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Abstract 

A new method for measuring net community prima- 

productivity and dark respiration was examined using steady 

state cultures and tested under field conditions. The 

method is based on measuring changes of pCO, in the head- 

space of a sealed incubation bottle by gas chromatography 

over the course of an incubation. At the end of the 

incubation the sample is acidified and the total DIC in the 

bottle is determined. Using the defined relationships 

between pCO,, DIC, and alkalinity (Park 1969) DIC is 

calculated for each sampling time with the assumption that 

alkalinity change is not significant. 

~itrogen-limited, phosphorous-limited, and nitrogen and 

phosphorous limited cultures of Chldmydomonas reinhardtii 

were grown in chemostats, and subsamples were incubated 

using the pCO, method. Principle  component analysis was 

used to evaluate expected rates of photosynthesis based on 

changes in particulate carbon with pCO, measured rates. The 

relationship was not significantly different frorn 1:l; 

however the intercept was significantly different £rom zero. 

This may be attributable to an unexplained DOC fraction, 

changes in the physiological status of algae under different 

nutrient regimes, or possibly bacterial or fungal 

contamination. Culture studies and field measurements 

supported the assumption that alkalinity changes did not 

significantly affect the relationship between algal growth 



rates and pCO, rneasured growth. 

Field measurements were conducted at the Experimental 

Lakes Area (ELA) , Northwestern Ontario. Photosynthesis- 

irradiarice curves were generated for al1 but two dates. It 

was found that the method was sensitive enough to measure 

productivity at most ELA lakes. It was concluded that the  

pCO, method did not have sufficient sensitivity to measure 

productivity in Lake 373, an ultra-oligotrophic lake (less 

than 1 pChla/L) . Respiration rates were often positive 

leading to the postulation that either the incubations were 

not long enough or possibly there was dark carbon fixation. 

Although not rigorously examined, cornparisons between 

14c and pCO, i n  culture work suggest that 14C underestimates 

net productivity. Cultures had high respiration rates (50%) 

so the underestimation by 14C was not unexpected (Jesperson, 

1994). Direct cornparison of 14C and pCO, were not conducted 

at ELA, however, extrapolated "C PmB rates from the ELA data 

base suggested that 14c over-estimated, under-estimated and 

measured NPP . 



In Perspective 

A science of land health needs, first of a l l ,  a base datum 

of normality, a picture of how healthy Land maintains itself 

as an organism. (Aldo Leopold) 

When we think, we do not just think: we think with ideas 

. . .  it is the transmission of ideas which enables man to 

choose between one thing and another. 

More education can help us only if it produces more wisdom. 

(E , F . Schumacher) 
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Background 

GeExal 

Throughout human existence the importance of aquatic 

ecosystems has been paramount to the success of our species. 

They have provided valuable sources of water, food, and 

recreation. The base of the autochthonous food web within 

these ecosystems is comprised of plants, and because lakes 

often have large pelagic zones, planktonic algae can be a 

vital component of the food chain. In recent years it has 

becorne clear that increased hurnan activity on the planet and 

the direct use of this valuable resource for human 

initiatives has altered the state of aquatic ecosystems. A 

non-inclusive l ist  of such activities, affecting algal 

growth and ecosystems as a whole, includes the addition of 

nutrients £ r o m  human waste and factories, acid from 

industrial and automobile emissions, heavy metals, and 

physical disturbance to habitats. These effects have 

greatly altered specific lakes and rivers, which for the 

human consumer and the organisms naturally inhabiting these 

environments is most often detrimental. Thus, the study and 

understanding of aquatic ecosystems has become a vital 

component of responsible governments in addition to the 

traditional studies carried out at an academic level within 

universities. The growing concern over these systems helped 

prompt the International Biological Programme ( I B P )  in the 

1960's and 1970% and continues today with various 



governments and international programs such as International 

Geosphere Biosphere Programme and the Global Environmental 

Facility . 
In order to gauge how disturbances affect ecosystems it 

is necessary to have a clear definition of the component 

parts and their interactions with each other. Species 

composition has proven to be a useful indicator since 

distinct conditions will tend to favour specific species. 

Interactions within the food c h a h  have also proven to be 

very important. Such interactions include the energetics 

(ie. the rates of formation and subsequent rates of transfer 

of biochernical energy) between t rophic  levels. Primary 

productivity has received a significant amount of attention 

and research since primary producers ultimately provide the 

food and chernical energy for dissimilatory biochemical 

transformation for al1 other organisms (Le Cren and Lowe- 

McConnell, 1980) . 
Primary productivity is defined as the conversion of 

radiant or chernical energy into biochemical energy by 

photosynthetic or chemosynthetic organisms (Steemaxm- 

Nielson, 1963; Odum, 1983; Platt et al. 1984) . However, 

because of its predominance in the global carbon budget only 

radiant energy (photosynthesis) is considered in most 

aquatic studies. In aquatic ecosystems planktonic algae can 

constitute a significant source of carbon, therefore, 

understanding the dynamics of algal growth is vital for 



understanding the energetics of an ecosystern. 

