

conditions (Fig. 3.5). As solar elevation increased after the March equinox,

maximal PAR increased from 1068 µmol photons m-2 s-1 on 28 Mar to 1188 µmol

photons m-2 s-1 on 7 Apr. Daily PAR also increased with daylength from 27.8 to

34.6 mols photons m-2 day-1, respectively. Greatest UVB at 320 nm occurred on 7

Apr at 149 mW m-2 nm-1 and was slightly less than maximum UVB measured in

Sep 1999. Though PAR was greater in Apr 2001, the decrease in UVB is

attributed to higher column ozone concentration in April: 365 D.U. on 7 Apr
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compared to 290 D.U. on 4 Sep. Three days were predominately overcast in 2001

with 67 to 77% reduction in daily PAR compared to 7 Apr, and integral UVB

(320 nm) decreased 59 to 72% compared to clear-sky conditions.

The effect of tide and total water height above the underwater PAR sensor

is particularly apparent from 6 to 7 Apr. Spring tides occurred during this period

with high water around 9:00 and low water in the mid-afternoon. Underwater

PAR irradiance was depressed with increased water depth over the sensor during

morning and midday (Fig. 3.5).

Comparisons of Measured and Modeled Irradiance

Modeled and measured irradiance were evaluated at the surface and

underwater on 16 Sep 1999 and 7 Apr 2001. Both days were predominately

cloudless, and complete daily courses of spectral UVB, surface PAR, and

underwater PAR were available. Incident spectral UVB as measured with the SR-

18 spectroradiometer and modeled with STAR was compared around solar noon

(Fig. 3.6). On the two clear-sky days, STAR effectively reproduced the spectral

shape of UVB irradiance. SR-18 measurements diverged somewhat from modeled

spectra at 290 and 292 nm, which is attributed to the noise threshold of the

instrument and to a shift in the effective center wavelength of short wavelength

filters (Neale et al. 2001). Over each clear day, modeled 320 nm irradiance was

tightly coupled to measured values (Fig. 3.7). In spring 2001, STAR slightly

overestimated UVB at 320 nm but by less than 4% at the highest irradiance

values. Unlike Neale (2001), SR-18 and STAR spectral irradiance in the UVA

and PAR regions were not normalized to 320 nm. I chose this approach because
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uncorrected full spectrum irradiance provided a better overall correspondence

with measured irradiance. In this study, STAR spectra normalized to 320 nm

underrepresented broadband PAR over the day.

STAR performance in calculating daily broadband PAR irradiance was

assessed for both clear-sky days (Fig. 3.8). In autumn 1999, the daily time course

of modeled PAR closely corresponded with measured values, but morning and

midday STAR irradiance values in spring 2001 were about 8.6% lower than

measured PAR. Regardless, on both days modeled underwater scalar irradiance

provided an excellent reproduction of both PAR quantity as well as irradiance

time progression (Fig. 3.9). In contrast to surface PAR, time of maximum

underwater PAR is offset from solar noon; this is apparent in both modeled and

measured data. Small discrepancies between modeled and measured underwater

PAR occurred during midday on 16 Sep and early morning 7 Apr 2001. Increased

midday wave action likely contributed to variability in integrated PAR measured

in fall 1999, whereas in spring 2001 high early morning light measurements may

be compromised due to sunlight reflection off the kelp canopy near the

underwater sensor.

Full Spectrum Irradiance in the Kelp Forest

The irradiance model produced full spectrum irradiance at specified depth

intervals along the bathymetric gradient of the kelp forest canopy. Depending on

the timing of high and low tide, maximum irradiance at the canopy typically does

not occur at solar noon, and daily maxima of different wavelengths of light may

occur at different times of day. On 16 Sep 1999, the tide entered its shallow neap
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cycle with low tide near 8:30 and high water after 14:00. Peak irradiance at all

wavelengths and canopy depths occurred prior to zenith (Fig. 3.10). In contrast,

spectral irradiance was greatest after solar noon on 7 Apr 2001, on which the

daily tide was characterized by high spring water at mid-morning and low water

during mid-afternoon (Fig. 3.11). At the top of the kelp canopy at MLW (0 m),

maximum monochromatic irradiance was at 481 nm and occurred just after 11:30

on 16 Sep and about 13:00 on 7 Apr. Peak irradiance for wavelengths with greater

attenuation coefficients, i.e., UVR, occurred at different times than peak

irradiance at 481 nm. For instance, the 0 m kelp canopy had greatest UVB (320

nm) exposure at about 10:00 on 16 Sep and between 13:30 and 14:00 on 7 Apr.

As ultraviolet and red wavelengths were preferentially absorbed, green

and yellow wavelengths dominated the underwater spectrum as the canopy

became progressively deeper (Figs. 3.10, 3.11). At 2.5 m, Ed(320) was only 5.0%

on 16 Sep and 10.9% on 7 Apr of its respective daily maximum at 0 m. Near-

surface waters also rapidly removed red wavelengths: respective to day, Ed(675)

decreased 90.1% and 88.5% by 5 m. By 20 m, peak green irradiance had shifted

from 481 to 525 nm and was 9.1% (16 Sep) and 11.9% (7 Apr) of its respective

maximum 0 m value.

Tidal structures were identified to illustrate extremes in tidally influenced

variation in spectral irradiance reaching the kelp canopy. For semidiurnal tides

typical at the Finnøy kelp forest, the two tide extremes that affect the irradiance

environment occurred when either high spring water was coincident with solar

noon or when low neap water occurred at noon. Compared to the spectral
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irradiance field just subsurface of the water, i.e., no tide conditions or Eo(0
-, λ, t),

irradiances at all wavelengths were less during peak sunlight periods when spring

high water occurs at noon (Fig. 3.12). Further, at the 0 m kelp canopy, peak PAR

wavelengths were coincident with zenith, but maximum UV exposure occurred in

the morning and afternoon. If low neap tide was synchronized with noon, shallow

water attenuated all wavelengths of light, but canopy kelp were exposed to daily

maximum values of all wavelengths at the same time (noon). Compared to a

hypothetical no tide situation, light levels at all wavelengths during NLT were

tapered in the morning and afternoon.

Broadband Irradiance in the Kelp Forest

Depending on the daily tide cycle, maximum UV exposure became

decoupled from time of highest PAR. During the neap tide of 16 Sep 1999, PAR

irradiance was greatest just before 11:00 (Fig. 3.13). Maximum UVA (dosage

rate) received at the 0 m kelp canopy was 20 W m-2 at 10:30, but kelp were

exposed to greater UVB stress earlier at 10:00. High spring water in the morning

on 7 Apr 2001 moved peak PAR irradiance to after 13:00 (Fig. 3.13). At this time,

0 m kelp were exposed during low water, and irradiance followed the solar cycle

through the afternoon. At deeper depths, maximum UVA and UVB exposure

occurred later in the afternoon at, respectively, 14:15 and 14:45. In general, the

daily irradiance pattern produced by tides was similar at different canopy depths,

though the magnitude of light decreased in accordance with the spectral

differences in attenuation.
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Daily patterns of irradiance quantity and quality were modeled under high

spring tide and low neap tide centered at noon (Fig. 3.14). If high spring tide

coincided with solar noon, PAR irradiance at noon was reduced by 26.1% than

expected under low neap water conditions. In the former case, PAR irradiance

remained flat between 10:00 and 14:00. In the latter, PAR peaked at zenith. High

spring water at noon produced two irradiance maxima in the UVA and UVB

regions with greatest irradiance in mid-morning and mid-afternoon. Importantly,

maximum UVA and UVB occurred before and after highest PAR. In contrast, in

low neap water situations maximum UVA, UVB, and PAR were coincident at

noon. Low water at noon also created conditions of greatest potential UV

exposure. Kelp exposure to UVA was 49.2% greater, and UVB was 73.6% greater

under low neap tides than under high spring water. SHT and NLT alternate on

approximately a 7 day cycle (Fig. 3.3), so the remaining tidal and solar phases

produce daily irradiance patterns between these two conditions.

Spring/neap cycles also affected total daily irradiance received at the kelp

forest canopy, but the relative influence of tides was also a function of light

wavelength and attenuation. On a broadband basis, the relative influence of high

spring tides in regulating daily irradiance at depth was greater for UV wavebands

(Fig. 3.15). For instance, at 0 m total UVB (cumulative dose) with high spring

tide at noon was reduced 60.1% compared to constant sea with level at MLW and

37.0% compared to low water conditions. SHT water reduced UVA 16.1% and

PAR 8.3% respective to NLT conditions. The relative percent difference between

daily irradiance at the ideal tide extremes remains moderately constant through
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the water column, but the absolute quantity of broadband light declined

exponentially with depth. Even under neap low tides, nearly all UVA (98.9%

subsurface irradiance) was removed by 10 m, and kelp below 5 m were not

exposed to appreciable UVB levels (0.5% subsurface irradiance).

DISCUSSION

Model Verification with Measured Light Values

Overall, under clear-sky conditions the STAR radiation transfer model and

the canopy irradiance model adequately reproduced full spectrum solar irradiance

at the sea surface and at depth intervals in the Norwegian kelp forest.

Nonetheless, modeled and measured values diverged in several cases. The most

troublesome discrepancy occurred on 7 Apr 2001 when STAR underestimated

morning and midday PAR values by up to 8.6% (Fig. 3.8). A similar (~7%)

morning and midday inconsistency with STAR was observed during the GAP

workshop in Switzerland (Neale et al. 2001), and a clear explanation for this

divergence remains uncertain. In this study, there was a close correspondence,

even a slight overestimation, between STAR and measured 320-nm irradiance on

7 Apr (Fig. 3.7), and measured and modeled underwater PAR agreed throughout

most of the day (Fig. 3.9). This suggests that the LI 190SA PAR sensor may have

been in error. The sensor was recalibrated after the 2001 field season, but there

was little change in the calibration coefficient. Even so, the close agreement

between the irradiance model with measured values imparts confidence in the

ability of the model to reproduce full spectrum, daily irradiance underwater.
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Sunlight at the Kelp Canopy

Kelp occur in an environment where spectral irradiance patterns change on

daily, fortnightly, and yearly time scales. Incident light at the top of the kelp

canopy results from complex interaction of spectral attenuation coefficients, solar

zenith angle, and water depth between the canopy and sea surface. Kelp

permanently anchored to the seafloor with a holdfast experience continual depth

changes as the daily tide rises and falls. Tide period and phase are therefore major

environmental components regulating the underwater light climate of kelp beds.

With tidal constants and attenuation coefficients typical of the Finnøy kelp

forest, the irradiance model demonstrates: (1) maximum irradiance in PAR and

UV wavebands do not necessarily coincide with solar zenith and that (2) high

PAR and maximum UV typically do not occur at the same time of day. On

cloudless days, periods of high spring water and low neap water were identified as

extremes in daily spectral irradiance. When high spring tides occurred at midday,

PAR irradiance was greatest from 10:00 to 14:00, but highest UV was bi-modal

with peaks in the mid-morning and mid-afternoon. During low neap tides at noon,

all wavelengths were maximal at zenith. Total daily irradiance at all depths in the

kelp forest were greatest with a low midday neap tide and least under a high

midday spring tide. Under actual tides predicted for modeled days, both PAR and

UV had single daily peaks and were offset from zenith with shorter wavelengths

of light increasing from noon towards times of shallower tide.

The importance of tides in determining the spectral nature of the

underwater light environment is apparent when irradiance variability due to tides
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is compared to variation due to cloud cover. Dring and Lüning (1994) reasoned

that in locations with tide ranges less than 4 m, weather conditions overwhelm

variation (in PAR) caused by tides. This argument would also hold true in clear

coastal waters, i.e., water types less than Jerlov coastal type 7 (Dring 1987). At

the Finnøy kelp forest, tide range was less than 2 m, and water attenuation was

clear for coastal waters, i.e., a mixture of Jerlov ocean type III and coastal type 1.

Rainy, overcast days reduced daily PAR between 67 and 77% while daily UVB

(320 nm) decreased by 59 to 72% at the sea surface. In cloudless skies, total

underwater PAR at Finnøy was depressed a modest 8 – 9% during midday high

spring tides, but noontime high tides removed as much as 37% of daily UVB. In

Norwegian kelp beds, tides accounted for regular and predictable variations in

incident UVB, which amounted to about one-half to two-thirds of the variation

caused by clouds. Tide cycles, therefore, can significantly affect short-wavelength

radiation incident at the kelp canopy, even under relatively small tide ranges and

clear water conditions.

