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Abstract

Photosynthesis, the conversion of light energy to chemical energy, is amongst the
most fundamental and ubiquitous processes on the planet. In virtualll@gegquatic
ecosystemphotosynthetic organisms are the single largest pool of both total bicenass
organic matter derived through photosynthesis, termed phytoplankton production,
energetically supports all other trophic levels. Moreover the most common proweaseof
quality theoretically and empirically eeary with phytoplankton production. Thus accurate
measurements of phytoplankton production are important at an ecosystem level, but also at a
global level as phytoplankton photosynthesis is a major componént t he eart hdés ceé
cycle. The methodology of phytoplankton production measurements in the Laurentian Great
Lakes and other freshwater lakes has remained largely unchanged in the past 40 years. In
most studies photosynthesis from a single water sampheasured across anvitro light
gradientusuallyusing an artificial light source then extrapolating toithsitu environment.

These traditional methods dedorious thus limiting the amount of observations in space

and time, and may not accurigteepresentn situphotosynthesis. Active chlfluorescence,
intrinsically linked to photosynthesis, can be measuresituand instantaneously. Various
bio-optical models that scale these fluorescence measurements to phytoplankton production
are ganing widespread attention in the marine environnhemithave not been extensively

tested in freshwater ecosystems

The methodology and efficacy of the various-bfatical models are tested in this
thesis using a large dataset of active fluorescencdgwafind ancillary water chemistry
parameters against synchronously derivedtro phytoplankton production collected across



mixing, trophic and taxonomic gradients in Lake Erie. From this analysis, the most common
bio-optical model parameterizatigtelds photosynthetic rates that are largely incongruent
with in vitro measurements. Bioptical models are largely a function of two parameters, the
absorption spectrum of photosystem Hgg and the photochemical efficiency of PSHg().

In Lake Eriefpsg) is relatively constrained suggesting that even nutrient limited phytoplankton
achieve balanced growth by adjusting the supply of energy through changes in light
harvestingas;) to match the demand for photosynthetic energy. This thesis goes on t
demonstrate the success of-bjgtical models depends largely on the formulationegf.a
Alternative methods to derives, largely ignored in published bioptical models, are
reviewed, formulated, and when incorporated into adpiical model andompared to
synchronougn vitro production measurements, this noba-optical model outperforms all
other comparative studies performed across a taxonomic gradient.

Having established a method that provides reliabktu estimates of phytoplaibén
production, this thesis goes on to quantify the magnitude of error associated with common
assumptions that are inherent to traditional methodologies but not to tbptlual model
developed here. Photosynthetic rates vary with the spectral quatitgdbance and
euphotic zone spectra are highly variable through time and space, especially over depth, and
are often poorly reproduced hyVitro light sources. Spectral correction factors (SCFs) can
be derived to estimate the disparity of phytoplankproduction estimates that arise through
differences betweein situandin vitro light environments. Through the development of an
empirical model, this thesis demonstrates that the magnitude of SCFs vary predictably across

optical and chh gradients. Moreover the model shows that for commonly emploiyedtro



light sources, phytoplankton production is routinely underestimated by traditiovigb
methods, especially imansparenoligotrophic waters. When applied to historic
phytoplankton produon estimates in Lake Erie, the model predicts that the reported
lakewide decreases of phytoplankton production following nutrient loading abatement has
been overestimated by a factor of 2. This thesis also investigates how persistent vertical
patterns bin situ photosynthesis deviate from nominally scaleditro measurements across
mixing, trophic and taxonomic gradients in Lake Erie and opportunistic measurements in
Lake Superior and Georgian Bay. The presence of deep chlorophyll maxima (DCMjein the
lakes significantly enhances situ production relative to nominat vitro scaling
assumptions. Not only is DCM production enhanced through elevated biomass relative to the
epilimnion, but DCM phytoplankton communities appear to be spectrally adaptiesse
low light environments.

Taken together, the common assumptions employed in traditrowgito
phytoplankton production measurements may underestimattl photosynthesis by a
factor of 2. The disparities betwermnvitro andin situ estimdes are greatest tnansparent
waters where DCMs are likely to occur when the water column is stratified and iwlsére
spectral irradiance can deviate significantly frimwvitro light sources. These disparities are
large relative to the accuracy loib-optical estimates of phytoplankton production shown
here. Thus the bioptical model developed here yields better estimates of phytoplankton
photosynthesis than the commonly used traditional approach. The main recommendation of
this thesis is that thegencies responsible for monitoring and the stewardship of the

Laurentian Great Lakes immediately adoptbpiical measurements. This will not only



obtain more reliable estimates of phytoplankton photosynthesis, but as these measurements
can be made aomomouslyphotosynthesis and its driving constituents can be characterized

in these dynamic ecosystems at unparalleled spatial and temporal resolution.
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Chapter 1: General Introduction

Section 1.1: The Global Significance of Aquatic Photosynthesis

Photosynthesis, the conversion of light energy to chemical energy, is amongst the most
fundamental and ubiquits processes on the planet. Anoxygenic photosynthesis is thought to
have first evolved through inheritance of biochemical processes across a complex lineage of
chemolithotrophic bacteria living near hydrothermal vents in the anoxic Proterozoic ocean
(Xiong and Bauer 2002). The advent of anoxygenic photosynthesis freed autotrophic organisms
from their dependence on the chemical energy originating from hydrothermal vents allowing life
to spread and evolve throughout the Proterozoic ocean. No less thmllich%ears ago,
nitrogenfixing cyanobacteria evolved oxygenic photosynthesis and came to dominate the ocean
to the extent that both the ocean and atmosphere were oxidized within ~ 0.5 billion years
(Kasting 1993). Through the provision of an oxygeatimosphere, aquatic photosynthesis
fundamentally influenced life on earth allowing for the development of terrestrial photosynthesis
and more complex organisms that use aerobic metabolism. Phytoplankton, defined here as any
free floating singlecelled phooautotroph, have since evolvadd diversified with
representatives spanning eighdjor phyla within the Bacteria and Eukarya domains (Reynolds
2006). Photosynthetic eukaryotes evolved 1.5 billion years ago through primary endosymbiosis
of a photosynthéc prokaryote by a protistan eukaryosebsequent secondary and tertiary
endosymbiosis produced the remaining presiaytphytoplankton groups (Falkowski et al
2004). Though the terrestrial descendents of phytoplankton now dominate global
photoautotroplt biomass (~99%), phytoplankton nevertheless contribute approximate 45% of
global photosynthesis (IPCC 2007).

The predominant objectives of agencies responsible for stewardship and management of



lakes are maintaining an acceptable level of water queititer for recreational activities,

drinking water or both whilensuring a healthy commercial and/or sport fisheries. Both
objectives are intimately related to phytoplankton biomass and productivity. In virtually every
aguatic ecosystem photosyntheirganisms are the single largest pool of both total biomass and
macronutrients and organic matter derived through photosynthesis energetically supports all
other trophic levels. In some shallow and oligotrophic lakes, macrophytes and benthic
macroalgae aaprovide a significant portion of the total primary production (Vadeboncoeur et al.
2003), but in most lakes phytoplankton dominate total primary production (Weztel 2001). Given
the central role of phytoplankton in aquatic environments, it is no sutpaséhe most common
proxies of water quality (bacterial biomass, water clarity, macronutrient concentrations and total
suspended sediments) theoretically and empiricallyary with phytoplankton biomass and
production. The relationships between prdaoiity of phytoplankton to other trophic levels have
been formalized in aquatic food web models (Pauly et al. 2000), while empirical models have
shown that phytoplankton production is the largest single determinant of fisheries yields across a

wide range blakes (Downinget al.1990).

Section 1.2: The Photosynthetic Apparatus

Photosynthesis is a reductioridation reaction that can be divided into ligigpendent
reactions whereight absorbed electrons are removed fronpti@ochemicdy oxidized of
waterto produce @and reducing power thatippliesenergy to the lightindependent reactions
whereis CO; fixedinto chemical bond energy (G8). The photosynthesis reaction in its
simplest form is shown in Equation (Eqn) 1.1. Egn 1.2 and 1.3 ia¢helrole of the
dephosphorylated and phosphorylated forms of adenosine biphosphate and triphosphate (ADP,

ATP) and nicotinamide adenine dinucleotide phosphate (NARRDPH) in the light and dark



reactions respectively.
[Egn 1.1.] 2H,O + CQ + 8 photos- CH;O + H,O + O,
[Eqn 1.2] 2H,0O + 2NADP + 3ADP + 3Pi + 8 photons O, + 2NADPH + 2H + 3ATP

[Eqn 1.3] CO, + 2NADPH + 2H + 3ATP- CH,0 + H,O + 2NADF + 3ADP + 3Pi

Light Absorption and the Photosynthetic Light-Dependent Reactions

Absobanceof light erergy is carried out by chrorpbores. Four basic chromophore
groups constitute phytoplankton photosynthetic pigments and are shown in Table 1. During the
endosymbiotic events that gave rise to the modern phytoplankton, the pigmentation of inherited
plastds was largely conserved (Falkowski et al. 2004) so Table 1 also lists the presence or
absence of pigments within each phytoplankton group. Absorption of incident photons promotes
electrons to distinct excited quantum states, where the energylitfestncebetween excited
(Ex) and ground state {Eis equivalent to wavelength) of the photon shown in Eqn 1.4, where
cisthe speed of lightand hisPthin6s ¢ An ptigmtent s chemical struc
possible energy gap(s) between excitedgnadind states that, through equation 1.4, produce
distinct absorption spectra. Figure 1 presents the absorption spectra of common photosynthetic
pigments.
[Eqn14] | = h AiE)*A (E

After energy is absorbed by the photosynthetic pigments it isgassed through a series
of molecular redox reactions that split water and provide the required proton gradient for ATP

and NADPH phosphorylation. This photosynthetic electron transport chain (ETC) is commonly



Table 1.1Photosynthetic pigments classdiion and their presence in major phytoplankton gro’iﬁprmotes nosphotosynthetic pigment.
Modified from Wetzel (2001).

Chromaghore Groups Pigment Cyanobacteria Chlorophyta Chrysophyceae Bacillariophyceae  Cryptophyceae
Chlorins Chlorophvlla * * * + +
Chlorophyll b - + - - -
Porphyrins Chlorophyll ¢ - - + + +
Carotenoids Lutein + + + - -
Fucoxanthin - - + + -
b-carotere® + + + + -
Tetrapyroles Phycocyanin + - - - +
Phycoerythrin + - - - +
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Figure 1.1: Wavelength specific absorption coefficients of chlorophyll a and b (Chl a, b), photosynthetic-phdtosynthetic
caroenoids (PSC, PPC) and phycoerythrin (PE). Data from Bidigare et al. (1990).



depicted as a-&cheme and is shown in Figure 1.2, where the vertical position of each molecule
corresponds to its midpoint potential for reduction. Initialkgi®nsare tranterred from

pigment molecules to a reaction centre pignmeatecule (P680) located in photosysten(REII)

that then becomes excitéml P680*. P680* returns to its ground state in part by the oxidation of
water in the thylakoid lumen, but also by passangelectron to a series afrtsecutive redox

reactions and a second photochemical target termed photosystem | (PSI) all of which constitutes

the ETC.

Thylakoid HO 0.
Lumen 3 i

Electron Transport Chain

Thylakoid \\*E

Membrane 50 > Q, 1ms
00 yg© TR pQ —
1225 o

Pheophytin a
é\;
(S)
(]

Excitation energy
from antenna

Cytochrome
b./£f

Excitation energy
from antenna

Stroma

NAPD* NADPH

Figure 1.2 Simplified schematic of the-Zcheme showing the pathways of electron transport
during he light dependent stage of photosynthesis. Light energy absorbed by the
antenna is transferred tggk(the chlorophyla molecule of RCII) causing the molecule
to be raised to an excited statgggh. A charge separation then occurgsPs oxidised
to Psgo’ and a primary acceptor (pheophytin a) is reduceg’ B reduced by the
oxidation of a water molecule. Pheophytihia rapidly reoxidised by the secondary
acceptor (Q). The electron is then transferred through a series of further redox
reactons (@ - Qg - PQ PQH, etc.) until it arrives at 3 (the chlorophyHa
molecule of RCI). Here energy is again received from the antenna and causes the
molecule to be raised to an excited statgo(P A second charge separation then occurs
with a futther electron transport pathway which eventually results in the reduction of
NADP* to NADPH.



The lightindependent (dark) reactions constitute a series of enzymatic reactions,
principal amongst which is ribulosk5-bisphosphate carboxylase/oxygenasebi&to), that
reduce carbon dioxide to carbohydrate (Falkowski and Raven 2007). The dark reactions are
energetically fuelled by the ligltependenteduction of NADPH anghosphorylation of ATP
thus coupling the light and dark reactions of photosynthesis.

Egns 1.1 to 1.3 imply unity, however the molar ratio of oxygen produced per carbon
assimilated (photosynthetic quotient, PQ) varies and is on average betwdefh (Ealkowski
and Raven 2007). The production and consumption of ATP and NADPH linightehd dark
photosynthetic reactions (Egn 1.3) but are also required by a host of other metabolic pathways.
The functions of these pathways inclusi@thesis of macromolecules, translocation of solutes
and ions and nitrogen assimilation, and colledtidivert photosynthetically generated ATP and
NADPH away from carbon assimilation and so yield a PQ above unity (Falkowksi and Raven
2007). As further discussed in Chapter 2, careful consideration must be given to the multitude of
noncarbon fixatiorsinks of photosynthetically generated energy when comparing

photosynthetic rates measured through different proxies.

Section 1.3: Quantifying Aquatic Photosynthesis

Quantitative estimates of phytoplankton production can be broadly divided into two
componentsmethodology (measuring photosynthetic rates) and scaling (extrapolating
photosynthetic rates). Chapter 3 discusses the concepts, models and assumptions related to
scaling photosynthetic rates and Chapter 2 reviews comparative studies where multiple
methalologies have been employed. What follows are the principles and general approaches of

these methodologies.



Section 1.3.1: The P-E Approach

Oxygen evolution (Gaarder and Gran 1927) and carbon aagoni(SteemaiNielsen
1952) remairthe most common engbints measured when determining photosynthetic rates.
When cells are exposed to an ecologically relevant and measured gradient of light over a known
period of time, the rate of photosynthesis (P) varies predictably with light (E) to produce a PE
curve. As shown in Figure 1.3, PE curves can be approximated by a rectangular hyperbola that is
mathematically defined by two physiologically relevant parameters (Jassby and Platt 1976). The
asymptote of the hyperbola represents the maximum photosynthetiratel is a function of
the concentration of functional photosystems present and their mean turnover rate at saturating E.
The initial linear slope of the PE curve, symbolically knowa gsepresentsegion where
photosynthetic rates alight-dependent and is a function of the concentration of functional
photosystems present and the efficiency of ligditvesting. The quotient ofJRanda is the light
saturation parameter ETalling 1957), and represents the irradiance where-liginvesting and
the turnover ratef photosynthesis are optimally balanced (Falkowksi and Raven 2007). Given a
PE curve, extrapolation ia situirradiance fields through space and time yields estimates of

phytoplankton production (Chapters 3 and 4).
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Figure 1.3: PE Curve with Parameters (Jassby and Platt 1976)

Photosynthetic carbon assimilation is routinely measured through cellular incorporation
of a**C tracer. As liquid scintillation counting 61C is extremely sensitive, théC technique is
the preferred method in marine and oligotrophic environments. However earllOg0e
comparative estimates in marine environments reveéaztased estimates of phytoplankton
production were up to an ordermfgnitude lower than oxygen based estimates (Eppley 1980)
that eventually led to intense scrutiny and modification of tBemethodology (Peterson 1980).
Though methodological pitfalls such as trace metal contamination and loss of labelled
picoplankton thirough filtering are now largely avoided with improved methodology, there is still
some debate of whetéC rates lie along the range of gross and net photosynthesis. During
incubations, it is possible that assimilaté@ is respired and subsequenthheit reassimilated
or degassed prior to scintillation, thus leading to an underestimate of gross photosynthesis. The
potential of this“*C turnover increases with incubation time, so shorter incubations (~1 hour) are

thought to be a better estimate of ggghotosynthesis than long incubations (Lewis and Smith

1983).



Unlikethe™c met hod the oxygen method, also know
techniqueo, has undergone | ittle change since
providea measurement of oxygen consumption by respiratory pathways so uniik€ the
method separate estimates of gross and net photosynthesis can be obtained (Wetzel and Likens
1991). The most common technique to measure dissolved oxygen is chemical uteatien
Winkler method. This method has poor precision relativéGaand historically has been largely
limited to eutrophic environments where high photosynthetic rates exceed the precision of the
method. The continuing advent of improved instrumemniaith measuring dissolved oxygen (i.e.
oxygen fluorometers) may eventually result in wider spread use of the oxygen method in
oligotrophic environments, though currently this instrumentatamstill not match the

sensitivityof *'C.

Section 1.3.2. Deconvolution of Photosynthetic Parameters

The verb o6scalingd is often used to descri
to photosynthetic rates as several parameters, some meaghezd assumed, are integral to this
conversion. Alternatively th conversion can be thought of as a deconvolution, as active
fluorescence and the required ancillary measurements quantify the relevant and variable
underlying physiological processes that influence photosynthetic rates. As amestutactive
fluorometry is gaining widespread use in ecophysiological (i.e. Behrenfeld et al. 2006) research
as well as a tool for generating phytoplankton production estimates (i.e. Moore et al. 2006).

Following Behrenfelcet al.(2004), Eqn 1.5 and 1.6 show the decoutioh of photosynthetic
parameters while Table 1.2 provides a list of relevant parameters.

[Eqn 1.5] a = fesi Aspsi Anps))

[Eqn 1.6] Py =ngrAl /¢t



Egn 1.5 shows that the lighiited slope of photosynthesia)(is controlled by PSII
photochemistry and is equivalent to the product of the number of PSII reaction cesiiethat
arephotochemically competerfiz§;), and the average functional absorption cisssion of the
competent centresgs;). Eqn 1.6 shows that the maximal photosynthetic rajg iRthe
product of the concentration of the rditaiting photosynthetic compaow (n () and its turnover
rate (11, r). Evidence that the maximal photosynthetic raig) (® controlled downstream of
PSII under most growth conditions is overwhelming (Behrenfeld et al. 2004 and references
therein). Consequently pand 11 r cannot balerived from active fluorescence techniques
alone, however it is worth noting that strongvariation betweer and Ry constrain estimates
of the latter based on the former (Behrenfeld et al. 2004, Silsbe et al. 2006). The differing
methodologies to ane at an estimatef Py from a is discussed in Chapter 2. Of the three terms
in Egn 1.5, only ps; cannot be derived from active fluorescence techniques. Accordingly,
values of pg; are either assumed or derived (Suggett et al. 2004) when scaling activ
fluorescence measurements to photosynthetic rates. The produgi ahdnpg, is the
functionalabsorption of PSII (&), Chapter 2 reviews and applies various methods that derive
aps) and circumvent the need to assurpg.n While all active fllorescence techniques can
estimatefpg, only fast repetition rate fluorometry (FRR®) related single turnover fluorometers
provide a measurement ®fs;. The principles governing estimatedgfi andsps; from active

fluorescence measurements adelressed below.

Section 1.3.3: Active Fluorescence: Principle and Terminology

Energy absorbed by photosynthetic pigments is ultimatelxdéed through one of
three pathways; photochemistry (p), ramotochemistry (d) and fluorescence (f). Each de

exctation pathway is discrete (quanta canbe shared) and hasate constant ¢<ky, k). The
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maximum quantunyield (F )of a given pathway is the ratio of product formed gpesinta
absorbedand can defined by the three rate constants. For example, the maximum quieldtum
of photochemistryK P) is shown in Eqn 1.7 and is equivalent to the rate constant of
photochemisty (k) divided by the sum of all rate constants.

[Eqn 1.7] FP =k/(Kp + kg + ki)

As famously demonstrated by Emerson and Arnold (1932), the quantum efficiency of
photochemistry can be manipulated through fast bursts of high energy that redugeP@lose
reaction centres. Active fluorometers manipulate the redox state of PSIl by exposing
phytoplankton to a series of rapid pulses of E while synchronously measuring the fluorometric
response. The fluorescence of a sample exposed to very shorisatsrdiing E is minimal ¢y
when all PSII reaction centres are oxidized (open) with a quantum yield defined in Eqn 1.8.
When all PSll centres are closed, kp drajos0, fluorescence is maximalyJwith a quantum
yield defined in Eqn 1.9. Eqgn 1-8.9 can be arranged to demonstrate that maximum quantum
efficiencyof photochemistry P) is equivalent to (f~Fo)/Fu or Fy/Fy where K = (Fu-Fo).

[Egn 1.8] FFo = ki/(kp + kg + ki)

[Eqn 1.9] FFy = ki(kd + k)

In a key paper, Genty et al. (1989) demonsttdahat the quantum yield of GO
production for a number of plant species over a wide range of physiological conditions was
linearly related to the product of the maximum quantum efficiefigghotochemistry and the
fraction of open reaction centres, @pdefined in Table 1.2). Thus the convolution egd
Fv/Fm, commonly referred to as/Fv provide an estimate d#s; shown in Eqn 1.5. Both the
terminology and methodology related to the derivatiofpgfare inconsistent in the active

fluorescencditerature. Modifications in the derivation fpk; and its ensuing influence on
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photosynthetic rates are introduced in the following chapter.

FRRF manipulates the redox state of PSII by exposing phytoplankton to a series of 50
100ns excitation pulses of E while synchronously measuring fluorescence. The cumulative
energy over the course of the sequence is sufficient to fully redu¢se® Figure 1.2) while
minimizing additional nofphotochemical fluorescence quenching in the P&lttion centres
while the duration of the sequence is sufficiersiyrtto prevent Q re-oxidation (156600 ms)
(Kolber et al. 1998). The fluorometric response across the sequence of excitation pulses is
referred to as an induction curve. The FRRF@een designed to perforim situ induction
curves under actinic irradiance well asin a dark chamber whose flushing rate is sufficient to
oxidize photosynthetaly reducedeaction catres. The combination of actiramd dark
induction curves permitthe computation of other parameters of physiological relevance
(Chapter 2). Figure 4. shows a typical induction curve with fluorescence rises frgrofFy as

reaction centres become progressively closed.

The slope of an induction curve from t Ry is conceptually and mathematically related
to effective absorption crosection of PSllgps) in Equation 1.5Ley and Mauzerall 1982).
Conceptually, photons striking phytoplankton with a lasge, have a higher probability of
reducing PSII reaction oéres so the slope of the induction curve frogritd-FRy is steeper than
phytoplankton with a smadlps;. Mathematically, Ley and Mauzerall (1982) showed that the
probability of aspecific reaction centre becoming reduced is a random occurrence over a time

series of intervals such that an induction curve can be modelled ashi# Boésson function
whose slope ispsi. A FRRF induction curve is therefore a dmiePoisson function with a slope

equivalent tasps) as shown in Eqn 1.10.
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Finally, coefficients are required to scale measurememss@ffps; andspg) to
photasynthetic ratesfps) is dimensionless and the product of unitsg; andsps; yield units
of [m* Amol RCII A mdl photonsAmol chl a)*]. Implicit to all models that scale active
fluorescence measurements to photosynthetic rates are the qualtdsijoxygen evolution
(f¢) and electron transfer in RCl rc). The latter is assumed as unity with units [mol photons
(mol RCIIY] and the former is assumed to be 0.25 with units [maqh@| photons)] as four

moles of electrons are required t@guce 1 mole of ©

Section 1.4: Thesis Outline

Chapter 2 reviews published biptical models that compare fluorescehesed
photosyntletic measurements to contemporanedGsphotosynthetic rates. The efficacy of the

various bieoptical models isested using a large dataset of FRRF profiles and ancillary water
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chemistry parameters against synchronously deiiveitro “C PE parameters collected across
mixing, trophic and taxonomic gradients in Lake Erie. In this analysis, recent published
estimates of thgphotosynthetic quotierterived through traditional oxygen atftC
methodologies in Lake Erie provide the statistical benchmark against which contemporaneous
bio-optical and““C measurements is evaluated. Chapter 2 demonstrates that inrieakalies
of fps) are relatively constrained, and the success ebpiical models depends largely on the
formulation of as; (where as; = spsiAnpsy in Eqn 1.5). Moreover using measured and
assumed valuesss; andnpg respectively, a common parameterization of publisheeptecal
models, yields photosynthetic rates that are incongruent{@thates. Instead alternative
methods talerive agy, largely ignored in published bioptical models, are reviewed and
formulated. Chapter 2 demonstrates that the various assumptions required in the alternative
formulations of ag are likely minor compared to the possible rangepgii malues at an
ecosystem level. Based on previously publishedraethods a novel approach to derive this
important parameter is introduced in Chapter 2 that, upon incorporation inteptluial model,
yields the most statistically significant comparisorconcurrent“C derived photosynthetic rates
amongst all bieoptical models. Overall, the biptical model presented in Chapter 2
outperforms any publishédC comparison performed across a taxonomic gradient.

The bulk ofphytoplankton productionstimates in the Laurentian Great Lakes and other
freshwater lakes are determined from the PE approach outlined in Sectidn {itgo light
sources employed in these studies vary and rarely do their spectral qualities matcitthe
environment. Thogh most of these studies recognize the potential error in assuming
equivalency in thén situandin vitro spectral environments, no attempt has yet been made to

spectrally scale historic PE measurements. Chapter 3 reviews these studies and develops a
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rigoruous empirical model that scales these measurementsiicsthespectral environment.

