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General Abstract 

The aim of this work was to investigate and quantify the effects of ultraviolet radiation 

(UVR) in L. Erie phytoplankton communities. Briefly, primary production, measured as ;4C 

incorporation over time, was determined during the late spring and summer months of 1997 

and l 098. While al! t..½.:ee ~~i::s 8f L. Eric ·,;:ere .sai.upb:l, the Ea.st basin was under represented 

relative to both the Central and West basins. In all experiments, determination of the effects of 

UVR on primary production was carried out using natural solar radiation which was selectively 

screened by various optical filters or modified using ultraviolet B tUVB) lamps. 

In L. Erie, liv"B inhibited primary production severely (58~ o) but only in ,·ery severe 

exposures, as would be experienced at the surface. The kinetics of inhibition were. hO\vev.:!r. 

rapid suggesting that short exposures, as would occur under mixing, could result in significant 

inhibition. No simple and strong relationships could be identified between the efficiency of 

UVB in inducing photoinhibition and measures of phytoplank-con light history or micro- and 

nanoplank-con dominant genera. However, TJVB inhibition efficiency was higher for 

phosphorus (P) deficient than P-replete algal assemblages. l.J"VR significantly affected the 

proportion of production in the particulate (POC; <1 and >2 µm) and dissolved (DOC) organic 

carbon pools resulting in higher production of DOC and reduced production in the small 

particulate carbon fraction (i.e. picoplank-con). LTVR may, therefore, have important effects on 

the carbon flow dynamics of for near-surface populations of L. Erie. Additionally, basin­

specific PAR and LTVR transmission properties showed that the West basin of L. Erie is 

potentially more susceptible to (.JVR photoinhibition than either the East or Central basins. 

However, predictions of the effects ofl.JVR on primary production remain elusive \\-ithout 

-IV-



further model development. Furthermore, evidence of a significant role for lJVA as an inhibitor 

of primary production underscores Lhe need for a more inclusive approach, that is modelling 

photoinhibition in terms of total spectral effects. 

A new model (the R model) for the response of photosynthetic carbon fixation to UVR 

was formulated, allowing finite rates of recovery and the incorporation of wavelength 

interactions, and was tested against observations on phytoplankton communities in L. Erie. 

Additionally, biological weighting functions (BWFs), the first for freshwater ph11oplankton 

assemblages, were determined. The application of both the R model and the B WFs successfully 

described the kinetics of UVR- and PAR-dependent photoinhibition in L. Erie. These results 

indicated that, in this large lake. recovery rate processes were active yet not in equilibrium with 

damage rate processes and that variations both in spectral sensitivity (expressed by the B\VFs) 

and recovery rate constants \Vere important determinants of ph)1oplankton response to l'VR. 

Possessing both measures of spectral sensitivity and recovery rates, losses of daily 

production were calculated under mixing and water transparency scenarios that span the 

common range of conditions in L. Erie. Predictions of daily integrated photoinhibition {PI,nJ 

were insensitive to variations in mixing rates, although, simulated mixed conditions always 

resulted in higher daily losses of production than simulated motionless •.vater column. The 

contribution of each spectral waveband to PI;nr also varied linle \\,ith mixing scenarios. 

Unexpectedly, PI;m was always highest in the relatively turbid, and shallow West basin, 

regardless of the mixing scenario. Furthermore, this inhibition was enhanced when the presence 

of shallow 'temporary' thermoclines, which frequently develop in this basin, was simulated. 

Although ozone depletion is a major concern, a simulated 20% reduction of ozone over L. Erie 
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resulted in a minimal increase of Piint even in the relatively sensitive West basin. Sensitivity 

analysis revealed that variations of phytoplankton susceptibility to UVR, and of their recovery 

rates, over the ranges observed to date in L. Erie, could lead to 5% to 20% loss of production 

under normal mixing conditions. 

Overall, UVA., rather than UVB or PAR. appears to be the major waveband responsible 

for photoinhibition of primary production in L. Erie. The impacts of climate change and human 

activity on transmission of uVA are therefore more of a concern than ozone-related variations 

of UVB for primary production in the Laurentian Great Lakes. 
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Primary Production 

The productivity of any organism is related to the rate at \vhich organic matter is 

synthesized. Net productivity is the balance between the amount of energy fixed into organic 

carbon and that which is lost to predatory (i.e. grazing) and non-predatory ( e.g. respiration. 

of all micro- and macro-algae, as well as higher plants, but here the discussion will be focussed 

on the free-floating microalgae (i.e. ph::,1oplankton). Primary production by ph:-10plankton has 

long been a subject of research becJuse of its importance as the foundation of many aquatic 

food \vebs and, more recently, because of its major role in global carbon cycling and. by 

implit:ation. climate change (Falkowski and Raven 1997). 

Primary production is a func:ion of both phytoplankton production rates and standing 

crop, \vhich are both ·regulated· in fundamentally different \vays I Harris 1986 l. Production 

rates of phy10plankton are largely controlled by physical factors such as light. temperature and 

mixing depths (Tilzer 199 I 'i. Temperature exerts its influence by affecting enzymes involved in 

photosynthesis (Fee et al. I 987, Reynolds i 984) and metabolic acti\·ity ( e.g. respiration: Tilzer 

1991 ), whereas light intensity and mixing depths determine the amount of light reaching 

phytoplank."ton cells for photosynthesis (Reynolds 1989). The biomass yield (or standing cropl, 

on the other hand. is controlled by a multitude of factors. The maximum achievable standing 

crop follows Liebig' s law of the minimum, and is set by the availability of nutrients, -.vhich 

determines the maximum carrying capacity of a water body (Tilzer 1991 ). Generally, however, 

a variety of loss processes such as respiration, grazing and sedimentation will prevent this 

upper limit from being reached. 
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Seasonal patterns in primary production in the temperate zone are mainly driven by 

fluctuations in solar and kinetic energy. The former determines the light and, thereby, the heat 

inputs to an ecosystem. while the latter controls the mixing processes of the \Vater coiumn, that 

is, the heat distribution and its dissipation (Reynolds 1989). The variations in both these factors 

are imponant determinants of the physico-chemical properties of lakes and the amplitude of 

change in these properties is a function of latitude. higher latitudes experiencing greater ranges 

in variability (Beaver and Crisman 1991. Wetzel 1983 'i. 

In temperate lakes. thermal stratification is an important physical change which greatly 

influences primary production (Valiela 1984). it occurs when the temperature oflake surface 

waters increases at a greater rate than the heat can be distributed by mixing processes. This 

results in a relatively shallow well-mixed !tratum of warm water below \v"hich lies the 

thermocline. a stratum of water where temperature changes rapidly with depth !typically 

> l ~c-m·1
; \Vetzel 1983). This physical change confers stability to rhe water column. implying 

that greater amounts of energy are required to breal( dO\\TI this density barrier. In temperate 

latitudes. the process of stratification generally begins in late spring-eariy summer, transiently 

favouring primary production through increasing light availability /reduced mixing depth and 

increased solar insolation) and gro\vth temper:nures (Barnes and Hughes 1988, Valiela 1984). 

Conversely, in late summer-early fall. as water temperatures cool due to shorter days and 

possibly more frequent meteorological disturbances, the therrnocline depth increases resulting 

in gradually deeper mixing depths until the whole water column has turned over (Valiela 

1984). In the early stages of the break do\vn of thermal stratification, primary production may 

be favoured due to nutrient inputs from deeper nutrient-rich waters (Barnes and Hughes 1988). 



Although an accepted generality, this pattern will vary with lake trophic status (Lampert and 

Sommer 1997). 

The seasonal fluctuations in mixing depths of lakes due to changes in heat inputs and 

the frequency and intensity of meteorological disturbances are also important influences on 

primary production (Reynolds 1989). The depth of mixing will largely determine the mean 

irradiance to which phytoplankton are exposed, thereby affecting primary production. If mixing 

depth is sufficiently great. respiratory losses should equal or exceed photosynthetic income 

\Vhen averaged over a 24 h period. and no net primary production should occur: this reasoning 

has been formalized (and criticized) as the critical depth concept (e.g. Smetacek and Passow 

l 990). Mixing depth becomes important in the context of seasonal changes in mixing and 

undoubtably influences production in temperate lakes when deeper mixing occurs in :he spring 

and fall months. The seasonally alternating mixing and :hermal stratification events also 

influence the cycles of nutrients essential in sustaining primary production (Valiela 1984 ). 

\Vell-mixed water columns have relatively high concentrations of nutrients in surface waters 

whereas under stratified conditions. nutrient depletion occurs due to constant uptake and 

relatively low regeneration and resuspension processes as \vell as reduced inputs from nutrient­

rich deep waters. 

Although the regularly alternating piiysico-chemical properties of temperate lakes are 

the main driving forces governing the recurring seasonal trends in primary production, 

biological factors such as grazing and species specific optimum grov.,th conditions also 

contribute to seasonal fluctuations in rates of production a.11d biomass levels (Reynolds 1984 ). 

The seasonal patterns of plankton has been described by the PEG-model which considers both 
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the physico-chemical and biological factors influencing ph11oplankton standing crops and 

dominant species successions (Sommer 1989). This model relates phy1oplankton biomass and 

species composition changes to water column temperatures ::.nd mixing dynamics, light and 

nutrient availability as well as grazing pressure. Generaliy, the observed seasonal panerns in 

phy1oplankton succession can be coarseiy related to seasonal shifts between energy-limiting 

(spring and fall) and nutrient-limiting (summer:1 conditions. These different limiting conditions 

int1uence species succession because species vary in their preferences for light and 

temperature. in their physiology and their nutrient uptake and nutrient saturation parameters 

(Reynolds 1984 and references therein). 

Light Availability 

Primary production is inherently dependent on soiar radiation to dnve the 

photosynthetic conversion of inorganic carbon to organic substrates. Physiologically. 

phy1oplanh.'ton will respond to light by adjusting. for example. their pigment content or their 

energy transfer efficiencies to reach maximum achievable gro\\1h within the given conditions. 

[n light limited conditions, the rate of photosynthesis will be determined by the rate of photon 

absorption (rate limiting step: Falkowski and Raven i 997). Phytoplankton can deal with these 

lov,, light conditions by either changing their number of functional photosynthetic units (i.e. 

photosystem IT (PSII)) or altering the absorption cross section of PSrI (Falkowski and Raven 

1997). In natural communities, the efficiency with \vfoch phy1oplank-ron \\-ill utilize any 

absorbed light \\-ill not only depend on their light-history, that is their acclimation state. but 

also on community size structure and taxonomic composition (Fahnenstiel et al. 1989 and 

references therein, Madariaga and Joint 1994). 
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In light saturated conditions, photon absorption by definition exceeds the rate at which 

electrons are transferred in the photosynthetic electron transport chain (P :ic), making electron 

transport, and the factors \vhich limit it, the controlling factor for photosynthetic rate 

(Falkowski and Raven 1997). yfaximum achievable photosynthesis is related to the number of 

functional photosynthetic units as well as ~he maximum rare at which electrons are transferred 

from water to carbon dioxide, that is the capacity of the photosynthetic unit to generate 

reducing power (Tilzer and Beese 1988). While light limited rates of photosynthesis are largely 

governed by the available light. carbon fixation, the ultimate goal of photosynthesis. is 

intrinsically temperature dependent because it is enzymaticai!y controlled I Falkowski and 

Raven 1997, Jewson l 976). But light saturated rates \,\·ill be reb.ted to light-history because 

some of the Calvin cycle enzymes are activated by intermediates or by the change in pH in the 

stroma which both occur during photosynthesis (Gallegos et al. i 983. Hader and Te\·ini I 987). 

Other factors such as nutrient availability (_Senft i 978). phytoplanl"ton community structure 

(Fahnenstiel et al. 1989 and references therein). ph11oplankton size C\Iadariaga and Joint I 99-l-) 

and zoo plankton abundance (~fakarewicz 1991) \Vil! also influence the rates of light saturated 

photos1nthesis of ph11oplankton communities. 

Inhibition of photosynthesis by supersaturating light levels is not uncommon in aquatic 

systems and phy1oplankton have e\·olved mechanisms to minimize and/or cope v,ith the 

damaging effects of excess light. Photoinhibition is inherently dependent on light intensity (i.e. 

irradiance) and the duration of exposure to inhibiting radiation, and is manifested as a decrease 

in the light saturated rates of photos::-,nthesis (Falkowski and Raven 1997). As mentioned 

above, maximum photosynthetic rates are related to the number of functional photosynthetic 
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units and the rate of electron flow through the Pete· To maximize the rate of electron flow or to 

minimize the effects of unbalanced excitation energy distribution behveen PSI and PSII. one 

available coping mechanism in vol \'es the phosphorylation of the light harvesting complexes 

(LHC) (Hader and Tevini 1987). This rapid response to high light. regulated by the redox state 

of the plastoquinone (PQ) intermediates in the P !tc, fa\'ours 3. balance between photon 

absorption and electron transport (Falkowski and Raven 1997'). Excess excitation energy can 

also be dissipated thermally, via ph,Jton absorption by accessory pigments (i.e. carotenoidsi 

(Falkowski and Raven 1997). Additionally. carotenoids confer ?rotection against 

photooxidation by reactive oxygen species (specifically singlet oxygen) which can be pre\'alent 

in high light conditions (Hader and Tevini 1987). 

The above mentioned light dimate conditions ,vere discussed within the :-ange of 

natural variability, however. anthropogenic disturbances ha\·e lead to changes :n the spectral 

balance of solar radiation and concomitant detrimental effects on primary production have been 

observed. 

Ultraviolet Radiation in the Environment 

Since the early 1900s man-made chemicals have been making their way into the natural 

environment in significant quantities. By the early 1970s, concern for the environmental 

repercussions of anthropogenic compounds in natural ecosystems \Vas prevalent. [n 1974 

chlorofluorocarbons (CFCs) were linked to the catal:tic destruction of stratospheric ozone (OJ 

(Molina and Rowland 1974) and, in 1987, 27 countries signed the Montreal protocol 

committing themselves to reducing the production of 0 3 destroying substances (U.S. EPA 

1998). Today, 160 countries have joined this international effort to eliminate the use and 
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production of 0 3 depleting chemicals. Despite these efforts, it is anticipated that 0 3 destruction 

will continue well into the next century, not only because CFCs are rather persistent chemicals 

but also because increases in greenhouse gases will lead to reduced stratospheric temperatures 

accelerated rates of 0 3 destruction ( Whitehead et al. 2000 and references therein 1. 

The global 0 3 layer plays a vital ecological role as it strongly absorbs the ultra\·io[et 8 

(lTVB; 280-320 nm) portion of the solar spectrum (Lubin et al. 1989), protecting the earth from 

this high-energy, damaging, radiation (Kondraryev and V arotsos 1996:1. In Ll-ie past two 

decades, intense research into the biological effects of 0 3 depletion and the concomitant 

increase in UVB radiation has been focussed in :he .-\ntarctic t'Helbling et al. 1992. Karentz et 

al.199la.b,Karemza.ridSpero 1995.Schofieldetal.1995.Smithetal. !992. Weilerdl1d 

Penhale 1994), where a prominent 0 3 'hole' (26 x 106 km: in 1998: .\:feteorological Sef\·ice of 

Canada 1999) develops every spring. Howe\·er. decreasing leveis of stratospheric 0 3 ha\·e 

recently been reported in the northern mid-latitudes, Stolarski et al. 1992). where increased 

levels of UVB can be potentialiy devastating to these highly productive temperate regions 

(Lesser 1996). 

The Laurentian Great Lakes (LGL) are the most importa.rit freshv.:ater resources in 

North America, and in particular, Lake Erie sustains a high fish diversity and biomass 

(Bolsenga and Herdendorf 1993). Once pronounced ·dead', L. Erie has successfully recovered 

follov.ing the implementation of nutrient loading restrictions, particularly of phosphorus inputs 

(Dahl et al. 1995, Graham et al. 1996). Being part of the St-La'wTence Seaway, however, L. Erie 

has become vulnerable to the invasion of exotic species facilitated by the discharge of ship 

ballast waters. Of particular importance is the invasion of the zebra and quagga mussels 
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(Dreissena sp.) which coupled \vith the nutrient loading restrictions have lead, in recent years, 

to an increase in water clarity in L. Erie (Dahl et al. 1995, Graham et al. 1996). This change in 

water claritv mav result in a concomitant increase in the deoth to \\·hich biologicallv effective - - . - ., 

ultraviolet radiation clJVR) can penetrate in the water column, thereby, exacerbating the effects 

of increased UVB fluxes associated with 0 3 depletion in this region. Despite the ecological and 

economical importance of the LGL. research into the biological consequences of enhanced 

G""VB levels in these large lakes remains sparse (Gala and Giesy 199 I. Smith et al. I 998 & 

1999. Manvood et al. 2000, Wilhelm and Smith 2000). 

UVB is strongly absorbed by humic substances which are more abundant in lakes than 

in oceans ~Kirk 1094 'i. . ..\s a result. l'VB in most freshwater systems is rapidly attenuated in the 

first few meters of the water column (Scully and Lean 1994. Kirk 1994 ), \,\·hereas biologically 

effective UVB levels can penetrate up to 20-30 m in clear ocean \Vaters such as ,he Soud1ern 

Ocean (Smith et al. 1992, cf. Whitehead et al. 2000). Howe\·er. the top few meters of many 

freshwater systems provide favourable growth conditions for many organisms (e.g. 

ph11oplank"ton, zooplankton). Consequently, lacustrian ecosystems are \·ulnerable to enhanced 

levels of lJVB (\Villiamson 1995). In aquatic ecosystems, all organisms can potentially be 

affected by enhanced levels of lTVB. However. particular attention has been paid to 

ph11oplank"ton at the base of the food chain, ·v.·here changes in total production, nutritive value 

and/or taxonomic composition may have important repercussions at higher trophic levels. 

Moreover, these photosynthesizing organisms are important sinks for atmospheric carbon 

(Hader 1994) and an important concern is that decreased primary production due to enhanced 

UVB flu..xes may exacerbate the global warming trends (Williamson 1995) and, by association, 
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intensify stratospheric 0 3 destruction (Whitehead et al. 2000). 

Mechanisms of Action of UVR 

Changes in the Chemical Environmen-c, 

l 1ltraviolet radiation can affect phy1oplankton indirectly by altering their chemical 

enhanced photochemical breakdown of dissolved organic maner 1:DO\.f), an important light­

absorbing component of aquatic ecosystems (Scuily and Leai.'1 l 994). and altered trace nutrient 

cycling (iron. manganese, copper. cobalt'vitamin Bi:) are some of :he em·ironmental chemistry 

changes that can be induced by lJVB and ultimately affect ph~1oplankton production (\[opper 

and Kieber 2000. Palenik et al. i 991 ). Free radicals in the \\'ater column may react with. and 

oxidize, cell membranes. The photochemical conversion of DO.\1 may: l) increase tJ1e 

penetration of UV radiation in the \Xater and/or 21 stimulate :he microbial food web ( Vincent 

and Roy 1993), by converting refractory DOi\1 into labile DO~1 available to bacteria. 

Furthermore, the photochemical dissolution of colloidal or chelated trace metal complexes may 

be beneficial, in the case of iron. or detrimental, in the case of copper, to the biota. 

Biological c~~ ecr.s 

Biological effects directly induced by CVB can also occur an.d they are \\ide ranging. 

Decreased gro'wth (Quesada et al. I 995) and photosynthetic rates (Villanfarie et al. 1995, 

Cullen and Lesser I 991 ), altered nutrient uptake capabilities (Dehler et al. 198 7, Dahler 1994), 

and impaired orientation mechanisms, motility and swimming (Hader 1986, Hader 1994) are 

some of the detrimental effects UVB has been shown to induce in phytoplankton. A major role 
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of UVA in photoinhibition has also been sho\vn and at times has been deemed more important 

than UVB as a photoinhibitor in freshwater (Btihlmann et al. 1987, Smith et al. 1998) and 

marine (Helbling et al. 1992, ~eale et al. 1994, Smith et al. 1992) ecosystems. 

The main intracellular targets of DVB radiation are the nucleic acids. DNA. and R."\;'A, 

which readily absorb the shorter UV wavelengths (260 nm maxima) due to the aromatic :-c­

electron systems of their pyrimidine and purine bases (Te\·ini 1993. Karenrz et al. 199 i a). The 

induction of photoproducts in D:'JA (cyclobutane dimers. pyrimidine (6--l-'l pyrimidone adducts, 

photohydrates and DNA-protein cross-links\ can cause mutations and reduce R.°\:.-\ 

transcription, with far reaching effects on cell survival (Karentz et al.199-4. Vincent and \'eale 

.2000). Cyclnbutane dimers and pyTimidine (6--+) pyrimidone adducts a:e probably the most 

damaging nucleic acid alterations which affect cell surTival (Karentz et al. l 994t While 

P:Timidine (6--+) pyrimidone adducts are produced at less than one tenth of cyc!obutane dimers. 

they cannot be excised and repaired like cyclobutane dimers. arid therefore are relatively more 

toxic, capable of producing long term damage and ultimately death (Vincent and Quesada 

1994. Vincent and ~eale 2000). 

Additional molecular targets of lTVB ,adiation are proteins and lipids. [n proteins. it is 

the aromatic amino acids (phenylalanine. ~Tosine and tryptophane) which are responsible for 

the absorption in the L,"V range of the spectrum (Hader and Tevini 1987, Karentz et al. 1991b). 

Consequently, disulfide groups of amino acids, important for their tertiary structure. can be 

directly split by CVR (short and longer ultraviolet wavelengt11s) or indirectly via the action of 

free radicals produced by UVR, thereby changing the structure and function of proteins (Hader 

and Tevini 1987, Palenik et al. 1991, Armstrong and Buchanan 1978). Two examples of UVB-
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associated protein inactivation are the photomodifications of 1) an integral protein associated to 

photosystem II (PSII); and 2) the carbon-fixing enzyme, ribulose-1.5-bisphosphate 

carboxylase/oxygenase (Rubisco ). In the PSI! complex, the D 1 herbicide binding protein seems 

to be a target of lJVB radiation (Greenberg et al. 1989), its degradation being mediated by 

photosensitizers. The photomodification of Rubisco can occur via a cross-linking between a 

large and small subunit of the enzyme complex (\Vilson et al. 1995). Damage to either of these 

proteins can affect photosynthesis either by limiting the supply of reducing power (i.e. ATP and 

~ADPH generated by the photosynthetic electron transport chain) or by reducing maximum 

photosynthetic potential (i.e. constraining the capacity of the Cah·in cycle l. 

Lipids are also susceptible to l 1VR toxicity, especially by rhe increased production of 

reactive oxygen species (namely 10: and Offt resulting in the oxidization of isolated or 

conjugated double bonds in the fatty acyl moieties of cellular lipids (.-\sada and Takahashi 

1987. Vincent and ~eale 2000). Direct absorbance ofLVB by the double bonds of the fatty 

acids can produce lipohydroperoxides (LOOHs) via radicals in the presence of oxygen ,Hader 

and Tevini 1987). Photosensitizers <often photosynthetic pigments) can lead to lipid 

peroxidation via two types of reactions 1 'i by directly reacting with the substrate thereby 

producing radicals (Type f); or 2) indirectly by exciting ground state triplet oxygen <30:_) to its 

singlet oxygen CO:) excited state '-Vhich can react with lipid substrates producing LOOHs 

(Type IT) (Girotti 1985). Lipid peroxidation reactions can also be initiated by transition metals 

(e.g. iron and copper) by direct interaction \\-1th LOOHs or indirectly though the production of 

hydroxyl radicals (Off) (Haber-Weiss cycle; Gironi 1985). 
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Protection and Repair Mechanisms 

Protection 

Ph:,toplankton have evolved mechanisms to deal v.:ith damaging CVR radiation. 

namely avoidance. screening, quenching and repair (Vincent and Roy 1993). Phytoplankton 

p.::,cei,·e tight \ ia. pholorc::(.'.c:ptors c.nd respond accordingly by moving to more favourable 

depths within the water column (Vernet 2000 and references therein). However. as of yet. no 

specific CVB photoreceptor has been described in phytoplankton. while green and C\".-\.. blue 

light photoreceptors are well known (V emet 2000. Rudiger and Lopez-Figueroa i 992) .. -\s 

such, algae can respond to increases ~n photosynthetically acti\·e radiation \PA.R l arid CV.-\. 

thereby concurrently reducing their exposure to L:VB radiation. but are effecti\·ely unable to 

detect independent increases of L"VB due to ozone depletion ( Roy 2000'!. \\ nile avoidance 

mechanisms are the first line of defence against damaging CVB exposure. ozone depletion 

which results in disproportionate increases in CVB may result in unavoidable exposure. 

Given r.hat some exposure to UVR is inevitable, phytoplankton can alle\·iate L.'1e 

potential for damage by screening the inhibitir.g radiation before it damages the intracellular 

components. This involves the production of CVR (mainly long UVB and short Liv"...\; 

absorbing compounds such as mycosporine-like amino acids (Yl-\.-\s; shinorine. porphyra-334. 

mycosporine glycine-valine and palythine; Villafane et al. 1995) which are induced by, and 

provide protection, albeit incomplete, from UVB and UVA radiation (Lesser 1996. Roy 2000 

and references therein). Cellular concentration of Jvl-\..\s, in particular mycosporine glycine­

valine and palythine, have been shown to increase in Antarctic phytoplankton assemblages 

exposed to UVR, however, this acclimation response can require days to weeks (Villafane et al. 
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1995, Roy 2000). 

Light, both PA.Rand UVR, is also absorbed by the light harvesting pigments of the 

antennae of the nvo photosystems, \vhich can produce toxic radicals and excited triplet state 

chlorophylls. These can be scavenged or quenched by pigments (carotenoids) and a variety of 

enzymes (e.g. superox.ide dismutase (SOD) and ascorbate peroxidase (:-\sci) to mitigate their 

destructive nature (:-\sada and Takahashi 1987. Vincent and Roy 1993). Carotenoids will 

function closely \vith chlorophylls converting their triplet excited state l3Chl*) to a singlet 

ground state (1Chl), and scavenging • 0:, com·erting it to its ground state 30: (Asada and 

Takahashi l 987). Cltimately this absorbed energy is dissipated as heat. In the chloroplasts. 

superoxide (0: -) and hydrogen peroxide (H:O:) are produced and these species can be 

scavenged by SOD and Ase, respectively (:-\sada and Takahashi 1987. Lesser and Schick 1989 . 