Biological Significance

Sunlight drives photosynthetic carbon fixation in marine systems, but

exposure to high-energy UVB wavelengths, or excessive quantities of PAR,

disrupts photosynthetic function (Cullen and Neale 1994; Franklin and Forster

1997; Karentz and Bosch 2001). Ambient irradiance in tidal seas determines

seaweed depth limits (Dring 1987), diurnal patterns of primary production (Dring

and Lüning 1994), and acclimation and recovery strategies to UV exposure

(Hanelt et al. 1997c). UV stress, in particular, depends to a large extent on the (1)
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intensity and (2) duration of exposure and on (3) the spectral composition of

incoming light (Cullen and Lesser 1991; Dring et al. 1997; Vincent and Neale

2000). The course of the daily tide influences the relative importance of all three

components.

At the Finnøy kelp forest, only under low noontime neap tides were

irradiance values at all wavelengths equal to the maximum possible for the day.

Only with this condition does UV stress and high light photoinhibition co-occur.

More typically, tidal waters protect submerged kelp from high irradiance and shift

maximum UVB dosage rates to periods of shallow water. In addition, diurnal

down-regulation of photosynthesis in high light (i.e., dynamic photoinhibition)

will respond to tidally influenced irradiance (Hanelt 1994; Hanelt et al. 1997a),

and UV and PAR photoinhibition will likely be significant only for near-surface

kelp. Temporal decoupling of high-light and UV stresses is an important

consideration when designing experiments that compare photosynthesis under

irradiance fields modified with successive cutoff filters. Unless performed in situ

on the seabed, these experiments inherently assume concurrent high-light and UV

photoinhibition.

Model Enhancements

On clear-sky, calm-sea days, the irradiance model successfully reproduced

the temporal shape and spectrum of underwater irradiance. There remain several

enhancements that would improve the flexibility and precision of the model. First,

irradiance predictions are currently restricted to select days in autumn 1999 and

spring 2001. This is a result of reliance on STAR radiation transfer model, which
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produces spectral irradiance datasets for single specified points in time.

Integration of both atmospheric and underwater components into a single

application would allow irradiance predictions at any time queried. Second, Eu(0
-,

λ, t) is considered negligible in this application, but reflection of light from kelp

blades, and bare patches in the benthos, must increase the contribution of upward

backscattering to total underwater irradiance. Third, improving the calculation of

spectral attenuation coefficients to include the empirical relationship of Prieur and

Sathyendranath (1981) would greatly enhance the flexibility of the model. This

approach would require the measurement of phytoplankton, suspended particles,

and colored dissolved organic matter but would free Kd(λ) from assumptions of

Jerlov water types. Lastly, though inherently difficult to model on daily time

scales (Bukata et al. 1995), cloud cover is likely the single most important

variable controlling total irradiance in the kelp forest. Weather along the west

coast of Scandinavia is predominately cloudy to partly cloudy, and cloud cover is

a key controlling factor in the natural underwater light climate.

Model Applications

Despite the above considerations, the strength of the model is its ability to

reproduce temporal and spectral patterns of irradiance in close agreement with

measured values. For the Finnøy kelp forest, the model shows: (1) tide and solar

cycles together determine the time of maximum irradiance during the day, (2)

peak UVB and peak PAR only coincide when low neap tide occurs at noon, (3)

although tide cycles have little affect on total daily PAR, tidal variation in

cumulative UVB approaches variation caused by clouds, and (4) appreciable



73

UVB penetrates to less than 5 m in the kelp bed. The irradiance model

accommodates different stratospheric ozone concentrations, such that the model

can be used to test the sensitivity of kelp photosynthesis under different ozone

depletion scenario (Chapter 4). In addition to primary production, seaweeds use

light as an environmental cue for photomorphogenetic and phototropic reactions

(Lüning 1990; Lobban and Harrison 1994), and the irradiance model can be

applied to predict the spectral distribution of light actually receive in situ. Finally,

the general equations presented can be tailored to apply to other tidally influenced

communities, such as benthic diatoms habitats and coral reefs (Dunne and Brown

1996).
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Table 3.1. Symbol notation and abbreviations.

Symbol Description Units

0+ Location just above water surface m

0– Location just below water surface m

ai Angular speed of tidal component Ai degrees h-1

Ai ith  tidal components

CD Surface drag coefficient dimensionless

d Julian day day

D1 Coefficient relating wind stress to sea foam reflectance = 2.2 • 10-5 dimensionless

D2 Coefficient relating wind stress to sea foam reflectance = 4.0 • 10-4 dimensionless

D3 Coefficient relating wind stress to sea foam reflectance = 4.5 • 10-5 dimensionless

D4 Coefficient relating wind stress to sea foam reflectance = 4.0 • 10-5 dimensionless

Ed(0
+, λ, t) Total downwelling surface irradiance W m-2 nm-1

Edd(0
+, λ, t) Surface direct downwelling sunlight W m-2 nm-1

Eds(0
+, λ, t) Surface diffuse downwelling skylight W m-2 nm-1

Edd(0
-, λ, t) Subsurface direct downwelling sunlight W m-2 nm-1

Eds(0
-, λ, t) Subsurface diffuse downwelling skylight W m-2 nm-1

Ed(0
–, λ, t) Total downwelling subsurface irradiance W m-2 nm-1

Eu(0
–, λ, t) Upwelling spectral irradiance W m-2 nm-1

Eo(z, λ, t) Scalar irradiance at depth W m-2 nm-1

f Node factor for reducing amplitude H to year of prediction dimensionless

h Decimal hour h

h(t) Tide height m

Hi Tide amplitude for component Ai m

Ho Mean height of water level above MLW m

Hnp Amplitude of mean neap tides at Finnøy m
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Table 3.1. Continued.

Symbol Description Units

   

Hsp Amplitude of mean spring tides at Finnøy m

j(t) Underwater solar zenith angle degrees

ki Angular phase of constituent Ai degrees

Kd(λ) Spectral diffuse attenuation coefficient for downwelling irradiance m-1

K1 Lunisolar diurnal tide component, A5

K2 Lunisolar semidiurnal tide component, A4

M2 Principle lunar tide component, A1

MLW Mean low water m

MSL Mean sea level m

MLWS Mean low water spring tide m

nw/na Ratio of refractive indices of seawater and air, respectively = 1.33 dimensionless

N2 Larger lunar elliptic tide component, A3

O1 Principle lunar diurnal component, A6

p Phase adjustment of ideal tide to high or low water at noon h

PAR Broadband photosynthetically active radiation (400 – 700 nm) µmol photons m-2 s-1

S2 Principle solar tide component, A2

Sa Solar semiannual tide component, A7

t Decimal time h

Tp Tidal periodicity of ideal tide, either semidiurnal (12) or diurnal (24) h

UVA Ultraviolet A radiation (320 – 400 nm) W m-2

UVB Ultraviolet B radiation (280 – 320 nm) mW m-2

(Vo + u) Value of equilibrium argument of constituent Ai when t = 0 degrees

W Wind speed m s-1

z Depth m
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Table 3.1. Continued.

Symbol Description Units

   

γ Latitude of Finnøy 62.8 N 6.5 E degrees

θ(t) Solar zenith angle degrees

λ Wavelength nm

µd Average cosine for downwelling irradiance dimensionless

ρa Density of air = 1.2 • 103 g m-3

ρd Total surface reflectance of direct sunlight dimensionless

ρdsp Specular reflectance of direct sunlight dimensionless

ρf Sea foam reflectance dimensionless

ρs Total surface reflectance of diffuse skylight dimensionless

ρssp Specular reflectance of diffuse skylight dimensionless

σ Solar declination degrees

τ Centered hour angle degrees

ψ Day angle degrees
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Table 3.2. Harmonic components for 1999 and 2001 tides at Finnøy kelp forest.
aSchureman (1958), bNorwegian Hydrographic Service (1998),
cZetler (1982), dNorwegian Hydrographic Service (2000).

Year i Constiuent Ai f H a (Vo + u) k

(—) (m) (degrees hr-1) (degrees) (degrees)

        

a b a a b

1999 1 M2 1.027 0.674 28.9841042 34.2 324

2 S2 1.000 0.233 30.0000000 0.0 1

3 N2 1.027 0.136 28.4397295 354.5 300

4 K2 0.821 0.066 30.0821373 187.2 359

5 K1 0.926 0.060 15.0410686 3.2 181

6 O1 0.879 0.058 13.9430356 34.6 42

7 Sa 1.000 0.136 0.0410686 280.2 239

c d a c d

2001 1 M2 1.0041 0.677 28.9841042 210.72 324

2 S2 1.0000 0.233 30.0000000 0.00 2

3 N2 1.0041 0.137 28.4397295 340.48 300

4 K2 0.9839 0.066 30.0821373 183.6 360

5 K1 1.0023 0.060 15.0410686 1.83 182

6 O1 1.0037 0.058 13.9430356 212.96 44

7 Sa 1.0000 0.142 0.0410686 280.72 249
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Table 3.3. Model parameters for five clear-sky underwater irradiance
simulations at Finnøy kelp forest. SHT: spring high water at solar
noon, NLT: neap low tide at noon.

Parameter 16 Sep 1999 7 Apr 2001 SHT NLT No Tide

     

Date 16 Sep 7 Apr 7 Apr 7 Apr 7 Apr

Ozone (D.U.) 290 365 300 300 300

Ozone profile summer spring spring spring spring

Pressure (hPa) 980 970 970 970 970

W (m s-1) 2 2 2 2 2

Tide actual actual ideal ideal none

range spring neap

water at noon high low

Kd(λλλλ) profile autumn 1999 spring 2001 spring 2001 spring 2001 spring 2001
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Figure 3.1. Location of Laminaria hyperborea kelp forest and study site off the
island of Finnøy, Norway.
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Figure 3.2. Spectral attenuation coefficients (± SD) measured from PUV-500
(autumn 1999) and Satlantic (spring 2001) water column profiles.
Jerlov Kd(λ) were interpolated assuming a 50:50 mixture of ocean
type III and coastal type 1 waters. Kd(λ) in UV range (280 – 400)
were interpolated/extrapolated from exponential curve fits of profile
data. Horizontal lines depict Kd of broadband PAR modeled from
Jerlov Kd(400 – 700 nm).
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Figure 3.3. Predicted semidiurnal tide in 1999 and 2001 at the Finnøy kelp
forest. Tide height at solar noon (thick black line) is superimposed
on daily tides. Tides are shown relative to mean low water (MLW)
as 0 m mark. Note that lowest midday tides occur during the neap
tide cycle.
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Figure 3.4. Surface (Ed(PAR), Ed(320)) and underwater (Eo(PAR)) irradiance at
Finnøy during September 1999. All values are 5 min averages.
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Figure 3.5. Surface (Ed(PAR), Ed(320)) and underwater (Eo(PAR)) irradiance at
Finnøy during March/April 2001. All values are 15 min averages.
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Figure 3.6. Comparison of STAR modeled and SR-18 measured UVB spectrum
at Finnøy. Radiometer data were obtained under clear-sky
conditions, and five 1 min measurements were averaged centered
around 11:30 on 16 Sep 1999 and solar noon on 7 Apr 2001. Spectra
are plotted on both a logarithmic (left) and linear (right) scale.
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Figure 3.7. Irradiance at 320 nm as measured by SR-18 and modeled by STAR
for a day in autumn 1999 and spring 2001. There was brief cloud
cover around noon on 16 Sep 1999.
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Figure 3.8. PAR irradiance as measured by LI 190SA and modeled by STAR for
a day in autumn 1999 and spring 2001. There was brief cloud cover
around noon on 16 Sep 1999.
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Figure 3.9. Modeled and measured scalar irradiance for a day in autumn 1999
and spring 2001. Insets show water column height above LI 193SA
spherical quantum sensors (sensor at 0 m).
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Figure 3.10. Daily underwater spectral irradiance (scalar) over five depth
intervals for 16 Sep 1999. Daily tidal cycle is shown for reference
(top left). Column ozone 290 D.U.; times refer to solar time; depths
are defined relative to MLW.
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Figure 3.11. Daily underwater spectral irradiance (scalar) over five depth
intervals for 7 Apr 2001. Daily tidal cycle is shown for reference
(top left). Column ozone 365 D.U.; times refer to solar time; depths
are defined relative to MLW.
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Figure 3.12. Daily irradiance at MLW (0 m) during ideal semidiurnal tides.
Irradiance modeled for mid-April day with column ozone of 300
D.U. and ideal tides (top left) were calculated using either mean
spring or mean neap tide amplitudes. Note shift in time and duration
of maximum UV exposure during different tide cycles. MLW and
MSL definitions were for Finnøy kelp forest. No tide = Eo(0