This analysis demonstrates the phytoplankton production estimates in the Laurentian Great
Lakes hadeenlargely underestimated. In conjunction with the largeitro *“C dataset

presented in Chapter 2, long term changes in spectrally resolved measurements of phytoplankton
production in Lake Erie are analyzed.

Having introduced and validated a fmptical method capable of measuring gross
photosynthetic rates inf@pter2 and recognizing the importance of spectral quality in Chapter
3, Chapter 4pplies tle bio-optical model tan situfluorescence measurements throughout the
water column to generate verticaind spectrallyesolved estimates of phytoplankton
phaosynthesis. Persistent vertical patterns of photosynthesis are identified across trophic and
mixing gradients using an extensive set of measurements in Lake Erie, and subsequently
compared to similar sets of measurements in other freshwater lakeser@haphe first study
to explicitly examine vertical patterns of photosynthesis in any freshwater lake using a high
resolution bieoptical method.This chapter also investigates how persistent vertical patterns of
in situ photosynthesis deviate from narally scaledn vitro measurements and identifies when
in vitro scaling assumptions yield erroneous estimates of areal phytoplankton production.

Chapter 5 summarizes the main conclusions of this thesis and puts forth
recommendations for future reseasstd methodological approaches to effectively monitor
phytoplankton productiom freshwater lakes. Appendixaid Bcontain tables of all relevant

data employed in this thesis.
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Chapter 2: Towards autonomous measurements of phytoplankton
photosynthesis: A comparison of bio-optical and in vitro

photosynthetic rates in a large freshwater lake.

Section 2.1: Introduction

Phytoplankton ecologists have long sought a method that providesiregiid,estimates
of phytoplankton production (PP). One of thesncommon applications of active fluorometry
is the incorporation of measured PSIlI photochemical indices intogtioal models that
estimate gross phytoplankton production (GPP). The theoretical principles that link active
fluorometric measurements itmlices of PSII photochemistry are well established and widely
accepted (Krause and Weis 1991). Many active fluorometers can opesiiteand at an
unparalleled resolution to provide measurements free of human error while circumventing
assumptions comeningin vitro containment of natural phytoplankton assemblages. The various
parameters which constitute baptical models provide also greater insight into the fundamental
processes that affect photosynthesis relative to most other PP methods tha¢ exdyrthe end
products of photosynthesis (P) as a function of irradiance (E). Accordingly, active fluorescence
has significantly enhanced our understanding on how photosynthetic physiology varies through
space and time (Strutton et al. 1997; Behrendelal. 2006) and across environmental (Moore et
al. 2006) and taxonomic gradients (Raateoja et al.[2(@dggett et al. 2006). Yet when parallel
measurements of PP derived from-bjatical andn vitro methods are compared, the results are
often equivoal (Table 2.1).

The parameterization, assumptions and efficacy ebpiical models vary in the
literature and a critical review of publications that have comparediioal and traditional PP

estimates does not yet exist. Flameling and Kromkamp (188&) reviewed the comparative
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estimates of photosynthetic electron rates from active fluorometers and other methods, but the
publication predates most singlernover investigations (i.e. fastpetition rate fluorometry

FRRF), and the bulk of researchtlaat time was limited to cultures and terrestrial plants. This
chapter first reviews all recent publications that have comparedpical PP estimates with
concurrent traditional PP estimates, specifically focusing ciopimal model parameterization
including empirical assumptions and common sources of error. The varieoptimal models

are then tested using a new-oiptical dataset with contemporanedusitro **C photosynthetic
measurements. This dataset was acquired over the course sppddiat surveys in Lake Erie,
whose morphometry and spatially disparate nutrient loadings provide a large gradient of mixing,
trophic state and phytoplankton community composition over which to test the efficacy of the
various bieoptical models. The majy of active fluorescence studies are from marine
ecosystems, therefore this study is the largest comparative examinatioropfiba and

traditional photosynthesis estimates in any freshwater lake.

Section 2.1.1: Bio-optical Model Parameterization

Though the parameterization of published-bpiical models thatonvertfluorescence
measurements to photosynthetic rates vary (Table 2.1), each model can be recast using the
simplified equation (Egn) 2.1. Ligisaturated photosynthetic rates are limiledvnstream of
PSII and it must be stressed that Equation 2.1 applies teliigitéd photosynthesis only. Bio
optical modelling of lightsaturated photosynthesis is addressed further below (Section 2.1.2).
Eqn 2.1 defines oxygeavolving photosyntheticates (P [mg ©@m™ h™]) as a function of four
variables. F,is irradiance and is wavelength) dependent when photosynthetic rates are-light
limited. fpgi is the photochemical efficiency derived from the active fluorescence measurements

that are imtoduced and derived in Chapter kg, is the mean absorption spectra of
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Table 2.1 Model source, description and parameterization. SCF denotes preQemcabéence (X) apectral correctionsPy denotes method
used to estimate light saturatglgdotosynthesis PP Method with incubation time (hrs), w and p denote scintillation of whole water
and particulate matter respectively. Env. denotes whether study investigates a marine (O) or freshwater (L) enviianrivent or
culture (C). PQ givede average ratio of the two estimates with summary statistics and notes if applicable.

Sourcefpg aps| SCF Py PP Method Env. PQ Summary Statistics and Comments
1: Fy/Fy Spsi Anpsii [3.3 x 107 ® Ex MCIL,w] O a* prer = 2.278* paq (n.s., n =3)
(r*=0.94 ,n =72, p <0.05)
2: R0 MG/ 0 . €spgOANps; [2.00 x 107] O nm.  MC[L5w C Pgred = 2.17 Phd fierre = 1.15f
3: R//Fu/0.65 Spsi Anpgy [2.00 x 107 O spsi YC [1-2, p] O a*prre >, a* g (n.s., n =21)
4: F\//FM[MA)(] /065 SPSII Anpsn [200 X 10’;] X EK 14C [3'41 p] O a* FRRF] = 2.443* [14C] (n.S., n :)
a* rrre less variable thaa* (14
5. Fod G Spsii ANps; [2.00 X107 X Egn2. YC[~12,p] O P*grrr=2.20 P¥q (r*=0.94 ,n=72, p <0.05)
in situ
6: Fy/Fy/0.65 Spsi Anps;i [2.00 x 10%] X nm. HC [3,w] L P*irrr = 1.15 Pgq (r*=10.88, n = 140, p <0.001)
in situ a* [FrrA>, A% [14c) (n.s.,n=23)
7: Fd M@/ O . €spg, Anpg; [2.00 x 107] X Ex “C 14, p] O P*grer = 0.36 Pl (r*=0.81, n = 470)
8: gp Spsi0ANps [2.00x 1] O Eqn2. MC[2,p] O P*grrr=1.02 Piug (r*=0.88, n =16, p < 0.0001)
9: Fob aF Spsi0ANpsg [2.00x 107] O Ex “Caw] L Perrr= 1.08 Ruag (r*=0.76, n = 12, p <0.05)
FQ6 /M%AX] /0.65 a* [FRRF] <, a* [14C) (n.S., n= 12)
10:FQ6 /M@ Sps”@AnpS” [measure]j 6 Ex 14C [07,W] C P[FRRF] @2.25 P[14c]
11:R0 MG VIRA™ spey Anps [measurel O Egn2. [COinsw L Pcoy=1.02 Rrre Diatom bloom
Picoz) = 1.55 RkrrA Flagellates and Nixers
12:F0 MG | 0. spg Anpg; [2.00 x 107] X Ex “C4,p] O Pppr= 1.06P4q;
13:Fq6 M@ 1 0. Sps”Anps" [1.25X 103] X Ex e [2,7] O a*[14c1>, a* PR
14:':(16 a aphyA .5 o) Ex 0218 C FP[FRRF]: 0.69-1.06F p0218 3 Cultures
15:F0 a- Spsi Anps; [2.00 x 107 O Ean2: 14(_: [1.5.p] O Prrrr= 2.23 Riq @ 3m (rz =0.69, n =16, p < 0.001)
in situ Prrrr = 1.17 Ruc @ 9m (r°=0.38,n =16, p<0.01)
16:F0 Mmm atnA 0.5 X Egn2. YC[2.0,p] L Ppaw =2.61Pusq
Go Spsii Anps; [2.00 x 107] Pirrre = 3.08Ppaq
Fq0 G- a*nA 0.5 Prrrrr) = 2.19Pp4c)

Sources:Suggett et al2001;°Raateoja and Seppala 208toore et al. 2003;Smyth et al. 2004 Corno et al. 2005Kaiblinger and Dokulil 2006,Melrose
et al. 2006°Blanco et al. 2007Pemberton et al 200%Ross et al. 2008'Suggett et al. 2006?Kolber and Falkowkis1993,**Boyd et al. 1997-Suggett et
al. 2003 °Raateoja et al. 2084"°Kromkamp et al. 2008
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photosynthetically active pigments serving PSIl and is also wavelength dependent. The last
term in Eqn 2.1 is the constant (A) that represents the maxopamtum yield of oxygen
evolution £ O, = 1 mole of Q requires 4 moles of electrons absorbed by PSII), the quantum
yield of electron transfer within a reaction center£ unity is assumed) and coefficients for unit
conversion. Variations of bioptical nodels arise through different methods to calculagg &

and different parameterizationsfe§, both are discussed in detail below.

[Eqn 2.1] P =g AfpsiA ps@)A A
fpsu: Principles, parameterization and sources of error.

In situestimates of the apparent quantum yield of oxygerution ¢ O,) rarely
approach the theoretical maximu®, (0.25) dictated by the four photosynthetic S States and
the ratio of electrons passed to PSIl and PSI (Babin et al. 1996). In the contexb pfidad
models,fps) is a coefficient equivalernb the reduction of the appardnO, from its theoretical
maximum. Babin (1996) attributes low measuremenis@fto either the absorbance of energy
by nonphotosynthetic pigments, cyclic electron flow around the photosystems, and the
impairment of PSlteactions centres caused by either excessive irradiance or nutrient deficiency.
By definitionFO,r ef er s t o qgquanta that are o6-absorbed
photosynthetic pigments should not affeg,. Cyclic electron flow, and other nen
photsynthetic electron sinks including the Mehler reaction, is thought to be only significant
under lightsaturated photosynthesis (Ross et al. 2008), so their imp&dDguander light
limited conditions is probably minimal. Thus decreasds@ during light-limited
photosynthesis can be predominantly attributed to the efficiency of PSII that is readily measured
through active fluorometry.

The most recognized proxy féws,, F/Fu, measures the maximupmotosynthetic
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efficiency of PSII in the darkR//Fu is routinely normalized to 0.65, an empirical upper limit
observedn nutrient replete cultures regardless of growth irradiance (Falkowksi and Raven
1997). Supressiomf F/Fy below 0.65, indicative adiminishedphotosynthetic efficiency, is
commonlyattributed to nutrient stress and has been observed in nitrogen, iron and phosphorus
deficient batch cultures (Berges et al. 1996; Greene et al. 1994, Lippimeir et al. 2001). Further
reductions td~/Fy in situarise through increased irradiance and pindibition (Oliver et al.
2003; Raateoja et al. 2009), while mixed phyt
s i g n a tRuRy ef dutriarg replete cells is high®or diatoms and chlorophytes relatitee
cyanophytes and prasinophy{€ermeno et aR005; Suggett et al. 2009). Thusitritional

reduction offps; within mixed communities is superimposed on taxonomic and photo
physiological variability, so measurementdf; cannot be interpreted in the context of nutrient
deficiency alone (Suggegt al. 2009).

Contemporaneous fluorescence measurements performed in the dark and under actinic
irradiance, the latter is denoted with an apostrophe gée)F, per mit di fferent p
fpsi. Table 2.1 lists the various parameterizationgfemployed in comparative production
studies. g0 md-, represents the effective photochemic
irradiance (Genty et. al. 1989) and is the most common parameterizatign &0 M& i s t he
product of the photochemicefficiency of PSII in the lightl,6 Mm3-) therfraction of
functional PSII reaction centres that are oxidizegl. (ge varies predictably with irradiance
(Kolber and Falkowski 1993), at light limiting irradiances all reaction centres are oxidizeg and
is 1 but as irradiance increasgglgcreases as reaction centres become progressively reduced.

Not all studies listed in Table 2.1 normalizgbFm& t o 0. 65 . 0.65 has been

arbitraryd (Kromkamp and Valuesbhavecbeen ind (Bgrgesaes o0 c C
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al. 1996). In the context of bioptical models values oidb m& F/Fy that equal 0.65
represenf O, that equal 0.25. Thus omission of this coefficient means that presumably nutrient
replete phytoplankton (fA~y = 0.66) have a maximum permissilfeO, of only 0.1625 (i.e. 0.25
A 0. 6 5 FO,valued higher ¢han 0.1625 have been observed (Suggett et al. 2003),
normalization to 0.65 appears logical, while a review of large datasets from marine and culture
studies sugests this upper limit is relatively constant (Suggett et al. 2009).

The lure of active fluorometry is the ability to obtainsituandautonomous
measurements, in reality however great care and time must be taken to minimize operational
sources of errorAll fluorescence measurements are affected by instrument noise and
0 b ac k gr oalgaldfidoreécencen and both signals need to be quantified and deconvolved
from the fluorescence induction curves to obtain the algal signal (Laney 2002). The
mathemaital principles of this correan are given in detail biyaney and Letelie(2008).
Briefly instrument noise is a function of the induction protocol and instrument gain (the
amplification of fluorescence signals) and is independent of the samplingreneint.
Background fluorescence is solely a function of the sampling environment and generally
increases in importance with decreasing algal biomass (Suggett et al. 2008). Methodologically,
background fluorescence signals are measured using filtrateq0.2mm) in order to separate
it from the algal signal. However the waste products of digested phytoplankton, specifically the
chromophore pheophytia, can be retained on GF/F and GF/C filters and so are not detected
using filtrate yet still constitute backmund fluorescence. The potential magnitude of this error
varies with the ratio of cld:pheophytina (e.g. signal:noise), and is reportedly significant when

concentrations of pheophytamapproach 30% of cld concentrationgFuchs et al. 2002).

apsi(): Principles, parameterization and sources of error.
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apsig ) Is the spectrally dependent absorption of photosynthetically active pigments
serving PSIl.Methodologically,aesiq) can be estimated through Eqn 2.2, wheksga is the
product of theabsorption spectra of all photosynthetically bound pigments 4ad a factoP
that represents the fraction of pigments associated with PSII. In the literature (Tablesg: 1), a
is more commonly derived as the product of the effective absorptisaszotion of PSII
(Sesi)), the ratio of chie molecules serving PSII 1) and the ch& concentration as shown in
Eqn 2.3.Genotypic variations odes)i¢ ) arise through different pigmentation of the various algal
groups ( Reynol ddaypic @térdiens (potoactimdtienfurnphér eleraes) as
cells seek to balance light harvesting capacity with metabolic demand of ATP and reductant

(Falkowski et al. 1981; Dubinsky et al. 1986; Berges et al. 1996).

[Eqn 2.2] aesiq) = aps() AP
[Eqn 2.3] apsiq)=Spsug)A pshA @ h |

Spsi, the effective absorption cressction of PSII pigmentdictates the rate of energy
transfer from the lighharvesting complexes to the photosynthetic light reactions. Single
turnover fluorometers easurespgy); the rate of energy transfer dictaths slope of
fluorescence induction curves. Given the ability for parallel measuremefiats ahdspsiq ),
most bicoptical models shown in Table 2&rive as)q) through Eqn 2.3 using measured
assumed values op#&i. Spsiq) is highly variable across taxa owing to the diverse absorption
spectra of accessory photosynthetic pigments specific to various phytoplankton chromophore
groups (Suggett et al. 2009). Within individual cedlssig)can varyover short time scaldsy up
to 20% aghotoacclimative state transitions allow for the transfer of some aduseriergy to

either P$or PSII (Falkowksi and Raven 1997).
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Unlike spsiiq), Nesi can only bandependentlyneasuredn vitro with theoxygen flash
yield method that requires such high concentrations of phytoplankton (5 thlm) the
technique is impractical for natural samples (Falkowski and Raven 19@iltures have shown
that nbs) varies by a factor of 4 across taxonomic groaipd is often highest in prokaryotes
(Suggett et al. 2004)Only two comparative studies listed in Table 2.1 emplagedtro
measurements obg; within a bic-optical modelmost studies routinely assign a constant value
for nps thatmay or may noteflect the dominant taxa under observation. Accurate
guantification of pgy is a significant hurdle in all bioptical models: The deviation between
measured and typically assumed values may introduce up-folé&ror in photosynthetic
estimates (Suggett et al. 2004, 2006).

Eqn. 2.2 summarizes a second class of methods that estigatel@at have been
validated on culture experiments spanning four phytoplankton groups (Suggett et al. 2004).
Despite this validation and the potential variability p§nonly 2 of 16 studies in Table 2.1
estimate gg)iq) Using a variation of Eqn 2.perhaps because both studies contain some data

from a multipleturnover fluorometer (PAM) that cannot meassisgq). Indeed a large body of

excellent research dedicated to the derivationgfgaas a compound unit has not found

widespread use in dioptical comparative studies.

23



> app( )
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> aps()
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Quantitative Filter Spectral P determined through
Technique Reconstruction various methods

Figure 2.1: Flowchart summarizing techniques and parameters employed in Egns2.2.
wavelength, @ absorption spectrum with subscripts as follows: P is particulate, NAP is
nonalgal partcles, PH is phytoplankton, PP is photoprotective pigments, PS is
photosynthetic pigments, PHEO is pheophyti@l &#d PSII are pigments associated
with photosystem | and photosystem Il respectively.

Figure 2.1 summarizes the techniques and parameterseaviol the derivation of
apsig y Amongst the various steps, the quantitative filter technique (QFT) is paramount. The
QFT calculates the absorption spectra of phytoplankton pigme#ngs)(as the difference
between the absorption spectrums of particles retained on a filter f@fp)eand after (gap( ))
chemical extraction of pigments from the filter (Tassan and Ferrari 198, isthe sum of
absorption due to nephotosynthetic (photoprotective) pigmentse(g), photosynthetic
pigments (as()) and pheophytin @eo()). Spectral reconstruction methods estimagg)and
arreo() @s the product of the spectra and concentration for a given pigment then scale this
measurement to-gq ) to account for pigment packaging (Babin et al. 1996; Culver and Perry
1999; Sectior.2: Materials and Methods). Removal of pheophytin and photoprotectant
absorption from @y yields the absorption of photosynthetically bound pigmenig yja that in
turn constitutes the sum of absorption spectra of P&ii(g and PSI (gsig)).

The factorP in Eqn 2.2 represents an estimate offthetion of photosynthetically
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absorbed energy directed t&s@ The most basic approach assumes that equal energy is passed
to PSIl and PSI sB = 0.5 (Suggett et al. 2004). This assumption aggealid for some
phytoplankton groups, but may be lower in cryptophytes and cyanobacteria that have
comparatively low PSII:PSI ratios (Suggett et al. 200 }s estimated through comparative
measurements of spectral PSII fluorescengg) &hd as;;. This analysis can identify regions

within the spectrum that preferentially excite one photosystem over the other and generally
shows that a higher association of carotenoids and phycobilisomes with PSII is offset with most
chla pigments asociated with PSI (Suggett et al. 2004, has arbitrary units and so must be
scaled to g j; it is the selection of the scaling technique that ultimately deterrtiieesstimate

of P;. Scaling methods either normalize F ¢gat a single wavehgth (i.e. 676 nm, Sakshaug

et al. 1991; Culver and Perry 1999) or over a series of wavelengths (540 to 650 nm; Johnsen et
al. 1997). Theb6no over shoot met hodd as-650meisdirecled absor
towards PSII so Faoes50 nm)iS Scaledo equal to gsisaess0 nmjandP is determined as the ratio of

Fla00700 nmjtO @sa00700 nmj (S€€ Materials and Methods).

Section 2.1.2: Methodological comparisons of bio-optical and in vitro photosynthetic
rates

While Eqgn 2.1 yields estimates ofhiglimited oxygenic photosynthesis, mastvitro
methods measure both liglited and lightsaturated carbon assimilation rates. Such
methodological differences require three additional steps to allow for a robust evaluation of bio
optical efficacy andre discussed below. Outlined below, these steps are the application of
spectral correction factors to lighiited photosynthetic rates, the bigptical derivation of
light-saturated photosynthetic rategJPand empirical assumptions that reflect ithteerent
differences betweein situoxygenic evolution andh vitro carbon assimilation.

Spectral Correction FactorsBio-optical measurements 8fsii), asip; anda; iczare
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rarely measured under similar spectral environments. By desigexdtation energy emitted

by FRRFs overlap a region of high PSII absorption common to mogpmgrobilisome

containing algae (Figure 2.2). The Soret absorption bands afddrhinate absorption in this
region, yet manynvitrol i ght s o ushit ®esl 6awe t hr €ed mpar ati vely |
Soret bands. Spectral correction factors (SCF) must therefore be derived when comparing
photosynthetic rates from different spectral environments (Section 2.2: Materials and Methods).
SCFs generally indit¢a that the spectral quality of blue excitation energyfisi@ more

effective thann vitro light sources (Ross et al. 2008; Suggett et al. 2006). Despite this large but
guantifiable source of error, not all comparative studies have spectrally cotrezstethta

(Table 2.1).1n many of the bieoptical studies, measurements g are used to derive SCFs

(Egn 2.8) forspsiig). Spectral fluorescence measurements of PSII yield the shapggfand

such measurements underscore the potential spectral differences betweemd a4 ¢) (and
therefore ag(); Suggett etla2004). For example, in many cyanobacteria the phycobilisomes
are predominantly associated with PSIl andachith PSI, so the spectral shapes gfig)and

aps() are quite different (Figure 2.10). Ideadlys)) should be scaled te&yq), dueto

contribution of norphotosynthetic pigments, pheaophytin and PSI pigmenisiig. a
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Figure 2.2.The excitation spemm of the FRRF and a Tungsteialogenlamp normalized to
photon flux and compared to the medpespectra in Lake Erie. Note thdfdrent
scales for the FRRF and Xenarc lamp.

Bio-optical Derivation of Iy The direct conversion of bioptical photosyntheticates to
light-saturated rates aoenfounded by three inherent problems: 1. In high light environments
PQ can be ridizedthrougha variety ofpathwayshat do not result in net oxygen evolution or
carbon fixation 2. Actinic fluorescence measurements can be contaminated by natural red light
found in neatsurface high light environments that artificially reduceé (Raateoja and
Seppala 2004). 3. Photosynthesis is limited downstream of PSII and not dependent on the redox
state of the primary acceptor, {JQ Comparative studies that do not take these considerations
into account invariably show the greatest diegrce between bioptical andn vitro
photosynthetic rates occurs in the upper water column (Table 2.1). Early recognition of these
activefluorescence limitations (Kolber and Falkowksi 1993) have led many researchers to
estimate maximum photosyntheti¢es (R) as the product of the ligiimited photosynthetic
rate @) and the lightsaturation index E(=Py/a Talling 1957). The principals of bioptical and

in vitro derivations of g are analogous: Light dependent mod&ls,(vs E or P vs E) yield

27



curve-fitting parameters that are then used to deriyéAoss et al. 2008; Section 2.2: Materials
& Methods). A significant drawback to this technique is that, umfikétro experiments, it
necessarily constrains baptical profiling to periods when theater column is sufficiently
illuminated so as to include both lightnited andlight-saturated responses. This method must
also assume homogeneity of the photosynthetic population throughout the measured water
column. Fortunately as and Ry generally cevary in lakes and oceansg I8 comparatively
constrained and decreases with increasing optical depth (Behrenfeld et al. R @ORi
knowl edge pvalues forghe optical enviroment under study can serve as an
approximation or empirical boundary in the baptical derivation of R through k. Moreover,
the potential error introduced by erroneous valuescafiminishes as the contribution of light
limited to daily integrated photosynthesis increases.

14 of the 16 stdies listed in Table 2.1 measuiead/itro photosynthetic rates using the
14C assimilation technique. Because-bjatical models estimaiexygenigphotosynthesis, these
models overestimate carbon assimilation by a factor equivalent to the photosynib&éotq
(PQ). A priori knowledge of the mean PQ (and variance) based on ga@eahd Q studies
within the ecosystem under investi ga#gta@an prov
photosynthetic rates. Conceptually, the PQ representatibeof photosyntheticallgenerated
reductant (ATP, NAPDH) to that spent exclusively on carbon assimilation. Nitrate assimilation,
nitrogen fixation, photorespiration, chlororespiration, and respiratory phosphorylation each use
photosynthetic reductanBéhrenfeld et al. 2002) so the PQ in lakes (Depew et al. 2006) and
oceans (Grande et al. 1989) is variable and typically exceeds 1.2. In comparative studies, the
apparent PQ has additional uncertainty owing to diffetf@ymethodologies and differences

betweernin situandin vitro environments. In Table 2.1, 12 studies assayed only parti¢t@ite
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so any cellular excretion ofC-labelled exudates such as glycolate, likely in long incubations or
nutrient stressed phytoplankton (Fahnenstiel and Carrigg;®eardall et al. 2009), will
underestimate carbon assimilation and overestimate the PQ. Furtharmibre i
experimentation can introduce artefacts associated with handling and isolating phytoplankton
assemblages in bottles (Eppley 1980), and constigaphytoplankton within a constaint vitro
light environment may evoke different photoacclimative responses relative to a misitg
environment (Maclintyre 1993). Thus critical evaluation ofdyical photosynthetic rates must
recognize thatinhree nt sour ces of eirvitre photosynthéetih e 6 benchmar
measurements may also exist and lack of reconciliation between both methods may not be
caused by bieptical models alone.