Three inter-related components of planktonic 

photosynthesis, gross phytoplankton photosynthesis (GPP),  

net phytoplankton photosynthesis (NPP) , and respiration (RI, 

must be considered when interpreting productivity 

measurements, GPP is the total amount of CO, fixed into 

organic carbon, corresponding to the amount of radiant 

energy converted into biochemical energy. Respiration 

represents the breakdown of organic carbon to CO,, an energy 

producing process. NPP is the difference between GPP and 

respiration. These terms are often expressed in the 

equation: GPP - R = NPP. Ryther (1956) argues that net 

photosynthesis is of the most ecological significance 

because it represents a tangible quantity of organic matter 

that is added to the environment and available to other 

organisms, while Odum (1983) suggests that the ratio of R to 

GPP is one of the most important quantities in ecology. 

Thus, each of these values represent an important variable 

which is needed in order to accurately understand and 

interpret the energetics of aquatic ecosystems (Steernann- 

Nielson and Hansen, 1959). 

Productivity refers to the rate of accumulation of 

biomass over tinte. It does not necessarily relate to the 

standing biomass in phytoplankton communities. Agricultural 

production is, perhaps, the most familiar concept when 

discussing productivity; however, this is a special case. 



Since agriculture is directed towards the goal of producing 

a crop, the total plant biomass accumulated at hanrest, over 

the time it took to reach maturity from seeding can be used 

as a "productivityn measure. Any factors which remove 

biomass during the growing season (example: insects, 

disease, etc.) would lower such estimates. Because modern 

farms have effective mechanisms for controlling these 

variables the losses are often minimized. However, in 

aquatic ecosystems algae are subject to significant removal 

rates through heavy grazing pressure and planktonic algae 

are subject to dispersive water currents and sinking 

(Ryther, 1956) . To maintain their population numbers algae 

rnust have rapid growth rates - on the order of hours to days 

(Goldman et al. 1979; Bender et al. 1987). Therefore since 

the growth rate of algae is often unknown, and may be 

different for each species, the measurernent of standing 

biomass is an insufficient means of determinhg primary 

productivity for algal communities. 

The domination of radiant energy as the source for 

biochemical energy prompted researchers to use the rate of 

photosynthesis as an estimate of productivity. By 

convention productivity measurements are expressed in ternis 

of carbon incorporation over time because "the uptake of 

carbon is equivalent, mole for mole, to the production of 

organic carbon, and hence represents one of the most direct 

approaches to the measurement of primary productionf1 



(Ryther, 1956) . Thus, the stoichiometric relat ionship of 

the photosynthetic reaction has been of great importance for 

the determination of primary productivity: 

Currently, the most common methods for measuring 

primary productivity are based on the uptake of I4C (in 

oligotrophic systems) or in more productive systems the 

stoichiometric evolution of O, (Vollenweider, 1974) . 
Although other methods have been used, such as the 

measurement of changes in D I C  (dissolved inorganic carbon) 

either directly (Schindler and Fee, 1973) or by using the 

defined relationships between D I C ,  pCO, (partial pressure of 

CO,), pH, and alkalinity (Park, 1969) they have not become 

universally accepted by limnologists due to lack of 

sensitivity. Researchers have also attempted indirect means 

for measuring primary productivity such as measuring 

chlorophyll concentrations and the radio-labelling of 

chlorophyll (Redal j e and L a w s ,  1981) . These chlorophyll- 

based methods require assumptions to be made about the 

stoichiometric relationships between carbon incorporated in 

biomass and chlorophyll mass or synthesis. 

At the present time the most common measurements of 

primary productivity are based upon methods that do not 

provide researchers with a means of directly measuring net 

productivity as net carbon fixation or phytoplankton growth 

(Peterson, 1980) . Thus, it is desirable to have a method 
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which can provide these parameters so that measurements of 

productivity are easier to interpret and are more 

meaningful. 

Several methods have been developed in order to 

estimate photosynthesis so that the productivity of 

planktonic algae can be evaluated. Initial estimates of 

productivity were made by measuring decreases of in s i t u  

nutrient concentrations (Atkins, 1922,  1 9 2 3 ) .  The first 

rigorous method, the oxygen method, was introduced by 

G a a r d e r  and G r a n  in 1927. A theoretically more sensitive 

method, the "C-uptake method introduced by Steemann-Nielson 

(1952), has become a standard method for measuring 

productivity. However, several problems (as discussed 

below) have been encountered in the interpretation of the 

results obtained by theçe methods so researchers have 

attempted to define new ways of estimating productivity. 

