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Abstract 

Fluorescence (F), DCMU-enhanced fluorescence (FDCMU) and a 

ratio of these two measurements (F ratio) were found to be useful 

indicators of light history but not physiological condition of 

natural phytoplankton assemblages. 

Changes in the fluorescence properties of unialgal 

continuous and tatch cultures at different growth rates and 

following nutrient addition were observed only during nutrient 

starvation. Nutrient deficiency in Lake Ontario was not revealed 

either by seasonal patterns of fluorescence or by short term 

changes in the F ratio following nutrient additions. This result 

however is not conclusive evidence of nutrient sufficiency· 

because of the insensitivity of the fluorescence ratio as an 

indicator of growth rate. 

The depression of F and FDCMU observed in surface waters of 

Lake Ontario occurred during conditions of high light and low 

mixing rates. 1he result suggests that ''photoinhibition" of 

photosynthesis as measured by conventional primary productivity 

techniques, may occur in nature only under these particular 

conditions. 

A general l'elationship between temperature gradients or 

water col~n stE.bility and the difference in fluorescence between 

1 and 10 meters was observed. This relationship was due to both 

vertical structure in the assemblage and the physiological effect 

of light on fluc,rescence. Diurnal patterns of fluorescence were 

found to be due to the physiological effect of light on 

fluorescence rather than a circadian rhythm. The physiological 

effect was deper.dent on both the duration and intensity of 

exposure of the cells to light as well as the sensitivity of the 

assemblage to U.ght. Differences were associated with seasonal 

changes in species composition with spring and winter populations 

exhibiting the ~;reatest sensitivity. 
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!.Literature Review 

1.1 General intr,,duction 

Light absc>rbed by photosynthetic pigments may be emitted in a 

process known as fluorescence. In limnology and oceanography, in 

vitro fluorescenc!e may be used to quantify the amount of chlorophyll .!. 

in a polar solvent. !.!!_ vivo fluorescence may also be used as a 

measure of algal biomass. Historically, continuous measurement of in 

vivo fluorescenct! in the water colmnn has been instrmnental in the 

measurement of vc!rtical and horizontal patchiness of phytoplankton 

(Lorenzen 1966, Platt and Denman 1980). Current research involves the 

use of fluorescence in the investigation of both micro and mesocale 

processes. Both the characterisation of individual phytoplankton 

cells by flow cyt:ometry (Yentsch 1982, Olson!.! al 1982) and the 

mapping of chlorophyll by means of ship and satellite remote sensing 

techniques (Smith !,! al 1982) involve its use. 

The problt!m with the technique however is that the fluorescence 

of chlorophyll .!. of a natural assemblage is dependent on factors such 

as species compouition, temperature, physiological condition, light 

history and innate rhythms (Kiefer 1973a,b; Harris 1978, Heaney 1978, 

Brand 1982). M01~e recent investigators suggest the possibility of 

making use of thE! variability in fluorescence as a predictor of the 
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physiological status and light history of the phytoplankton (Vincent 

1979, 1980, Harr:Ls 1983). As well, there are claims that the F ratio 

(a comparison of in vivo fluorescence and fluorescence yield following 

the addition of a photosynthetic inhibitor,DCMU) is a rapid means of 

measuring the photosynthetic potential of phytoplankton (Cullen and 

Renger 1979, Ki~ael and White 1979, Roy and Legendre 1979,1980, 

Vincent 1980). 

The broad objective of this thesis is to examine the validity 

of using in vivo fluorescence techniques to indicate physiological 

condition and li:~ht history of natural assemblages of phytoplankton. 

1.2 Physiological basis of fluorescence 

As an introduction to the topic of in vivo fluorescence 

in natural populations, the structure of the photosynthetic apparatus, 

a model of the primary photochemical events of photosynthesis, and the 

nature of in vi~ and in vivo fluorescence in plant cells will be 

discussed. For more complete reviews on the subject see (Goedheer 

1972, Mohanty 1972, Papageorgiou 1975, Harris 1978, Pr~zelin 1981). 

1.2.1 Chloroplast Structure 

The photochemical pigments in plant cells are located on and 
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within the thyl;lkoid membranes within a membrane bound organelle, the 

chloroplast. On.ly chlorophyll~ molecules are necessary for 

photosynthesis tc> occur, however all plants have accessory pigments 

(other chlorophylls, carotenoids and phycobilins) which expand the 

spectral range o.E light which may be absorbed by the chloroplast. The 

photosynthetic pigments are associated with proteins and the 

protein-pigment complexes are, in turn, organized into two 

photosystems (PSI and PSI!) (Pr~zelin 1981). A photosystem may be 

thought of as an array of light harvesting pigments acting as antennae 

which surround specialized chlorophyll molecules or ''reaction 

centers". This model was originally conceived from the work of 

Emerson and Arnold (1938) who showed that short flashes of light 

produced about one o2 molecule per 2400 chlorophyll molecules. Since 

8 quanta are required to produce one o molecule, the number of2 

chlorophyll molecules per trap is about 300. 

The existence of two "reaction centers" was indicated by the 

work of Emerson and Lewis (1943) and Emerson et al (1957) who found a 

drop in the qua~tum yield of o2 evolution when red light (beyond a 

wavelength of 6f5 nm) was shone on the chloroplasts. When excitation 

light shorter than 685 nm was used simultaneously with excitation 

light of wavelenths greater than 685 nm the rate of o2 evolution was 

higher than the sum of the rates given separately. The specialized 

molecules of thE! reaction centers (PSI! and PSI) are known as P and680 

PSI! and PSI may be distinguished from each other by theP700 • 

physical separation of light (PSI) and heavy (PSI!) particles 

(Papageorgiou 1975) as well as by their speci~ic absorption 
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1.2.2 Primary Photochemical Events in Photosynthesis 

The two pi1otoacts are thought to be coupled together by a 

series of electrc>n carriers. The most commonly used model for these 

events is the Z :;cheme (Figure 1.1). In this model water contributes 

an electron to a hypothetical electron donor (Z) located on the inside 

of the thylakoid membrane. This event liberates o2 and releases 

protons into the interior compartment of the membrane. Light energy 

absorbed by acce;sory "antennae" pigments is transferred to P680 • The 

energy allows P630 to oxidize Z and in so doing raise the electron to 

a higher energy Level, the excited singlet'state. The electron 

reduces an electron acceptor (Q) which is located on the outside of 

the thylakoid menbrane. A separation of charge and a membrane 

potential is thus created. 

Q transfers the electron to plastoquinone (PQ) which in turn 

passes the electron to a series of electron acceptors (the 

cytochromes). The large amount of plastoquinone in the chloroplast 

suggests that it may serve some regulatory function. Plastoquinone is 

also important cecause its oxidation leads to the release of 2H+ into 

the intrathylakoid space. Along with the liberation of protons from 

the splitting of water, this establishes the proton gradient across 

the membrane necessary for photophosphorylation. Light energy drives a 

similar charge separation at PSI similar to that which occurs at PSII. 

The reduction of X (lkely a ferredoxin or flavoprotein) in this case 

leads to the production of NADPH. 



Figure 1.1 A simplified Hill and Bendall 'Z' scheme redrawn and 

adapted from Harris (1978). Broad arrows indicate light 

reactions. Abbreviations: Small circles, accessory 

photosynthetic pigments to the traps (P680 and P700) of 

photosystmes II and I respectively; Z, electron donor of PSII; Q, 

proposed electron acceptor of PSII, ETC, electron transport 

chain; PQ, plastoquinone; PC, plastocyanin; X, electron acceptor 
- . +

of PSI; Fd, ferredoxin; NADP , nicotinamide adenine dinucleotide 

phosphate; ADP, ATP, adenosine di-and tri-phosphate; Pi; 

inorganic phosphate; h , light energy. 
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One of thE! earliest problems with the Z scheme was due to what 

is now known as the ''quantum yield anomaly" (Butler 1978). According 

to the Z scheme J.n its simplest form, maximal photosynthetic 

efficiency should be achieved when equal amounts of energy are 

absorbed by the two pigment sys terns. Emerson and Lewis (1943) 

reported that thE! quantum yield of photosynthesis was maximal and 

independent of wuvelength from 570 to 685 nm. The findings suggested 

that there is a mechanism (the "spillover") which serves to 

redistribute excttation energy equally between the two systems. It 

has been suggestE!d that a chlorophyll-protein complex serves to 

regulate the proeess (Anderson 1980). Whatever the mechanism it is 

now clear that not only are "dark" reactions of photosynthesis 

controlled by a complex feedback system but that also the distribution 

of excitation ene~rgy is regulated by membrane conformational changes 

and integrated into the photosynthetic process as a whole. 

1.2.3 Chlorophyl:. absorbance and fluorescence in vitro 

Light is Hbsorbed at 680 and 430 nm by chlorophyll.!. in vitro. 

Chlorophyll _E. ab~:orbs light at 453 and 643 nm while chlorophyll ..£. 

absorbs at 441 and 629 nm (Goedheer 1972, Pr~zelin 1981). 

Chlorophylls _E. ar.d ..£. are also distinguishable from chlorophyll _!. 

because the absot·ption of blue light is more intense than that of red 

light. In vivo the properties of free chlorophylls are modified by 
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conjugation of t"1e molecules with proteins and their association with 

thylakoid membra·aes • The long wavelength absorption peaks are 

generally shiftei 5 to 40 nm into the red region (Pr~zelin 1981). In 

vivo, 3-10% of the light absorbed by PSI! is emitted as fluorescence 

and this amounts to about 90% of the total in vivo fluorescence. 

Energy losses from PSI occur primarily as heat or radiationless 

transfer. 

1.2.4 Factors affecting fluorescence yield 

Light impinging upon a photosynthetic pigment raises an 

electron to a higher energy state--the excited singlet state. At this 

point three events may occu~ (Pr~zelin 1981): 

1) the energy may be transduced to neighboring pigment 

molecules and eventually to a reaction center. MOst 

in vivo fluorescence comes from P680 which suggests 

that the energy transfer efficiency of accessory 

chlorophyll pigments is very high. 

2) an unpairing of electron spin in the outer orbitals 

of the pigment molecule transforms the singlet state 

into the triplet state. Triplet-triplet state 

conversions may occur or the electron may return to 
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the ground state. The emitted light is known as 


delayed ltght emission. 


3) The sir.glet state may return to the ground state. 

This is tt.e phenomenon known as fluorescence. 

The intensity of the emitted light is controlled by several 

factors. The equation of Lavorel and Etienne (1977) 

states that F (fluorescence intensity) depends on the intensity of the 

absorbed light (I) and the quantum fluorescence yield j e j f is a 

function of It (the intensity of illumination), t (time of 

illumination), Ae (excitation wavelength), ~f (fluorescence emission 

wavelength) and the state or prehistory of the cell. 

The fluorencence yield may be written as (Mohanty 1972): 

2) ~f = emitted quanta = kf 

absorbed quanta (kf + kp + kh) 

where k is a rate constant for kf (fluorescence), kp (photosynthesis), 

~(non-radiative de-excitation). k p may be measured by the addition 

of the inhibitor tCMU which enhances fluorescence by blocking electron 

flow just after Q. 
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One might expect that fluorescence and photosynthesis as 

measured by o2 evolution should mirror each other. High fluorescence 

values should be reflected by low o2 evolution and vice versa (Mohanty 

1972, Papageorgiou 1975, Harris 1978). It is at this point that the 

simple model becomes inadequate. The kinetics of fluorescence 

induction following exposure of dark adapted cells to bright 

illumination shows that a number of transients occur during the first 

few minutes of illumination. This phenomenon is known as the Kautsky 

induction effect (Figure 1.2). 

During the initial 10 seconds of illumination the rate of 

oxygen evolution is essentially antiparallel to fluorescence except 

for the OI phase. The O~DPS phases are thought to 

correspond to the initial redox state of the primary acceptor of 

photosynthesis as electron flow is initiated. For example, initially, 

when Q is oxidized chlorophyll~ fluorescence is quenched (e.g. the ID 

dip). When the PQ pool becomes filled, Q cannot be oxidized and 

fluorescence rises (the DP rise). Use of the inhibitor DCMU prevents 

the oxidation of Q and causes a rapid OI rise in fluorescence to a 

maximal level. 

At longer time scales during the SMT phase oxygen evolution 

initially parallels fluorescence changes and eventually reaches a 

steady state. Thus photosynthesis does not mirror fluorescence; the 

SMT phases are rather thought to reflect the conformational changes 

associated with spillover. 



:?igure 1. 2 Kautsky induction effects. Redrawn and adapted from 

:?rezelin 1981. 
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Evidence for this hypothesis comes from work with inhibitors 

and mutants. Sl,,w changes in yield are sensitive to uncouplers of 

photosynthesis but not to energy transfer inhibitors (Papageorgiou and 

Govindjee 1968, ~ohanty and Govindjee 1974). Mutant strains of 

Chlamydomonas reinhardii which lack PSI do not show the slow changes 

(Bannister and Rice 1968). 

Illumination with bright light also causes macroscopic 

shrinkage of chloroplast membranes. This event is also reversed by 

uncouplers (Krause 1973) but corresponds to a longer time scale than 

does the SMT phase (Mohanty and Govindjee 1973). 

1.3 Physiological condition 

To decide whether the F ratio reflects the physiological status 

of phytoplanktor,. a definition of "physiological status" is required. 

As an overall survival strategy in a rapidly changing environment, the 

ideal physiolog:f.cal condition for phytoplankton may be defined as one 

which allows the! most rapid increase of either cell numbers or biomass 

(Harris 1980b). Growth rates are measurable in culture but an 

unequivocal method of determining the growth rate of natural 

phytoplankton a~:semblages does not exist (Eppley 1981). Several in 

~ methods arE! discussed here briefly. 

14
Photos~tthesis (measured by C uptake) is often confused with 
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growth rates. Tite existence of large pools of storage photosynthate 

and high photos~tthetic rates in non-dividing cells is evidence that 

growth may be unc:oupled from photosynthesis (Healey 1979). 

The kinetics of nutrient uptake, in particular phosphorus in 

lakes and nitrogen in the oceans, is often used to indicate the degree 

to which these elements "limit" growth. Growth rate however is 

dependent on both internal and external nutrient concentrations (Rhee 

1979). In an environment such as a lake in which both of these values 

are variable, it may be hard to predict if and when the two rates are 

closely coupled. Determination of the cellular distribution of both 

carbon and nutrie~ts may eventually result in a better understanding 

of these processes (Morris 1981, Eppley 1981). 

Changes in concentration of extracted chlorophyll ~ are 

measurable but th1! influence of accessory pigments, changes in the PSU 

in response to light conditions and the contribution of degradation 

products make thin an unreliable parameter for measuring growth as 

well. 

Enrichment experiments are an alternate means of attempting to 

identify the nutrients most limiting to algal growth (Vollenweider 

1969). These experiments are based on the idea that growth (generally 

14
measured as C u~take) should be enhanced upon the addition of a 

limiting nutrient. It is increasingly clear that this view is too 
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simplistic and that experiments of this nature may give misleading 

results (Harris 1978, Lean and Pick 1982, Lean~ al 1983, Turpin 

1983). 

1.4 Nutrient met~tbolism 

While empl",asis has been placed on the role of phosphorus as the 

element which cor:.trols the biomass of phytoplankton in freshwater 

lakes there is also evidence that nitrogen may be an important 

nutrient in the lower Great Lakes (Murphy 1980). Since the metabolism 

of nitrogen is mere closely associated with photosynthesis than is 

phosphorus a more thorough investigation of the relationship between 

nitrogen status and fluorescence was conducted. A brief summary of 

the metabolism of both nitrogen and phosphorus metabolism follows. 

1.4.1 Nitrogen metabolism 

The assimilation of N0 involves reduction to N0 outside3­
2 

the chloroplast by nitrate reductase (NR) and transport of N0 into2 

the chloroplast where it is reduced to NH4 
+• It is thought that NH + 

is assimilated by a combination of two enzymes--glutamine synthetase 

(GS) and glutamate synthase (GOGAT). The reduction of N0 to NH4+3 

requires 8 electr~ns; the assimilation of NH4 
+ by the GS:GOGAT system 

requires 2 more electrons and an ATP molecule (Syrett 1981). 

4 
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The interaction of N03 and NH4 metabolism, photosynthesis and 

respiration is C1)1Jlplicated and not well understood. NH4 has been 

shown to be pref«!rentially assimilated in cultures grown on N03 as an 

N source. Both :~nhibition of N0 uptake and loss of NR and nitrite3 

reductase are involved (Conway 1977, Serra~ al 1978b, Hipkin ~ al 

1980) • In the oc:ean, McCarthy ~ al (1977) found that NO3- uptake was 

only 7% of the rrl.trogen ration of the phytoplankton when NH4 
-1

concentration exceeded 1 pg L • Conway (1977) showed that the 

addition of NH suppressed N0 uptake within 30 minutes in the field.3­4 

The preference for NH4 over N0 has been observed in both oceanic3 

(McCarthy~_!!. 1977, McCarthy 1980) and freshwater (Prochazkova ~ al 

1970) systems. 1he addition of NH4 has been found to suppress the 

uptake of N03 in some systems (Conway 1977) and to have no effect in 

others (Conover 1975). 

- + .
The assimilation of either No3 or NH4 by normal Chlamydomonas 

cells requires both light and co2 • Similar rates of uptake of either 

form of N alone have been observed. Removal of either co2 or light 

prevents assimilation. In N-starved Chlamydomonas cells NH4 
+ is 

assimilated faste:r than N0 3 , and both processes may occur in the 

dark. Light enhances the rate of uptake of both species and has the 

greatest effect on the rate of N0 assimilation Syrett (1981).3 

As summ.ari~:ed by Syrett (1981) the relationship between light 

and nitrogen metabolism is due primarily to the generation of reduced 
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ferredoxin and A1~P. Reduced ferredoxin may be used to 

1) reduce N02 

2) reduce NAD(P)H and hence N0 in eukaryotic algae
3 


3) drive the GOGAT reaction 


4) activate/inactivate enzymes via thioredixin 


ATP is used to: 

1) drive U'>take mechanisms of N03 
- ,No2 

- , and NH4 
+ 

2)drive th1! GS reaction of NH assimilation4 

3) stop reoxidation of mitochondrial NADH by o2 thus making 

NADH available for N0 reduction3 

It should however be emphasized that these are potential interactions; 

to date there is no general view of the mechanism of nitrogen 

assimilation (Mort·is 1974). 

1.4.2 Phosophorus metabolism 

Like nitrogen, phosphorus metabolism involves active uptake by 

a specific transport mechanism (Blum 1966, Nalewajko and Lean 1980). 

Unlike nitrogen however the uptake of phosphorus is not closely linked 

to photosynthesis. While phosphorus uptake requires energy, it may be 

supplied by either respiration or photosynthesis and in some lakes no 
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difference betwe~~n uptake in the light and in the dark is observed. 

Unlike nitrogen which is segregated within the cell in the 

amino and nuclei<: acid fractions, a large portion of cellular 

phosphorus is found in an extremely labile cellular fraction-the 

phosphate esters and ATP. These compounds have turnover times in the 

order of minutes. RNA, DNA and lipid phosphorus comprise the 

remainder of the organic fraction of cellular phosphorus (Nalewajko 

and Lean. 1980). 

Algal cells have a minimum cell content (cell quota) below 


which the cell ca:mot grow (Droop 1973) however under optimal 


conditions the ce1lular phosphorus content may exceed the minimum by 


. an order of magnitude (Lund 1950, Mackereth 1953, Nalewajko and Lean 

1980). Much of the· surplus phosphorus accumulates in the form of 

polyphosphates (condensed phosphates of various chain lengths) 

(Nalewajko and Lec'.n 1980). In chemostat culture, the rate of 

assimilation of pbosphorus is related to the cell quota which is in 

turn related to the growth rate of the phytoplankton (Rhee 1979). 

This relationship has led to the use of the P turnover time (i.e. the 

amount of time required for an amount of phosphate equivalent to that 

present in the system to be taken up) as an indicator of the nutrient 

status of phytoplallkton (Lean and Nalewajko 1979, Lean ~ al 1983a ,b). 

In addition to cel.l quota, P turnover times in the field are related 

to the amount of phosphate present and the biomass in the system (Lean 

et al 1983a). 



17 

Natural systems, unlike chemostat cultures, are not steady 

·state systems (Jannasch 1974, Rhee 1979, Harris 1980b). It is thus 

not appropriate to simply apply the interpretation of the results 

observed in cultcre to those observed in the field (Harris 1983, 

1981). In a perturbed system, short term nutrient uptake may be 

uncoupled from growth. There is evidence that most phytoplankton 

actually grow at a rate near n (Goldman et al 1979, Eppley 1981,
'max - ­

Harris 1980b, 1983). If this is true then nutrient kinetic data are 

of little use in determining physiological condition in the !ield. 