The data gleaned from the 14 comparative studies that haveysmpiC assimilation in
Table 2.1 has been reformulated to show the mean PQ derived in each study. Originally, each
study presents either the ratio or slope of the linear regression betwespstitéo and*‘C
photosynthetic rates. Some but not all gadn Table 2.1 assume a fixed PQ (ranging from 1.1
1.5) in their bieoptical formulation, so for consistency all data has been normalized by setting
the PQ to 1.0 (anB Ozmax = 0.25 respectively). For example the original data at 9 m depth in
Study 15reportedP = 0.56 Racjusing a PQ ané Ozmax Of 1.5 and 0.18 respectively, so Table
2.1reportsP=1.07Rq( 1. 07 = 0. 56 A . ofth@rbldtionship 8dtweeh [ 1. 5/ 1
bio-optical and traditional photosynthetic rates is not statisfisajnificant, Table 2.1 omits the
reformulated PQ. Summarized in Table 2.1, the PQs derived from each comparative study vary
widely with a range of 0.42 to 3.08 with a grand mean value of 1.78. While some variability in
the PQs are expected given diffey *“C methodologies and environments, the following section

highlights how bieoptical model parameterization also affects the apparent PQ.

28



Section 2.2: Materials and Methods

Table 2.2:Symbols, definitions, units and derivations of the various paemsemployed in this

chapter. All fluorescence units are dimensionless with arbitrary units [au].

Svymbol Definition and units Derivation
fosi Fluorescence parameters that represent PSIl photochemistry

Fvirer Maximum fluorescence yield corrected fostrument Response Freque

Furriraer Maximum fluorescence vield of filtrate (Or@n)

Fv, Fu6 Maximum fluorescence yielddark, actinic E

Fo, F Minimum fluorescence yield dark, actinic E

Fob Fo = [WHR +&/ F)F

Fv/Fu  Maximum photochemical efficiendydark [(Fm-Fo)/ Fu]

F/6 M3 Maximum photochemical fiency - actinic E [(Fm'-Fo) Ru']

Oo

F0 #0
apsiin )

Spsil

Npsii

apH

Fraction of oxidized reaction centers

PSII photochemical efficiencyactinic irradiance

PSII absorption spectra [thl denotes wavelength
Effective absorption crossection of PSIt dark, actinic E [A]
Photosynthetic unit size of PSII [mol RCII (mol &)I*]
Phytoplankton pigment absorption spectrd]m

areo ap Pheophytin, photprotectant pigment absorptispectra [iii]

dps
P
F[I 1
SChps
SCK
F oo
Fre
EII 1

kPA R

Chla

Pu
Ex
PQ

Photosynthetic pigment absorption spectra][m

The fraction of absorbed photosynthetic energy passed to PSlI
PSII fluorescence measured at 665 nm following excitatibn at
Spectral correcbin factor [au]l normalized te-a

Spectral correction factor [au] normalized t@, F
Maximum quantum yield of oxygen evolution [mo} @nol photons}]
Quantum yield of electron transfer with a reaction celgjeanta™]

Photosynthetically active radiation (PARMfol.m%s™]
The mean attenuation of PAR fin

Extracted chh [mg m?]

Photosynthetic rate [mg CHir?]

Light-limited P [mg C i hr* (- mmol.m-2.s)7
Light-saturated P [ mg C frhr]

Light saturation indexrfmol.niZ.s™]

Photosynthetic quotient [mol C (m@.)™]

Denotes normalization to chl

[(FuGF 0 )b Ho0F)
[(Fu6F 6 ud 1F

Figure 2.1

Spsil

Eqgn 2.4
Eqgn 2.5
Eqgn 2.6
Section 2.4

Eqgn 2.8
Eqgn 2.9

Fr>=0.25
Fre=1.0
En

kPAR

Chla

Section 2.4
Section 2.4

Pu a-l
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Study Site and Summaryrour spatial surveysere conducted in Lake Erie in 2005
(May 2-5™, June 711", July 1821%, September-8"). Stations west of 80°W were sampled
only in the June and September cruises-dgtcal and CTD profiles were performed at each
station, and spectral radiometrimfiles were performed opportunistically during each cruise.
At each station discrete water samples were taken at 2 m depth during the May and July cruises
and halfway to the thermocline (range 1.5 to 7 m) during the June and September criiftes for
incubations and water chemistry parameters using 1 meter Niskin bekt#eg (lepths given in
Appendix A. Where deep cla maxima were present, additional water samples were
opportunistically retrieved from these features'f@r incubationsand water cheistry. Figure

2.3shows the morphometry and spatial distribution of sampling stations used in this study.

42.5°N

42°N

41.5°N % & | -
83° W 820w 810 W 800W 790W

Figure 2.3.Lake Erie sampling station8)(with 20, 40 and 60 m isobars. The number inside
eachl3 denotes the number of discrete 14C samplesntaker all seasons and
through depth.

Radiometric and physical profilesCTD profiles (Seabird 911, Bellevue, Washington) at
each station measured water temperature through dépehFRRF was equipped witlp 4
guantum sensors ((COR, Omaha, Nebrasktb measure photosynthetically active radiation
(PAR) through depth. The vertical attenuation of PAR{kwas calculated using the

logarithmic slope of PAR through depth
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Bio-optical profiles- A FAST"@? (Chelsea Technologies Group) FRRF with dlight"
and 'dark' chambers was used to measure vertical profiles of active fluorescence. The FRRF was
deployed where possible over the sunward side of the deck, to avoid ship shadow, and the system
profiled slowly at less than 0.1rit.s Eight acquisitiorsequences of 10 saturation flashes, 20
ns relaxation flashes every &8 with 10 ms sleep time between acquisitions were averaged into
one fluorescence induction curve. For each profile, instrument response frequencies (IRFs that
guantify instrumenhoise) discussed in Laney and Letelier (2008) were deconvolved from FRRF
measurements using the V6 Matlab software. IRFs were determined by measuring the above
noted acquisition sequence on a gradient of neutral fluorophorea ¢Giridard, Sigmalrich)
at the various gain settings. At each station, background fluorescence was determined by
measuring filtrate (filtered successively through ®n7 GFF and 0.22m polycarbonate filters)
in the FRRF dark chamber. As above, filtrate measurements were passed through the V6
software to deconvolviRF. Following Suggett et al. (2006), an empirilaéar relationship
describing the signal to noise ratio wamstructed using profile and filtrate measurements. This
relationship yields thpercent noise for a giveneasurement ofyr(Figure 2.6B, so using this
relationshipthe estimated percent nois¢ eachFRRFmeasuremenwas determined then
subtractedrom all Fp and ky data Additional quality controbf FRRF data was performed by
removing noisy induction curves defined here as havicfgestimator of good fit (quantified in
the V6 software) greater than 0.05. Finally, profile data was binned into 0.25 m intervaigand F
and @ were calculated following Oxborough and Baker (1997) and Falkowski and Kolber (1993)

respectively.

A spectal fluorometer (Fluoroprobe, BBE moldaenke, Germany) was deployed alongside

each FRRF profile. The Fluoroprobe measures tha fthbrescence (detection at 685 nm)
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following saturating light pulses centered at 450, 525, 570, 590 and 610 nm (approximate
bandwidth of 20 nm). Fluorescence at each wavelength was corrected for instrument noise using
a cuvette filled with doubléistilled water. Wavelengthpecific background fluorescence

signals were quantified for each basin in Lake Erie using the saragefiiechnique described

above for the FRRF, and these signals were subtracted from raw fluorescence data. Generally
background fluorescence was <10% of total fluorescence at 450 nm and <5% at all other

wavelengths.

Chl a and pheophytin.aAt each samptig depth, triplicate measurements of@kere
performed by passing 200 ml of water through 47 mm Whatman GF/F filters and immediately
frozen. In the lab, filters were immersed in 20 ml of 90% acetone and passively extracted at 4°C
for 24 hours. Extrastwere quantified fluorometrically before and after acidification on-al0
fluorometer (Turner Design, Sunnyvale, California) calibrated with pura standard (Sigma)

to determine concentrations of chdiad pheophytira respectively (HolrHansen etlal1965).

Quantitative Filter TechniqueAt each sampling depth 1500 ml of lake water was passed
through a 47 mm Whatman GF/F filter and immediately frozen. In the lab, 5 ml of deionized
water was passed through each filter to thaw it. The absorpgairag356750 nm) of the
particulate matter retained on each filtel(3) was measured immediately after thawing using a
Cary 100 dual beam scanning spectrophotometer. Each filter was subsequeigiyneeted by
bleaching the filter with NaClO for apmximately 5 minutes and then-seanned to determine
absorption by nofalgal particles (@p(l ); Tassan and Ferrari 1995). Shown in Egn 2.4, the
absorption spectra of phytoplankton pigmengsg g is calculated as the difference between
ar(l ) and aap(l ), where 2.303s the natural logarithm of 1® is the path length amplification

factor @ 27Roesler 1998; Binding et al. 2008) andAY is the ratio of volume filtered to the
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clearance area of the filter. To account for filter scattering, the atesorption between 746

750 nm was subtracted from bo#{lg and aap(l ). Following Culver and Perry (19990

was first determined at 676 nm given the concentrations af @htl pheophytim with an

absorption ratio of 1:0.58 at this wavelendBu 2.5). aueoe7s nmWvas then scaled to the
pheophytina absorption spectra (Eijckelhoff and Dekker 1997) to yielgg). Unfortunately,

a similar approach was not performed for photoprotective pigments, so we assurpg ilim0a

and as) IS apHg) T apreo() (EQn 2.6). The impact of this assumption is discussed further below.
The slope of @) between 488 and 532 nm was used to estimate the ratio of photoprotectant to
photosynthetic carotenoids (PPC:PSC) following the empirical relaippsésented in Eqn 2.7
(Eisner et al. 2003). Finally, the contribution of absorption through @Ew.q)) and all other
pigments (accq)) were separated fromg ) by assuming @ s7s)was solely related to chl and

then scaling this value to tladsorption spectra of chl Figure 2.4 provides examples of these

techniques.
[Eqn2.4] aeug)= 2 . 30 Bi ade(l] B0t Wi/A]™T
[Eqn 2.5] apned676)=a( 6 76) A [ 0.H 8 AA[Ph&@8pHGhtpihmophyt i n

[Ean 2.6] aps() = @h() T @phEo()

[Eqn 2.7] PPC:PSC = {[g:(488) a( 5 3 2 }] 6 A6 ) -83R)['¢ 0.8 B0 5080}28]" [
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Figure 2.4: Derived absorption spectra of phytoplankton pigmegjs faeophytima (asneq, chl
a (an) and accessory pigmentsdg. Absorptionspectra are from the same station
(ER73 on day 160) sampled from the A) the epilimnion (5 m) and B) the deep
chlorophyll maxima (14 m).

Spectral correctiorfiactors To remove the spectral bias of different light sources (Figure
2.1), measurements af igandspsywer e spectrally scaled to a oOow
Normalization to white spectra is preferential as it is the least ambiguous method to facilitate
future comparisons of spectrally dependent measurements. Shown in Eqn 2.8, normalization
requires the derivation of a spectral correction factor (SCF), whergisidescribed above
is the measured spectra of the light source (FRRF, inculratty) and W represents a

constant irradiance (i.e. 1) over the wavelength of int¢R&gR, 400700 nm).

[Eqn 2.8] SCFaps=S[ars;] A 11E Sl&n]™" A Sldes A My(] SIWAINI™
[Eqn 2.9] SCR=S[Fi1 A E S[&y]* AS[En A oW SPvu]™*
Egn 2.8 assumdhe spectral shapes afsais equivalent to the spectishape ofps

This assumption was tested by substitutigg gin with fluorescence data () acquired within

1 meter of sampling depth from the submersible spectral fluorometer as shown in Eqim29. F
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measured at only 5 wavelengths (450, 524), 590, 610 nm), this decreased resolution was
tested by comparing the Sg#s using all wavelengths to SGbs using asjj only the 5

wavelengths above: The 5 wavelengths seem well chosen as the two SCFs were significantly
correlated i = 0.90, n = 11Q p < 0.00, though the Bvavelength SCF was on average 7%
lower. This exercise demonstrates the statistical validity estimating g &@Fall SCEderived

from the fluorescence spectra are multiplied by 1.07.

“C PE parametersWhole water sampgecollected from discrete depths were filtered
through Nitex mesh (60m pore size) to remove large zooplankton. Screened samples (80 ml)
were inoculated with*C sodium bicarbonate (ICN Biomedicals, Irvine, CA; 2 mCithand
dispensed into 20 ml borosilicate glass scintillation vials in 5 ml aliquots. For each expeamen
time zero sample (&) was acidified with 100 of 6M HCI, allowed to degas for 24 hrs, and
subsequently fixed with 15 ml of Ecolume scintillation cocktail (ICN Pharmaceuticals, Costa
Mesa, CA). Duplicate total activity samples (TA, 10 were t&en to verify the specific
activity, and fixed with ethanolamine. Twelve vials were placed into a light gradient incubator
modelled after Lewis and Smith (1983), equipped with a 300 W Quartzline lamp (General
Electric Co. Cleveland, OH) that provided difént light intensities from 8 1400nmol photons
m?s?®. Water baths maintained a constant temperature in the incubator within 2°Grositoe
temperature. Irradiance (E) at each position in the incubator was measured using a flat plate LI
COR guantum sensor. Flat plate measuremdriEsnere slightly lower than when measured
with a 4p LI-COR quantum sensor, so amplification factors specific to each incubator position
were subsequently applied to measurements of E. At the end of each incubation (1), 100
of 6M HCl was added toaeh scintillation vial to drive off any unincorporaté@, and samples

were allowed to dgas and chemically fixed as above. The activity of all samples was
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determined by liquid scintillation counting (LKB Wallac 1209 Rackbeta) using external
standardsdr quench correction. Photosynthetic carbon assimilation rates were calculated using
dissolved inorganic carbon concentrations that were determined by Gran titration (Wetzel and
Likens 1991) on filtered (GF/F, Orvim) lake water at each station. PE data was fitted to the
hyperbolic tangent model (Jasbby and Platt 1976) to darased Ry using the nonlinear least
squares regression function in gtatspackage of R (version 2.70). Following the notation of
Table2.1, the subscrigtsc) differentiatesn-vitro measurements ef and R, from bio-optical

estimates of the same parameters.

Bio-optical derivation of PE parametera @ndPy). By definitiona is the
photosynthetic rate per unit E when E is limiting. Eqgih can therefore be rearranged to show P/
Eqy= ApsiA ps@)= a. Therefore bieoptical measurements afare a function offps; and
apsi) and are independent of E. The most significant implication of this formulation is that it
allows bb-optical estimates af from profiles taken either during the day of night. ‘A8 PE
parameters and,g were derived from discrete samples of waitesitu measurements o#s,
and asg) were calculated as the average value within 1 m of the dépltle corresponding
sample (i.e. the length of Niskin bottles). Howeverpgsvaries somewhat predictably with
increasing E (Section 2.3.5), if me@nsitu E at the corresponding depth exceeded®0l.m
2 s' deeper measurements within the epiliomoffps; were used below this stated E threshold.
On six occasions E exceededrifiol.m?.s* throughout the epilimnion ses; was instead

derived from darkadapted (~1 hr) samples taken from the same discrete depth.

Bio-optical estimates ofyPwere derived as the product of fptically deriveda and

either an optical or bioptical estimate of £ Optical estimates ofiEhere are approximated
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using B4, the daily mean irradiance in the epilimnion (Egn 2.10). Measuremenigzdok
nocturndprofiles were approximated from the beam attenuation coefficient that was statistically
correlated with kar during diurnal measurements € 0.92, n=58, p<0.00L Using binned
fluorescence data,-8ependent decreases gfeopd 6 & we r e dified exporeential mo
curve model (Egn 2.11; Smyth et al. 2004). If the two parameters describing the exponential
curve were statistically significant (p < 0.05) ®as derived following Eqn 2.12 in an approach
analogous to traditional PE curves.

[Eqn 210] Ezq4=Kpar A iz

[Eqn 2.11] fes = (b (17 exp®™F)

[Eqn 2.12] Ex = (17 0.5Ab) A(-1A ™a)
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Section 2.3: Results

Results are divided into five sections. Section 2.3.1 introduces the range of physical and
optical data under investigation. cBens 2.3.2 and 2.3.3 explore the various dyical
derivations ofpg; and as respectively. Section 2.3.4 uses three different combinations-of bio
optical parameters to estimatgrrr and compares these estimatestoitro derivedaiac.

Finally Section 2.3.5 compares bptical andn vitro estimates of and Rs.

Section 2.3.1:Physical and Optical gradients.

Table 2.3 and Figure 2.5 underscore the large physical diedlggradients over which
the efficacy of bieoptical PP models is tested. Figure 2.5A documents the seasonal evolution of
Lake Erieds thermal str uct uomicalaneasumamargsinr ed i n
early May coincided with isothermal wea columns in many central basin stations and the onset
of seasonal stratification in the warmer western basin. Successive surveys documented a
progressive warming and deepening of the epilimnion, typical of most temperate lakes (Wetzel
2001).

Over thecourse of this study, discrete measurements of epilimneta&sgdnned nearly
two orders of magnitugl In addition to this spatiahd seasonal variability, chlfluorescence
profiles and discrete sampling within the metalimnion revealed a deep injdirmaxima
(DCM) at many stations. Chapter 3 further investigates the vertical distributiona&nodl
other bicoptical measurements, here we focus on comparative production estimates only.
Shown in Figure 2.5B, epilimnetic measurements oba@rerally covary with kar though the
relationship is not strong gk = 0.18 chia®’® r* = 0.51, n = 88, p < 0.05and attenuation per

unitchlai s hi gher than oceanic 6Case 16 waters ( M
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Table 2.3: Mean, staadd deviation and range of depth and temperature of the epilimpign, k

Ezsand Chla.
Parameter Mean (Standard Deviatior Range
Physical
Depth of Epilimnion [m] 10.6 (4.7) 3.7-24.5
Temperature of Epilimnion [°C] 19.3 (6.1) 5.2-27.2
Optical
Kear  [mM] 0.46 (0.35) 0.20- 3.60
=9 [mmol.m?%sY] 147 (73) 487 303
Biological
Chla [mg.mi] 3.23 (3.46) 0.34-30.20
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Figure 25A) Seasonal evolution of the thermal stru

are temprature (2°C increments), solid lines above the graph correspond to dates of
spatial surveys. B) The relationship betwegtkland Chla in the epilimnion. The
solid Iine is the derived value for o6Case
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chla, sediment resuspension at some shallow stations and variable concentrations of dissolved

organic matter further increase the variabil i

Section 2.3.2Bio-optical model parameterizationps;.

Figure2.6A and Table 2.4eportsthe mean, standard deviation and 95% outliers of the
variousfps parameters employed in baptical models and measured in this stu8urrogates
of photochemical quenching@ ndF.[Fv]™ and @) on average approached thigieoretical
maximum (1.0) and had low coefficients of variance (c.v. < 10%) indicating that the data filter applied
here to remove high E values was generally successful. The ensuing variability in the refpaining
measurements therefore represenideulying taxonomic and nutritional signatures (Suggett et
al. 2008). Upon normalization to 0.65, average values dbth@arameters were moderately
high and numerically constrained (c.v. < 15%). Light driven reductiofigjiparameters are

preseted in Section 2.3.5.

Corrections for instrument noise and background fluorescence are critical when deriving
frsi Relative to marine waters, the high aldoncentrations in Lake Erie permit fluorescence
measurements to be made with little amplificatof the fluorescence signal (low instrument
gain) so correction for instrument response frequencies (IRF) on average incrgé&seolyRB3%.
Shown in Figure 2.6B a statistically significant linear correlation was found between background
fluorescence (frrirate)) @nd profile measurements corrected for instrument noise onfy:éff
at the corresponding sampling defith= 0.69, n=59, p <0.001) The mechanisms driving this
relationship are unknown but suggest that some form of dissolved orgatec that absorbs
and fluoresces blue and red light respectively, possibly dissolved pheophytin, approximately

covaries with chh in Lake Erie. Similar to the findings of Suggett et al. (2006), the quantitative
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Table 2.4: Mean, standard deviation aadge of derivedips; parametersn = 110).

Fv/Fw/0.65 Fd hd/ 0 RO G/ 0 Fyd MaFy[Fu]™ O
Mean (St. Dev. 0.76 (0.10) 0.72 (0.10) 0.78 (0.10) 0.98 (0.07) 0.93 (0.08)
Range 0.521.04 0.37-0.98 0.381.06 0.551.13 0.601.00
12
A
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Figure 2.6: A) Bx plots showing the median and standard deviation of commonlyfpsged
parameters, whiskers are tHedhd 93" percentile for each value. Comparison of
signal (Fu jrr) against B) noise (fF[filtrate]) and C) Cumulative distribution of
corrected  values with % underestimation of/f~y at a given correctedyvalue.
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importance of background fluorescence increased with decreasing signal. Figure 2.6C further
demonstrates the impact of background fluorescence on estimatipps dfising the liear
regression in Figure 2.6B, the % underestimationdff-rwas computed across a range of
corrected |y values. The same plot also shows the cumulative distribution frequency of all
corresponding fr values from Figure 2.6A. From this comparison failir@ccount for

background fluorescence would have resulted in a minimum 10% and maximum 20%

underestimation for all\#Fy values.
Section 2.3.3: Bio-optical model parameterization i aps;.

This section first presents measurementspgfy j, arsj; andP. Following Eqns 2.2 and
2.3 these parameters are then used degigaSCFs derived through absorption and

fluorescence measurements are then presented.

Spsiin the dark, light¢esi0) and epi |l i mnet i (Spsi@) kavena o f
each been employed to estimage an bio-optical models (Table 2.1). Figure 2.7A and Table
2.5 show the mean, standard deviation afidBd 9%' percentiles of each measured value and
Figure 2.7B shows the relationship between valuempirically, inclusion of any of three
parameters will not produce significant differences indptical estimates ofsg;: Dark
measurements afos were on average lower and highly correlated to seho r? € 0.95,
n=100, p<0.00) andspsiGmax] (r>=0.95, n=100, p<0.00}L Similar tofpg, high irradiance
values (> 50mmol mi? s*) have been removed from Figure 2.7 so significantariation

betweerspgyandspsi06 IS expected.

Table 25 and Figure 2.7 also summarize pigment aksampneasurements derived

through the QFT. On average, absorption of phé®reo) constituted 13% of total pigment
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absorption (a4). In 16 of the 110 samples, 8 of which were sampled from the DCM, failure to
account for aqeowould have resulted in &ast a 20% overestimation afsa Figure 2.8C

shows the g spectra of all samples normalized to their respective maxima. The absorption
peaks of all samples were within a few nanometers of 440 nm, the peak of @feackt band

A linear regressionf chl a concentrations againstg; for all wavelengths in the PAR

waveband demonstrates that aldlone predicts between 59 and 84% of the variancesjn a
(Figure 2.7D). The slope of the linear regression at 676 nm (Figure 2.7D inset) was Drég8 m
chla, consistent with othditerature values (Bricaud et al. 1995; Binding et al. 2008).
Wavelengths where chlexplained the least variance ig18440 to 590 nm) correspond to
regions of peak absorption of phycobilisomes as well as photosyrdhetighotoprotectant
carotenoids (Figure 1.2). However the statistically significant regresfg@<(Q) between chl

a and accessory pigment wavelengths (440 to 590 nm) indicate that concentrations of accessory
pigments and chd co-vary. The slopes ohese linear regressions across the PAR spectrum are
highest between 500 and 650 nm (data not shown). This suggests tha mermddses, light

absorption by photosynthetic accessory pigments becomes incltgasipgrtant.
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Figure 2.7: A) Bx and whisker plots showing variability #bsi0 SpsiandSesimax. B) Co

variation ofspsywith g6 ( o p e n sspdia@diosell symbold)C)
Absorption spectra of all phytoplankton pigmentg)(aormalized to their respective maxima.

D) Wavelengtkspecific linear regressioms a,, and chla, inset is linear regression g&675
nm) and chhk.

Table 25: Mean, standard deviation and range of deriveg [A? quantd] values by three
methods andelevant phytoplankton absorption measuremémnts 110).

Parameter Spsi | Spsi| S psiiOmax] apH 9PHEO aps
Mean (St. Dev.) 393 (119) 423 (122) 416 (122) 0.053 (0.029 0.007 (0.006° 0.046 (0.027)
Range 73-393 97-823 73994 0.0080.204 0-0.027 0.008- 0.202
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and as Filled circles are from samples taken beneath the surface mixed layer.

Table 26: Linear regression analysis of data shown in Figure 2.8.

Panel Frq per asp; Mean (St. Dev.) Statistical Fit
A: 450 m 174 (105) (r*=0.69,n =71, p <0.001)
B: 525 nm 186 (135) (r*=0.68,n =71, p <0.001)
C:570 nm 165 (71) (r’=0.71,n =71, p < 0.001)
D: 590 nm 177 (184) (r*=0.67,n =71, p <0.001)
E: 610 nm 191 (123) (r*=0.68,n =71, p <0.001)
F: &svs. F 164 (80) (r*=0.74,n =71, p < 0.001)
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Figure 2.8 and Table summarize comparative measurements aitu PSI|
fluorescence (f7) and agj;. Figure 2.8Ato 2.8E compare fluoresce (fp ) and absorption
(apsp 1) measurements at the 5 fluorescence excitation wavelengths of the fluoroprobe; All F
were significantly correlated to wavelength specific measuremengsgfvath coefficients of
determination ranging from 0.67 to/Q for logtransformed data (Table6). Figure 2.8F
compares the mean fluorescence (F, average of the 5 wavelengths) to corresponding
measurements opg Both measurements were significantly correlated, so through the empirical
relationship listed iMable 2.6reasonable estimates gta@an be obtained from situ
fluorescence measurements alohesitu spectral fluorometers like the Fluoroprobe used here
are marketed as a tool to discriminate pigment groups, but their apparent ability to estdiisate
not surprising as the excitation wavelengths are strategically chosen to overlap &itindtthe
major photosynthetic accessory pigments. Furthermore some variability in the correlation
between F andrgas shown in Figure 2.8F is anticipatesdl tlae fluorescence yield per unisa
should vary withP that describes the amount of absorbed energy directed towards PSII where F

originates.