-, λ, t);
SHT: spring tide with high water at solar noon; NLT: neap tide with
low water at noon; times refer to solar time.
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Figure 3.13. Daily broadband PAR, UVA, and UVB irradiances at different
depths relative to MLW. Data were modeled from surface irradiance
on 16 Sep 1999 and 7 Apr 2001 and actual predicted tide for each
respective day (top). Depths were defined relative to MLW.
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Figure 3.14. Daily broadband PAR, UVA, and UVB irradiances during ideal
semidiurnal tides. Data were modeled from mid-April surface
irradiance, and tides were centered with spring high water at solar
noon (SHT) and neap low water at noon (NLT). Spring and neap
tidal amplitude, MLW, and MSL were equivalent to those at the
Finnøy kelp forest (top). Depths were defined relative to MLW.
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Figure 3.15. Daily integral irradiance at the kelp canopy as a function of whether
high spring tide or low neap tide occurred at noon. Relative
difference between SHT and NLT: PAR = 8.3%, UVA = 16.1%, and
UVB = 37.0%. Percent differences remained consistent with depth.
Irradiance at the sea surface (= no tide) is included for comparison.
Refer to Fig. 3.14 for abbreviations and daily tide heights.
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Chapter 4: Photosynthetic Response of Scandinavian Kelp Forests
to Stratospheric Ozone Depletion: a biological weighting function

for Laminaria hyperborea

ABSTRACT

It is clear that ultraviolet radiation (UVR, 280 – 400 nm) inhibits

photosynthesis in marine phototrophs. Establishing a link, however, between

stratospheric ozone depletion and loss of primary production is less certain,

particularly for macroalgae living in coastal waters. Here, a production model is

presented which quantifies the response of the kelp, Laminaria hyperborea, to

ozone depletion. Assessment of UVR effects on kelp productivity requires

incorporating a solar radiation transfer model with spectral attenuation

coefficients in the water and with a spectral weighting function for UV

photoinhibition. Biological weighting functions (BWFs) were determined

experimentally for L. hyperborea collected near the island of Finnøy, Norway

(62.8˚ N 6.5˚ E). Both oxygen evolution and 13C-uptake were measured

concurrently using kelp from high light (0 m from MLW) and low light (10 m)

environments, and BWFs were fit to each of the four data sets. In the production

model, the biological response was coupled to a measurement-verified irradiance

model using attenuation coefficients determined in situ. Sensitivity of daylight-

and depth-integrated (0 – 20 m) photosynthesis was assessed by manipulating

ozone concentrations (100 – 600 D.U.), tide height and timing, and clear and

overcast skies. In the worst simulated case, when neap low tide occurred at solar

noon with clear skies and severe ozone depletion (100 D.U.), daily kelp
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production near the surface declined 7.9% compared to values for the same tide

and 600 D.U. ozone. In contrast, ozone depletion was inconsequential in limiting

production for the depth-integrated kelp forest, but overcast weather conditions

decreased total forest production by 20%. Thus, whereas tide structure and

overhead ozone affect diurnal patterns and magnitude of photosynthesis in upper

subtidal kelp, the kelp forest responds to available photosynthetically active

radiation (PAR). Biologically effective UVR only penetrates < 3 m, even under

low neap tides timed at solar noon, and subtidal kelp simply overwhelm

production decreases caused by UVR at shallower depths. Interestingly, kelp

exudates (e.g., phlorotannins) may alter the optical properties of the water in the

UVR waveband and effectively create UV-refuges for other organisms in the

coastal community.

INTRODUCTION

Exposure of marine organisms to increased levels of ultraviolet radiation

(UVR) has intensified dramatically because of stratospheric ozone depletion.

Ozone losses are most pronounced over the Antarctic continent, but ozone

depletion has steadily increased over the Arctic Ocean throughout the 1990’s.

Episodic ozone depletion events have approached 40% in the arctic polar vortex,

allowing for a general 4 – 7% increase in ultraviolet radiation incident in the

Northern Hemisphere (Madronich et al. 1998; Hansen and Chipperfield 1999).

Ozone depletion allows greater solar ultraviolet-B (UVB, 280 – 320 nm)

transmittance into the euphotic zone of marine communities which, among other

biological consequences, interferes with photosynthesis in marine phototrophs.
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Model simulations with Antarctic phytoplankton communities suggest that an

abrupt 50% reduction of column ozone over the Southern Ocean could result in an

8.5% loss in primary production (Neale et al. 1998a). While UVR inhibits

photosynthesis in seaweeds (Franklin and Forster 1997), no other studies

quantitatively link macroalgae photosynthetic response to increased UVR with

ozone depletion.

The hypothesis that UVR inhibits photosynthesis is gaining experimental

support, particularly in high latitude kelp (Hanelt et al. 1997c; Aguilera et al.

1999; Brouwer et al. 2000; Dunton et al. in prep). Mechanistically, absorption of

high energy UVB photons damages proteins associated with photosystem II

(Renger et al. 1989; Babu et al. 1999; Vincent and Neale 2000) and degrades the

carbon fixing enzyme Rubisco (Bischof et al. 2000). Since UV photoinhibition in

seaweeds is wavelength dependent, two processes must be understood to critically

assess whether ozone depletion elicits UV inhibition under natural conditions: (1)

spectral distribution of downwelling sunlight in the water column, and (2) the

biological response to UVR at a high spectral resolution (e.g., 1-nm)

Photosynthesis (and inhibition of photosynthesis) is a function of

irradiance intensity and spectral distribution of sunlight received at the algal

thallus. This relationship is quantified with a biological weighting function

(BWF), which assigns spectral weights to account for the wavelength dependency

of the photobiological process. In the simplest case, because broadband UVB

effectively inhibits macroalgal photosynthesis more than UVA (320 – 400 nm),

the BWF should reflect the greater UVB contribution in inducing inhibition in full
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spectrum sunlight. This simplified weighting function, however, is inadequate for

ozone depletion models because the general weight assigned to broadband UVB

does not provide information on wavelength dependency of inhibition within the

UVB spectral range. A more sophisticated BWF can be generated if a greater

number of spectral treatments are included in photosynthetic experiments.

Spectral weights at 1-nm resolution can then be inferred using either non-linear

regression of an (assumed) exponential response function (Rundel 1983) or

statistical fits of photosynthetic data to one to several principal components that

describe the spectral irradiance treatments (Cullen et al. 1992; Cullen and Neale

1997; Neale 2000).

BWF weights are defined under polychromatic light treatments. This is an

important distinction between the BWF and a traditional action spectrum based on

monochromatic irradiance. In a BWF experiment, broadband irradiance

treatments are created with a series of cutoff filters that selectively remove shorter

wavelengths of light. Polychromatic treatments integrate multiple light-regulated

interactions within cellular processes. In kelp, for instance, blue light enhances

recovery and survival after UVC (253 nm) exposure (Han and Kain (Jones) 1992;

1993). Interactive processes would not be reflected in spectral weighting

functions based on monochromatic light. The BWF accounts for the net effect of

light and is more representative of natural conditions.

Also, understanding of the temporal response to UV exposure is

fundamental to the predictive power of the BWF model. The time-dependency of

UV-induced inhibition is evaluated with an exposure response curve (Coohill
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1994). From these curves, it can be determined whether the biological response

results from total radiant exposure, independent of exposure rate (Cullen and

Lesser 1991), i.e., whether reciprocity is satisfied. If the effect is essentially

irreversible over the time-scale of interest, reciprocity is upheld, and the response

is a function of cumulative UV exposure (J m-2). If, however, organisms possess

mechanisms that can counteract UV damage, then the rate of photosynthetic

decline under UV exposure would reach a steady-state balance between damage

and repair (Lesser et al. 1994). In this case, reciprocity fails, and photosynthetic

inhibition is proportional to maximum exposure rate (mW m-2) (Cullen et al.

1992).

UV-screening pigments and efficient repair mechanisms in photosynthetic

organisms are adaptations to their ambient light environment. For example, an

irradiance-dependent BWF was appropriate for temperate (i.e., relatively high

natural UV) phytoplankton (Banaszak and Neale 2001), but Antarctic (i.e.,

relatively low UV) phytoplankton showed little short-term ability to counteract

UV inhibition, implying that inhibition was a function of cumulative exposure.

Seaweeds are sessile at their growing site and are restricted to specific growth

zones, light histories, and radiant UV exposure. The rapid attenuation of UVR by

seawater, relative to photosynthetically active radiation (PAR), typical of coastal

waters with high concentrations of dissolved organic matter (Smith 1989; Smith

et al. 1989; Arrigo and Brown 1996) protect kelp deeper in the water column

from high intensity UV. Consequently, macroalgal sensitivity to UV exposure

depends on attachment depth (Larkum and Wood 1993; Dring et al. 1996b;
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Franklin and Forster 1997; Hanelt et al. 1997c). This suggests that intertidal and

upper subtidal seaweeds could have more efficient UV-counteracting

mechanisms, and reciprocity would be depth-dependent.

Benthic kelp communities in northern Norway are particularly exposed to

heightened incident UVR in years of severe ozone loss. In winter/spring

1996/1997 the edge of the polar vortex was over Northern Scandinavia for

sustained periods (Hansen and Chipperfield 1999). In the same year, ozone

depletion reached 40% in April and May, up from 32% in the polar vortex in 1995

(Goutail et al. 1999; Hansen and Chipperfield 1999). Kelp populations from sub-

arctic Norway (north of Ålesund) were studied because of the proximity of the

spring ozone hole and the kelp’s exceptional productivity along the Atlantic coast.

Warmer seawater temperatures along Norwegian coastlines impede winter ice

formation. Without winter ice scour kelp grow higher into the upper subtidal and

have greater potential for UVR exposure. Relatively warm waters also result in

extremely productive kelp beds throughout the various coastal islands and fjords.

Kelp beds are significant carbon sources in coastal ecosystems. Along the

Atlantic coast of Norway, dense forests of the kelp, Laminaria hyperborea

(Gunn.) Foslie, create an extensive underwater canopy structure with standing

crops approaching 40 kg fr. wt. m-2 (Sjøtun et al. 1995). Kelp carbon flows to

higher trophic levels via both herbivores and detritivores (particularly microbial)

consumers (Dunton and Schell 1987; Duggins et al. 1989). Using carbon and

nitrogen stable isotopes, Fredriksen (in prep.) established a clear link between L.

hyperborea organic matter production and consumption by gastropod and urchin
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grazers. Decreased kelp production potentially interrupts carbon flow between

trophic levels, changes food web structure, decreases essential nursery habitat for

fisheries, and limits commercial kelp harvests (Sjøtun et al. 1995; Christie et al.

1998)

The principle objective of this study was to address whether ozone

depletion over northern Norway would result in decreased kelp-derived carbon

production. The question required a modeling approach, which coupled water

column spectral irradiance (Chapter 3) with the biological response of Laminaria

hyperborea to UV photoinhibition. The production model utilized biological

weighting functions determined experimentally for L. hyperborea collected in the

upper subtidal (0 m) and at 10 m deep. Oxygen evolution and 13C-uptake rates

were measured concurrently in laboratory BWF experiments, and BWFs were fit

assuming inhibition as functions of both exposure rate and cumulative exposure.

In the model, carbon production was estimated on a spring (April) day, and results

are presented for both surface kelp and the kelp population integrated over its

depth distribution. The model was evaluated for sensitivity to ozone depletion,

tide structure, and cloud conditions. Stratospheric ozone concentrations were

varied between maximum potential thickness (600 D.U.) during spring and severe

ozone depletion (100 D.U.). At the Norwegian study site, the two tides that would

produce extremes in irradiance distribution incident at the kelp canopy would be

an occurrence of high spring water at solar noon versus a low neap tide coincident

at noon (Chapter 3). Kelp production under the two hypothetic tides was

contrasted and then compared to production during the actual tide of the model
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day. Finally, daily kelp production was evaluated under clear sky and overcast

conditions.