1.5 Nutrient Stat·.Is--Observed Trends in Culture 

In photos~tthetically efficient cells, if the simplest model is 

.accurate, minimal light energy should be emitted as .fluorescence and 

maximal amounts transported down the electron transport chain. The F 

ratio should be htgh due to high FDCMU and low F. This should be 

14
translated into high carbon fixation (as measured by C uptake) in 


the dark reactions of photosynthesis. 


In chemostat cultures F/chla for any single dilution rate is 

constant over time (Blasco and Dexter 1972). Kiefer (1973b) however 

showed that F/chla was higher at lower dilution rates inN-limited 

cultures. No chan:~e in F ratio however was observed (Kiefer and 

Hodson 1974). 



18 

In batch :ulture, during balanced growth, cell numbers and 

fluorescence inc:!:'ease at the same rate. The rate of· increase in F is 

thus a good indic~ator of growth rate (Sakshaug and Holm-Hansen 1977, 

Fukazawa _!E. al 1980, Brand and Guillard 1981). As predicted by the 

model F/ chl_! ris•!s following nutrient depletion, presumably because 

the photosynthet:~c apparatus becomes less efficient (Sakshaug and 

Holm-Hansen 1972l Blasco 1973, Samuelsson and Oquist 1977, Samuelsson 

_!!.!!, 1978). The. rise occurred within one day of depletion of N but a 

lag of 6 days pre~ceded the rise in the case of P depletion in cultures 

of Skeletonema (lllasco 1973). F/chla was also found to be larger in 

N-limited than ill P-limited media (Slovacek and Hannan 1977). Roy and 

Legendre (1979) found that DCMU-enhanced fluorescence also declines 

following nutrient depletion in batch culture. 

Both the F ratio and P rise during exponential phase and 
max 

fall during stationary phase (Samuelsson and Oquist 1977, Samuelsson 

_!! al 1978, Roy and Legendre 1979). During exponential growth 

increases in both F and FDCMU parallel changes in the photosynthetic 

rate. The inverse relationship predicted by the model occurs only 

during stationary phase (Pr~zelin 1981). 
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1.6 Observed Trends in the Field 

Changes in absolute value of F and FDCMU are less useful as a 

measure of growth in the field because of the variability in 

fluorescence per unit chlorophyll between different species. 

Expressed on a relative scale however, the fluorescence measurements 

may give some information about population dynamics. Vincent (1981) 

found that a large variation in cellular photosynthetic capacity 

(roughly equivalent to the F ratio) was correlated to a major shift in 

species composition. Fukazawa ~ al (1980) found that a large 

increase in F ratio preceded a dinoflagellate bloom and did suggest 

that the method was suitable for estimating growth rates of natural 

populations. Low DCMU-enhanced fluorescence ratios are often observed 

in aphotic popula·:.ions (Cullen and Renger 197 9, Vincent 197 9, Harris 

1980). It may be that this is a result of an accumulation of 

inactive fluorescnnce (Cullen and Renger 1979, Vincent 1981). The F 

ratio would thus give an indication of the proportion of "active" 

cells in a sample rather than a measure of the average physiological 

condition. 

Vincent (1980) states that "considerable uncertainty plagues 

the relationship between DCMU-induced fluorescence and algal 

productivity". A survey of various attempts at correlating 

photosynthesis to the F ratio in natural populations shows this to be 

indeed true. Kimmel and White (1979) found that the two measurements 
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followed similar trends but made only four observations. Roy and 

Legendre (1979, 1980) report significant correlations between these 

parameters in the field, however a closer examination of their data 

2shows that in no case did r exceed .53. Both Vincent (1981) and 

Prezelin and Ley (1980) observed a closer relationship between the two 

parameters in natural populations. In contrast, Harris (1980) and 

Sephton (1980) found no correspondence between F ratios and P • 

' 

max 

Harris (1980) suggests that this is the expected result in a rapidly 

changing environment in which one parameter (fluorescence) reflects 

changes occurring at scales of minutes while the other (P ) is max 

variable at scales of hours and days. 

1. 7 Nutrient enrichment in culture 

Enrichmer.t experiments may be conducted over a period of hours 

or days (Vollenweider 1969). Both have their problems. Long term 

enrichments are affected by alterations of light, grazing, natural 

loadings and re~:eneration of nutrients as well as by the prolonged 

enclosure of smltll volumes of water (Healey 1979). 

A review of the problems associated with short term bottle 

assays may be fc,und in Harris (1978), Healey (1979), Lean and Pick 

(1982), Lean et al (1983a,b). Nutrient deficient algae are rich 

in carbohydrate or lipid, have low photosynthetic and growth rates, 

and are low in l&A and protein (Healey 1979, Rhee 1979, Syrett 1981). 
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It might be expe,~ted that metabolism and energy flow would be directed 

toward nutrient 'lptake prior to any increases in photosynthesis • Lean 

14and Pick (1982) suggest that a better indicator than simple C uptake 

is some ratio of optimum photosynthetic rate and maximum nutrient 

uptake rates. 

Both photosynthesis and respiration have been shown to be 

affected by nutrient additions to nutrient depleted cultures. Healey 

(1979) found elevated rates of respiration in Scendesmus while Turpin 

14(1983) and Healey (1979) found depressed C uptake following nutrient 

addition. On the other hand Goldman!!~ (1981, 1982) found no short 

term interactiotls of photosynthesis and nitrogen uptake in marine 

phytoplankton. 

More dirE!Ct evidence for the involvement of the primary events 

of photosynthests comes from the work of Kessler and Zumft (1973), who 

found decreased fluorescence induction in the first few seconds 

following addihons of nitrite to Chlorella. Larsson, Ingemarsson and 

Larsson ( 1982) ~:ound increased o2 evolution following addition of N03 

to Scendesmus for cells which were grown at P • The capacity for 
max 

non-cyclic elec~:ron flow allowed simultaneous reduction of N0 - and3 
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1.8 Nutrient enrichment in the field 

On the basis of two experiments (one over a period of 6 hours, 

the other over a period of 5 days) conducted in New Zealand lakes, 

Vincent (1981) suggests that enhanced F ratios following nutrient 

addition are indicative of increased photosynthetic potential in these 

populations. Both reduced carbon uptake in natural populations 

(Falkowski and 	St)ne 1975, Lean and Pick 1981, Lean~~ 1982) and 

14enhancement of ~~ uptake (Goldman 1972) have been observed in natural 

populations follo,dng nutrient additions. 

1. 9 Diurnal patte:~ns of fluorescence 

Diurnal patterns of fluorescence are known to exist in both 

freshwater .and marine systems (Loftus and Seliger 1975, Karabashev and 

Solov'yev 1976, Pt~zelin and Ley 1981, Vincent 1981). Diurnal 

patterns of photosynthesis have been shown to exist in Lake Ontario 

using both 14C uptake and o2 electrode techniques (Harris 1973a, 

Stadlemann ~ al 1974). The ability to predict daily photosynthesis 

is affected by the variance imposed on any model by diel 

photosynthetic rhythms (MacCaull and Platt 1975, 'Prezelin and Ley 

1980). In simplistic terms, there are two explanations for the 

existence of these rhythms of photosynthesis in phytoplankton: 

1) the rhythm is controlled by some intrinsic 

"biologic<ll clock" 
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2) som,a environmental variable "forces" the rhythm 

accordi:1g to the oscillation of the external factor 

(MacCaull and Platt 1975). 

The two observat:lons are not independent in that a clock-controlled 

rhythm is also entrainable to the period of the exogenous oscillator. 

For example, a l:lght-dark period may not create a rhythm in 

photosynthesis but rather provide a cue to the cell such that the 

biological and e1wironmental events are coupled (Chisholm 1981). 

There is alno much evidence that light alone is a strong forcing 

factor of photos~~thetic rates. Terrestrial plants are exposed to a 

light regime whi<:h is relatively constant (depending on latitude) in 

terms of length but variable in accord with local weather conditions. 

The light regime of the phytoplankton is dependent on the mixing rate 

of the water coltmn in which it is suspended. Depending on the speed 

of circulation the "average" light period which a cell experiences may 

vary from second~ to hours. Depending on the depth of the mixing zone 

that period may c•ccur once, less than once or more than one time per 

day (Harris 1973b, Marra 1980). 

Accurate modelling requires a knowledge of which of these two 

factors, an intrinsic circadian rhythm or a response to light, is 

responsible for the diurnal patterns of photosynthesis. 
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1.10 Circadian rhythms in culture 

A method of detecting circadian rhythms in algal cultures is to 

determine whethet· a rhythm which exists in cultures grown under a 

day-night cycle t:·ersists under conditions of constant light. In this 

way, laboratory experiments have shown the existence of 

clock-controlled patterns of both light limited and maximal 

14
photosynthesis as measured by C uptake in marine dinoflagellates and 

diatoms (Prezelin' and Sweeney 1977, Harding ~ al 1982). Brand (1982) 

found evidence of circadian rhythms of chlorophyll fluorescence and 

DCMU-enhanced flu,>rescence in 24 algal species of widely varying 

phylogenetic background. 

1.11 Circadian rhvthms in the field 

Prezelin ar~d Ley (1980) found that the daily periodicity of 

photosynthesis observed in natural populations dominated by marine 

diatoms was largely due to a circadian rhythm of photosynthesis and 

14that the natural periodicity in C uptake correlated well to the 

periodicity in F and FncMU• Diurnal periodicities of photosynthesis 

have also been observed in Lake Ontario (Harris 1973a, Harris and Lott 

1973, Stadlemann ~~ al 1974). Vincent (1979) observed diurnal rhythms 

in F in several la:res in New Zealand. The persistence of the rhythm 

under continuous low light suggested the existence of a circadian 

component to the observed rhythms. 



25 

1.12 Light effects in culture 

The fluorE!Sence of both marine and freshwater diatoms is 

depressed within 5 minutes exposure to light of high intensity (Kiefer 

1973b, Heaney 1978). In cultures of Lauderia borealis Kiefer (1973b) 

-2 -1found that bright light (approximately 1000J1E M sec ) caused a 

depression in fluorescence which could be separated into a fast 

(approximately two minutes) and a slow response (thirty minutes). The 

response was dependent on nutrient status of the cells (see below). 

The fast C)mponent was not accompanied by a change in the 

absorption properties of the cell at 440nm. Microscopic examination, 

however, showed that the chloro.plasts had undergone visible 

contraction (Kief1~r 1973b). Mohanty and Goviridjee (1973) and Krause 

(1973) did find a:.teration in absorbance character at 535 nm for 

isolated spinach ':hloroplasts and cells of Anacystis nidulans within 

the first minutes of illumination. [This effect was also observed in 

natural populations by Harris ( 1980).] The differences between their 

results and those of Kiefer (1973b) may have been due to a species or 

a treatment effect. Mohanty and Govindjee (1973) found that the time 

course of slow fluorescence changes was more rapid than for 

absorbance changes. They suggested that ''microscopic" changes in the 

chloroplast appear to precede changes at the macroscopic level. 

The slow decrease in fluorescence in diatoms appears to 
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correspond to a ::edistribution of the chloroplasts to the valvar ends 

of the cell (Kiej:er 1973b, Harris and Piccinin 1977). Gross 

morphological changes in chloroplasts of other species have not been 

well described. Loftus and Seliger (1975) however noted that large 

diel changes in fluorescence only occurred when diatoms were present 

in the species assemblage. Harris (1980) noted differences in the 

Kautsky inductior, curves of individual cells of green and diatom 

species from Hamilton Harbor. 

The physiological status of the cell may also affect the 

response to bright light. Kiefer (1973b) and Kiefer and Hodson (1974) 

noted that the amount of decrease was much larger in the more nutrient 

deficient cells. Loftus and Seliger (1975), on the other hand, found 

that the final fl,lorescence yield in stationary and log phase cultures 

of Phaeodactylum 1qas similar. When expressed as a percent the results 

of Roy and Legend::e (1979) also suggest that there is no difference 

between the response to light of nutrient stressed and nutrient 

sufficient green algae. It should be mentioned that the light 

-~ -1
intensity used by Roy and Legendre (1979) (160 pE M s ) was less 

than that used by Kiefer (1973b) (near 1000 pE -2 m -1 s ). This may 

have contributed to the difference in the results. 
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1.13 The effect of light on natural assemblages 

The sensitivity of a population to light appears to be 

variable. Loftus and Seliger (1975) found diurnal changes occurred in 

populations of diatoms but not in populations dominated by 

dinoflagellates or diatoms. Harris and Piccinin (1977) and Harris 

(1980) found differences between the response to photoinhibiting light 

intensities of diatoms and green algae fromn Hamilton Harbor. 

Various 	ir1tensities have been observed as threshold irradiances 

i.e. the irradiar1ce below which light has no effect when compared to a 

sample maintainei in the dark. Heaney (1978) and Vincent (1981) found 

threshold values for populations of phytoplankton in lakes in England 

-2 . -1
and New 	 Zealand ·>f around 100 pE m s while Kiefer (1973a) recorded 

-2 -1475 pE m s f·>r marine populations. 

Light history, as well, as nutrient status, is known to affect 

the structure of the chloroplast and the photosynthetic efficiency of 

algae. "Shade adapted" species are known to have a large complement 

of chlorophyll ar1d saturate photosynthesis at lower light intensities 

than sun species (Harris 1978). Prezelin (1981) suggests four 

mechanisms by whlch "adaptation" may occur: 

!)changes in the size of the photosynthetic unit 

2)de:lsity of photosynthetic units 
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3)cruinges in levels of enzymes 


4 )efficiency of coupling 


It is int1~resting to consider which of these mechanisms might 

affect the fluor1~scence response. Neither changes in enzymatic rates 

nor an increase ln the density of photosynthetic units (assuming the 

units have a simllar structure) should affect the F ratio. On the 

other hand an in~rease in the size of the PSU should result in a 

decreased FDCMU/~hla. A change in the state of the thylakoid 

membranes and tha efficiency of photosynthetic coupling might also be 

reflected by flu~rescence properties to fixed light. Kulandaivelu and 

Senger (1976) found decreased efficiencies of photosynthetic coupling 

attribut"able to iecreased levels of plastoquinone after maintaining 

Scenedesmus for Z to 4 days in the dark. The recovery of efficient 

photosynthetic c:>Upling occurred within hours but was inhibited by 

bright light. 

Evidence of the close coupling of photosynthesis to light and 

the influence of variable light comes from measurements of 

photosynthesis made at short time intervals with an o electrode2 

(Harris 1973a,b, Harris and Lott 1973, Marra 1978a,b, Marra 1980, Marr4 

and Heinemann 1983). Marra (1978b) found enhancement of integral 

photosynthesis in samples which were moved vertically through the 

water column as compared to bottles suspended at fixed depths. The 

effect was not totally explained by an inhibition of the maximum rate 

of photosynthesis. In this experiment, as in Harris (1973a), the data 

suggests a non-linear response of photosynthesis to light intensity. 
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In laboratory experiments photosynthesis was found to track irradiance 

closely on cloud:r days and on days of variable light intensity but not 

on sunny days (Marra and Heinemann 1983). Extremely rapid changes 

(seconds) in flu,lrescence attributed to changes in the re-dox level of 

plastoquinone ha~e been recorded in natural populations using more 

sophisticated fluorometers (Vincent 1979, Abbot et al 1982). 

The depression of fluorescence at the surface in vertical 

profiles of the ~ater column is usually attributed to light (Kiefer 

1973b, Loftus and Seliger 1975, Cullen and Renger 1979, Harris 1980, 

Vincent 1980). This is confirmed by experiments in which short 

incubations (minutes) at high light intensity cause rapid depressions 

in the fluorescence of natural populations (Kiefer 1973b, Loftus and 

Seliger 1975, Harris 1980). The recovery of-fluorescence in the dark 

following these types of light treatment was somewhat slower than the 

rate of decrease in the light. 

Because cf the variability in the rate at which phytoplankton 

are moved through the water column there is no simple empirical 

relationship between light intensity and the depression of surface 

fluorescence. Instead Harris (1980) and Sephton (1980) suggest that 

depression in F ratio only occurs when wind speeds are low. This 

relationship may be more precisely expressed by relating the change in 

F ratio to the E~chardson number. The Richardson number, is a ratio 

of buoyancy to turbulent kinetic energy induced by wind and thus 

should indicate the relative rate of mixing within the water column 

(Harris 1983). 



2. The Thesis Problem 

It is the hroad objective of this thesis to examine the use of 

fluorescence and l~MU-enhanced fluorescence as an indicator of the 

physiological sta1:us and light history of natural assemblages of 

phytoplankton. 

Changes in the fluorescence parameters of batch cultures of 

Chlamydomonas and Synnechococcus will be compared to other 

14
physiological indicators. The response of the F ratio and C uptake 

following nitrogen additions to batch cultures during exponential and 

stationary phase growth will also be examined. A comparison of 

14
seasonal changes in F ratio, P turnover time and C uptake in the 

phytoplankton will be made. The potential use of the F ratio as an 

indicator of physiological condition in the field is discussed in the 

context of these results. 

Diurnal patterns of fluorescence are described. The 

possibility that these patterns are due to an intrinsic biological 

rhythm is tested. The response of fluorescence to light (in 

particular, the tate at which fluorescence responds to light and 

changes in the re.sponse to light over the season) are examined in 

detail. The hypc1thesis (section 1.13) that it is the mixing rate of 

the water column which determines whether fluorescence will be 

affected by light: is tested. The general relationship between the 

physical charactE!r of the water column (as measured by temperature and 

density gradientB) and fluorescence is described. 
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3. Materials and Methods 

3.1 Measurement c•f physiological condition in culture 

3.1.1 Culture Methods 

Batch cultures of Chlamyd~monas reinhardii or Synechococcus 

leopoliensis werE! maintained in 1 liter flasks on a shaker using Chu 

10 media with added Wood's Hole micronuttients (Nichols 1973). 

Cultures were inoculated with 20 milliliters of cells maintained in 

the same media and in stationary phase. The pH of the original media 

was 6.4 and rose to a pH of 7.0-7.5 during growth. Growth limitation 

by nitrogen was achieved by reducing the nitrogen in the media to 1% 

-1
(30 pg N0 -N L ., of the original concentration. C:N:P ratios in3

ug-atoms in the 111edia were: 

1) for Cl)mplete media 130:190:100 

2) for N··limited media 130:2: 100 

-2 -1Light in1:ensity was 160pE m s under a 12:12 LD regime. 

Photosynthetically active radiation within the 400-700 nm waveband was 

measured with a quantum light sensor (LICOR). 
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MeasuremHnts were made daily 9 hours after the lights came on. 

Cell number was neasured on a Coulter Counter (Model F). Diel growth 

rate was calculated according to Fukazawa ..!!! al (1980). Chlorophyll .! 

was measured using the modified acetone extraction technique of 

Burnison (1980). Filtration at this level of chlorophyll is not 

necessary•. 2.1 tailliliters of culture was frozen and then thawed 

prior to the addttiion of 4 milliliters of DMSO. The solution was 

made up to a final concentration of 90% acetone and the fluorescence 

of the extract dHtermined fluorometrically (see below). Fluorescence 

measurements werB calibrated to the concentration of chlorophyll .! 

measured spectrophotometrically using the equations of Jeffrey and 

Humphrey (1975) and expressed in micrograms per milliliter of 

-1
culture (pg~ ) .. 

Continuous cultures of Chlamydomonas were maintained in 1 

liter round-bottom flasks using Basic Bold's media (Nichols 1973). 

-1 -1The concentration of N was reduced to 170 pg L and C (2000 pg L ) 

in the form of NHHC03 added such that the final C:N:P ratio in the 

media was 78:70: J.O and 78:7:10 as pg-atoms. 
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3.1.2 Fluorescenee measurements 

25 milli:Liter samples were poured into 25X148 mm pyrex 

test-tubes and fluorescence measured using a Turner Designs Model 10 

fluorometer equipped with a red-sensitive photomultiplier. The 

filters and lamp were as recommended by the manufacturer (Blue lamp; 

excitiation filtar, Corning 5-60; reference filter, Corning 3-66; 

emission filter, Corning 2-64) for use with _.!!! _.!!!2. fluorescence of 

chlorophyll~· DCMU (3-(3,4-dichlorophenyl)-1,1-dimethyl urea) was 

added to a final concentration of 1X10-SM and a second fluorescence 

measurement (FDCMU) made after 10 minutes. 

143.1.3 c Uptake. 