Measurements of F are scaled ¢gta derive as; using two different techniques aRds
simply the ratio oflerived agytoasf or each technique. First, an
overshoot o method was used by assigning the m
apsat these three wavelengths then taking the resultant mean F is equivaignt 8hawn in
Figure 2.9B and consistent with other studies (Johnsen et al. 1997; Johnsen and Sakshaug 2007),
the neovershoot method yields high valueshof A second novel scaling method to estimate
aps) andP is proposed here and will be termgs. This method, summarized in Figure 2.9A,

simply scales F topg) using the mean F per ungsdrom the entire population (Table 3.@/here
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it assumed that over a large taxonomic gradweiston average 0.5. The logic of this method
simply recognizes thathytoplankton assemblages that direct more absorbed energy to PSII have
higher F per unit@than assemblages that direct more energy to PSI. Figure 2.9A gives two
examples for samples with the sampgand different F.The yaxis is the mean F derivécbm

the 5 Fluoroprobe wavelengths and thaxis is the 0.5 times-gof the attendant valu@he

slope and offset of the linear regression between F@tdleb was derived and-g, was

calculated as @®ffset)*slopé'. Upon determingay, P is sinply assi/aps The scaling method

for the sample with higher F per uagsyields higher value ofsg; (P = 0.65) than the sample

with lower F per unit gs (P = 0.33). The advantage of this scaling technique over the no
overshoot method is that, givararge dataset that establishes an empirical relationship between
F and as estimates ofw@), can be obtained in the absence @f dn this study, Fluoroprobe

profiles were performed alongside FRRF profiles so estimateg;pfi@ve the same vertical

resolution adpg).
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Figure 2.9: A) Figure 2.8F recast showing derivationesgfi andPy s from F measurements. All
aps measurements from Figure 2.8F are multiplied by 0.5 and the solid line is the
mean F per unit@A 0. 5. B Po.s #&P}oifromathisestsidy.8dx and
whiskers are explained in Figure 2.6.

Figure 2.10 summarizes methodologispkcific variability of afg; estimates used here.

Relative to Figure 2.6 that shows the variabilitygf, parameterization, Figure 2.10 clearly
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shows that methodological selection of&t*has a greater influence on kogtical estimates of
phytoplankton photosynthesis. In this study, the product of measpgg@ith a constant gy

(0.002 mol PSII (mol chd)™) yielded the lowest mean estimates afs1(2.8 x 10° m? mg chl

a™) while fluorescence measurements scaleg¢sosingPno, an approxi mation of

over shoot met ho dotmatgsiokapsde3dk 1& m’eng dhlah.hest es
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Figure 2.10: Variation of as; estimates arising through different methodologigss; is
normalized to a constant spectrum to facilitate direct comparisons with other
methods. Box and whiskers are expéal in Figure 2.6.

The shape ofgy 1 is critical for determining spectral correction values when comparing
photosynthetic rates measured under different light regimesoical models that have
necessarily derived SCFs (Table 2.1) often wsg @nd thus assume spectral equivalency to
apsip]- Figure 2.11 compares the spectral shapes and resultant SCFs derived through
measurements ob&(SCFps) and F (SCF. Figure 2.11A demonstrates that on average, the
mean spectra ofyff at the 5 wavelegths of measuremealbbsely matched the mean spectral
shape of gswhere both measurements were available 75). However, predictable exceptions
occurred in samples dominated by cyanobacteria (Rattan 2009): Shown in Figure 2.11B and

consistent with dter studies (Suggett et al. 2004), fluorescence per unit absorption is highest in
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phycocyanin region and low in the aghBoret band in cyanobacterial dominated samples.

Figure 2.11C compares Sgi#sand SCE normalized to thén vitro photosynthetron spacim.

Overall SClrpsand SCEwere not correlated (p > 0.5) and on averagesS@is significantly

higher

than SCkps( We | etdstd 5<0.001) by a factor of 1.07. The peak spectral energy

emitted by then vitro photosynthetron (Figure 2.1) overlappeith the absorption spectra of

phycocyanin. Consequently, stations with the largest difference betwegpsaG# SCE were

those dominated by cyanobacteria.
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Figure 2.11: A) The mean spectral shapes ofsglhad fp; measurements in this study. Bka

and fymeasurements from a sample dominated by cyanobacteria. C) Comparison
of spectral correction factors derived from scaling é(8CFps) and i (SCH)
measurements to the vitro photosynthetron spectra.he circled value in Panel C
corresponds with cyanobacteria dominated spectra shown in Panel B.
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Section 2.3.4: Bio-optical model comparisons to aiac
Table 27 and Figure 2.12 compare various-oiptical derivations o& againstin vitro

ai1ac measurementsBio-optical derivations o& are formulated using different combinations of

fpsi parameters, g methodologies, and SCFs derived from eithgmoa F. Each set of bio

optically deriveda estimates are compared against contemporartéBuslues to

photosynthetic quotients (PQa#aisc). Specifically Table Z. documents the mean + standard
deviation of the resultant photosynthetic quotients and the correlation coefficients of the linear
regression o& versusaisc. Table 27 clearly shows methodoldgs that derive @) impart more
variability on bicoptical model efficacy than the parameterizatiofegf. Accordingly, Figure

2.12 summarizes comparative estimateis ®itro a;4c measurements with bioptical models

that holdfps; constant fpsy= F,0 Mm@ [ 0).bul By asy methodology. Figure 2.12 also

shows the standard deviations (+0.48) from the mean photosynthetic quotient (PQ = 1.29)
measured over the course of one year in Lake
Specifically,Depew et al. (2006) derived PQ as the maximum photosynthetic rate of oxygen
evolution measured through the light and dark bottle technique using a 6 hour incubation divided
by Ry as measured using the exact saf@lemethodology in this study. These rece
measurements provide an approximate benchmark to validate the variaytitéd production

estimates presented here.

In this study, spectral normalization using $@#Rproves bieoptical model efficacy
relative to SCkps Shown in Table Z, comprative estimates @f,4c and bicoptical estimates
of a yield consistently higher correlation coefficients and lower coefficients of variance
(standard deviation divided by mean) when S8BRused in lieu of SCips. Bio-optical

derivation ofa through the most commops method 6psyA 0. 002) yi el d unreal
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are significantly lower than the benchmark PQ (1.29;samaple #test:p = 0.05) and are on

average less than 1 regardles$-gf parameterization. Bioptical derivation of using the ne
overshoot metbd (asAPyo) yields the highest PQs and lowest correlation coefficients that

ranged from 0.4@.58. When @ is derived assuming = 0.5 (either through=aA 0 .8A or a
Po5), the resultant PQs are the most comparable to those of Depew et @), {@00gh in all

cases PQs are significantly larger than the 1.29-¢angple {test:p = 0.05). Despite the similar

mean PQ values wheps is derived using eitheraA 0 . p5APg;, thio-@ptical derivation of

a through as APy 5 yields consistently higher correlation coefficients and smaller coefficients of

variation than bieoptical derivation o throughasA 0. 5. Of oopticalmoteds var i o

presented in Table 2.derivation ofa through 56 Mm@ [ OA &&PpsA S ddfded the
highest correlation coefficient, the lowest coefficient of variance and a PQ closest to the

benchmark value.

Table 27: Summary of bieopticala model estimates compareddec. Parameterization of
fpsiiand SCF varies across table rows apgl anethodologies varies down table
columns. For each model parameterization, the mean = standard deviation PQ is
reported with the correlation coefficienf)(given in parentheses.

apsi|
apsA 0.

SCF spstA 0. | aps APyo aps APy 5

fPSII

Fv/Fu [0.65]*

dps

0.64 + 0.340.69

1.80 + 0.97 .64

2.48 + 1.45Q.41)

1.45 + 0.640.90

F/Fy [0.65]* F 0.53+0.310.89 1.72+0.880.67) 2.36+1.270.49 1.47 +0.600.92
FO Mo [ O. @s 0.63 +0.340.66 1.69+0.860.66) 2.35+1.350.45 1.39+0.590.93
FOmME [OB.F 0.51+0.300.87 1.64+0.830.69 2.24+1.190.52 1.38+0.560.99
FO & [ O . s 0.68+0.370.64 1.84+0.970.63 2.54+1.470.40 1.49+0.650.9)
ROME [O.F 0.55+0.320.89 1.76 +0.880.66 2.42+1.300.47 1.50+0.600.93
o Bps 0.82+0.460.71) 2.24+1.23Q.71) 3.09+1.850.52 1.82+0.820.99
O F 0.66+0.410.90 2.19+1.22Q.79 2.95+1.650.59 1.83+0.830.94
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Figure 2.12: Comparison of the lighinited photosynthetic rates derived fromvitro **C
incubations &14c) against 4 bieoptical models wherkg) is constant (& md
[0.65]%) and as; methodology variesa([ass; method]). a14cis spectrally
normalized using SGls in Panels A, C, E and G and SQf Panels B, D, F and H.
For each graph, dashedds are standard deviations from the experimentally
determined mean PQ in Lake Erie (Depew et al. 2006). Open and closed symbols
represent samples from the epilimnion and DCM respectively.
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Figure 2.13 demonstrates the diel dependence of resultant iRfatestshown in Figure
2.12H. PQs were binned intel®ur time bins and generally reflect the circadian demand of
photosynthetically generated ATP and reductant for carbon fixation. Specifically, the median and
mean PQs were lowest at the beginning effihotoperiod when most photosynthetic reductant
is consumed in the Calvin cycle and so independent measurements of photosynthetic oxygen
evolution and carbon fixation should be proximal. PQ measurements were highest in the late
afternoon and evening wh@hotosynthetic reductant is increasing diverted away from carbon
fixation and instead used for cell maintenance (Mori et al. 1996; Behrenfeld et al. 2004). The
differences in PQs were significantly different betweehdhd 69 hrs (twesample itest, p<
0.05), 63 and 1215 hrs (twesample itest, p < 0.10) and betweerD@and 1821 hrs (twe

sample {test, p < 0.10).

PQ
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__{
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0 3 6 9 12 15 18 21 24
Time

Figure 2.13: Photosynthetic Quotient (PQ) derived from Figure 2.12H (best fit to independently
measured PQ) grouped intehBur time lins, n gives the sample size for eachadir
bin. Boxes and whiskers are explained in Figure 2.6 and the solid line is the mean
PQ for each dour bin.
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Section 2.3.5: Bio-optical model derivation of Ex and Py

This section first presenis vitro measurenents of k 14c and compares them to optical
(Ez24) and bicoptical estimates of & Estimates of Eare then multiplied to Eqn 2.14& &~
SCRand asPosin Eqn 2.1 and hereafter referred toagsto generate bimptical estimates of

Pw that are the compared to W 4c.

Figure 2.14 compares<kc values derivedh vitro with optical (E4) and bicoptical
(Exrrre) parameters. & and EKrrrrWere spectrally normalized to the photosynthetron spectra,
and this analysis precludes metalimnetic and hypuditic samples where lighimited
photosynthesis dominates daily integrated phytoplankton production. Deep metalimnetic and
hypolimnetic Kki4c values were statistically smaller than epilimnetig4g values (two sample t
test, p < 0.001), the averagetargdard deviation of fz4c values beneath and within the
epilimnion are 59 + 2émol.m?%s* and 102 + 3%mol.m?.s* respectively. Temporally,
epilimnetic E&i4c was lowest in the spring and late summer and highest in the early summer.
Shown in Figure 24A, this pattern generally reflects,Fas average cruise values of both
parameters are highly correlated£ 0.93, n = 4, p < 0.0L The average * standard deviation
of Eo4is 82 + 37mmol.mi%.s" so is statistically smaller tharkGc (two sample-test, p < 0.001).
This difference is prevalent in the early spring and late summer when deep mixing diminishes
E>s. When all comparative values are considereglaid Ei4c are significantly correlated
though the predictive power of the linear regresss limited (Figure 2.14D7 = 0.12, n =73, p

= 0.00)).
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Figure 2.14: Examples of ligltependent decreases igoFid a J1 @he splid and dashed
lines represent hyperbolic and exponential approximations respectively.
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Figure 2.14B provides aaxample of the lightlependent decreases in bogo & a n d
ge fit to a modified exponential model (Eqn 2.10). The utility of-btically derived k is
constrained to the photoperiod when sufficient irradiance decrkgge®©f the 29 profiles
where visible Edependent decreases #p3foccurred, the exponential model failed to produce
statistically significant model coefficients (p > 0.05) in 5 of the 29 profiles. Following Smyth et
al. (2004), krorwm is derived as the haffaturation constant 40 & as a functi on
Alternatively, Kolber and Falkowksi (1993) argue thatdérresponds to the initial inflection of
ge, Which is the onset of photochemical quenching. Kolber and Falkowksi (1993) do not present
a mathematical formulation fohis derivation, so it assumed here thagdoccurs when glis
90% of its maximal value (Figure 2.14B). Consistent with Raateoja et al. (20@8)yi€lded
~58% lower values thanc though the parameters were positively correlatée (.36,
n=25, p< 0.001). Conversely, krorm Was on average 51% higher thaa 4 and the
parameters were also positively correlated (Figure 2.6%4€0.78, n=19, p < 0.00)L

Figure 2.15A and B compares in vitro measurementyof-Ro bio-optical estimates of
PM deived as the product @ A 5w andar A ,4Eespectively. Bieoptical derivation of B
throughar A «rBem was highly correlated toyRsc (r° = 0.97, n=25, p < 0.00)1Land, as korm
generally exceeded kkc, yielded a PQ with a mean and standard deviation (1.83 + 0.#®rhig
thanar (Table 27). Bio-optical derivation of i throughar A ,4®as also correlated touRic
(r*= 078, n=65, p < 0.00Land, as & was on average close tq:f, the resultant mean and
standard deviation of the PQ (1.25 = 0.70) is closer tb that PQ ofir (Table 27) and the

benchmark value (1.29 £ 0.48).
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Figure 2.15Comparison of the maximum photosynthetic rates derived iinovitro *C
incubations (R14c) with bio-optical derived PM taken as the product og&)and
Ex-rrre@ndB) ar and k4. Dashed lines are standard deviations from the
experimentally determined mean PQ in Lake Erie (Depew et al. 2006)
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Section 2.4: Discussion

Bio-optical models derive lighimited photosynthetic rates as a functiorfief and aps,
(Eqn 21). Table 27 demonstrates that the efficacy of dmiptical models is more dependent on
the methodology to derive @& than the parameterization ff;,. Of the various methodologies,
derivation of aps; through spectral fluorescence measurementdedethe most statistically
significant correlation to independently measuaggt with a resultant photosynthetic quotient
close to previous measurements in Lake Erie This finding is a significant departure from the
majority of the literature that deriverg, from measured and assumed valuesefi and g,
respectively (Tale 2.1). In the following discussion, the limited variabilityfed; in this dataset
and its lack of correlation with,4c are first addressed. In light of a recent review of limfted
variability in cultures and marine environments, we proposetiiesempirical importance g
in driving photosynthetic rates in this study is not unique and, as recently hypothesized (Marra et
al. 2007), may be the largest driver affecting observed photosynthetic rates. The following
section then discusses thevadtages and limitations of the various methodologies employed in

this study to derive ag.

Section 2.4.1: Bio-optical model parameterization i fpg.

Figure 2.6 and Table 2.4 presésy;, values measured under low light that are then
employed in Eqr2.1 to estimate lighlimited photosynthetic rates. In the absence of light driven
reductionsfps) values were high and demonstrated limited variability despite significant
taxonomic and nutrient gradients measured over the course of this study gR@%an A detailed
examination of taxonomic and nutritional driverdgf values is outside the scope of this thesis;

however some general inferences are warranted.

Suggett et al . FgvaliaBillyla&qgss taxeneniceand notrienafients as
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measured in cultures and diverse marine environments provides the most robust benchmark
against which to interprdts; measurements in Lake Erie. Drawing upon numerous continuous
and batch culture experiments across nutritional gradientsyeévew supports the earlier
findings of Parkhill et al. (2001) by demonstrating thatHy serves as a reliable proxy for the
degree of nutrient limitation only during unbalanced growth (batch cultures). In contrast,
phytoplankton grown in continuousiltures (balanced growth) and exposed to similar nutritional
gradients adapt to nutrient deficient environments such that relatively high valuggware

achieved after one cell cycle (Parkhill et al. 2001).

Suggett et al. (2009) then compargsHy measured in cultures and diverse marine
environments. Only the irelimited high-nutrient low chlorophyll (HNLC) southern ocean has
consistently low E/Fy, presumably due to the high requirement of iron within the
photosynthetic electron transportaah (Behrenfeld et al. 2006).,f~ measurements in all
other marine environments are relatively high with limited variability and are insensitive to
macronutrient additions (Suggett et al. 2009). The data presented in this study is similar to these
notHNCL marine environments, and O6may thus pot ¢
al. 2009). Given that\JfFy is insensitive to nutrient limitation under balanced growth, Parkhill et

al . (2001) statement that Oanirco bwastte rmee aissu rset iol

Rapid recovery of \7/Fy in nutrient deficient continuous cultures coincides with decreasing
cellular pigment concentrations (Parkhill et al. 2001), so it is likely that balanced growth is
primarily achieved through changieslight-harvesting. If indeed balanced nutridiniited
growth is achieved through alterations in the ligatvesting complexesp& may serve as a
better indicator of nutrient status under balanced growth. In support of this argument, Figure

2.16 slows the relationship betweant;sc) with fes) and abs; (a*ps APo 5) where both values
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are normalized to a white spectrum using S(3€e discussion below). Despite-fofl a i
gradient, aiicjwas not significantly correlated fgs; (p<0.5) tut did show significant co

variation to atsAPg s (2 = 0.38, n=89, p<0.05). This figure suggests that in Lake Erie biomass
specific photosynthetic rates are insensitive to photosynthetic efficiency and are largely driven

by changes in cellular pigmemin that in turn may reflect taxonomic composition.
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Figure 2.16 Comparisons o&*14cjagainst a) 50 Mm@ [ OL.ar@l B)assPos (a*psy). Solid
line in each panel is the linear regression.

Section 2.4.2: Bio-optical model parameterization i apsg;.

This section evaluates theoretical and empirical considerations of the various
methodologies that deriveia;. This discussion first argues that given both theoretical and
empirical considerations the commonly employed method (Table 2.1) of assuijigy n
constant should be abandoned in lieu of spectral absorption and fluaceseethods. The
advantages and necessary assumptions pertaining to spectral absorption and fluorescence
methods are then discussed. Finally, this section argues the critical importance of incorporating

spectral fluorescence measurements irdmtcal malels.
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Thein situvariability of negy is largely unknown given the paucity of measurements of
natural phytoplankton assemblages relative to cultures. Culture measurements of diverse taxa
(Suggett et al. 2004, Figure 2.17) demonstratdadddrange wih values twice as high and twice
as low as the normally assumed valug(= 2.0 x 10° [mol PSII (mol chla)™]). Other culture
Nps Measurements across 3 phyla indicate an even greater range with all measured values
exceeding 2.0 x Id(Dubinsky etal. 1986; pg: 3.8 x 10°to 1.96 x 1F). These important
measurements underscore the potential magnitude of error introduced when assuming a fixed
value of pg) in bio-optical modelling within mixed or variable phytoplankton assemblages.
Indeed, va|bility of npg;; is commonly evoked as the greatest source of uncertainty in many of
the bicoptical models that do not reconcile withvitro photosynthetic measurements. When
considering measurements @& it is important to also recognize potahgrrors in the oxygen
flash technique: As concentrations required by the technique are very high (~LangJhl
filtration and handling is necessary and may introduce errors not readily quantifiable. Secondly,
measurements otg, are based on n€, evolution, so cellular @consumption through the
Mehler reaction or photorespiration will yield apparently low,mmeasurements (Suggett et al.

2004).

Conceptually, ps;y andsps) should negatively coary: Phytoplankton with a large chl
antenna (low gg;) should saturate PSII reaction centres faster (igl) relative to

phytoplankton with small antennae, at least up to the point whershealfinglimits further

advanages(Falkowksi and Raven 1997). As evidence, a statistically significant negative
correlation ¢? = 0.29,p < 0.01,n = 22) betweersps; and s, occurs in Suggett et al. (2004)
dataset. Ispg;and ms; negatively cevary in nature, estimates of-g, using a fixed pg) value

will inherently be more variable than actual values. Figure 2.17 shgyvestimated from this
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study (bsi = apsAPos (spsnA 0 . 0Y0a$ afingtion ops;. Similar to the culture data of
Suggett et al. (2004)ps; was negatively correlated s (r* = 0.23, n = 100, p <0.001) and
always exceeded the standard assumed value (2.8)x @iving to this negative egariation,
low sps; measurements in this study are offset with higéy malues and so yield ps; values
similar to previously published measurements. The mean and standard deviagigrvalues
shown in Figure 2.17 (0.0069 +0.0004 mol PSII (mola)H) are much larger than the nominal

assumption and thus may seem unrealistic, howevgitlmee values lie above the range péin

of culture measurements (Dubinsky et al. 1986).
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Figure 2.17: Covariation afpgjand ms) from this and other studies.

Potential errors are inherent to each of three methodological steps (Figure 2.1) used to
derive aps;. Fortunately (and unlikepg,) there is also a large body of literature that investigates
the validity ofthese methodologies. Potential errors associated with the QFT, including isolation

of pigment absorbance, are thoroughly reviewed elsewhere (Tassan and Ferrari 1995; Roessler
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1998). These reviews show that, given proper care, errors associated witfrtaes@mall,
especially relative to potential error magnitude of assuming a constantTine largest
uncertainty in the QFT is selection of the pathlength amplification féctdétor example,
selection ob through the empirical formula of Tassan and Ferrrari (1995) yielgad/alues
~11% greater than thevalue presented in Roessler (1998).

The second set of methods shown in Figure 2.1 involves partitioning pigmenptabsor
(arn) Into Nnonphotosynthetic (@9 and photosynthetic gg components through spectral
reconstruction. Spectral reconstruction techniques that degWei@ (i.e. Eqn 2.5) have three
major assumptions. First, HPLC measurements orphotosythetic measurements were
unavailable in this study so derived valuesggfiavariably include absorption of these pigments.
Fortunately the contribution ofiasto an has been widely studied in marine environments, and
these studies provide an estimafehe sources of error here, particularly with respect to
absorption by noiphotosynthetic carotenoids. Numerous studies have documented that non
photosynthetic carotenoids concentrations are highest iritvefid nutrient deficient
environments (Bricad et al. 1995; Lindley et al. 1995; Babin et al. 1996; Culver and Perry 1999;
Marra et al. 2000). Babin et al. (1996) present an empirical model relating the contribution of
anpsto ap as a function of mean daily irradiance{ Only in extreme oligtrophic waters
where B4 is high (~410mmol mi? s*) do nonphotosynthetic pigments contribute up to 31% of
apy. Over the typicalrangeoblei n t his study (Table 2. 3), Babir
formula suggests that ngphotosynthetic pigments ntribute only ~ 510% of a&y. Not only is
this error most likely smaller than assuming a constait the magnitude of the error is
unidirectionali failure to account forswill only overestimate g The magnitude of this

overestimation is congent with the slightly higher mean PQ (1.38) derived throughgbBoa
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relative to previous PQ measurements in Lake Erie (1.29).

The third methodological step shown in Figure 2.1 involves partitioning photosynthetic
pigment absorption £g) into absoption associated with PSIl and PSI where the ratiegfas
is denoted by the factét. The approximation of the dédno ove
meanPyo (0.88) with 37% above the upper theoretical liffit{1). Thein-situ Pno estimates
presented here do suffer from coarser spectral resolution that may explain the anomalously high
values. However this high mean is consistent with spectrally resolved (1 nm) culture
measurements that yielded similarly high valugg (> 0.70) in 9 of 13 pignents groups

(Johnsen and Sakshaug 2007).

The novel method introduced here assumes that over a large sankpie sptaverage
0.5 (Pog). Itis difficult to independently test the validity Bfestimates, though the significantly
improved correlatiometweera4c andar shown in Figure 2.12H relative to any other-bio
optical model strongly suggests the utility of this method. Moreover, a realistic range of
PSII:PSI ratios from 2:1 (diatoms) to 1:2 (cyanobacteria) suggests most vaRiekafld lie
between B3-0.67; only 18% oPyo values fell within this range compared to 64% of derived
Posvalues. Spectrally resolved measuremen® cdn be otherwise estimated through
measuring the shape afspand as) through spectral fluorescence of filtered phyamton at
cryogenic temperatures (Subramaniam et al. 1999). Indeed 77K fluorescence spectroscopy of
cyanobacteria shows significant PSI absorption in thei 3880 nm (Subramaniam et al 1999),
further suggesting that t imatePolaotiteis&knownr shoot met
concerning thén-situ variability of P. The culture observations that have been made may be
biased towards the scaling technique used to deriva this studyP significantly decreased

with increasing a#s as shown in Figer2.x and 15 of the 17 DCM samples Radalues greater
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than predicted by the linear regression.
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Figure 2.18: Negative ewariation ofPg s with a*ps

The immediate advantage of this novel technique is that by saalsity fluorescence to
a set ofa*ps measurements, the ensuing resolution gfjanatches that dbs; so highresolution
measurements of photosynthesis can be perform
met hodd, wher e pgiihdictatedey aodrsertpignoerisoption raeasurements.
Highly resolved estimates ofa are particularly advantageous through depth as deep
chlorophyll maxima (DCM) can be vertically heterogeneous in respect to both biomass and

pigment composition (Figure 2.19, Chapter 3).