MATERIALS AND METHODS

Site Description, Kelp Collection, and Tissue Preparation

Photosynthetic experiments were conducted at a field laboratory on the

island of Finnøy, Norway < 1 km from an extensive Laminaria hyperborea kelp

forest (Chapter 3). The forest extends subtidally from mean low water (MLW = 0

m) to ca. 20 m into a tidal channel. Biological weighting function components

were determined experimentally during three field excursions to the area. PAR-

only photosynthetic experiments were performed in Sep 1999. The temporal

aspect of the BWF was investigated in Oct 2000, and the BWF was determined in

Mar/Apr 2001.

Adult kelp sporophytes were harvested 1 d prior to all photosynthetic

experiments. Subtidal kelp were collected via SCUBA, and divers took care to

remove kelp with holdfasts intact to minimize stress on the algae prior to

experimentation. Kelp were kept in fine mesh collection bags and placed in dark

ice chests for the short trip back to the field laboratory. Whole kelp thalli were

stored overnight in underwater collection bags suspended in a nearby protected

boat basin.

Photosynthetic tissue samples excised at least 10 cm from the basal,

meristematic region of the lamina and 1 cm away from blade margins were used

in the three photosynthesis experiments. Samples were maintained under dim

laboratory light in temperature-controlled seawater at the ambient seawater
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temperature of the season. Margins of the cut kelp tissues initially produced

mucilage, but the wound response ceased within 1 h.

Photosynthesis versus Irradiance (PI) Experiments

To model photosynthetic inhibition in the presence of ultraviolet radiation,

a biological weighting function was coupled to a traditional photosynthesis versus

irradiance model, the BWF-PI model. BWF light trials were experimentally

constrained mainly to the light-saturated region of the PI curve; therefore, the

choice of PI model chosen was determined in separate experiments that

concentrated light treatments in the light-limited and transition regions of the PI

curve. In Sep 1999, oxygen evolution was measured using a Clark-type oxygen

electrode system (Rank Brothers, LTD, England). Photosynthetic tissue (5.0 Χ 5.5

cm) was suspended in a specially designed, closed-system, oxygen chamber. The

chamber was designed for large algal samples and equipped with a connection for

an 8 mm PAM fluorometer probe. Algal tissues were immersed in 123 mL of

vacuum purged, partially deoxygenated seawater. Local seawater was continually

flushed through the chamber jacket to maintain internal temperature at 13 – 14˚C,

and water motion inside the chamber was maintained with a small magnetic

stirrer. The analog voltage signal from the O2 electrode system was converted to a

digital signal with a ComputerBoards, Inc. (Massachusetts) A/D PCMCIA card

(model PCM-DAS08) and displayed and recorded in physical units on a laptop

PC running LabTech Notebook v.10.15 software. The software was set to smooth

signal noise with a 20 s running average filter. The electrode was calibrated prior
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to each PI experiment with a two-point standard curve comparing air-saturated

seawater and seawater depleted of O2 by addition of Na2S2O4.

Light was provided by a slide projector with a halogen light source, and

irradiances were controlled with neutral density slides. Photon flux density at each

light level was measured with a LI-COR LI 192SA cosine corrected sensor

connected to a LI-COR LI 1000 datalogger. To ensure accurate light

measurement, an aperture for insertion of the LI 192SA sensor was designed into

the oxygen chamber. Oxygen evolution was measured initially for 15 min in

darkness followed by nine incremental light trials (19, 25, 61, 168, 327, 497,

1004, 1590, and 2184 µmol photons m-2 s-1) each of 7 min duration.

Photosynthetic response curves were completed for three replicate kelp

individuals collected from each of three depths: 0, 5, and 15 m. Following each PI

experiment, fresh weight of each sample was determined, and tissue samples were

immediately frozen at –20˚C. Samples were later transported on ice to the

University of Texas Marine Science Institute (UTMSI, Port Aransas, TX, USA)

and stored at –70˚C until processed for pigment content and dry weight.

Photosynthetic rate at each light level was determined from the change in

oxygen concentration over the change in time, i.e., the slope of a linear regression

of the time trial. Prior to linear regression analysis, rates were allowed to stabilize

for the first 2 min of each light run and 5 min of each dark trial. PI curves were

plotted in Kaleidagraph v3.51, and fits of four common PI models were

compared. Equations utilized in the analysis were the Michaelis-Menten

(rectangular hyperbola), quadratic, exponential, and hyperbolic tangent function
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(Falkowski and Raven 1997). Kaleidagraph uses the Levenberg-Marquardt

algorithm when fitting non-linear equations.

Pigment Extraction

Photosynthetic pigments were quantified on a Shimadzu UV-160

spectrophotometer after a two-solvent extraction with 4:1 dimethyl sulfoxide

(DMSO):distilled water and 3:1:1 acetone:methanol:water. Tissue samples used

in the Sep 1999 PI experiments were thawed in dim light and sub-sampled with a

2 cm diameter brass coring device. Tissue discs were rinsed with fresh water to

remove salts and then blotted dry. Pigments were extracted in 4.0 mL of DMSO

for 2 hr, and tissue discs were rinsed once with distilled water, which was added

to the DMSO solution. Surface (0 m) kelp samples were diluted with an additional

1 mL of 4:1 DMSO:water because the pigment absorbance in the blue region

exceeded the detection range of the spectrophotometer. Discs were then

transferred to a chilled mortar with 3 mL of 3:1:1 acetone:methanol:water and

sterilized silica sand and ground to ensure complete pigment extraction. The

mortar was rinsed 2 times with 1 mL of 3:1:1 acetone:methanol:water. The rinse

solution was added to the initial acetone solution, and samples were centrifuged at

6000 rpm for 10 min to remove particulates. Chl a , chl c (=c1 + c2 ) and

fucoxanthin (the presumed dominant carotenoid) concentrations were calculated

using equations in Seely et al. (1972). Pigments were converted to molar

equivalents using molecular weights for chl a, chl c and fucoxanthin presented in

Geider and Osborne (1992).
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Exposure Response Curves

Time course experiments to determine the photosynthetic response to

UVA and UVB exposure were performed in Oct 2000 using Laminaria

hyperborea collected from 0 m. Tissue samples of 12 cm2 were excised from the

first lamina and secured in a small chamber built from UV transparent acrylic.

The 8 mm fiber optic probe of a DIVING-PAM fluorometer (Walz: Germany)

was inserted at a 60˚ angle and at a fixed distance to the thallus. Incubation

seawater was constantly stirred with a magnetic stir bar, and temperature was

maintained at 12 – 13˚C by placing the sample chamber in a large-volume water

bath, also constructed of UV transparent acrylic. Illumination was provided by a

Spectroline Pencil mercury lamp, and relative photosynthesis was quantified as

the quantum yield of electron transport around PSII, i.e., ∆F/Fm'.

The exposure time course was designed in four sections. Initially, thalli

were dark-adapted for 15 min, and then PAR-only irradiance was increased to the

exposure intensity in four 10 min increments (32, 82, 171, 270 µmol photons m-2

s-1). Steady-state ∆F/Fm' was achieved at each light increment. Light levels were

manipulated with neutral density filters, and UV was removed with a Schott 400-

nm long-pass cutoff filter. Second, spectral exposure during the next 60 min was

controlled with 305 (UVB), 320 (UVA), or 400 nm (PAR-only) cutoff filters.

Irradiances for all spectral exposures were similar to the last PAR-only increment

in the initiation phase, ca. 270 µmol photons m-2 s-1. Third, photosynthetic

recovery in the light was monitored for 60 min with PAR-only irradiance

maintained at 270 µmol photons m-2 s-1. Finally, the chamber was covered with
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black cloth and recovery was assessed in the dark for 60 min. In all light trials,

∆F/Fm' was measured every 30 s. Variable fluorescence, Fv/Fm, was measured

every 5 min in the dark recovery phase. Fluorescence yields were normalized to

an average of the last 10 measurements in the final PAR-only increment just prior

to the exposure phase. Each spectral treatment (UVB+UVA+PAR, UVA+PAR,

PAR-only) time course was replicated with three Laminaria hyperborea

individuals. Dark recovery was monitored overnight for one replicate from each

spectral treatment.

Experimental Measurement of the Biological Weighting Function

Photosynthesis and UV-dependent photoinhibition in Laminaria

hyperborea from two depths (0 m and 10 m from MLW) were determined in a

spectral incubator, the photoinhibitron (Neale and Fritz 2002), which was

modified from phytoplankton applications to be used with kelp tissue discs. The

photoinhibitron allows for irradiance treatments that differ in both spectral

composition and light intensity. The apparatus consists of (1) an aluminum block

bored to hold 80 20 mL quartz-bottomed incubation cuvettes, (2) a continuous-

flow water bath to control temperature, (3) and a 2500-W xenon lamp light

source. A central mirror reflects light up through the apparatus to illuminate kelp

tissue in individual incubation cuvettes. Along the beam path, light passes through

(1) a water bath with a UV-transparent Plexiglas bottom, (2) one of eight Schott

UV cutoff filters (280, 295, 305, 320, 335, 350, 370, and 395 nm), which provide

polychromatic light treatments, and (3) a cellulose acetate shield that removes

UVC wavelengths below 280 nm. Within each spectral treatment, light intensity
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was varied using neutral density screens. Photosynthesis in L. hyperborea was

measured at six light intensities within each of eight UV filters for a total of 48

light treatments per 1.5 h incubation. Temperature was maintained within the

cuvettes 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 water bath of the

photoinhibitron.

Spectral irradiance (Ed(λ)) in each of the 48 light treatments was

determined with a scanning spectroradiometer system (Banaszak and Neale

2001). Light was collected from each incubation cell with a quartz fiber-optic

probe fitted with a diffuser designed for PAR and UV measurement, and the

probe was connected to an Acton Research monochronometer with a PMT

(1P28B) and computer interface. The spectroradiometer was calibrated at the field

location using a National Institute of Standards and Technology-traceable, 1000

W quartz-halogen lamp operated at a constant 7.9 A current (XANTREX

HP6030A power supply). The lowest wavelength of detectable irradiance in

experimental light treatments was 286 nm. In addition, scalar PAR irradiances in

all light cells were monitored prior to each replicate incubation using a QSL-100

(Biospherical Instruments) 4-π quantum sensor.

Photosynthetic measurements were determined for kelp discs excised from

the 1st blade, i.e., the newly formed blade material produced that winter/spring.

The blade tissue in this region was visually uniform and consistent in density. All

discs were cut from tissue at least 10 cm from the basal, meristematic region of

the blade. For each complete incubation, 51 tissue discs (48 light treatments and 3
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dark treatments) were cut with a brass coring device (1.8 cm diameter), and discs

were placed in a temperature controlled seawater container for 1 h. The BWF

experiment was replicated with five individual kelp plants from both 0 m and 10

m depth intervals. To avoid potential variation due to natural acclimation to field

conditions over weekly time scales, all five 0 m replicates were completed first in

a 3-day period followed by five 10 m plants on the subsequent two days.

Photosynthesis was quantified by concurrent measurements of oxygen

evolution and H13CO3
– uptake, as described in detail in Chapter 2. In brief, several

days prior to incubations, 20 L of filtered seawater were enriched with

NaH13CO3
– (99% 13C, Cambridge Isotope Laboratory, Andover, MA). The carboy

lid was left loose, and the carboy was occasionally shaken to allow the dissolved

inorganic carbon (DIC) concentration to partially equilibrate with the atmosphere.

Before incubations, 13C-enriched seawater was brought to experimental

temperature (5˚ C), and dissolved oxygen (DO) was stripped with N2 for 8 min to

decrease DO to about 20 – 30% air saturation. Water samples were taken in 70

mL serum bottles, fixed with 0.2 mL of saturated HgCl2 solution, and stored

refrigerated for later analysis of initial ΣCO2 and at-%13C values.

Photoinhibitron cuvettes were filled with O2-stripped and 13C-enriched

seawater, and a kelp disc was suspended in the cuvette about 1 cm from the

bottom. A rubber o-ring, crosshatched with thin transparent thread, supported the

disc. Suspending the disc in the cuvette assured proper orientation of the disc

perpendicular to the irradiance beam and promoted unrestricted water motion

around the entire thallus. After removing air bubbles, cuvettes were sealed with
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modified silicon stoppers, which were fitted with small, 1.5 V DC electric motors

and magnetic stir bars to create water motion in the cuvettes (cf. Fig. 2.2).