14
C uptake in cultures was measured according to the method of 

' -1 14
Lean and Burnison (1979) by adding 100.,... 50 pCi mL NaH co3 to 25 

milliliter samples and incubating for 10 minutes beside the stock 

cultures. Duplicate 10 milliliter samples were filtered onto .45 p 

Millipore filtet·s. The filters were acidified with 100)...1N HCl and 

left for at leaHt 2 hours before dissolving in ACS (aqueous counting 

scintillant--AmE!rsham). Samples were counted using a Beckman LS230 

and corrected for colour quenching using the channels ratio method 

(Wang ~ al 197 ~;). Controls (either samples treated with DCMU before 

14addition of H co - or those left in the dark) were subtracted from3 

all sampes. 
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3.2 Measurement of physiological condition in the field 

3.2.1 Study Site 

Field work was conducted at two shallow and one deep station 

on Lake Ontario, Ontario, Canada. Their characteristics are described 

in Table 3.1. SE!veral experiments were also conducted in Jack's Lake, 

Ontario, Canada <44°41'N, 78°03'W). This lake is 60 kilometers 

northeast of PetHrborough on the edge of the Canadian shield. 

3.2.2 Fluorescen~e Measurements 

Fluoresc,:!nce was measured as described above (section 3.1). 

The fluorometer iias set to zero using lake surface water filtered 

through .2p Nucleopore filters. There was negligible difference 

between the standardization obtained with this water and with 

distilled water throughout the season. Consistency of measurement was 

tested by measuring the fluorescence of 25 milliliters of PCS (aqueous 

counting scintillant). The filtrate was checked periodically for 

dissolved fluorescence. 
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Table 3.1 Characteristics of Lake Ontario study sites 

STATION LATITUDE LONGITUDE 	 DEPTH 
(meters) 

401 43°53 '4:J "N 78°i 7 '00' 'W 38 


403 43°35'50"N 78°13'48"W 176 


----------------·-------------------------­
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3.2.3 Sensitivitv of the method 

An estimate of the errors associated with sampling and 

measurement was 1nade by determining the difference between duplicate 

samples at each iepth for the profiles discussed in section 3.3. The 

differences between replicates from all depths were averaged for each 

date. This average was used to determine when real differences 

existed between treatments and samples. A difference between two 

numbers greater than twice the error estimate was considered real. 

Error estimates ranged from .02 to .12 relative units for F; 

.03 to .15 relative units for FDCMU; .02 to .08 for the F ratio. 

Because biomass (expressed as F or FDCMU) changed over an order of 

magnitude over the season results will often be expressed on a 

relative basis. On this basis error estimates ranged from 3 to 16% 

for F; 3 to 6% for FDCMU; 4 to 16% for the F ratio. Thus a difference 

between two values greater than .30 relative units (30% for F), (15% 

for FDCMU) is considered real. A value greater than .16 (30%) is 

considered to rHpresent a real difference for the F ratio. 

Differences sta1:ed to be significant in the text do not refer to true 

statistical significance but refer to differences which exceed twice 

the estimated e1~rors of measurement and sampling. 
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3.2.4 Chlorophyl:;....! 

Chlorophyll ~ was measured spectrophotometrically by the Water 

Quality Division CCIW (Burlington) (Environment Canada 1979). 

Chlorophyll~ was measured using a hot DMSO/acetone extraction 

technique (BurniE:on 1980). In the field 100 milliliters of lake water 

was filtered onto GF/F filters and frozen for storage. These samples 

were later thawed and 4 milliliters DMSO was added to the samples 

0
prior to heating for 10 minutes at 65 C. Field samples were 

refiltered throu~;h a GF/C filter and the filtrate made up to 25 

milliliters total volume with 90% acetone. The fluorescence of the 

extract was measured using the Turner Designs Fluorometer described 

above and calibrated using regression analysis (Parker 1976) to the 

chlorophyll ~ values obtained by Canada Center for Inland Waters 

(Burlington). r~· values ranged from .77 to ~98 and except for the 

Octboer sample, correlations were si-gnificant at the p=.001 level. 

The correlation coefficient for the October sampling was significant 

at p=.O 1. 
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3.2.5 Fluorescence Indices 

The fluorescence indices used were: 

1) F ratlo = !nCMU~ 


FDCMU 


This ratio is eq11ivalent to the FRI of Cullen and Renger ( 1979) or the 

F ratio of Kinnne:L and White (1973). It is roughly equivalent to the 

CPC used by VIncHnt (1979, 1980) except that no dark pretreatment was 

used. This ratio is convenient to use in that it scales from 0.0 to 

1.0. Other workHrs often express DCMU-enhanced fluorescence as a 

ratio of FDCMU/F (c.f. Blasco and Dexter 1973, Samuelsson and Oquist 

1977, Harris 1980) • 

__FDGMU­

[chlorophyll .!!,] 

3) FI chl_!~ = ___..;;.F_____ 


[chlorophyll .!!,] 


wwhere chlorophyll .!!... is expressed in }lg L-1 • F/chl.!!. is equivalent to 

the R value used by Heaney (1978) and Harris (1980). 
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3.2.6 Indices of the physical character of the water column 

EstimateH of water column stability (as ~) were obtained by 

determining denstty differences between surface and 5 meter or 10 

meter water. 

2 
N .,.~l~2lX g 

d 

(Phillips 1966) 

where P d1 and P d~~ are the densities of the two depths; d is the 

distance between the two depths in centimeters, and g is the 

acceleration due to gravity. The density values were obtained by 

obtaining the spHcific temperature of the depths in question and using 

the equation of Btate for pure water: 

where T is the tt!mperature in degrees celsius of the water and P 4oC is 

the density of water at 4°C. N2 estimates ranged from 0 to 103 X 10-6 

-1. 
s 

Temperature was measured to .1 °C using the EBT aboard c.s.s. 

Limnos. The dif::erence between the temperature at any two depths is 

the 6T. 
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143.2.7 c uptake 

4~~ l c measurements were made according to the method of 

Lean and Burnison (1979). R.L. Cuhel and D.R.S. Lean conducted most of 

14 ­the experiments. 30 pCi H co were added to 300 milliliter glass3 

BOD bottles fillHd wit:h lake water. Samples were collected as 

described above from 2.5 m intervals through the photic zone, at three 

times during the day (approximately 06:00, 10:00, 14:00) and incubated 

at the depth frorr. which they had been removed. 

Incubations lasted four hours except: for a duplicate set from 

06:00 which was incubated until dusk. Darkened bottles from each 

depth, at each tine, were incubated either in ~ or in the incubator 

maintained at a temperature close to that of the epilimnion. 

Fluorescence meas:~rements were made before and after each incubation. 

Following incubation 100 milliliters was filtered onto a GF/F 

filter, acidified wit:h 200~1N HCl for several hours, and placed in PCS 

(aqueous counting scintillant). Samples were counted in liquid 

scintillation counters. Determination of P was made at fixed light
max 

in a rotating wheE!l type incubator as described below (section 3. 3). 

Differences in values between two depths greater than 15% are 

considered significant. 
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3.3 Comparison of seasonal patterns of P turnover time and 

fluorescence 

P turnovE!r times were provided by D.R.S. Lean using the method 

of Lean and Nale~rajko (1979). Representative fluorescence 

measurements were chosen from a series of diurnal profiles for which 

the effect of light was thought to be minimal. Except for 3 occasions 

[22 September (station 403), 30 June (station 401), and 19 October 

(station 403)], measurements were made either after sunset or before 

sunrise (between 18:00 and 06:30). 

3.4.Nutrient additions to cultures 

Cell numbHr, F ratio and chlorophyll~ were monitored daily as 

described above (nection 3.1). Cessation of cell division as opposed 

to the end of the increase in any of the fluorescence properties was 

arbitrarily chosen to indicate the onset of the stationary phase in 

culture. 

30 pg N L
-1 

were added either in the form of N0 or NH4so43 

several minutes prior to the lights coming on. Replicate cultures 

were used on two occasions as described in the text. Duplicate 

14subsamples were removed and C uptake measured as described above 
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(section 3.1.3). Fluorescence was determined prior to the incubation. 

DCMU was used to block 14c uptake after 20 minutes. DCMU-enhanced 

14
fluorescence was measured 10 minutes after addition of DCMU. c 

uptake was measured prior to nutrient additions, at 40 minute 

intervals for thE! first 1.5 hours, and then at approximately 2.5 hour 

intervals for the next 10.5 hours. The data is expressed as the 

fraction incorpotated into cellular material relative to the total 

added 14c. 

3.5 Nutrient additions in the field 

Throughout the season either thrice rinsed 300 milliliter BOD 

bottles or clear plastic 250 milliliter polycarbonate bottles were 

filled with lake ;.rater and placed in two rotating wheel type 

incubators. Temp~rature was maintained at a level similar to that of 

the original water (except as noted for individual experiments). 4 or 

-2 -15 light levels (Ll, L2, L3, L4, 15) ranging from 5 to 1680 pE m s 

(depending on the incubator) were used. The measured intensities are 

-1 

to 100 }lg L- P w:~s added in the form of KH2Po4 at 1 • The length of 

indicated in Tablo! 3.2. 10 to 100 pg L N in the form of (NH ) so
4 2 4 

or 

KN03 were added t) one bottle at each light level. Length of 

incubation was follr to sixteen hours (see individual experiments). 10 

1 
3

these incubations was 3 hours. F and FDCMU were determined 

immediately prior to and after incubation. The length of time that 

samples were expo;:;ed to room light was less than 10 minutes. 
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-2 -1Table 3.2 Light intensity in pE m s at the 5 light 
levels (L1 to L5) used in experiments in the incubator 

Date L1 · 1.2 . L3 L4 L5 

28 April 900 :!30 105 8 

18 May 1330 ~•so 112 7 

1 July 770 159 88 4 

2 July 1890 756 336 140 53 

3 July 1680 756 336 140 53 

18 August 1680 756 336 140 53 

19 October 1350 510 200 55 

22 November 1300 750 250 85 



Water chemistry analyses were carried out by the Water 

Quality Division (CCIW Burlington) according to the Analytical Methods 

Manual (Environment Canada 1979). Measurements of N0 and NH4 , and3 

the ratio of particulate C to particulate N are described in section 

4.4. 

3. 6 Diurnal pattE!rns of fluorescence 

F and FD<~U were measured as described above (3.2) at 

intervals ranging from 3 to 6 hours during a 24 hour period. The 

sampling interva:_ was varied in order to ensure that on each occasion 

at least one mea:mrement was made shortly after sunrise, at mid-day, 

shortly after su~1set and during the middle of the night. On occasion 

subsamples were removed and placed in a dark incubator at a 

temperature similar to that of the water column (:2°C) for 1 hour 

prior to a second measurement of F and FncMU• 
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3.7 Circadian rhy~ 

Water from 5 meters was placed in rinsed 300 milliliter BOD 

-2 -1bottles and placed in an incubator at 40 pE m s at a temperature 

within 2°C of that in the water column for a period of 24 hours. 

3.8 Time Course cf Fluorescence Changes 

To examiile the time course of fluorescence changes water was 

incubated at cone.tant: light intensity as described above (3.4). 

Samples were takE!n at intervals ranging from 10 minutes to several 

hours (see indivtdual experiments). The length of time that samples 

were exposed to 1:oom level light was about 5 minutes. 

3.9 Recovery in the dark 

Water wan incub~ted at constant light intensity as described 

above (section 3.4). The lights in the incubator were then either 

shut off or the .;amples were moved into another darkened incubator. 

Fluorescence was measured prior to and after placement in the dark. 

3.10 Seasonal Response to Fixed Light 

Water was incubated without nutrient additions as described 

above (section 3.4). Duration and intensity of light for each 

incubation is described in chapter 4. 



3.11 The effect of light and mixing 

300 mill:lliter glass BOD bottles were rinsed three times and 

filled with lake water sampled from 2.5 meter intervals through the 

water column to a depth of 20 meters. 'I'he bottles were suspended in 

14the water column for periods of time ranging from 3 to 15 hours. c 

uptake was measUJ:ed at this time. F and FDCMU were measured prior to 

and after incubation and compared to the fluorescence profile in the 

water column madt! near the end of the incubation. 

3.12 Light response from different depths 

Water from ·different depths was incubated as described above 

(3.4); see text Eor details of depths sampled. 



4. Results 

4.1 Observed patterns of physiological condition and fluorescence in 

culture 

4.1.1 Continuous Cultures 

Table 4.1 describes the fluorescence characteristics of 

Chlamydomonas gt·own in "cyclostat" culture in modified Bold's media 

(C:N:P 78:70:10) under a 16:8 LD cycle. Both biomass (F) and F/chla 

were highest at t:he lowest dilution rate·. There were no significant 

differences in F ratio at the different dilution rates. 

The concEmtration of N was reduced by a factor of 10 in order 

to ensure nitrogHn-limitation (as opposed to carbon or light 

-1limitation). At this level of nitrogen (17 pg L ) washout occurred 

at the highest d:~lution rate and biomass (F) decreased at the lower 

dilution rates. F/chla and the F ratio were similar at both levels of 

nitrogen. 

47 
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Table 4.1 Compar:lson of fluorescence properties of 
"cyclostat" cult·Jres of Chlamydomonas at different dilution 
rates and nitrogen levels; values represent the means and_1
standard errors ,>f the mean; dilution rate expressed day ; 
C:N:P expressed as pg-atoms in the media. 

DILUTION C:t'f:P F F/chla F ratio 
RATE 

1.2 

.6 

.23 

.6 

.23 

78:70:10 

78:7:10 

.105+.15 

.177+.29 

.320+.38 

.095+.007 

.231+.051 

.12+.04 .68+.02 

.14+.03 • 67+.03 

.24+.05 .67+.02 

.14+.03 .67+.02 

.16+.06 • 67+.02 



--
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4.1.2 Batch CultUl:e 

Figure 4.:l shows that Chlamydomonas in N-limited media 

underwent only a :;hort exponential phase. As is evident from the 

difference in the slopes of the lines, cell number and in vivo 

fluorescence (F) :lncreased at different rates. Thus growth could not 

be described as b.:J.lanced in these cultures. If 4 days is considered 

the end of expone:ltial phase, it may be seen that F and FDCMU (and 

hence the F ratio) changed little during the first 3 days of 

stationary phase. This is also evident from Figure 4.2a in which 

growth rate is co111pared to F ratio. F ratios greater than .70 

occurred both before and after the onset of stationary ..phase.. on day 

4. F ratios of .45-.55 occurred only during later stages of 

stationary growth. Even after 7 days in stationary phase the F ratio 

had only declined to a value of .48 (64% of the highest observed 

value). 

Synechocc~ underwent a 5 day exponential growth phase in 

which all four p~.rameters F, FDCMU, cell number and chlorophyll ~ 

increased at a similar rate (Figure 4.3). Following the onset of 

stationary phase (day 6), chlorophyll~ decreased in these cells. The 

F ratio tended to be lower in Synechococcus than in Chlamydomonas. 

The highest valuE! observed was .64 while in Chlamydomonas values 

greater than .70 occurred even during stationary phase. The decline 



Figure 4.1 Growth curve for Chlamydomonas grown in batch culture 

on Chu 10 with reduceC. nitrogen. 
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Figure 4.2 Comparison of growth rate and F ratio in 

a) Chlamydomonas and b) Synechococcus 

...... F rat:lo 

o--o Diel ;~rowth rate (determined by the change in cell 

number) 
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Figure 4.3 Growth curve for Synechococcus grown in batch culture 

on Chu 10 (complete tll.edia) • 
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in F ratio in Syn.~chococcus preceded the cessation of cell division 

Figure 4. 2b) as C·)mpared to Chlamydomonas in which the F ratio 

remained high eve·rt after cell division stopped (Figure 4. 2a). 

14Figure 4.4 shows that in Chlamydomonas C uptake on both a 

per cell and per chlorophyll basis decreased exponentially during the 

later stages of batch growth while the F ratio declined by about 30% 

from its maximal value. 

14
In Synechococcus there was more variability in C uptake 

however this variability did not correspond to that observed for the F 

14ratio (Figure 4.5). Low rates of C uptake were associated with 

14
lower F ratios at the end of batch growth but again the change in c 

uptake was largex· than that of the F ratio. In both species F/ chla 

increased gradually over the course of growth (Figure 4.4, 4.5). The 

absolute value of F/chla was higher in Chlamydomonas than in 

Synechococcus. ;~e absolute value of F/chla for Chlamydomonas was 

higher in batch than in continuous culture. 



Figure 4.4 Changes in photosynthesis and fluorescence during 

batch growth of Chlamydomonas on Chu 10 with reduced nitrogen. 

indicates the onset of stationary phase 

-1 -1
O-OC uptak:! (pg C pg chl .!!_ hr ) 

-1 -1 
6·-~C uptak'~ (pg C cell hr ) 

Ar---AF ,ratio 

.-.F/chla 



54 

tO 

II) -.. 
0.... 
><­

.- .... enI....­
.c:§.. 
.!..G) -9j... -> 
G) ·­.c u-;.. 

I (.) a;·as1 
C)~.c - 0.1 

(.) -~=·­C) w.c=. ~(.) 
(.) < u:· 
C)·- ..... ..::a.. a. 0 

::;:) ;:: 
w 

(.) ~ ~ 
LL<

I­
C. 
:::;:) 

(.) 

.01. 

10.0 

1.0 

· 1 L--1~~2--~3-._4.__5~~6--~7--~~~ 

TIME (Days) 

Chlamydomonas 



Figure 4.5 Changes in photosynthesis and fluorescence during 

batch growth of Synechococcus on Chu 10. ~indicates the onset of 

stationary phase 
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4.2 Observed patterns of fluorescence and physiological condition in 

the field 

4.2.1 Seasonal and vertical patterns of chlorophyll a 

-1
The greatast biomass of chlorophyll ~ (7-8 pg L ) observed at 

station 403 occur·r::'ed in late June and mid September. A "bloom'' (9 pg 

-1
L ) of chlorophyll ~ occurred at station 401 in September but not in 

June. The data i:J included in Appendices 1.1 and 1. 2. 

Vertical profiles of F, FDCMU ~nd temperature are included in 

Appendix 1.3 (sta1:ion 401) and Appendix 1.4 (station 403). These 

profiles were madt! prior to dawn or after sunset when light was not 

expected to have an effect on fluorescence. Visual examination 

suggests that distinct vertical structures of F or FDCMU occur 

primarily during periods of vertical structure in the temperature 

profiles in the water column (e.g 8 June, 11 August, 23 September at 

station 401). 

The relati.onship between ~T (the difference in temperature 

between 1 and 10 meters) and the ~FDCMU or ~F (the difference in FDCMU 

or F between 1 and 10 meters expresed as a percentage of the value at 

10 meters) is sho~n in Figure 4.6 and Figure 4.7. The dashed line is 

an arbitrarily chosen upper boundary line. The pattern was similar for 

both AF and AFDCMU. At high values of AT (4-6
0 
C) values of AF or 



Figure 4.6 Relationship between AT and AFDCMU (%) whereO 

indicates data from •! profile made between 20:00 and 06:30;e 

indicates data from all other profiles. The dashed line is an 

arbitrarily chosen upper boundary. AT is the difference in 

temperature between 1 and 10 meters; AFDCMU is the absolute 

difference in FDCMU between 1 and 10 meters expressed·as a 

percentage of FDCMU at 10 meters. Note that whenAT is small 

most points are smaller than 15% i.e. the level above which 

differences are considered real. 
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Figure 4. 7 Relationsh:lp between ~T and ~F(%) where 0 indicates 

data from a profile m.ule between 20:00 and 06: 30; e indicates 

:lata from all other p:C"ofiles. The dashed line is an arbitrarily 

chosen upper boundary. AT is the difference in temperature 

between 1 and 10 mete::-s; AF is the absolute difference in F 

between 1 and 10 meters expressed as a percentage of F at 10 

neters. Note that when ~T is small most points are smaller than 

30% (the level above •mich differences are considered real.) 
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FDCMU up to about 80% were possible. Values not considered 

significant (i.e. less than 15%) were also possible at large~T. At 

low6T ( 1.0-2.0°C) however, the boundary line did not rise much above 

40% and the maj or:.ty of points were found to be lower than the levels 

considered to represent significant differences for both~F and .6 

The distribution of the.6F~MU and~F present in night samples 

(from profiles made between 20:00--06:30) is also shown in Figure 4.6 

As indicated by vertical profiles (Appendices 1.3, 1.4) both large and 

small values of.6F or.6FDCMU could occur at night. 

2The relationship between N and6F or6FDMCU appeared to be 

less well defined (Appendices 1.5, 1.6). 

4.2.2 Comparison of fluorescence and P turnover time 

A comparison of P turnover time and fluorescence at the two 

stations was made :~n order to determine whether the two parameters 

followed the same trends. At the offshore station (403) P turnover 

time remained high (180 hours) until late June when stratification 

occurred (D.R.S. Le!an unpub. data) (Figure 4.8). Turnover times in 

the order of minutes were then observed until late October. Neither 

the F ratio nor F/chla showed a consistent pattern over the season 

compared toP turnover time. In fact the lowest value observed (.38) 
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occurred in April when turnover times were long. 