.\-fiyake et al. 1991 l. Cellular concentrations of H:O: and O:· have been shO\\TI to increase 

follO\\.'ing UVB exposure in the dinorlagellate Prorocemrum micans ( Lesser 1996'1 and so has 

the specific activity of SOD in cultured and isolated symbiotic zooxanthellae (Lesser and 

Schick 1989). 

Repair 

Although some degree of tolerance. adaptation or protection from L \.R can be achie\·ed 

by the different mechanisms listed above, some damage will eventually occur and will need to 

be repaired. Repair processes related to DNA have been extensively studied (Vincent and Roy 

1993) and this damage is mitigated by inducible cellular repair mechanisms: 1) excision repair; 

2) photoenzymatic repair; 3) post-replication and 4) SOS repair (Tevini 1993). Excision repair, 

which is light independent. involves an endonuclease which recognizes the damaged site, an 
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exonuclease which removes the photoproduct, and a DNA polymerase and ligase which 

resynthesises de novo the correct DNA sequence and closes the gap, respectively. 

Photoenzymatic repair (PER). which is light dependent, involves a DNA photolyase \v-hich 

binds and, following the absorption of a photon of light (300-500nm'1, splits cyclobutane 

dimers into non-toxic monomers (Roy 2000'!. Post-replication repair and SOS repair involve 

closing a DNA sequence gap left during replication or remo\·ing false bases placed during 

replication, respectively, Cell survivai is related to the number of photoproducts induced by 

UVB radiation and relies greatly on PER (Karentz et al. 1991 a). However. since PER induction 

relies on GVA and \·isible light. \vhich do not change with 0, depletion. this repair mechanism 

rnay be unable to offset the increased rates of damage caused by enhanced L~VB fluxes (Smith 

et al. 1992, Karentz et ai. 1991 a). Repair of genetic material is critical since. for example. 

damaged proteins are repaired by de nova synthesis which requires the transcription of nucleic 

acids (\Vhitehead et 11. 2000). If this process is interrupted by damage to 0?'-:A and R..X..-A. the 

cells wili be essentially unable to repair damaged components and will ultimately die. 

The survival fitness of phy1oplanb."ton exposed to damaging CVR will largely depend on 

their ability to establish an equilibrium ben.veen the ::ates at \vhich they are being damaged and 

the rate at which they can repair that damage (Lesser et al 1994). The kinetics of these 

processes need to be elucidated to obtain a more complete picture of the overall effects of CVB 

in natural systems, and must be considered in the context of vertical mixing processes (Cullen 

and Lesser 1991, Lesser et al. 1994, Vernet 2000). In a mixed water column, phytoplankton 

cells \\ill not remain at the surface for extended periods of time. Although the kinetics of UVR 

damage have been studied and are kno\vn to be rapid ( <30 min) (Lesser et al. 1994 ), the 
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kinetics of repair are relatively unknown. Fu11hermore, it is as yet unclear how vertical mixing 

processes will alter the u,/ photoinhibitory response of ph:1oplankton. 

Biological Weighting Functions 

Spectral weighting functions (SWFs) are functions that quantify the biological response 

of interest as a function of wavelen~th (Neale 2000. CoohiiL 1 QGT1 j,_i:ri0n ::=p-=,:ty~ ::L':.·:!. 

biological weighting functions (B\VFs) are t\.vo specific types of S\VFs. but their derivation and 

applicability are very different (>Jeale 2000). Various action spectra based on different 

biological parameters of interest have been developed. such as the photoinhibition and D\'.A 

action spectra (Jones and Kok 1966, Setlow 197-+). Although the functions derived from these 

action spectra differ. they commonly demonstrate that ,he shorter L v·B wavelengths have a 

higher biological activity than the longer l~ .-\. wavelengths. mainiy a consequence of :he 

higher energy per photon content or the shorter wavelengths. Howe\·er. action spectra are based 

on a biological response to monochromatic radiation. which is clearly not encountered in the 

natural environment. While the monochromatic approach is useful in isolating the mechanisms 

of action of the different u v·R wavelengths. it lacks applicability in quantifying the effects or 

uv·R in natural systems. 

Ideally, a SWF will consider the interactions between the radiation that damages an 

organism and the longer wavelengths which induce repair processes (Cullen et al. 1992). This 

is achieved by the use of BWF, based on polychromatic exposures, whereby the response of 

interest integrates the presence of both the damaging and the beneficial \vavelengths of solar 

radiation. B\VFs quantifying the effects of lJV radiation on photosynthesis have been 

developed for laboratory cultures (Cullen et al. 1992, Neale et al. 1998a) and marine 
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phytoplankton communities (Neale et al. l 998b,c) but, as of yet, no BWFs have been published 

for freshwater algal communities. B \VFs are essential to quantify the effects of l 7VR on 

phytoplankton communities which experience great spectral variations in their radiation field 

due to mixing processes (Cullen and ;\Jeale, 1997). Csed in conjunction with kinetic and 

mixing models, BWFs can be powerful tools in describing the effects of CVR on integrated 

primary production. 

Objectives 

The aim of this work was to in\·estigate the effects of C\.R in L. Erie phytoplankton 

communities. The extent of inhibition by CVR on primary production ,vas examined and 

evaluated on a ph:1oplanh.-ron size class basis. In order to appropriately quantify the: effects in 

L. Erie. the kinetics of photoinhibition by damaging radi2.tion were investigated and biological 

weighting functions specific to L. Erie ph:toplankton were deri\·ed. Finally. to better 

characterise the L ·vR effects in L. Erie, J new broadly applicable kmetic model was used in 

conjunction with the derived B WFs to model the inhibition of integrated primary production in 

a mixed water column. 

1n chapter 2, the extent ofCVB-associated inhibition of photosynthesis O\'er time (Sh) 

is investigated in L. Erie phytoplankton communities. The percent production in the large 

(> 2 µm) and small (<2 µm) ph: 1oplanh.-ron size fractions as weil as the proportion of new 

dissolved organic carbon production is examined. Relationships between the observed response 

and various environmental variables or the taxonomic composition of the micro- and 

nanoplanh.'ton are explored. UVB is shov.n to be a significant factor for near-surface 

populations, but prediction of its effects to be elusive \\rithout further model development. 

-17-



In chapter 3, a new model for the response of photosynthetic carbon fixation to UVR is 

formulated and tested against observations on natural communities in L. Erie. As part of the 

model development, new spectral weighting functions, the first for any fresh\vater 

phytoplankton, are determined. The ne\v model is shown to make good predictions of CVR 

effects on photosynthesis, while previous models do not. and a strong role for recovery 

processes is indicated. 

In chapter -L the new model is used to calculate losses of daily production under mixing 

and water transparency scenarios that span the common range of conditions in L. Erie. The 

model's predictions of rates of recovery from photoinhibition are tested against direc~ 

measurements of recov(!ry following varied spectral exposures. and it is shown that 

phy1oplankton are generally able to recover \Vithin one photoperiod. The modelli:ig ieads to the 

first realistic estimates of photo inhibitory loss of primary production for the Great lakes. or 

indeed any freshwater system. 
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Cha~ter 2 
I 

E;-~ ects of u1:-raviolet B radiation on rat.~s 

and size distribution of primary production 

oy Lake ::rie phyt,opiankton 
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Abstract 

The impact of ultraviolet radiation (UVR) on phytoplankton primary production in I to 

Sh exposures to natural solar radiation was investigated in IO experiments during the spring 

and summer of 1997 in Lake Erie. On average. only I h of exposure was needed to produce half 

kinetics of photoinhibition. CVB-dependent inhibition of cumulative photosynthesis averaged 

36°,o (maximum 58%) in Sh simulated surface exposures. In the same exposures. conservative 

estimates of inhibition by total CVR (CVB plus part ofC\i_-\1 averaged-1-8°0. indicating :in 

important role for l:V . ..\ l 320--l-00 ru'Tl) as \Ve!! as UVB. The efficiency of CVB in producing 

photoinhibition \·aried among dates but could not be explained in any simple way by measures 

of phytoplankton light history. or dominant genera of ph~1oplan.kton. However. phosphorus IP) 

deficient mixed assemblages \Vere more susceptible to CVB damage in short-term ( I h 1 

exposures. that is. UVB inhibition efficiency was higher for P-[imited compared to P-replete 

algal communities. The impact of CVR on the particulate (PO 1JC: < 2 and> 2 µm1 and 

dissolved (DO 1JC) organic carbon pools was investigated concurrently. The percent of total 

organic carbon (TO:JC) production in the dissolved pool (~o DO 1JC) was a function of the 

lJV'B exposure level with the harshest treatments (100% PA.Rand UVB) showing significantly 

higher% OO 14C production. In the particulate pool, the proportion of the TO' 4C production in 

the particulate picoplankton fraction was significantly inhibited by both L v·B and L ·vA while 

the production in the larger phytoplankton pool was relatively higher in the presence of UVB. 

Nutrient sufficiency or deficiency was not related to either the% DO 1JC or% PO 14C in either 

phytoplankton size fraction. The apparent size-dependent lJVR impacts and the relative 
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increases in algal DOC due to lJVR stress may have important implications for the food web 

dynamics of L. Erie. Funhermore, basin-specific PAR and UVR transmission properties 

sho\ved that the West basin cf L. Erie is potentially more susceptible to uVR phoLoinhibition 

than either the East or Central basins. The proportion of the euphoric zone occupied by 

damaging liVR being 50 - 60°a higher in this part of the lake. 
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Introduction 

In the past t\vo decades, the depletion of the 0 3 layer, particularly in the Antarctic 

region of the globe, has stimulated much research on the possible biological consequences of 

this phenomenon (e.g. Helbling et al. 1992, Karentz and Spero 1995, Neale et al. 1998b. 

Schofield et al. ! 995, Smith ~t 2.L 1992, 1~.,-e:le:- :::..:..:: P .:ul;,alc ~ 99..;. J· Decreasing levels of 

stratospheric O} and increasing surface-incident ultraviolet B (l:VB) flux have also been 

reported in the nor1..t1ern mid-latitudes (Stolarski et al. 199:2. Kerr and ~vkEiroy 1993). l'VB is 

strongly absorbed by humic substances which are more abundant in lakes than in oceans \ Kirk 

1994). A.s a result, this portion of the solar spectrum. in most fresh waters. is rapidly attenuated 

in the first few metres of the water column (Scully and Lean 199-L Kirk 1994 'i. whereas l ·vg 

can penetrate up to 20-30 m in clear ocean waters such as the Southern Ocean ( Smith et al. 

1992). However, the relatively warm and we!l-illuminated shallow waters provide favourable 

gro\,th conditions for many lacustrine organisms. especially ph~1oplankton. Consequentiy, lake 

ecosystems are also vulnerable to enhanced levels of CVB (Williamson 1995). 

The Laurentian Great Lakes are among the many potentially CVB-susceptible 

freshwater ecosystems found in the north temperate zone. Lake Erie in particular sustains a 

high fish diversity and biomass (Bolsenga and Herdendorf 1993) and, in recent years, has 

experienced increased water clarity following the introduction of Dreissena spp. (zebra and 

quagga mussels) and nutrient loading restrictions (Charlton et al. 1993, Holland 1993, Dahl et 

al. 1995, Graham et al., 1996). L. Erie is the shallov..:est of the five Laurentian Great Lakes, and 

is separated into three distinct basins (East, Central and West) by Point Pelee and the 

Pennsylvania Ridge at the west and east ends of the Central basin, respectively (Mortimer 
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1987). The unique topography of this large lake has a strong infiuence on its physical and 

biological processes. For example, the shallow \Vest basin (mean depth= 7.6 m) typically does 

not stratify in the summer months and experiences much more rapid seasonal changes in its 

heat storage than either the Central (mean depth= l S.6 m) or East (mean depth= 26 m) basins 

(Barrish et al. 1987). A.dditionally, distinct east-west nutrient, turbidity and water clarity 

gradients exist (e.g. Banish ! 98"7. Dahl et al. 1995:i, The increased water clarity associated with 

the invasion of zebra and quagga mussels mJy exacerbate the effects of enhanced incident 

UVB fluxes in L. Erie, but the responses are likely to be basin-specific because of their 

differing physical and optical characteristics. 

ultraviolet radiation (UVK1 effects on phytoplankton have been extensively studied and 

it is generally accepted that UVR-sensitiviry is species specific. this being a consequence of 

differing phenotypic (e.g. external morphology and cellular organelle m-::mgement) and 

genotypic (e.g. DNA base content and sequence: antioxid:int synthesis and repair capabilities) 

characteristics (Karentz et al. 1991 a. Bothwell et al. I 993 ). Of the phenotypic traits. cell size 

has been deemed important in the overall algal UVR-sensitivity·. with smaller cells suffering 

more DNA photo product induction (Karentz et al. 1991 a). The usual interpretation is that 

smaller cells have less internal protection of the genetic material conferred by strong L'VR 

absorbers such as proteins and nucleic acids (Tevini 1993. ~vlitchell and Karentz I 993). Strong 

UVR absorption is also achieved by a class of so-called "sunscreens", the mycosporine-Iike 

amino acids (Roy 2000). However, the efficiency with which phytoplank."ton can utilize these 

compounds is constrained by both physical (i.e. size) and physiological (i.e. osmotic) limits 

(Garcia-Pichel 1994 ). In the literature, there is evidence both supporting and refuting the 
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hypothesis of UVR-dependent changes in the ta.xonomic composition of algal communities 

(Bothwell et al. 1993, Halac et al. 1997. \Vorrest et al. 1981) as well as size-specific effects of 

UVR (Boelen et al. :2000, Karentz et al. 1991 a, Laurion and Vincent i 998). Whether these 

effects occur is important because -::ha.riges in the size and species composition of these 

photosynthesizing organisms can impact the function of aquatic food webs and the global 

carbon budget (Hader 1994. \Villiarnson 1995). 

In 3.ddition to the obvious link between ph:1oplankton and higher trophic levels. algae 

are also intricately linked to lower :rophic levels. namely bacteria and the microbial food \veb 

(Thingstad et al. 1997). Healthy ph:1opla.rikton partake in the extracellular release of dissolved 

organic carbon (DOC) !Bjorsen l 9SS) whic11. in rum. is taken up by the bacteriopl:mk:on to 

satisfy their carbon requirements ,_Lignell 1990'!. >iot oniy is the production and die overall 

availability of this algal DOC subject to change by l 7VR exposure (Pausz and Herndl 1999 i. 

but. once in the aquatic environment. photomodification of this essential carbon pool can occur 

(Tranvik and Kokalj 1998). 

In this chapter, photoinhibition in L. Erie ph:10plankton communities exposed to CVR 

were measured during spring and summer, the seasons of greatest liVR exposure. The rate and 

extent of UVB-dependent photoinhibition was assessed and compared against several factors 

that may modify the susceptibility to Lrv·R damage (e,g. nutrient status, light history, a.T'ld 

phy1oplankton community composition; e.g. Gala and Giesy i 991, Helbling et al. 1992. 1994, 

Lesser et al. 1994, )ieale et al. l 998a,b, Villafane et al. i 995). Furthermore, the differential 

effects of UVR on the particulate(< 2 µm and> 2 µm size fractions) versus the dissolved 

organic carbon pools were investigated. 
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Materials and Methods 

Study Site 

Sampling and field experiments were conducted at stations throughout L. Erie (-Q=N, 

81 °W). L. Erie (Fig. 2.1) has an area of 25 500 km: and is separated into three distinct basins 

distinguished by their bathymetry and differing trophic status and water clarity (Bums 1985. 

Dahl et al. 1995). The smaller West basin (mean depth (Z"') = 7.6 m: 3 6S0 km;'i is mesotrophic 

and turbid. due to high nutrient and sediment inputs. The larger Central basin ( Z"' = l 7 .8 m: 

15 390 km") receives less nutrient and sediment loading (largely from the West basin) and is 

oligotrophic. The East basin (Zr:i = 27.0 m: 6 150 km>,. is the deepest. clearest. and most 

oligotrophic of the three basins. The deeper East and Central basins normaily stratify during the 

summer months. while the relatively shallow \Vest basin typically remains unstratified. 

::.xperimen-:al Design and Sar-1oling Protoc.,::I 

Experiments ,vere conducted on the C.C.G.S. Limnos at various stations during rive 

cruises from early :\fay to late August 1997 (Table 2.1) under relatively clear sky conditions. 

The physical structure of each lake station was measured by conductivity, temperature and 

depth sensors (EBTT and Water Quality Profiler. SeaBird Electronics Inc .. SBE-25 models). [n 

addition, casts ofa SeaBird SBE-19 equipped \Vith a SeaTech fluorometer ,vere conducted to 

characterise the in vivo cWorophyll a fluorescence profile of the water column. [ncident solar 

radiation spectra were measured v.ith a diode-array spectroradiometer (Oriel Corp. Stratford, 

CT) equipped vvith a collecting sphere, at 0.5 run intervals from 295 to 700 nm every 30 

minutes (Smith et al. 1999). In practice, little measurable radiation was found at the lower end 
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Figure 2.1: Lake Erie and the lake stations sampled throughout the summer of l 997 for 

time-series experiments 
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Table 2.1: Summary of limnological variables of the stations sampled for time-series 

experiments conducted on L. Erie between the months of \fay and August, 1997. 

Date Station Basin Epilimnion Epilimnion Chlorophyll a K:::F.~Q. \lean PAR 

Thickness Temperature at 5 m % of incident 

(m) (°C) (µg·L-i) (m.1) 

715 946 C 22 (iso.) 6.0 l.5 0.43 10.6 

3/6 946 C "l"l •• ' 
--'- (_ISO.) 8.8 "1 -__ ) 0.29 15.1 

-l-16 ........ .., 
\V 9 <iso.) 13.2 9.S 1.61 6.9 .) :J I 

516 961 C 19 (iso.) 13.-l- 1.2 0.83 3 6.3 

1/7 "1"' .:..~ E "'I 20.3 0.7 1J.36 -l-6.-l-

2/7 967 w s .., .... -
_.)_:) .2.1 0.36 32.S 

2917 ,., .... 
"-.J E 15 22.0 .... -

' "'I 
.. 0.2-+ .27.0 

30/7 0 - .. C 1 ., .. ,.., ,.., • I 0.32 .., - -
_., :) .) ,_ _ __ .;. !.-,. "'I "'I 

31/7 962 C I 1 .., .... - 2.0 0.363 .2-l-.8 ' ' -- . , 

27,'8 337 \V 9 (iso.) .21.1 15.5 1.16 9.6 

a Values of Kd?.->.R deriYed from the follo\ving relationship: K:iP:..?. = -0.026"'Transmission-2 . .258. 

a relationship derived from measured K:F'AR and transmission values from CTD casts. 

*Note that on this date in vivo chi a fluorescence was not uniformly dist.'ibuted within the 

• . d l ( F" Cl ,., ._, m1xe ayer see I=- .:.._ J 
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of the measured spectrum so UV-B in this study was quantified as the amount of radiation 

bet\veen 297 - 320 nm. The radiometer was calibrated with a lamp traceable to the National 

Bureau of Standards specifications and wavelength calibration \Vas done with reference to 

known absorption lines in the incident solar spectrum. The same radiometer was used to 

measure the spectral transmission of the optical filters and incubation \·essels used in the time 

series experiments. 

Circumstances permitting (i.e. enough light'!. underwater penetration of 

photosynthetically actiYe radiation ( P:-\R) was measured at each sampled lake station using a 

LI-COR LI-I 000 \Vith an underwater cosine quantum sensor. The light attenuation coefficient 

\Vas then determined and used to calculate the percent mean PAR within the mixed layer. :vfean 

PAR was calculated as: 

12.I, 

where I0 is the percent incident irradiance ( 100%). k:i is the vertical light attenuation coefficient 

and Z: is the depth of the epilimnion. ~fean PAR was :-eported as a percent of [
0

• 

\Vhole water samples for on-board experiments \Vere taken early in d1e morning at 5 m 

depth (except July I when water sample taken from 3 m) \vith ~iskin bottles so the incubations 

could begin by l 000 h (E.D. T). In these time series experiments, all reported photosynthetic 

rates are means of three replicate samples from independent incubation vessels. Lake water 

samples were inoculated \vith :4C-sodium bicarbonate (ICN Biomedicals; 2µCi µL· 1
) and 

dispensed into acid-washed quartz tubes (55 ml capacity) or polyst)Tene flasks (65 ml 
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capacity). The incubation vessels \Vere then placed in ultraviolet-transmitting plexiglass deck­

boxes fined with different optical filters and sampled at pre-established time intervals. Quartz 

tubes were sampled following 0.5h, lb, 2h, 4h, 6h and Sh of exposure, \Vhile polystyrene flasks 

were sampled after 1 h, 3 h and 8h . 

. -\teach sampling time and at time zero, a 5 ml subsample from each experimental 

vessel \Vas acidified with 100 µl of 6 N HCL and after ?A h fixed \\·ith 15 ml of Ecolumen1 

scintillation cocktail (IC:-I Pharmaceuticals). Total activity C.00 µLi samples were also taken to 

verify the isotope addit:ons .. -\t the end of the incubation period. an additional 5 ml sample 

from each treatment was taken and size fractioned. by overlapping different pore sized filters. 

into> 2 µm (2 µm membrane filter. Nucleoporet < 2 µm (glass fibre. GF F) and dissolved 

organic carbon (collected filtrate) fractions to assess the relative distribution of the carbon 

tracer. The filtrate sample was acidified and fixed as above. while each filter \•;as also acidified 

with 100 µL of 6 N HCl and after 24 h fixed 1.vith 5 ml of Ecolumen1 scintillation cocktail 

(IC:-I Pharmaceuticals). Photosynthetic carbon assimilation was calculated using dissolved 

inorganic carbon concentrations measured on filtered (glass fibre, GF,fl lake water from each 

station. Initial total chlorophyll a concentration was measured by fluorometry (e.g. Smith et al. 

1999) and ph:-1oplank."ton community composition by microscopic examination of samples 

preserved with Lugol's iodine. 

The optical filters were window screen (ca. 50% transmission at all wavelengths) and 

Mylar-D which selectively removes U\iB. Different combinations of these filters v.:ith the two 

different types of experimental vessels yielded a total of eight treatments \\.1th t\vo levels of 

irradiance (100% and 50% PAR) and four (100%, 50%, 30% and 15% UVB exposure levels) 
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Figure 2.2: 
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Table 2.2: Percent photosynthetically active radiation (PAR), ultraviolet A (UVA.) and 

ultraviolet B (UVB) in the different spectral treatments of the time series experiments. 

Treatment %,PAR %UVA 0·o UVB 

QlOO+ 100 100 100 

QlOO- 100 100 0 

Q50~ 50 50 50 

Q50- 50 50 0 

P30-'- 100 50 30 

P30- 100 50 0 

Pl5~ 50 
..,._ 15 

PIS- 50 "I -_:, 0 

Note: Q denotes quartz tube: P denotes polystyrene flask 
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different spectral qualities (Fig. 2.2; Table 2.2). All of the experimental treatments conducted 

in this study included at least a portion of the CV.-\ wa\·eband and the main emphasis is on 

comparisons between UVB-exposed and UVB-excluded (Mylar) treatments. However, 

comparisons between quartz and polyst:Tene vessels provided an indication of the effect of 

partial removal of UV.-\ as well. 

Measures of resDonse --c.o UVR and P.~,R 
I 

The sensitivity of the different algal assemblages to L"VB \vas assessed using a L:VB 

inhibition efficiency index: 

1 PSQ5o-
- PSo5o-

[/VBdose 

,vhere PS-:,so- and PS,~5Q. are cumulati\·e photosynthesis in :he quartz tube 50°·0 P.-\R foll 

spectrum and Mylar-D treatments. respectively. and CVBctcse is the unweighted cumulati\·e 

Lv·B exposure. The umveighted CYB exposure was used because the spectral quality within 

these treatments did not vary appreciably between sampling dates. and the unweighted CVS 

exposure showed a good linear relationship \\1th the v,eighted (Phaeodacrylum rricornzaum 

BWF; Cullen et al. 1992) exposure. Although only the SO% irradiance treatments were 

statistically analysed for any relationships with nutrient and light status indicators, CVB,nn e::. 

values were also calculated for the other three treatments and tl-iev did not siimificamlv differ . - . 

betv;een treatments. However, only the 50% quartz treatments were used for UVB-sensitivity 

analysis to minimize any masking effects that the relatively large flux of UVA and/or PAR 

.,., 
-.) .)-



might have in the 100% PA.R treatments. 

A light gradient incubator was additionally used at each station to assess light 

adaptation and the contribution of P.-\R to photoinhibition (Smith and \faly 1993). \'ine to 

eighteen subsamples of 5 mL each were incubated for 1 h, \Vith photosynthetic carbon 

assimilation estimated by the acidification method as described above. Light was from a quartz 

halogen lamp (PAR only'!. ranging from 0.4 to ca.2000 µE·m·=·s· 1
. The photosynthetic light 

response ,vas fitted to the modei of Platt et al. (1980): 

P8 = P/ · (1- e 

where P3
s is the maximum rate of photosynthesis attainable in the absence of photo inhibition, 

a3 is the initial slope of the response (a measure of light utilization efficiency). and 53 is the 

photoinhibition parameter. There was in fact no photoinhibition in any of the experiments 

(B3 = 0) so the model was re-fitted ,\·ithout the photoinhibition term to estimate the actual light­

saturated rate of photosynthesis (P\J and the ratio of P\:a3
. the photoadaptation parameter or 

Nutrient S"Gatus 

Phosphorus (P) deficiency was evaluated by a total of five indices. the atomic ratio of 

particulate carbon to phosphorus (C:P), alkaline phosphatase activity (APA), P debt assays, 

phosphorus turnover times (using "3P) and the atomic ratio of particulate nitrogen to 

phosphorus (N:P). Nitrogen (N) deficiency was evaluated by two indices, the particulate carbon 

to nitrogen (C:Nl atomic ratio and N debt assays (Guildford et al. I 994). Values suggested by 
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Healey and Hendzel (1979), based on culnrre work with freshwater species. were used to 

indicate the presence of nutrient deficiency. 