To facilitate O2 measurements during the trials, cuvettes were inserted into

the photoinhibitron in sets of six, with each set staggered by 5 min intervals. Once

cuvettes with motors were set into the photoinhibitron, motors within a set were

connected in series, and the circuit was completed with each set connected in

parallel. Motors were powered with a B&K Precision 20 A DC power source

(model 1688), and the speed of the magnetic stir bars was adjusted by controlling

the voltage of the power source.

Before and after the incubation DO concentrations were determined in the

treatment seawater with a PreSens Microx TX micro-optode oxygen system with

a needle-type optode. Oxygen evolution rates were corrected for non-

photosynthetic increases in DO assessed in blank cuvettes (i.e., cuvettes without

kelp tissue). Kelp tissue discs were quickly removed from cuvettes before final

oxygen measurements, and discs were then rinsed twice to remove excess 13C

label and then dried at 60˚ C. 13C-amended seawater and tissue samples were

shipped to UTMSI for isotopic analysis on a Finnigan MAT DeltaPlus continuous

flow isotope ratio mass spectrometer attached to a Carlo Erba (NC 2500)

elemental analyzer. Photosynthetic carbon uptake rates were calculated using

equations of Hama et al. (1983), as adapted for macroalgae in Chapter 2.

Statistical Determination of the Biological Weighting Function

Four biological weighting functions were statistically determined for

Laminaria hyperborea based on both carbon and oxygen photosynthesis from
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kelp collected from 0 m and 10 m deep. BWF calculations began with an

underlying model describing potential photosynthesis as a saturating function of

irradiance. In the absence of photoinhibition (Ppot), kelp photosynthesis was fit to

the Michaelis-Menten relationship (see Table 4.1 for symbol notation and units):

P
P E
E Epot

PAR

k PAR

=
+

max (4.1)

where Pmax is the maximum potential rate of photosynthesis, particular to either

carbon or oxygen units, and Ek is PAR irradiance at light saturation.

If photosynthesis is inhibited in the presence of UVR, then the magnitude

decrease from Ppot is determined with a second expression that depends on the

temporal kinetics of the exposure response curve. In the case when steady-state

inhibition is achieved (i.e., active repair processes partially counteract UV

damage and reciprocity is violated), then photosynthetic production is described

with an irradiance-based model (the BWFE-PI model):
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If photosynthesis consistently declines over the exposure time period, then an

inhibitory model based on cumulative exposure is desirable (the BWFH-PI

model):
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Though Laminaria hyperborea likely possess repair and/or protection

mechanisms, particularly in shallow kelp accustomed to high irradiance

environments, both the BWFE-PI and BWFH-PI models were chosen to predict the

response of the kelp population to ozone depletion. BWFE-PI and BWFH-PI

model fits to the results of 1.5 h incubations were statistically equivalent (F-test, p

< 0.05), and the natural response is likely between these two extremes.

Biologically effective fluence rate (E*
inh) was determined from 286 to 400 nm:

E Einh E
*

286 nm

400 nm

= ( ) × ( ) ×
=

∑ε λ λ λ
λ

∆ (4.4)

and biologically effective cumulative exposure (H*
inh) was formulated as:

H Hinh H
*

286 nm

400 nm

= ( ) × ( ) ×
=

∑ε λ λ λ
λ

∆ (4.5)

Here, H(λ)=∫E(λ)dt (J m-2) and accounts for total exposure during the incubation

period. εE(λ) (Eq. 4.4) and εH(λ) (Eq. 4.5) constitute the BWF for UV inhibition

of photosynthesis. In calculation of both E*
inh and H*

inh, inhibition in the absence

of UV (εPAR) was assumed negligible.

In my experiment, 48 values of photosynthesis were fit to the model based

on corresponding measurements of EPAR and spectral irradiance. The biological

weights, either εE(λ) or εH(λ), for each UV wavelength were determined using the

Rundel method, which assumes the natural log of the BWF is a polynomial

(Rundel 1983; Cullen and Neale 1997; Neale 2000):

ε λ λ( ) ( )= − +e a a0 1 (4.6)
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Coefficients (ai) of the BWF, as well as photosynthetic parameters Pmax and Ek,

were estimated with non-linear regression techniques implemented in a MATLAB

v.6.1 application. Uncertainties in the regression of ε(λ) were calculated based on

propagation of errors method (Neale 2000), and fits were expressed with 95%

confidence intervals. Photosynthetic responses to spectral irradiance were also fit

using principal component analysis (Cullen et al. 1992; Cullen and Neale 1997;

Neale 2000). However, the internal spectral structure within ε(λ) derived with the

PCA method was not statistically justified over the simpler Rundel method (F-

test, p < 0.05).

Production Model and Sensitivity Analysis

Overview: The kelp production model incorporates spectral irradiance

incident at the canopy with the photosynthetic response of Laminaria hyperborea

to PAR and UV. Conceptually, the MATLAB-formulated model calculates

production for kelp along a 1-m wide and 20-m long transect that extends from

MLW (0 m) to 20 m deep, the approximate depth distribution of the actual kelp

forest. For the standard model day (7 Apr 2001), kelp production values were

integrated every 30-min time step throughout daylight hours and were summed at

each 1-m depth interval. Sensitivity of daily integrated photosynthesis was tested

against all combinations of: (1) column ozone values from 100 to 600 D.U. at 100

D.U. intervals, (2) two hypothetical tides and the actual daily tide for the model

day, (3) overcast and clear-sky conditions, and (4) three estimates that described

percent of benthos covered by photosynthetically active kelp lamina.
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The irradiance model: Daily spectral irradiance (1-nm resolution)

incident at the kelp canopy was produced with an underwater radiation transfer

model as described in Chapter 3. In summary, global downwelling irradiance

during sunlight hours was calculated using the System for Transfer of

Atmospheric Radiation (STAR) java-interfaced computer model (Ruggaber et al.

1994). STAR allowed for the manual variation in ozone concentration while

maintaining other atmospheric conditions similar to the model day. Spectral

downwelling irradiance data from STAR were broken into diffuse (skylight) and

direct (sunlight) components with a diffuse:total irradiance ratio produced in a

Gregg and Carder (1990) MATLAB implementation. Spectral irradiance was then

moved across the air-ocean interface by accounting for sea surface reflection and

refraction, and underwater irradiance values were converted to scalar (i.e., photon

flux fluence rate) units. Surface reflection is a function of wind speed on surface

waves, and wind speed was kept constant at 2 m s-1. Spectral irradiance was

propagated through the water column according to the Beer-Lambert equation and

spectral attenuation coefficients as measured in situ in spring 2001. Attenuation

coefficients at 1-nm intervals were extrapolated/interpolated from measured

values with an exponential function in the UV range and a function based on a

50:50 mixture of Jerlov ocean Type III and coastal Type 1 water types for PAR

wavelengths (see Chapter 3 for details). The final model produced spectral scalar

irradiance values between 280 and 400 nm (mW m-2 nm-1) in addition to

integrated PAR values (W m-2) at each time step and 1-m depth interval.
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The amount of water above the fixed canopy of the kelp forest varies with

the semi-diurnal tide along the Norwegian coast. The irradiance model calculated

the daily depth distribution of spectral irradiance for three contrasting tidal

patterns. The two possible tides for the Finnøy kelp bed that resulted in extremes

in incident daily UVR were identified as 1) a neap tide with low water coincident

with solar noon, and 2) a spring tide with high tide at solar noon (Fig. 4.1). Neap

tide amplitude at the kelp forest averaged 0.88 m while average spring tide

amplitude was modeled at 1.82 m. Spring high and neap low tides timed at solar

noon, though hypothetical for 7 Apr 2001, cycle fortnightly at the Finnøy study

site. Third, irradiance data of the two supposed extremes were contrasted against

daily underwater irradiance during the actual tide for 7 Apr 2001, as predicted

with tide components published for nearby Kristiansund, Norway

(Norwegian_Hydrographic_Service 2000).

Finally, the irradiance model was modified to contrast irradiance structure

during clear-sky conditions with cloudy, overcast skies. From field measurements

during spring 2001, overcast skies reduced global daily irradiance incident at the

sea surface by up to 60 – 70% (Chapter 3). Thus, irradiance values as derived

from STAR were reduced 60% to simulate overcast conditions. Attenuation by

clouds was considered spectrally neutral (Neale et al. 1998a). Following the

approach of Neale et al. (1998a), increases in diffuse irradiance under cloud cover

were calculated with an empirical relationship between cloud cover and the ratio

of diffuse irradiance to total global irradiance (Davis et al. 1997). Further, in

overcast conditions, the average cosine of downwelling light was set at 0.859
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(Prieur and Sathyendranath 1981). This simplified relationship considers the

increased contribution of diffuse irradiance in conversion of downwelling

irradiance from the atmospheric models to scalar irradiance underwater.

The biological model: The MATLAB production model accepted spectral

irradiance (EUV(t, z)) and EPAR(t, z) files, which both varied temporally (daily) and

spatially (depth), and incorporated the biological response of kelp photosynthesis

to UVR. To capture extremes in photosynthetic response, production was

modeled using both the BWFE-PI (Eq. 4.2) and BWFH-PI (Eq. 4.3) models. I

incorporated only BWFE-PI model of H13CO3
– uptake experiments with 0 m

Laminaria hyperborea because (1) UVR was rapidly attenuated in the in situ

water column, and (2) I focused on carbon production potentially available to

consumers in the ecosystem. Gross photosynthesis was calculated from measured

Pmax and Ek parameters, which were extrapolated assuming a linear decrease with

depth and interpolated to 1-m intervals. Production estimates were integrated over

time (30-min intervals, centered on the half-hour) and depth. Depth integrations

summed production for 1 m2 intervals centered on the integer depth, i.e., P(1 m) =

P(0.5 m) to P(1.5 m). Production at 0 and 20 m were summed for 0.5 m2.

Photosynthetic units were in terms of square area of photosynthetic

thallus; therefore, lamina cover decrease over the substrate was also considered in

depth integrations. At the Finnøy kelp forest, Laminaria hyperborea nearly

completely covered the substrate in shallow water, and percent cover diminished

gradually to zero at ca. 20 m (pers. obs.). This depth distribution was modeled as

a polynomial decrease in percent cover and was considered the natural condition
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(Fig. 4.2). A linear decrease with depth and a uniform 100% cover distribution

were modeled for comparison.

For each cover distribution, photosynthesis was predicted under different

ozone concentrations, tide structures, and cloud cover. Results were related to

percent deviation from a standard condition with little expected UV inhibition.

The standard condition was defined as clear-skies with 600 D.U. ozone and spring

high water at solar noon. Sensitivity of daily-integrated production to ozone, tides,

clouds, and cover distribution are presented for 0 m kelp (P0) and the depth-

integrated kelp forest (Pz).

RESULTS

PI Model

The amount of UV photoinhibition fit by the BWF is proportional to the

integrated area under the PI curves. The PI model represents the photosynthetic

light response of the alga. Four photosynthetic equations were compared using PI

data collected from Laminaria hyperborea sporophytes from three depths.

Compared to the quadratic, exponential, and hyperbolic tangent functions, the

Michaelis-Menten equation best reproduced the broad transition zone between the

light-limiting and light-saturating regions of the PI curve (Fig 4.3). The other

functions overestimated photosynthesis in the transition zone and tended to under-

represent maximum photosynthetic rates at high PAR irradiances. In the short-

duration PI experiment there was no evidence of a PAR induced decrease in Pmax,

even at supersaturating irradiances greater than 2000 µmol photons m-2 s-1. Kelp

from 0 m had the highest photosynthetic rates and saturation irradiances (Ek)
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while kelp from 15 m had Pmax and Ek values about two-thirds and one-half,

respectively, of those of 0 m kelp (Table 4.2). Conversion constants for

normalizing photosynthetic rates to units other than single-sided area are also

included in Table 4.2.