At the shallow station (401) stratification had occurred by 

May and turnover times were already rapid when the first fluorescence 

measurements were made (Figure 4.9). The values obtained here were 

generally lower than those observed at the deepwater station (403). 

Again there was no consistent relationship between P turnover time and 

the fluorescence measurements. Low F ratios were observed in both 

October and November samples despite high P turnover times. The 

October sample was made during an upwelling event and water at this 

time showed a lar.~e component of dissolved fluorescence and contained 

little chlorophyl.l !!.• The highest F/chla for the season was observed 

under these condt:~ons. 

The range of values ofF ratio obtained in Jack's Lake, where 

P turnover time WHS an order of magnitude more rapid than in Lake 

Ontario (D.R.S. Le:an unpub. data), was similar to that observed in 

Lake Ontario (data not shown). 



Figure 4.8 Comparisor: of P turnover time, F ratio and F/chla at 

station 403 (Lake Ontario, 1982). 

Q-OP turnover time (hours) (D.R.S. Lean unpub. data) 
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Figure 4.9 ComparisO'l of seasonal P turnover time, F ratio and 

F/chla at station 401 (Lake Ontario 1982). 

~ P turnover time (hours) (D.R.S. Lean unpub. data) 
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4.2.3 Comparison of the F ratio in the field and in culture 

The abso:.ute value of the F ratio observed in 5 meter water 

was .34 to .60 (F:~gures 4.8, 4.9). Values of the F ratio as high as 

those occurring during exponential growth of Chlamydomonas (.70) in 

batch culture werE! not observed; values of the F ratio as low as those 

which occurred during stationary phase of Synechococcus (.23) were 

also not observed in epilimnetic waters. 

14
4.2.4 Comparison of fluorescence and C uptake 

Figure 4.:l0 shows that there was no relationship between the F 

ratio and primary productivity expressed per unit chlorophyll·~· 

Vincent (1981) suggests that the F ratio multiplied by the 

concentration of ·~hlorophyll ~ should indicate the amooot of "active" 

14chlorophyll. No r•:!lationship between this ratio and C uptake 

expressed per ooit: chlorophyll~ was observed for this data set (data 

not shown). 

4.2.5 Seasonal patterns and vertical profiles of the F ratio 

Figure 4.11 shows the changes in F ratio which occurred at 

fixed depths in the water column throughout the season at station 403. 

Vertical profiles are included in Appendix 1.7. 5 meter populations 



Figure 4.10 Comparison of seasonal primary productivity and F 

ratio at station 403 (Lake Ontario 1982). Regression analysis 

showed there to be no significant relationship between the two 

parameters. 

-1 -1o--oc uptake (mg C mg Chl .!. hr ) (D.R.s. Lean 

unpub. data) 

-F rat to (relative units) 
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Figure 4.11 Seasonal changes in the F ratio at fixed depths in 

the water column at utation 401 (Lake Ontario 1982) 
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are representative of epilimnetic populations while 50 and 164 meter 

populations are representative of hypolimnetic populations during the 

period of stratification. The 10 meter population was representative 

of the metalimnion except for the October and September samples. 

Although the data was selected from profiles made at night in 

order to minimize the effect of light, there was still more 

variability in the F ratio of the surface sample than in the water 

from 5 and 10 meters (Figure 4.11). Until July, when the water column 

became stratified, the F ratio of deep water samples was not 

significantly different to that of water near the surface (1,5, and 10 

meters). Following stratification (July 2) the F ratio of samples at 

50 and 164 meters. underwent a gradual decline until by October (Day 

292) there was nc• DCMU-enhanced fluorescence at 50 meters and the F 

ratio at 164 meters had fallen to .25. This decline was very gradual, 

however. Even after 42 days in the dark there was little difference 

between epilimnet:ic and hypolimnetic populations. After 83 days, 

clear differences: were apparent between epilimnetic and hypolimnetic 

populations. Following the breakdown of the thermal structure the F 

ratio at these dE!pths rose but remained somewhat lower than those at 1 

and 5 meters. 

The other observation of interest is that on July 2 the F 

ratio of water at 1 and 5 meters was lower than that of water from 

lower depths (Appendix 1.7). This station was isothermal 2 days 
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previously and th•:! fluorescence properties of the two layers on July 2 

were dramatically different. These observations are in agreement with 

microscopic obser~ation at the time (W. Taylor pers. comm.) which 

suggested that the epilimnion in this case had not resulted from 

surface heating in the water column but was more likely the result of 

the advection of a layer of water onto the sample site. 

Figure 4.12 and Appendix 1.8 show the seasonal changes at 4 

depths and vertical profiles of F ratio and temperature respectively 

for the inshore station (401). Except for 23 September, the 

epilimnion was not as well developed as at the offshore station. 

Figure 4.12 shows that except for the May and October samples the F 

ratio remained above .45 throughout the season. The reason for the 

low values early in May is not apparent. The low values observed in 

October were correlated to the upwelling of deep water as described 

above in section 4.2.3. In contrast to the offshore station, the F 

ratio of samples from below the thermocline at the inshore station 

showed no consistent decline over the course of the season. 

Vertical profiles (Appendix 1.7, 1.8) show that vertical 

structure in the F ratio was also present in the water column at 

certain times of the year. A similar pattern to~ orAFDCMU was 

observed for the 6F ratio and the AT (Figure 4.13). At low values of 

AT (up to 2.00 
C), the boundary line shows that only two points were 

greater than .15 (the level considered to represent a significant 

difference). Whem AT was 0 the majority of points were clustered 



Figure 4.12 Seasonal changes in the F ratio at fixed depths in 

the water column at s.tation 403 (Lake Ontario 1982) 
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Figure 4.13 Relatiom;hip between AF ratio and AT where 0 

indicates data from ]rrofiles made between the hours of 20:00 and 

06: 30; e indicates data from all other profiles. The dashed line 

indicates an arbitra::-ily chosen upper boundary. AT is the 

difference in temperature between 1 and 10 meters;AF ratio is 

the difference in F ratio between 1 and 10 meters. Note that at 

low IJ. T few points Wl~re larger than .15 (the level above which 

differences are considered to be real). 
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below .10. At high values of AT the values of th~F ratio were 

observed to be as high as .28 although low values were still 

2possible. The relationship between N and theOF ratio was similar 

(Appendix 1.8). 

4.3 Nitrogen enrichment in culture 

Table 4.2 shows the mean and standard error of the mean for 

the fluorescence and photosynthetic parameters of batch cultures of 

Chlamydomonas prior to nutrient addition. The largest standard error 

for the fluorescence parameters was about 7% thus a difference in a 

fluorescence value larger than 15% will be considered significant 

here. Similarly, values greater than 30% (twice the largest observed 

standard error of the mean) are considered to represent a significant 

14
difference in c uptake. 

14Table 4.2 shows that the F ratio and c uptake in these 

cultures are representative of the "typical'' batch culture described 

14
above (section 4,.1). The F ratio and C uptake were highest in 

exponentially growing cells and fell during stationary phase. 

Although the F in 1 day stationary phase cells was not significantly 

6 -1
higher, the nwnb•!r of cells in this experiment (5.4 X 10 cells mL ) 

was approximately five times that used in all other experiments. 
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Table 4.2 Initial fluorescence and photosynthetic uptake in 
batch cultures of Chlamydomonas prior to nutrient additions. 
Stated values arE! means of all measurements and standard errors 
of the mean, prior to nutrient addition. Values in parentheses 
are the stay~ard error of the mean expressed as a percentage of 
the mean. C uptake expressed as the fraction incorporated 
expressed as a pE!rcent. 

14
CULTURE GROWTH F F ratio c UPTAKEFDCMU 

STAGE 

Exponential 

1 Day Stationary 

3 Day Stationary 

6 Day Stationary 

7 Day Stationary 

.088+.002 
(2:-3) 

.148+.005 
(3:-4) 

.294+.004 
( 1:-4) 

.270+.012 
(4:-4) 

.180+.009 
(i:-6) . 

.244+.014 
(5:-7) 

.322+.020 
(6:-2) 

.475+.011 
(2:-3) 

.560+.015 
(2:-7) 

.201+.014 
(7:-o) 

.63+.02 
(3:-2) 

.53+.02 
(3:-8) 

.41+.02 
(4:-9) 

.51+.01 
(2:-o) 

.41+~03 
(7:-3) 

5.87+.11 
(3.7) 

2.31+.32 
(13:-8) 

1.56+.14 
(9.0) 

.80+.12 
(lS.O) 

.19+.01 
(5:-3) 

http:1.56+.14
http:2.31+.32
http:5.87+.11
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4.3.1 Effect of nltrogen enrichment on the F ratio 

There wa:; no effect during 16 hour experiments of either NH4 

or N0 -N addition to the F ratio of cells grown at 1 to .2 p in
3 . max 

continuous cul tur•!S (data not shown) • 

14
The changt!S in C uptake and fluorescence which occurred in 

batch cultures du:l:'ing the exponential and 7 day stationary phase of 

growth over the ct>urse of the 12 hour experiment are shown in Figure 

4.14 for NH addition and in Figure 4.15 for N0 addition. The4 3 

remainder of the data from experiments conducted on cultures in 1, 3, 

and 6 day stationary phase cultures is included in Appendix 2.1. A 

source of variability which must be considered in these experiments is 

that associated wlth the intrinsic diurnal rhythm of photosynthesis 

and fluorescence :ln this organism. Table 4.3 is a comparison of the 

14
difference between the final fluorescence and C uptake measured 

after twelve hour:; to that measured prior to nutrient addition. The 

difference is exp:::-essed as a percentage of the value observed prior to 

nutrient addition. Table 4.3 shows that there were significant 

changes in the fiaal F ratio of the control culture in all but the 6 

day stationary phase cells. An examination of the control cultures 

shows that the ob::~erved pattern was not consistent from experiment to 

experiment. Ther•! was a tendency for the F ratio to increase over the 

12 hour period in exponential, 1 day stationary and 3 day stationary 

phase cells. The:l:'e was an overall trend toward a decreased F ratio 



Figure 4.14 The effeet of NH4 enrichment on Chlamydomonas for a) 

the F ratio in expontmtial phase b) the F ratio in 7 day 
14 14

stationary phase, c) c uptake in exponential phase and d) c 
uptake in 7 day stat:lonary phase cells. 

~ F rat:lo (in the control culture) 

6--6 (in the culture following NH4 addition) 

14 14~ c uptake (% c incorporated in the control 

culture) 

(% 14C incorporated following NH4 
addition) 
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J?igure 4.15 The effect: of N0 enrichment on Chlamydomonas for a)
3 

':he F ratio in exponential phase b) the F ratio in 7 day 
1~ 14 

~;tationary phase c) C uptake in exponential phase d) C 

uptake in 7 day stationary phase cells 

e e F ratio 	 (in the control culture) 

(in the culture following NH4 addition)o-o 
14 	 14••t---4•• C uptake (% C incorporated in the control 

culture) 
14

0~ (% C incorporated following NH4 
addition) 

14
Note the similarity in c uptake between replicate cultures in 

~~ day stationary phaSE! cells, and the similarity between treated 

and untreated culture~; in exponential phase growth. This was in 

('!Ontrast to the variability observed between replicate cultures 

:ln 1 day stationary phase growth (Appendix 2.1.1, 2.1.4) 
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Table 4. 3 Diffet·ence in fluorescence and photosynthesis following a 12 
hour incubation with NH4 and N03 additions; each difference is 
expressed as a percentage of the initial value; * denotes a value 
which is significantly different to that observed prior to nutrient 
addition. 

14CULTURE GROWTH TREATMENT C F ratio 	 FFDCMU 

Exponential 	 Control +15 +19* +78* +35* 
NH +58* +7 +40* +17*4N0 +46* +15* +67* +29*3 

1 Day Stationary 	 Control +37* +54* +49* -13 
NH -11 -6 +52* +70* 
N04 

3 +286* +27* +153* +72* 

3 Day Stationary 	 Control -41* +26* -1 -22* 
NH -2 +33* +3 -43*4N0 +43* +48* +32* -143 

6 Day Stationary 	 Co11trol -70* -6 -22* -17* 
NH +25 . +12 -2 -17* 
N03 +53* +38* +23* -22* 

7 Day Stationary 	 Control -33* -40*" -11 +17* 
NH +272* +26* +14 -104
N0 +170* +129* +44* -21*3 

Note: Controls frequently show significance differences. This 
is likely due to an intrinsic rhythm (see text for details.) 
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over the course of the experiment in 6 and 7 day stationary phase 

14cells (Table 4.3). There were significant decreases in C uptake in 

control cultures in all but exponentially growing and "1 day 

stationary" phase cells. In order to consider both the variability 

associated with sampling errors and that due to diurnal patterns, the 

effect of nitrogen additions will be examined both in terms of how the 

treated sample di::fered from its initial value (Table 4.3) and how the 

treated sample dil:fered to the control (Table 4.4). 

There was no effect during 16 hour experiments of either NH4 

addition to the F ratio of cells grown at 1 to .2 )l in 
max 

cyclostat culture (data not shown). 

In exponential, 1 day stationary and 3 day stationary phase 

cultures, no increase in the F ratio following NH4 addition was 

observed compared to the control culture (Table 4.4, Figure 4.14a). 

The addition of NH,-N resulted in an increased F ratio as compared to 
~ 

the control only after 6 to 7 days in stationary phase (Table 4.4, 

Figure 4.14b). Differences between the F ratio of treated and control 

cultures were not observed prior to the measurement made 4 hours after 

the addition of NH, (Figure 4.14b, Appendix 2.1.2, 2.1.3). The F
•+ 

ratio may increase either as a result of increased FDCMU or decreased 

F. Table 4.4 shmis that in the case of NH -N addition the cause of
4 

the rise was not consistent for the two experiments. In 6 day 

stationary culture~: it was due to an increase in FDCMU while in 7 day 

cultures it was due~ to decreased F (Table 4.4). 
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14
Table 4.4 Fluor•~scence and C uptake_tn Chlamydomonas following a 12 
hour incubation with added N (30 pg L ) compared to untreated 
cultures; all values expr-essed as a percentage of the control at the 
end of the expe1~iment; * denotes a significant values 

14
CULTURE GROWTH TREA'IMENT F ratio F C uptakeFDCMU 

STAGE 

Exponential NH 
N0

4 
3 

100 
92 

100 
109 

101 
90 

94 
89 

1 Day stationary NH 
N04 

3 

82• 
97 

236* 
202* 

170* 
196* 

180* 
539* 

3 Day Stationary NH 
N04 

3 

114 
133* 

99 
90 

147* 
129* 

162* 
148* 

6 Day Stationary NH 
N04 

3 
126* 
136* 

100 
120* 

135* 
190* 

171* 
404* 

7 Day Stationary NH 
N04 

3 

235* 
234* 

62* 
78* 

104 
147* 

442* 
375* 

-----­ ------------------­
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Significant enhancement of the F ratio compared to the control 

cultures was not ,avident in exponentially growing or 1 day stationary 

phase cells follo,rlng N0 addition (Table 4.4, Figure 4.15a) when3 

compared to the control culture. In contrast to NH4 there was an 

effect of the add:ltion of N0 - on 3 day stationary phase cells (Table3 

4.4). There was also an enhancement of the F ratio in 6 and 7 day 

stationary phase eultures (Table 4.4 Figure 4.15). As with NH4 there 

was a lag period of between 4 and 6 hours prior to enhancement with 

N0 (Figure 4.15, Appendix 2.1.5, 2.1.6). In the case of N0 the
3 3 

enhancement of the F ratio was consistently due, in large part, to an 

increase in FDCMU" Table 4.3 shows that FDCMU at the end of the 

experiment was significantly larger than that measured prior to 

nutrient addition in all experiments. Table 4.4 shows that FDCMU was 

also significantly larger than the control in all stationary phase 

cultures treated with N03 • . 

There was 10 effect of P04-P addition in either 7 day 

stationary or 1 day stationary phase cells (Appendix 2.1.1). 

144.3.2 Effect of ni·:rogen enrichment on c uptake 

14
C uptake in NH4 treated cultures was not significantly 

different to untreated cultures in exponentially growing cells (Figure 

4.14c). NH4 addiUon did result in an enhancement of 
14

C uptake when 
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compared to contrt>l cultures in all stationary phase cells (Table 

144.4). c uptake was 160 to 440 percent of that observed in untreated 

cultures. Table ·~.3 shows that this was not necessarily due to an 

increase in 14c uptake in the treated cells over the course of the 

experiment. RathHr in 1 day, 3 day and 6 day stationary phase 

14cultures the c uptake was not significantly different 12 hours after 

" .. f 14caddition to that observed prior to addition. The enhancement o 

uptake in treated as compared to untreated cultures was actually due 

14to a decrease in c uptake over the course of the experiment in the 

control culture. 

14C uptake~ was not enhanced when compared to control cultures 

following addition of N03 to exponentially growing cells (Figure 

144.15). Enhancement of C uptake of 150 to 540 percent of that 

observed in the control cultures occurred in all stationary phase 

ce11s (Ta ble 4•4) • While t he apparent en ancement o upta e n " h . " f 14c k i 

NH4 treated cells was largely due to a decrease in 14C uptake in the 

14
control culture, there did appear to be a real increase in the C 

uptake of the N0 treated cells over the course of the experiment.
3 

14Table 4.3 shows that C uptake in stationary phase cells following 

N03- addition was 43 to 286% larger than that measured prior to 

nutrient addition. 
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14
4.3.3 Relationship between fluorescence and C uptake 

14No consis1:ent relationship between C uptake and the F ratio 

was observed for the data set as a whole. Table 4.3 shows that in 

-N03 treated samples an increase in the F ratio over the course of the 

experiment was aceompanied by a significant increase in 14
C uptake in 

all experiments. In NH treated cultures however an increase in the F4 

ratio in 3 day stationary phase cells was not accompanied by a 

14significant increElSe in c uptake while in the control cultures an 

increase in the F ratio in 3 day stationary phase cultures was 

14accompanied by a significant decrease in C uptake (Table 4.3) 

4.4 Nutrient enrichment in the field 

4.4.1 Nitrogen enrichment 

A summary ,>f the nitrogen addition experiments is shown in 

Table 4.5. The data is included in Appendix 2.2. The addition of 

NH4 (100 pg L-1 ) to 5m samples from both inshore and offshore stations 

in Lake Ontario du17ing the June cruise appeared to result in slightly 

enhanced F ratios J:ollowing a 4 hour incubation (Appendix 2. 2.1). The 

enhancement was more pronounced in water from lm and 150m following a 

16 hour incubation on 12 June (Appendix 2.2.2). 
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Table 4.5 Summary of nutrient levels and mixing regime on the occasions when NH4 additions 
were made. + indicates a positive effect of NH addition; ? indicates a possible effect of 
NH addition; -indicates no effect of NH4 additfon. C:N is the ratio of masses of these two 
elements in the particulate fraction. 

T ll'llli""'U nll' ~.'lT ''""T""..... ''""~.,..._........,..
nA'I'E ST..~ !EPTH 	 MIXING ........... .._ • .....,.LLA V.&. '-'. &.'t . n~.·w.a.c.n.J. nu.L~Lc.t'l.lil ADDITION EFFEt;l. 
REGIME INCUBATION 003 NH4 

(meters) (hours) (pg L-1) (pg L-1) (pg L-1) 

8 June 401 5 stratified 4 5.5 282 2 100 ? 

10 June 403 5 mixing 4 6.8 360 (1 100 ? 

12 June 403 1 mixing 16 6.2 360 2 100 + 

150 " " 7.2 " " 100 + 

30 June 401 5 stratified 16 7.1 291 3 100 

1 July 405 50 stratified 8 6.5 205 2 50 

2 July 403 150 stratified 16 6.9 185 3 10 

13 August 403 10 stratified 8 4.8 105 5 100 

150 M " 6.4 328 1 " 
00 
~ 
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No consistent enhancement of F ratio following NH4 addition 

was observed at any other time during the summer (Table 4.5, Appendix 

2.2.1). Enhancement at L and L but not L appeared to occur on 2
2 3 1 

July. The additior:. of No3 (100 pg L-1) had no effect on the F ratio 

at any time. 

Table 4.5 shows that while the concentration of NH4 was near 

-1the limits of detE!Ction, N0 levels ranged from 105 to 360 pg L (24
3 

1to 81 pg N L- ) and the C:N ratio in the particulate fraction ranged 

from 4.8 to 7.2. There was no apparent relationship between the light 

history of the cells as indicated by the mixing regime, and the 

response to nitrogen. 