Statistical 1-\nalysis 

Analysis of variance was used to investigate the dependence of CVB sensiti\·ity on 

environmental parameters .. -\~OV.-\s were also used to test for effects nf li ghr ;md n.1.1tri~m 

status as well as effects of uVR on dissolved organic carbon production. The size-specific 

particulate organic carbon production rates ·,iolated the normality assumption for .-\:,(OV.-\s 

and could not be appropriately transformed. These data were analysed by nonparametric 

ranking analysis, to test for effects of l~VR or other environmental \'ariables on the size 

distribution of production. Due to the large spatial variability in biological and 

physicochemical characteristics in L. Erie. both the parametric and non-parametric analyses 

treated each station as a block. thereby removing the \·ariability due to location. A pasreriori 

planned, pairwise, comparisons were made using the post-hoc Tukey test to compare CVB 

exposure level effects (four painvise comparisons), overall UVB effect, uV.-\ effect and 

nutrient status effects. 
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Results 

limnoiogical Condi--cions 

.--\ total of 13-+ temperature profiles re\·ealed the nriability in establishment and depth 

of seasonal thermoclines on~r the sampling period and among basins. Seasonal thermoc!ines 

\Vere not observed at any station in .\fay. and increased in frequency and mean depth from June 

to .--\.ugust (mean epilimnion depth -:a. 15 m1. \\"ater clarity \\·as spatially heterogenous. \\·ith a 

distinct east--.vest gradient in P .--\.R ::menuation . .\.fedian \·alues of the diffuse vertical anenuation 

coefficient for PAR t Fig. 2.3) sbO\\·ed highest penetration in :he East Basin. ".\ith a median 

seasonal euphoric depth of 1 S. l m. By comparison. the C~ntr::..l J.nd \\"est basins had median 

seasonal euphoric depths of 1-1- . .l and 7 .3 m. respectively. 

The average seasonal thermociine depth \\·as also basin-specific. \\"ith maximum \ a1'Jes 

occurring in the deeper East Basin, median ; 5 .0 = 5 .3 m 1. While the East ::md Central basi:1 

stations typically stratified in ,he \\·arm summer months , 97 .5 a.'1d 88. l O o 0f the surveyed 

stations. respectively) the \Vest basin stations did not de\'elop :hermoc!ines as frequently 

(-+8.1 °·o of the surveyed stations, .. --\dditionally. shallow ·temporary· therrnoclines. defined as a 

slight change in temperature (ca. 0.5-1 =c·m.;) with depth. typically occurring in the top two 

meters of the water column. were also recorded in ca. 30% of all s,ations for which both 

temperature and in vivo fluorescence profiles (a total of 37 stations) were a\·ailable. These so-

defined ·temporary' thermoclines were differentiated from seasonal thermoclines which were 

typically deeper ( 10 - 20 m) and exhibited sharper changes in temperature with depth (ca. 2-

30C·m·1). In 1997. 'temoorarv' thermoclines were noted more frequentlv in earlv June - ... .. ... .. .. 
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Figure 2.3: 
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compared to July and A.ugust. and predominantly occurred in the West basin. Vertical profiles 

usually sho\ved iower in vivo chl a r1uorescence above these ·temporary· thermal boundaries 

than belo\v (e.g. Fig. 2.4'!. 

The limnological conditions for each station at which experiments \Vere done are listed 

in Table 2.1. Seasonal thermoclines \\·ere not established at any of the experimental 5tations in 

\[ay, June md .-\ugust \\·hereas in July all shO\\·ed signs of thermal srratification. With one 

exception. the water samples collected for each experiment were representative of the mixed 

layer, as e\·idenced by the ._-enicaily uniform :n vh·o ch! ,1 fluorescence and temperature 

distributions. The epilimnion of the East Basin station 23. sampled in late July 1t I O-l-5h. was 

not uniformly mixed (fig. 2.5b). This station was also )ampied on July ! and on both these 

occasions. subsurface ch! a fluorescence maxima were obscr-.-ed near the seasonal rherrnocli:1e . 

.-\!though uniform mixing was evident within the epilimnion on July 1. the caimer \\·aters in 

late July were associated with a depth dependent in ,·ivo ch! a fluorescence distribution within 

the epilimnion I Fig. 251. Subsurface chi a maxima were also noted at stations 95 3 and 962 

san1pled in July. at 11 and 1-l- m (top of seasonal them10cline) depths. respectively. Light 

availability. as indicated by mean P.-\R (Taoie 2.1 ). anained its maximum in the shallow 

surface mixed layer on July 1 and minimal values under unstratified conditions at deep stations 

(e.g. June 5) and in the relatively turbid West Basin (e.g .. ..\ug. 2T1. 

Phvt-ooiank:.on Charac-ceris-cics 
~ I 

>i"utrient status of the whole water samples was assessed with multiple indicators (see 

Materials and Methods). Reported here are the numerical values for the carbon to phosphorus 

and carbon to nitrogen atomic ratios but an overall assignment of nitrogen or phosphorus 
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deficiency based on all the nutrient status indicators is given (Table 2.3 ). :-"itrogen and.1or 

phosphorus deficiency occurred at every experimental station except the West Basin station 

337 sampled on June-+ and . ..\ug. 27. The severity of deficiency was not extreme at any station. 

however. 

The photosynrhesis-irradiance curves from the light gradient incubator allowed 

estimates of the maximum photosy:-ithetic rates, P3 
-::I. the initial slope t c, 3

, and the light 

saturation parameter ( Ik) ( Table 2.3 1. and thus an assessment or' the photoadaptive state or' :he 

phy1oplank·ton. Low I, t<l00 µE·m·=·s· 1 \aiues \\·ere observed on three experimental d:ues 

(June .3. June -l- and July 29'!. suggesting that the ph:,1oplarL\(ton were adapt.::d to relati\ cty low 

light conditions. 0!1e station , . ..\ug. 2-:-·1 s:.rggested a more high-light 3.dapted state. \•."hile other 

stations were intermediate (Table 2.31. 

The dominant genera of nano- and microphytoplankton \·aried between txperimental 

dates but diatoms were important throughout. frequently dominating or co-dominati:1g the 

mixed assemblages. Small r1ageilates of the Ochromo11as I Chyrsophy-.:eae, and C1:1promonas 

~Cryptophy1a1 genera were also commonly important. Picoplankton were not enumerated. but 

the size-fractionated primary production rates I beiow, indicated a substantial presence of 

photosynthetically-active picoplankton. 

Rates of photosynthesis at the outset of the incubations ·,aried a.rnong experiments and 

frequently decreased to relatively !o-..v levels within the first two hours of exposure in both 

t;v·B exposed and shielded treatments (fig. 2.6a,d). Cumulative photosynthetic rates 

normalized to uninhibited, light-saturated rates showed that the rate of decrease of relative 
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Table 2.3: Dominant nano- and microphytoplankton genera, photosynthetic parameters, nutrient status and UVB11111 elf for the 

different stations sampled in L. Erie. Values for the maximum photosyntlwtic rates (P1i
111

; µg C·µg Chi a· 1•lf1
) and the initial slope 

(cxh; µg C·m2·µg Chi a· 1·E· 1
) represent the fitted values± the asymptotic standard error of the estimatl.!. The light saturation 

parameter (I~; µE·nf 2·s· 1
) values were calculated as Ph111 :cxh and arc reported here as indicators oflight adaptation status. Nutrient 

status for the whole water sample was assessed using all nutrient deficiency indicators (see Materials and Methods), however, only 

the elemental ratios arc reported here. UVB111h,1t reported in this tahle was calculated using the 50% PAR quartz tube treatments. 

Date Station Basin Dominant Genera of P" 
Ill 

,xii I~ Nutrient Elemental LJVB111hclf 
Nano- und Micro- Deficiency Ratios 

phyh>plunkton Status 

J> N ( ':Pa C:N" lh 8h 

7/5 946 (' A 11/acoseira 4.62 ± 0.20 7.22 ± 0.83 177.7 N y 124 9.2 12.83 1.18 

3/6 946 (' Steplumotliscus 2.86 ± 0.13 13.06 ± 1.94 60.9 y N 194 9.1 3.96 0.32 

4/6 337 w /Jialoma/A 11/acose ira 5.68 :i 0.26 18.06 .I: 2. 78 87.4 N N 67 8 1.35 1.(>7 

5/6 961 (_' 1Ji11oh1J1tm/A 11/acoseira n.a. n.a. n.a. N y I 19 7.7 4.01 0.60 

117 23 E Dinoh1J1011 3.931 0.18 8.89 ± 1.11 122.8 N y 145 9.4 2.47 0.59 

2/7 967 w ( khromonas/A 11/m:oseira 3.66 ± 0.25 8.06 ± 1.67 126.2 N y 115 7.3 2.04 2.59 

29/7 23 E Anahaenal( '1J1plo111011lls 4.65 ± 0.30 14. 72 :l 2.22 87.7 y N 118 7.6 6.88 1.22 

30/7 953 C Dinohl:von/Fragilaria 4.92 ± 0.33 10.56 ± 2.22 129.5 y y 103 8.6 7.36 1.85 

31/7 962 C FraY,ilarial( Jchromonas 8.39 ± 0.46 21.11±3.61 110.4 y y 106 8.3 3.96 0.20 

27/8 337 w A 11/acoseirlll( '1:nJto111011as 5.13 ± 0.17 5.27 :!: 0.28 270.0 N N I 15 6.5 -0.98 0.13 

ararticulate C:P atomic ratio,< 129 = no P deficiency, 129 - 258 =- moderate P deficiency,> 258 = extreme P deficiency. 
hJ>articulate C:N atomic ratio,< 8.3 = no N dcfid)0icncy, 8.3 - 14.6 = moderate N deficiency,> 14.6 = extreme N deficiency. 



Figure 2.6: Instantaneous phorosymhe:ic rates. cumul3.tive photosynthesis and relative 

c) and July ( d. e, fl. Inten·al photosynthetic rates were calculated as labelled inorganic carbon 

incorporated within the specified time interval. Cumulative photosynthesis { PS:~m) was 

calculated as total incorporated carbon o\·er the exposure ;ieriod. Relati\·e cumulative 

photosynthesis was calculated as PS:urr.··ps"01 which is the realized cumulative photosynthesis in 

each treatment (PS:um) normalized tv :he cumulative photosynthesis in the absence of 

photoinhibition t PS
0
J based on an extnpolated I h optimum rate. Pane is a.band c: :nternl 

photosynthetic rates. cumulative photos;-nthesis and relati\·e cumulati\·e photosynthesis. 

respectively. observed on June-+, 1997 station 337. Panel d. e and f: interval photosymhetic 

rates. cumulative photosynthesis and relative cumulative photosynthesis. respectively, observed 

on July 30. 1997 station 953. Error bars represent 2 SE. Legend:•= lO0~o PA.R. CV.-\ and 

liVB; o = 100~:o P.-\R and UVA \vithout UVB: ■ = 100% P.-\R. 50% L7V.-\ and 30°0 CV-8: ::J 

= 100% PA.R, 50% UVA without l"V-8: A= 50% PAR. FV.-\ and L:VB; 6.= 50~o PAR. CV.-\ 

without UVB: * = 50% P.-\R, 25% uVA and 15~-o UV-B: -sz = 50% P.-\R, 25% UV.-\ ,\·ithout 

FV-B. 
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photosynthesis was notably reduced in all treatments after the first two to three hours of 

exposure, i.e. the rate of photoinhibition was not constant over time (Fig. 2.6c,f). The harshest 

treatments (100% P.-\R, high UV.-\, UVB exposure) consistently resulted in the greatest 

suppression of photosynthesis . .-\t comparable PAR exposure levels. the 30 and 15°·0 CVB 

exposure level treatments usually demonstrated less photoinhibition than the corresponding 100 

and 50% UVB treatments (Fig. 2.6·1. reflective of the milder UVR exposure encountered in the 

polystyrene flasks (30 and 15% CVB) 1Fig. 2.2). 

\Vhen phytoplankton were shielded from CVB radiation with ~{ylar-D. higher rates of 

photosynthesis were generally achieved. aithough at rimes differences were small 

(Fig. 2.6a,b,d,e ). On average. the most severe exposures to L 'v .. B (l 00°-o l diminished 

cumulative photosynthesis by 16.4° o in short-term incubations ( 1 h). but the inhibition could be 

as high as 33.0~'o (e.g. July 29: station 23 East basin). A .. rter Sh of incubation. such exposures to 

CVB resulted in 36.3% less cumulative photosynthesis on _average. and as much as 57.7°0 less 

( e.g. July 29). Rapid kinetics of UVB photoinhibition were reflected in all treatments (Fig. 

2.6c.f), particularly, in l 00% UVB exposure treatment, where ca. 50°-o of the L;VB-dependent 

inhibition of cumulative photosynthesis was attained \.Vi thin the first hour of exposure (Table 

2.4). The harshest UVB treatment yielded the greatest inhibition in both short and long 

incubations, and belov .. • 50% exposure the effects of UVB \Vere not significant on average. 

While an ideal UVA optical filter was not available, some inference of the inhibition 

potential of UVA can be made by comparing the CYB-shielded quartz and polystyTene 

treatments because the polyst)Tene removes approximately 50% of the UVA (predominantly 

shorter \.vavelengths, Fig. 2.2) while quartz has virtually 100% transmission; both are 
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Table 2.4: Average percent UVB-dependent inhibition of cumulative photosynthesis (PS) found 

following l h and Sh of exposure to different spectral treatments and the I h and Sh UVB,~h eff 

values for the different UVB exposure levels. Percent UVB inhibition was calculated as 

l 00·(PS!J\:lsh,elded - PSU\"3e,pcseJ,PS, __ .\·;;sh1eided within the different treatments. As.;rages = I SE: 

subscripts are the number of samples used in the aYerage computation. Bold \·alue.s are 

significantly ( Cl = 0.05) different from zero. 

P.-\R 

Exposure exposure 

0 o l:V-B 

inhibition 

100 100 16A±-L3:o 

50 50 8.7:::: 2.110 

30 100 ---LS= -L6c 

15 50 5.1 :::: 2.So 

lh 

0 o CV-B 

inhibition 

15.5 ± 3.810 
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essentially 100% transparent to P.-\R (Table 2.5). Follo\ving lh of exposure. the higher UVA 

treatments averaged 21.0% lower cumulative photosynthesis than the lo\ver UV.-\. treatments. 

However, the kinetics of UV.-\ inhibition so-defined showed a different pattern than the kinetics 

of l.JVB inhibition. The effects of LV.-\ on cumulative photosynthesis did not. on average. 

increase \\1th longer exposures and may even have diminished by Sh. ~e\·ertheless. the SI-, 

exposure period could result in as much as -+3. 1 ° a (:Vfay 7. station 9-+61. but on a\·erage 12.--1-0 '0. 

lo\ver cumulative photosynthesis in the high than the lo'.v l~V . .\ treatments (Table 251. The 

apparent combined effect of l.TVB and part of the CV:-\. so defined. was an average loss of 

38.0°a of cumulative photosynthesis in lh exposures and--l-S.7°-a in Sh exposures under 

simulated surface conditions (i.e. 100° o LVB exposure). 

The contribution of P.-\R to photoinhibition in the short-term was assessed by reference 

to the photosynthesis-irradiance response or phytoplankton in the light gradient mcubator ( PAR 

only). There \Vas no statistically significant e\·idence for PAR-dependent inhibition. The 

ma.ximum levels of P . .\R in the incubator were comparable to the maximum solar P.-\R levels 

observed. Although the spectral quality differed between the incubator lamp and the natural 

solar radiation. it appeared unlikely that PAR would cause appreciable inhibition on the 1 h time 

scale. The potential inhibition by PAR in longer term (Sh) exposures could not be investigated 

\1vith this experimental design. 

Inhibition E~;iciency of UVB 

Efficiency of inhibition by CVB (lJVB,nh e:r) was variable between lake stations and 

sample dates but spatial and temporal patterns were difficult to discern with our opportunistic 

sampling scheme .. ..\i"\J"OVA showed that the lJVBinn.:ff index did not vary significa11tly \Vith 
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Table 2.5: Average percent partial UVA-dependent inhibition of cumulative photosynthesis 

(PS) found follO\lv"ing l hand Sh exposure to different spectral treatments. Partial percent uV...\­

dependent inhibition was calculated using UVB-shielded treatments only and comparing l 00 vs 

30 or 50 VS 15 in the follO\Ving manner l 0O·(PS?.-\?.;:,o;:myrene - PS?AR']U3l1::-) PS~_,_?.;:,olystyrene· ...\ verages::: 

l SE: subscripts are the number of samples used in the average computation. Bold values are 

significantly ( ex = 0.05) different from zero. 

PAR Exposure CV.-\ Exposure Partial 0·o l~V...\ inhibition 

Quartz Polyst)-Tene lh Sh 

100 100 50 21.6 ± 6.5s 12.4 = 7.7g 

50 50 25 20.3 ± 5.7s l 0.8 = 7.2s 
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UVB exposure level, but it did vary significantly "'-ith time (Fig. 2.7; p < 0.00001. r = 0.243). 

The higher UVBinhetT values for the short versus long exposures underscore the rapid kinetics of 

UVB-dependent inhibition as well as the non-linear nature of the response to UVB. This non­

linearity 1.vas further emphasized when anempts \Vere made to describe the inhibition of 

cumulative photosynthesis as a linear function of the cumulative weighted UVB and short l:\-.-\ 

(297 - 34 7 nm) exposure (Fig. 2.8). as others have done before. :-\ linear regression through the 

combined data yielded a highly significant relationship (p < 0.00001) but the amount of 

variance explained was lov.- (r = 0.126'1. Analysis of individual dates re\·ealed non-significant 

relationships in three experiments, range of p values< 0000001 - 0.565) and considerable 

variation in the slope (i.e. sensitivity°!. Thus. there did not appear to be a consistent linear 

response among the communities encountered here. 

Because of the rapid nature of the kinetics of CVB-dependent photo inhibition. it was 

assumed that any difference in sensitivity to liVB ,vould more likely be reflected in the 1 h vs 

the Sh UVBinhetT index . .-\.nempts were therefore made to identify any relationships between the 

lh index of UVB sensitivity and species composition. nutrient status and·or light history. \Vith 

this relatively small data set, only simple and strong effects would be identifiable and little 

success 1.vas achieved in finding them. Community composition was not an obviously decisive 

factor, since the same genera (e.g. Dinobryon) or higher groups (e.g. diatoms) could be 

dominant in both relatively sensitive and relatively tolerant assemblages (Table 2.3). .-\NOV.-\s 

of particulate C:P and C:N ratios (Table 2.3) a..,d visual inspection of scaner plots of .-\P .-\, P 

debt and N debt (not shown) failed to indicate any simple or statistically-significant 

relationships between these nitrogen or phosphorus deficiency indicators and the L vB 
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Figure 2. 7: Calculated L"VB
1
nh err averaged over all dates and all treatments emphasising the 

non-linear nature of GVB-dependent inhibition over time. Error bars represent l SD. 
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Figure 2.8: Percent inhibition of photosynthesis as a function of weighted CVR ! 295-

347 nm) using the Behrenfeld et al. ( 1993) best fit exponential function for the combined data 

set. All time intervals for the different treatments for all the experiments are ploned. The line is 

the Behrenfeld et al. (1993) equation Pc=0.007*Qe.x::i, \.Vhere ?c is the percent inhibition due to 

ljVB and the Qexp is the weighted exposure differences benveen CVB exposed and shielded 

treatments. Legend: O = ;\fay 7; x = June 3;..;. = June 4: 6. = June 5: v = July l: <l = July 2: 

r> = July 29; □ =July 30; ◊=July 31; *=August 27. 
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sensitivity of the phytoplankton. While no relationships were established bet\veen specific 

indicators of phosphorus deficiency and UVB sensitivity, algal assemblages assessed overall as 

phosphorus deficient had higher l h lTVBrnh ,:T. indices than those deemed phosphorus sufficient 

(.-\NOVA p < 0.05: r = 0.580). This relationship was not present with the Sh CYB,nh ::T \·alues. 

Further inspection of scatter plots fa.iied to indicate ar1y relationships between sensitivity and 

either photoadapti\·e state (Ik) or light history (mean PAR). The environmental influences 

examined may well have contributed to the observed \·ariation in sensitivity. but with dle 

possible exception of phosphorus limitation. an over-riding control by any one factor failed to 

be demonstrated. 

U'v'B E:,-~ec~s on Pa:::icula:e anc:1 Dissoked Organic Car::;-on Proouc-:icn 

The distribution ofTO 1JC :ietween particulate (PO'~C) arid dissolved organic I oo:~C) 

carbon pools after 8 h of incubation differed between CVB exposed and shielded treatments. 

but the effects were significant (p < 0.000 l: r = 0.940'! only at the highest ( 100° o P.-\R and 

C\iB) and lowest exposures (50°'o P.-\R and 15° o CVB) (Table 2.6'!. .-\t these exposure levels. 

the presence of UVB significantly increased the percent of label in the DOC. with greatest 

effect in the harsher O 00%) treatment .. -\..'Uong CVB exposed treatments. the I 00°·a CVB 

exposures demonstrated significantly (p < 0.00001) higher% DO 1JC than all other CVB 

exposed samples. A.mong UVB shielded treatments, the 100% P.-\R and l;\i.-\ exposure 

displayed significantly higher (p < 0.00001) % DO ;JC than all other treatments except the 

100% P.-\R and 50% UV.-\ treatment (p > 0.30). 

Nonparametric ranking analysis of the size fractioned PO; 4C revealed that% TOj.:C 

production in the picoplankton \Vas significantly (p < 0.0000 I; r = 0.957) lower in UVB-
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Table 2.6: . .\verage percent of total organic production(% TO 14C) of eight experiments (May 7 

and July I not included in analysis) in the different carbon pools for each treatment. The 

particulate pool is spiit according to the large nano- arid microph:1oplankton (> 2 µm) and the 

small picoplankton (< 2 µm). Each \·alue is the mean of all replicates over the eight 

experiments :::: l SE, the subscripts denote the number of samples used in the a\'erage 

computation. 

Dissolved 

with CVB 

\Vithout CVB 

Particulate 

>2µm 

with uv·B 

without CVB 

<:?.µm 

\.vith UVB 

\vithout UVB 

iOO 

I 0.9 = 0.5:, 

60.0 = 3.6,~ 

32.8 = 3.5:_, 

CVB Treatment label 

50 30 15 

7.-1- = 0.6 .. 

54. 7 = -1-.5 :9 55.3 = 3.6.c 

37.4 = -1-.6:, """"'-, .,""'I 

.J.:...i=.J . .J.;: 

37.1 = 3.7:0 
,~ 9 - ~ 7 
- - • - _;, I ~o 40.4 = 3.9,, 
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exposed than UVB-shielded treatments. The effect was again significant only at the highest 

(100~10 PAR and UVB) and lowest (50% PAR and 15%, UVB) exposures (Table 2.6). The 

effects of UVB on the percent TO 1~c production in the larger ph:1oplankton size fraction were 

smaller and significant only in the l 00% P.-\R exposures. The harshest treatments sho\ved a 

borderline significant increase with UVB exposure (p = 0.05 n and the 30° o C\"B treatment 

showed significantly (p < 0.0 I) higher production in the CVB-exposed relati\'e to the l;VB­

protected treatments (Table 2.6'i. 

Comparing among UVB exposed trea!ments only. the exposure level had a pronounced 

effect on the share of total production in pico plankton. with the picopl:mkton share significa..'1tly 

(p<0.0000 I) depressed in the harshest exposure compared to others. The share in larger 

plankton \Vas. by contrast. higher (p<0.0 l) in the harshest exposure. These effects of exposure 

level \vill reflect the variation of P .-\R and CV.-\, 3.S \vell as CVB. among treatments. They 

indicate significant, but moderate-sized. aserage effects of total photoinhibitory stress on the 

disposition of recently-fixed carbon among size classes and dissolved vs particuiate phases. 

~onparametric ran.king analysis did not reve1l 1ny nutrient deficiency effects on the 

relative proportion of dissolved vs particuiate production, or the size distribution of the 

particulate production. 

Exoected UVB '.moacts in L. crie 
I I 

Using basin-specific median UVA. and UVB broadband anenuation coefficients from a 

parallel study (Smith et al. 1999), the water column depths simulated by the four UVB 

exposure levels and the proportion of the photic zone (measured in this study) that these 

represent were approximated for each basin (Table 2. 7). While the East and Central basins 
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Table 2. 7: Water column depths represented by each UVB exposure level treatment. calculated 

using basin specific median P . ..\R, UV . ..\ and UVB broadband attenuation coefficients. Values in 

parentheses represent the proportion (in ~'a) of the euphoric zone each depth represents. 

°'oUVB Exposure 

50 

30 

15 

FVB l 000 depth 

uV...\ l "•o depth 

P...\R l 0 'o depth 

East Basin 

0.3 i: 1.5) 

0.5 (_2.6) 

1). 7 (4.0) 

l.S 19.S) 

2.9 ~ 15.9) 

i 8.1 

Representative Depth (m) 

Central Basin 

0.3 ( 1.9:, 

0.5 (3 .3) 

0.7 (5.2) 

l .S (12.5) 

~ ' ~--,. (_23.5) 

1' t .. ~.-,. 
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West Basin 

0.2 ( 3 .1 ) 

0.-+ , 5.3 J 

0.6 'S.4 l 

' -l .) 120.3) 

2.4 ! 32.6) 

7 ~ . .) 



seem to have similar light transmission characteristics, the \Vest basin has distinctly stronger 

attenuation. In all basins, the depth of 50% UVB penetration (the lower limit for demonstrable. 

significant UVB effects in this study) \Vas only a small part of the total photic zone .. -\ greater 

proportion of the photic zone is potentially influenced by UVR in the \Vest than the other 

basins, \.\1th the share of photic zone occupied by the 1 ° a L ·vB depth twice that of the East 

basin. 
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Discussion 

The effects of UVB on planktonic primary production have to date been studied largely 

in relatively clear oceanic waters, particularly those of the Southern Ocean (e.g. Cullen et al. 

1992, >ieale et al. 199Sb,c, Smith et al. 1992) where the Antarctic ozone hole is such a 

piumincnt feature:. L. Eric. oy contrast. is a moderately turbid system e\·en by freshwater 

standards. Its ph:,10plankton might, :herefore, be expected to display acclimation to relari\·ely 

lo\v exposures. a.'ld to be correspondingly vulnerable to l~VB damage (e.g. Helbling et JI. 1994. 

>ieale et al. 1998b L Evidence of ad..-erse effects of CVB on short-term primary production in L. 

Erie \Vere found. Inhibition of photosynthetic carbon assimilation by L'VB was rapid and often 

extensive. consistent with fluorescence-based assays of ~ho to synthetic competence in L. Erie 

ph:,10plankton (\Ianvood et al. :ooo:,. .-\lthough \·ariable. however. t:ie degree of l-VB­

dependent inhibition under simulated near-surface conditions was within the range found in 

other studies of both marine and freshwater phywplankton (e.g. Behrenfeld et al. 1993. Furgal 

and Smith 1997. Helbling et al. 1992. 199-+. :--.ieale et al. 1998b. Villafane et al. ! 995). 