Section 2.4.3: Bio-optical model parameterization i Ex and Py.
Bio-optical derived values ofderrr through modelling Elependent changesfisy,
were significantly correlated toxkc (Figure 2.14). However,&rrr routinely underestimated
and overestimateddcwhen Brrewa s der i vednas @o@OAEApgctively
This lack of cevariation around unity is consistent with a detailed analysisadfendent
changes irips) (Raateoja et al. 2009) and other publisheddptical models (Table 2.1)

Several factors may contribute to observed differences betweganadfd Errrr and these
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differences further underscore inherent difficulties in deriving light saturated photosynthetic rates
from active fluorescence measurements alone: The maximearofrearbon assimilation is

dictated by processes downstream of PSII (Falkowski and Raven 2007), so the energy required
to saturate photosynthetic electron transpogtff) and carbon assimilation (&c) are not
necessarily equivalent. Furthermoregaent study has shown that a plastid terminal oxidase
(PTOX) located between PSII and PSI dinectexcesseductant produced BSIl when

carbon assimilation is saturated and thus minimize donor side photoinhibition (Mackey et al.
2008). Both PTOX actity and downstream PSII limitation dictate thaikrr Should exceed

Exi14c, and so are consistent with Figure 2.14C, especially in high light.

Photoacclimation is keyed to the median mixed layer light level and statistically
significant relationshipbetween ki4c and optical water column properties have been derived in
diverse marine environments (Behrenfeld et al. 2003). In this study, monthly meandtues
generally tracked the mean daily water column irradiangg,(ough when all data was
considered the relationship was not strong (Figure 2.1)c Earies on a diel cycle and
increases with incident irradiance (MacCaull and Platt 1977), and in this study daylight
measurements ofdzc (6-18 hrs LST) were significantly higher than nociir(i86 hrs LST)
measurementd-{est, p <0.05). Diel variability explains some of the scatter in Figure 2.14D,
nocturnal B4 underestimated &ac (87%) less than diurnal measurements (66%). It should be
noted that ki4c is measured on phytoplankton strained in a statim vitro light environment,
whereasn situcells often circulate through a spectrally variable light gradient (Macintyre 1993).
In vitro containment may invoke photoacclimative processes that altendEthus misrepresent
Exin siu (MacIntyre et al. 2000). Bioptically derived R [ar A 4Esignificantly covaried with

Pwv1ac and though the relationship was more variable than the comparison dimigbt slopes
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(Figure 2.12H), the bimptical model yielded a mean PQ value (1.@B6¥e to the benchmark
(1.29). The influence ofEvariability on daily integrated photosynthesis is further discussed in

Chapter 3.
Section 2.4.4: Utility of bio-optical measurements

Bio-optical models cannot supplafi€ measurements, not because #teet is
entrenched as the benchmark photosynthetic methodology, but because each method
approximates different processes. Behrenfeld
the lightdriven production of ATP and reductant (photosynthate) bphla¢osynthetic electron
transport chali n-épticalmbdels spek o measuséC-t haa k i ddoes not
measure photosynthesisé (Behrenfeld et al. 20
consumed by the Calvicycle. The rat of photosynthate supply to carbon demand is
approximated here by the photosynthetic quotient (PQ), and this ratio varies predictably within a
cell cycle (Behrenfeld et al. 2004): Early in the photoperiod most photosynthate is consumed by
the Calvin cyat so carbon fixation and photosynthesis are proximal (PQ ~ 1), but at all other
times photosynthate is increasingly consumed by a myriad of other processes so carbon fixation
underestimates photosynthesis (PQ > 1). The diel PQ periodicity derived stuthygFigure
2.13) broadly follows this cell cycle as mean PQ values are lowest earlg phtftoperiod.
Thus Figure 2.13urther validates the bioptical methodology used here as the discrepancy
between photosynthesis al{€ uptake generally followsxpected diel patterns. Finally the
fundamental differences between carbon assimilation and photosynthesis cannot be understated:
The validation of bieoptical models againsfC uptake should never follow a 1:1 relationship

and variability in resultarPQs is certainly expected.

Though bicoptical models cannot supplafi€ measurements, incorporating spectral
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and active fluorometers into monitoring and research programs significantly augment the
guantity and quality of limnological and oceanograph&asurements. The proposed-biical

model @r) presented here is virtually autonomous as only occasional samples for background
(filtrate) fluorescence and particulate absorption are necessary. Given this autonomy and the
rapid sampling frequency oiie instruments (< 1 s), the spatial and temporal resolution of
photosynthetic measurements throughdgitical constituents dwarfs that of tHe

methodology. It is through high resolution {mptical models that an increased understanding

how physicabrocesses drive spatial and temporal patterns of photosynthesis (Moore et al. 2005;

Behrenfeld et al. 2006).

Figure 2.19 presents an example of the utility ofdysically resolved photosynthetic
measurements. Green and blue lines correspond-tmpbigal measurements op& and KO Mmd-
respectively from whiclar (black line) is derived. The shaded grey area corresponds to the
maximum vertical resolution 3fC measurements, as dictated by a 1 metre Niskin bottle
employed in this study from whichraeasurement a&f;4c was made (solid vertical black line).

Given that about-5% of bic-optical variability shown in this figure is most likely due to

instrument noise (as quantified from the variability of continuggsand K6 M& me asur e ment
from adiscrete sample), all bioptical measurements are highly variable through the

metalimnion. Within the 1 m sampled by the Niskin botilealone varied from 0.127 to 0.179

[mg C m® hr* (mmol m? s%)™?]. Moreover, the discrete 1 metre sample missedigep

chlorophyll maxima (DCM), s&’C measurements alone would have underrepresented

photosynthesis. Finally the disparate vertical resolution ebbjot i ¢ a | modefcs and 6
samples add to the variability of derived PQs shown in Figure R&ftive toai4c, the vertical

variability in ar within 1 m of the water sample results in PQs that vary from 1.06 to 1.49.
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Section 2.5: Conclusions and Recommendations

This is the first study to extensively evaluate the varigpggraethodologies in natural
phytoplankton communiis. The importance of accuratg,gparameterization within bio
optical photosynthetic models is paramount given the recent recognitidpsthiatempirically
constrained in most marine environments. In this stigdyyvalues were generally constrad
and relatively high despite large optical, taxonomic and nutritional gradients (Rattan 2009),
suggesting that phytoplankton communities under investigation may be close to balanced growth
(Suggett et al. 2009). Unlike &, fesi was not statistidly correlated to lightimited **C
assimilation rates. Like previous research (Cullen and Davis 2003; Laney 2003), this study
reinforces the necessity of deconvolving instrument and background noise from active
fluorescence measurements, failure to antéor these artefacts would have significantly

underestimatetbs, especially in low biomass environments.

Of the various &, methodologies, the most commonly applied method of measured and
assumed values sbg and g yielded theeastrealistic estimates of ligHimited
photosynthetic rates as they were lower timavitro *‘C photosynthetic rates. This study
highlights the potential errors in assuming a fixed value-gfand specifically demonsties
that s most likely negatively cavaries withspg;. Alternative estimates ofg, can be
generated through the quantitative filter technique (QFT), and such measurements are useful in
deriving spectral correction factors that are required whempaoing lightlimited
photosynthetic rates measured in different spectral environments. Degyijrtgraugh the QFT
requires some methodological assumptions, most important of which is separating PSII from PSI
absorption. PSII spectral fluorescemoeitationdata yields the dimensionless spectral shape of

PSII, but scaling techniques are further required to estinagte Baocorporation of the most
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common scaling technique into admop t i ¢ a | modelr shbloé 66 met hod, Vyi
unrealistically igh PQ values that were significantly larger than an assumed benchmark value

(1.29; Depew et al. 2004). Instead, a novel and simple scaling method is introduced that assumes
over a large sample size 50% of energy is directed towards PSII and deviatiornkif mean

(as dictated by the significant-s@riation betweenggand F) dictate the magnitude ¢ta

This novel and autonomous method to derivg gielded PQs closest to the benchmark value

and ensuing bimptical estimates adr had the most statistically significant linear relationship

with a;4c. Deviations betweear andaisc followed an expected diel pattern that reflects the

amount of photosynthetic energy directed towards carbon assimilation.

Maximum carbon assimilatiorates () cannot be directly estimated from active
fluorescence alone, but instead derived at the prodwgt &@fid an optical estimate okki.e.
Behrenfeld et al. 2003). In this study, temporal patternk @g E4 were similar though when
all data vas considered the linear relationship was weakari®la covary in lakes and oceans
so K is relatively constrained (Behrenfeld et al. 2004), so the efficacy afftioal Ry
estimates is more dependent on accurately quantifiijan k. Despite thaveak relationship
between k and B4, ar A o4Estimates of @ were significantly correlated toc with a

resultant mean PQ (1.25) very close to the benchmark value (1.29).

This study demonstrates that, given proper parameterizatieoplical modelsyield
accurate estimates of photosynthetic electron transport rates. Metabolic demand of
photosynthetic energy other than carbon assimilation dictates the divergence betwasithio
andin vitro **C measurements. As carbon assimilation rates areeuofegically relevant than
photosynthetic electron transport rates, an approximation of the PQ will always be required.

This is not an endorsement of tHE€ technique. Carbon assimilation undergoes diel variability
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so most*“C measurements cannot tralgproximate daily carbon assimilation. Often daily areal
estimates of phytoplankton production are made from a sif@lexcubation at various times of
day, so the magnitude of d#C error may even exceed the error in approximating a daily mean
PQ. When further considering that the fgtical model presented here is virtually autonomous,
much less prone to humamnror and can easily be deployed to measure photosynthesis at
unparalleled and yet ecologically relevant spatial and temporal resoluti@spt surprising

that such techniques are becoming increasingly common in marine research and should be

adopted by government and research agencies responsible for the stewardship of inland waters.
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Chapter 3: The Spectral Dependence of Phytoplankton

Photosynthesis: Disparities Between in vitro and in situ Environments
Section 3.1: Introduction

Chapter 2 and many other studies have demonstrated the critical importance of
recognizing the spectral dependency of photosynthesis. Compagstimates of photosynthetic
rates in studies where the spectral quality of techniques or measuring environmentsdgliffer
spectral correction factors (SCFguphotic zone spectra are highly variable throtigle and
space, especially over deptind are often pooriseproducedy in vitro light sources (Markager
and Vincent 2001), thus vitro based estimates of phytoplankton product®iF)require SCFs
to estimateéSPPaccuratelyin situ (Lewis et al. 1985) SPPmodels scaled tm situlight
environment (spectrallyesolved)arenow common inmarinestudies (Behrenfeld and Falkowski
1997) and unnecessary for widely used oceanograpimcols that measure Hbur**C
uptakein situ (e.g. JGOFS, Knap et al. 1996). Amongst freshwater sciemtigiso
measurements are now generally favoured ovsituincubationsjn part becausm vitro
methodologies allow greater spatial coverag measurements can be performed while a ship is
underway. 8me of the first the studies usimgvitro incubators scalednsuingSPP estimates to
parallel (and less frequerit) situ measurements (Table 3Age 1978)where the ratio ah vitro
to in situ SPP generally respresents a SGlow, parallelin situandin vitro measurements in
lakes are rare and amongst the multitutie witro SPP estimates, seemingly none are
spectrallyresolved.

This purpose of thighapters to quantify the disparities betwegnvitro and spectrally
resolved estimates &PPthrough the derivation @CFs. SCFs are a function béspectral

shapes ofn vitro andin situirradiance (E), as well aghe absorption spectra photosystem Il
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(apsi). While thein vitro spectrum is dictated by methodology, &hdaps) Spectra vary

according to the optical properties aattendant phytoplankton oonunitiesunder investigation.
This study, for the first time, explicitly examines how predictable and concurrent changes in E
andapg; occur across optical and trophic gradients, and models their interaction toSIeFge
applicable for a wide rangd ecosystems for commonly usedvitro light sources. Data

gleaned fromanempirical SCF model are explicitly applied to hist@RP measurements in

Lake Erie, and discussed in general relative to dBét measurements in the Laurentian Great
Lakes.

The quantitative importance of SCFs when scallingtro measurements to the situ
environment t&SPP estimates has been demonstran Antarctic waters (Figueiras et al. 1999)
and the sudtropical Pacific Ocean (Laws et al. 1990), where spectraliplvedSPP was 24%
and >35% higher than respectivevitro estimates. SCFs from these two marine studies were
derived from singlen vitro light sources and are applicable only to environments with similar
optical classifications and PSII absorption spectra. Markager and Vincent (2001) derived SCFs
using 11 commonlgitedin vitro light sources with spectrally resolvedsituirradiarce
measurements through depth in a set of 6 Arctic lakes, and is the only study to explicitly examine
the spectral dependence of photosynthesis in freshwater lakes. However the study sites of
Markager and Vincent (200%pan a limited trophic and optiogladientandthe study only
derives SCFs butoes not addredhkeir contribution tadisparate estimates of vitro andin situ
estimates oSPP.

Table 3.1 listsn chronological ordesynoptic (multiple measurements at more than one
station repeatedtough a yearphytoplankton production surveys conducted in the Laurentian

Great Lakes, specifically focusing on the methodology of sacley.
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Table3.1: Methodology of synoptic phytoplankton production surveys in the Laurentian Great MKelsake Michigan, Si Lake
Superior, H Lake Huron, E Lake Erie, O Lake Ontarig number of measurements given in square brackésviethod
with incubation time (hrs), w and p denote scintillation of whole water and particulate matter respectively. eX il emedsurements
were performedh situor in vitro, wherein vitro measurements were perfornagtails on the light spectra are giwehere PE denotes
a light gradient incubator.

ReferencelLake Date C Method Depths Sampled In situ In vitro Light Spectra
[Sample Size]
1: M[?] May 1970GFeb 71 Unknown Unknown X PET Light Source unknown
2: M[4], S[22], H[9], E[13] Jul 1970 [4-6,p] 05m X 53% and 68% ofncident Irradiance
3: H[207] Apri Dec 1971 [5,p] 0-10m X X ~500mmol.m2.s* Fluorescent
4: E[209], O[209] Apri Dec 1971 [5,p] 1-5m X ~133mmol.m2s?! Fluorescenand
Incadescent
5: O[25] Apr 72- Apr 1973 [2-4,p] 0-25m X
6: S[259] Mari Sep 1973 [2-4,p]  In situ0-50 m X X ~320mmol.m?2s? Fluorescent
In vitro 0-20 m
7. O[~30] Apr-Nov 1982 [2-3,p] 5m X PET Fluorescent
8 M[20] JulAug, 19821984 [24,p] Insitu0-40 m X
M[20] JulAug, 19821984 [1-2,p]  Invitro depths not given X PET Light source not gien
9: S[~20] Jun Oct 19901991 [3,p] 0-4m X PET High Pressure Sodium
10:0 [268] Mayi Oct 19871992 [3-5,w] 01 Zy X PET High Pressure Sodium
11: E[117], O[404] May-Oct 19901991 [3-4w] 01 Zy X PET High Pressure &lium
12: E[46] Mayi Sep 1997 [1,w] 2or 5 m[4 DCM] X PET Tungsten Halogen
13:E[127] Feb 2001 Mar 2002 [1,w] 07 Zy [9 DCM] X PET Tungsten Halogen
14: O[37] May1 Oct 2003,200< [1,w] 0-10 m Integrated X PET Tungsten Hengen
15:E[116] May-Sep 2005 [1,w] 2 or 0.5Z, [9 DCM] X PET Tungsten Halogen

*Fee 1971°Schelskaand Roth 1973°Glooshenko et al. 1973Glooshenko et al. 1972Stadlemann et al. 197ANatson et al. 1975Lean et al. 1987,
8Fahnentel and Scavia 1987Fee et al. 1992°Millard et al. 1996 Millard et al. 1999**Smith et al. 208, ®Depew et al. 2006“Bocaniov et al. 2009°This
Study.
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Direct measurements of phytoplankton photosynthesis in the Laurentian Great Lakestheedat
earliest sweys listed in Table 3.hutthose surveygreviewed in Vollenweider et al 1974je
omitted as theyere temporally constrained and limited to a single station in a given lake. By
the early 197006s, c onc étytmaugh@amheopogehie ¢ugophicationat i n g
spurred comprehensive seasonal and basin scale surveys of phytoplankton production in all the
Laurentian Great Lakes. The timing of these first lakewide surveys coincided near the onset of
1972 Great Lakes Waterulity Agreement (GLWQA) that established lower target levels for
annual phosphorus loadings, the limiting nutrient in the Laurentian Great Lakes (Guildford et al.
2005). While the GLWQA has had a measurable impact on reduced phosphorus loadings (Dolan
ard McGunagle 2005), decreased hypolimnetic deoxygenation and increased water clarity in
Lake Erie(El-Shaarawi 1987)the quantitative impact of reduced phosphorus loaolingPP in
theLaurentian Great Lakes has not been accurately defined

As shown in &ble 3.1, since the GLWQA there has not only been but an alarming
paucity of synoptic surveys, but comparative estimates between most surveys are hindered by
shifts in**C methodology an@PP scaling (sensu Chapter 1). Table 3.1 demonsttateg4
hourin vitro incubations were commonplace before 1990 while more recent studie$-haue
incubations Around 1990 there has also been a shift from assaying only partit@ate
sequestration towards assaying whole wil@rsequestration that includespiesd labelled
glycolates to provide a better approximation of gross primary production (Ma® Zthe
guantitative impact athesemethodological changean only be estimateathd as discussed in
Chapter 2, particulatéC uptakencreasingly undereistates whole watef'C uptake with
incubation durationAll in vitro studies listed in Table 3.1 have necessarily assumed

homogeneity in the vertical patterns of photosynthetic efficiency and biomass with the exception
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of opportunistic measurements of gdeshlorophyll maxima (DCMgas noted The impact of this
scaling assumption is addressed in Chapter 4.

The spectral environments &fnopticSPP measurements have also changed over time.
In the earliessynopticsurveysjn vitro measurements were performed at a single light intensity
and compared to less frequémisitumeasurements. In the first synoptic survey of Lakes Erie
and OntarigGlooshenko et al. 1974in vitro photosynthetic rates wereeasured at a single
l ight intensity under a combinationamf Ofl uor
comparedo in situmeasurements performediattegrated oved v a r i 0 uc15 oidat petedt s
stations The ratio ofarealin situto volumetric neasurement@ependent variableyaslinearly
correlated to Secchi depttf €0.64,Glooshenko et al. 1974) and the slope of this relationship
was used to convert the more numerimugitro measurementto in situ measurements given a
concomitantSecchi disaneasurementDerived ratios that scala vitro to in situ measurements
in part reflect the conversion of volumentric to areal photosynthetic rates but also represent
disparaties betweehé spectral environmen{gg a SCF) The slope of the linear relationship
(1.85) dictates that as water transparency incraasaso rates increasingly underestimate
siturates Subsequent synoptBPP measurements in the Laurentian Great Lakes were
performed onlyn vitro, first using highpressure sodium vapour lamps then tungbtdogen
lampsin light gradient incubatonwhose spectra are markedely differehhese data combined
with direct broalband measurement of light extinction and variable surface irradiance over the
day were then used the generate estimat&8®Bf(Fee 1971)This chapter focuses on SCFs
derived from these two light sources, and estimates the disparities bétvegerard in vitro
SPP estimates in Lake Erie as caused by the inaccurate representatioin sftthepectral

environment.This example raises caution about comparing historical measurements with recent
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measurements using differenethodlogies and illustras the need for the adoption of a
common methodology across the lakes in order to monitor the changing productivity of lakes

with highly transparent water columns and in particular great lakes.
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Section 3.2: Materials and Methods

Optical Properties Wavelengthspecific attenuatiofkearp]) Was measured eved nm
for wavelengths ranging from 410 to 710 at2 stations in Lake Erie with amsitu
spectrophotometer (Wetlabs AL Philomath, Oregqgrlata courtesy of Caren BindihgData
from each profile was averageddhgh depth t@btain statiorspecificspectrabttenuation
valuesthat areshown in Figure 3.1BThe 22 stations span a large optical gradienigkanged
from 0.22 to 1.0 i) andencompassk89% of all lear measurements in this studpd relevant

historic measuremés in Lake Erie.

A

Wavelength [nm]

Figure 3.1: A) gy in this chapter set to the solar reference spectrum ASIVI3. B)
Wavelengthkspecific attenuation of PARKgary ) measured at 22 stations in Lake Erie.

Linear regressions betweerherentkearp jand appareritpar for the 22 stations across all
15 wavelengthsvere statistically significant {between 6788%, n =22, p<0.01), consistent with

historical measurements in Lake Erie (Jerome et al. 1988yelengthspecific slopes ()
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and offsets (jp;) of these linear regressions are shown in Figu2&. Following Eqn 3.1, m
and Iy allow the prediction of wavelengipecific attenuatiorkéarp) from a single kKar
measurement. Substitution of Eqn 3.1 into the B@enbert equation (Eqn 3.2) shows that the
in situspectral energy at depth z(E) is equal to incident irradiance 4f5) multiplied by the
exponent of th@egative product ofdsrpj and depth (z). The spectral shape gf s set to the
reference terrestrial solar spectrum of the American Society for Testing and Materiald (AS
G173) shown in Figure 3.1A. These equations can therefore be combined to phediaréss
an optical gradient by varyingAg to predictkearpj (EQn 3.1) then substitutingeagry j into Egn
3.2.This approach is easily transferable to other mg@msith and Baker 1978) and freshwater
(Jerome et al. 1983) ecosystems whose optical properties are tabulated in the literature.
[Eqn 3.1] Kpar] = Kear Amy g + by
[Eqn 3.2] Ez = Eop Aexg ™ARITA
In this chapter spectra are describetigishe terms spectral centroid and half

bandwidth. The spectral centroid refers to the geometric mean wavelengthrositne
spectrum and is derived using Egn 3.3. The-baifdwidth refers to the wavelength range that
encompasses 50% of PAR abowd #pectral centroid and is determined using an iterative
algorithm by expanding the spectral range by nanometre increments until half the spectral energy
between 400 and 700 nm is met.
[Eqn 3.3] Spectral Centroid S[Ez; Al ] [S[Ezi]]™

Photosynthetic absorption specird he methodology employed to derive photosynthetic
absorption spectrada ;) is described in Section 2.2. Statistically significant wavelength
specific linear relationships betweesyg and chla in Lake Erie have been previously

documented (Figure 2.7D). Similar to the approach to derisgu spectral irradiance, the
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slopes and linear regressions betwagjnand chla are used to derive-g ; spectra across a chl

a gradient. This method can be similarly applied to mariag aspectra whose wavelength

specific variability across a chlgradient is tabulated in the literature (Bricaud et al. 1995).
SCFsi Two types of spectral correction factors are presented in tiapt€r. In general

SCFs are calculated by first summir®) the products of a given light spectrg;and &g for

all PAR wavelengths (400 to 700 nm) and normalizing this value to the sujm.oTkis

calculation is shown on the right side of Ega 8nd 3.5 and the result describes the

6effectivenessd of the | ight spectra (see Fig

divided by an identical equation where eithef; aor E,;is changed. Eqgn 3.4 yields SCFs that

are used in this @pter to describe how changes #3;gaspectra alone yield different SCFs

against a constamt vitro light source (kg virop1 1) by Nnormalizing a variablerg; ; to its

maximum effectiveness. Eqgn 3.5 describes SCFs that nornmaiiteo light specta to thein

situ light spectra (& ).

[Eqn 3.4] SCF =S[Enviroit ] Agegi)] [S[Emvivon 111" A MEBK §ivoni1 Adeg ] [S[Em viron 1] )

[Eqn 3.5] SCF =S[Einviropi ] Apgi]] [S[Einvitropi 111 A S[Ez11 Ageqi] [SIEzill ™™

Areal Phytoplankton Productior&PP) - SPP is calculated using the Fee (1990)
al g or i thennmthematical progra® A comparison of 18PP estimates with the original
model written in Turbo Pascal with the R version were not statistically diff¢reest, p < 0.01).
SPP computed with R was on average 0.3% higher, this small difference is likely a consequence
of different integration algorithms used by the original model and R. For consistency with
previous studies (Millard et al. 1999; Sméhal. 2005) SPP was calculated from epilimnetic

measurements of the photosynthetic irradiance (PE) parameters anavbbkse methodology is

82



described in Section 2.2, aB#PP estimates are calculated using theoretical eficedincident

irradiance. Fllowing Millard et al. (1999)and Smith et al. (20053easonally averaged

estimates of phytoplankton production (SARIR) computed for each study to assessoric
SPPchanges in Lake Erie. SAPP from adbbsingt udi e:
whosegeographic boundaries are shown in Figurebd.laking the meaBPP estimates of each

basin and multiplying b$83 days (May $i Oct 3F). Lakewide estimates of SAPP dhen

estimated using geographically weighted means of each baswed from GIS data where the

west, centralvest, central and east basins occupy 25%, 21, 42% and 12% of total lake area
respectively.No correction for lake morphometry is performed, and the stations in Millard et al.

(1999) where the euphotic depthexts beyond station depth have been omitted from this

analysis for consistency with Smith et al. (2005) and data from this study.