4.4.2 Phosphorus 'anrichment 

The addition of phosphorus in a series of experiments during 

the summer cruises in which the P turnover time ranged from minutes to 

hours (D.R.S. Lean unpub. data) resulted in no change ~n the F ratio 

(data not shown). 
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4.5 Observations of diurnal changes of fluorescence in the water 

column 

Diurnal pa·~terns of fluorescence properties of water samples 

from 1,5, and 10 ueters at station 401 on 8 June 1982 and 12-13 August 

1982 will be exam:lned in detail. These profiles were selected because 

while both days WE!re bright and sunny (Table 4.6), the physical 

2character of the 111ater coltDDn (based on N and 6T) was dramatically 

different on the 1:wo occasions. FDCMU/chla for profiles not discussed 

here or in section 4.6 are included in Appendix 3.1. 

2On 8 June, N was high, indicating high stability in the water 

coltDDn. On 12 Au:~ust the buoyancy function was relatively high 

between one and t<:!n meters but low between 1 and 5 meters (Table 4.6). 

Thus fluorescence should be more affected on 8 June than on 12 August 

especially belwe·en 1 and 5 meters. 

Three aspects of fluorescence patterns will be examined: 

1) 
the change in FDCMU from the initial measurement 

following a 1 hour dark treatment after sampling 

2) 	 the change in FDCMU/chla during the 24 hour period at one 

depth and between depths 



------------------------ ------------

---------------------------------------
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Table 4.6 Envir2ynten2al data for June and August. Light is expressed 
in langleys day . N is_zhe bu2Kancy function between 1 and 5 meters, 
and 1 and 10 meters in s X 10 • ~T is the average difference in 
temperature in 0 C between 1 and 5 meters, and 1 and 10 meters from all 
samplings at which fluorescence measurements were made. 

N2 N2Date Sta light AT AT 
(1 and 5) (1 and 10) (1 and 5) (1 and 10) 

8 June 401 686 330 330 1.8 4.0 

12 August 403 567 4 480 .2 2.6 

26 August 403 521 o.o o.o o.o o.o 

29-30 June 405 358 630 460 3.5 5.0 
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3) 	changes in the F ratio during the 24 hour period at one 

depth and between depths 

Figure 4. :~6a shows that a dramatic chang~ in FDCMU occurred in 

the 1 meter water on 8 June after placing the sample in the dark. The 

effect was present up until 20:30 although solar radiation had 

decreased by this: time. The differences in FDCMU of 5 or 10 meter 

water followed nCI such consistent pattern (Figure 4.16b,c). 

On 12 August the FDCMU of only one sample removed during the 

daylight hours (1 meter at 18:00) showed any significant change 

following a 1 hour incubation in the dark (Figure 4.17a). 5m and 10m 

water showed no significant change when placed in the dark (Figure 

4.17b, c). 

Figure 4.18 and Figure 4.19 compare the FDCMU/chla of 1 meter 

water to that of the deeper water (5m and 10 m) on these two 

occasions. On 8 J·:me the FDCMU/chla of lm water showed a depression in 

2 out of 3 samples taken during daylight hours (Figure 4.18a). 

Curiously in 2 out of 3 profiles taken during daylight hours the 

FDCMU/ chla of 5 m1:!ter water was higher than in the corresponding 

samples removed at night. The 10 meter water sample showed little 

change with time :Figure 4.18b). Figure 4.19a shows that on 12 August 

a small depression in FDCMU/chla was apparent in the 1 meter sample 

during the day. Changes in FDCMU/chla were less consistent at 5 



Figure 4.16 The change in FDCMU following a.l hour dark treatment 

on 8 June (station 401, Lake Ontario 1982) for water from: 

a) lm 

~· FDCMU prior to dark treatment 

o--0 FDCMU after dark treatment 

b) Sm 

~·FDCMU prior to dark treatment 

D-·OFDCMU after dark treatment 

c) 10m 

._. FDCMU prior to dark treatment 

6-·~ FDCMU after dark treatment 
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Figure 4.17 The chang.~ in FDCMU following a 1 hour dark treatment 

on 12 August (station 403, Lake Ontario 1982) for water from: 