The sensitivity of algae to CVR is moderated by mechanisms that help the organisms to 

avoid effecth·e exposure (e.g. screening compounds) as \vell as mechanisms that promote repair 

(e.g. DNA photolyase activity). Both aspects (avoidance and repair) are influenced by the 

interactive effects of radiation of differing wavelengths. Only \vith an appropriate model for the 

spectral and kinetic responses of the processes of interest ( e.g. photosynthesis) can the 

sensitivity of different algal communities to any particular waveband (e.g. UVB) be accurately 

compared or integrated over meaningful depth and time scales (Smith and Cullen 1995, Cullen 
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and Neale 1997). Such models have been validated for only a few types of phytoplankton 

communities, however (Neale et al. 1998b,c, Smith et al. 1998) . .-\s an initial descriptive 

approach, variations in sensitivity \Vere analysed with a simple index (UVB,nh ::r) that entertains 

a linear exposure-response rel::nionship regardless of the time scale of observation. Such an 

approach has been used. implicitly or explicitly. by other researchers ( e.g. Behrenfeld et 3.J. 

1993. Boucher and Prezelin 1996. Gala and Giesy 1991. Helbling et al. 199-r) and gives an 

intuitively obvious, if flawed. index. Concentrating on relati\·ely short-term ( 1 h l CVB,nh e:: 

values should minimize the confounding effects of photoinhibition and/or remediation of L"VB 

damage by longer wavelengths (Prezelin et al. 1994). 

.-\!though over a 10-fold range in the I h CVB:nr. e:r was observed ZJ.:nong experiments. 

the variation in sensitivity could not be related to the species composition. Taxonomic 

composition should be important bec::iuse the repair of C\.B induced ON.-\ photo products and 

photosystem reaction center damage is tax on-specific t Karentz et al. 1991 a. Xiong et al. 1997). 

as is the induction and effectiveness of screening compounds (e.g. Harmach and Sigleo 1998. 

:-Jeale et al. 1998a). Using a UVB;nn er: index similar to the one used in this study. Gala and 

Giesy ( 1991) reported apparently characteristic differences between diatom chrysophycean and 

cyanobacterial assemblages in L. \ 1fichigan, and suggested that pigment composition might be 

responsible. During this L. Erie study, ho\vever, communities were rather consistently 

dominated (among the nano- and microphytoplankton) by diatoms and chrysophyceans, \.\-hich 

may have limited the scope for detecting broad taxonomic influences. Unquantified variations 

among the picoplankton may have further impeded detection of taxonomic influences. 

In addition to intrinsic, taxonomically-related, characteristics, algal sensitivity to UVR 
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can also depend on environmental modifying factors such as \Vater clarity, mixing depth and 

mixing rates (e.g. Helbling et al. 1992, \'eale et al. 1998b), light history (e.g. Villafane et al. 

199 5) and/ or nutrient availability ( e.g. Lesser et al. 1994 ). The measures of light climate and 

photoadaptive state in this study failed to reveal any relationships \\ ith the CVB,,n ~f:· for L. Erie 

ph~1oplank:ton. however. Evidence for :he importance of light history and/or phctoadapti\·e 

state in natural plankton communities has been derived mainly from comparisor.s of samples 

from very different ocean regions or depths i e.g. Helbling et al. 1992) or among different 

samples of polar phy10plankton. all at \·ery low temperature (e.g. \"eaie et al. l 99Sbl. The 

present study, involving only surface mixed layer samples ~om ,:me te:nperate lake. may not 

have encountered suffi::ient \·ariation in phoroadaptive state to reveal the effects against the 

background of other influences. 

It was observed that the 1 h L"VB,,h ::T sensitivity index was higher under conditions o:' P 

deficiency. Phosphorus is an essential macronutrient found in D\".-\. R.."\J.-\ and lipid- r e.g. 

phospholipid membranes) and ester-phosphorus (e.g. A. TP'l fractions 1 >-!orris 1980 l. Exposure 

to liVB can lead to the photooxidation of membrane lipids (Chamberlain and .\-loss I 987. 

Hessen et al. 1997. Kramer et al. 1991 'i. a process likely initiated by acti\·e oxygen species (e.g. 

singlet oxygen and perhydroxyl radicals) which are particularly potent to chloroplast 

membranes characterised by high polyunsaturated fatty acid contents (:'v1ishra and Singha! 

1992). The resynthesis of these and other damaged cellular components ( e.g. proteins) not only 

require the building blocks but also energy in the form of ATP. Phosphorus limitation in algae 

may thus constrain their ability to resynthesise critical ceilular components. These results are, to 

our knowiedge, the first evidence of any effect of nutrient status on GVB sensitivity in nature. 
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The modifying effect of P deficiency \Vas not evident in long (8 h) exposures, suggesting that 

the cwnulative damage may have overwhelmed differences in repair or reco\'ery ability. 

Although a linear exposure-response model was adopted to characterize U\'B 

sensitivity on the short-term (lh), the average se\·en-fold (maximum 20-fold) higher I h 

(JVBinh :ff compared to L'1e 8 h CVB,nn er: indicated serious problems with the model on longer 

time scales. This was emphasised by che lack of fit of the Behrenfeld et al. 1.199 3) linear dose­

response relationship. Tne continuous-labelling protocol used in this study for assaying primary 

production is potentially subject to confounding effects from diel variations of photosynthetic 

capacity (Boucher and Prezelin 1996a) and intracellular tracer equilibration processes (Smith 

and Plan 1984). The protocol is nonetheless similar to methods employed successfully by 

others (e.g. Behrenfeld i:!t al. 1993. Smithe: al. 1998) and is probably not the principal source of 

the large, apparent. temporal variation in sensitivity. The apparent rapidity of CYB 

photoinhibition means that relatively brief exposures to CVB in surface waters. such as -.vould 

occur under strong mixing conditions. can be damaging to primary production ( >.farwood et al. 

2000. ~eale et al. 1998c. Prezelin et al. 1994. Smith and Cullen 1995'). 

Longer UVA wavelengths are important in the mitigation of UVB damage. but L:V.-\ is 

also largely responsible for inhibiting primary production (Figueroa et al. 1997. Helbling et al. 

1992, Kim and Watanabe 1993, Smith et al. 1998). Although the effect of only a portion of the 

full (JVA waveband was measured, it contributed substantially to photoinhibition in L. Erie. 

There \.vas also evidence that (JVA inhibition kinetics differed from those of L~VB, v.ith 3.J."l 

even more rapidly diminishing effect in longer incubations. Differences in damage and 

recovery kinetics between t..JVB and lJvA have recently been described and related to 
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acclimatory processes and/or thresholds for inhibition (Figueroa et al. 1997, Hermann et al. 

1997, Prezelin and Boucher 199-n. Such findings emphasize the need for more realistic models 

that explicitly account for the interaction among different wavelengths, i.e. a biological 

weighting function, and the kinetics of the processes involved. 

The impacts UVR can have on ph:-1op!Jnkton are not limited to decreases in primary 

production. Shifts in ph::,1oplankton species composition have been reported following L'.VR 

exposures (~fostajir et al. 1999, Wanberg et al. 1996. \Vorrest et al. I 98 I), as have changes in 

the chemical composition of algae !Wang and Chai I 994. Goes et al. 199-1-'l. These shifts can 

lead to changes in the size distribution and ::rntritive \·alue of phytoplankton \\-hich may ha\·e 

implications for higher trophic levels .. ..\!though these possible effects in L. Erie were not 

studied. the effects of UVR on the ~elative distribution of recently-fixed carbon between the 

particulate and dissolved pools \Vere investigated. Extracellular release of photosynthetic 

products is a common feature of healthy ph:-10plankron (Bjorsen I 98S). and it is well 

established that bacteria readily take up these compounds as carbon substrates < Ligneil I 990. 

~orrman et al. 1995). While lJ\lR can have direct negative impacts on bacteria by inhibiting 

their gro\>,,1h (Karentz et al. I 99...J. and references therein, Wilhelm and Smith 2000), L;VR can 

also enhance bacterial production by photomodifying the more refractory DOC in the water 

column thereby rendering it mere bioavailable (Lindell et al. 1995). Enhanced production of 

algal DOC due to UVR is another possibility, whereby the stimulation of microbes could result 

in more carbon being shunted into the microbial loop, increasing the length of the aquatic food 

chain and reducing the potential production at higher trophic levels. 

In L. Erie, the percent ofTO 1.iC in the dissolved organic carbon pool(% DO 1.iC) was 
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dependent on the severity of the exposure, with the harshest treatment shov.:ing the highest 

proportion of organic carbon in the dissolved fraction. The mechanism of extracellular release 

of photosynthetic products has been argued as both a passive (Bjorsen 1988) and an active 

process (Lignell 1990). Under the passive theory. an increase in membrane permeability due to 

{)VR photooxidation of membrane lipids. can lead to increased ·"leakage·· of algal cells (cf. 

Chamberlain and \foss l 9STl. However. whether CVR can directly or indirectly stimulate the 

active external transport of algal DOC is unknO\\TI. High light encountered in surface waters 

has been linked to increased production of ex:racellular release products (\fague et al. [ 9S0t a 

possible consequence of increased photorespiration (\Villiams 1990'). While other studies have 

reported no effects of C'v"R on the relative proportion of organic carbon in the particubte 

·,ersus the disso[\·ed pools (e.g. Pausz and Herndl 1999°1. rhe remits of this study are in 

agreement with data from L. Erie in 1995 (R.E.H. Smith. unpub.1 which indicated even larger 

UVR-dependent stimulation of 0,aOO:Jc than found here. The obsen·ed accumulation of OO 1~c 

\vill reflect a balance between release from ph)top!ankton and utilization by hetermrophic 

microorganisms, so disparities bet\veen studies may have various explanations. At least in L. 

Erie, however, l~VR. and specifically L,"\"B, exposure appears to have a net positive effect on 

D0 1JC accumulation. 

Of the t\vo plank.1on size fractions investigated here, inhibitory effects of both L "\'B and 

UVA on carbon incorporation OL:curred in the picoplankton \vhile the larger ph)toplank.1on size 

fraction seemed to be relatively less affected by exposure to these wavebands. Various 

mycosporine-like amino acids (MA.A..s) have been identified in phytoplankton assemblages, 

which confer protection from both UVB and UVA radiation (Roy 2000, Sinha et al. 1998). The 
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ability to synthesize these types of compounds is taxon-specific (Xiong et al. 1997), and their 

photoprotective efficiency is size-specific \Vith theoretical size limits of< 1 µm (Garcia-Piche! 

1994). The< 2 µm L. Erie phytoplankton may not make effective use of UVR-absorbing 

pigments, a possible explanation for their higher sensitivity to the UVR ponion of the solar 

spectrum. In addition to being absorbed by pigments. CVR is also strongly absorbed by 

proteins and free arnino acids (Tevini I 993 ). The concentration of these molecules and the cell 

size of unicellular algae have been argued as L"VR sensitivity influencing factors. cells with 

high surface area to volume ratios typically demor.strating more CVR damage per unit of 0:\'A. 

(Karentz et al. 1991 a). While larger cells may not necessarily have more CVR damage 

rnitigatir.g abilities. their mere size may afford them more nuclear protection (i.e. D>i . ..\ 

protection). thereby reducing their susceptibility to CVR damage. \\ bile these ,size specific 

uVR effects were small. they may not be negligible :is picopbnkton biomass. on average. 

approximates that of the combined ::iano- .1nd microphytoplankton biomass in the Laurentian 

Great Lakes (Fahnenstiel et al. I 998). 

In L. Erie, uVR is rapidly attenuated in the water column. with lake \\,ide median l % 

depths of integrated lJVB and UV.-\ of 1.5 and 2.5 m (Smith et al. 1999). Significant Li.VB 

effects on TO 1.iC were limited to the harshest treatments, therefore. substantial effects \Vi11 

presumably be constrained to a relatively small part of the photic zone and the extent of depth 

integrated damage be limited. However. UVR transmission is not uniform among basins with 

UVR penetration increasing from \vest to east. Although the absolute differences in I% UVR 

depths are small, they are more imponant if compared against the corresponding differences of 

PAR penetration. The West Basin, as the most turbid, might be expected to be less vulnerable 
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than the other basins, yet the 1 % uvB photic depth represents a greater part of the photic zone 

(ca. 20%) in the \Vest than in the other basins. The 50%, UVB depth, the limit of demonstrable 

average effects in this study, also occupies a larger share of the photic zone in the West basin 

than else\.vhere. 

\Vhile, on average. cells will not reside in these high FVR (>50° o surface incident) 

surface waters for extended periods of time, during caimer periods the establishment of shallow 

·temporary' thermoclines can constrain organisms to the top meters of the water column. In 

1997, the West basin de\·eloped these ·temporary· thermociines more frequently. Considering 

that the median CVB photic zone was ca. 1.1 m in this part of the lake ind the median 

'temporary· thermocline depth was 0.5 m, important losses of integrated primary production 

and other effects are possible under some circumstances if it is taken into account that the bulk 

of the production in the West basin occurs in the ~op five meters of the water column. 

Special circumstances (e.g. temporary thermoclines) notwithstanding, these resuits 

suggest minimal impact of UVB, at present levels. on shon-term primary produc:ion rates in L. 

Erie. Longer-term effects, including alterations in form or quality of production, could be more 

substantial but cannot be evaluated with data to hand. :\foreover. e\·idence that UVA is a more 

effective inhibitor of primary production in nature than is CVB was noted as others have 

observed ( e.g. Buhlmann et al. 1987, Figueroa et al. 1997). Inasmuch as human influence on 

v,:ater clarity can alter UVR exposure substantially (e.g. Schindler et al. i 996, Yan et al. I 996), 

funher study to elucidate the photoinhibitory action of the entire FVR spectrum is necessary. 
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Chapter 3 

Models for UVR-deoendent :?hotoinhibition 
I i 

of Lake Erie ohvr.oplankton 
I _, 
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Abstract 

. ..\. model for LTVR- and PAR-dependent photoinhibition. \Vith explicit damage and 

. recovery processes (the R model). was formulated and calibrated against obserntions of 

photosynthesis by L. Erie ph11oplankton in the summer of 1998. The obsef\·ations 

spectral treatments. The model explained 76-93% of the \·ariation in photosynthetic rates. and 

indicated acti\·e recoYery processes at~ of the 5 experimental stations. CYR-dependent 

photoinhibition could not be satisfactorily and consistently explained by simpler models that 

assumed either a lack of recovery processes I H model) or an instantaneous equilibrium between 

damage and recovery t_E model). Bio:ogical weighting functions (B\VFl. the first for freshwater 

ph110plankton communities, were deri\·ed to quantify ,he spectral dep::ndence of 

photoinhibitory power. The BWFs bad substantial commonality of shape through the CVR. 

with a steep decrease from 300 to 320 run. but considerable differences from BWFs for other 

communities and/or biological systems. The R model. with a representatiYe BWF from the 

calibration year, was applied to similar photos1nthesis data from the previous year , 1997) to 

determine how robust the model, and the central tendency of B \VF shape, might be. l;nlike the 

simpler models, the R model provided a highly significant fit to all 10 of the 1997 experiments. 

although the average percent explained variation (47%) was lov.·er than in 1998. The R model 

was again superior to the simpler alternatives, and again indicated active recovery processes at 

most of the stations examined. The results indicated that variations in both spectral sensitivity 

(as expressed by the BWF) and recovery rates are important determinants of phytoplankton 

response to t.TVR. 
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Introduction 

~foch research in aquatic ecology has been directed in recent years towards elucidating 

the repercussions of reduced stratospheric ozone and the associated increases in surface­

incident ultra\·iolet radiation (UVR'i. Primary production has often been the biological process 

ecological mechanisms. is measurable on phytoplankton communities and is an important and 

vulnerable process. ultimately influencing the productivity of higher trophic le\·els. Elucidating 

the effects of UVR has not been easy, partly because CVR is ;:,art of a continuous solar 

radiation spectrum that acts both beneficially and detrimentally on photosynthesizing 

organisms. Solar radiation drives the photosynthetic conversion of inorganic carbon to organic 

substro.tes. yet excessive visible light. as well as L:VR. can inhibit photosynthesis I Cullen an 

Lesser I 991, Villafane et al. 1995'1. damage intraceilular components such as D\'A (Karentz et 

al. 1991 a, Prezelin et al. I 994) and inactivate certain key photosynthetic proteins I Greenberg et 

al. 1989, Wilson et al. I 995). 

Phy1oplankton have evolved a variety of mechanisms to prevent or counteract the 

damage from UVR and excessive light, such as D>JA photoreactivation. synthesis of 

photoprotective pigments and dark repair processes (Karentz I 999, Roy 2000). While the 

timescales of photoinhibition vary on the order of minutes to hours, some photo protection 

measures occur \vi thin seconds or minutes ( e.g. energy dissipation via fluorescence, state 

transitions or non-radiative decay) and others occur on the order of hours to days ( e.g. synthesis 

of protective pigments or chemical quenchers) (Ferris and Christian 1991, Villafane et al. 

1995). The kinetics of these processes are important when the timescales of vertical water 
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column mixing. and thus radiation exposure, are taken into account, and are influenced by 

factors such as nutrient availability and species composition. Nutrient limitation may increase 

algal photosensitivity to UVR by constraining the resynthesis of damaged proteins (Lesser et al. 

1994), while the capacity for repair and the synthesis of protective pigments is known to be 

species specific (Karentz et al. 1991 a,b, Xiong et al. 1997). Finite, but variable. kinetics of both 

photodamage and recovery processes in iJhytoplankton communities can therefore be 

anticipated. 

Photoinhibition by UVR is wavelength-specific due to the \'ariation of photon energies 

and intracellular targets of action across the CV waveband .. ..\ction spectra. which are derived 

through ned.r-monochromatic exposures. are useful for identifying sites and mechanisms of 

photoinhibition in the target organisms but polychromatic exposures are more realistic when 

the ultimate goal is to investigate the impact of UVR in natural systems (Coohill I 997'). The 

value of the polychromatic approach is rooted in the fact that the longer ultra\·iolet ...\ (CV...\) 

and short visible \vavelengths play an active role in photoenzymatic repair (Mitchell and 

Karentz 1993. Roy 2000) which may be important in mitigating the impacts of the shorter 

ultraviolet B (lJVB) wa,·elengths. However. liV...\ and visible light can also be inhibitory ( e.g. 

Herrmann et al. 1997) and may reinforce some of the indirect modes of UVB impact, such as 

damage from reactive oxygen species (Vincent and Neale 2000). The final impact on the target 

organisms therefore reflects interactions among different parts of the incident spectrum, and is 

best reflected in a biological weighting function (B\VF) derived from realistic polychromatic 

exposures (Neale 2000). For field studies, B\VFs are now the tool of choice for describing the 

biological response to UVR. They are notably important when estimating primary production 
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in a mixed system, \vhere phytoplankton cells experience large variations in intensities and 

spectral composition of UVR and photosynthetically active radiation ( e.g. Cullen et al. 1992, 

Neale et al. 1998b). There are as yet no published B\Vfs for freshwater phytoplankton, and 

very limited information on the appropriate kinetic models for CVR-dependent photoinhibition 

(Smith et al. 1998). 

Radiation weighted with a B WF can be used in conjunction with kinetic models to 

predict algal photoinhibition .. .\!though some models have proposed that photoinhibition is a 

simple, linear, function of cumulative CVB dose (Behrenreld et al. 1993. Boucher :ind Prezelin 

1996), there is in fact no mechanistic basis for expecting such relationships. and every reason 

to expe~t non-linear functions instead ( Cullen and >Jeale [ 997). Starting with a simple two­

compartment model for conversion between inhibited and non-inhibited states. non-linear 

predictive equations can be derived by assuming certain limiting conditions ();eale 2000). fn 

one limiting case. it has been assumed that a rapid equilibrium is established between damage 

and repair processes (irradiance-dependem model. Cullen et al. 1992) .. .\ltematively. it can be 

assumed that repair is essentially inactive :ind that photoinhibition is a function of cumulative 

exposure (cumulative exposure model, >ieale et al. 1998b ). 

Both limiting cases of the t\VO compartment model have had success in describing 

l: v·R-dependent photoinhibition in different applications (Neale et al. 1998b, Cullen et al. 

1992, Lesser et al. 1994). The irradiance-dependent model has correctly described 

photo inhibition of algae fully acclimated to the prevailing lTVR regime, as best seen in studies 

of laboratory cultures (Cullen et al. 1992, Lesser et al. 1994). The cumulative exposure model, 

on the other hand, has successfully described the response of natural communities, particularly 
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those encountered under conditions of deep vertical mixing (and presumably low average light 

exposure) and/or low temperatures (Neale et al. 1998b, Smith et al. 1998). ~either model has 

been successful in application to all situations. 

The Southern Ocean has anracted more anention from CVR researchers than any other 

single system, because of the extreme situation presented by the .-.\ntarctic stratospheric ozone 

hole. Even there, however. it is only recently that suitable kinetic models and BWFs have been 

developed and applied to produce realistic estimates of CVR-dependent photoinhibition 

tCullen et al. I 992. ~eale et al. l 998b.c'I. One study to date has attempted similar estimates for 

freshwaters (L. Ontario. Smith et al. i 998) but it had to depend on B WFs derived elsewhere 

and on very limited information about spectral penetration. Especially for the brger systems. in 

\v-hich mixing is very important. current estimates of CVR impact on primary production in 

freshwaters cannot be considered realistic or reliable indicators of the \·erticaUy and temporally 

integrated effect. 

This chapter is comprised of essentially two series of experiments. A.s a first \·enture. 

the kinetics of CVR-dependent photo inhibition in Lake Erie ph),toplankton were investigated 

in 1997. Using the available tools in the literature. i.e. published biological weighting functions 

( e.g. Phaeodacrylum tricornutum B \VF) and the irradiance-dependent and cumulative exposure 

kinetic models, anempts \Vere made to describe the photoinhibitory response and the results 

shov,· that neither model was acceptable. BWFs specific to L. Erie phjtoplankton were 

therefore derived and a more appropriate kinetic model that would incorporate a finite repair 

term, thereby eliminating the need for a priori assumptions about recovery rates, \Vas 

developed. 
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Materials and methods 

Theor:y 

Fundamentally, photosynthetic rates are proportional to the amount of 

photosynthetically available light (PAR). This basic relationship can be modified through 

pnotoinhibition from excess1\·e PA .. R and or the more photo reactive ultraviolet radiation 

t1:JVR). Theoretically. photosynthesis in the presence of inhibiting radiation \vill reflect both 

damage and repair kinetics. ,vhich \·ary with exposure (liVR and PA.R) and intrinsic 

physiological capabilities. The relationship benveen photosynthesis and the damage and repair 

rate constants can most simply be represented as: 

d~:, . . 
-i- = - k1E.n,,· p" ... k. (1- ~. ) '- t . ' . ' - . ' (3.1 ! 

where the k, and k: are the damage and recovery rate constants, E. nn is the biologically 

weighted irradiance and P ti is the photosynthetic rate at time t. This mathematical expression 

represents a two compartment model with damage and repair rate constants describing the rate 

of transitions benveen functional and damaged states (Fig. 3.1). Eq. 3.1 can ~e further 

generalized if a term for the effect of limitation by sub-saturating P.-\.R is added: 

al c:.J 
?, ) 7 k

2 
(1- ~(l - e - ?, )) (3.2j 

where P s is the uninhibited, light saturated, photosynthesis, a is the initial slope of the 

photosynthesis-irradiance relationship, and I represents PAR. The first term on the right hand 
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Figure 3.1: Conceptualized r,vo compartmental model depicting active and inactive 

photosystern units with damage (k, J and repair (k:) rate constants regulating rhe flow between 

the two states. 
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side of Eq. 3 .1 describes the damage kinetics, that is the rate at which active components are 

being inactivated, and it depends on the amount of incoming inhibiting radiation. Conversely, 

the second term describes the recovery kinetics, that is the rate at which the inactivated 

components are being reactivated by various physiological mechanisms. 

Limiting cases of this nvo compartment model have been described in the literature. 

The irradiance-dependent (E) model assumes that the rate of change of photosynthesis over 

time. relative to the rate obtaining in the absence of photoinhibition. is zero (i.e. dP • ,, dt = 0) 

because the damage and recovery constants are large. and lead to a near-instantaneous 

equilibrium ( Cullen et al. i 992'!. The cumulative exposure (H) model. on the other hand. 

assumes that repair is inactive (i.e. k: = 0). and that the kinetics of photoinhibition :u-e simply a 

function of total exposure. These two kinetic models '.Vere tested for their ::i.bility to explain the 

results observed in 1997. Tne radiation reaching the samples was weighted with the published 

8\VF 1 i.e. spectrum of effectiveness coefficient (E.;_,) for ).=295 to -+00 nm) measured by 

Cullen et al. ( 1992) for the marine diatom Phaeodacrylum rricornutum. In 1997. P.-\R could not 

be sho\\11 to contribute to photoinhibition. a finding similar to that of Cullen et al. , 1992) and 

~eale et al. ( 19986 ), so oniy the UVR wavebands were included in calculating biologically­

effective exposures. With relatively few spectral treatments in the i 997 experimental protocol, 

it was not possible to derive B\VFs through the UVR. 

The irradiance-dependent, E, model expresses the realized rate of photosynthesis in a 

given treatment (P3
) relative to the rate in the absence of photoinhibition (P3 

opt) as: 

pB I 
(3.3a) 
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where 

.:oonm 

£,:;,= Is(}.)-E(i.)-.i1: (3.3b) 
i.=:SOnm 

The irradiance model makes predictions about instantaneous photcsynthetic rates and their 

response to instantaneous irradiance. The instantaneous photosynthetic :-ates were 

approximated in the present case by calculating the average rates over successive incubation 

intervals. 

The cumulative exposure. H. model. has the form: 

?_.~g _ _ l_-_e_-_.:.._:.:_I, 

where 

The model assumes no repair, so the degree of inhibition is proportional to cumulative 

exposure. unlike the E model, the H exposure model makes predictions about cumulative 

photosjnthesis. \v-hich was more directly observable from the experimental measurements in 

this study. 

For both E and H models, P8
0P1 was estimated in practice as the rate of maximum 

photosynthesis observed over the first hour of exposure under saturating PAR, which prevailed 
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in all treatments, with minimal UVR exposure. 

The pioneers of these models were entirely aware of their limitations and \vhile they 

expected that the use of these models may be justified at times, they also knew that if repair 

was significant. yet steady state was not attained. the simplified models \vould not be 

applicable (Neale '.WOO). In such cases, a more generally applicable model is obtained by 

integrating Eq. 3.1 as a function ofnme: 

where 

~00 

(3.7a_) 

E:~n= ~s{).)·E(i.)·..ii. (3.7bJ 
'i.=297 

and P\vi; P poi ( dimensionless) is cumulative photosynthesis relati\·e to a potential cumulative 

photosynthesis in the absence of photo inhibition. For convenience, the more general model 

may be termed the R (for repair) model and in contrast to the simpler \'ersions (E and H 

models), the R modei yields separate estimates of the damage and recovery rate constants. 