Temporal Component of the BWF

Choice of an irradiance (BWFE-PI) or cumulative exposure (BWFH-PI)

based weighting function depends on the temporal kinetics of photodamage and

repair/protection processes during an exposure response time course. After 20 min

of exposure, UVB+UVA+PAR caused definite, but moderate, photoinhibition in

0 m Laminaria hyperborea (Fig. 4.4 A). When UVB+UVA+PAR exposure data

were fit (R2 = 0.83) with a kinetic equation which assumes repair processes are

proportional to damage (Neale 2000), then steady state would be reached after 1

hr with a ca. 20% decrease in photosynthetic efficiency. Both UVA+PAR and

UVB+UVA+PAR exposed thalli recovered at parallel rates in the presence of

PAR (Fig. 4.4 B), but in the dark, recovery rates for UVB+UVA+PAR treatments

were less than UVA+PAR and PAR (Fig. 4.4 C). The evidence above suggests

the presence of active repair processes in 0 m kelp; in which case, reciprocity

fails, and an irradiance (BWFE-PI) model would be appropriate. Near-surface kelp

likely have more effective protection and repair mechanisms than kelp from

deeper in the water. Thus, in the sensitivity analysis, photosynthetic response to

UVR was modeled using both an BWFE-PI and BWFH-PI -based temporal

functions.
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The Laminaria hyperborea Biological Weighting Function

It was discovered after field incubations that polychromatic light

treatments in the photoinhibitron were deficient of expected short-wavelength

UVB radiation (Fig. 4.4, cf. Cullen et al. 1992; Neale et al. 1994; Neale and Fritz

2002). This was likely due to errant mirror configuration in the photoinhibitron.

The spectrum achieved in the UVB range was similar to natural sunlight at noon

and under 300 D.U. column ozone (Fig. 4.5). The incubation did not bracket the

full range of E(λ) used in the model, but the Rundel method extrapolated the

BWF (i.e., εE and εH) to spectral irradiances not achieved experimentally. There is

no reason to suspect deviations in spectral weightings at higher irradiances,

though the statistical power for estimating the effect of UVB exposure is lower in

the UVB region and should be interpreted conservatively.

A total of eight biological weighting functions for the UV inhibition of

photosynthesis are presented for the kelp Laminaria hyperborea. BWFs differed

between carbon and oxygen metabolism, depth of collection, and choice of

weighting model (BWFE-PI or BWFH-PI). Irrespective of inhibitory model

chosen, relative photosynthesis decreased appreciably when exposed to increasing

amounts of weighted UVR (Fig. 4.6 – 4.7, points), and 10 m kelp exhibited nearly

twice the UV response compared to similar experimental light treatments in

shallow (0 m) collected kelp. Modeled P/Ppot was not a smooth curve because

individual spectral treatments in the photoinhibitron differed in the ratio of

E*
inh/EPAR (Fig. 4.6 – 4.7, lines). This ratio varied with disparities within the
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xenon lamp beam, so data were fit using the measured spectral light treatment in

each individual cuvette (Neale et al. 1998b).

The proportion of variance (R2) explained by the Rundel method was

similar in BWFE-PI (Fig. 4.6) and BWFH-PI (Fig. 4.7) model fits. In general, R2

values were less in 0 m kelp and when photosynthesis was measured as oxygen

evolution. Increased experimental variation in shallow kelp is attributed to the

complex light history experienced by the thallus in situ. In 0 m kelp, physiological

heterogeneity may result from a constantly changing light climate ever varied by

neighbor shading, surface movement due to swells, etc., whereas kelp deeper in

the water column live in a more diffuse, even light environment. Increased

variation in oxygen photosynthesis compared to carbon-measured photosynthesis,

particularly in 0 m kelp treatments, was likely a result of experimental error which

occurred during early manipulations with oxygen probes. As procedure efficiency

increased, oxygen measurements became more precise over time from 0 m

replicates to the 10 m kelp trials.

Spectrally, UVB wavelengths were 2 – 3 orders of magnitude more

effective at inhibiting Laminaria hyperborea photosynthesis than UVA (Fig. 4.8 –

4.9). Absolute sensitivity of the inhibition weightings varied spectrally depending

on photosynthetic measurement and collection depth, but the general spectral

shape was retained in both BWFE-PI and BWFH-PI models. Inhibition weightings

for kelp collected at 10 m depth were significantly greater than 0 m kelp in the

UVA region between 330 – 370 nm (Fig. 4.8). Both collections had a response of

similar magnitude in the UVB, and spectral trends were more apparent in oxygen



120

measurements. There were little spectral differences in the shape of the BWFs

derived from oxygen and carbon measures of photosynthesis in 0 m kelp, but 10

m kelp showed a slight increase in oxygen photosynthetic inhibition at longer UV

wavelengths (Fig. 4.9). Variation within the weightings also differed spectrally

with decreased model confidence in long-wavelength UVA and short-wavelength

UVB regions. This spectral variance was most pronounced in oxygen-based

measurements of inhibition.

Sensitivity of the Kelp Forest to Ozone Depletion, Tide Structure, and Clouds

Sensitivity analysis revealed that Finnøy kelp forest production was

controlled by PAR available under different cloud cover rather than UV

photoinhibition as a direct result of ozone depletion. Day and depth-integrated

carbon production for the kelp forest showed an absolute maximum inhibition (1-

P/Ppot) of 1.7% when modeled with inhibition as a function of weighted irradiance

(BWFE-PI). Under a range of spring ozone concentrations from 100 to 600 D.U.,

integrated production (Pz) actually increased slightly (ca. 1.6%) with low

stratospheric ozone concentrations (Fig. 4.10 A, lines), and this small relative

increase was independent of daily tide. Timing and amplitude of high and low

water with the tide also had little effect (ca. 1.7%) on total production of the

forest. In stark contrast, overcast, cloudy skies reduced Pz production by 20%,

irrespective of tidal structure and column ozone (Fig. 4.10 B).

UVR significantly affected daily carbon production of surface kelp (P0).

UVR below a 100 D.U. atmosphere would reduce daily P0 by 13% compared to

potential production in the total absence of UV. When compared to ozone
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concentrations of 600 D.U., ozone depletion (i.e., 100 D.U.) reduced production

up to 3.4% during a high, spring noontime tide (Fig. 4.10 A, points), and surface

inhibition increased to 7.9% of standard conditions with a low neap tide at noon

with respect to the 3.9% decrease at 600 D.U. Tidal structure only accounted for a

2.2 to 4.5% variation in surface kelp photosynthesis, depending on ozone

concentrations. Less UVR due to cloud cover removed most ozone depletion

effects, and clouds resulted in a 4.1 – 9.0% overall daily decline in surface kelp

production, with variance a function of tide and ozone (Fig. 4.10 B).

Integrated carbon production is primarily a function of cloud cover even if

inhibition is assumed to be a result of cumulative UV exposure (BWFH-PI model)

over the daily time period. Greatest inhibition of Pz possible (100 D.U., neap low

tide), compared to no UV, (Ppot(z)), is < 10%. In full spectrum sunlight, neap noon

low tides and 100 D.U. ozone result in a more moderate 3.3% inhibition in Pz

(Fig. 4.11 A, lines). If reciprocity is assumed for near-surface kelp (daily P0) the

model predicted a reduction up to 33% when neap low tides occur at noon (Fig.

4.11, points). With the BWFH-PI model, differences in tidal structure influenced

the inhibitory response to UV by <3% (Pz) and 15 – 18% (P0). Since the actual

tide on 7 Apr 2001 had high waters before noon, surface inhibition was less than

expected under spring high tide at noon (Fig. 4.11, points). In this case, less

cumulative exposure in the morning under the actual tide resulted in less total

inhibition, and thus more production, during the day (Fig. 4.12). Clouds reduced

total depth-integrated production by an average of 18% (Fig. 4.11 B, lines),

regardless of ozone concentration or tide structure. Surface kelp, on the other
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hand, showed a striking increase in production on overcast days, compared to

standard clear-sky conditions, at least under moderate column ozone (300 – 600

D.U.) or high daytime tides (Fig. 4.11 B, points).

Linear or uniform thallus cover distributions with depth did not

significantly alter trends in kelp production predicted with a polynomial decrease

in cover. First, since 100% cover was assumed at P0, production estimates at 0 m

were independent of cover distribution. Second, depth-integrated production with

a linear or uniform distribution (BWFE-PI model) was reduced on a cloudy day by

19% or 22%, respectively, compared to clear-sky. In comparison, clouds reduced

Pz 20% with similar condition and a polynomial distribution. Differences in

inhibition due to tides and ozone, assuming either uniform or linear distributions,

were << 1% different from values using the polynomial kelp distribution. Model

results are discussed below assuming that kelp thallus cover decreased as a

polynomial with depth and that inhibition of photosynthesis was a function of

weighted irradiance (BWFE-PI). These conditions were likely representative of

the in situ Laminaria hyperborea population.

DISCUSSION

Physiological Significance of the BWF

This research represents the first account, to my knowledge, of a

biological weighting function for UV photoinhibition defined for macroalgae. The

BWF is a mathematical function that assigns spectral weights to photoinhibition

and accounts for the wavelength dependency of the process. The weighting

function enables (1) the equivalency of results obtained using solar simulators in
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the laboratory or under natural sunlight and (2) extrapolation of experimental

results to model simulations of ozone depletion (Cullen and Neale 1997; Neale

2000). In two deep-water red algae, UVA exposures that were required to inhibit

Fv:Fm by 50% were lower under artificial sunlamps (Dring et al. 1996b) than total

exposure in natural sunlight (Dring et al. 2001). The authors attributed this

discrepancy to spectral differences in peak irradiance between laboratory

sunlamps and outdoor sunlight, and the inconsistency in biologically effective

dose would be reconciled with an appropriate weighting function. To date, few

researchers have applied spectral weightings in studies on UV effects on

macroalgae. Those studies that have, relied on action spectra of Caldwell (1971)

for general plant damage (i.e., Bischof et al. 2000) or Jones and Kok (1966) for

photoinhibition of isolated spinach chloroplasts (i.e., Forster and Lüning 1996).

Both action spectra were determined with monochromatic light such that

physiological interactions between different wavebands were not reflected in the

weightings. Here, polychromatic weightings for photoinhibition are provided for

both high-light (0 m) and low-light (10 m) adapted kelp, and functions are

applicable to oxygen- or carbon-derived photosynthesis measurements.

Kelp, as other benthic macroalgae, are permanently anchored in their light

environment, and there is little doubt that algae exposed to full sunlight near the

surface are able to adapt to ambient UV stress. Kelp from depth are generally

more sensitive to high light (Hanelt et al. 1997b) and UV stress than intertidal, or

upper-subtidal, algae (Larkum and Wood 1993; Dring et al. 1996b). In

transplantation experiments with arctic Laminaria saccharina and L. digitata,
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subtidal algae showed increased inhibition and longer recovery in UVA and UVB

treatments (Hanelt et al. 1997c). In a related study in the same region

(Spitsbergen, Norway), growth rates in the two kelp species were also

detrimentally affected in full spectrum sunlight, though less so for upper-subtidal

L. digitata (Aguilera et al. 1999). Depth dependence of photosynthetic response to

UV was apparent in L. hyperborea as well. Although 0 m and 10 m L. hyperborea

had similar weightings in the UVB region, in 10 m kelp biological weights were

greater in the mid-UVA region. Thus, apparent photosynthetic decreases in 10 m

kelp exposed to full spectrum light, relative to 0 m kelp, were a result of increased

inhibition in the UVA, and not necessarily a greater response to UVB.

Depth differences in UV response are important as they are evidence,

albeit circumstantial, of the presence of active repair and/or protection

mechanisms in algae naturally exposed to UVR. Laminaria hyperborea

presumably lack well-developed UV-absorbing protective pigments. This

statement is supported by the absence of significant higher peaks in the UVA

region of whole-thallus absorption spectra of 0 m kelp, relative to 10 m kelp (Fig.

4.13). Admittedly, prior to analysis thalli for absorption spectra were stored in the

dark for three days during transport, and light inducible protective pigments

(Molina and Montecino 1996), or phlorotannins (Swanson and Druehl 2002), may

not have been detected. The most well studied UV-protection pigments are

mycosporine-like amino acids (MAAs), which occur in the Phaeophyceae

(Karentz and Bosch 2001), but are not present in L. saccharina (Carrol and Shick

1996). Phlorotannins, however, are inducible by UVR in brown algal tissues and
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have been hypothesized to act as UV screens in Ascophyllum nodosum (Pavia et

al. 1997; Pavia and Brock 2000) and the kelp, Macrocystis integrifolia (Swanson

and Druehl 2002).