a) lm 

~tF0CMU prior to dark treatment 

~-(>FDCMU after dark treatment 

b) Sm 

~IFDCMU prior to dark treatment 

~~JF0CMU after dark treatment 

c) 10m 

~~~FDCMU prior to dark treatment 

~~FDCMU after dark treatment 
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Figure 4.18 The difference in FDCMU/cbla on 8 June (station 401, 

Lake Ontario 1982) between: 

a) ~11m and o--o Sm 
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Figure 4.19 The difference in FDCMU/chla on 12 August (station 

403, Lake Ontario) between: 

a) e-..lm and ts-~Sm 

b) e-•lm and .6--AlOm 
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meters but the absolute value was generally higher at this depth than 

at 1 meter. The FDCMU/chla of the 10 meter water sample showed little 

change with time. 

The F ratio d.ata was not wholly consistent with the two other 

parameters. 1 meter water on 8 June showed no significant decline in 

F ratio until afte~r 20:00 but the low value persisted into the night 

(Figure 4.20a). ~, meter and 10 meter water showed little consistent 

change. There wa~: a depression of the F ratio at both of these depths 

(but not at 1 mete!r) on the morning of 9 June. On 11-12 August there 

were few significant differences between the F ratio at 1 and either 5 

or 10 meters (Figure 4.21a,b). 

A comparison of the differences in fluorescence parameters in a 

vertical profile gave similar information. F0CMU/chla was 

significantly depressed in surface waters on 8 June (Appendix 3.2). 

An increase in FDI~/chla at 5 meters was noted. Similar increases 

were found to occur during some incubations at low light (c.f. section 

4.7). While DCMU·-enhanced fluorescence increased during the day in 

samples from 10 meters and above which were placed in the dark, 

samples taken durlng the night and from deeper waters showed little 

change in DCMU-enhanced fluorescence when placed in the dark (Appendix 

3.3). The pattern in the F ratio from daylight samples 



F:~gure 4. 20 The difference in F ratio on 8 June (station 401, 

Lake Ontario 1982) betv;·een: 

a) ....-1m and 6--65rn 

b) .-.1m and D--D10rn 
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Figure 4. 21 The diffe~rence in F ratio on 12 August (station 403, 

Lake Ontario 1982) be!tWeen: 

a). e-•lm and .6--ASm 

b) e-•lm and c--elOm 
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did not show conslstent inhibition when compared to deeper water 

samples and there was more scatter in the depth profile (Appendix 

3.4). 

In the samplE!S from the water column which was mixing more 

rapidly on August 12, FDCMU/chl~ showed some surface depression in 

comparison to othe!r depths at 13:00 and 18:10 and was slightly 

enhanced in 5 meter water (Appendix 3.5). DCMU-enhanced 

fluorescence was little affected by dark treatment except at the 

surface at 18:10 (Appendix 3.6). The F ratio data again showed little 

surface depression (Appendix 3.7). 

4.6 Circadian Rhyt~ 

In order to examine the possibility of the existence of circadian 

rhythms in the fluorescenc~ of phytoplankton in Lake Ontario, two 

types of observations were made. Samples were incubated under low 

light for periods greater than 24 hours, and the .!!!, ~ fluorescence 

of populations on two occasions when light intensity and mixing rates 

were low was examined. 

There was little variability in the F ratio in samples incubated 

at low light over the 24 hour period on either 30 June at station 401 

or station 403 on 10 June 1982 (Appendix 4.1.1). Both periods 

coincided with days on which incident light was low and the in situ 
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profiles correspor..ded to the incubator experiments. While some 

oscillations, espe~cially at 5 meters occurred in the F ratio on 29 

June, no distinct pattern was evident over the 24 hour period. The 

data is included tn Appendix 4.1.2 and 4.1.3. 

4.7 Time course of fluorescence changes at fixed light 

An examina1:ion of the short term (minutes) changes in 

fluorescence were made in order to determine how rapidly and at what 

intensity, light :lnduced changes in fluorescence could be measured 

with this system. The experiments were also intended to show which of 

the three measurements (F, FDCMU, or the F ratio) was most responsive 

to short term light exposure. 

At Jack's Lake there were decreases in FDCMU when compared to 

the initial value within the first five minutes of exposure to light 

2of 770 and 240 pE m- s-1 (Figure 4.22a,b). There were differences 

between the initial FDCMU and the first measurement after placement in 

the incubator. The most rapid rate of change for FDCMU occurred 

within the first 5 to 25 minutes. In contrast there was no consistent 

trend in F for the first 50 to 70 minutes at either light intensity 

(Figure 4.22c,d). After this time fluorescence showed a fairly steady 

decline. Because of this variability in F, the F ratio was also 

variable and thex·e was often no clear distinction between the two 

light levels (Fi.'l:ure 4.23a,b). 



:?igure 4. 22 Fluorescence during a 280 minute incubation of water 

from (e e) 2m and (C>--0) 8m at Jack's Lake (18 August, 1982): 

-2 -1
a) F~~ at high light (770 pE m_ s_ > 

2 1 
b) FD~U at low light (240 ~~ m_ s ) 

1
c) F at: high light (770 pE m s ) 

2 1d) F at low light (240 J.IE m- s- ) · 
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Figure 4.23 The F ratio in water from Jack's Lake (18 August, 

1982) incubated at (.___.) 770 JlE 
-2 

m 
-1 

s and (Q---Q) 240 pE 
-2 

m 
-1 
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a) 2 meter water 

b) 8 meter water 
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On both 23 September and 19 October the general pattern for 

water sampled from 1m and 20m was similar to that of Jack's Lake. 

There was an effect of bright light on FDCMU at the first sampling 

i.e. within 10 minutes on 23 September (Figure 24a,b) and within 20 

minutes on 19 October (Figure 24c,d). Both samples treated with high 

-1 -2 -1(1300 pE m-2 s ) and moderately high (6~0 pE m s ) light showed 

definite differences when compared to the dark treatments by 1 hour. 

By 2 hours the rate of decline was very slow. There were differences 

between stations in the response to lower light. On 23 September for 

both depths the differences between the dark control and the samples 

-2 -1treated with 200 cr 60 pE m s were small and inconsistent (Figure 

25a,b). On 19 October the differences were again small but 

consistently lowet· than those of the dark treated samples (Figure 

2Sc,d). 

In contrast. to FDCMU consistent differences in F between light 

and dark treatments were not apparent within the first hour of 

-2 -1incubation. At VE!ry high light ( 1300 pE m s ) there was eventually 

a significant decrease in F on both dates at both depths (Figure 

-2 -14.26). At moderately high light intensity (6'70 pE m s ) the 

results were more variable. 20 meter water was clearly different from 

the dark on both dates (Figure 4.26b,d) but the difference between 1 

meter water and the dark was smaller and of questionable significance 

(Figure 4.26a,c). No difference between the F on 23 September or 19 

-2 -1
October for either depth at 200 .uE m s and the dark control was 

observed (data not shown). 



~igure 4.24 Comparison of the FDCMU ~f water from a) 1m, b) 20m 

<m 23 September (stat:Lon 405,Lake On.tario 1982) and c) 1m, d) 20m 

:m 19 October (station 405, Lake Ontario 1982) during an 8 hour 

incubation at high light and in the dark. All values expressed 

as a percent relative to the initial value ••indicates the onset 

:>f darkness. Light 'intensity of incubation indicated by: 

-2 -1(1300 pE m s ) 

-2 -1


( 670 JlE m s ) 


(Dark) 
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Figure 4.25 Comparison of the FDCMU of water from a) 1m, b) 20m 

on 23 September, (station 405, Lake Ontario 1982) c) 1m, d) 20m 

on 19 October, during an 8 hour incubation at moderate light and 

in the dark. All v~_ues expressed as a percent relative to the 

initial value. ~ ind:Lcates the onset of darkness. Intensity of 

incubation indicated by: 

-2 -1
(200 pE m s ) 


-2 -1

(60 JlE m s ) 


(Dark) 
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Figure 4.26 Comparison of the F of water from a) 1m, b) 20m on 23 

September, (station L~os, Lake Ontario 1982) c) 1m, d) 20m on 19 

October, (station 40~;, Lake Ontario 1982) during an 8 hour 

incubation at. modera·~e light and in the dark. All values 

expressed as a perce·1t relative to the initial value. ~indicates 
the onset of darkness. Intensity of incbation indicated by: 

(1300 ~E m-2 s-1) 

-2 -1


( 670 p~ m s ) 


(Dark) 
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On both 23 September and 19 October, the F and FDCMU of the 

dark controls sho~~d a large amount of variability. The decrease in 

FDCMU in both 1m O'igure 4.25c) and 20m (Figure 4.25d) water was 

particularly large. 

As in Jack'n Lake no consistent pattern of decrease in the F 

ratio over the course of the experiment was observed on 23 September 

(data included in Appendix 5.1.1). A consistent trend of decreasing F 

-2 -1ratio on 19 October was apparent at 1300 and 200 pE m s within the 

first hour of incubation but the differences between the F ratio in 

samples incubated at low light and in those incubated in the dark had 

disappeared by the end of 8 hours (data included in Appendix 5.1.2). 

The fluorescence response of the phytoplankton in late 

November at station 403 was dramatically different to that of the 

phytoplankton in September and October. FDCMU showed differences from 

the control within 10 minutes of exposure to light at 1300 and 470 

-2 -1
pE m s and was only 25% of the initial value following 

2 a 3 hour incubation at 1300 pE m- s-1 (Figure 4.27a). 

During anoth·~r experiment with water from the nearshore station 

(401) 	 there were ag;!in significant differences within 10 minutes 

2 1between FDCMU from :he water incubated at 470 pE m- s- and the dark 

control. There wert! significant differences in FDCMU between the 

water incubated at 150 pE m-2 s-1 and the dark control after 40 

minutes (Figure 4.28a). 



Figure 4.27 Comparison of the a) FDCMU b) F c) F ratio in Sm 

"rater from station 403 on 22 November,1982 (Lake Ontario) 

incubated in the light and in the dark for 200 minutes. All 

values expressed as a percent relative to the initial value. 

Intensity of incubation indicated by: 

-2 -1
(1300 pE m s ) 

-2 -1
( 470 pE m s ) 

(Dark) 
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~igure 4.28 Comparison of the a) FDCMU' b) F c) F ratio in Sm 

'iiater from station 401. on 23 November, 1982 (Lake Ontario) 

lncubated in the light: and in the dark for 220 minutes. All 

'Talues expressed as a precent relative to the initial value. 

Intensity of incubation indicated by: 

(470 pH m~2 s- 1) 
2(1 SO pE m- s - 1 ) 

(Dark) 
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The response of F was again less predictable. The fluorescence 

of samples incubated at bright light (1300 and 500 pE m-2 s-1) on 22 

November (Figure 4.27b) was much lower than that of the dark incubated 

samples while the in vivo fluorescence of samples from station 403 

-2 -1
incubated at 470 pE m s was greater than that of the control 

(Figure 4.28b). 

While there was a trend for F ratios to decrease in the light 

and increase in th·a dark there was obviously more variability in this 

ratio than in either FDCMU or F alone (Figure 4.27c,4.28c). 

4.8 Recovery of fluorescence in the dark following incubation in the 

light 

4.8.1 Recovery foLLowing short incubation in the light 

The results from three experiments performed near the end of 

-2the year were similar. Following a 1 hour incubation at 1300 ~E m 

-1 
s some recovery c,f FDCMU was apparent after one half hour and 

complete recovery (to the level of the dark control) had occurred by 

the end of 1 hour ln the dark (Figure 4.29a). Because the 

fluorescence of pla.nkton on 22 November was more light sensitive, a 

shorter incubation was performed. Figure 4.30a shows that, there were 

increases in FDCMU within the first 20 minutes of dark treatment 

-2 -1
following a 15 minute incubation at 1300 pE m s • Full recovery of 



Figure 4.• 29 Comparison of a) FDCMU b) F and c) the F ratio of 

water from Sm on 23 October,1982 (Lake Ontario) incubated in the 
-2 -1light at 1300 pE m s for 60 minutes and then placed in the 

dark for 60 minutes t:o that of water incubated in the dark for 

120 minutes; the~ indicates t~e times at which the lights were 

turned off in the inc:ubator. All values expressed as·a percent 

relative to the init:~al value. 

(Light treated samples) 

(Dark treated samples) 
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Figure 4.30 Comparison of 	a) FDCMU b) F c) the F ratio of water 

from 5m at station 403 (Lake Ontario) on 22 November,1982 
-2 -1 -2 -1

incubated in the light at 1300 pE m s and 470 pE m s for 

15 minutes and then ~laced in the dark for 85 minutes to that of 

water incubated in the dark for 100 minutes; the+ indicates the 

times at which the Hghts were turned off in the incubator. All 

values ex-pressed as a percent relative to the initial value. 

2(Watel~ treated at 1300 }lE 	m- s - 1) 
-2 -1 

(Watel~ treated at 470 p.E m s ) 

(Dark treated sample) 
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FDCMU to the level of the dark control, had not occurred by the end of 

40 minutes. There appeared to be significant differences, as well, 

-2 -1between the dark c~ntrol and the sample treated with 470 pE m s 

after 40 minutes i:tl. the dark. Following another incubation at 470 pE 

-2 -1 m s (for forty minutes) there were increases in FDCMU within the 

first 20 minutes of dark treatment (Figure 4.31a). Full recovery, 

-2 -1however was not cor11.plete within 3 hours. At 150 }lE m s "recovery'' 

of FDCMU was complt!te within 10 minutes (Figure 4.31a). 

Recovery of F was more rapid. In all of the experiments 

discussed above thE!re were no differences between light-treated 

samples and dark controls within 20 minutes following placement in the 

dark (Figures 4.29b,4.30b,4.31b)~ 

The F ratin did not recover within 20 minutes dark exposure in 

any of these experiments (Figures 4.29c,4.30c,4.31c). 

A comparison of the rate of recovery of fluorescence following 

incubations of different lengths of time is shown in Figure 4.32. 

On this occasion water from the same sampling on 22 November was 

-2 -1incubated for 15 minutes and 40 minutes at 1300 pE m s In vivo 

fluorescence recovered fully following a 15 minute incubation but not 

a 40 minute incubation (Figure 4.32b). Figure 4.32 shows that FDCMU 

also recovered less rapidly following the 40 minute incubation. 



Figure 4.31 Comparison of a) FDCMU b) F and c) the F ratio of 

water from 5m at station 401 (Lake Ontario) on 23 November,1982 
-2 -1 -2 -1incubated in the ligl'.t at 470 p.E m s and 150 pE m sec for 

40 minutes and then placed in the dark for 160 minutes to that of 

water incubated in the dark for 200 minutes; the~ indicates the 

time at which the lights were turned off in the incubator. All 

values expressed as a percent relative to the initial value • 

2 .... (Wate::: treated at 470 uE m- s-1) 
2 1.....,.(Wate·r treated at 150 uE m- s- ) 

~~(Dark treated samples) 
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Figure 4.32 Comparisc•n of a) FDCMU and b) F of water from 5m at 

station 403 (Lake 	Ontario) on 23 October, 1982 incubated in the 
-2 -1light at 1300 pE m s for 15 minutes (Q--~) and 40 minutes (~ 

and then plac~d in the dark for 85 minutes and 60 minutes; the +· 
indicates the time a1: which the lights were turned off in the 

incubator. All valm!s expressed as a percent relative to the 

initial value. 
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4.8.2 Recovery following long term incubation in the light 

Table 4.7 sttows that in 20 out of 30 observations (67%) the F 

and FDCMU of sampl,as incubated either continuously in the dark or at 

-2 -1low light intensity (90-150 pE m s ) for a period of hours followed 

by an incubation in the dark were not significantly different to the 

initial value. In ,!ontrast, F and FDCMU were significantly less than 

their initial valut!S after continuous incubation at high light 

followed by a dark treatment in 9 out of 18 observations. FDCMU showed 

less recovery in the dark than did the F of the same sample in all 

experiments follo~.ng treatment at high ligh intensity. FDCMU was 

affected in 7 out of 9 observations. 

4.9 Seasonal response to fixed light 

Table 4.8 is a summary of the fluorescence of samples kept in the 

dark for three hours to that "of the fluorescence measured at the start 

of the experiment over the course of the season. Only 5 out of 22 

measurements of F ~:.nd FDCMU were significantly different to their 

initial value. Samples were dark adapted before the experiment and 

further fluorescenc:e changes over the course of the experiment were 

generally minimal. The fluorescence properties of the dark treated 

samples will be used as a control to which the light treated samples 

may be compared. 

http:follo~.ng


Table 4.7 Recovery of fluorescence in the dark following incubation at high and low light com~re~1 to . 
samples mainta!~ed_fontinuously in the dark for the same period of time. L1 is 70Q-1000 uE m s ; L2is 90-150 uE m s • Fluorescence is expressed ~ a% of the initial value. * denotes a significant 
value. Length of incubation is expressed in hours; depth in meters. 

DATE IEPTH LENGm .OF l~UBATION F 
F """'"' LJ.AA'1U DARKLIGH·t 1..1AKK. DARKL1 L2 L1 2 

1 July 5 12 8 77 70* 80 82* 

11 June 1 16 8 76 96 104 43* 88 124* 

150 16 8 57* 95 115 36* 97 100 

30 June 5 92 89 95 88 130 94 

2 July 5 73 93 76* 47* 90 59* 

23 September 12 4 101 100 102 69* 86 87 

19 October 1 12 4 84 94 127* 58* 84* 76* 

22 November 1 .7 8 58* 112 46* 85• 

22 November 1 1.3 2 80 142 72* 128* 

... 
.... ... 
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Table 4.8 Fluorescen•~e of samples removed over the course of the season 
and incubated in the dark. All fluorescence values expressed as a 
percentage of the initial value. * denotes a significant valtie. Depth 
expressed in meters • 

DATE STA IIEPTH F FDCMU F ratio 

18 May . 403 5 77 81* 103 

8 June 401 5 108 104 105 

10 June 403 5 90 100 88 

30 June 401 .5 79 91 115 

13 August 403 150 138* 116* 86 

24 August 401 5 112 114 101 

23 September 401 1 95 90 97 

19 October 405 ' 102 100 98 

19 October 401 l 117 106 111 

22 November 403 142* 90 64* 

18 August Jack's lake 
metalimr..etic Chrysophyte 
community 78 83* 83 
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Tables 4.9, 4.10, 4.11 compare fluorescence parameters of lake 

-2 -1water incubated at light intensities of about 1000 pE m s , 300 pE 
-2 -1 -2 -1 m s , and 100 p& m s for about three hours to that of lake 

water incubated in the dark for the same period of time. The exact 

light intensity for each incubation is indicated in each table. The 

largest effect on F and FDCMU was observed at the highest light 

intensity. FDCMU was 31 to 77% of the dark value following incubation 

at high light (Table 4.9); 71 to 92% of the dark value following 

incubation at moderate light (Table 4.10); 67 to 124% of the dark 

value following incubation at low light (Table 4.11). Only 7 out of 

22 fluorescence values were not significantly lower than that of the 

dark following incubation at high light (Table 4.9). All values of 

FDCMU were significantly decreased following incubation at high light. 

The F of spring (18 May, 8 June) and early winter (22 November) 

samples also decreased significantly. 

The response of F was more variable than FDCMU" Samples 

-2 -1
treated with greater than 1000 ~E m s of light generally showed 

some decrease in fluorescence however the pattern was not always 

consistent to that observed for FDCMU. For example FDCMU in water 

from station 401 was similar on 8 and 30 June. But, while untreated 

fluorescence (F) ~ras similar to the control on 30 June, it was 

significantly decreased as compared to the dark on 8 June (Table 4.9). 



114 

Tabie 4.9 Fluorescence of samples removed over the course of the season and 
incubated at high light. All v~ue!1expressed as a percentage of the dark ­
value. Light expressed in pE m s ;. depth in meters. * indicates a 
significant value. ' indicates an approximate value. Incubations were 
approximatley 3 hours except on 13 August when the length of incubation was 4 
hours and on 18 August when the length of incubation was 2 hours. 

DATE STA. IUP'IH PHYSICAL LIGHT F From F ratio 
CHARACTER 

18 May 403 5 mixed 1330 54* 52* 96 

8 June 401 5 stratified 770' 63* 12* 128* 

10 June 403 5 mixing 770' 82 68* 100 

30 June 401 5 stratified 770 91 11* 83* 

24 August 401 5 stratified 770 16 53* 56* 

23 September 401 1 stratified 510 18 14* 91 

19 October 405 1 stratified 510 95 51* 31* 

19 Oc;tober 401 1 mixing 510 100 61* 51* 

22 November 403 1 stratified 150' 21* 31* 14* 

13 August 403 150 stratified 150' 34* 31* 88 

18 August Jack's Lake 
metalimnetic Chrysophyte 
COIDIIruility 150' 96 13* 78* 
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Table 4.10 Fluorescence of samples removed over the course of the season and 
incubated at moderate light. All fluorescence values expressed as a 
percentage of the dar:~ value. * indicates a_!ignfficant value. ' indicate an 
approximate value. L:lght expressed in pE m s ; depth in meters. Length of 
incubation as in Tablt! 4.9 

DATE STA m:PIH PHYSICAL LIGHT F FD()flJ F ratio 
CHARACTER 

18 May 403 5 mixing 450 83 11* 86 

8 June 401 5 stratified 260' 75 89 150* 

10 June 403 5 mixing 260' 111 92 98 

30 June 401 5 stratified 250 97 92 94 

24 August 401 5 stratified 350 82 94 110 

23 September 401 5 stratified 250' 87 97 110 

19 October 405 1 stratified 250 106 72* 59* 

19 October 403 1 stratified 250 102 88 87 

22 November 403 1 stratified 150 56* 67* 142* 

13 August 403 151) stratified 250' 72 72* 100 

18 August Jack's L1ke 
metalimnt!tic 
Chrysophyte community 330 109 84* 79 
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Table 4.11 Fluoresceno! of samples removed over the course of the season 
and incubated at low light. All fluorescence values expressed as a 
l)ercentage of the._~a~1value. * indicates a significant value. Light 
expressed in )lE m s (' is an approximate value); depth in meters. 
Length of incubat.lon as in Table 4.9. 

DATE STA DEPI'H PHYSICAL LIGHT F p· F ratio
DCMU

CHARACTER 

18 May 403 5 mixing 112 105 124 112 

8 June 401 5 stratified 100' 101 108 116 

10 June 403 5 mixing 100' 136 104 90 

24 August 401 5 stratified 91 88 104 105 

22 September 401 5 stratified 250 87 102 92 

22 November 403 1 stratified 150 56* 67* 144* 

18 Au,.aust Jack's Lake metalimnetic 
Chrysophyte 
community 140' 86 97 96 
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Because both F and FDCMU were affected by light treatment, and 

because the extent to which each was affected varied seasonally, no 

consistent change in the F ratio was observed. In samples where the 

change in FDCMU was larger than the change in F e.g. 19 October and 22 

November or in the Chrysophyte population, there was also a decrease 

in F ratio when compared to the dark treatment. Spring samples 

however which exhibited large changes in both F and FDCMU showed 

little difference or actually showed an increased F ratio over dark 

treated samples. The largest depression in FDCMU occurred consistently 

at all light intensities in the winter (22 November) and in the 150 

meter sample (13 August). Summer (June) through early fall 

(September) samples were least responsive to long term exposure to 

bright light (Table 4.9). 

Because of the existence of a thermal bar in the spring in Lake 

Ontario, the inshc,re station (401) was stratified while the mid-lake 

14station (403) was fully mixed at the first June sampling. The c 
14 -2 1data showed that maximum C uptake occurred at 950 pE m s- in the 

stratified population (station 401) while rates on 10 June 1982 (403) 

were somewhat depressed at this intensity. Absolute rates of 

photosynthesis expressed on a per chlorophyll basis were also lower in 

the deeply mixed population :(D.R.S. Lean unpub. data). The data 

suggests that the deepwater population was "shade adapted". The 

P turnover time at the inshore station in early June, was 5 minutes 

while at the off-nhore station it was 200 hours (D.R.S. Lean unpub. 

data). Thus the physiology of the phytoplankton in terms of P status 

and light history should differ at the two stations. The response of 
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FDCMU to bright light was similar while the value observed for F in 

the "sun" populatj~on at station 401 was actually lower than that 

observed for the "shade" algae at station 403 (Table 4.9). 

4.10 The effect oJ: different mixing regimes on a single poptilation 

In order to test the effect of vertical mixing alone it is 

necessary to compare the response of a single community under the two 

regimes. Profilen from three days will be examined as illustrations 

of the three poss:lble combinations of light and mixing regimes which 

may occur in the 1gater column. 

On 26 August, high light intensities occurred along with high 

2mixing rates as indicated by low N (Table 4.12). The FDCMU/chla in 

the water column :;bowed little change between the surface and deeper 

water in either morning or afternoon samples (Figure 4.33a,b). In 

contrast, the FDC ~/chla of water incubated in the bottles at 1 meter1
showed a large de·:>ression when compared to 5 meter water. The ·F ratio 

showed a similar pattern (Appendix 6.1) 

Table 4.12 shows that light conditions were bright and little 

mixing occurred on 8 June. As on 26 August the FDCMU/ chla was 

depressed in samples incubated in bottles at the surface (Figure 

4.34a,b,c). On this occasion, however the FDCMU/chla at the surface 

of the water colunn was also depressed especially in the latter two 

incubations. FDC~ may have been higher in the water from the bottles 

than in the water column because of a longer dark treatment during 
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Table 4.12 Compar:lson of c uptake and F in the water coltmn and following 
incubation in bot1:les at incident light d~g different physical regimes. FDCMU 
expressed as a ratio of the fluorescence measurement after bottle incubation or 
in the water coltmm to that prior to incubation. * indicates a significantly 
lower value. The large enhancement of FDCMUl~n 8 June was due ty4a depression of 
the ini_!:fal !luorE!scence measurement. C is the ratio of C uptake (mg C 
mg chla hr ) at: lm and Sm. Values less than 1 indicate surface inhibition; 
valuesgreater than 1 indicate no surface inhibition of yhotosynthesis. Length 
of incubation in lJOurS; solar radiation in langleys dar (_data f~r Jack's Lake 
not available); ~· between 1 and 5 meters is expressed in s , X 10 

14
DATE TIME STA LENG'm ;. SOLAR c F 

IR:UBATION RADIATION WATER~S 

8 June AM 
NOON 
PM 

401 4.3 
3.8 
6.8 

171 
778 
686 

686 .87 
.51* 
.48* 

.72* 

.65* 
1.10 

.79* 

.83* 
1.90 

29 June ALL 
DAY ·~01 16.1 630 358 1.50 1.00 1.25 

1 July AM 
PM 

·~05 4.9 
4.9 

0 
290 

735 1.45 
.54* 

.87 

.71* 
.84* 
.63* 

26 August AM 
PM 

1~03 4.0 
4.8 

0 
101 

521 .75* 
.31* 

1.02 
.98 

.66* 

.80* 

22 September PM l~03 

ALL DAY 
4.4 

10.2 
0 
0 

243 1.53 
2.13 

1.02 
1.05 

1.04 
1.12 

Jack's Lake ALL ~,y 13.5 0 N/A 2.00 .98 .90 



J~igure 4.33 Comparison of the FDCMU/chla in water incubated in 

bottles (A--_.) to that in the water column Co--o) on 26 August, 

:. 982 station 403 (Lake Ontario): 

a) 06:50--10:50 


b) 10:~~5--15:41 
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Figure 4.34 Comparisc,n of the F CMU/chla in water incubated in0
bottles (~-+) to that in the water column (Q--0) on 8 June, 

1982 at station 401 (Lake Ontario): 

a) 06:49--11:05 


b) 10::56-14:45 


c) 14:25--21: 15 


Note the occurence of a higher FDCMU/chla in the bottles. This 

may be due to a long~r dark treatment during transport from the 

site of incubation to the ship in these samples than in those 

sampled directly from the water column. 
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transport from the site of incubation to the ship. The F ratio data 

is included in Appendix 6.2. The general pattern observed was the 

same although, as discussed in section 4.5 and 4.8, this parameter was 

less valuable as an indicator of light history on this date. 

Light conditions on 29 June were low, however the F ratio from 

surface bottles and at the surface of the water column were slightly 

depressed. FDCMU/chla declined at lower depths in the vertical 

profiles as well (Figure 4.35). 

4.11 Comparison of surface depression of 
14c uptake and FDC~ 

bottles and in the water column 

14Figures 4.36 and 4.37 show C uptake along with the FDCMU 

14data discussed in section 4.10. Depression of C uptake in 