SCFs forhistoricin vitro data were derived using the basin specific meanand chla
values to derivén situirradiancespectra andqg j respectively. Not all the historic data (i.e.
station specific sets of PE parametegagrland chl data) were available so only one SCF was
derived per basin per study. The error of this assumption was tested by applying SCFs to
individual sets of measurements from the 2005 dataset and averaging the data to derive basin
specific SAPP estimates as above, then comparing these estimates to SAPP estimates using only
a single SCF for the basin. Though station specific SCFs deviated feametm basin value,

final SAPP estimates using both methods were within 1.5% for all four basins.
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Section 3.3: Results

Results are divided into four sections. Sectionl3r8roducesn situspectral irradiance
(kearp 1) measurementis Lake Erie and demonstrates how predictaplectrachanges occur
along an optical (r) gradient. Sections 33documents the spectral shapesqfig in Lake
Erie and demonstrates how predictable changes occur along greldlent. Section 3.3.then
combines the two empiricabkg; and asp; models to derive spectral correction factors (SCFs)
across optical and chlgradients for the two commonly usedvitro light sources shown in
Table 3.1. Finally Section 38examines historic measurementsiofvitro andin situ
phytoplankton productiorSPP) in Lake Erie, and examines how SCFs applied totigro

data effect estimatesPP.

Section 3.3.1 In situ spectral irradiance

Figure 32 summarizes the underwateresgral environment in Lake Erie through depth
and across an opticalddg) gradientderived through the empiricad situirradiance model
Figure 3.2A depicts the wavelengtpecific slopes (m) and offsets (i) of the model.
Derived ky; has unitof m™* and representgsar | minima across the PAR spectrum in Lake
Erie. The close match betwegn land the attenuation of pure watey(Fope and Fry 1997) in
both magnitude and spectral shape is an excellent validation of the empirical mo#lglr As
increasesm ; dictates that attenuation of PAR is highest at wavelengths less than 550 nm.
Back-scattering and absorption by dissolved and particulate matter in water columns
exponentially increase at wavelengths smaller than 550 nm (Kirk 199%)stent with the
spectral shape ofjmin Figure 3.2A.

The spectral attenuation of irradiance across an optical gradient and through depth, as
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predicted by thén situirradiance model, influences the quality of the underwater light spectrum
in two important ways. Shown in Figure 3.2B, increasipgsidisproportionately attenuates blue
light. Figure 3.2C shows the underwater speatem optical depthx) of 4.7 for threevater
columns with respectivepks values of 017, 0.63 and 1.480™": The thre spectra have the same
spectral quantityRAR), butthe centroid (geometric mean) of the underwater light spectra of
kear=0.63and 1.49n"ar e -sthrifd edd (occurring at nmonger
respectivelyrelative to kar = 0.17 m'. Figure 3.2D summarizes this spectral-ghift across an
optical gradient ax = 4.7. A secondnore subtle shifin the shape of the underwater light
spectrum also predictably occutsough depth and across an optical gradient: In oligotrophic
(low kpar) Waters optical depthsccur atdeeperphysical depthshan eutrophic waters. The
increased path length of irradiance in oligotrophic water to a given optical depth allows for
greater attenuation by water alone, that as shown in Figure 3.2A is higtiestraaspectral

region. Whilelight attenuation byvater also influences the above notedshit, it also
constrainsn situirradiance to a narrower spectrum in oligotrophic watémsother words

shallower optical depths in turbid water allow moed light to penetrate and so have broader
spectra. This phenomenon is depicted in Figure 3.2D and E where tiahdfidth of

underwater spectra are shown across an optical gradient and through depth respectively.
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Section 3.3.2: apg across a chl gradient

While Section 2.3.3 focused on quantitative estimatessf this section
exclusively examines the spectral quality pdjgacross the PR spectrum. Similar to the
in situ spectral irradiance model described above, the slopes and offsets from the linear
regressions ofgay ; versus chl are used in an empirical model that predicts the shape of
apg] across a chl gradient. Figure 3.3A summarizes the normalized slopes and offsets of
these linear regressions. Along an increasing chl gradient, absorption is depleted in the
wavelengths where the offsets exceed the slopes%880m) relative to increased
absorption in the wavelengths where the slopes exceed the offsef0G5M).

The absence of accessory pigment concentrations in this study precludes a
definitive interpreaition of &g changes along a chl gradient, though some basic changes
in pigment content can be inferred from the spectral data alone. The spectral shape of the
offset depicts @y | in low biomass waters. Shoulders in the offset spectrum at 465 and
490 nm suggeghe presence of photoprotectant pigments (Figure 1.1). Photoprotectant
pigments should not contribute tegg and thus introduce a bias in this model, however
the steep drop in the slope at these wavelengths suggest the spectral contribution of these
pigments are rapidly diminished with increasing &fdsdocumented in marine
ecosystems (Bricaud et al. 2004). Pigment packaging may also influgpnraaioss a
chla gradient. Increased cellular @hteduces absorption of chl in the blue relative to
the red spectrum, and the slope of the linear regressiargbeesisss;versus chl in
Lake Erie was significantly smaller thaaro(p < 0.01), though absorption of other
pigments at these wavelengths again precludes a definitive quantificatigmeip

packaging.
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Chapter 2 demonstrated that the spectral shapeggf@nd agy; are not always
identical,particularly in cyanobacterial dominated waters. To investigate if changes in
apg1] along a chh gradient are consistent with changesgdgg , in situspectral
fluorescence dataastaken from the same gths asspg11 sample similarly statistically
regressed against ¢l The linear regressions of fversus chh were highly significant
at the 5 measuring wavelengths (p < 0.01) witlanging from 0.65 for 450 nm to 0.73
for 525 nm. Figure 3.3Bompares fr and ag | data computed from their respective
empirical models at three chlconcentrations, where both Fand &g measurements
are normalized to their respective means for clarity. The slopes and offsets of the linear
regressionsf F;j versus chh (data not shown) are remarkably consistent with;aso
Figure 3.3B showsfj also undergoes a red spectral shift along an increasing chl
gradient. Furthermore both normalized valuespgfjaand Fjj show remarkable
agreement &70 nmas bothare invariant at the clalconcentrations shown. At Ifyy
chla L™ some disparities betweepsgg and Fj are apparent, a4 appears to slightly
overestimate i at 450 nm and underestimatg Bbove 525 nm. Fortunately, suaghh
concentrations are infrequently encountered in the Laurentian Great Lakes and represent
less than 5% of ambient chl concentrations in the historic datasetschSCFs are

applied toin the following section
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Figure 3.3: A) Wavelength specifidopes and offsets from linear regressiosg javersus
chl a, values are normalized to each other for clarity. B) Empirically derived

apsy1 and Fp at three chh concentrations.
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Section 3.3.4: Spectral Correction Factors
Figure3.4 documents the interactioniofvitro light sources with spegl
changes of@; | along a chl gradient. In Figure 3.4A, the top panels showthigro
spectra of the tungsten halogenr{JEand high pressure sodium vapoug/Hight
sources. F and Ey are then multiplied by ; derived for 1 and 16g.L™ of chla
and shown in the centre of Panel A, and the produgts«E aps) are shown at the
bottom of Panel A. Figure 3.4B shows SCFs for both light sources following Eqn 3.4.
Figure 3.4 underscores the large sensitivitysgf gspectra tan vitro light
sources. For two phytoplankton communities witky pspectra shown in Figure 3.4A,
apparent lighfimited photosynthetic rates are 12% and 77% enhanced in timg. 10
chl a agj for the B and Esy light sources respectively. 84% of irradc@ emitted from
Esv occurs at wavelengths greater than 570 nm, so this light source becomes increasingly
ineffective as g spectra become blue shifted. In comparison, only 59%9bEcurs
at wavelengths greater than 570 nm, so its increasingieéieess with reghifted asj;
spectra is not as severe as E SCFs as a function of chl in Figure 3.4B can be
described by a two parameter power curve (SCF = 3 eifiere the coefficients a and b
= 0.58 and 0.21 respectively fogHr’=0.97) and @nd b = 0.90 and 0.04 respectively

for Ery (r*=0.98).
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Figure 34: A) Spectra of tungsten haloggrH] and high pressure sodiwapour [SV]
lamps are each multiplied by twesspectra representative of 1 andrigdL™,
the resultant spectra are shobeneath each lamp spectra. B) SCFs derived
using Eqn 3.4 for TH and SV lamps.

Figure 3.5A documents SCFs through depth and across an optical gradient
according to Eqn 8.whereEin vitop 1iS Ern, E; 1 1S derived from the empiricabkg

model andeeg ; is derived from the empirical celmodel and realted toek using the

relationship between chland kar (Figure 2.5). Similar to marine ecosystems (Bricaud

et al. 1995)in situspectrahrough deptlare enriched in the wavelengths of algal
absorpion in clear waters (SCFs increase), but@g kcreasesn situspectra are
depletedhrough deptl{SCFs decrease) in the wavelengths of algal absorpfigure

3.5B is an extension of Figure 3.5A where SCFs are shown as a contour plot through

depthand across an optical gradient, Figure 3.5C is the same as 3.5B Jau S Esv.
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Figure 3.5B and Ghowsthatin vitro light sources increasingly underestimateithsitu
spectra asg&g decreases. This underestimation in clear water is particularly pronounced
for Esy asin situblue-shifted spectra have significantly higr overlap with attendant

aps) | spectra than the reshifted Esy spectrum. As kg increases and the situ spectra
becomes increasingly centred around-680 nm (Figure 3.2D), {5 and Ey spectra

better approximate tha situenvironment and will aoally overestimate lightimited

photosynthetic rates at depth.
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Figure 3.5: A) SCFs through depth calculated using.4 \kalues and @) | spectra
derived using the cla to kear relationship in Figure 2.5. Multiplicative
SCFs required to extrapolatevitro photosynthetic rates through depth and
across an optical gradient for B) a tungshatogen light source and C) a
high pressure sodium vapour light source.
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SCFs presented in Figure 3.5B and C are applicable only when correcting light
limited phdosynthetic rates. Within the topmost optical depths, photosynthesis is light
saturated for long periods of the daydis insensitive to the spectral quality of light.
Figure 3.6 demonstrates the qualitative impact of SCFs on photosynthetic rates for a
theoretical water column described in the Section 3.2 where the light saturation parameter
(Ex) is set to 100mmol.m?.s*. Thecontour plots in Figure 3.6A and B describe the ratio
of in situandin vitro daily volumetric pgtoplankton productiothroughdepth and
across an optical gradient, while Figure 3.6C describes the raticsivdi to in vitro daily
arealphytoplankton productiorSPP). Relative to Figure 3.5, the magnitude of spectral
sensitivity is reduced in the shallowest optical depths wirgdre saturated
photosynthesis dominates. The ratioro¥itro to in situ SPP across an optical gradient
dictated by SCFs is sensitive to changesxindbown in Figure 3.6C axElecreasem

vitro SPP increasingly underestimaiassitu SPP
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Section 3.3.4: Resolving Historic SPP Measurements in Lake Erie

Table 3.2 summarizes the relevant bespecific data compiled from major
synopticSPP estimates performed in Lake Erie. The supfeGlooshenko et al. (1974)
has been omitted from Table 3.2 as only bapiacific seasonal areal phytoplankton
production (SAPP) can be culled from this reference. Unlike the studies shown in Table
3.2, SAPP in Glooshenko et al. (1974) was calculasijithe period April ¥ to
December 31with values of 310, 210 and 160 g Cfior the west, central and east
basin respectively. Subsequent lakewide surveys derive SAPP for the period tday 1
October 3%, so Millard et al. (1999) reduced the 195APP estimates by 10% (based on
oOMi I | ard et al. 1996 estimated winter photos
for Glooshenkods et al. (1974) longer study
displays monthly variability o8PP in LakeErie, and from this graph it appears that
approximately 90% of SAPP does fall within the M&\td October 31 period.

The purpose of this section is not to provide a robust statistical analysisSBfall
estimates and attendant measurements. Theeney of observation, timing of field
campaigns and station selection vary between all studies listed in Table 3.2, and a
detailed error analysis of how this variability propagates through estimated SAPP is
beyond the scope of this thesis. Instead, thadas to simply apply SCFs to each dataset
to estimate the degree of disparity betwievitro andin situ SPP estimates (and
therefore SAPP) to minimize sources of error pertaining to differendewitio light
sources only. Shown in Table 3.2, consistent with the above analysis derived SCFs were
highest for the study of Millard et al. (1999) that emplogdugh pressure sodium

vapour light sourcand reported the lowest valuesadf. SCFs applied to this study
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ranged from 1.12 in the mesotrophic West basin to 1.49 in the oligotrophic East basin.
When applied to lakewide estimates of SAPP, these SCHgptieatin situ estimates are
22% higher than reported vitro estimates. Relative to Glooshenko et al. (1974)jtu
based SAPP estimates, Millard et al. (1999) reported a reduction of SAPP by 47, 22 and
55% in the west, central and east basin, eqjant to a mean lakewide SAPP reduction of
32 %. However i f Millard et inagituendireonmdngt a 1 s
SAPP is reduced by 41% in the west basin but only by 4% and 1% in the central and east
basins respectively for a mean lakée reduction of 16%selative to Glooshenko et al.
(1974) Thus, by these calculations spectral differences account for half of the reported
decrease of SAPP in Lake Erie between these two studies. Other methodological
discrepancies between these twadgts need also be considered. Shown in Table 3.1,
Glooshenko et al. (1974) measured only particufeassimilation after a-Bour
incubation. As discussed in Chapter 2, particulate estimates do not account for
assimilated“C that is respired duringné incubation, whereas the methodology of the
studies shown in Table 3.2 assay whole water samples to capture assimilated and respired
14C.

SCFs performed by Smith et al. (2005) and this study are comparatively small as

tungsterhalogen light surces offer better approximations of thesitu environment

ap

(Figure 3.6). Only in the oligotrophic East

SCFs greater than 1.10, while in the same study the SCF derived for the turbid west basin
indicatein vitro SAPP slightly overestimatad situ SAPP. When SCFs are applied to
these studies, mean lakewide SAPP estimates remarkably fall within 5% of the spectrally

corrected estimates of Millard et al. (1999).
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Table 3.2: Historic Chd, kpar and PE paramete derived from 3 lakewidim vitro SPP surveys of Lake Erie. Values in parentheses
are standard deviations, n is sample size. Source refers to reference given in Table 3.1. Ba¥%uess, W@ Central (CW
i CentralWest and CE Central East) and East. SAPP is seasonal areal phytokian production (IMayi 31 Oct).
The derivation of SCF is described in Section 3.2. 8CFS AP P a p in sito SAPPRn hakesvisle SAPP is the
geographically weighted mean of basin SAPP estimates.

Source Basin Chla Kpar P*y a* SAPP SCF SCFAsAPP
(n) [ng.LYy  [mF [g C g Chla’h’] [g C nf g Chla* mmol?] [g C.mi? [g C.m?
11 W (>20) 4.55 0.85 5.83 4.91 147 1.12 165
11 C (>20) 3.35 0.33 3.99 4.97 147 1.23 181
11 E (>20) 1.68 0.24 3.72 3.99 96 1.49 143
Lakewide SAPP = 141 172
12 W (14) 4.94 (4.11) 1.12 (0.68) 5.26 (1.94) 7.53 (2.69) 155 0.96 152
12 CW@®)  4.44(506) 050(0.19) 4.51 (1.74) 8.64 (3.31) 169 1.00 169
12 c@s) 2.24 (1.64) 0.35(0.15) 4.04 (1.65) 7.50 (2.28) 167 1.08 180
12 E () 2.11(1.15) 0.33(0.08) 3.90 (1.41) 7.93(2.60) 152 112 170
Lakewide SAPP = 163 170
15 w@o) ~— 449(340) 0.68(0.28) 3.79 (2.04) 10.37 (5.53) 187 1.00 187
15 cw(7) 289(182) 036(0.12) 2.57 (1.18) 9.24 (4.85) 145 1.03 149
15 C (@25 3.01 (1.80) 0.37 (0.15) 2.60 (1.41) 9.64 (4.15) 159 1.02 162
15 E(15) 1.80 (1.12) 0.26 (0.04) 3.02 (1.19) 10.27 (4.52) 150 1.08 162
Lakewide SAPP = 162 165
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Section 3.4: Discussion

This chapter has demonstrated that, coasisvith marine literature, the spectral shapes of
in situirradiance (& ;) and photosynthetic absorptiogdj ;) co-vary with kar and chla
respectively. Through these relationships, an empirical model has been developed that
extrapolatesn vitro estimates o8PP to then situspectra. The model input parameters &hl
kpar and E) are common to frequently citéa vitro SPP numerical models (Fee 1977) so, as
demonstrated, the model can be readily applied to correct a multitude of histotio
photosynthetic measurements. The interaction betwegnaand then stu spectral
environment drive this model, and so are discussed below first. Next, the consequences of
variable agj; and Ej j spectra onn vitro photosynthetic measurements are considered in
general. The implications of the model to the interpretatichistoricSPP estimates in Lake
Erie completes the discussion.
3.4.1 How the underwater irradiance spectra influences apg

Concomitant shifts in thim situand ag | Spectra suggests that, to a certain degree, Lake
Erie’s phytoplankton comnmity chromatically adapts to the situenvironment. A reghift in
apgl | Spectra with increasing chl matches the-shit of thein situ spectra with increasing-kz
(and therefore chl, Figure 2.5). Indeed, regressigg against kar from this stidy yielded
highly significant relationships (p<0.01) across the PAR spectrum with hormalized slopes and
offsets that also predict thaig becomes redhifted with increasingdsr. Chlais chosen here
as a predictor of the spectral shapeaf gto be consistent with marine studies that have
investigated relative changes in pigment concentration gfiglspectra across a chl gradient

(Bricaud et al. 1995; Barlow et al. 2002).
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Concepts pertaining to tlie situ spectra as an ecologicaidr of phytoplankton
community composition have recently been proposed (Stomp et al. 2004, 2007, 2007B). The
relevance of these studies to this chapter are now discussed. The attenuation (scatter plus
absorbance) of PAR through a water column is a fanatf three components, the attenuation
due to water (kp 1), phytoplankton (ki 1) and other particulate and dissolved materigd(k
(Kirk 1994). While ky;; can be assumed constaniglk; varies in magnitude but its spectral
shape is relatively conserved and decreases exponentially along an indkgasgrgdient (Kirk
1994). Stomp et al. (2007) cleverly investigated changes in gii spectral environment by
simulating a range of particulate and dissolved material concentrations (the magniteglg)of k
in the absence of phytoplankton absonptid-igure 3.6 shows a reproduction of this analysis, the
input data of Iy ; and kg | are shown in Panel A and the resultant euphotic depth spectra in
Panel B (calculated using Eqn 1 and 2 from Stomp et al. 2007). This analysis clearly shows that
as lgc (and hence dgr) increase, spectral energy at depth is progressivelghi#ied and small
shoulders in the absorption spectrum @f(ehown as dashed lines) create large gaps imthe
situ spectral environment. Between these gaps are a series dtdsgtectral niches that match
the absorption of photosynthetic pigments (Figure 1.1). Figure 3.6C extends the approach of
Stomp et al. (2007) and averagesitheitu spectra over their respective euphotic depths to
simulate the mean light climate otaculating cell. This theoretical analysis shows that though

the spectra are mol®oad spectral niches are still evident.
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Figure 3.7: A) Asorption spectrum of pure wategpfkand an increasing gradient of background
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spectral quality and not quantity.
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To what degree are these spectral niches filled and how closedyds@ectra match
attendantn situ spectra?In situspectral shifts are consistent with relative abundances of
accessory pigments along increasing opticatlients. Photoprotectacarotenoids (PPC) have
peak absorption below 490 namdthe ratio of PPC:chd across diverse marine environments
significantly increases towards optically clear water (Babin et al. 1996, Barlow et al. 2002,
Bricaud et al. 2004). The absorption speofrphotosynthetic carotenoids (PSC) are centred
around 500 nmandthough the ratio of PSC:chlis variable in marine environments the highest
values are often found in mesotrophic environments where the underwater spectra is relatively
enriched at 500m (Bricaud et al. 2004). The absorption spectrum of phycoerythrin occurs at
smaller wavelengths than phycocyanin, the ratio of phycoerythrin:phycocyanin generally
declines along increasing chhnd optical gradients in oceans (Stomp et al. 2007B) aed lak
(Voros et al. 1998) consistent with a +eliifted spectrum along similar gradients. The model of
Stomp et al. (2007) has not been thoroughly tested agaiisspectra. As shown in Figure
3.7D, the relative spectral changes betwegp at 1 and 10 ug chil.L™ as predicted using the
eqguations of Bricaud et al (1995) are broadly consistent with the model of Stomp et al. (2007).
As chl (and hencegkgr) increases, absorption in the blue spectrum is decreased relative to
absorption at longer wavelengthShapter 4 further explores howes; ; spectra match attendant
in situspectra in Lake Erie.

3.4.2: Interpretation of in vitro photosynthetic rates requires caution

Any study that examindas vitro photosynthetic rates across alor kear gradients (i.e.

Table 3.1) without measuring attendagyi; | spectra likely introduces significant but predictable

errors in estimates of lighitmited photosynthetic ratgga) andas areal phytoplankton

production(SPP) Mostin vitro light sources are reshifted as the majority of PAR emitted
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from these lamps occurs above 550 nm (Markager and Vincent 2001). Consequegitity,
measurements @f are artificially redued in oligotrophic environments as phytoplankton
communities from these environments generally have relatively low absorption in the red
spectrum relative to mesotrophic and eutrophic phytoplankton communities (Figure 3.4). The
magnitude of the error irdduced in measurementsafncreases with the greater proportion of
in vitro PAR emitted above 550 nm. Consequently the spectra ofnégsure sodium vapour
lamps and other metal halide lamps (Markager and Vincent 2001) introduce greater errors in
across a chd gradient tharflatter spectra such as tungsten halogen lamps (Figure 3.4).

Carignan et al. (2000) measuriedvitro photosynthetic rates using a metal halide lamp
from a set of 12 oligotrophic and mesotrophic lakes. Their study explicitly linked the summer
metabolicbalance (the ratio of gross photosynthesis to community respiration) to measured PE
parameters and demonstrated that contrary to previous studies (Del Giorgio and Peters 1994),
photosynthesis exceeds community respiration in most Canadian shield lakpssitgly, this
significant finding is despite the fact thattotosynthetic rates were performadsitro usinga
metal halide lamp and so are likely underestimated, especially in many of the optically clearer
lakes of their study (Carignan et al. 2000hein vitro light source used by Del Giorgio and
Peters (1994) is not stated, but the findings of this chapter call into question the assertion that
community respiration exceeds photosynthesis in oligotrophic environments (Duarte and Agusti
1998).
3.4.3: Interpreting Historic SPP Measurements in Lake Erie

The ransformation ofin vitro SPP measurements into spectrally resoivesitu
measurements or Lake Er i e drevedisone interestimyentls Qerdllseasenal s

areal phytplankton production§APP) has decreased between the 1970s and early ,1990s
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consistent with reduced phosphorus loadings through the GLW@&gh tis reduction is only
half of originally reporteqMillard et al. 1999) Since the invasion and proliferati@f
Dreissenamussels throughout most of Lake Erie there have been notable decreases in water
clarity and chhk in Lake Erie(Barbiero and Tuchman 20Q4gising concerns that presumed
attendant decreases in SAPRy no longer be able to support histdeieels of secondary
production (Johannson et al. 200@espite the 2005 dataset reportihg lowestmean lakewide
kpar and chla values SAPP has not significantly changed between 1990 and 2005 (Table 3.1)
suggesting thaDreissenamussels have notimpct ed SAPP i n Lake Erieos

Figure 3.8 documents average basin production efficieBdP* =SAPPnormalized to
chla) as a function of chd for themajor SPP surveys in Lake Erie. Production efficiency is an
insightful parameteras calculated here it represetits basinwide meaefficiency in which chl
ais used to assimilate carbon over the growing sea8dnghly significant relationshipegative
relationship between SAPP* and @hlising all historic datéstats) @monstrates that as chl
has declined in Lake Erie, whether through reductions in P loading or dreissenid mediated re
engineering of nutrient pathways (Hecky et al. 2004), SAPP* incred$estrend can be seen
spatially across basins, withe eutrophicand mesenligotrophicwesternandeasterrbasirs
respectivelyhaving theowestand highesproduction efficiencyacross all studieskigure 3.8
clearly demonstrates that historic eldecreases in Lake Ef@ve not caused comparable
decreases in SAPP.