Laminaria hyperborea, at least from shallow waters, likely have efficient

mechanisms of repair and recovery. In L. hyperborea, steady state between UV-

inhibition and recovery was achieved sometime after 1 hr in UVB+UVA+PAR

response curves. In similar work with mature L. hyperborea sporophytes, steady

state in variable fluorescence occurred at UV exposure times > 6 hr (Dring et al.

1996a). Interestingly, in Dring et al. (1996a) a linear decline of Fv/Fm also did not

begin until after 20 to 30 min of UV exposure (cf. Fig. 4.4 A). If balance occurs

between damage and repair (Lesser et al. 1994) on time scales less than the total

time of interest, reciprocity fails. Production should then be modeled with an

irradiance-based BWF (BWFE-PI). This is likely the case for intertidal and upper-

subtidal attached algae. An BWFE-PI model may not, however, be valid for algae

from deeper in the water, or from other environments with less appreciable UVR,

i.e., polar latitudes (Neale 2000). For instance, as a percent of control Laminaria

solidungula from > 7 m showed a nearly complete collapse in photosynthetic

activity during prolonged UV exposure (Bischof et al. 2000). In addition,

photosynthetic oxygen evolution was almost completely arrested in subtidal L.

saccharina and L. solidungula from Spitsbergen after 6 hr sunlamp exposure

(Aguilera et al. 1999). In cases of reciprocity, photosynthesis in the presence of

UVR is best simulated with respect to total cumulative UV exposure (BWFH-PI).
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Since both oxygen evolution and carbon uptake were measured

concurrently for the same tissue sample and irradiance treatment in the

photoinhibitron, it was possible to evaluate the response in the photosynthetic

quotient (i.e., PQ, molar ratio of oxygen evolution to carbon assimilation in

photosynthesis) with increasing UV exposure. PQ decreased with increasing UV

irradiance (Fig. 4.14). This trend was most significant for 10 m Laminaria

hyperborea, with a decrease in PQ from ca. 1.3 to 1.05 at high total UV. The

decline in PQ feasibly results from an increase in oxygen consumption in algal

cells. Increased respiration, in addition to light enhanced respiration (Ekelund

2000), could account for greater oxygen consumption during UV stress. This

effect could be a result of increased cellular metabolism and protein synthesis

associated with repair of damaged reaction center proteins in photosystem II

(Vincent and Neale 2000). Variable respiration rates during UV exposure would

have consequences in production models based on short-term gross carbon uptake

experiments, but respiration effects remain ambiguous. Other studies with kelp

and macroalgae suggest that no significant increases in dark respiration occur

under UV stress (Larkum and Wood 1993; Clendennen et al. 1996; Aguilera et al.

1999). Reduction in PQ could also be attributed to other cellular and

photochemical processes that contribute to O2 scavenging, including: (1)

increased oxygenase activity of Rubisco, i.e., photorespiration, (2) O2 uptake and

transformation to H2O2 in the Mehler reaction or other antioxidant activities in the

chloroplast (Aguilera et al. 2002), and (3) UV photolysis of dissolved organic

matter to produce oxygen radicals and H2O2 in incubation seawater (Neale and
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Kieber 2000; Vincent and Neale 2000). Lastly, oxygen decreases caused by DO

measurements were unlikely as optical probes do not consume oxygen (Glud et

al. 2000).

Daily Kelp Forest Production and Response to Ozone Depletion

Though ozone depletion may result in reduction in photosynthesis in

upper-subtidal Laminaria hyperborea, cloud cover clearly dominates patterns of

daily carbon production in the Finnøy kelp forest. This implies that the system is

controlled by the availability of PAR, which varies primarily with cloud cover

and more subtly with ozone thickness and tide height. Overall, daily depth-

integrated production (Pz) decreased 20% in overcast conditions compared to

clear sky (Fig. 4.15 A, C). Model simulations suggests that ozone reduction may

actually slightly enhance kelp production (1.6%) as a result of small increases in

PAR under thinner ozone concentrations (Whitehead 2000). Timing of high and

low water also had a minimal effect on total kelp production. A low neap tide at

solar noon diminished production only 1.7% compared to a spring high tide, but

the decrease under NLT is not attributed to UV inhibition but rather to longer

periods of PAR saturation in the early morning and evening under SHT (Fig. 4.16

A).

Even so, daily patterns of UVR regulate kelp production near the surface

(P0). Depending on tidal structure, ozone thickness in clear sky conditions over

the kelp forest determines a 3.5% (SHT) to 4.6% (NLT) decrease in near-surface

kelp production (Fig. 4.15 B). Carbon production in the total absence of UVR

would be inhibited up to 13% under 100 D.U. ozone concentrations. Surface
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inhibition follows a daily temporal pattern defined by solar elevation and tide

height. If low neap water occurs at noon, shallow water kelp are inhibited at high

irradiances centered around solar noon (modeled for extreme case of 100 D.U.),

but high spring waters at noon protect surface kelp from the majority of midday

UV-induced inhibition (Fig. 4.15 B). Furthermore, modest production decreases

under different ozone scenarios are effectively removed with overcast conditions

(Fig. 4.15 D).

Decreases in production of UV-inhibited surface kelp are simply

overwhelmed by the photosynthetic potential of uninhibited kelp at depth, which

strongly respond to cloud cover and tidal variations in incident PAR. The reason

for the apparent insensitivity of the kelp population to UVR is primarily physical

and is related to the optical properties of the water column. Biologically effective

UV irradiance penetrates < 3 m from MSL, even under low neap tides (Fig. 4.17).

Kelp themselves may alter the light environment by releasing dissolved organic

matter into the water column. Exudation by brown macroalgae increases the

proportion of phenolics, such as phlorotannins, threefold in coastal waters

(Carlson and Mayer 1983), and these compounds have shoulder peak

absorbencies in UVB wavebands (Pavia et al. 1997). Swanson and Druehl (2002)

recently demonstrated that dissolved phlorotannins released by the kelp,

Macrocystis integrifolia, reduced UVB transmission. Further, Swanson and

Druehl (2002) showed that phlorotannin exudation by M. integrifolia was

inducible with UVA radiation, and the authors linked phlorotannin concentration

in seawater with survivorship of Laminaria groenlandica meiospores grown
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under artificial UVB. The large standing crops of L. hyperborea at the Finnøy

kelp forest could potentially release phlorotannins in sufficient quantities to alter

the optical properties of the surrounding water, and kelp-derived phlorotannins

may therefore account for rapid attenuation of photosynthetically inhibiting UVR.

Research Significance

In summary, model simulations predict an inconsequential decrease in

daily carbon production in the Finnøy kelp forest in response to stratospheric

ozone depletion. In fact, depth-integrated production may increase slightly with

more available PAR under reduced ozone conditions. Seawater above the kelp

bed rapidly attenuates inhibitory UV wavelengths, a process which may be

moderated by kelp with induced exudation of UVB-screening phlorotannins into

the water. Cloud cover is the major factor governing daily carbon production in

Laminaria hyperborea. Weather along the west coast of Scandinavia is

predominately cloudy to partly cloudy, so cloud cover is the principle control of

the amount and duration of photosynthetically saturating PAR.

It should be stressed, however, that UVR may remain a significant

environmental stress. Whether UVR has long-term effects on Laminaria

hyperborea fitness, such as growth and reproduction, is not addressed in the

production model. Different life history stages may also be more susceptible to

UV damage than adult L. hyperborea sporophytes. For instance, kelp zoospore

germination (Dring et al. 1996a; Swanson and Druehl 2000), gametophyte growth

(Huovinen et al. 2000), and variable fluorescence of juvenile sporophytes (Dring

et al. 1996a) were all significantly inhibited in the presence of artificial UVR.
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Moreover, dimer mutations in macroalgal DNA accumulate at an accelerated rate

with increased UVB (Pakker et al. 2000). Yet another key question to long-term

predictions is whether kelp can acclimate to increased UV stress, but there are

limited studies of acclimation to UVR in the Laminariales. In one such study,

when transplanted from 2 to 1 m depth, L. saccharina was inhibited in both UVR

and PAR only treatments, but after three weeks, photosynthetic efficiency was

restored to pre-transplantation values (Brouwer et al. 2000).

Laminaria hyperborea is the keystone species in the community. Kelp

provide organic carbon to higher trophic levels and structural habitat for other

algae, invertebrates, and fish. Since carbon production by kelp is insensitive to

ozone depletion, trophic interactions within the kelp community should be little

affected. Nonetheless, pelagic zooplankton, fish eggs, and fish larvae respond to

increased UV exposure with increased mortality and other sublethal effects (Kuhn

et al. 2000; Dethlefsen et al. 2001; Steeger et al. 2001). Release of phlorotannins

by L. hyperborea may ameliorate these effects by changing the optical

characteristic of the water column. If so, then UVR-inducible phlorotannin release

suggests an additional function of kelp in the community. Kelp exudates reduce

the transparency of water to biologically effective UVR and provide a natural UV

refuge (Swanson and Druehl 2002) for the benthic flora and fauna and the pelagic

organisms of the ecosystem.

Simulating the photosynthetic response to natural, short-term fluctuations

in sunlight is the next challenge in modeling macrophyte production in situ. Two

specific challenges remain. First, the current irradiance model predicts spectral
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irradiances which are smoothed on 5 – 30 min intervals and which dampen short-

term light fluctuations. Ocean swells alternately increase and decrease the

pathlength (thus the spectral attenuation) from the sea surface to the canopy.

Waves can also act as a lens that focuses and defocuses downward irradiance, i.e.,

sunflecks with less than 60 s duration (Gerard 1984; Wing et al. 1993). Data on

the kelp, Ecklonia, show an enhancement in photosynthesis when saturating and

then limiting PAR irradiances are cycled with a period < 300 s (Dromgoole 1987;

1988), but increased/decreased photosynthetic inhibition due to short-term UV

shimmer remains unknown. Second, photosynthetic rates are typically determined

in continuous, and spectrally consistent, light experiments where one side of the

algal thallus is maintained perpendicular to the light source without intermittent

shading. In nature, the constant back and forth movement of kelp blades with

swells and currents creates a vastly complex light environment for individual kelp

chloroplasts (Wing et al. 1993). On time scales of seconds, swells alternately

expose one side of near-surface thalli and then the other. Additionally, large

densities of kelp near the surface sporadically shade one another. Below ca. 5 m

the thallus side perpendicular to the light field alternates with the incoming or

outgoing tidal current. Shading at all depths may also occur due to cover by

epiphytes and epifauna. Considering the complex nature of in situ sunlight,

experimental constraints in measuring algal photosynthesis, and shading effects,

the relative insensitivity of Norwegian kelp forests to stratospheric ozone

depletion may actually represent an overestimation of the response to increased

UVR.
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Table 4.1. Symbol notation and abbreviations.

Symbol Description Units

a0 First coefficient for polynomial in Rundel weighting function dimensionless

a1 Second coefficient for polynomial in Rundel weighting function nm-1

CE Rundel proportionality coefficient (mW m-2)-1

CH Rundel proportionality coefficient (J m-2)-1

E*
inh Biologically effective fluence rate for inhibition of photosynthesis dimensionless

εE(λ) Biological weighting as a function of UV irradiance (mW m-2)-1

εH(λ) Biological weighting as a function of cumulative radiant exposure (J m-2)-1

E(λ) Spectral irradiance, scalar underwater in irradiance model mW m-2 nm-1

EPAR Photosynthetically active radiation (400 – 700 nm) W m-2

EUV Ultraviolet radiation integrated from 286 – 400 nm W m-2

Ek Irradiance (EPAR) for saturation of photosynthesis
W m-2

µmol photons m-2 s-1

H(λ) Radiant exposure J m-2 nm-1

H*
inh Biologically effective cumulative exposure for inhibition of photosynthesis dimensionless

P Photosynthesis
µmol O2 cm-2 h-1

µmol C cm-2 h-1

Pmax Maximum rate of photosynthesis in absence of inhibition
µmol O2 cm-2 h-1

µmol C cm-2 h-1

Ppot Potential photosynthesis in absence of inhibition
µmol O2 cm-2 h-1

µmol C cm-2 h-1

P0 Gross photosynthesis at depth interval 0 m (0 to 0.5 m)
µmol O2 cm-2 day-1

µmol C cm-2 day-1

Pz Depth integrated gross photosynthesis from 0 to 20 m
mol O2 m

-2 day-1

mol C m-2 day-1

t Duration of experiment s

UV Ultraviolet irradiance at 280 – 400 nm mW m-2 nm-1

UVA Ultraviolet irradiance at 320 – 400 nm mW m-2 nm-1

UVB Ultraviolet irradiance at 280 – 400 nm mW m-2 nm-1

   



Table 4.2. Laminaria hyperborea: Photosynthetic constants, tissue weights, and pigment content from adult
sporophytes (first lamina) collected from three depth intervals relative to MLW. Photosynthetic
parameters were derived from a Michaelis-Menten curve fit formulation, and saturated photosynthesis and
dark respiration are both reported in terms of oxygen evolution. All values are means ± SE (n = 3).