bottles occurred on both 26 August (Figure 4.36) and 8 June (Figure 

4.37) during high levels of incident light but not on 29 June (Figure 

4.35) when solar radiation was low. This pattern of surface 

depression of 
14c ~ptake corresponded to that observed for the 

FDCMU/chla of the water incubated in bottles. On 8 June when water 

column stability was high it also corresponded to the pattern observed 

in the water column (Figure 4.37). No correlation was observed 

however on 26 August when water column stability was low (Figure 

4.36). 

The data from all experiments is summarized in Table 4.12. A 

14significant decrea:;e between the c uptake at 1 and 5 meters was 

accompanied by a significant decrease in the FDCMU measured after 

incubation in the 1,ottles to that measured prior to incubation on all 



Figure 4.35 Comparison of a) the F ratio b) FDCMU/chla in water 

incubated in bottles o~-~), and in the water column (~) and 

(1.,__.) 
14c uptake on :~9 June, 1982 at station 401 (Lake 

Ontario). 
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Figure 4.36 Comparison of C uptake (e e) and the FDCMU/chla 

in water incubated in bottles (.,._-+) to the FDCMU/chla in the 

water column ~) on 26 August, 1982 at station 403 (Lake 

Ontario): 

a) 06:50--10:50 


b) 10:55--15:41 
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fi'igure 4.37 Comparison of 
14c uptake (e e) and the FDCMU/chla 

,,f water incubated in bottles (,.._-+) to the F ratio in the water 

·~olumn (Q--0) on 8 June, 1982 at station 401 (Lake Ontario): 

a) 06:M--11:05 


b) 10:~i6--14:45 


c) 14:~~5--21:15 
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occasions except ::or the final incubation on 8 June. On occasions 

2when solar radiat:lon and N were high (e.g. 8 June, 1 July) there were 

also significant depressions of FDCMU in the water column. As shown 

2above, when N wan low (26 August) and solar radiation high no 

depression was obuerved. 

4.12 Comparison oJ': the fluorescence response of different depths to 

constant light 

Table 4.14 shows the fluorescence measurements following 

incubation of watE!r from different depths expressed as a percentage of 

the fluorescence measured at the beginning of the experiment. Two 

experiments were eonducted.during isothermal conditions in the water 

column. There were no consistent differences between the fluorescence 

of 1m and 150m water on 11 June at station 403 or between 1m and 30m 

14water on 19 Octobe~r at station 405. C uptake was also similar at 

both depths on 11 June, 1982 (data not shown). 

Experiment~: between 1 July and 23 September were conducted 

during periods of stratification. On 2 July, 1982 water from 

immediately below the thermocline at 20m and from 150m was compared. 

It was believed tr.at the phytoplankton from 150 meters might be more 

affected by the light treatment if they had been maintained at low 

light for a longer period of time, however the opposite result was 

observed. F and F'DCMU decreased more in 20 meter water. Rates of 

carbon uptake per chlorophyll were similar at both depths (R.Cuhel 

unpub. data). 



Table·4.18 Comparison of the fluorescence characteristics of water from different depths incubated 
under continuous light. F and FDCMU are expressed as a% of the !~itia!1value following incubation at 
a light gradient. Intensity of Ll-tanged from 770 to 1300pK ~ s• ; t 2 is 34% of L1; t 3 is 11% 
of t 1; t 4 is 1% of L • * indicates significant differences betwe¢n the response of two depths e.g on 2 
July there were sig~ficant differences between the response at all light intensities except t 1• 

DATE STA DEPrH 	 LENGI'H OF F F 
I~UBATION t t t t DARK t~3 DARK1 2 3 4 	 t 1 t 4(meters) (hours} 

11 June 403 1 16 35 40* 92 100 22 27* 80 107 
150 37 96* 91 85 20 66* 81 76 

1 July 405 1 	 10 86 98 96 90 117* 87 102* 105* 106* 91* 
. 7330 	 62 76 92 44* 56 86* 71 * 64* 44* 

2 July 403 20 16 20' 38* 59* 87* 81* 14 36 58 100 87 

150 31 84* .125* 107* 101* 17 46 68 98 89 


.·; 

18 August 	 Jack's 2 44 89 27 61 
Lake 8 54 89 27 64 

23 September 403 1 10 74 103* 128* 95 67 84 96 90 
20 50 60* 96* 73 63 72 85 97 

...
19 October 405 1 12 74 133 95 100 31 71 86 86 

.20 78 101 97 104 33 43 79 84 !f 

http:Table�4.18
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On 18 August 1982 a subsurface (2 meters) and an 8 meter sample 

from the thermocline in Jack's Lake were incubated for 3 hours at 18° 

c. The original fluorescence (F) of the 8 meter sample was 

approximately twic.e that of the 2 meter sample thus indicating the 

presence of a small metalimnetic peak. If the organisms making up 

this .. peak', had been exposed to the light conditions found there for 

some period of time their fluorescence characteristics might be 

expected to differ from those at 2 meters. This was not found to be 

the case. The decrease in F and FDCMU was remarkably similar in 2 and 

8 meter samples. 

On the two other occasions there did appear to be significant 

differences betweE!n the response of epilimnetic populations and 

metalimnetic or hypomlimnetic populations. On 1 July 1982, samples
\ 

from above and below the thermocline were incubated for 10 hours in 

the light at 13.5° C. The 30 meter sample was thus warmed about 7° C 

while the 1 meter sample was incubated at its initial temperature. 30 

meter water showed a larger relative decrease in F and FDCMU compared 

to its initial value than did the 1 meter sample. The 30 meter sample 

incubated in the dark however also showed a significant decrease in F 

and FDCMU over time. Thus, on this occasion, the response may not be 

attributed concluuively to light alone. 

On 23 SeptE~mber the F of water from within the thermocline (20 

meters) was lower than that of surface water (1 meter) following a 12 

hour incubation. The temperature of the 20 meter sample was increased 

04 C however the dark control was not significantly affected. 



S.Discussion 

5.1 Use of fluorescence as a physiological indicator in culture 

The values ofF ratio (.64-.70) observed in continuous culture 

of Chlamydomonas were comparable to those obtained in batch culture 

during the exponential phase of growth and are similar to those cited 

by Blasco and Dexter (1972) and Kiefer and Hodson (1974) for 

continuous cultures of marine diatoms. The observation that the F 

ratio did not decrease when the level of nitrogen was reduced might be 

e~pected. In a chemostat culture, it is the dilution rate which 

controls the growth rate of the organism. The concentration of 

limiting nutrient should affect only the biomass in the system 

.(Goldman~ al 1979). Thus at a lower level of nitrogen the number of 

cells should decrease but the growth rate, physiological condition 

(and hence F ratio) should remain the same. 

In batch culture of Chlamydomonas, the F ratio remained high 

even when growth rate was zero. In Synechococcus there was more 

variability in the pattern of change of the F ratio. The occurrence 

of transient ch~cnges in the fluorescence of a sample in the cuvette 

during measuremEmt may have affected the values obtained. The 

129 
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fluorescence of ~>lue-green algae is known to undergo a larger SMT 

transition than that of red or green algae (Mohanty 1972). Lower 

overall F ratios may be the result of the prokaryotic structure of the 

photosynthetic m·~brane of the cyanobacteria. 

Higher l~rels of F/chla in batch culture of Chlamydomonas as 

compared to chem•>stat culture are in agreement with the results of 

Kiefer (1973b). As observed by Heaney (1978) the absolute value of 

FI chla was highe~r:- in the green (Chlamydomonas) than in the blue green 

species (Synecho·:=occus). F/chla was higher in stationary than in 

exponential phas•! in both species. Because of differences between 

species in absol11te value of this ratio and because there was no 

precise point at which F/chla began to increase,·this parameter would 

not give consistimt information about the onset of nutrient stress in· 

natural populati•>ns. 

The absen•:=e in chemostat culture of the low values of the F 

ratio which char;:lcterise late stationary phase in batch culture is 

indicative of a fundamental difference between the two systems. 

Stationary phase in batch culture is induced by nutrient depletion 

and/or accumulation of inhibitory products released during growth 

while in a chemo:=Jtat there is always a dynamic equilibrium between 

nutrient input and growth (Rhee 1979). Thus nutrient deficiency 

should be associ<1ted with batch culture and nutrient limitation with 

chemostat systems. Morris~ al (1974) suggest that the difference 
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between limitation and deficiency is that the former does not markedly 

affect physiolog:lcal condition. The data presented here suggest that 

a low F ratio at least in Chlamydonomas reflects nutrient deficiency 

rather than nutr:lent limitation•. 

14
The gener<!l trend toward both decreased F ratios and c uptake 

during stationar:r phase growth is in agreement with the pattern 

observed by Samu•:!lsson and Oquist (1977) and Roy and Legendre (1979). 

These authors ho,~ever suggest that there is a closer relationship 

between the two ·neasurements than what was observed here. The 

decrease in 14c ~ptake during stationary phase in both Chlamydomonas 

and Synechococcu~ in this data set was much greater than the decrease 

14
in F ratio. Substantial changes in C uptake were also possible 

without change in the F ratio. Samuelsson and Oquist (1977) and 

Samuelsson ~ al (1978) measured fluorescence during the first 5 

seconds following excitation at a light intensity high enough to 

induce Kautsky induction effects. This measurement may be more 

closely related to photosynthesis than the fluorescence measured using 

a Turner Design fluorometer (Harris 1980). 

14That C uptake should not decrease in direct proportion to the 

F ratio is perhaps not surprising (Harris 1980). The F ratio reflects 

the capacity of the electron transport in the thylakoid membranes. 

Much of this capacity is used to generate ATP and NADPH much of which 

is used in the C:ark reactions of photosynthesis. ATP and reductant 
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produced during non-cyclic electron flow are also used for other 

biosynthetic, reductive, and transport processes which are essential 

for cellular survival (c.f. section 1.4) (Raven 1976). 

5.2 Observed patterns in the field 

5.2.1 Use of fluorescence as a physiological indicator in the field 

Even a preliminary examination of the fluorescence 

characteristics in culture suggests that the use of fluorescence as a 

physiological indicator may be restricted to situations in which 

nutrient starvation occurs. As discussed in section 1.4 the 

determination of physiological condition and growth rates is far more 

complex in a nonsteady state system such as a lake than under 

controlled culture conditions. At this point it becomes necessary to 

redefine the objective of this thesis. Rather than determining 

whether the F ratio is a good indicator of physiological condition in 

the field, the data in this thesis may only be used to ask whether the 

F ratio gives similar information to that of other physiological 

indicators currently used in the field. 

The answer is no. If P turnover times and fluorescence are to 

give similar information about the nutrient status of phytoplankton 

then F/chla should rise while the F ratio should fall as P turnover 



133 

time becomes morE! rapid. No such pattern was observed. This is 

perhaps not surprising in light of literature reports suggesting that 

photosynthesis and P metabolism are not closely linked (Nalewajko and 

Lean 1980). 

The random pattern observed over the season in the F/chla of Sm 

water suggests tl'::at the major factor affecting this parameter may have 

been due to chan~res in the species assemblage. Differences in F/ chla 

between species have been previously reported (Heaney 1978, Loftus and 

Seliger 1975, Kiefer 1973b) and attributed to distribution in the 

chloroplast of the chlorophyll ~ molecules and the amount of 

interference in the measurement due to accessory pigments (Heaney 

1978). Samuelsson ~~ (1978) suggest that there is no difference 

between the F ratio of different phylogenetic groups but give data 

only for Chlorell! and Scenedesmus. The differences observed here 

between Chlamydomonas and Synechococcus indicate that there are 

significant species differences in the F ratio as well. 

Fluorescence did not appear to be a useful indicator of Popt 

over the season in Lake Ontario either. This is in agreement with the 

results observed by Harris (1980) and Roy and Legendre (1980) during a 

survey of the St. Lawrence River. Literature reports showing high 

correlations betw~en the F ratio and photosynthesis have involved 

either cultured m.:iterial (Samuelsson and Oquist 1977) or natural 

populations from :i single sampling (Vincent 1981, Pr"ezelin and Ley 
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1980). It appears that the F ratio has potential as an indicator of 

photosynthetic capacity only for populations in which species 

composition remains relatively uniform. 

Species variability may also account for the observation that 

the F ratio in lake water was never as high as that observed during 

exponential growth of Chlamydomonas. Chlorophyll degradation products 

did not appear to be a contributing factor since the acidification 

ratio observed i:l the epilimnion was generally higher than that 

observed in culture (data not shown). Since the acidification ratio 

measured fluorom.atrically is dependent on the amount of chlorophyll c 

in the acetone extract (Holm-Hansen~ al 1970), this conclusion 

remains tentativt!. 

The low F ratios from the deepwater samples at the offshore 

station are likely indicative of the photosynthetic debility of 

plankton which bE!come trapped in the dark below the thermocline for 

long periods of time. A large component of dissolved fluorescence was 

observed but not quantified in these samples. Any conclusions about 

the photosynthettc capacity of cells sedimenting from the epilimnion 

would require careful measurements of this component as suggested by 

Tunzi ~ al (1975). The absence of these low ratios at the inshore 

station is likely due to upwelling events which prevent water from 

being maintained in the dark for a sufficient length of time. 
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The data shows that real differences in the F ratio between two 

depths were more likely to occur when there was a temperature or 

density gradient in the water column. Since large differences in F 

ratio were possible at night, the data suggests that the relationship 

was not due entirely to surface depression of the F ratio by high 

light intensity (c.f. sections 5.7, 5.9). It is suggested that these 

differences may be largely due to vertical differences in the species 

composition of the assemblage. 

5.2.2 Relationship between fluorescence and physical character of the 

water column 

Large differences in FDCMU or F may be caused by differences in 

chloropyll ~ (associated with differences in the biomass or species 

composition of the community) or by an effect of light on fluorescence 

(c.f. sections 5.5, 5.7, 5.13). In order to test the hypothesis that 

large values of FDCMU or F are due solely to depression of 

fluorescence at the surface by high light, it is necessary to examine 

profiles made at night. The observation that large differences in F 

and FDCMU occur in the absence of light is evidence that the 

relationship observed here is at least partially due to vertical 

structure of chlorophyll ~ in the water column. 
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The results show that significant differences in F or FDCMU 

between two dept.ls were more likely to occur when there were also 

differences in tt!mperature between the two depths or when water column 

stability was high. As observed by Harris ( 1973b), vertical structure 

of the physical <:haracter of the water column was accompanied by 

vertical structure of biomass. 

5.3 Use of fluorescence as a physiological indicator following 

nutrient addition in culture 

It might be expected that fluorescence would be more responsive 

to changes in nit·r:ogen status than to changes in phosphorus status 

because of the cl•>se relationship between pnotosynthesis and nitrogen 

metabolism (section 1.4) • 

The observation that the F ratio was enhanced following N additions 

only in Chlamydomc~ which had been in stationary phase for some time 

(3 days for N03- ctddition, 6 days for NH additions) however, suggests4 

that changes in this parameter following N addition are sensitive only 

to severe nitrogen deficiency. This conclusion is consistent with the 

observations made over the course of growth in batch culture for this 

organism (section 5.1). It is also consistent with the suggestion of 

Kiefer and Hodson (1974) that cells tend to conserve their 

photosynthetic app.'iratus under nutrient stress. It is suggested that 

the technique desc:c-ibed here is likely not sensitive enough to measure 
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any N deficiency which might occur in freshwater systems. These 

effects are discussed more fully in section 5.4. It appears also that 

14the relationship between C uptake and the F ratio is not 

sufficiently stt·ong to allow predictive modelling of the two 

physiological irldicators following nutrient additions. 

The existence of a lag period of several hours prior to the 

enhancement of the F ratio suggests some synthesis or repair of the 

photosynthetic apparatus following the addition of N to N-deficient 

cells. The restats also suggest that the effect is greater following 

addition of N0 than following NR4 addition. The addition of No -N3 3

might stimulate the production of electron chain capacity in order to 

supply the reduetant and energy necessary for N03 metabolism. This 

14would be reflected in an enhanced F ratio and in increased C uptake. 

Since the metabolism of NR4 is less energetically demandin~a smaller 

effect on the e:.ectron transport chain and consequently the F ratio is 

expected. Reports in the literature of the uptake of NR4 
+ in the dark 

suggests that rE!spiration at least has the potential to replace 

photosynthetic 4!lectron transport as a source of energy for this 

process (Syrett 1981). 

The nutrlent additions were made to replicate cultures rather 

than to sub-cultures of a single batch culture. This procedure 

avoided bacteri.:ll and N-contamination from the air or on the glassware 

which might hav4! arisen during transfer of the cells. Despite 
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standardization of the inoculation technique there was clearly culture 

to culture variability which might be reduced using the latter 

14
technique. VariCLbility in duplicate C measurements may have been 

due, in part to t:he phototactic response of Chlamydomonas. Cells were 

frequently observed to congregate near the surface of the incubation 

tube and if the suspension was not agitated prior to filtration large 

sample to sample variability might have arisen. 

A light:dark cycle was used in these experiments in order to 

approximate the light regime experienced in nature. Chlamydomonas 

however has a distinct cellular clock (Bruce 1970) • This clock 

mechanism appeared to be present in the fluorescence and 

photosynthetic patterns of the control cultures in these experiments. 

This pattern however was not consistent through all stages of growth. 

In order to detentine the effect of N additions more precisely it 

would be necessary to either characterise the intrinsic rhythm at the 

various growth sta.ges more thoroughly or to remove the source of 

variability by using cultures grown under continuous light. 

5.4 Use of fluorescence as a physiological indicator following 

nutrient addition in the field 

The existen•:=.e of ambient N0 - and C:N ratios characteristic of3 

healthy phytoplank·:on (Healey 1979) gives no indication of nitrogen 

deficiency in thes1~ Lake Ontario samples. Thus it does not appear 
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that the changes observed in the F ratio are indicative of nitrogen 

deficiency in tht!se populations. Since phytoplankton from various 

depths during bo1:h deep mixing and stratified physical regimes 

exhibited the effect, it appears that light limitation was not a 

factor in these results • The concentration of OiH4) 2so4 in the 

experiment (1.6 pM) was well below the concentration of NH4Cl (100 J!M) 

which Mohanty (1972) used to demonstrate the effect of ionic 

concentration on fluorescence yield. 

Vincent (1980) suggested that an enhancement of the F ratio 

following N additions in 2 experiments in a New Zealand lake was 

indicative of N-limitation. Whether the response indicated a change 

in physiological condition or an increase in the abundance of species 

with an intrinsically higher F ratio in response to the shift in N:P 

ratio in the bottles is not clear. 

While the ·~periments here were not extensive both field and 

lab work (section 5.3) suggest a need for caution in the 

interpretation of the response of the F ratio following nutrient 

addition as an indicator of nutrient deficiency. Phposphorus 

deficiency is certainly not reflected by enhancement of the F ratio 

following phosphot·us additions. Lab work suggests that an enhancement 

of the F ratio following nitrogen addition is indicative of the 

nutrient star".raticn observed in stationary phase in batch culture 

rather than the nutrient limitation induced in continuous culture. 
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Natural situations, however, (although not steady state) are more 

similar to chemostat than to batch cultures. Thus the behavior of the 

F ratio in natur•:! would be expected to be more similar to that 

observed in a co11tinuous than a batch culture. In short, no effect as 

a result of nitrogen addition might be expected in all but the most 

severely "stresSE!d" lakes. A more conclusive interpretation of the 

field data follo11ring nitrogen additions in this situation is not 

possible. 

5.5 Observations of diurnal patterns of fluorescence in the water 

column 

As discuss.ed above (section 1. 9) diurnal patterns of 

fluorescence may :r-eflect a response to an exogenous "forcing factor" 

or an intrinsic b:lological rhythm. The observation that distinct 

diurnal patterns of fluorescence occurred only on occasions when solar 

irradiance was high suggests that the basis of any diurnal pattern of 

fluorescence obsetved in Lake Ontario is due to light. On 8 June, the 

depression of FDC~~/chla, the depression of the F ratio at the surface 

in vertical profiles and the increase in FDCMU from the original 

measurement follo~ing a dark treatment all suggest that the 

photosynthetic apparatus of the phytoplankton in the water column 

during the day were exposed to bright light sufficiently long enough 

to become "photoinhibited''. This result is consistent with the 

http:discuss.ed
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environmental data which showed that on 8 June 1982 both solar 

radiation and water column stability were high. Because both F and 

FDCMU changed over the course of the day, the F ratio was not 

consistently depressed at the surface during the day. Results of a 

single profile made at mid-day using such information would be 

misleading. 

On 12 August, although solar radiation was again high, there 

was no consisten.t depression of any of the fluorescence parameters at 

the surface of the water column. It is suggested that mixing rates 

were rapid enough on this date to prevent bright light from affecting 

the photochemica.l apparatus. The sampling technique used here 

involves a 10 minute dark treatment. The possibility that recovery in 

the dark was rapid enough to prevent light induced .changes from being 

detectable using this method is discussed below (section 5.11). 

The remai.nder of this thesis will examine: 

1) the evidence that circadian rhythms are involved in the 

diurnal patterns of fluorescence in Lake Ontario 

2) the n~;ture of the response of fluorescence to light 

3) the interaction of mixing rates in the water column and the 

effect of light on fluorescence 
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5.6 Circadian Rhy~ 

The results of incubations at continuous low light and the 

examination of the changes in fluorescence at the surface in the water 

column on two occasions when environmental light levels were low are 

evidence that circadian rhythms did not contribute to the depression 

of fluorescence observed in surface waters in Lake Ontario. The two 

populations were chosen in order to test for circadian rhythms in 

populations which were expected to have different light histories. 

The population from station 403 was undergoing deep mixing while that 

of station 401 was sampled under conditions of stratification. Thus 

the population from station 401 is more likely to experience a 

"constant" light-dark regime and hence should be more likely to 

exhibit circadian rhythms in photosynthesis than the deep mixing 

population ( Chish•Jlm 1981). 

That circadi.m rhythms of photosynthesis were not found does not 

prove that such rhythms do not exist within the Lake Ontario 

population. Difft!rent species or size classes may exhibit different 

fluorescence pattt!rns such that a sample of whole lake water exhibits 

no distinct patte1~ of its own. In addition, measurements were made 

on only two populations. Harris (1973) found diurnal patterns of 

photosynthesis in net hauls of diatoms. While microscopic examination 

showed that diatoms were present,in the summer of 1982, a large number 

of unidentified nEtnoplankton also occurred in these samples. Passing 
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the sample thro~th a 5 p nucleopore filter showed that approximately 

85% of the fluor·:!Scence remained in the filtrate. The importance of 

the small size f:~action may explain the disagreement with previous 

results. 

5.7 Time course of fluorescence changes in the light 

The effect of light exposure on fluorescence is obviously 

dependent on the intensity of light and the duration of exposure. As 

discussed by Vincent (1980) populations have ben found to exhibit 

-2 -1•threshold" irradiances of 100 to 475 pE m s These values are 

within the range which was observed to have a significant effect on 

the fluorescence of the Lake Ontario phytoplankton. 

F CMU and F responded to light at different rates. In0

agreement with the results of Harris (1980), FDCMU was more responsive 

than F. The most rapid response for FDCMU occurred within the first 5 

to 25 minutes of exposure while the response of F often became 

apparent only after a 1 to 2 hour treatment. Thus on a sunny day, if 

there is no dect·ease in FDCMU/chla in surface water, then the water 

must be moving tapidly enough to prevent the phytoplankton from being 

at the surface for more than about one half hour. (This conclusion 

presumes that the period in the dark, which was about 5 minutes 

shorter for the incubator experiments than in the field, and 

confinement to bottles did not affect the results). 
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These restuts differed from the diatom populatons of Kiefer 

(1973) and Loftm: and Seliger (1975) in that in vivo fluorescence (F) 

did not respond ~dthin the first minutes of exposure to bright light. 

This may be an at·tifact of the technique if a depression in in vivo 

fluorescence underwent recovery during the first five minutes in the 

dark. Alternatively the result may reflect fewer diatoms in these 

communities. 

TWo other observations which were of interest in these 

experiments were the enhancement of FDCMU at low light intensity and 

the difference in the response to light of winter and fall 

populations. The enhancement of FDCMU at low light may explain the 

enhancement of FD~MU often observed in vertical profiles at about 5 

meters (section 5.• 5). Seasonal difference in the response to light 

are discussed mor1! thoroughly in section 5. 9. 

5.8 Recovery of f:~uorescence in the dark following incubation in the 

light 

An examination of the recovery in the dark following incubation 

in the light is in.portant in these experiments because the technique 

involved a short dark treatment. Recovery is obviously dependent on 

the duration and intensity of the preceding light treatment. As 

reported by Kiefer (1973b) and Heaney (1978) the length of time 
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required for "re=overy" of fluorescence was greater than that required 

for inhibition. Following incubation at high light, increases in both 