Statistical .Analysis 

In practice the irradiance model was fitted by non-linear regression as: 

pB 1 
-a-= 
Popt 1 + a • E ~VR 
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where E·uVR is UVR irradiance weighted (\V-m·2
) by the P. tricornuwm BWF normalized to 

E:r3001. The coefficient a allows for variations in overall sensitivity of the phytoplankton while 

assuming that the shape of the B \VF is appropriate. If the L. Erie phytoplankton obeyed the 

weighting function and irradiance model perfectly. the coefficient a would equal e,300 ) for the P. 

rricornutum BWF and have inverse irradiance units ((\V·m·:(). 

The cumulative exposure model \Vas fined as: 

(3.6) 

where E\_,vR is UVR irradiance ,veighted as above, but averaged over the exposure period T. 

and the coefficient a allows. again, for variations in overall u\iR sensitivity. 

In practice. the R model \\·as fitted to observations of p· avg- P "o: and weighted relative 

irradiances as: 

1_3.Sa) 

where A was 

(3.Sb) 

where k1' (s· 1
) is an estimated paran1eter fined by non-linear regression, bis the PAR 

effectiveness coefficient ((W·m·:y:) estimated from the derived biological weighting function 
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(see section below, Biological Weighting Functions), EP..;R is the un\l,:eighted PAR irradiance 

(W·m·:), E" vvR is the average relative \Veighted UVR (dimensionless; weighted by the absolute 

ER(;.,) and T is the exposure time. For each photosynthetic rate measured in the different spectral 

treatments throughout the exposure period, different values of E?;R., E"uvR and T were used. 

Bioiogical Weigh~ing Func-:ions 

Biological weighting functions (BWF) were statisticallv estimated for each 199S - - - -
sample date follo\l,ing the method described by Cullen and >i'eale ( 1997). UVR spectral 

irradiances. at 2 nm wavelength intervals, \\·ere normalized to EP,..R (\V·m·:) and principal 

components analysis (PC...\l was performed to derive principal components (PCs). 

representative of the original spectral shape of the various spectral treatments. Coefficients 0f 

influence (m,; (\V·m·::r1) for e::i.ch PC were then estimated by non-linear regression using :he R 

model (Eq. 3.Sa). Irradiance was expressed as a function of component scores !c (: 

dimensionless) for each treatment: 

A= EP.-tR, (mo - L mkci.k) 
k=l 

where m0 is the coefficient of inrluence for the mean spectrum - PAR and m;, are the 

coefficients of influence for the PCs. In Eq. 3.9, k1' is embodied in the coefficients of influence 

(mJ. The biological effectiveness coefficients (Ei).)) at each wavelength \Vere then calculated 

as: 

-77-



(3. I 0) 

where wk are the component weightings and£_, is the normalized UVR spectral irradiance. The 

number of PCs needed to deri\·e the different 8\:VFs. =· was determined by partial F-test and the 

standard error of the effectiveness coefficients at each wa\·elength was calculated using error 

propagation (Cullen and Neale 1997') .. -\11 statistical analyses \Vere performed with Systat (ver. 

7.0, SPSS Inc.). 

Study Site 

Sampling and field experiments were conducted at stations in all three of the Lake Erie 

basins (East. Central and \Vest. Fig. 3.2) under relatively ciear skies. Experiments were 

conducted with samples from ten stations in i 997, bet\veen the months of :\lay .1nd .-\ugust. but 

the radiation exposure design did not permit derivation of 8\VFs. The more elaborate design 

used at five stations in June. July and .-\ugust of 1998 did permit derivation of B\VFs and 

thorough testing of the R model. The rather distinct spatial gradients. from relatively shallow. 

turbid and mesotrophic waters at the \vestern end of the lake to comparatively deep, clear and 

oligotrophic waters at the eastern end, likely resulted in inter-basin differences of algal 

biomass, taxonomic composition and possibly physiological status (e.g. light adaptation. 

nutrient limitation). However, the goal of this study was not to investigate the inter-basin 

differences but rather to investigate the kinetics of lTVR-dependent inhibition in L. Erie 
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Figure 3.2: Lake Erie and the lake stations sampled throughout the summers of 1997 and 

1998. 
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phytoplankton and to develop a photoinhibition model (the R model) that would be applicable 

to various environments. The spatial heterogeneity of L. Erie was, therefore, an advantage to 

this study. 

Exoerimental Procedures 
' 

The experimental protocol was similar to that described in 1h~:1rer ~ fo!" the ! 99 7 

experiments \Vith the following modifications for 1998. In addition to the optical filters used in 

1997 (i.e. window screen a..r1d :\fylar-O). a Hoya glass UV3-+ filter with 50% transmission at 

340 nm and a UVR opaque plexiglass filter (CF3 acrylic: Cadillac Plastics. London. Ont.) were 

used. In 199S. quartz tubes \Vere used as the incubation vessels in all treatments. but 

polystyrene sleeves were made which allo\ved for an additional spectral treatment. providing 

50~o transmission at 365 nm. Furthermore. supplemental GVB lamps ,.Southern );'.E. 

Ultraviolet Co .. Brantford, CT. C.S.:\. =RPR-3000) were used to provide ar1 enhanced l "v"B 

treatment (approximately 30°/o enhancement 1. The combinations of these filters and 

supplemental lights yielded a total of ten treatments with t\vo levels of irradiance ( 100°,o and 

50% PAR) and seven different spectral quality treatments (Fig. 3.3). 

The 1998 experiments invo[\·ed a total of 4 hours exposure, with sampling at 0.5h. I h. 

2h and 4h. Only total organic carbon fixation was measured, with no size fractionation. As in 

1997 (Chapter 2), the photosynthetic parameters (P0 
:r. aIJ.d a 0

) were estimated with a light 

gradient incubator (PAR only) using the model of Plan et al. ( 1980) .. .\t no time \Vas 

photoinhibition a significant contributor to the photosynthesis vs light relationship in these 

short (lh) incubations. The Plan et al. (1980) model was therefore fined without the 

photoinhibition term (see Chapter 2). 
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Wavelength 1r.mJ 

Figure 3.3: Percent transmission of FV \\'a\'elengths for the different 5 0°'o PAR spectral 

treatments. Legend: so~ and 50-, treatments \Vith and without GVB (Mylar-O): [ 5-,- and 15-, 

treatments with polystyrene sleeves \vith and \vithout lT\'B (Mylar-O); 50-UF3, treatment 

without (JV; 50-340, treatment shielded from wavelengths< 330nm. 
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Results 

Limnological conditions 

A complete description of the limnological conditions of L. Erie in 1997 has been 

reported elsewhere (see Chapter 2). During the 1998 sampling cruises. 111 temperature and in 

vivo fluorescence water column profiles showed that in June, July and August only the East and 

Central basins stratified. The mean epilimnion depths were shallowest in July ( I l .9 = l .1 and 

I 2.0 = 1.6 m) and deepest in June ( I 6.2 = 1.6 and 15 .8 = 0.8 m) and Awrnst ( l 7.5 = 0.8 m and . -

13 .0 = 0. 7 m). Among the lake stations sampled, no ·temporary· thermoclines were observed, 

in contrast to the stations surYeyed in i 997. However. an inter-basin transparericy gradient was 

again present in 1998. ,vith seasonal median attenuation coefficients for P . .\R of0 . .23 = 0.12. 

0.33 = 0.12 and 0.59 = 0.16 m•: in the East. Central and West basins. respecti,·ely. 

The limnological conditions found at each station sampled throughout the summers of 

1997 and 1998 are listed in Table 3. l (see Chapter 2 for detailed description of the 1997 

stations). Of the five stations sampled in 1998, stratified water columns were observed in the 

Central basin stations only. The East and \Vest basin stations \Vere uniformly mixed \vhen 

sampled for experiments. In both 1997 and 1998, the :n vivo fluorescence profiles of the 

sampled stations showed that the water samples collected at 5 m \Vere generally representative 

of the mixed layer (Fig. 3 A) except on three occasions, station 23 sampled July 29/97 (see 

Chapter 2 cf. Fig. 2.5), stations 945 and 946 sampled June 9 and July 14/98, where chlorophyll 

a (chl a) increased with depth in the top IO of the water column. Subsurface chlorophyll a 

(chl a) maxima were observed at some stations, including 945 (June 9/98). All these chl a 
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Table 3.1: Summary of limnulogical variables of the stations sampled for time-series experiments cunJucted on L. Eric between 

the months of May and August 1997 and June and August 1998. 

Date Station Basin Epilimnion Depth Temperature al 5 m Chi a al 5 m Kdl'AH Mean PAR 

(m) ("C) (llg·l:1) (nf1) % of incident 

1997-7/5 946 C 22 6.0 1.5 0.43 10.6 

3/6 946 C 22 (isu.) 8.8 2.5 0.21) I 5.1 

4/6 337 w 9 (iso.) 13.2 9.8 1.61 6.9 

5/6 961 C 19 ;iso.) 13'1 1.2 0.83" 6.3 

1/7 2J E 5 20.3 0.7 0.3(> 4h.4 

2/7 WJ7 w 8.5 23.5 2.1 0.36 32.8 

I 29/7 
00 

23 E 15 22.0 3.5 * 0.24 27.0 
~ 
I 30/7 953 C 12 22.2 1.4 0.32 25.5 

31/7 962 C 11 23.7 2.0 0.3(>" 24.8 

27/8 337 w l) (isu.) :21.1 15.5 1.16 9.6 

1998-8/6 932 E 21 (iso.) 15.0 I.J 0.19 24.6 

9/6 945 C 10 12.8 2.3 U.27 34.5 

14/7 94<> l' 15 n.5 I. I 0.1 1) 33.1 

12/8 337 w 1) (iso.) ~4.8 4.7 0.(J) 17.(> 

13/8 961 C 9 n.5 3.1 0.2Y 42.2 

*Note that in 11il'o chi a lluorcscc11cc was 1101 u11ifor111ly distributed with the 111i,\cd layer 011 this dale (.we Fig. 2.5) 
"Value of K,lPAII derived from the frillowiug relationship: K,ll'AII ~ -0.02<,•Trn11s111issio1112.258 
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Figure 3.-l-: Temperature and in vivo fluorescence water column profile station 961 sampled 

August 13, 1998 indicating relatively well mixed epilimnion typical of the stations saznpled. 
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peaks occurred in or near the seasonai therrnocline, as described in more detail in Chapter 2. On 

average, chl a concentrations were higher in the West basin (8.0 = 7.9 µg·L-i) although 

extensive variability \vas noted, while the East and Central basins had consistently lower chl a 

concentrations (1.8 = 1.-4 and 1.9 = 0.5 µg·L-:). 

The first order, irradiance-dependent (E). model was fitted to inten·al estimates of 

photosynthetic rates (normalized to estimated optimal rates) for each 1997 time-series 

experiment. The model \Vas largely unsuccessful (e.g. Fig. 3.5a.b), as reflected in its refusal to 

converge in over half of the l O experiments (Table 3 .2) and in a pattern of systematic lack of fit 

even where para.'Tleter estimates could be o brained. Scatter plots of residuals vs exposure time 

(e.g. Fig. 3.5c) suggested the model systematically underestimated inhibition for longer 

exposures, especially in the 50°/o exposure treatments. Using paired t-tests of residuals for I h 

exposures vs Sh exposures, significantly (p < 0.os·, greater residuals were indeed found for the 

shorter exposures in three of the four experiments ( except July 3 l: p = 0.291 J for which the E 

model could be fitted. The plots also indicated consistently larger residuals for the l 00% than 

the 50% exposure treatments, and this systematic difference was confirmed by paired t-tests. 

The systematic variation of residuals from the E model thus indicated a time 

dependence of uVR photoinhibition, evidence for some dependence of photoinhibition on 

cumulative exposure, and not just irradiance. A dependence on cumulative exposure was 

reflected in the fit of the H model, \.vhich was, on average, a better predictor of photo inhibition 

than the E model. The H model did fail to converge in 2 of the IO experiments (Table 3 .2), 

however, and a systematic divergence between the I 00% and 50% exposure treatments was 
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Figure 3.5: Irradiance (a, b) and cumulative exposure (d, e) ,vorst and best model fits of the 

1997 time series photosynthesis data using the Phaeodactyiwn tricornutum weighting function 

(Cullen et al. 1992) with residual plots (c. f) showing e\·idence of systematic lack of fit. Panel 

a: July 30 (\vorst E model fit: r = 0.080) station 953. Panel b: June 3 (best E model fit: 

r= 0.416) station 9-1-6. Panel c: Residuals of best fit to the E model (June 3) showing lack of 

independence \Vith time and irradiance. Panel d: June 3 (worst H model fit: r = O. l 09) station 

946. Panel e: June 4 (best H model fit: r =0.561 'I station 337. Panel f: Residuals of best fit r.o 

the H model (June 4) showing lack of independence \vith irradiance. Relative photosynthesis is 

the dimensionless ratio of the obser:ed photosynthetic :-ate to the optimum photosyr.thetic rate 

respective to each date. Solid lines in panels a.b.d and e represent the predicted relative 

photosynthesis by each model. Dashed lines in panel c represent a LO\VESS trend line 

tSYSTAT ver. 7). Legend panels a and b: x = 0.5 h: O = l h: 6 = 2 h; 0 = 3 h: * = -1- h: 

V = 6 h; C> = 8 h. Legend panels c. d, e and f: • = 50% PAR exposures all treatments: 

0 = 100%> PAR exposures all treatments. 
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Table 3.2: Nutrient status and light history/adaptation indicators for the algal assemblages sampled in 1997 and the amount of 

variance in photosynthesis explained by the E and 11 models. Nutric11t status for the whole waler sample was assessed using all 

nutrient deficiency indicators (see Chapter 2). The light saturation parameter (ll; 11E·m·1·s 1) values, calculated as 1'"111 :a.", and 

mean PAR, calculated using Eq. 2.1 (see Chapter 2), arc reported here as indicators of light history/adaptation indicators. 

Dale Station Basin Model Performance Nutrient Status of Algal Light History/Adaptation of Algal 

(rl) Assemhlag..: Assemblage 

E 11 N dcliciency' I' dclicicicncy" fvlean PAI-: ('1/c1) lk 

7/5 946 C 0.210 0.183 y N 10.6 177.7 

I 3/6 
00 

946 C 0.416 0.109 y y 15.1 60.9 

'° I 

4/6 337 E - 0.561 N N (1. 9 87.4 

5/6 961 C 0.162 y N 6.3 II.a. 

1/7 23 E 0.277 y N 4(i.4 122.8 

217 967 w 0.545 y y 32.8 126.2 

29/7 23 )( - N y 27.0 87.7 

30/7 953 C 0.080 O.J'J5 y y 25.5 129.5 

31/7 962 (' 0.207 - y y 24.8 110.4 

27/8 337 w 0.2(,9 N y ').<> 270.0 



regularly observed (e.g. Fig. 3.5d,e,f). The results of paired t-tests, show that in all but one 

experiment (June 4, 1997), the residuals for l 00% exposures were significantly (p < 0.00001) 

different than those for 50% exposures, \Vith negative residuals (model overestimation) in the 

100% PAR treatments and positive residuals (model underestimation) in the 50% PAR 

treatments (Fig. 3.5f). \Vhile the H model was more successful in titting the photosynthesis data 

(only two model fit failures), the percentage of explained variation was nonetheless lo\ver than 

50°/o in all but two experiments, and never higher than 56%. indicating substantial unexplained 

variation in addition to the systematic lack of fit. 

The relative success of the t\VO models was assessed relative to the \·ariation in 

environmental conditions and physiological condition of the phytoplsnkton. The multiple r 

squared (r or percent explained variation) values for E and H models were compared to the 

nutrient status of the algal assemblage. mean PAR and Ik values (Table 3.2) to test \,fo::ther 

nutrient deficiency or sufficiency. light history or photoadaptive state might influence how well 

the phytoplankton responses agreed \vith the models. Scatter plots and correlation analysis 

failed to identify any relationships between ;:node! performance and physiological status or light 

history of the ph11oplankton, howe\·er. 

Caiibra"tion of the R model ana BVv'F deriva:ion 

Fined to the 1998 photosynthesis data, the R model accounted for ca. 86.2% (range 

76.2 -93.0%) of the variance in UVR- and PAR-dependent photosynthesis (Table 3.3: Fig. 3.6). 

Although PAR inhibition was not noted in the short (lh) iight gradient incubations in 1997 and 

1998, it was a significant contributor to photoinhibition of primary production in Llu-ee of the 
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Table 3.3: Summary of the statistical analysis of algal photoinhibition using the repair model fur L. Erie phytoplankton. 

Photosynthetic parameters, maximum photosynthetic rates (P".,,; µg C·11g Chi a 1·11· 1) are the filled valw:s J: the asymptotic 

stamlar<l error of the estimate, and the light saturation parameter (I~; 11E·11f2·s 1
) values calculated as 1'".,/a.11 and arc reported here 

as indicators of light adaptation status. Model parameters lisll:d arc t:H(.Joo, (W·m·1y1 represent the biological effectiveness 

coefficient values al JOO nm, t:1.AH (W·111·1y1 represent the PAR clfoetiveness coefficient acquired through J>CA when tht: BWF 

were derived, and ki' amt k1 arc tht: "damage" and repair constants (s 1) filled by the I<. model (see Mate1ials and Methods section), 

respectively. 

Date Station Dominant Ucnera of Nano- I'" 
Ill I~ t:H(ICIIJ) 

., 
k I I k t:l'AH r- } 

and Microphytoplankton X J()'' x IO 4 X t()· 7 

a 
8/6 932 Ochn>11101u1s 5.91 _l 0.20 227.3 1.12 0.1J3U 1.0(> J_ 0.12 II.JO J. 0.30 0.48 ± 0.16 

9/6 945 Ud,ro11w1ws/Aslerim1el/,1 J.72 1: 0.1 (> I (J9. I 5.41 0. 7(J2 0.83 :I: 0.1 (i ~i.04 :I.: 1.54 24.10±5.60 

14/7 946 1'iw1<:eia/1Jy1wlnyo11/A11ahae11op.\·is 2.18 J~ 0.10 3 7.(J 4.99 0.'Jl8 I. 72 .I. 0.18 :'..57 ± 0.56 2.07 :I.: 0.(>7 
a 

12/8 337 Aplw1w1/iecd.'-:iele11,1s/r11111 4.76 J: 0.23 14.t.2 1.45 0.894 J.(>2 :l 1.02 (,.26 :l 2.34 1.28 :l: 0.86 
ii 

13/8 961 C)1dotella/Aplu11wlltece 2.11.10.10 8•1.4 5.14 0.801) J.7I J: 0.9(> ~,.7(J :L 2.27 1.72 ± 1.64 

a denotes that this t:stimatcd coefficient was not di fforcnt from 1.t:rn 



JO j: ·JJ J6 JS :o 
?::=di:t:d 

Figure 3.6: Repair kinetic model best and worst fits of the 1998 time series photosynthesis 

data using each respective biological weighting function derived. • = Best fit June 8 station 

932, r = 0.930; 0 = Worst fit June 9 station 945. r = 0.762. 
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five 1998 experiments in the longer ( 4h) spectral treatment experiments. The June 8 and 9 

mixed assemblages \Vere the least and most PAR sensitive, while the August phytoplank.'ton 

communities showed no significant PAR inhibition (E:>AR = 0). 

The estimated recovery rate constants were \·ariabie between sample dates, ranging 

from non significantly different from zero (June S) w 6.26 x 10...: s·; (Aug. 12) (Table 3 .3 ). 

Regardless of the fluctuating recovery constants, however, the R model consistently performed 

well (Table 3.3: Fig. 3.6). This is in contrast to the irradiance (E) and cumulative exposure (H) 

kinetic models, which systematically showed a ;:,oorer fit to the CVR- and PAR-dependent 

photosynthetic rates observed. These model performances were more variable than the R 

model. with r values ranging from 0.24 I - 0. 750 and 0 . .103 - 0.927 for the E and H model fits. 

respectively. Furthermore. paired partial F-tests determined that the R model significantly 

(p < 0.000001) improved L½e fit of the data compared to both the E and H models on all dates 

except on June 8. \vhen the Hand R model fits were not significantly different (p = 0.309: 

F = 1.081.26). On this date. the estimated recovery rate constant was not significantly different 

from zero, which follows the assumptions of the H model. 

The predictability of the kinetics of photoinhibition by both the E and H kinetic models 

was conspicuously dependent on the estimates of the_ recovery rate constants. This was apparent 

when the R model estimates of recovery rate constants \vere plotted against the amount of 

variance explained (r) by both the E and H models (Fig. 3. 7). There \vas a significant 

(p < 0.05; r = 0.977) negative linear relationship between the H model performance (r) and the 

recovery rate constant estimates. Conversely, a significant (p < 0.01; r = 0.989) positive linear 

relationship between the E model r and the recoveryrate constant was observed. Recovery rate 
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Figure 3. i: [rradiance (E) and cumuiative exposure (H) model performances vs estimated 

recovery rate constants (R model) for the 1998 data. legend: O H model performance: • E 

model performance. Error bars represent asymptotic standard errors of the R model estimated 

recovery rate constants. The E and H model r values for June 9 had high Studentized 

Residuals, consequently were deemed outliers and exciuded from the analysis. 
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constants did not show any obvious relationships with dominant nano- and microphytoplankton 

groups, light adaptation indicator (11_), light history(% mean PAR) or temperature. Hov,;ever, a 

significant negative relationship (p < 0.001; r = 0.985) was noted between recovery rate 

constant estimates and epilimnion depth. 

All the BWFs deri\'ed here showed significant inhibitory effects oflJVB and r ~V...\, 

although the weighting of each waveband \·aried bet\veen experimental dates (Fig. 3.8a). The 

BWFs are most easily compared by calculating the cross-product of the weighting coefficients 

with a representative incident radiation spectrum (Fig. 3.86). By calculating the biologically 

effective radiation spectrum (dimensionless) in this manner for each B \VF. three different 

patterns became clearly apparent. The 8\VF of June 8 and A.ugust 12 were not significantly 

different from each other. and had the [owest values c.,f the 1..veighting coefficients <eR,;.J The 

B \VF of June 9 and August 13 \Vere similar to each other. \Vith consistently higher eR!i.i· The 

B WF of July 14 had a different shape from all others. \\1th significantly higher £Ro., in the short 

UVB range (305 - 3 15 run) but low eR0.1 in the 345 - 3 75 nm ran.ge .. -\t longer \',:ave lengths. the 

July 14 £Rei.) were not significantly different from zero. 

\Vhen normalized to the c:Rr;ooJ values (Fig. 3. 9), all but one of the independently derived 

BWFs were nearly superimposed, emphasizing their similarity of shape despite variations in 

absolute value. The BWF estimated on July 14, however, differed by having relatively higher 

UVB and relatively lower UVA effectiveness coefficients (Fig. 3.9a,b). The shape of the 

previously-published P. tricornutum B\VF, \.vhen similarly normalized, somewhat resembled 

those derived here, with a steep slope in the lJVB. However, the L. Erie BWFs had lower 

normalized weighting coefficients for the long UVB and short UVA part of the spectrum 
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Figure 3.8: 8\VFs derived from PC.--\ using the R kinetic model for all five 1998 

experimental dates. Panel a: . ..\bsolute values of the effectiveness coefficients with standard 

errors (dashed linesL The 8\VF derived for July i-+ has negative standard errors Jt wavelengths 

> 374 run. Panel b: Biologically weighted radiation spectra (dimensionless) for each 1998 

BWFs. The dimensionless cross-product of the biological effecti\·eness coefficients and a 

representative incident radiation spectra. The sum of tlle cross-product. i.e. indicator of overall 

L,vR sensitivity. for each BWF is: 0.0140, 0.078-L 0.0470. 0.0200 and 0.0553 for June 8. June 

9, July 14, August 12 and August 13. respectively. Legend: Black: June 8: red: June 9: blue: 

July 14; green: August 12; violet: .--\ugust 13. 
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Figure 3.9: Relative weighting coefficients for each 1998 B \VF s. For each B WF. ERr ;_, are 

normalized to each respective ER1300 , value. Additionally. the Cullen et al. ( 1992) 

Phaeodacty!um tricornutum and the Jones and Kok ( l 966) photoinhibition biological 

weighting functions are ploned for comparison. Panel a is for the entire UVR spectrum while 

the UVA portion of the spectrum is enlarged in panel b. The scale on the right of panel b 

applies to the Jones and Kok (1966) BWF only. Legend: Black: June 8 BWF: red: June 9 BWF: 

blue: July 14 B\VF: green: August 12 B\VF; violet: August 13 B\VF; orange: P. iricornwum 

BWF: gray: chloroplast inhibition BWF. 
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(Fig. 3.9a,b). The chloroplast inhibition BWF was very different in shape, when normalized, 

from those found here, \Vi th a relatively shallo\v slope and relatively high coefficients from 300 

to 400 nm. 

The algal assemblage with the highest overall CVR sensitivity. represented by the sum 

of the cross-products, i.e. ~(I·eRo.)- (Fig. 3.Sa: June 9), \Vas dominated by a small chrvsophyte 

and a large pennate diatom. The lowest sum was recorded for a community sampled the 

previous day (June 8) and dominated by the same small ch.rysophyte. The small data set in this 

study and the cursory evaluation of the taxonomic composition of algal assemblage limited the 

ability of identifying species specific sensitivities to total UVR. However. a borderline 

significant (p = 0.054: r = 0.680) negative relationship was observed between maximum 

photosynthetic rates (P0 :n) estimated from the light gradient incubations and eR,}on.• ".\o further 

relationships could be identified between UVR sensitivity and light history/adaptation 

indicators or species composition in this small 1998 data set. ~o nutrient status indicators were 

available for the l 998 data. 

,~oolicat.ion of -che R model to 1997 observa--cions 
I I 

The ability of the R model and the BWFs derived from the 1998 calibration experiments 

to predict photoinhibition in other years and stations was tested against the 1997 experimental 

results. The BWF of June 9 1998 was selected as representative of the shape observed in 4 of 

the 5 experiments and combined with the radiation actually measured in 1997. In addition to 

the R-model, the limiting-case E and H models were also tested again against the 1997 dat°"' 

with the 1998 L. Erie B\VF rather than the Phaeodacrylum BWF. The R model could be fined 

to every experiment conducted in 1997 but it did not perform as well as in 1998. On average, 
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the R model accounted for 46.1 % (range 38.1 - 59.8%) of the variance in UVR-dependent 

inhibition. Recovery rate constants were significantly greater than zero for six of the 10 

experiments, ranging from 1.05 to 3 .2 7 x l 0-1 s•i. Despite the modest success of the R model, in 

terms of explained variation, it significantly improved the fit compared to the E and H models. 