Units

0 m 5 m 15 m

PI Parameters P m  (gross) µmol O2 m
-2 s-1 3.17 ± 0.07 2.41 ± 0.12 1.84 ± 0.15

E k µmol photons m-2 s-1 74.9 ± 10.11 51.6 ± 7.5 33.6 ± 11.0

R d µmol O2 m
-2 s-1 –0.88 ± 0.08 –0.68 ± 0.07 –0.51 ± 0.10

Tissue Weights Fresh weight mg cm-2 166.4 ± 6.9 123.8 ± 8.9 87.8 ± 2.0

Dry weight mg cm-2 41.4 ± 3.2 18.2 ± 7.0 9.3 ± 0.6

Pigments Chl a nmol cm-2 48.4 ± 0.8 39.7 ± 1.5 41.5 ± 1.1

Chl c nmol cm-2 8.7 ± 0.3 10.8 ± 1.0 13.1 ± 0.4

fucoxanthin nmol cm-2 35.6 ± 0.4 29.1 ± 0.4 27.1 ± 0.6

Physiological Variables Thallus Collection Depth

Pmax (gross)

Ek

Rd
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Figure 4.1. Integrated UV (286 – 400 nm) irradiance at 0 m (MLW) benchmark
during three possible tides. Maximum UV would occur during a
neap tide when low water coincides with solar noon, whereas spring
high water at noon decreases mid-day incident irradiance. Irradiance
for actual tide on model date, 7 Apr 2001, is also included. NLT:
neap tide with low water at solar noon; SHT: spring tide with high
water at solar noon.

0

5

10

15

20

25

30

35

6:00 8:00 10:00 12:00 14:00 16:00 18:00

NLT
SHT
Actual tide

E
U

V
 (

W
 m

-2
)

Solar time (hr)



135

Figure 4.2. Three depth distribution estimates of kelp thallus coverage on
benthic substrate. Polynomial decrease most likely reflects natural
population in situ (pers. obs.).
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Figure 4.3. Comparison of four photosynthetic curve fit equations to oxygen
evolution at different irradiances for the kelp Laminaria hyperborea
collected from 0 m (MLW). Error bars represent standard error of
mean (n = 3).
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Figure 4.4. (A) Exposure response curves, PAR-only recovery (B), and dark (C)
recovery for Laminaria hyperborea collected from 0 m. After the
first 20 min of exposure in (A), the response to UVB radiation was
fitted with a hyperbolic function, which assumes that repair is
proportional to damage (Neale 2000). Fluorescence yield data in (A)
and (B) are normalized to ∆F/Fm' in a PAR-only treatment just prior
to exposure. PAR irradiances were similar in pre-treatment and
exposure time courses. Fv/Fm values in dark recovery phase (C) are
relative optimal quantum yield in dark-adapted thalli assessed before
the time trial.
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Figure 4.5. Spectral treatments in the photoinhibitron resulting from Schott
long-pass cutoff filters. Spectral irradiance values are normalized to
irradiance at 400 nm. Spectral distribution of sunlight in the UV
region is superimposed for comparison. Sunlight spectrum was
generated with STAR for a clear sky at noon on 7 Apr 2001 and with
300 D.U. of column ozone (62.5˚ N).
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Figure 4.6. Photosynthetic response of Laminaria hyperborea to weighted
experimental UV radiation based on an irradiance (BWFE-PI) model.
Oxygen and carbon photosynthesis were measured for kelp collected
from 0 m and 10 m deep. Photosynthetic data points (�) are
averages of five replicate trials and have been normalized to
potential photosynthesis. Predicted P/Ppot (line), Rundel equation
(pooled replicates), and BWFE-PI model fit are shown for each.
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Figure 4.7. Photosynthetic response of Laminaria hyperborea to weighted
experimental UV radiation based on a cumulative exposure model
(BWFH-PI). Oxygen and carbon photosynthesis were measured for
kelp collected from 0 m and 10 m deep. Photosynthetic data points
(�) are averages of five replicate trials and have been normalized to
potential photosynthesis. Predicted P/Ppot (line), Rundel equation
(pooled replicates), and BWFH-PI model fit are shown for each.
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Figure 4.8. Depth comparison of the biological weighting function for UV
photoinhibition in Laminaria hyperborea collected from 0 m and 10
m. The BWF is presented for both carbon uptake (top) and oxygen
evolution (bottom) photosynthesis and for both irradiance based
(BWFE-PI, left) and cumulative exposure (BWFH-PI, right) models.
Shaded areas are 95% confidence intervals.
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Figure 4.9. Carbon and oxygen comparison of the biological weighting function
for UV photoinhibition in Laminaria hyperborea. The BWF is
presented for both 0 m (top) and 10 m (bottom) collections and for
both irradiance based (BWFE-PI, left) and cumulative exposure
(BWFH-PI, right) models. Shaded areas are 95% confidence
intervals.

Wavelength (nm)

εεεε E
(λλλλ

) 
(m

W
 m

-2
)-1 εε εε

H (λλ λλ) (J m
-2)

-1

0 m Carbon
0 m Oxygen

0 m Carbon
0 m Oxygen

10 m Carbon
10 m Oxygen

10 m Carbon
10 m Oxygen

BWFH-PIBWFE-PI



143

Figure 4.10. Irradiance based (BWFE-PI) production model sensitivity to ozone
concentration, tidal structure, and (A) clear sky and (B) overcast
conditions. Surface production (P0, points, right axis) and depth-
integrated production (Pz, lines, left axis) were calculated for
daylight hours based on spectral irradiance spectra on 7 Apr 2001
and with a polynomial decrease in thallus cover with depth. Results
are plotted as percent deviation from production predicted under a
clear sky, spring high tide, 600 D.U. ozone, and polynomial depth
distribution. Abbreviations as in Fig. 4.1.
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Figure 4.11. Cumulative exposure based (BWFH-PI) production model sensitivity
to ozone concentration, tidal structure, and (A) clear sky and (B)
overcast conditions. Surface production (P0, points, right axis) and
depth-integrated production (Pz, lines, left axis) were calculated for
daylight hours based on spectral irradiance spectra on 7 Apr 2001
and with a polynomial decrease in thallus cover with depth. Results
are plotted as percent deviation from production predicted under a
clear sky, spring high tide, 600 D.U. ozone, and polynomial depth
distribution. Abbreviations as in Fig. 4.1.
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Figure 4.12. Daily cumulative exposure to UV radiation at 0 m (MLW) under
possible three tidal structures. Spectral irradiance was modeled for 7
Apr 2001 with 100 D.U. column ozone. Decrease in kelp production
is proportional to the area under each curve. Abbreviations as in Fig.
4.1.
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Figure 4.13. Thallus absorbance spectra for Laminaria hyperborea collected from
0 m and 10 m. Living kelp blade samples were transported in a dark
temperature controlled container to the Smithsonian Environmental
Research Center, Maryland, and absorbance spectra were measured
on a Cary IV spectrophotometer. Whole thallus sections were
immersed in 5˚ C seawater in a UV transparent cuvette, and
absorbances were recorded using the frosted sides of the cuvette as a
diffuser. Differences in absolute absorbances were attributed to
differences in optical density of the two collections. Data are mean ±
SE. (n = 5).
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Figure 4.14. Decrease in (gross) photosynthetic quotient (PQ) with increasing
integrated UV exposure (unweighted). Average observed PQ (points,
n = 5) and predicted PQ (lines) were plotted for 0 m and 10 m
Laminaria hyperborea using spectral irradiance from experimental
treatments in the photoinhibitron. Predicted values were calculated
from fitted parameters based on irradiance (BWFE-PI, 0 m) and
cumulative exposure (BWFH-PI, 10 m) BWFs.
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Figure 4.15. Daily photosynthesis of depth-integrated (Pz) and surface-only (P0)
Laminaria hyperborea under clear and overcast conditions. P0

ordinates are proportional to Pz ordinates, and photosynthetic rates
were not plotted from zero to accentuate small model sensitivities to
ozone and tides. Abbreviations as in Fig. 4.1.
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Figure 4.16. Depth-integrated (Pz, top) and surface (P0, bottom) photosynthesis
during daylight hours on 7 Apr 2001, modeled for NLT and SHT
tides and 100 D.U. Daily time course emphasizes patterns in
photosynthesis affected by incident UV and saturating PAR
irradiances.
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Figure 4.17. Depth penetration of biologically weighted UV irradiance (E*
inh)

effectively inhibiting Laminaria hyperborea photosynthesis during
three possible tides. Abbreviations as in Fig. 4.1.
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Glossary

Attenuation: vertical decrease in irradiance due to absorbance and scattering
processes within the water column.

Biological weighting function: mathematical description of the wavelength
dependency of UV photoinhibition, which generates inhibition weights
that are specific to UVR wavelengths at 1-nm resolution.

Coefficient of variation: percent standard deviation of the mean.

Diffuse irradiance: irradiance that has been scattered by the atmosphere, clouds,
or water column, skylight.

Direct irradiance: vertical downwelling irradiance directly from the sun, or
direct sunlight.

Downwelling irradiance: irradiance incident on a flat surface from the vertical
direction or photon flux density, determined with a cosine-corrected light
sensor.

Fractionation: thermal or kinetic discrimination between heavy and light
isotopes that result in isotopic differences between reactants and products.

∆∆∆∆F:Fm': effective quantum yield of photosynthesis determine under illumination
with a PAM fluorometer, related to relative electron transport from
photosystem II.

Fv:Fm: optimal quantum yield of photosynthesis determine in dark-adapted algae
with a PAM fluorometer.
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Gametophyte: reduced, haploid life-history stage of kelp.

Global irradiance: total irradiance incident at the Earth’s surface and is equal to
the sum of the direct sunlight and diffuse skylight components.

Lamina: photosynthetic kelp blade, thallus, or frond. New yearly lamina are
produced in winter/spring.

Meiospores: reproductive spores resulting from meiosis within the sorus of the
sporophyte.

Meristem: plant organ where mitosis occurs, produces new lamina in kelp and is
located intercalary between the kelp stipe and lamina.

MLW: mean low water benchmark for depth measurements of fixed position in
the kelp canopy.

NLT: neap low tide with low tide at solar noon.

Reciprocity: concept that the amount of work (or damage) caused by light should
be proportional to the total cumulative energy received during exposure.

RUBISCO: Ribulose-bisphosphate-carboxylase-oxygenase, major carbon fixing
enzyme in algae and plants.

PAM: pulse-amplitude-modulated fluorometer used to measure electron transport
in photosynthetic organisms.

PAR: photosynthetically active radiation (400 – 700 nm).
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Photoinhibition: decrease in photosynthetic efficiency due to light stress, can be
a controlled down-regulating process or a chronic damaging process.

Photosynthetic quotient: molar ration of oxygen evolution to carbon assililation
during photosynthesis.

Scalar irradiance: Photon flux fluence rate of irradiance incident from all
directions, determined with a spherical quantum sensor.

SD: standard deviation.

SE: standard error.

SHT: spring high tide with high tide at solar noon.

Sorus: reproductive (meiotic) structure on the adult kelp sporophyte, generally
produced in autumn.

Specular reflectance: reflection off the sea surfaces similar to a mirror.

Sporophyte: macrophytic diploid life-history stage and major photosynthetic
stage of kelps.

UVA: ultraviolet–A radiation (320 – 400 nm).

UVB: ultraviolet–B radiation (280 – 320 nm).

UVR: ultraviolet radiation.

ΣΣΣΣCO2: total dissolved inorganic carbon.
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