F and FDCMU were apparent within 10 to 20 minutes. The F of these 

samples was similar to that of the dark control within this time 

period. It would be interesting to perform this experiment on spring 

populations in ~1ich untreated fluorescence was more sensitive to 

light treatment. Full ''recovery" of FDCMU took longer and was not 

complete in the ~ovember samples after several hours. 

The length of time that samples from the euphotic zone were in 

the dark in the ·uskin bottles following sampling was about 10 

minutes. If the phytoplankton in the water column had been exposed to 

-2 -1 a light intensity of about 1000 pE m s this response would 

certainly be ref:lected by a depressed F000. However, the ..f!! .!!!2, 

fluorescence (F) of samples (as measured by this technique) which have 

undergone only bJ~ief exposure to bright light would likely. not appear 

significantly different to those maintained in the dark for long 

periods of time. Longer exposures at lower irradiances would likely 

produce a simila::: answer however it is difficult to make further 

generalizations because of seasonal variability in the fluorescence 

response (c.f. sHction 5.9). Future experiments should include a more 

complete study of both the rapidity of the response to light and the 

recovery in the dark. 

The expertment also suggests an explanation for some of the 
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variability which is apparent in vertical fluorescence profiles 

through the euphotic zone. This variability may be a reflection of 

the existence of •parcels· of water which have not yet fully recovered 

from a light treatment but which have mixed with water having a longer 

dark history. 

Confinemertt to bottles at low light or in the dark for periods 

of time equivale~tt to a diurnal cycle did not significantly affect the 

in .!!:!2_ fluoresce!nce or FDCMU of the Lake Ontario phytoplankton in at 

least 65% of the experiments. Irreversible changes in fluorescence 

and FDCMU did occur during long term exposure to bright light. This 

suggests that exposure to high light intensities da.ages the electron 

transport chain as well the structure of individual chlorophyll ~ 

molecules. 

5.9 Seasonal differences in the response to light 

The response to light of FDCMU in epilimnetic populations was 

very similar from June through September while early spring and winter 

populations were :nore •light sensitive·. Because the response of 

untreated fluorescence to an extended light period was more variable 

even in the summe·r, the F ratio did not show a consistent decrease to 

a fixed light inc·llbation. Thus the change in FDCMU rather than the 

change in F ratio appears to be a more consistent indicator of 

prolonged exposur.: to light. 
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Microscopic examination showed large abundances of Melosira and 

cryptomonads in the spring (!.Gray pers.comm.) while October samples 

contained a diverse community of greens and cryptomonad species. The 

summer community was dominated by smaller (<Sp) cells which could not 

be positively identified but which were likely a combination of small 

blue-green, chrysophyte and green species (F. Pick pers. comm.). 

14
Differences in the C uptake and P turnover times suggest that 

the physiology of the organisms was different at the two stations in 

early June. Since the responses of the populations to fixed light 

wer.e not different, the mechanism of "adaptation" likely did not 

involve a change in the efficiency of coupling between the two 

photosystems. Similarity of F/chla and FDCMU/chla between the two 

communities also suggests that increased size of the PSU is not 

involved. However, since a large number of small cells (probably 

cyanobacteria or chrysophytes) were present at this time, "shade 

adaptation'' may have involved synthesis of pigments other than 

chlorophyll a. In contrast to the response observed in 

nitrogen-stressed populations (Kiefer and Hodson 1974, Kiefer 1973b) 

there did not appear to be increased sensitivity to light in 

P-stressed populations at this time. 

Increased sensitivity to bright light was observed in the 

samples from the aphotic zone. The sensitivity of FDCMU may be due to 
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a decreased effic.iency of the coupling of photosynthesis in these 

cells. This was the suggestion of Kulandaivelu and Senger (1976a,b), 

who found decreae•ed efficiency of photosynthetic coupling after two 

days of maintaintng batch cultures of Scendesmus in the dark. 

Exposure to low light induced a maximal recovery of the efficiency of 

coupling in theSE! experiments. At high light less recovery occurred 

and the authors e:uggest autooxidation as a possible cause. 

5.10 The effect of different mixing regimes on the fluorescence of a 

single populatiot~ 

While the preceding discussion (sections 5.7, 5.9) and 

literature repor1:s (sections1.12, 1.13) show that fluorescence is very 

sensitive to light, the extent to which natural populations are 

affected by ligh1: should be dependent on the stability of the water 

column and the r;ite at which the phytoplankton circulate through the 

water column (Ha~l:'ris 1983, 1980). A comparison of the fluorescence 

response in bottles and in the water column on 26 August shows that 

vertical mixing processes prevented the light-induced depression of 

fluorescence in ~urface waters of the water column on this occasion. 

It is likely that this was also the case on 12 August (section 5.5). 

On the other hand, when high light was combined with high stability (8 

June) or when li:?;ht levels were low (29 June), the fluorescence 

measurements made in bottles were comparable to those made in the 

water column • 

http:sections1.12
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Comparison of the fluorescence in bottles and in the water 

column is subject to error in that the bottles underwent a longer dark 

pretreatment during transport from the water to the ship thaan did 

samples in which fluorescence was measured directly. Hence there is 

greater chance of "recovery'' from a depression of fluorescence. This 

may account for tdgher F ratios or FDCMU/chla in water from bottles as 

compared to that in the water column. 

14
5.11 Relationship between depression of c uptake and fluorescence 

The similElrity between depression of FDCMU/ chla in bottles and 

14
depression of C uptake suggests that it is possible to make 

inferences about primary productivity estimates from the fluorescence 

depression of G uptake observed in bottles appeared to reflect real 

data. (This statement is not meant to imply a predictive relationship 

between P t op and the F ratio c.f. section 5.2.1) On 8 June, the 

14 

14 
events in the water column; on 26 August the depression of C uptake 

was likely an artifact. 
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145.11 Relationship between depression of c uptake and fluorescence 

The similELrity between depression of FDCMU/chla in bottles and 

14
depression of C uptake suggests that it is possible to make 

inferences about primary productivity estimates from the fluorescence 

depression of C uptake observed in bottles appeared to reflect real 

data. (This statement is not meant to imply a predictive relationship 

between P top and the F ratio c.f. section 5.2.1). On 8 June, the 

14 

14events in the water column; on 26 August the depression of C uptake 

was likely an artifact of the bottle technique. 

Modellers of primary productivity have often debated the 

validity of incltding surface depression of photosynthesis in 

integrated estimates of primary productivity (Vollenweider 1969, 

Harris 1978). It is suggested that a more extensive study of the type 

of experiments dE~scribed here may offer a simple method of at least 

estimating the oeeasions on which surface inhibitiion is likely to be 

a real phenomenon. 
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5.12 Difference :Ln the fluorescence response of phytoplankton from 

different depths 

Since dif::erences in the stability of the water column apppear 

to allow vertica:L stratification of the community (section 5.2.2) it 

might be expected that differences in the fluorescence response to 

light of the community might also arise during conditions of strong 

thermal stratifi,::ation. Kulandaivelau and Senger ( 1976) found 

decreased efficitmcies of photosynthetic coupling after maintaining 

Scendesmus for 2 to 4 days in the dark and that the recovery of 

efficient photosynthetic coupling was inhibited by bright light. The 

decrease of F and FDCMU of cells from the aphotic zone which have been 

in the dark for ;orne time might thus be expected to be larger than the 

decrease observed in cells from the euphotic zone. Alternatively, 

during periods of active mixing there should be no difference between 

the fluorescence response even in samples from widely separated 

depths. 

During isothermal conditions on 11 June 1982, and 19 October 

the data suggests that the lake was mixing rapidly enough even at the 

deep station (403) to prevent populations having differing 

fluorescence responses to long-term light incubations from developing. 

It was more difficult to conduct controlled experiments under 

thermally stratified conditions because temperature g~adients in 

nature could not be replicated in a single incubator. Under 
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stratified conditions some differences between the response of samples 

from within and 1~low the thermocline as compared to epilimnetic 

samples were notE!d. These differences may be attributed to prolonged 

exposure to darbtess. 

The difference between the fluorescence response of 20 and 150 

meter water on 1 July was interesting and unexpected. As described 

above (section 4.2.5) it appeared that the epilimnion had developed 

from water advected into the region rather than by surface heating. 

These physical events appear to have resulted in a vertical structure 

of the water colum which was reflected in the fluorescence properties 

of the water from 20 and 150 meters. 

The similarity of response between epilimnetic and metalimnetic 

water at Jack's l.~ke was also somewhat surprising. Pick (1982) found 

that metalimnetic populations such as this are ''shade adapted". As 

with the inshore .~nd offshore popultation in early June (section 5.9), 

light adaptation did not result in differences in the response of 

fluorescence to light. 

Cullen and Renger (1979) suggest that low F ratios in nature 

may be due to an accumulation of cells which have stopped 

photosynthesizing and which have an F ratio near zero. They suggest 

that a small proportion of photosynthetically active cells would 

retain an F ratio of about .6. The F ratio would thus give an 
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indication of thE! proportion of "active" cells in a sample rather than 

an overall measure of the physiological condition of the 

population. The response of individual "active" cells to light should 

be similar regardless of their abundance in the water sample. If the 

theory of Cullen and Renger (1979) is correct the response of lake 

water to light (~rhen expressed on a relative basis) should be similar 

regardless of thE! original F and F DCMU. Since this was not the case, 

it appears that fluorescence parameters do give information about the 

average condition of the whole population as well as the proportion of 

"active" cells. 

5.13 General Discussion 

A survey of the literature suggests that fluorescence is 

variable at time scales ranging from days to minutes. At a scale of 

days F and FDCMU reflect the physiological condition and species 

composition of the phytoplankton assemblage; at scales of minutes F 

and FDCMU reflect: the light history. The use of fluorescence and 

DCMU-enhanced fluorescence as a bioassay is appealing for several 

reasons. Firstly, the technique avoids the problems associated with 

the confinement c•f phytoplankton to bottles. Secondly, an F ratio is 

much less costly in terms of time and materials than bioassays 

14 32involving the USE! of radiotracers (e.g. C uptake or P turnover 

times). 
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Unfortunately it must be the conclusion of this thesis that the 

F ratio is not a useful indicator of physiological condition in 

natural assembla1~es of phytoplankton. An examination of the F ratio 

of Synechococcus and Chlamydomonas over the course of growth in batch 

culture shows th:it a high F ratio may be observed for growth rates 

between zero and near p and over a wide range of photosynthetic
max 

capacity. In a comparison of seasonal patterns of F ratio and P 

turnover time, it was not possible to distinguish changes in the F 

ratio due to physiological condition from those due to changes in 

species composition. Nitrogen additions to nitrogen deficient 

cultures producef a response only under conditions of severe stress 

not likely encoulltered in the field. Nitrogen additions in the field 

produced confusing results while phosphorus additions produced a 

consistently negative result even in P-stressed communities. These 

results suggest that any conclusions about physiological status or 

photosynthetic capacity in natural assemblages based on the F ratio 

(e.g. Cullen and Renger 1979, Vincent 1980, 1981, Goldman and Priscu 

1983) should be treated with skeptiscism. 

The obser~ation that distinct fluorescence patterns in the 

water column occurred only on occasions when solar radiation was high 

suggests that these patterns are due to a response to an exogenous 

factor (light) rather than a biological rhythm. This was confirmed by 

incubation of water under continuous low light in which no change in 

the fluorescence properties (and hence no circadian rhythm) was 
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observed. The response of fluorescence to light was complicated. It 

was dependent on the duration and intensity of the light exposure and 

varied with differences in species assemblage. Physiological 

condition did not appear to affect the response to light although 

cells which had been in the dark for long periods of time were more 

sensitive to high light. 

In agreem.ent with Harris ( 1 983), a relationship between the 

physical charact•:!r of the water column and the difference in F or 

FDCMU between th•:! surface and deeper water was observed. These 

differences are }Otentially due to two factors: 1) differences in 

biomass between ·:he two depths and 2) the effect of light on the 

photosynthetic apparatus of surface populations. An examination of 

the data from fluorescen,ce profiles made at night and from diurnal 

patterns of fluorescence confirms the importance of both factors 

during conditionn of high water column stability. 

While it ''as not possible to separate these two effects, it was 

clear that a reduction in water column stability prevented both 

processes from oecurring. On occasions when there was no temperature 

gradient in the ~mter column (e.g. during spring and fall mixing) 

there was little structure in vertical fluorescence profiles. 

Vertical mixing ~ms shown to prevent the surface depression of 

flurescence in a comparison of the water incubated in bottles to that 

in the water column. 
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In conclusion, whil~ fluorescence does not appear to be a 

reliable indicator of physiological condition it may have practical 

applications in assessing the recent light history of natural 

assemblages of phytoplankton. A comparison of the DCMU-enhanced 

fluorescence response of phytoplankton following an incubation 

~~at fixed depths, to that in a depth profile should indicate 

whether mixing rates are high enough to prevent photoinhibition of 

14flurescence. In turn, the occasions on which C estimates of 

productivity are 1nost likely to be representative of in s~ rates 

may be inferred a~d this information used to improve the data base 

required for modeLs of primary productivity. 



6.Summary 

1. The F ratio showed little change over a wide range of groWth rates 

in continuous and batch cultures of Chlamydomonas. The F ratio of a 

cyanobacteria (~nnechococcus) was lower than that of Chlamydomonas 

during exponential growth. 

142. No relationship between P turnover time or c uptake and the F 

ratio in natural populations was observed. Differences in the F ratio 

due to changes in the species composition of the community could not 

be differentiated from the effect of physiological condition. 

3 • .Addition of N03-N and NH4-N to N-deficient Chlamydomonas resulted 

in a change in F c::-atio relative to the control only in severely 

stressed cultures. The addition of N03 resulted in a larger change 

in F ratio and 14c uptake than did the addition of NH4 • 

4. The measurement of the fluorescence ratio following either 

phosphorus or nitrogen addition to natural populations is not 

a useful bioassay of nutrient stress in natural populations. 

157 
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5. Diurnal patterns of fluorescence were due to a response to light 

rather than a circadian rhythm. FDCMU responded more rapidly and 

recovered less rapidly following exposure to high light than did F. 

Because of the variability in the response of F and FDCMU to bright 

light, the F ratio was the least consistent indicator of light 

history. 

6. There were differences in the response of the different assemblages 

to light at different times of the year. Differences in light 

response were not due to a rapid sun-shade type adaptation although 

prolonged dark treatment did result in increased light sensitivity. 

7. Depressions of F and FDCMU occurred in surface waters only during 

conditions 	of ~igh light and low mixing rates. Comparisons of F and 

14
FDCMU in bottles and in the water column suggest that the C method 

is likely a better approximation of primary productivity under these 

conditions or when light levels are low than when the water column is 

mixing rapidly. 

8. A general relationship between the relative change in F, FDCMU' or 

F ratio and temperature or density gradients in the water column was 

observed. The relationship was likely a result of vertical 

stratification of biomass, community composition and light-induced 

depression of fluorescence when water column stability was high enough 

to prevent vertical mixing. 
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.~ppendix 1.1 Seasonal changes in chlorophyll~ (pg L ) at 

station 401 (Lake Ontario, 1982) • 
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Appendix 1.2 Seasonal changes in chlorophyll~ (pg L ) at 

station 403 (Lake Ontario, 1982) • 
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Appendix 1.3 Vertical profiles of F, FDCMU and temperature 

throughout the season at station 401 (Lake Ontario 1982). 

0-<)F (relative units) 


e-e·FDCMU (relative units) 


...Temperature (
0 

C) 


Note the absence of vertical stratification of either temperature 

or fluorescence on 19 October and 22 November. 
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Appendix 1.4.1 Vertical profiles of F,FDCMU and temperature (°C) 

1
at station 403 (Lake Ontario) for June and August (1982). 
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1

o-oF (relative units) 


~FDCMU (relative units) 


....Temperature (°C) 


Note the absence of vertical stratification of either 

fluorescence or temperature on 9 June. 
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Appendix 1.4.2 Vertical profiles of F, FDCMU and temperature ( 
0 

C) 

at station 403 (Lake Ontario) for September to November 1982. 

Q-OF (relative units) 


e-eFDCMU (relative units) 


...Temperature (°C) 


Note the absence of vertical stratification of either 

fluorescence or temperature on 24 November. 
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2Appendix 1.5 Relationship between N and ~F.~F (%) is the 

absolute difference in F between 1 and 10 meters expressed 
2 -2 

as 	a percentage of F at 10 meters. N is expressed in s X 
6

10- • The dashed line is an arbitrarily chosen upper 

boundary line. The relationship appears less well defined 

than ~hat between~T and~F(%) (Figure 4.7). 
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2
.~ppendix 1.6 Relationship between N and ~FDCMU.~FDCMU (%) is 

the absolute difference in FDCMU between 1 and 10 meters 

expressed as a percentage of FDCMU at 10 meters. ~ is 
2expressed in s- X 10-6 The dashed line is an arbitrarily 

chosen upper boundary line. The relationship appears less 

well defined than that between~T and~FDCMU (%) (Figure 

4.8). 
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Appendix 1.7 Seasonal changes in vertical profiles of the F ratio 

at station 401 • 
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Appendix 1.8 Seasonal changes in vertical profiles of the F ratio 

at station 403 • 
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2
Appendix 1. 9 Relationship between flF ratio and N (Lake 

Ontario, 1982) No significant correlation was observed 

between the two variables.flF ratio is the difference in F 
2 -2

ratio between 1 and 10 meters. N is expressed as s X 
610- • The dashed line is an arbitrarily chosen upper 

boundary line. 
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Appendix 2.1.1 The effect of NH4 enrichment on a) the F ratio and 
14 .

b) C uptake for Chlamyaomonas in 1 day stationary phase. 

Replicate treatment cultures were used on this occasion; the 

results of each culture are plotted separately. The "control" in 

this case is the average of the values obtained for an untreated 
-1 

P04 •culture and a culture treated with 30 ug L 

....... F ratio (in the control culture) 

~ (in the culture following NH4 addition) 

14 14 
~ C uptake (% C incorporated in the 

control culture) 
14o-o (% c incorporated in the 

culture following NH4 addition) 

Note that there were significant differences between the response 

of the replicate cultures on this occasion. 
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.\ppendix 2.1.2 The effect 
.. 

of NH4 enrichment on a) the F ratio and 
14b) C uptake for Chlamydomonas in 3 day stationary phase. 

~F ratio (in the control culture) 

~ (in the culture following NH4 addition) 

14 14~ c uptake (% c incorporated in the control 

culture) 

14
(% c incorporated in the 

culture following NH4 addition) 



189 

.8 
3 DAY STATIONARY 

.6 

0-ca -a: 
II. 	 .4 

.2 

12 

10 

-"0 
CD 
ca ·-.. 	 8 . 
0 ..a. 
0 
u -c 


"#. 
6
-w 

~ 

~ 	 4 
D.:::» 

(.) 

2 

0 ~----._----~----~----~----_.----~----~
0 2 4 6 8 10 12 14 

TIME (hours} 



A~pendix 2.1.3 The effect of NH4 enrichment on a) the F ratio and 
14

b) C uptake for Chlamydomonas in 6 day stationary phase. 

~F ratio 	(in the control culture) 

(in the culture following NH4 addition)o-o 
14	 14~ c uptake (% c incorporated in the control 

culture) 

o-o (% 14c incorporated in the 

culture following NH4 addition) 
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Appendix 2.1.4 The effect of No3- enrichment on a) the F ratio 
14

and b) C uptake for Chlamydomonas in 1 day 

stationary phase. The results of replicate cultures 

are plotted separately. 

~F ratio 	(in the control culture) 

(in the culture following NH4 addition) 

Ar-A
14c uptak~ (% 14c incorporated in the control 

culture) 
14(% C incorporated in the 

culture following NH4 addition) 

Note that there were significant differences between the 

replicate cultures on this occasion. 
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Appendix 2.1.5 The effect of No enrichment on a) the F ratio3­
14

and b) C uptake for Chlamydomonas in 6 day 

stationary phase. 

~F ratio 	(in the control culture) 

(in the culture following NH4 addition) 

14	 14~ c uptake(% c incorporated in the control 

culture) 
14

(% c incorporated in the 

culture following NH4 addition) 
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.~ppendix 2.1.6 The effect of N03- enrichment on a) the F ratio 
14

and b) C uptake for Chlamydomonas in 6 day 

stationary phase • 

......._.. F ratio 	(in the control culture) 

(in the culture following NH4 .addition) 

~14c uptake(% 14c incorporated in the control 

culture) 
14(% C incorporated in the 

culture following NH4 addition) 
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1~pendix 2.2.1 F ratio following addition of NH4 and incubation 

at 4 light levels (Lake Ontario 1982). Ll is the brightest 

light level. For details of the incubations see Table 4.5. 

On 13 August a) 10m and b) 150 meter water were compared. 

~F ratio in control water 


~F ratio in treated water 
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J~ppendix 2.2.2 F ratio following addition of NH4 and incubation 

at 4 light levels (Lake Ontario, 1982). Ll is the brightest 

light level. For details of the incubations see Table 4.5. 

On 12 June a) lm and b) 150m water were compared-. 

~F ratio in control water 


~F ratio in treated water 
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Appendix 3.1.1 Diurnal patterns of FDCMU/chla in Lake Ontario 

water from (~) lm, ((r-~) Sm, and (~) 10m on: 

a) 30 June,1982 (station 405) 

b) 22 September,1982 (station 403) 
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Appendix 3.1.2 Diurnal patterns of FDCMU/chl_! in Lake Ontario 

~rater from (e e) lm, (A •) Sm, and (Q---Q)lOm on: 

a) 11 August,1982 (station 401) 

b) 19 October,l982 (station 405) 

c) 20 October,1982 (station 403) 
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Appendix 3.2 Vertical profiles of FDCMU/chla on 8 June, 1982 at 

station 401 (Lake Ontario). 
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i~pendix 3.3 Vertical profiles of FDCMU prior to and after a 1 

hour treatment in the dark on 8 June, 1982 at station 401 

(Lake Ontario). 

~FDCMU prior to treatment 


~~FDCMU after dark treatment 
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.\.ppendix 3.4 Vertical profiles of F ratio on 8 June, 1982 at 

station 401 (Lake Ontario). 
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.~ppendix 3.5 Vertical profiles of FDCMU/chla on 12 August,l982 at 

station 403 (Lake Ontario). 



1 

rocMu/Chl! 

.A ~2 ...4 .6 ·.a 1D. 0 .2 :4 ·•.a ..a ~.00 ·.2 .6 .8 1.0 0 
I I I
I
I08:00 I I08:00. 


02:30 

5 


10 


15 


20 


25 
,·-E ~ r \. r-:c 50 f ... 

20 I T I '- I 
 ' ....."' 
·,<,. 

t f ' f 
I'251 


501 


n. w 
113:00Q 118:10 I 03:30 

1 

5 

10 

15 

0 



}~pendix 3.6 Vertical profiles of FDCMU prior to and after a 1 

hour treatment in the dark on 12 August,1982 at station 403 

(Lake Ontario). 

~FDCMU prior to treatment 


~~FDCMU after dark treatment 
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~ppendix 3.7 Vertical profiles of F ratio on 12 August, 1982 at 

station 403 (Lake Ontario). 
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J~ppendix 4.1.1 F ratio of samples from Sm on a) 10 June, 1982 

station 403 (Lake Ontario) and b) 29 June, 1982 station 401 

(Lake Ontario) incubated under continuous low light (40 fE 
m-2 s-1) for at least 24 hours. 
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,\ppendix 4.1.2 Diurnal changes in the F ratio in the water column 

,,n a) 10 June, 1982 at station 403 (Lake Ontario) b) 29 June, 

L982 station 401 (Lake Ontario) • 
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~ppendix 4.1.3 Diurnal changes in the FDCMU/chla in the water 

column on a) 10 June, 1982 at station 403 (Lake Ontario) b) 29 

June, 1982 at station 401 (Lake Ontario) • 

._.1m 


..._..Sm 


Q--010m 




~ 


.8 

a) 

.4 

"''-.c 
0 ...... 
:::) 

::! 
0 c 

u. 

1.6 

1.2 

I 

02:00 

b) 

06:00 10:00 14:00 18:00 22:00 02:00 06:00 10:00 

.8 

.4 

22:00 02:00 06:00 10:00 14:00 18:00 22;00 02:00 06:00 

TIME (LST) 



Appendix 5.1.1 Comparison of the F ratio of water from a) 1m and 

h) 20m at station 405 (Lake Ontario, 1982) on 23 September during 

an 8 hour incubation at high light and in the dark: 

-2 -1-(1300 pE m s ) 
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J~ppendix 5.1.2 Comparison of the F ratio of water from a) 1m and 

b) 20m at station 405 (Lake Ontario) on 19 October,1982 

during an 8 hour incubation at two light levels and in the 

dark: 
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J~pendix 6.1 Comparison of the F ratio of water incubated in 

bottles ((>-()), the F ratio in the water column(~--.), 

and 14c uptake (e .) on 26 August,1982 at station 403 

(Lake Ontario) for incubations between: 

a) 06:50-10:50 


b) 10:50-15:41 
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Appendix 6.2 Comparison of the F ratio of water incubated in 

bottles ({)-1)), the F ratio in the water column (~~), 

and 14c uptake <tt-11> on 8 June,1982 at station 401 (Lake 

Ontario) for incubations between: 

a) 06:49-11:05 

b) 10:56-14:45 

c) 14:25-21:15 
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