Once again, significant positive (_E model: p < 0.01; r = 0.852) and negative (H model: 

p < 0.0 l; r == 0. 722) relationships \Vere observed between the amount of explained variation 

(r) by the E and H kinetic models and the estimated recovery rate constants (Fig. 3. l 0t 

The relationship between recovery rate constants and epilimnion depth was marginally 

confirmed by the 1997 data \Vhen it \Vas considered that station 23 sampled on July l was 

subjected to 3. shallow ·temporary' the::mocline .. ..\ssuming that thc seasonal therrnocline on 

July l was closer to 12m (near the chl a maximum: see Fig. 2.5), the relationship between 

recovery rate constants and epilimnion depth using both the 1997 and 1998 data was borderline 

significant (p = 0.066; r = 0.253) (Fig. 3 .11 ). 
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Figure 3. l 0: Irradiance (E) and cumulative exposure 1,H) model performances vs estimated 

recovery rate constants (R model) for the 1997 data. Radiation was weighted using the BWF 

derived for the June 9 algal assemblage and all three kinetic models were used to fit the 

photosjnthetic data. Legend: o H model performance; • E model performance. Error bars 

represent asymptotic standard errors of the R model estimated recovery rate constants. 
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Discussion 

The E and H models tested here are kinetic models with a priori assumptions about 

repair kinetics (Cullen et al. 1992, Neale et al. 1998b), with the E model embodying the 

assumption of rapid repair processes and the H model assuming no repair at all. The H model 

has oeen the most successrui to date in descnbmg the responses of natural communities in 

marine and fresh waters (Neale et al. l 998b. Smith et al. 1998). As first implemented here 

(1997), both models depended on a biological \Veighting function (B\VF) derived from lab 

studies of a marine diatom (Cullen et al. 1992). ~either the E nor the H model so constituted 

,vas satisfactory for L. Erie phytoplankton in either 1997 or 1998. The la:k of fit of the models 

was systematic. with residuals significantly ::elated to both exposure period and ::-:-adiance level. 

The latter pattern is hard to explain as a consequence of an incorrect BWF because the spectral 

composition of radiation was virtually identical in both 50% and l 00°10 irradiance treatments. 

and tests with an alternative B\VF from the literature (Jones and Kok 1966). or a 3\VF derived 

for L Erie ph:1oplankton in 1998, failed to improve the model fit. The apparent dependence of 

the response on both cumulative exposure and exposure rate is explicable if the idea of a finite 

repair rate, too fast to be ignored but too slow to anain equilibrium within the experimental 

period, is entertained. The interpretation would then be that the L. Erie phytoplank."ton sampled 

here maintained more rapid repair than did the Southern Ocean (Neale et al. l 998b,c) or L. 

Ontario (Smith et al. 1998) phytoplankton previously shov.n to follov.r the H model, but did not 

achieve a rapid equilibrium between damage and repair as seen in diatom cultures that follow 

the E model (Cullen et al. 1992). The relative success of the R model, the non-zero recovery 

rates it usually indicated and their relationship to the E and H model performances (in terms of 
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r2), supported the idea that finite, but not instantaneous, rates of recovery are an important 

influence on ph:,1oplanh.-ton response to UVR. There seems little doubt that models containing 

fixed assumptions about recovery rates will not generally be successful in L. Erie or, probably. 

other large lakes. 

Incident radiation. mixing depths and rates, temperature. alg:il species composition and 

nutrient status may all influence the repair abilities of algal assemblages (Karentz et al. 1991 a. 

Lesser et al. 1994, ~eale et al. 1998b, Pang and Hays 1991 ) . .-\t no time was a L. Erie sample 

encountered that fined the E model well enough to suggest a very rnpid rate of repair, despite 

independent evidence that L. Erie ph11oplankton do have effective and rapid recovery processes 

CMarwood et al. 2000). ~.far.vood et al. (2000) found n~:ir-complete reco\·ery of photosynthetic 

electron transport within 2 hours ofrecovery under dim light. Their exposures \Vere < 1 h long, 

however, and inhibition was not as severe as that seen for carbon assimilation after prolonged 

exposures in the present study. The longer exposures used here may have resulted in longer­

lasting damage (e.g. structural damage to membranes or RCBISCO). ,vhich would require 

lengthier recovery times. ~fore moderate impacts. from shorter exposures. may be offset more 

effectively by short-term defence mechanisms such as energy dissipation via fluorescence 

(Ferris and Christian 1991 ), or repair of rapidly-cycled components such as the D 1 protein of 

photosystem II (Greenberg et al. 1989). Additionally, carbon assimilation as measured here may 

reveal effects that would not be as evident in measures of electron transport, such as altered 

RUBISCO activity. The recovery rates estimated here for the shorter, and less severe, exposures 

were in fact not greatly different from those observed by Marwood et al. (2000). Over extended 

exposures, these quick responses will become overwhelmed and more extensive damage will 
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occur which will require more drastic counteracting measures (e.g. repair). The different time 

scale of the experimental exposures in these two L. Erie studies is likely the consequence for 

the differences in the inferred recovery abilities. On the other hand, the H model performed 

relatively well (r > 0.5) on some occasions, suggesting slower than usual repair. \tfost of the 

measured environmental and physiological status variables failed to shO\V any strong 

relationships with estimated recovery rates or the performance of E and H models. ~utrient 

limitation \Vas slight or nonexistent on the two dates of best performance (June -1-. July 2, 1997) 

but the model performed poorly on other dates with absent or slight nutrient limitation (e.g. 

June 5, July 1 ). Ik was lov.: to moderate on the two dates of best performance. but 1.vas equally 

IO\v on ether dates when the model did poorly (e.g. June 3, July 29). Both of the dates with 

good model performance were dominated by diatoms and/or chrysophyceans. but bad 

performance was seen on other dates \\1th similar composition (e.g. \fay 7. July 31 ). :\'o one 

environmental factor was clearly dominant in determining model performance or. by 

implication. recovery rates. 

In aquatic systems, the physical and chemical environments \·,u-y both temporally and 

spatially and one physiological process that can change over time to facilitate adaptation to a 

dynamic environ...-nent is repair. In I 998, the various stations sampled in L. Erie changed from 

being dominated by small chrysoph11es to being dominated by diatoms and cyanophy1es. The 

community composition should influence the photo inhibitory response of an algal assemblage 

because the repair of l.TVR-induced DNA photoproducts and essential photosynthetic proteins 

( e.g. D 1 protein) is species-specific (Boelen et al. 2000, Karentz et al. 1991 a, Xiong et al. 

1997), as is the ability to synthesise UVR screening compounds (Hannach and Sigleo 1998, 
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Sinha et al. 1998). In Lake Michigan, spring diatom and chrysophyte communities have been 

reported to be more susceptible to UVR than summer and fall cyanoph:,.1e communities, a 

phenomenon anributed to differences in protective pigments (Gala and Giesy 1991 ). However, 

as in 1997 (see Chapter 2), a particularly sensitive algal groups in L. Erie could not be 

identified in 1998. For example. communities dominated by small chrvsoph"1es could be both 

tolerant of (June 8) or sensitive to (June 9) UVR (Table 3.3: Fig. 3.8b). Since nvo closely 

related species can exhibit very different UVR survival strategies. and show large differences in 

their photoinhibitory responses (Quesada and Vincent 1997), the level of taxonomic 

identification in this study may not have been detailed enough to attribute the obser;ed 

differences in sensitivity to such a cursory community composition evaluation. 

The overall sensitiviry of algae to uVR \vill not only depend on algal physiology but 

also on the physical and optical characteristics of the water column. These parameters \vil 1 

affect the algal lJ'VR-exposure. and hence influence their photoinhibitory response. While no 

relationship could be identified between mean PAR and liVR sensitivity or recovery rate 

constant estimates, a sigmficant negative linear relationship between recovery rate constants 

and epilimnion depth (i.e. mixing depth). \Vhile the 1997 data only marginally supported the 

relationship noted in 1998, the highly significant linear regression observed and the large 

confidence intervals around the 1997 R model recovery rate estimates, preclude the dismissal of 

this relationship. It appeared that phytoplankton experiencing rapid changes in light climate 

\\:ithin a relatively shallO'-V and turbid mixing layer maintained low UVR sensitivity by 

manifesting vigorous recovery rates. On the other hand, phytoplank1on experiencing slow 

exposure variations within a relatively deep and clear mixing water column reduced l.IVR 
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sensitivity by means other than vigorous recovery (e.g. pigments). It is proposed that overall 

UVR sensitivity should be considered as having two important components: 1) a susceptibility 

to damage component possibly influenced by the presence of photoprotective pigments and 2) 

an ability to recover component mediated by repair processes . 

. .\daptation through the synthesis of pigments can confer protection from damaging 

radiation. The dinoflagellate, Gymnodinium sanguineum, gro\vn under high light increased its 

protective pigment concentrations. consequently, \.vhen repair was artificially inhibited via 

streptomycin, PSII efficiency remained relatively unchanged in the presence of inhibiting 

radiation (Neale et al. 1998a). \Vithout a pigment analysis to support this claim, it is merely 

speculation that on June S, the sampled algae were pre-adapted to high light conditions and 

photoprotective pigments conferred these algae a higher UVR tolerance in the absenc~ of 

vigorous repair. On the other hand. it can be suggested that the variable light climate in the 

shallow turbid mixed water column sampled on August l 2 stimulated repair (Table 3 .3) which 

lead to the lo\v lJVR sensitivity. 

Conceivably, the depth of the mixed layer as well as the rate at \.vhich the water is being 

mixed will determine the duration and extent of UVR exposure within a given water body. 

\Vhile mean PAR values \\-ill be indicative of the average light climate. epilimnion depth will 

be a surrogate of mixing strength (i.e. rate) in a lake (\Vetzel 1983). >Jo relationship between 

mean PAR and UVR sensitivity or recovery rates \Vas observed. Mean PAR values, although 

similar for the June 8 and August 12 stations, the two extremes in recovery rates observed in 

1998, these average light climate values were low for different reasons. Mean PAR values were 

low for station 932 (June 8) because the mixed layer ,vas deep (21 m), whereas, mean PAR 
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values were low for station 337 (August 12) because PAR attenuation was high (KdPAR 

= 0.63 m·1). \Vhile mean PAR is a good approximation of the amount of light algae are seeing 

within a given mixed water column, it does not tai(e into account the rate at which cells are 

being mixed ,\ithin this water body. This ,viii invariably influence the magnitude and duration 

of the UVR exposure for a particular cell. The differences in water clarity between stations 932 

and 33 7 imply that, given a similar mixing rate. phytoplankton at the deeply mixed clear water 

station ,vill experience relatively slower rates of change in radiation than their counterparts at 

the relatively shallow mixed turbid station. The photoadaptative response of algae to a dynamic 

light climate depends both on the rate and magnitude of change in radiation. in addition to the 

direction (do\\-n- vs up-ward shifts in light) of the change (Cullen and Lewis 1988). The 

subsequent response to these variation~ in radiation will reflect the integrated action of different 

active photoadaptive processes. each of which proceed at various time scales (Ferris and 

Christian 1991 ). [f different photoadaptive mechanisms have different cues or triggers. whether 

it be high PAR or a slow or rapid changing light climate. it would explain at least partially why 

algae adapted to similar mean light climate showed nvo completely different strategies for 

counteracting the effects of inhibiting UVR. Algae at the clear water station reduced their 

susceptibility to UVR damage, possibly by increasing their photoprotective pigment contents, 

while those at the more turbid site exhibited vigorous recovery. 

The biological weighting functions derived in this study \Vere \·ery consistent in their 

relative weightings between experimental dates. Vvnile the relative shape of the BWFs derived 

in this study was similar to the P. tricornurum function, used to fit the E and H models 1,1vith the 

1997 data, they had notably lower biological weightings in the high UVB and low UVA range 
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of the spectrum. In this study, natural mixed assemblages adapted to solar radiation were used 

to derive the BWFs as opposed to a single species culture (e.g. P. tricornutwn) reared under 

laboratory conditions. The shape of a BWF can be influenced by the light exposure regime 

(Neale et al. 1998a). Phytoplankton in natural systems have rnrious UVR adaptation 

mechanisms, such as the synthesis of mycosporine-like amino acids. a series of ohotoprotective 

pigments, with high absorption in the 309 - 360 nm range (Roy 2000). The presence of these 

pigments in the natural assemblages may have resulted in the lower relative effectiveness 

coefficients of the BWFs in this part of the solar spectrum. 

The normalized spectra of the BWFs showed that. on average, the different L. Erie 

phy1cplankton assemblages had simil3.r wavelength-dependent photoinhibition. although the 

8\VF derived for the July 14 algal community distinguished itself from the rest (Fig. 3.Sb). This 

weighting function had relatively higher C\"B and relatively lower UV.-\ effectiveness 

coefficients. The shape of the B \VF reflects the sensitivity of the biological parameter of 

interest to various wavelengths. This sensitivity can depend on species size and composition. 

nutrient availability and the presence of photoprotective pigments (Boelen et al. 2000. Karentz 

et al. 1991 a,b, Lesser et al. 1994, Roy 2000). To our knowledge, only one study has specifically 

investigated the effects oflight adaptation/history on the shape of a B\VF, a study with the 

dinot1agellate, Gymnodinium sanguineum (Neale et al. 1998a). Cells gwwn under high light 

demonstrated increased concentrations of mycosporine-like amino acids (!vfAAs: UVR 

;sunscreens') compared to those grown under low light, consequently, these high light grown 

algae had lower effectiveness coefficients between 320 - 340 nm, the wavelengths of maximum 

MA.As absorption. Although, the algal assemblage of July 14 was relatively more sensitive to 
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UVB, at wavelengths> 330 nm the weights of the effectiveness coefficients were relatively 

lower than those of the other BWF. Pigments with specific absorption at these longer UVA 

wavelengths may have prevailed in these algae. 

The short UVB wavelengths are strongly absorbed by aromatic amino acids (Tevini 

1993), consequently, proteins can be readily photomodified by these wavelen~ths. Maximum 

rates of photosynthesis (P0 m) under saturating light conditions rerlect among other things the 

concentration of the carbon fixing enzyme Rubisco (Lesser 1996 and references therein). The 

negative relationship observed in 1998 bet\veen algal l.JVB sensitivity ~i.e. ER.1300 ,J and P0 
m may 

suggest that light-saturated photosynthetic rates were inhibited to a greater extent in the more 

sensitive algal assemblages. UVR-associated damage is knO\\TI to decrease light-saturated 

photosynthetic rates (cf. Ferris and Christian 1991. Hazzard et al. 1997'), ;i possible 

consequence of the photomodification of Rubisco known to occur following C\'B radiation 

exposure (\Vilson et al. 1995). Alternatively, if Rubisco concentrations or activities are low. for 

example, due to lov.: light adaptation. CVB sensitivity may be enhanced in these algae by a 

limited capacity to further withstand any losses of this critical enzyme. In 1997. a similar 

relationship was not observed benveen an index of UVB sensitivity (UVB,nn ~ff: see Chapter 2) 

and maximum photosynthetic potential. This index, based on a linear exposure response curve. 

may not have reflected the UVB sensitivity as accurately as the £Rr3001 from the individual 

BWFs. 

\Vhat the repercussions of photoinhibition will mean to an aquatic ecosystem as a whole 

\Vill depend on the physicochemical and biological characteristics of that water body. While the 

kinetics of photoinhibition will be influenced by the overall sensitivity of the algal community, 
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the transmission properties as well as the rate and depth of mixing of the water column will 

likely have a greater influence on the relevant extent of photoinhibition, i.e. the inhibition on 

integrated primary production. These parameters will control the extent and duration of 

exposure to inhibiting radiation. In the following chapter the R model is validated \Vith 

experimentally measured recovery rates and use this model for some predictive modelling to 

assess the impacts of present day and forecasfed [eve ls UVB on integrated primary production 

in L. Erie. 
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Chapter 4 

The imoact of ultraviolet radiation on 
i 

verticallv-integrated orimary ~woduction in L. Erie: 
'-' I I 

The role of recovery and mixing processes 
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Abstract 

A model of ultraviolet and visible radiation-dependent photoinhibition. developed for 

L. Erie phytoplankton, was used to calculate losses of daily production under mixing and water 

transparency scenarios that spanned the common range of conditions in the lake. The moder s 

measurements of recovery follov,:ing varied spectral exposures. Consistent with model 

predictions, notable recovery of photosynthesis. even \.\·hen inhibited 80° 00 by prior exposure to 

damaging radiation. occurred follov,:ing transfer to benign, and relatively low irradiance. 

conditions. Measured recovery rate constants were independent of pre-exposure treatment. with 

a median of 0.49 x lo...: s· 1
. Recovery rate constants estimated from the photoinhibition model 

under higher radiation fluxes were significantly larger r.fian the rate constants measured in 

recovery experiments. possibly reflecting differences in availability of P.-\R and long-UV.-\ 

\.Vavelengths involved in photoenzymatic repair. Both estimates of recovery rates indicated that 

near-full recovery would occur within one photoperiod under most conditions. [ntegrated 

photoinhibition (PiinJ, i.e. the daily loss of production throughout the photic zone. predicted by 

the model was little affected by mixing rnte variations, except that all scenarios with finite 

mixing rates experienced more inhibition than those with no mixing. The contribution of 

different wavebands to total photoinhibition also varied little \.Vith mixing rate. In a mixed 

water column, PAR-, UV.-\- and UVB-anributed inhibition under typical mid-summer, .::Iear­

sh.-y, conditions, averaged 2.2, 9.9 and 1.2% for the entire lake. PI.nt was always highest in the 

relatively turbid, but shallow, West basin, regardless of the mixing scenario. Shallow 

'temporary' thermoclines in the West basin led to the highest Piint predictions (2.6 and 15.8% 
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PAR and UVR inhibition, respectively). A forecasted 20% decrease in stratospheric ozone 

concentrations resulted in a minimal increase of 1.2% of Piint in the \Vest basin, and would 

have a similarly minor effect in the other basins. Variations of phytoplankton susceptibility to 

UVR, and of their recovery rates, over the ranges observed to date in L. Erie, could lead to 

extremes of 5% to 20% loss of production under normal mixing conditions. l;V.-\. rather than 

UVB or P.-\R. appears to be the major \vaveband responsible for photo inhibition of primary 

production in L. Erie. The impacts of climate change and human activity on transmission of 

UV.-\. are therefore more of a concern than ozone-related variations of DVB in the Laurentian 

Great Lakes. 
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Introduction 

The main targets of UV radiation in phytoplankton are DNA and photo system II 

structural proteins (DI), therefore recovery from exposure likely involves 1) the repair of 

damaged DNA: and 2) de nova synthesis of chloroplast proteins. Some of the enzymes 

involved !!! !"epai..::-i.:'!g d:::.::}~g.::d D~~ . ..\. Zuc iiil.lLH.:ibie. Tne transcnpnon of photolyase is under 

light control and is inducible by LTB in plants: in addition. there is evidence that DNA 

polymerase~ and DNA ligase are inducible (Greenberg et al. 1997. Pang and Hays 1991 ). The 

control of transcription of these different enzymes is under regulatory control by kinases which 

are involved in signal transduction and are themseh·es inducible by gro\\1h arrest and Dl'-iA 

damage (Pang and Hays I 994). Evidence for the necessity of de nova chloroplast protein 

synthesis for recovery of photosynthetic activity. comes from experiments specifically 

inhibiting chloroplast protein synthesis by the use of streptomycin (Ihle I 997. Lesser et al. 

1994 ). In the presence of this protein synthesis inhibitor, recovery does not occur. 

Results from photosynthetic recovery studies are ambiguous. ranging from evidence for 

complete recovery potential within a few hours to incomplete recovery after> 20h (e.g. 

Hermann et al. 1997, Larkum and \\iood 1993). The '!eemingly contradictory results are due to 

different endpoints measured (DNA photoproduct removal, oxygen evolution. quantum yield. 

photosynthesis), different exposure conditions used (short ( < l h) vs long (> l h) exposures, 

natural vs artificial irradiance, spectral treatments) and the variety of species used to test 

recovery potential (Burna et al. 1996, Hanelt et al. 1997, Hazzard et al. 1997, Karentz et al. 

1991a, Schofield et al. 1995). For example, full recovery of optimal quantum yield (measured 

as F JF m) and 0 2 evolution in Dunaliella salina was achieved following short exposures (30 
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min) to natural solar radiation, but recovery was still incomplete after 21 h when the exposure 

was 3h long and included mainly UVB and short UV.-\ radiation (Hermann et al. 1997). 

Wavelength dependence of recovery was also observed in a macroalga, Pal maria palmara, for 

\vhich exposure to progressively shorter wavelengths increased the degree of photoinhibition 

and delayed the onset of recovery in the field (natural photo period: Hanelt et al. I 997). 

Quantifying the relative impacts of liVR under natural conditions is complicated by 

the difficulty of measuring or modelling the spectral conditions and exposure regimes in the 

natural environment (Buma et al. 1996). While the spectral transmission properties of a water 

body can be measured. mixing in aquatic systems continuously changes the radiation exposure 

cf phytoplankton cells, complicatin~ the attempts at forecasting impacts. >-7ot only does the 

presence or absence of mixing influence integrated photoinhibition but the strength of mixing 

(i.e. mixing rates) and depth of mixing are also controlling factors (Franks and >[arra 1994). 

Few studies have attempted to quantify the effects of mixing on integrated primary production. 

Two approaches have been reported in the literature. The first involves a physical simulation 

of mixing, either mechanically (e.g Zagarese et al. 1998) or by rotating optical filters over a 

fixed sample (e.g. Helbling et al. 1994 ). The second approach employs models that 

incorporate quantitative functions to describe the biological responses together ·_.,·ith additional 

functions to simulate the mixing and optical regime in the water column (e.g. Franks and 

Marra 1994, Neale et al. 1998c). The inr1uence of mixing on the extent of photoinhibition has 

been related to sensitivity of the organisms to UVR (Boelen et al. 2000, Neale et al. 1998c. 

Zagarese et al. 1998) and the kinetics of photoadaptation \Vith respect to the mixing and optical 

characteristics of the water column (Cullen and Le\vis 1988, Franks and Marra 1994 ). Because 
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vertical mixing \Vill invariably cause different ph11oplankton cells \vithin a same water column 

to possess different light histories, biological weighting functions and knowledge of the 

kinetics of UVR-associated damage and repair become particularly important when modelling 

of impacts in a mixed water column are attempted (Cullen and Lesser 1991, Lesser et al. 1994, 

Neale et al. 1998c). 

In the previous chapter the importance of considering repair processes ,vhen modelling 

primary production was clearly demonstrated. A new kinetic model. which incorporates a finite 

recovery term as 1,vell as the first knO\\TI biological weighting functions for freshwater 

ph:i,1oplankton, was shown to be applicable to L. Erie ph:,,1oplankton. The model provides the 

tools necessary to make realistic predictions about the impacts of GVR in Lake Erie. This 

chapter begins by evaluating the R model (see Chapter 3) further by comparing its estimates of 

recovery rate constants to experimentally measured recovery rates. Then. the model is 

combined 1,.vith information about the optical conditions in the lake to calculate the impact of 

present day and future levels of uVR on primary production in Lake Erie. all \vi thin the 

realistic context of a mixed \vater column. 
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Methods and Materials 

Theory 

In the presence of inhibiting radiation, photosynthesis will be a function of both damage 

and repair kinetics (see Eq. 3. I). If cells are removed from the presence of any inhibiting 

raciiation, photosynthesis will recover and may obey first-order kinetics in the following 

manner: 

(-LI a) 

Equation 4.1 a integrated over time becomes. 

(-1-. I b) 

\vhere P' n is the photosynthetic rate at time t after transfer to non-inhibiting conditions. and 

P'.o) is the photosynthetic rate \vhen first transferred to the non-inhibiting conditions. P" n and 

P' a) express photosynthetic rates normalized to the uninhibited rate expected for the given 

irradiance conditions. k, is the recover,,· rate constant (h· 1). - . 

Using the recovery rate constant estimates calculated from Eq. 4.1 b, expected time of 

recovery to 95% full capacity can be calculated as follows: 

ln(l- P\oi ) - ln(l- P' Recovered) 

l95 = 

where P'Reco•er~d is the normalized photosynthetic rate at 95% recovery, i.e. 0.95. 
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Equations 4.1-4.1 deal with the case of phytoplankton transferred to non-inhibiting 

conditions, but k2 can also be estimated simultaneously \Vith inhibition, as done for the Sh ti,ne 

series experiments in Chapter 3. Such estimates are less direct, but may give a more accurate 

measure of recovery rates under the higher irradiance conditions in which the damage actually 

occurs. The two types of recovery rate estimates will be compared here. 

Experimental Procedures 

The water sampling and experimental protocols for the first 2h of exposure for the 1997 

and 1998 recovery experiments were as described in Chapter .2 and 3. Brierly. in 1997 and 

1998, eight and two recovery experiments were conducted, respectively. In 1997. quartz tubes 

were pre-exposed for 2h in different spectral treatments (100 and 50% PAR full :::pectrum (all 

experiments) and l 00 and 50% P:-\R and UV.-\ \Vithout l~VB (July ( J. dates) :md .--\ugust ( I 

date) experiments)) and sampled at 0.5h !\\'hen appropriate). lh and 2h. The tubes were then 

transferred to a benign 5 (!vlay 7, June -+ and 5) or I 0%, (all other experiments) recovery box 

which transmined 5 or I 0°,o of the incident solar radiation at all \Vavelengths. Carbon 

incorporation \vas further monitored over time and samples were taken at 2h. -1-h and 6h of 

benign light conditions. In 1998, the experimental design \vas essentially the same. however, 

two additional spectral treatments \Vere used, I 00 and 50% P .--\R only. and an extra sampling 

time was included, lh after transfer. 

Modelling of Lake Erie 

Using the modelling package Stella® (version 5.1.1 for Windo\vs™), the R kinetic 

model was used to forecast the inhibition of integrated primary production in the three L. Erie 

basins. The purpose was to determine the extent to which UVR- and PAR-dependent 
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photoinhibition reduced primary production in the entire water column over the course of one 

day. 