The calculated SAPP 16% decrease of between 1970 and 1990 should be taken with
caution, owing to the aforementioned change$anthat likely underestimate3PP relative to
all other sirveys. Similarly, the longer incubation times performed by Millard et al. (1999)

relative to the two more recent surveys may also yield artificially lower photosynthetic
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rates due to the assimilation of respired and labéftéqHarris and Piccinin 1937 Variable

station selection between surveys also affects estimated values of SAPP: If two eutrophic
western basin stations at the mouths of the Maumee and Sandusky rivers sampled in 2005 were
omitted from he above analysis (as they were not sampledhar historic surveys), mean

lakewide SAPP in 2005 is reduced by.7%urthermore, it must be stressed that the above

analysis is valid for epilimnetic production only and as shown in the next chapter sub epilimnetic
production is quantifiably importam Lake Erie. These and other potential errors are just some
of the issues that arise when traditional methodologies are used to assess longterm changes in
phytoplankton production. Data from this and the following chapter further build an argument
thatbio-optical methodologies be immediately implemented in the various water quality

monitoring programs in the Laurentain Great Lakes.
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Figure 3.8: The relationship between basin averaged production efficiency (SAPP*) aridrchl
major SPP surveydn Lake Erie. Labels along theaxis refer to the study number
and basin given in Table 3.2. GhValues for Glooshenko et al. (1974, study 4) are

from Vollenweider et al. (1974).
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3.5 Conclusions

This chapter has identified how predictable differesnoetweenn situandin vitro spectral
irradiancecan producelisparae estimates adpectrallyresolved i situ) and unresolvedr(
vitro) SPP. Along a decreasingar gradientthe underwater spectra becesprogressively blue
shifted and constrained within narrower wavebandse spectral shift in the underwater spectra
along a kar gradient creates a seriesiofitu spectral niches thaiverlap with the absorption
spectra of the various phytoplankton pigments. Data from Lake Erie and marine environments
suggests that the phytoplankton community composition is in part shaped by the pravailing
situ spectra, as pigment composition atigtadant photosynthetic absorption spectra predictably
co-vary within situspectra. An empirical model developed in this chapter exploits the
predictable changes in tie situand photosynthetic absorption spectra and demonstrates that,
for two commonlyemployedn vitro lamps,in vitro basedSPP measurements increasingly
underestimat@én situ SPP as water clarity increases. The spéetrargesof thein vitro lamps
investigated in this studgrecomparatively reduced in the blue spectrum, and thadypo
characterize oligotrophic environments whereithsitu andphotosyntheti@bsorption spectra
aremaximal.

Lake Erie is the most eutrophic of the Laurentian Great Lakes so the disparities batween
situ andin vitro estimates oEPP are presumabsmall relative to the other Laurentian Great
Lakes. Yet applying spectral correction factors to historic survelyake Eriehave shown that

in vitro measurements can still substantially underestimaséu SPP. By comparison the

underestimation ah situ SPP fromin vitro measurements in oligotrophic Lake Superior may be

guite | arge, and in part explain substantial
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has been reported thaPP is approximately X@®ld lower than community respiian (Urban et

al. 2005).
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Chapter 4: Vertical Patterns of Phytoplankton Biomass and

Photosynthesis in Freshwater Lakes

Section 4.1: Introduction

Chapter devoloped a bimpticalmodelthat deriveggross oxygen evolution
photosynthetic rates from situ fluorescence measuremeantdd validated the modatainst
concurrenin vitro carbon assimilation measurementsis chapter applies the baptical
model toin situmeasurements throughout the water column to generate vertically resolved
estimates of pytoplankton photosynthesi®ersistent vertical patterns of photosynthesis are
identified across trophic and mixing gradients using an extensive set of measurements in Lake
Erie, and subsequently compared to simolgportunisticmeasurements isake Sugrior and
Georgian Bay This is the first study to explicitly examine vertical patterns of photosynthesis in
any freshwater lakasinga spectrallyresolvedhigh-resolution bieoptical approach.

Estimates of areal phytoplankton producti®®P) in freshwater bodies including the
Laurentian Great Lakes have generally followed a consistent methodology and scaling approach
that necessarily simplifies the vertical distribution of photosynthesis (for a review se&Table
At the core of thimpproach, often a single discrete or integrated water sample is drawn from the
epilimnion and incubatechivitro to determine lightdlependent changes in photosynthesis that
are subsequently modeled with a photosynthetadliance (PE) curve (Section 1-Egure
4.1A). This PE curve is then scaled toiarsituirradiance field defined by the exponential
depthdependent decrease in irradiance mathematically defined by the vertical attenuation of
kear (Figure4.1B). When a single PE curve is scaled towhger column this approach
implicitly assumes that 1) phytoplankton biomass and 2)-ligitendent changes in

photosynthetic efficiency are static through depthe resultant vertical distribution of



photosynthesis stemming from the first two assumpti®tiserefore defined by the shape of the
PE curve transposed to timesitu light environment.

A second approach to meas&feP, that forgoem vitro incubations and its attendant
assumptions ah situscaling, involves suspending bottles at fixed depths throughout the water
column and monitoring changes in oxygen evolution or carbon assimilation after a specified
period of tme (424 hours, Tabl&.1). Though resultant vertical distributions of photosynthesis
from in situincubations have challenged aforementioned scaling assumptions (Moll and
Stoermer 1982), such measurements are largely impractical (Fee 1978), andniogstrai
phytoplankton at fixed depths may augment photoinhibition in near surface samples that would

otherwise be mixing (Oliver et al. 2003; HiridBaer and Smith 2004).

A) B)

P
Depth

Figure4.1: A) PE curve derivedh vitro and fitted to B)in situirradiance (E) tyield the depth
dependent distribution of photosynthesis (P).

This chapter investigates how persistent vertical patterimssitu photosynthesis deviate
from nominally scaledh vitro measurements and identifies when the latter assumptions yield

erroneals estimates @PP. Two lines of evidence suggest that, wiheritro measurements are
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drawn from the epilimnion on\5PP may be subsequently underestimated in the Laurentian
Great Lakes. First, during periods of stratification,-eplimnetic deep chlorophyll maxima
(DCM) have been widely reported in Lakes Superior (Auer and Bub 2004), Michigan
(Fahnenstiel and Scavia 1987), Huron (Fahnenstiel et al. 1989), Ontario (Munawar et al. 1974)
and Erie (Barbiero and Tuchman 2001). Despite this widely reported phenonegaarthsome

in the freshwater scientific community who argue that the light available to DCMs is sufficiently
small such that any phytoplankton production originating from this layer is dwarfed by
epilimnetic production (personal observation). A secamsldf evidence is that in the few
comparable instances where epilimnetic andegibmnetic photosynthetic rates have been
measured, subpilimnetic populations often have higher biomagscific photosynthetic rates
relative to epilimnetic populationSnith et al. 2005). These two factors are now examined in
greater detail below.

Section 4.1.1: The Vertical Distribution of Phytoplankton Biomass.

The vertical distribution of phytoplankton biomass has been frequently studied through
microscopiccell enuneration, beam attenuation, and alidiomass (extracted or fluorescence).
This distribution is in part governed by the strength, periodicity and vertical extent of physical
mixing and its interplay with the intrinsic buoyancy (either positive or negativedn-motile
phytoplankton (Reynolds 2006). Thermal stratification in lakes and oceans constrains passive
mixing of nonmotile phytoplankton and nutrients into discrete layers and, irentmophic
aguatic ecosystems, often leads to disparate vertigdients in light and nutrients (Wetzel
2001). The vertical distribution of phytoplankton can be further altered by-dep#ndent loss
processes including herbivorous grazing (Lampert and Taylor 1985), but generally biomass

maxima are thought to coin@dvith the depth(s) where the supply of resources (light and



nutrients) are optimally balanced (Christensen et al. 1995). In oligotrophic and mesotrophic
aguatic ecosystems, the most conspicuous vertical pattern during periods of stratification is the
presence a DCM. DCMs have been observed in small and large lakes (Fee 1976; Moll and
Stoermer 1982; Abbott et al. 1984) and in the oceans (Cullen 1982; Takahashi et al. 1989).

Moll and Stoermer (1982) extended the phytoplankton succession paraichgm
tempeate dimictic lakeo include general observations of DCMs. Recreated in Fglire
Panel A shows the seasonal distribution of epilimnetic phytoplankton biomass and Panel B
shows the summer vertical distribution of chlorophyll in three lakes that dpaphac gradient.
I n Moll and Stoermer 6s model, deep chlorophyl
seasonal stratification in oligotrophic and mesotrophic lakes. Following the traditional
succession model, a spring epilimnetic bloom of ngghtibuoyant diatoms forms in many
lakes when nutrients are sufficient and the water column well mixed. At the onset of thermal
stratification the vertical extent of surface mixing is reduced and subsequent sedimentation of the
dominant diatoms depletepikmnetic nutrient concentrations. At this time a DCM forms
consisting primarily of sedimenting epilimnetic diatoms, where relatively higher nutrient
concentrations may alleviate nutrient deficiency and lessen sinking rates (Titman and Kilham
1976). Mol and Stoermer (1982) observe that the DCM persists throughout stratification and
distinct metalimnetic phytoplankton communities may often dominate until thermal stratification
breaks down when deep mixing entrains phytoplankton throughout the watencd@®Ms are
rarely observed in eutrophic lakes where persistent high levels of epilimnetic nutrients maintain a

large standing crop of surface phytoplankton that effectively shades out any deeper populations.
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Figure4.2: A) Idealized annual distriltion of epilimnetic chlorophyll a (ctd) in an
oligotrophic, mesotrophic and eutrophic lake. B) The corresponding vertical

distribution of temperature and aoturing the summer for each type of lake.
Modified from Moll and Stoermer (1982).

Section 4.1.2: The vertical distribution of phytoplankton photosynthetic efficiency

Three processes that can augment Jighited oxygenic photosynthesis are considered
here: Increases in cellular pigment concentrations in response to changes in spectnal quantit
(photoadaptation), changes in pigment composition in response to changes in spectral
composition (chromatic adaptation), and increases in the quantum efficiency of oxygenic
photosynthesis.

Photoadaptatiori As irradiance decreases, the chlorophyll eohbf phytoplankton

cells can increase five to téold (Falkowski 1980). This strategy increases the overall-light
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harvesting capacity of phytoplankton though the effect islm&ar and yields diminishing

returns: The accumulation of successive pigim@nogressively causes sshiading of thylakoid
membranes, a process referred to as the O6pack
observation of DCMs may be solely due to cellular increases in chlorophyll concentration
independent of any vecl phytoplankton biomass gradients (Cullen 1982). Using particulate

carbon (C) as a proxy for phytoplankton biomass, Barbiero and Tuchman (2001) have shown that
significantly higherchac oncent rations in Lake Hurondos DCM
vetrtical gradients in particulate carbon. The same study showed tr@Cafdtios of DCMs in

the Laurentian Great Lakes were on average twice a s high as epilimnetic values, thus accounting
for much of the presence of DCMs. If elevatedachl ratios area persistent feature in the

Laurentian Great Lakes, then reported elevateeegilbmnetic lightlimited chla normalized
photosynthetic rates() are in fact more remarkable: Givanand chl a:C values ~1.5 and 2

fold higher in the DCM (Smith et &005; Barbiero and Tuchman 2001), then light limited
photosynthesis per unit carbon igadd higher in the DCM.

Chromatic adaptation The spectral quality of light as a selective force shaping
phytoplankton communities is receiving increasing attent&tomp et al. 2004). In higight
environments, chromatic adaptation may be manifested in the production of accessory pigments
that dissipate excess excitation energy as heat to minimize photoinhibition (Déwarits and
Adams 1992), whereas in lelight environments such as DCMs the production of accessory
pigments serve to maximize light harvesting by matching spectral absorption with an
increasingly constricted light field. In freshwater lakes, spectrally resolved measurements of
photosynthesis arexceedingly rare (Markager and Vincent 2001), so little is known of its

guantitative importance. This chapter focuses solely on the relationship between the spectral



quality of irradiance as related to the spectral shapgsptad its direct quantitate influence

on photosynthetic rates through space and time. In the Laurentian Great Lakes, the seasonal
evolution of distinct metalimnetic communities indirectly suggest that chromatic adaptation may

be important in these environments (Moll and Stoermér8 2 ) . I n Lake Erieos
phycoerythriarich cyanobacteria were consistently detected in the summer from 2002 to 2005

with higher abundances in the metalimnion and hypolimnion relative to the epilimnion (Wilhelm

et al. 2006). Diurnal changesdissolved oxygen concentrations at the depths of peak

abundance demonstrate that not only are these cyanobacteria photosynthetically active, but may
even delay hypolimnetic deoxygenation in the central basin.

Quantum efficiency of photosynthesGhapter 2 discusses how alternative electron sinks
reduce the apparent quantum efficiency of photosynthesis in high light environments and
ultimately impede the ability of the bimptical model used here to effectively model light
saturated photosynthesikstead, the model estimates the quantum efficiency of photosynthesis
in the absence of phoefghysiological reductions to estimate lighhited rates of photosynthesis
that in turn are used to estimate ligdatturated photosynthetic rates using the patemig. This
distinction is repeated here as the bulk of studies examining vertical patterns of the quantum
efficiency of photosynthesis focus on ligimediated reductions through the water column.

Moore et al. (2005) present three night time FRRF m®tiaken in the North Atlantic during a

spring bloom. 2 of the 3 profiles presented have a distinct metalimnetic pedkjntRat in

one profile corresponds with a DCM, however boifHy peaks are only ~15% higher than the
epilimnetic minima. Given #hoverall high valuesof$d M& pr esented in Chapte
consistent with the concept of balanced growth (Suggett et al. 2009), it seems unlikely that

vertical gradients in the quantum efficiency of photosynthesis are significant drivers of vertical
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patterns of photosynthesis.
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Section 4.2: Materials and Methods

Study Site and Summaryrour spatial surveys were conducted in Lake Erie in 2005
(May 25", June 711", July 1821%, September-8"). Stations west of 80°W were sampled
only in the dine and September cruises. Raw data for this chapter is givepeméix A and
Appendix Blists the locations of all sampled stations. Spatial analysis in this chapter is
performed by categorizing data into one of four basins shown in HgdireConsstent with
other spatial studies (eg Smith et al. 20@he central basin is subdivided into a centvast and
centraleast basin (the latter herein simply referred to as the central basin). The delineation
between centralest and central basin is bdsen the mean summer circulation pattern in Lake
Erie where the two regions are separated by opposite flowing gyres. Vertical patterns of
photosynthesis are supplemented by less intensive survayn Geor gi an Bay ( Col

Lake Superiar

42 59N
N
Eastern
Basin
420N[ - _—
41.59N "~ N
Western Central-Western
Basin Basin
Weloci! (I 5
[ : I |
0 oo oo oo3 ona 0086 008 007 o008 009 01
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83°W 820W 81°wW 800oW 790W

Figure4.3: Mean summer circulation in Lake Erie (Leon et al. 2005) used in conjunction with
bat hymetry (Figure 2.2) to delineate basi
to locations of two thermistor strings (Figure 3.3) and dashed white Imesponds
to location of longitudinal curtain used throughout this chapter.
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Physical methods CTD profiles (Seabird 911, Bellevue, Washington) at each station
measured water temperature through depth with a vertical resolution of ~ 0.10 m. Deliokation
metalimnetic and hypolimnetic depths was based on a numerical analysis of two thermistor
strings located in the central (16 depths of measurement ranging from 1.0 to 23.5 m) and east
basin (14 depths of measurement ranging from 1.0 to 52.5 m) of LakéFigure4.2).
Temperature data from thermistor strings and CTD profiles were binned into 0.5 m intervals and
converted to density following Zeebe and Walladrow (2001). The seasonal thermocline was
defined as the depth(s) where the density gratienteen 0.5 m bins exceeded 0.2 Kj.m
Metalimnetic and hypolimnetic depths were then delineated as the respective upper and lower
bounds of the seasonal thermocline as shown in FdreAt some stations, particularly the
shallow west basin of LaKerie, density gradients were often diffuse through depth and despite
>5°C temperature changes through the water column density gradients between 0.5 m bins did
not exceed 0.2 kg.th When the above procedure did not yield thermal strata, a second
recursie model was used: Using the density at 2.5 m as a reference (to minimize any diurnal
heating effect), if the density beneath 2.5 m exceeded 0.2°kbisndepth was taken as the
metalimnion. Figuré.4 documents the cumulative heat capacity (Q) of theemcolumn at the
two thermistor stations relative to day 125 (where Q is set to 0). Following.EQ® is
calculated as the product of the water column mass (m = density and volume of water), the
specific heat capacity of water (c, 4186 J' kg') ard the change in water columBbT)
temperature measured at daily intervals.

Optical methods PAR measurements thugh depth were performed with scaler

guantum sensors ((COR, Omaha, Nebraska) attached to either the CTD ewyitioal
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instrumentation. Tdavertical attenuation of PAR gkg) was calculated using the logarithmic
slope of PAR through depth. Where multiple thermal strata were present, then strata specific
krar Values were calculated.pd& was linearly related to measurements of beam attiemuait

650 nm (Wetlabs, Philomath, Oregoh=r0.89, n = 59, p <0.01), and this relationship was used
to estimate kg from beam attenuation the absence of reliable measurements (e.g. nocturnal
profiles).

Water chemistry Water for nutrient and cld analysis was collected at discrete depths
using a Im long Niskin samplers. Triplicate measurements o&eére performed by passing
200 ml of water through 47 mm Whatman GF/F filters and immediately frozen. In the lab, filters
were immersed in 20 nolf 90% acetone and passively extracted at 4°C for 24 hours. Extracts
were quantified fluorometrically before and after acidification on-AWCluorometer (Turner
Design, Sunnyvale, California) calibrated with pureaktandard (Sigma) to determine
concentrations of chl and pheophytira respectively (HolrrHansen et al. 1965). Nutrient data
was collected under the international field year of Lake Erie (IFYLE) project. Briefly, for total
phosphorus (TP), 50 ml of lakewater was measured into acidedel50mm Pyrex test tubes.
Soluble reactive phosphorus (SRP), ammonium4Nidd silica (SiQ) were first passed through
0.2nm nylon syringe units and 10 ml were dispensed into 14 ml Falcon tubes. SRP and NH
were frozen until analysis, and TP and Sit@re refrigerated until analysiall nutrient analyses
were conducted using standard automated colorimetric proceduresohracbn AutoAnalyzer
Il following the details of Davis and Simmons (1979). Briefly, TP, SRP ang&éte all
measured using the molybdate ascorbic acid method following persulphate digestion while NH
was analyzed using the phenol method.

Photosynthet rates: Methodology Following section 2.3.4, the parameterization of the



light-limited photosynthetic ratea{ in Eqn4.1 is the product of PSIl photochemical efficiency
in actinic irradiance normalized to its empirical maximuraaﬁ(li’wG&(OﬁS)l), PSII absorption
(apsi) asdescribed above and a constant 43.2 representing unit conveisidascribed in
Secton 2.2 a data filter was applied tg6 M& t 0 mi n ipmysiczogicalpeduxtiomsf

F q qudalbove 50mmol.m%s™. In this chaptermy is derived solely fronin situ spectral
fluorometric measurements scaled to photosynthetic pigment abs@péotna (g as
described in Section 2.3.3. Fluorometrically derived valuesdfase chosen here as they
provide highly resolved vertical measuremernthe maximum photosynthetic rateyjPshown
in Eqn4.2 is calculated as the productafind &x. Eqn 43 shows the derivation of
photosynthetic rate$?] following the fomula of Jassby and Platt (1976), substituting EGn 4.
into Egn 43 recasts Jassby and Platt (1976) as a functianasid E only (Egn 44) thatis used
throughout this chapter alculate P. In EgA.4, Ejz,; is calculated using Egh5 where K is
set to the mean PAR measufeain the central basin meteorological buoy averaged over a 10
day window centered around each of the four crui§es 415, 449, 440 and 3fdnol.m?.s*

in May, June, July and September respectively30, based on the limited variability ofie
within a given cruise (Section 2.3.5) fvas held constant in Eqn dwhere Kk = 75, 125, 125
or 100mmol.m?.s™ for May, June, July and September respectively

[Eqn4.1] ap ;= Fod Mz A0.65)" A psigziiA 4 3. 2

[Eqn4.2] Pu=agi1A «E

[Eqn4.3] Pz, = Pu Atanh [Ez, Aapz A(Pw)™]

[Ean 44] Pgzij =ag A c@nh EznA 'E

[Eqn 4.5] Ezij = EopjA  ekeapp[A 2 ]
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Photosynthetic rates: ScalirigThreescaling methods are used to extrapolatEdh 4.4)
through the water column thdéeviate in twamportant ways. First, two different methods are
used to populate Egn 4.1 witio-optical measurementOne scaling mébd uses vertically
resolved (Z for depth) measurement$gb & a3 dinned into 0.25 m intervals so
measurements are denoted with,Rvhile a second scaling method assumes that an integrated
sample (INT) of the epilimnion has been incubatedtro such that 50 m& &ad’,dh Eqn 4.1
are set to therespectiveepilimneticaverage so measurements are denoted witfirP The
second deviation is is whether or not P has been spectrally resolvedrisitienvironment.
For spectrally redeed measurements ), spectral correction factors (SCF) that scalg,;a
measurements to tle situ light spectra are derived usign 46 whereF; is the wavelength
specific spectral fluorescence (450, 525, 570, 590, 610 nm) andsEhein situirradiance at
the correponding wavelength at depth Eor nonspectrally resolved measurements,
photosynthetic rates are multiplied by Eqn 4.7 that scalegth&o anin vitro high pressure
sodium vapour lamgrhose spectrum is shown in Figure 88&Fsy). As describd in Section
2.2,bothSCFand SCEky are multiplied by 1.07 to account for the mean bias in deriviagstBF

using only 5 wavelengthsThe three scaling methods are summarized in Eqnis 4.10.

[Eqn 46] SCF =S[Fz A 2B Sz ASFqn;] A'A5 1. 07

[Eqn 47] SCRsv=S[Fzi1 A svE] SlEsvil* A SRz A 28 Sz ]")*A 1. 07
[Eqn 48] Ppzi) = [Fod Mz A(0.65)' A psazi) A SCF Rc@nBE R 'E
[Ean 49] Punt; = [Fod Mamm A0.65)* A psant ;A SCF Rc@nBE2R «'E

[Eqn 4.10] P[INT,SVJ = [FQﬁ /M@\IT] A(0.65)1 A PSIRINT, I ] A %MF 4 A K ﬂﬂh IE[ZJ] A Kl_l:E



Statistical and numerical method\ | statistics and numerical methods were performed

using t he pawwargpwjectomsgtwiahtthe éxcaption dRKryskalallis tests

were derived from first principles following Zar (1996). Spda@mporalanalysis for Lake Erie

data (kar, chla, nutrients, as;, SCF,SPP) was performed by first separating data into cruises,

and then averaged by basin (Figdr8) and thermal strata where present. When data for a given
cruise and basin is divided by strata, mean water column values are estimated by weighting
strataspeific values calculated as the percentage of volume the strata occupies within the given
basin. For example, in June the epilimnion, metalimnion and hypolimnion represent 28.3%,
22.2% and 49.5% of total volume in the centraist basin so stratgpecificmeasurements are
multiplied by these numbers to determine the basin mean. Mean lakewide concentrations are
also presented and calculated based on the areal extent of a basirin. Egfith the exception

of nutrient and chh data culled from the IFYLEproject, the east basin was not sampled in May

and July. To satisfy Egh7 in these instances, east basin values were estimated as the product of
central basin values and the mean gradient between central and east basins recorded in the June
and Septembiecruises. Statistically significant differences in spatial (across basins) and vertical
(through strata) gradients of the various data were assessed using the-Whaitikdkst, as the
majority of the data was not normally distributed.

[Eqn4.7] Lakewide value =WA 0 . 1 3 5.249 + CAV4PR + EA0.195

12C


http://www.r-project.org/

Section 4.3: Results
Section 4.3.1: Physical Properties

Lake Erie- Figure4.4 documents the cumulative heat capacity, thermal structure and
seasonal evolution of thermal stratificationinkak Er i e 6s central and east
and temperature measurements through depth commence at day of the year (day) 125 when the
water columns at both stations are isothermal and cold (~4°C). From day 125, the central basin
steadily gains heatntil it reaches its seasonal temperature maxima by day 200. Progressive
warming in the central basin induces a shallow (~5 m) and weak metalininipgx(<0.2 kg.m
%) by day 150, and within 25 days the metalimnion strengthens and descendsl® mlwhee
it remains for most the stratified season. Between days 150 and 240 epilimnetic and
metalimnetic temperatures statisticallywary (ancova, p < 0.05), and the metalimnion is on
average 6°C cooler. On day 240 the metalimnion quickly deepens and$leesent
hypolimnetic constriction coincides with the onset of widespread hypolimnetic hypoxia in the
central basin (Rao et al. 2008). By day 270 stratification breaks down in the central basin and
the progressive cooling and sinking of surface watergtaias isothermy until the end of
measurements at day 300.

Similar spatiotemporal patterns occur in the east basin with a few noted deviations:
Between days 150 and 270 metalimnetic depths are approximately 1.5 m shallower in the east
basin, perhaps bause the mean wind speed over this period was 2.08 fold higher at the central
basin station. Also, thermal stratification does not breakdown in the east basin at day 270,
instead the metalimnion plunges to progressively deeper depths with distincstitratasent
when the instrumentation was removed on day 300.

Long-term temperature and meteorological records were not available in the shallower
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west basin, though extensive CTD profiling during each cruise provide some inferences.
Between days 12025, the west basin was isothermal and warm}B®) relative to the other
basins. 20 of 25 profiles satisfied the criteria of a metalimnion used here during subsequent
cruises centred around days 160 and 200, while only 6 of 16 profiles satisfiedtéhnia on a

cruise centered around day 250. Regardless of the cruise, west basin metalimnetic depths were

generally around 5 m.
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Section 4.3.2: Optical Properties

Table4.1 and Figured.5 summarize kg for each basin and strata investigated in this
study: At all times kar Was statistically highest (KruskaVallis test, p < 0.10) in the west basin
and generally declined across an easti@nditudinal gradient. Temporally, lakewide spatially
weighted epilimnetic kar values were lowest in June, similar in May and September and highest
in July. Figure4.5 shows the vertical distribution of optical depthsrélative to lake
morphometry ad strata across the longitudinal gradient shown in Figud.e The combination
of a shallow seasonal thermocline and relatively transparent waters in June provided a well lit
metalimnion withz values well above the often cited compensation depth of tfacsu
irradiance g = 4.6; Fee 1980). Metalimnetzcexceeded 4.6 in most central and centrast
basins stations in July, but by September the combination of higher epilimsgticalues and

the downward displacement of the seasonal thermocline reédoewlimnetiz below 4.6.

Stated in Chapter 2pkr co-varies with chla though the relationship is not strongA{k=
0. 18 a®® r’e B.51, n =88, p<0.0pand is greater than the derived value for oceanic
060Case 106 wat eTherelgtiaviship bektweelh & 8n8 ¢hla varied temporally, as the
slope of linear regressions between these two parameters within individual cruises were not
statistically similar (ancova, p<0.01). Ghper unit kar increased over the sampling season
ard was significantly higher in September relative to all other cruises (Krig&His test, p

<0.05), also ch& per unit kar in July was significantly higher than in May.

The optical properties of Lake Erie varied vertically during periods difgtedion. In
June, kar increased with depth in the centradgst basin, was vertically static in the central

basin, while in the east basin epilimnetic and metalimnekie kheasurements were significantly
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higher than hypolimnetic measurements (Krushkélllis test, p <0.10). In Julypkr

measurements the hypolimnion in the central and central west basin were significantly higher

than epilimnetic measurements (Kruskidallis test, p <0.10). In September, epilimneiigk

were statistically higher thametalimnetic values in the centrakst and central basins (Kruskal

Wallis test, p <0.10), and also decreased through depth in the east basin though this gradient was

not statistically significant.

Table4.1: Spatial and temporal patterns gik[m™] in Lake Erie. Mean values are presented

with standard deviation and sample size for each basin and strata across four cruises.
W, CW, C and E refer to the west, centnadst, central and east basin respectively.

Epi, M and H refer to the epilimnion, metahion and hypolimnion respectively. For
values in Epi, superscripts refer to basin(s) with statistically significant smallexs
(KruskalWallis test, p <0.10). For values in the M and H, superscripts refer to
statistically significant intrdasin diferences (KruskalVallis test, p <0.10).

Italicized numbers are the spatially weighted mean values for basins and the lake.

Month Basin

Days Strata W Ccw C E

May Epi 0.70 (0.16,135"" 0.42 (0.17,6) 0.39 (0.14,10)

120124 Mean Lake: 0.41

June Epi 0.54 (0.31,16)'  0.26 (0.05,8) 0.25 (0.04,21)  0.22 (0.03,8)

158163 M 0.25 (0.04,8) 0.24 (0.04,21)  0.21 (0.04,8}'
H 0.32 (0.07,8) 0.25 (0.06,21)  0.15 (0.05,8)
Mean Lake: 0.28 0.29 0.25 0.17
Epi 0.90 (0.60, ¥°© 0.39(0.12,4) 0.35 (0.22,7)

July M 0.36 (0.02,3) 0.31 (0.16,6)

200203 H 0.56 (0.01,25" 0.63 (0.51,55"
Mean Lake: 0.50 0.41 0.31
Epi 0.78 (0.35,16)"  0.42 (0.12,8F"  0.35 (0.06,22Y  0.29 (0.04,8)
M 0.23(0.03,7) 0.25 (0.07,20)  0.26 (0.09,7)
H 0.28 (0.04,7) 0.26 (0.11,20)  0.23(0.10,7)
Mean Lake: 0.40 0.41 0.34 0.27
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Section 4.3.3: Nutrients

Figures4.6 to 4.9 and Tablegl.3 to4.7 document spatial and temporal patterns of total
phosphorus (TP), soluble reactive phosphorus (SRP), ammoniug) @éNékilica (SiQ) in Lake
Erie. Nearshore (&x < 10 m, n =37) stations are omitted from this analysis as the most nutrient
measurements made under the IFYLE program are from the offshageX4.0 m, n = 495).

TP, SRP and Nhwere all higher in the nearst® though only the nearsheoéshore TP
gradient was statistically significant (studeést, p < 0.05). At each offshore station, one
epilimnetic sample and a minimum of one wplimnetic sample were taken, allowing for a
descriptive examination a@e vertical pattern of nutrients through space and time.

Temporal and BasiRatternsi Lakewide mean averages of TP and SRP exhibit a bi
modal seasonal pattern with high values in May that quickly decline in June and gradually
increase to their obsemyenaxima in September, consistent with previous studies (Guildford et
al. 2005). Conversely, lakewide mean averages ofaid SiQ are lowest in May and steadily
increase through the season. The west basin of Lake Erie receives ~60% of the annumel TP poi
source loading (Dolan and McGunagle 2005) so disparate spatial patterns of nutrient loadings
yield longitudinal gradients in ambient concentrations. With the exception paANHSIQ in
September, basin averaged nutrient concentrations were highestwest basin throughout and
most differences were statistically significant (KrusWéllis test, p <0.10). Across basins TP
and SRP generally declined towards the east basin, this pattern was reflected in all strata.
Relative to all other measuredtriants, NH, had the highest intrhasin variability and least
statistically significant differences between basins. In May and June the highest mgan NH
concentrations occurred in the west and east basin respectively, in Juiy thiel west basin

was sétistically higher than all other basins (Kruskellis test, p <0.10), and in September



NH4 was highest in the centralest basin.

Vertical Patterns Figures4.6to 4.9 and Table<l.2 to4.5 documents that statistically
elevated sufepilimnetic nutreént concentrations occurred at the onset of stratification in June,
persisted through July, and were nutrispecific in September. Statistically significant elevated
subepilimnetic concentrations were most prevalent in the ceweat and central bass.

Vertical gradients were generally diminished in the relatively nutrient poor east basin, though this
basin had the least intensive sampling. In June hypolimnetic TR, ad#l Si@ concentrations

were significantly higher than epilimnetic concentras in the centralest and central basins
(KruskatWallis test, p <0.10). The metalimnion was also more nutrient enriched, but the
differences between strata were not statistically significant. SRP concentrations in June were
also elevated in the hypainion, but the differences were not statistically significant. By July
hypolimnetic and metalimnetic TP and $Mere significantly higher the metalimnion in the
centralwest and central basins (Kruskahllis test, p <0.10). Relative to the epilimnionjuly,

SRP was significantly larger in the centvast metalimnion and central basin hypolimnion, and
NH,4 was significantly larger in the central basin metalimnion and hypolimnion as well as the east
basin hypolimnion (KruskaWallis test, p <0.10). I8eptember, the only statistically significant
vertical gradients were elevated Néhd SiQ concentrations in the metalimnion and

hypolimnions of the central basin (Kruskahllis test, p <0.10).
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Table4.2: Spatial and temporal patterns of TRj[L™}] in Lake Erie. Labels and superscripts are
described in Tabld.1

Month Basin

Days Strata W CW C E

May Epi 35.1 (35.9,39YF 10.8 (4.5,18YF 8.6 (10.2,45) 5.6 (0.8,11)

130135 Mean Lake: 11.5

June Epi 19.0 (13.3,28) 8.3 (2.0,13) 6.6 (1.9,18) 6.6 (1.4, 3)

158163 M 10.4 (3.3,11) 7.1 (1.7,15) 4.9 (0.7, 5)
H 10.5 (1.6,16}" 8.2 (2.1,30F" 6.1 (1.7, 7)
Mean Lake: 9.5 9.8 7.6 6.0

July Epi 26.0 (15.4 28)" 7.0 (2.2,19) 5.7 (1.3,27) 4.7 (0.6, 4)

197200 M 10.7 (2.4,10F" 7.8 (1.7,13f" 5.5 (0.0, 1)
H 11.0 (1.8, 9" 7.8 (2.7,215" 5.7 (2.1, 6)
Mean Lake: 9.4 10.4 6.6 5.8

September Epi 29.9 (20.0, 23" 11.0(1.6,22YF 8.5 (1.2,28) 7.9 (0.9, 6)

250253 M 11.3 (1.1,6) 9.1 (1.715) 7.6 (0.6, 3)
H 10.2 (0.8,2) 8.0 (2.0,10) 6.4 (0.3, 2)
Mean Lake: 11.8 11.0 8.5 7.3

Table4.3: Spatial and temporal patterns of SR '] in Lake Erie Labels and superscripts
are described in Tablel.

Month Basin

Days Strata W Ccw C E

May Epi 1.63 (4.24,38yF  0.38 (0.17,18) 0.38(0.46,41)  0.22 (0.04,11)

130135 Mean Lake: 0.52

June Epi 0.98 (1.35,305""¢ 0.29 (018,10) 0.26 (0.14,17)  0.60 (0.28, 2)

158163 M 0.23(0.09, 9) 0.27 (0.15,14)  0.33(0.11, 3)
H 0.33(0.15,13)  0.38(0.29,29)  0.44(0.18, 7)
Mean Lake: 0.43 0.29 0.33 0.46

July Epi 1.07 (1.14,32§"  0.14 (0.06,13)  0.05(0.06,25)  0.03 (0.054)

197200 M 0.22 (0.08,105"  0.09 (0.12,12)
H 0.20 (0.09, 9) 0.13(0.15,215"  0.08 (0.08, 6)
Mean Lake: 0.23 0.16 0.07 0.05

September Epi 1.93(1.92,175%  0.51 (0.17,27%% 0.35(0.13,31)  0.25(0.08, 7)

250253 M 0.37 (0.12, 6) 0.34(0.12,15)  0.20(0.10, 3)
H 0.80 (0.00, 2}’ 0.35(0.11, 9)  0.40(0.14, 2)
Mean Lake: 0.59 0.51 0.35 0.30




Table4.4: Spatial and temporal patterns of Nity L] in Lake Erie Labels and superscripts are
described in Tabld.1.

Month Basin

Days Strata W CW C E

May Epi 23.9 (37.7,38) 9.2 (3.2, 18) 8.0 (3.8, 45) 95 (3.8,11)

130135 Mean Lake: 10.5

June Epi 17.9 (21.0,30) 5.9 (2.0, 10) 6.5 (2.7, 17) 20.3 (21.8,2)

158163 M 8.3(7.8, 9) 7.6 (4.1, 14) 17.2 (10.3,3
H 18.7 (10.2,13P"™ 20.0 (13.5,295"" 18.0 (10.8,7)
Mean Lake: 15.1 12.8 14.1 15.1

July Epi 33.4(32.7,32)"  14.1 (10.6,13) 10.7 (9.3, 25) 6.9 (0.9, 4)

197200 M 25.6 (15.6,10) 24.2 (19.3,125" 11.4(0.0, 1)
H 25.0 (14.39) 23.8 (13.1,215"  30.8 (15.6,6)™
Mean Lake: 19.3 17.8 16.0 18.5

September Epi 11.3 (10.1,23) 25.2 (19.6,22) 22.8 (27.3,28) 12.4 (14.5,6)

250253 M 33.6 (20.8, 6) 45.0 (23.1,15"  21.1 (11.1,3)
H 27.6 (31.0, 2) 58.9 (51.2, 9j” 45(2.3,2)
Mean Lake: 20.9 25.7 26.4 10.3

Table4.5: Spatial and temporal patterns of $ighg L] in Lake Erie Labels and superscripts
are described in Table1.

Month Basin

Days Strata W Ccw C E

May Epi 1.32(0.44,39)""  0.38(0.22,18) 0.39 (0.40,45) 0.38 (0.14,11)

130135 Mean Lake: 0.51

June Epi 1.00 (0.44,30) "¢ 0.25 (0.12,10) 0.27 (0.16,17) 0.38 (0.08,2)

158163 M 0.24 (0.14, 9) 0.28 (0.17,14) 0.52 (0.16,3)
H 0.74 (0.42,13) = 0.63 (0.34,29) "™ 0.53(0.14,7)
Mean Lake: 0.55 0.49 0.47 0.50

July Epi 1.74 (0.79,32)"  0.67 (0.77,13) 0.30 (0.20,25) 0.24 (0.02,4)

197200 M 1.46 (0.59,10) ' 0.69 (0.28,12)%"  0.25 (0.00,1)
H 1.31(0.24, 9% 0.92(0.40,21)5"  0.59 (0.26,6) ="
Mean Lake: 075 0.91 0.51 0.40

September Epi 1.11 (0.41,23) ¢ 2.38(1.57,22) 5  1.08 (1.26,27) 0.33 (0.33,6)

250253 M 3.66 (0.70, 6) 2.91 (1.16,15)%"  0.99 (0.25,3)
H 3.48 (1.05, 2) 2.63(1.35, 9)¥'  1.12(0.13,2)
Mean Lake: 1.44 2.48 1.30 0.65
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Figure4.6: Longitudinal curtains (Figurd.3) of total phosphorus (TP) during 4 surveys. Solid white lines represent the upper and
lower limits of the mean metalimnetic and hypolimnetic depths for each cruise, solid black lines represent oticaf dept
2 and 4.6.
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Figure4.7: Longitudinal curtains (Figuré.3) of soluble reactive phosphorus (SRP) during 4 surveys. Solid white lines represent the
upper and lower limits of the mean metalimnetic and hypolimnetic depths for each cruise, solithesampresent
optical depths of 2 and 4.6.
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Figure4.9: Longitudinal curtains (Figuréd.3) of silicon dioxide (SiQ) during 4 surveys. Solid white lines represent the upper and
lower limits of the mean metalimnetic and hypolimnetic depthgdah cruise, solid black lines represent optical depths of
2 and 4.6.
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Section 4.3.4: Vertical Patterns of chl a, aps; and SCFs

Chl a- Table4.7 summarizes spatial and temporal patterns of extracted dldkewide
mean averages of calprogressivelyncreased through the season, and by September were 1.9
fold higher than in May. In May, clalincreased along an eastward gradigmugh mean
differences between basins were not statistically significant (KrWkdis test, p <0.10); this is
the oppoge spatial pattern than measured nutrients at this time. During all other surveys the
west basin had statistically higher concentrations than all other basins and generally decreased
along an eastward gradient (Kruskallis test, p <0.10). In June, naéitnnetic and
hypolimnetic concentrations in the certvadst and central basins were statistically higher than
epilimnetic concentrations (KrusksVallis test, p <0.10). A similar pattern emerged in July,
though the vertically gradients were not as girand not statistically significant. In September
the opposite pattern emerged as the highest concentrations were found in the epilimnion of the
centraiwest, central and east basin.

Table4.6: Spatialand temporal patterns of ch[mg m?] in Lake Erie Labels and superscripts
are described in Tablel.

Month Basin

Days Strata W CwW C E

May Epi 2.43 (1.07,13) 2.55 (1.05,13) 3.09 (1.76,13)

120124 Mean Lake: 2.64

June Epi 3.84 (2.73,42)  1.52(0.58,19)  1.19 (0.59,20)  1.52 (1.20, 17)

158163 M 2.92 (0.98,16)" 2.35 (1.47,105" 1.92 (1.56, 16)
H 4.77 (2.07,14"  3.89 (1.95,18)" 2.78(3.18, 19)
Mean Lake: 3.07 3.44 2.89 2.43

July Epi 10.85 (9.33,75"¢ 2.53 (1.34,7) 1.98 (0.53,4)

200203 M 2.45 (0.90,5) 245 (0.0,1)
H 3.16 (0.71,4) 3.76 (0.0,1)
Mean Lake: 3.82 2.62 3.14

September Epi 10.20 (4.24,29)' 5.82 (2.44,17%"" 4.44 (1.36,175™" 2.70 (0.40,15Y""

250253 M 2.79 (1.10,11) 2.55 (1.21,18) 1.29 (0.57, 8)
H 2.43 (0.23,0) 2.54 (0.98,18) 1.10 (0.82, 4)
Mean Lake: 4.97 5.56 4.28 2.07
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aps)i - Figure4.10 and Table4.8 summarizes spatial and temporal patterns§f a
Spatial patterns ofpg, were broadly similar to those of chl In May, as; increased along an
eastward gradient while during all other surveys the west basin had the statistically highest
concentrations and-@ generally decreased along an eastward gradient. Unlikeehdwever,
lakewide mean averages ekapeaked in July, were high in Septleer and lowest in June.

Figure4.10A shows basin specific vertical gradients pf;auring May when the water
column was isothermal. At this timgssawas vertically homogenous through depth in the west
basin, but increased through depth by an avecdd 2% and 20% per optical depth in the
centralwest and central basins respectively. During the June cruise that corresponded with the
onset of a shallow metalimniornyga dramatically increased with depth in all basins and
hypolimnetic values weregificantly larger than epilimnetic values in the centvakt and
central basins (Kruskalallis test, p <0.10). The mean physical depth of Hag@eak at this
time was shallowest in the west basin and deepest in the east basin, however binnitag the da
into optical depthsz) revealed that this peak occurredzat4 in each basin, or 2% of surface
irradiance. During the July cruise that corresponded to a deeper and vertically stable
metalimnion, as; was homogenous through depth in the west basiugh due to a battery
failure in the instrumentation only two stations were sampled. In the cemsalbasin g, was
vertically omogenous through the first 3.5 optical depths, but quickly increased and
metalimnetic and hypolimnetic values were significantly larger than epilimnetic values (Kruskal
Wallis test, p <0.10). In the central basigavas highest at the bottom of theasenal
thermocline but there were no statistically significant differences between mganalaes.

During the September cruise that corresponded to a deeper metalimnion and seasonal hypoxia in
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the central and central west basins, the vertical struofuge, increased moderately through

depth in the west basin (12% increase per optical depth) but in all other basins the highest values
were in the epilimnion. At this time the seasonal thermocline was displaced below the first 6
optical depths at mostations in the centravest and central basin and was also relatively deep

(z~ 5) in the east basin.

At stations where stratification was present, epilimnetic measuremenits obamalized
to chla (a ps)) were on average 6% higher than-ggilimnetic values, though the differences
were not statistically significant-{est, p = 0.33). No significant temporal differences in mean
a*pg values emerged (KruskaVallis test), though values in May and July were similar and
approximately 17% higher thameasurements in June and September.

To estimate the degree to which vertical gradients&if\aere a product of increased
phytoplankton biomass or photoadaptation (increased pigment content per unit bioggass), a
was normalized to vertical measurertgeof the beam attenuation coefficient (a proxy for
phytoplankton biomass; Behrenfeld and Boss 2003) in June and September when these
measurements were available. In June, beam attenuation measurements were lowest in the
epilimnion and highest in the hgfimnion in each basin (data not shown), though unlikg the
only statistically significant gradient occurred in the centrest basin (KruskaWallis, p <
0.05). Relative to epilimnetic measurements in June, the beam attenuation was 24%, 15% and
8% higher in the hypolimnion of the centrakst, central and east basin respectively.
Comparing beam attenuation vertical gradients to thosgspfraJune, it is apparent that
increases in the latter can primarily be attributed to increased pigmeaigpagker unit
biomass. For example in the cemnadst and central basinysa per unit beam attenuation were

respectively 2.56 and 3.26ld higher in the hypolimnion than the epilimnion. In September,



there were no statistically significant differescoetween mean beam attenuation coefficients in
the centralest, central and east basin (Kruskéllis, p>0.10).

SCF- Figure4.10 and Tablet.9 summarizes spatial and temporal patterns of SCF where
values in the lighsaturated region (& 2 «) avelbeen omitted. SCF values are critical
when estimating PP as they linearly scalg and light limited photosynthesis (E44). In a
relative sense, SCF values below 1 indicate phytoplankton communities that are poorly adapted
to their light enironment and values above 1 are indicative of phytoplankton communities well
adapted to their light environment (Markager and Vincent 2001).

Figure4.11 provides an illustrative example of temporal patterns in spectral shapegs of E
and ag; and their nfluence on SCFs. Data from this figure corresponds to measurements taken
at an optical depth of 5 from two stations (954 on days 123 and 200, ER37 on days 160 and 251)
separated by a distance of 14.5 km in the central basin of Lake Exievakues athese two
stations were 0.52, 0.21, 0.28 and 0.32 on days 123, 160, 200 and 251 respectively. Following
Chapter 3the wavelength of mean spectral irradiance is highest (543 nm) on day 123pahen k
= 0.52 nt and lowest (521 nm) on day 160 whende 021 ni* as indicated in Figuré.11
with color coded arrows. When normalized tgsdm; the evolution of the spectral shapes of
aps) demonstrates that as the stratified season progressgtieaame increasingly composed of
accessory pigments (abstign between 52% 610 nm) thereby increasing the wavelength of
mean spectral absorption over time. In May, the wavelengths of mean spectral irradiance and
absorption are separated by 29 nm and the resultant SCF (0.78) is indicative of a phytoplankton
conmunity poorly adapted to the light environment. During all other cruises the wavelengths of
mean spectral irradiance and absorption are separated by less than 6 nm and the resultant SCFs

(1.1371 1.15) are indicative of phytoplankton communities well addpo their light
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environment.

Summarized in Tablé.9, SCF values are at their seasonal minima in May, especially in
the west basin where the lowest recorded values were found. By June, SCF values increased in
all basins with similarly high valuesdod in July. Mean lakewide SCF values decreased in
September. Spatially, the highest values in May were in the cemsalbasin while during all
other cruises the highest values were found in the central basin. SCF values were lowest in the
west basirthroughout, though the dominance of phycocyaith cyanobacteria in June and
July (Rattan 2009) increased SCFs relative to other surveys. Vertically, in May SCFs decreased
through depth in all basins. In June, SCF values also decreased with déeptivest basin,
were slightly higher in the metalimnion than all other strata in the ceméstland central basins
and were highest in the hypolimnion of the east basin. In July, SCF values were homogenous
through depth in the west basin, and increasathdtically in the hypolimnion of the central
west basin where values were significantly higher than the epilimnion. A similar vertical pattern
occurred at this time in the central basin though no significant differences were found. In
September verticalariations were less pronounced, though metalimnetic and hypolimnetic

values in the centrallest and central basins were slightly higher than epilimnetic values.



Table4.7: Spatialand temporal patterns of@ [m*A i0 Lake Erie. Labels and parscripts
are described in Tablel.

Month Basin

Days Strata W CW C E

May Epi 1.62 (0.63,12) 2.05 (0.90,9) 2.23 (0.96,7)

120124 Mean Lake: 1.96

June Epi 3.53 (5.60,8)' 0.76 (0.42,6) 0.53 (0.33,4) 0.68 (0.23, 5)

158163 M 1.19 (0.B,6) 0.78 (0.49,4) 0.94 (0.68, 5)
H 2.51 (1.13,55" 2.01 (1.19,45"  1.09 (0.97, 5)
Mean Lake:1.68 1.72 1.38 0.99

July Epi 21.9 (27.4,2§ 1.46 (0.42,7) 1.63 (0.43,4)

200203 M 2.46 (1.01,65" 1.82 (0.07,3)
H 2.95 (1.70,55” 2.12 (0.72,2)
Mean Lake: 4.51 1.88 1.96

September Epi 6.0 (4.9,7f 4.40 (1.46,45 3.07 (0.66,55"  2.00 (0.26, 5)

250253 M 1.67 (0.00,1) 1.68 (0.39,3) 1.63 (0.44, 3)
H 1.21 (0.81,2) 1.58 (0.60, 2)
Mean Lake: 3.45 4.18 2.95 1.83

Table4.8: Spatialand temporal patterns of SCF in Lake Erie. Labels and superscripts are

described in Tablé.1.

Month Basin

Days Strata W Ccw C E

May Epi 0.89 (0.04,12) 1.00 (0.05,9Y 0.93 (0.08,7)

120124 Mean Lake: 0.93

June Epi 1.03 (0.08,8) 1.11 (0.02,6) 1.20 (0.13,4Y 1.09 (0.04, 5)

158163 M 1.13 0.05,6) 1.25 (0.20,4) 1.08 (0.04, 5)
H 1.10 (0.06,5) 1.17 (1.06,4) 1.16 (0.09, 5)
Mean Lake:1.14 1.11 1.19 1.13

July Epi 1.04 (0.13,2) 1.06 (0.05,7) 1.06 (007,4)

200-203 M 1.20 (0.13,6) 1.04 (0.15,3)
H 1.35 (0.16,55" 1.21 (0.08,2)
Mean Lake: 1.12 1.13 1.15

September Epi 0.93 (0.06,75 0.97 (0.09,4) 1.09 (0.63,5Y 1.05 (0.03, 5)

250253 M 1.08 (000,1) 1.13 (0.14,3) 1.03 (012, 3)
H 1.17 (0.07,2) 0.96 (0.07, 2)
Mean Lake: 1.03 0.98 1.10 1.02
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Table 49: Spatialand temporal patterns of SGHn Lake Erie. Labels and superscripts are
described in Table 4.

Month Basin
Days Strata W CwW C E
May Epi 0.71(0.06,12*"  0.62(0.05,9) 0.67(0.08,7)
120-124
June Epi 0.77(0.29,8*"°F  0.52(0.07,6) 0.51 (0.18,4) W 0.47(0.06, 5)
158163 M 0.52(0.10,6) 0.52 (0.07,4) 0.46(0.14, 5)
H 0.53(0.05,6) 0.54 (0.044) 0.53(0.13, 5)
July Epi 1.05 (0.43,2) 0.76(0.28,7) 0.67 (0.06,4)
200203 M 0.65(0.07,6) 0.68 (0.13,3)
H 0.58(0.03,5)%" 0.60 (0.04,2)
September Epi 0.92 (0.26,7) 0.84(0.05,4) 0.79 (0.08,5) 0.84(0.10, 5)
250253 M 0.67(0.00,1) 0.79 (0.10,3) 0.87(0.10, 3)
H 0.72 (0.08,2) 0.74(0.00, 1)
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Figure4.10: Mean vertical distribution ofeg; and SCF in A) May (Day 12024) and B) June (Day 15853) for each basin. Grey
shadow is the approximate optical depth of the seaiogranocline.
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Figure4.10 continued:Mean vertical distribution ofig; and SCF in C) July (Day 26203) and D) September (Day 2263) for each
basin. Grey shadow is the approximate optical depth of the seasonal thermocline.

14¢