Photoinhibition was modelled for an algal community \Vith typical L. Erie 

photosynthetic parameter values (P\, == 4.35 C-Chl a·h·'. a0 == 7.67 C-Chl a· 1·E· 1·m2
). These 

values are averages from 46 light gradient incubations performed in 1997 ( 11. 21 and 14 in the 

East, Central and \Vest basins. respectively). These values •.vere accepted as reasonable 

representative estimates of L. Erie phy1oplankton photosynthetic performance since 7 4 and 

56% of the P\
1 
and ab values measured in 1997. fell within one standard deviation (:::I.SO and 

::2.51, P\, and a0
, respectively) of the mean. A representative. clear-sky. diurnal radiation 

spectrum (June-+ 1997) with incident radiation measurements at 20 min intervals ( 9h40 to 

19h20) was used to model integrated primary production. \Vhile summer days can be as long as 

16h. the i Oh photoperiod modelled here \.\as centred around the maximum UVR photoperiod. 

Radiation before 9h40 and after 19h20 is uniikely to resuit in photoinhibition. Hov,:ever. 

photosynthesis \.vill continue during this time likely unabated by inhibiting levels of UVR or 

PAR. Since times of the day when only recovery and/or uninhibited primary production is 

occurring are ignored. integrated photoinhibition is probably overestimated. Integrated primary 

production estimates were modelled for each basin assuming various mixing depth scenarios: 

l) a 10 m epilimnion layer; 2) unstratified water column using basin-specific mean depth: 3) 

stratified water column using basin-specific typical epi!imnion depth; and 4) shallo\v ( l m) 

'temporary' thermocline (for the \:Vest basin only) .. ..\n organized water motion, a Langmuir 

circulation panern (Fig. -1-.1) was assumed to be the dominant mixing process and mixing rates 
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Ji. 

1/: cell 1/: cell 

Langmuir Circulation Cell 

Figure -1-.1: Organized circulation panern. Langmuir circulation. used in the modelling of 

the inhibition of integrated primary production. Primary production was calculated for algae 

within \I: Langmuir cell \vith different starting dept½s a.'1d mixing at different rates. 
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were varied between no motion (i.e. static water column) to 20 m·h· 1
, a theoretical upper limit 

for vertical displacement within an organized circulating cell (Denman and Gargett 1983 ). 

Integrated primary produci:ion was calculated for the IO h photoperiod, by predicting 

relative photosynthetic rai:es at 15 min. intervals, according to the kinetic model and calculating 

cumulative photosynthesis. This was done for four conditions: I) full spectrum 

(P.-\R+CVA+UVB): 2) PAR-HJ'V.-\: 3) P.-\R only and 4) optimum predicted from the 

photosynthetic parameters P\, and CJ. 0
, i.e. no UVR or P.-\R-attributed photoinhibition. The first 

three conditions allowed for photoinhibition from each waveband. and the estimates were 

compared to the theoretical optimum (condition -n to determine the percent inhibition of 

integrated primary production (PI,n1) attributed to PAR, lJVA and UVB. This \.\'aS done for -l-8 

theoretical algal cells either remaining at one point within the water column for the entire 

photoperiod (static scenario) or cycling at different rates and starting the day at different depths 

\Vi thin a 11
: Langmuir cell (Fig. 4.1 ). The kinetics of damage and recovery \Vere assumed 

constant throughout the day, and algal biomass was assumed to be uniformly distributed 

throughout the water column. P.-\R availability was calculated using basin-specific attenuation 

coefficients. representing median values obser;ed in five separate cruises in spring and summer 

of I 997 (0.26, 0.32 and 0.64 m· 1
, for the East, Central and West basins, respectively). 

Wavelength specific attenuation coefficients (Kd,i,) for UVR \Vere predicted from previously­

derived models for L. Erie w-hich best predicted L:VR attenuation coefficients (Smith et al. 

1999). The first relationship was used to predict the attenuation coefficient at 320 nm (Kd320): 

Kd320 = 1.3 78 + 0.218. TSS + 0.804. KdPAR (4.3) 

using total suspended solids concentrations (TSS) and vertical attenuation coefficient for PAR 

-123-



(KdPAR). The second relationship then used predicted Kdno (Eq. 4.3) to calculate attenuation 

coefficients for other wavelengths (Kd;.): 

K _ K . 3:!SS-001!,;. 
ai. - d320 e (4.4) 

Radiation at each depth interval was calculated with incident spectral radiation weighted with 

Lhe oiulvgicai \Vcignting function ctenved for the algal assemblage sampled on June 9i98. This 

BWF was chosen because it was derived from algae demonstrating high liVR sensitivity (E:R(3001 

and ~eR1;_1; see Table 3.3 and Fig. 3.Sb), yet the overall shape of the BWF seemed 

representative of the relative biological effectiveness of different UVR wavelengths on L. Erie 

phy1oplankton (see Fig. 3.9b,c). Csing the weighted radiation. the R kinetic model \Vas applied 

to predict photosynthesis, assuming median 1998 \·alues of :-ecovery rate constants (5 .04 x 10· 

4 s· 1
) and PAR effectiveness coefficients ( 1. 72 x Io-~ 1 W·m-:(). Bv using a high-sensitivitv 
~ ~ - - . 

8 WF it was intended to illustrate the maximum UVR-inhibition that might be expected. but 

sensitivity analysis was also done to explore the implications of different assumptions 

regarding BWF and recovery rate constants. 

Variations in the incident radiation spectra were calculated for ·normal" ozone levels 

(300 Dobson Units(DU)) and a 20% reduction in ozone concentration (240 DU), using 

published wavelength specific ozone absorption values (0,folina and :-.folina 1986). A 20% 

reduction in ozone layer is an upper limit of ozone depletion encountered in southern Canada 

during spring months (Meteorological Service of Canada 1999). While not as severe as ozone 

thinning observed in the .. ~retie (up to 45%) and Antarctic (50%), an average 3.4% decrease of 

total ozone occurred between 1979 and 1997 over North America and assuming this trend is 
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maintained, a further 20% decrease could be expected over the next century (Meteorological 

Service of Canada 1999). 

The unweighted UVB irradiance spectrum for 300 and 240 DU is illustrated in Fig. 4.2. 

The inhibition of integrated primary production under 'normal' ozone levels was modelled for 

each basin and all mixing scenarios. wJ:,jle the forecasted effects associated with a 20%> 

reduction in stratospheric ozone concentrations \Vere modelled for the West basin only. 

Furthermore. sensitivity analysis was performed on this basin, under complete mixing 

conditions (mixing depth of 7.6m). for four different combinations of low (0.30 x 1 o·~ s·•) and 

for the West basin only because it seemed to show the greatest response to l;VR (see Results) 

and would be expected to show the strongest response to ozone depletion . .1nd ,o \'ariable 

recovery rates and phytoplankton sensiti\'ity. 

Statistical ,~nalysis 

.-\nalysis of variance (.-\NOV.-\) was used to investigate the dependence of relati\·e 

cumulative photosynthesis and the measured recovery rates as a function of pre-exposure 

treatments. Frequent (3 out of-+) failure of non-linear regression modelling for the UVR 

excluded treatments allowed only one estimate of k2 for this spectral quality treatment, 

therefore, the effect of total (.JVR exclusion on recovery rate constants could not be assessed. 

\vnile the k2 and P\nai satisfied the .-\NOV.-\ assumptions, the P\oi were not normally 

distributed and therefore these values were natural logarithm transformed. \Vilcoxon' s test, a 

non-parametric, t\vo sample paired t-test, was used to assess the differences between the 
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Figure 4.2: 

295 300 30:5 310 

Wa,:elength (nr.11 

320 

UVB irradiance spectra under ·normal' (300 Dl~) and ·depleted· C40 DC) 

stratospheric ozone concentration. Solid line: 300 DC: dashed line: 240 DC. 
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directly measured (recovery experiments) and inferred (R model) recovery rate constants. 
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Results 

Limnological Conditions 

A total of ten stations \Vere sampled for recovery experiments, eight in 1997 and t\VO in 

1998. The limnological conditions found at each station sampled are listed in Table 4.1 (see 

Chapter l for detarled description of the stations sampled in 1997). The two stations sampled 

from the Central basin in i 998 were stratified and ch! a was uniformly distributed \Vi thin the 

top mixed layer .. -\t stations 945 on July 16. J. subsurface chi a maximum was observed 

between 6 and 14m. near the thermocline and the kinetics of reco\'ery were in\·estigated for the 

algal community sampled at i Om. Chi a vertical distribution was. however, uniform at station 

946 on .-\ugust 11 and the 5111 water sample was representative of the mixed layer. There \Vas 

no e\'idence of shallo\v ·temporary· thermoclines at either of these stations. 

lJVR-Dependent Inhibit-ion and Recov~ry of Pho:.osyn--chesis 

In all experiments. two hours of exposure resulted in a notable reduction of relative 

cumulative photosynthesis (P', 0,; see \faterials and :\,fethods) and meaningful recovery 

occurred when the samples were transferred to benign. lo\v-light, recovery boxes (Fig. -L3 ). On 

average, the harshest treatment (100% P .-\R full spectrnm) suppressed photosynthesis by as 

much as 80% in 2h relative to the optimum photosynthetic rate. Conversely, the mildest 

treatment (50% PAR only) resulted in minimal inhibition, ca. 4% (Fig. -Ub). While exposure 

to UVB did diminish photosynthesis, the bulk of the photoinhibition \Vas attributed to UV A 

(Fig. 4.3b). Analysis of variance (ANOV.-\) showed that the P'co) values (Table 4.2) were 

significantly (p < 0.0000 I) lower in the UVR-exposed (UVA and/or ()VB) treatments than the 
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Table 4.1: Summary of the limnological variables of the stations sampled fur time-series recovery experiments conducted on L. 

Eric in the summers of 1997 and I 99lL 

Date Station Basin Epilimnion Depth Temperature al 5 Ill Chi a at 5 m KJl'AI( 

(Ill) ("C) (11g·J;') (nf1} 

1997-7/5 946 C 22 (> 1.5 0.43 

3/6 946 C 22 (isu.) 8.8 2.5 0.29 

4/6 337 w 9 (iso.) 13.2 9.8 1.61 

5/6 lJ6) C 19 (isu.) 11.4 1.2 0.83" 

29/7 23 l·'. 15 22 3.5 * 0.24 

30/7 953 C 12 22.2 1.4 U.32 

31/7 9h2 C 11 23.7 2 0.3<>" 

27/8 337 w 9 (iso.) 21.1 15.5 l.lh 

1998-16/7 945 C 10 22.') 4.h 0.3.1 

11/8 946 C 17.5 23.6 4.9 U.25 

*Note that i11 vivo chi a iluorc.scem:e was 1101 uniformly distributed with the mixed layer un this <late (see Fig. 2.5) 
" Value of K.tl'AH derived from tht: following relationship: K,u•AH '-= -0.02<i*Tra11smissio11·12.258 

Mean PAR 

% of incident 

10.6 

15.1 

(i.9 

(J.3 

27 

25.5 

24.8 

9.6 

29.2 

22.6 
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Figure -l-.3: Temporal change in relative cumulative photosynthesis for the various 2h pre-

exposure spectral quality treatments ,a) July 29/97 and (b) August 1 Jt98. Vertical dashed lines 

represent the time samples \Vere transferred to benign recovery deck boxes. Legend: 

e = l 00% PAR full spectrum; 0 = I 00% PAR~ lTVA;2 = I 00% PAR only; * = 50~o 

PAR full spectrum; * = 50% PAR~ UVA;~= 50% PAR only. 
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Table 4.2: Relative cumulative photosynthesis for each spcclral lrealmenl following 2h of cxposurcjusl before being transferred 

lo the benign recovery deck boxes (initial) and following 6h of recovery (final). Averages (over all c;,;perimenlal dales):!: !SE; 

subscript denotes sample size; values in parentheses represent the range of observed values. 

Relative 100% PAR 100% PAR 1001¾, PAR 501% PAI{ 501¾, PAR 501½, PAR 

l'hulosynthcsis full spectrum UV B-shicldcd only full spectrum lJ V B-!il1icldcd only 

I>' 
(0) 0.21 ± 0.0211 0.29 ± 0.01, 0.74 j 0.112 0.55 J. 0.0311 0.65 :l: 0.03., 0.96 :!: 0.012 

(0.12-0.JI) (U.24 - 0.32) (0.hJ - 0.85) (0..1 I - U.70) (0.53 - 0.77) (0.95 - 0.97) 

I), (l111al) 0.58 J: 0.U7JU 0.59 J, 0. I 01 1.11 J. 0.301 0.69 J. 0.091() 0. 1JI :1: 0.10~ 1.02 :i 0.102 

{U.23 - 0.89) {0.18 - 0.99) {0.80 - 1.41) {0.16 - 1.07) (0.(l2 - J.J6) (0.93 - 1.12} 



UVR- shielded treatments within each P . .:\.R level. After 6h ofrecovery, however, ?'1r; (i.e. 

P'r.nai) were no longer significantly different betvveen spectral treatments in either PAR 

treatment level (p > 0.05) (Table 4.2). 

Recovery of photosymhetic rates was observed following all spectral exposure 

treatments (Table 4.2) . .-\.fter 6h, the samples subjected to the harshest treatment ( l OO~·o full 

spectrum) had recovered to ca. 60°,o of the low-light control, \vhile those exposed to the mildest 

treatments (I 00 and 50% PAR only) no longer showed any signs of inhibition. \Vhile a trend 

to\vards lower P',finan values in the harshest treatments compared to milder treatments \Vas 

evident. these differences were not significant. 

Recovery Rate Const.ants and /·.ssocia-ced Recovery Times 

Recovery rate constants were estimated by fitting Eq. 4.1 b for e::ich spectral treatment to 

ascertain whether recovery rates were dependent on the nature of the pre-exposure radiation 

treatment. In the UVR shielded (PAR only) treatments little damage was observed within the 

2h of exposure (Table 4.2), so there was little scope for recovery, and rate constants could not 

be estimated in 3 out of the 4 experiments. Thus. the effect of total UVR exclusion on recovery 

rate constants could not be properly assessed. Among UVR-exposed treatments, estimated 

recovery rate constants did not significantly differ bet\veen the UVB exposed and shielded 

treatments (p > 0.90, Table 4.3). In the absence of pre-exposure treatment effects, all treatments 

were pooled and an average recovery rate constant \Vas estimated for each sample date (Table 

4.4). These recovery rates ranged from 0.11 (June 4/97) to 1.25 x 10..;s.: (July 16/98), and had a 

median of 0.49 x 10..; s· 1 (Table 4.4). The highest recovery rate was observed on July 16/98 for 

the 1 Om sample from the metalirnnetic chlorophyll fluorescence maximum. 
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Table 4.3: Experimentally determined recovery rates for the different spectral treatments 

averaged over all sample dates. 

Spectral Treatment 

IOOPAB 

IOOPA 

50P.-\B 

SOP . .\ 

Recovery Rate 

i,h.:) 

0.17:::: 0.04.i 

(-0.02 - 0.47) 

0.15::: 0.06)7 

(-0.03 - 0.48'1 

0.18 = 0.07c 

(-0.07 - 0.57) 

0.18 = 0.11-

(-0.24 - 0.71) 
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Table 4.4: Measured and modelled estimates of recovery rate constants for each experimental 

date. Estimates (or median)± the asymptotic standard error of the estimate (or stdildard error). 

Date 

1997 - 715 

3 6 

-t6 

5.6 

29/7 

30/7 

31/i 

1998 - 8/6 

9/6 

1-1-/7 

16/7 

11/8 

12/8 

13/8 

.\ifedian 

Exponential fit 

k: 

(x l 0..: s·1) 

0.11 ± 0.04 

0.63 = 0.04 

0.11 :::: 0.04 

1.09::: 0.41 

0.41 ='= 0.02 

0.65 = 0.07 

0.56 = 0.06 

0.29 = 0.04 

1.25 = 0.10 

0.-+0 ± 0.04 

0.49 ± 0.12 

. 
r 

0.993 

0.978 

1J.8 l 

0.748 

0.874 

0.92J 

0.882 

0.802 

0.945 

0.932 

Repair (R) model 

k, 
, 

r 

(x 10-~ s•i) 

2.58 = 1.00 0.-+43 

5.46 ± 2.99 * 0.481 

0.24 ± 0.19 * 0.604 

2.00::: 0.57 0 .441 

11.30 = 6.29 * 0.144 

1.84 ± 0.45 0.598 

3 .27::: 0.89 0.381 

1.05::: 0.30 0.446 

0.30 = 0.30 ,;ca 0.93 
a 

5.04 = 1.54 0.762 

2.57::: 0.56 0.918 

6.26::: 2.34 0.894 

5.76::: 2.27 0.809 

2.58 = 0.82 

*Recovery rate constant estimate was not significantly different from zero. 

aNo direct recovery measurements available. 
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Recovery rate constants estimated by the photoinhibition model for samples exposed to 

higher, and damaging, irradiance ranged from non-significantly different from zero (e.g. June 

4/97) to 11.30 x 10..1 s·: (July 29/97), and the median was 2.58 x 10..1 s· 1 (Table 4.4). Wilcnxon's 

nonparametric paired t-test showed L°f-iat recovery rate constant estimates from the 

photoinhibition model were significantly larger than those measured directly in the recovery 

treatments (p < 0.05). 

Using the median measured and inferred recovery rate constants, 95% recO\·ery times 

\\'ere calculated for severe (80%) and mild (20%) levels of inhibition. Reco·,ery times were 

c3.lculated assuming no further exposure to inhibiting radiation. For severe inhibition. 15. 7 to 

3.0h w:-ts required for 95% recovery. using median values of the directly measured (10\v 

irradiance) and inferred (higher irradiance) recovery rate constants. respectively. Recuvery from 

mild inhibition \Vould by comparison require, on average. 7.9 to 1.5h. 

tvlodelling Inhibition of ln:.egrated Primary Production in a Mixed 'Na-:er ::olumn 

For each L. Erie basin, various water column circulation scenarios were simulated to 

investigate the effects of mixing rate and mixing depth on the inhibition of integrated primary 

production (PI:nt,). Fig. -l.4 shows the PI,nr results for typical summer epilimnion depths as a 

function of mixing rates for the two basins that differ most in depth and transparency. The East 

(Fig. 4.4a) and Central (not shO\vn) basins showed similar panems of photoinhibition, that is 

lower Piinr for a static water column (1.7, 5.0 and 0.5%, PAR, l.TV . ..\ and l.TVB inhibition) and 

essentially no variation under the different mixing rates. Averaged among the different mixing 

rates, the relative proportion of Pimr anributed to PAR, UVA and UVB was 2.2 ± 0.0, 8.7 = 0.1 

and 1.1 ± 0.0%, respectively, in the East basin. The West basin also showed linle or no effect of 
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Figure -1-...J.: Inhibition of integrated primary production predictions for typical summer 

stratification events in the (a) Eastern and tb) \Vest basins for different mixing rates. Tne 

mixing depths were 16m and 5m for the Eastern and \Vest basins, respectively. Legend: solid 

bars: PAR inhibition; open bar: UVA inhibition: hatched bar: L'VB inhibition. 
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mixing rate on total Pt1 estimates and lowest inhibition when a static water column was 

simulated. In the absence of any mixing rate effects on the P[,nr estimates all subsequent model 

predictions presented here \vere perfom1ed for a \,Vater column mixing at a rate of 10 m· h· 1
• 

In Chapter 2, it was suggested that the radiation transmission properties and the 

stratification pattern of the \Vest basin :-endered this part of L. Erie most vulnerable to UVR. 

and Fig. -L-+ tended to confirm this suggestion. To further compare the basin-specific PI,nr. the 

effects of P.-\R, CV.-\ and CVB \Vere modelled for a ! 0 m water column (Fig. -+.5a). an 

unstratified water column using mean basin depth ffig. -l-.5b t and a typical basin-specific 

epilimnion depth (Fig. -l-.5c) . .-\s for the different mixing rate simulations. P.-\R inhibition was 

relatively constant among mixing depths scenarios and between ba-::ins (2.2 = 0.1. 2.2 = 0.1 and 

2.3 = 0.6%. E, C and \V basin. respectively: Fig. -l-.5). :dost of the inter-basin variation w~s due 

to UVA. (8.8 = 0.5, 9.3 = 0.3 and 11. 7 = l.-1-%. E. C and W basin. :-espectively). although 

inhibition by UVB was somewhat greater for the West than the other basins ( 1.1 = 0.1. 

1. I = 0.0 and 1.-1- = 0.7%, E, C and \V basin. respecti\·ely: Fig. -!-.5) .. -\ssuming a 10 m mixing 

depth for each basin. the East and C emrai basins showed similar panerns of inhibition, \vhereas 

the \Vest basin suffered great inhibition by l;V.-\ and UVB. While the inter-basin differences in 

inhibition were greatest under this mixing scenario, the panern of higher PI'": in the \Vest basin 

v,:as also manifested under the stratified and unstratified conditions (Fig. 4.5). The absolute PI,nr 

did not vary greatly between mixing scenarios, although deep mixing in the East and Central 

basins showed potential for more uVR anributed inhibition (Fig. -L5b). 

The West basin was thus the most susceptible to UVR inhibition under fairly typical 

lake mixing processes. However, the West basin also tends to develop shallow 'temporary' 
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Basin-specific inhibition of integrated primary production predictions for/ a) a 

iOm mixed layer, (b) complete mixing and (c) typical summer epilimnion depths for a ,vater 

column with an average vertical displacement speed of 1 Om· h·1
. Photosynthesis was integrated 

to 27, 17.8 and 7 .6m for the E, C and \V basins, respectively, for the complete mixing 

simulation and to 16, 13 and Sm for the E, C, and \V basins, respectively, for the typical 

summer epilimnion depth simulations. Altb.ough the \Vest basin is commonly uniformly mixed, 

it does stratify on occasion and of the stations we sampled, the median epilimnion depth was 

Sm. Legend: solid bars: PAR inhibition; open bar: UVA inhibition; hatched bar: UVB 

inhibition. 
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thermoclines more frequently than the East or Central basins (see Chapter 2), \vhich may 

further sensitize this basin to UVR inhibition. To explore this issue, PI,m was modelled for a 

7.6m water column (mean depth for the \Vest basin) under a shallow 'temporary· thermocline 

scenario. Print was calculated for algae trapped in the first metre of the water column, for those 

in the remaining 6.6m and finally for the entire water column (Fig. 4.6). In the top metre of the 

water column. total PI:nt was estimated at ca. 23% with 20% attributed to CVR (17.S and 2.3% 

l:V..\ and UVB inhibition. respectively\ while the bottom 6.6 m showed a mere 4.7°,o L.VR­

attributed inhibition. However. when the production of the entire \vater column was integrated. 

a total Pim: of 18.4°0 (2.6. 14.0 and 1.8°0 P . .\R. UV..\ and UVB inhibition. respectively,1 was 

estimated. an approximate increase of 4° a UVR inhibition compared to the typical stratified and 

unstratified conditions (Fig. 4.5). Since the \\'est basin was observed to be the most CVR 

\·ulnerable. the effects of a 20~-o ozone depletion on Piin1 in this basin \Vere forecasted (Fig. 4.6). 

The associated added flux of l;VB resulted in a mere 0.8. 1.9 and 1.2° o increased PI,n:· for the 

top Im, the bottom 6.6m and the entire water column, respectively. 

Sensitivity analysis was also performed for the \\'est basin. using the extremes for 

recovery rate constants and sensiti\·ity (i.e .. B\VF values) observed. Under the worst case 

scenario, i.e. low recovery rates and high sensitivity, P..\R and UVR caused 6.1 = 0.0 and 

21.2 ± 0.4% inhibition respectively (Fig. 4.7). Linder the best case scenario, i.e. high recovery 

rates and [o\.v sensitivity, inhibition was 1.9 ± 0.0 and 3.0 ± 0.0% by PAR and UVR, 

respectively. Variations of both recovery constant and sensitivity between the observed 

extremes \Vere of approximately equal importance in determining the total inhibition. While the 

PAR inhibition changes were strictly a function of recovery rate variations, {JVR was affected 
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Figure 4.6: Solar radiation transmission properties (a) and inhibition of integrated primary 

production predictions ( b) for the West basin (used mean depth of 7.6m) during a shallow (Im) 

·temporary· thermocline event. Legend: I: Pim1 integrated over top Im: II: PI'"1 integrated for the 

remaining 6.6m: III: PI'"1 integrated over the entire water column. i.e. 7.6m. Solid bars: PAR 

inhibition: open bar: UVA inhibition: hatched bar: UVB inhibition. Error bars represent the 

additional inhibition due to 20% ozone depletion. 
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both by recovery and sensitivity and consequently showed a 7 fold difference in inhibition 

under the two extreme sensitivity scenarios . .-\.s noted in the previous modelling scenarios, 

water column mixing rate did not affect PI,n:, \vhile a static water column shov.:ed less 

photoinhibition than any of the mixed conditions. panicularly when recovery rates were high. 

Given the same l 1VR sensitivity. :he high P.-\R and l;VR. panicularly UVA. in the top 2m of 

the water column resulted in as much as 50° o :nore inhibition when recovery rates were lo\.v 

than high (Fig. -+.8). 

Of all the different mixing scenarios that were modelled for the three L. crie basins. the 

most severe PI,n1 predictions were for the West basin whe:i. shallow ·temporary· thermoclines 

were simulated. Integrating the top l m of the water column. this c:i..n be viewed ~s an upper 

limit of severity of inhibition in siru \\ithin one photoperiod. Cnder these conditions. a total of 

20°'0 photoinhibition could be attributed to l:VR and associated recovery times of I .Sh for q5oo 

reco\·ery were then calculated using the higher R model estimates of average recovery rates. By 

comparison. ·normal" mixing scenarios would likely result in lower damage se\·erity and 

recovery times. Based on ~hese calculations. :he R kinetic model predictions were considered 

reliable indicators of day to day effects of FVR on integrated photoinhibition. 
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Discussion 

The susceptibility of photosynthesis to damage by UVR is comprised of at least m·o 

important and distinct components: 1) a sensitivity to damage component partly influenced by 

the presence of photoprotecti\·e pigments (Schofield et al. 1995) and 2) an ability to recover 

susceptibility has been studied by numerous researchers mostly investigating the presence 

and,or induction of mycosporine-like amino acids (M:\.-\s), a category of pigments typically 

associated with UVR photoprotection in microalgae (Roy 2000). The second component of 

FVR susceptibility. the ability to recover. has received comparatively limited attention despite 

its obvious importar:cc in the integrated response of primary producers to damaging UVR. The 

R model for photoinhibition predicted active recovery in most of the L. Erie ;:,h:1oplankton 

communities sampled. and direct measurements of recovery suppor1ed the prediction. 

L. Erie phy1oplankton demonstrated meaningful recovery of photosynthesis following 

2h of exposure to damaging radiation (L'VR and PAR) . .-\s noted in Chapter 2. suppression of 

photosynthesis in the (JVR exposed samples could be extensive and rapid. particularly in 

simulated surface water samples, for which ca. 80% photoinhibition was obser:ed on average. 

Rapid kinetics of photoinhibition by Liv'R have repeatedly been demonstrated with 3 0 :nin full 

spectrum exposures capable of eliciting up to 90% inhibition (Lesser et al. 1994, Herrmann et 

al. 1997, i\farwood et al. 2000). While these and other studies ( e.g. Kinzie et al. 1998) have 

observed severe inhibition of phytoplank'ton photosynthesis, the exposures were rather extreme. 

Natural aquatic systems are usually subject to vertical mixing, preventing long term residence 

of phytoplankton in high ()VR surface waters. Nevertheless, notable recovery of algal 
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photosynthesis was observed even after relatively harsh exposures. L. Erie phytoplankton have 

also shown the ability to recover the efficiency of electron transport and the steady-state 

quantum yield of photosystem II following short ( ~ 30 min) exposures to high incident solar 

radiation Cvianvood et aL 2000). 

One of the few other recovery studies carried out. using methods similar to those of the 

present study, found no reco\·ery of photosynthesis in Antarctic (Southern Ocean) 

phytoplankton following short ( ~ l h) exposures to solar radiation (:-.'eale et al. 1998b). The 

.-\.ntarctic waters were cold and were mixing down to 50 or I 00m \\·hen sampled: and the 

ph)toplankton were shade adapted :md showed high CVR sensitivity (Neale et al. 1998b). By 

comparison. L. Erie has a maximum depth of 6-.J.m and a mean depth of only l S.Gm ( Bums 

19850,. while summer therrnocline depths are typically between l 0 and 20m {see Chapter 2). 

Instantaneous incident irradiance is also higher during summer at L. Erie than at the A.marctic 

sites. Consequently. light history should differ ben...-een :hese two systems. and the light 

saturation parameters of L. Erie phytoplankton \Vere indeed higher than those of the Antarctic 

(see Chapter 2: \ic:ale et al. 1998b). In addition, time scales of adaptation to a changing light 

en\'ironment can depend both on the magnitude and direction of change in photosy:ithetically 

acti\'e photon fluence density (PPFO:,, with large increases of incident light requiring longer 

adjustment periods than smalL presumably due to unbalanced gro\\th (Cullen and Lewis 1988). 

The tow light adapted Antarctic ph)toplankton, were probably confronted with a much larger 

change in mean irradiance than were the L. Erie algae when transferred to the experimental 

conditions, and low temperatures may have slov..:ed the necessary biosynthetic responses. Time 

scales of photoadaptation outlasting the experimental time frame (3 h of monitored recovery 
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rates) may therefore have contributed to the absence of measurable recovery in the Antarctic 

algae. 

At the onset of exposure to damaging radiation, ph11oplankton have short term (seconds 

to minutes) mechanisms available to offset photoinhibition. such as energy dissipation via 

fluorescence or state transitions (Ferris and Christian 1991 ). When these protective mechanisms 

are overwhelmed by longer exposures. more destructiYe outcomes can occur. such as protein 

photomodification or membrane lipid peroxidation, Girotti 19S5. Wiison et al. 1995) for \\·hich 

counteracting measures will likely require longer time scales (minutes to hours). Because 

different \Vavelengths have different molecular targets. and possibly different short and long 

term consequences. spectral quality of exposure may inrluence recowry rates. Consistent with 

such spectral quality influences. recovery ,\·as slower when A.ntarctic ph)1oplankton were 

exposed to full spectrum radiation than to P.-\R plus UV.-\ only I Schofield et al. 1995 ). ~o 

comparable effect was observed in the L. Erie ph:1oplankton studied here. suggesting :hat the 

principal sites or mechanisms of ac:ion were similar for l:VB and FV.-\. However, recovery 

times \Vere dependent on total exposure. because the extent of damage varied accordingly. 

Recovery rates for L. Erie ph11oplankton \Vere higher \vhen estimated from the R model 

than when measured experimentally. This disparity may be a consequence of availability and 

specu-al quality of radiation. The measured recovery rates were estimated from samples 

transferred to much lower irradiance, with a deficiency of UVA, while R model estimates were 

derived from samples exposed to higher, and more spectrally-complete, radiation. In the latter 

case, phytoplank.'ton may have received more of the radiation required in photoenzymatic repair, 

i.e. PAR and UVA, allo\\ing higher recovery rates. In addition, comparison of irradiance in the 
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recovery boxes with the light-saturation parameters, derived from the P.-\R-only light gradient 

incubator experiments, showed that photosynthesis was probably light-limited for most of the 

recovery experiments . .-\ctive protein synthesis is essential in mitigating the effects of P . .\R 

photoinhibition (Ohad et al. 1984), and is involved in alleviating UVR-dependent 

photoinhibition (Lc~sser et al. 199-+. [hle l 9Q7). Protein synthesis. and other repair processes. 

require energy supplied in the form of . .\ TP (Raven and Samuelsson 1986). [ncreased energetic 

demands during repair may limit the recovery of photosynthetic C fixation in energy-limiting 

conditions, as a significant part of the .-\ TP produced in the electron transport chain may be 

diverted to these energy requiring repair processes and not towards the Cah·in-Benson cycle 

(Hanelt et al. l 99TJ. Furthermore, if newly synthesized macromolecules are favoured :is rapidly 

accessible energy sources. significant recycling of the ·.:c-labe! may ha\·e :ieen occurring in the 

·reco\·ery' boxes. and the radiocarbon method used here may have underestimated gross 

photosynthesis. fn any case, the discrepancy in recovery rates :;irobably rerlected real 

differences. driven by differing availability of useful radiation. in the rate of reco\·ery of net C 

fixation. \foreover. even in the light-limited ·recovery· boxes. ph)1op!ankton managed 

recovery rates that would largely restore their photosynthetic ability. under most exposure 

conditions, before the beginning of the next photoperiod. The photoinhibitory losses of primary 

production rates estimated here are :herefore probably not cumulative between days. i.e. 

productive potential (P opJ \Vill be largely restored before the next period of high irradiance and 

renewed photoinhibition. 

The inhibition of integrated primary production was modelled for both a static and a 

mixed water column in L. Erie. It can be argued that inhibition by UVR can either be reduced 
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or increased in a mixed, as compared to a static, water column (Helbling et al. 1994. Cullen and 

Lewiss 1988). Previous work with bacterio- and phytoplankton has given examples of both 

directions of effect (Boelen et al. 2000, Neale et al. 1998c). The direction of effect depends not 

only on the rate of mixing through the vertical radiation gradient, but also on the kinetics of 

both damage and recovery. On an individual basis. production of one algal cell will most likely 

be increased compared to a cell which remains for example just belo\v the surface. since mixing 

will provide some shelter from damaging CVR. For the entire water column. ho\\'ever. mixing 

has the disadvantage of exposing more of the algal biomass to damaging surface conditions. 

which can be particularly detrimental to low-light adapted algae and/or those wi:h slo-.\· rates of 

repair (Neale et al. 1998b ). Our resuits shov,:ed that mixing in L. Erie consistently induces more 

inhibition than static conditions despite the substantial recovery abilities of the ph:,.1oplankton . 

.\·fixing r:ue. however. had little effect. so estimates of column-integrnted inhibition do not 

seem to require very precise knO\.vledge of mixing energy or processes. 

Only one study has mechanically simulated mixing, by appropriate variation of the 

radiation regime, to determine effects on uVR-dependent inhibition ( Helbing et al. 1994 ) . .-\s 

in the present case. column-integrated inhibition was greater with. than without. mixing. This, 

however. was only observed on sunny days, opposite results were observed under [ow 

irradiance days. This contrasts with older studies, involving exposure to PAR only. which 

indicated higher integrated production rates by marine ph:,.10plankton when vertical mixing 

motions were included. Franks and ~Tarra ( 1994) demonstrated that integrated primary 

production depends on light extinction, the extent of wind stress and the thickness of the 

mixing layer. Turbid, deeply and rapidly mixing \Vater columns tend to support higher 
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integrated primary production. However, these authors recognized that large short term 

fluctuations in incident light, due to clouds for example, can make the beneficial effects of 

mixing (depth and rates) negligible, a conclusion supported by previous studies tFranks and 

Marra 1994 and references therein). The critical difference with our data may be in the 

efficiency and speed with ,\·hich L:VR promotes photoinhibition. as compared to PAR. 

The rate at which cells are mixed within a water coiumn may also influence the extent 

of Pf,,.:- The only study to model this effect. as far as we know, was again for an . .\ntarctic 

phy10plankton community (;\eale et al. i998c). Flst (50 m·h-:) and deep (100ml mixing 

resulted in comparatively iower PL 0 : than slow ( 21 nr n· 1
1 and shallow ( 21 m) mixing for the 

.--\marctic phytoplankton. \Vhile information on the mixing dynamics in L. Erie is unknown. an 

upper limit for mixing rates cited in the liter2ture was used (Denman and Gargei:t 1983 J. This. 

combined with water column and.tor epilimnion depths constrained the scales of light climate 

\·ariability that could be expected in :he bke. 0io dfects of mixing rate on P[in: were obsef\·able 

over the possible r:inge, so defined. The contrast with the results of the Antarctic study may. 

again, be related to the differing photoadaptive status and recovery rates of the phytoplankton in 

the two systems. [n addition, howe\·er, the .-\ntarctic study applied a kinetic model, that 

assumed no repair capabilities, so that photoinhibition was strictly a function of cumulative 

exposure to inhibiting radiation (see Chapter 3; Neale et al. l 998b ). \Vhile the assumption of 

negligible recovery was justified for the Antarctic phy1oplankton, L. Erie phy1oplankton behave 

differently and are less sensitive to variations in mixing rate. 

The extent of column-integrated inhibition will depend greatly on the spectral 

transmission properties of a given water body, especially in the damaging UVR waveband. 
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Generally, light attenuation will depend on light scattering and light absorption by water itself, 

dissolved organic matter and particulate organic (e.g. ph~1oplankton) and inorganic matter 

(Kirk 1994 ). Specific to (JVR, dissolved organic matter seems to be particularly influential 

(Scully and Lean 1994) although total suspended solids can also be important (Smith et al. 

1999). The three basins of L. Erie differ systematically in their transmission properties (see 

Chapter 2). so to demonstrate the dependence of predicted L:VR impacts on transmission 

properties, without confounding effects of \·:i.rying mixing depths. PI,~1 \vas modelled for a I Om 

\Vater column in each basin. The East and Central basins have relatively similar spectral 

transmission properties on average ( Smith et al. 1999:,. and accordingly they had similar PI,nr 

predictions. The West basin, on the other hand. consistently showed higher PI,,1 than the both 

East and Central basins. 

The relatively greater inhibition in the turbid \Vest basin may seem counter-intuitive. 

since less transparent waters might be expected to suffer less UVR-dependent inhibition. 

However. most studies have emphasized the role of dissoh·ed organic matter in the attenuation 

of CVR and protection against inhibition (e.g. Grandi et al. I 996. Lindell et al. I 996. 

\Villiarnson et al 1996), v-:hereas, L. Erie is an example of a system in which suspended solids 

are an important influence on CVR transmission (e.g. Smith et al. 1999). The high 

concentration of total suspended solids in the West basin is associated \vith relati\·ely shallow 

mean euphoric depths, but a relatively high proportion of the photic zone (1 °,a P.-\R depth) 

receiving potentially significant lJVR exposure (> 1 % surface incident). The pathlength that a 

photon will travel in water \\ill depend partly on hO\v it is scatte=-ed, which in tum will depend 

largely on its wavelength and on the characteristic dimensions of the scattering agents. \Vhile 
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the suspended particles size distribution in L. Erie is unkno\vn, it has been shown that particles 

larger than photon wavelengths generally scatter light in the forward direction (Kirk 1994). 

Short UVR (295--+00nm) wavelengths may be forward scattered more consistently than the 

longer wavelength PAR (400-700nm) photons in the \Vest basin. thereby, proportionately 

increasing the CVR photic depth in this basin. 

\fore realistic predictions of integrated photo inhibition. were made using basin-specific 

maximum depths and stratification patterns typical of spring and fall. i.e. complete uniform 

mixing. and the summer. i.e. thermal stratification. Gi\·en representative incident radiation 

spectra. t\\'O different stratification scenarios did not significantly alter the basin-specific pattern 

of PI,nt compared to the 1 Om mixed layer scenarios. The \Vest basin \Vas again the most 

rnlnerabie of the three. All three basins. ho\vever. showed slightly higher PI,ni predictions when 

the water column \Vas completely mixed (spring and fall turnover!. This may have important 

consequences for spring algal bloom production. since ozone iosses over southern Canada are 

highest in the spring (Meteorological Service of Canada. 1999). Diatoms. which constitute a 

large propurtion of the spring algal biomass. are not noted accumulators of C\l -absorbing 

pigments (particularly the mycosporine-Iike amino acids, or ~vf.-.\As: Davidson et al. 199-+) but 

rather seem to use alternate mechanisms of UVR protection (Davidson and Marchant 1994 ). If 

diatoms have limited protection capabilities from UVR, the small modelled differences in 

integrated photo inhibition may actually be accentuated during the period of seasonal lJVR 

enhancement. 

The West basin not only differs in its spectral transmission properties but also in its 

thermal stratification structure (see Chapter 2). This basin commonly established shallow 
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'temporary' thermoclines on relatively calm and sunny days. \Vi thin a Im 'shallow·' 

thermocline, PI,m anributed to UVR could be as much as 20%,. Inhibition integrated over the 

entire water column for such situations was 16%, only a ➔~-o increase of inhibition relative to an 

unstratified water column. Furthermore, under this same mixing scenario a simulated 20°-o 

decrease of stratospheric ozone increased PI,nt by only 1.2%. Ozone dependent increases in 

surface incident UVB fluxes had a minimal impact on our modelled PI,~t estimates. The only 

other study which used a similar kinetic and mixed water column approach showed similar 

minimal effects of ozone depletion. J.ithough. this response varied with algal CVR sensiti\·ity 

(Neale et al. 1998c ). Due to the non-linear nature of the kinetic model used, highly sensitive 

al£al assemblages showed less additional inhibition due to ozone de1Jletion. - - ' 

The response of column-integrated inhibition to variations of sensitivity and recovery 

potential over the range observed in L. Erie ph)1opiankton showed that both are tmportant 

determining factors in the overall response of these ph)10plankton communities. Variations in 

recovery rates could cause a t\vo-fold range in inhibition. -.vhile variations in sensiti\·ity caused 

larger differences (approximately 3.5-fold). The importance of recovery rates was greatest in 

the simulated static water column, \\·here ph)10plankton were constrained to high PAR and 

UVR, especially UV.-\. exposures. Just below the surface, photoinhibition of primary 

production reached 67 and 38% of the optimum \Vhen recovery rates were lo\v and high, 

respectively. Without any appreciable recovery potential or relief from high inhibiting radiation 

exposures via mixing processes, inhibition of primary production was maximal in the shallow 

surface waters. However, it should be noted that integrated photoinhibition in the low recovery 

rate and static water column scenario did not exceed that of any of the mixing scenarios. The 
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highest integrated cumulative photoinhibition recorded for a completely mixed water column 

was ca. 27% (PAR and UVR) (worst case scenario), yet at the end of the day, the lowest 

relatiYe photosynthetic rate recorded was 0.93. Even at the slowest rates of recovery, 

photosynthetic potential would reach 95% full capacity within 3 .-l-h .. -\!though extensive ( ca. 

27%) production could be lost throughout the day, the ability to repair photosynthesis allowed 

for near complete recovery by the end of the simulated phornperiod. The predictions of 

integrated photoinhibition modelled using the R kinetic model are. therefore. reliable indicators 

of day to day effects of damaging l:\·R. 

Constant across all simulations was the rel:1ti\·ely minor P . ..\R and UVB-attributed 

inhibition and the significant CVA-attributed inhibition. which confirms findings in se\·eral 

other aquatic systems (Bi.ihlmann et al. 1987. Helbling et al. I 992. \7eale et al. 199-+'l. CV.-\ has 

much lower photoinhibition efficiency than CYB because of its lower energetic co.itent ( e.g. 

Gheni et al. 1998) but the flux of incident CV...\ is much greater than that of CVB. \\"hile the 

incident flux of UV...\ is not significantly altered by ozone depletion, its penetration into lakes is 

strongly influenced by dissolved organic carbon (DOC) content (Scully and Lean 199-t) and 

suspended particle concentration l Smith et al. l 999), factors -.vhich are subject to significant 

anthropogenic disturbance. Increased air temperatures and lower precipitations due to global 

climate change, for example. have been linked to reduced DOC contents in temperate lakes 

(Schindler et al. 1992). Such influences may be more imponant in controlling CVR exposure 

and damage than is ozone depletion. 
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Chapter 5 

Conclusions 
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General Conclusions 

The primary goal of this study was to characterize the effects of lJv·R on the natural 

ph:,toplankton communities of Lake Erie. L. Erie is of interest because in recent years it has 

experienced increased water clarity due to nutrient input restrictions and the innsion of 

Dreissena sp. The possible increased penetration 1,f f_:vR. -:c11.:p!ed ·.1.·::h :h.:: d.:.:rca.sing ic:\ t!is 

of stratospheric ozone and the associated increases in UVB radiation occurring in the nonhern 

mid-latitudes. have raised concerns over the possible consequences to primary production in 

this large lake . 

. -\s a first approach. a qualitati\'e e\'a]uation of the effects of CVB was conducted to 

determine if this waveband controls primary production in L. Erie. Time-series experiments 

reveaied that indeed L:v3 could inhibit primary production in near-surface '.\'Jters. rn Sh 

simulated near-surface incubations. CYB exposure could suppress cumulative photosynthesis 

by as much as 58% (average 36%) and half of that inhibition was realized in the first hour of 

exposure. The rapid kinetics of UVB inhibition were underscored by the significantly higher 

GVB inhibition efficiency (1JVB:nn :ff) indices observed after I h compared to Sh incubations. 

Inhibition of cumulative photosynthesis was milder in the 50% CVB (as well as PAR and 

lTV.-\) showing 8. 7 and 15.5% inhibition in the lh and Sh incubations, respectively. 

Unfortunately, no relationship could be established between UVB inhibition and environmental 

parameters such as algal light history/adaptation and ph:,10plankton taxonomic composition. 

However, a higher susceptibility w UVB inhibition ,vas noted for phosphorus (P) deficient 

mixed algal assemblages. 

Inhibition by (JV A was also investigated and while only partial UVA (short {)VA) 
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effects could be quantified, in the absence of a UVA specific optical filter, suppression of 

cumulative photosynthesis by 2 I .6°·'o and l 2.4~'o in l h and Sh exposures, respectively, could be 

attributed to UV.-\. In contrast to UVB inhibition, partial UV.-\ effects decreased over time 

approximately by half. Furthermore, CV.-\ inhibition remained appreciable in the 50% 

irradiance exposures (P.-\R and UV.-\), \\'ith cumulative inhibition maintained at ca. 20% and 

10% in the lh and Sh incubations. respectively. 

These experiments sho\ved that UVB can significantly inhibit photosynthesis in near­

surface waters whereas its role at depth is relatively reduced. In addition, UV.-\ emerged as a 

potentially important inhibitor of primary production ewn at depths where irradiance of this 

spectral \vaveband is reduced by half. Furthermore. the different kinetics of CVS and CV.-\ 

photoinhibition suggests there are fundamental differences in their respecti\·e photosynthesis 

inacti\·ation mechanisms .. -\ltemati•,ely. ~he various short term acclimation processes available 

to ph::,1oplank.1:on may be more effective in dealing with UV.-\ than UVB damage. 

The effect of UVR on production (1~C-labelled) in the dissolved <DOC, and particulate 

(POC) (<2 µm and >2 µm) organic carbon fractions was quantified after Sh incubations. The 

proportion of labelled DOC was significantly increased by exposure to UVB. The production in 

the picoplankton fraction of the POC pool was negatively impacted by both UVB and UVA. 

whereas the POC production in the larger phy1oplankton was relatively higher in the presence 

of UVB. These effects ,vere notable only at the higher exposure levels, that is, the treatment 

representative of near-surface incubations. The DOC and size specific (POC) effects observed 

in this study indicate that UVR exposure may have repercussions on aquatic food webs. 

In L. Erie, PAR and lTVR transmission properties are not homogeneous across the lake, 
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a rather distinct east-\vest spatial gradient exists, and inhibition of photosynthesis may indeed 

vary betv,:een basins. [n fact, the turbid West basin was deemed more susceptible to UVR­

attributed photoinhibition because the proportion of euphotic zone occupied by damaging UVR 

was found to be 50-60°0 higher in this part of the lake. 

Having observed a significant effect of UVR in L. Erie. characterization of the kinetics 

of this inhibition was carried out to ultimateiy make reliable predictions of UVR­

photoinhibition in the different basins of L. Erie. :-\ first attempt at describing the kinetics of 

l.TVR photoinhibition was performed by .1pplying known biological \Veighting functions (BWF) 

and using simple kinetic models Jsailable in the literature. The B \VF used were jerived from a 

marine diatom culture or from in i·1rro chloroplasts isolated from spinach. and the kinetic 

models used. cne dependent on irradiance tE model) and the other on cumu!Jtive exposure (H 

model). had a priori assumptions about repair. either repair was in ~quilibrium '.\·ith damage or 

it was assumed to be inactive. 

These simpler models failed to adequately describe the kinetics of UVR-dependent 

photoinhibition. explaining in most cases less than 50% of the \'ariance in the photosynthetic 

response. Examination of the residuals of the nonlinear regression fit of both the irradiance 

dependent and cumulative exposure models revealed that both irradiance a:id cumulative dose 

are important radiation parameters involved in the algal photoinhibitory response. The lack of 

fit of the photosynthetic data to these models was not anributable to the B \VF used, since the 

application of two separate BWF of dissimilar shape did not change the trends in the residuals 

of the t\:vo models. This failure of conformity lead to the derivation of the first knO\\TI B\VFs 

specific to freshv.-ater phytoplankton assemblages and the development of a new, more 
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applicable, kinetic model with explicit damage and repair components, the R model. This 

model explained, on average, 86% of variance in the photosynthetic response and in all but one 

instance, the R model indicated active recovery processes. The importance of considering rates 

of recovery when describing the kinetics of photoinhibition was demonstrated by the strong 

significant relationships observed bem:een the estimated recovery rates (R model) and the 

amount of \·ariance explained tr) by both the E and H models .. -\s reco\·ery rates increased so 

did the r of the E model and the reverse relationship was true for the H model. .-\I! BWFs 

derived for L. Erie natural ph:1oplankton communities sho\ved significant inhibition in the 

liVB and UV.-\ portion of the spec:rum. 1nd -+ of these 5 deri\·ed showed a strong commonality 

in their relative shape when normalized to eR,3oo;· 

The \'ariability in both the recovery rate constants and the sensitivity to CVB of the 

different ph:,1oplankton communities. indicated that overall sensiti\·ity to CVB can be 

considered as having at least two components: I) a susceptibility to damage component 

possibly influenced by the presence of photoprotective pigments and 2) an ability to recover 

component mediated by repair processes. 

\Vith the proper tools in hand, that is B \VF specific to L. Erie ph:1oplankton 

assemblages and a kinetic model with no a priori assumption about repair, predictions of 

liVR- and PAR-dependent daily losses of integrated primary production in L. Erie could be 

made. The recovery rate estimates suggested complete recovery potentiai for ph:ytoplankton in 

a mixed water column. Modelling various mixing scenarios revealed that integrated 

photoinhibition was relatively insensitive to mixing rates but rather v;ater transmission 

properties were more important factors controlling UVR-dependent photoinhibition. The model 
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predicted higher integrated photoinhibition in the turbid \Vest basin of L. Erie compared to the 

clearer East and Central basins. UVR inhibition in the West basin could potentially be 

exacerbated by the more frequent occurrence of shallow 'temporary" thermoc!ines in this basin. 

Under these severe conditions of exposure, total water column integrated UVR-photoinhibition 

was ca. I 6~·o. Furthermore, inhibition due to a 20% ozone depletion resulted in a minimal 1.2° a 

increased inhibition in integrated primary production. Inhibition of primary production due to 

CVR will likely fall within the range of 5-20°'0 in natural freshwater ecosystems. 

[n conclusion. the role of L1VB in photoinhibition is relatively minor compared to the 

inhibition potential of UV.-\. This !.:mer waveband plays a dual role. that of photoinhibitor and 

as an inducer of photoenzymatic repair processes. The larger invol\·ement of GV . .\ in 

photoinhibition is due to its higher rlux than L;VB in :he natural environment. Since it is UVB 

that is most significantly altered by ozone depletion. it is the transparency of aquatic systems to 

CV . .\ which will likely influence integrated primary production. CVR transparency is greatly 

dependent on the dissolved organic carbon content of aquatic systems. and any changes to ti1e 

input of DOC due, for example, to global ciimate change may be more important in controlling 

UVR-dependent photoinhibition that ozone depletion. 

Future Directions 

The iesults of this study suggested that progress toward reliable predictions of the 

impacts ofUVR on primary production is linked to improved knowledge of ph:1oplankton 

recovery kinetics. The shape of BWF, an indicator of damage at each (JVR ·wavelength, was 

showed to be relatively constant between ph}toplankton assemblages, and \Vhile the absolute 

magnitude of the effectiveness coefficients (ER(i) \vas variable, this could be accounted for by 
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estimating a damage constant (ki) through non-linear regression. Variability in the recovery 

rate constants, however, are not as easily account for. While repetition of these experiments is 

feasible, they are labour intensive. ).fore efforts should be directed towards developing simple 

and rapid tools as surrogate measures of recovery rates. For example. quantifying messenger 

RJ.'\J.-\ as an indicator of de nova protein synthesis (important process in repair) and relating that 

to photosynthetic recovery rate constants which can then be used in the R mode!. Similarly. the 

use of P.-\;..f fluorescence to quantify recovery rates of photo system fl could also be related to 

photosynthetic recovery rate constants. The availability of the 8\VF derived in this study and 

the possibility of easy measures of recovery rate constants suggest that rel:i.tively few spectral 

exposure treatments would be required to make reliable predictions of the effects of Tj\iR on 

primary production. 
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