These include using chlorophyll a labelling (Redal j e and 

Laws, 1981 ;  Redal j e 1983) , applying more rigorous standards 

to measurements of changes in nutrient concentrations 

( K e l l e r ,  1989)  , and monitoring decreases of in situ 0, over 

an extended period of tirne (eg. a season) (Schulenberger and 

R e i d ,  1981). The following reviews of the more important 

methodologies are presented to appreciate some of the 

difficulties that have been encountered with productivity 

methods used to date and provide an understanding for the 

need for new ways to measure productivity. 



- 
The first rigorous measurements of primary productivity 

involved the detection of oxygen concentrations in sample 

bottles (illuminated and dark) before and after incubation 

at a range of in s i t u  depths (Gaarder and Gran, 1927) . A 

stoichiometric relationship between the amount of oxygen 

produced and carbon fixed rnust be assumed; for example 

equation 1. This method has proven useful to researchers 

investigating primary productivity in aquatic environments 

and is still employed to this date in more productive 

waters. It allows the determination of net oxygen evolution 

at various light intensities in addition to net oxygen 

consumption in dark bottles. Thus, in theory, the gross 

community productivity, net productivity, and respiration 

can a l1  be determined. However, high background oxygen 

concentrations and unknown photosynthetic quotients have 

limited the usefulness of oxygen methods as a simple and 

interpretable means of measuring productivity. Background 

concentrations of oxygen are high in most surface waters and 

the atmosphere relative to changes that occur during short 

incubations. The high oxygen concentration can mask small 

changes £ r o m  photosynthesis and respiration and restricts 

this method to more productive areas. Also the accurate 

determination of a conversion factor to the amount of carbon 

consumed (photosynthetic quotient, PQ) or evolved 

(respiratory quotient, RQ) has limited the ability of 



researchers to create a universal means of comparing data 

obtained from samples taken at different times and from 

different locations- 

In an attempt to solve the problem of sensitivity 

associated with Gaarder and Gran's original technique, 

several approaches have been devised, most of which utilize 

stable oxygen isotopes. Early physiological studies were 

the first to use stable oxygen isotopes. Mehler and Brown 

( 1952 ) dissolved "0, (1a0160) in water samples containing 

isolated chloroplasts. They measured changes in partial 

pressure of the oxygen isotopes with a mass spectrometer. 

Photosynthetic and respiratory rates were then determined by 

attribut ing the increase of "0, (160, originating f rom H , ~ ~ o )  

to photosynthesis and the decrease of 340,/320, to 

respiration. Such methods detemined that are well suited 

for culture studies but are not as practical in the field 

(Bender et al. 1987; Grande et al. 1989). Theoretically 

this rnethod should provide researchers with a way of 

measuring light-dependent respiration, however, the flow of 

oxygen between the respiratory and photosynthetic 

apparatuses is not completely understood. 

Several other authors have described methods which 

trace oxygen during photosynthesis. Grande et al. (1982) 

describes a method that is technically more practical for 

field analysis. A sample is spiked with water that has been 

tagged with ''0 (H2180) . A£ter the incubation period an 



estimate of gross primary production can be made £ r o m  the 

amount of '*O, at the end of the incubation. Technically, 

this method has the same problem as the radio-carbon 

technique in terms of interpretation of results (the 

net/gross photosynthesis argument described below, d e r  the 

14C method) . However, Grande et a l .  argue that , because 

background concentrations of oxygen are on the order of 200 

times greater than the particulate organic carbon pool (POC) 

and the incubation period is less than the turnover rate of 

the cell, once %, is outside of the ce11 an insignificant 

amount will be utilized for respiratory activities. K a n a  

(1990) offers another variation of stable-oxygen isotope 

methods. It is based on the assumption that once 360, is 

added to a sample its progressive dilution due to 

photosynthetically produced 3 2 ~ ,  can be used to estimate net 

photosynthesis while the depletion of "0, in proportion to 

the relative concentrations of oxygen isotopes provides a 

measure of respiration. 

One of the distinct advantages of stable-oxygen isotope 

methods is that they provide a means of measuring light- 

dependent respiration (photo-respiration) , however, several 

assumptions are made when interpreting oxygen methods. 

These assumptions have limited the ability of researchers to 

interpret the results in the most meaningful manner. The 

methods assume that the cycling of oxygen between the 

photosynthetic and dark respiratory mechanisms within cells 



is minimal and that there is insignificant discrimination of 

the slightly larger isotopes. 

Since it is the incorporation of carbon into cellular 

material which is used as a standard for growth, al1 oxygen 

methods are measuring a by-product and must be related to 

the amount of carbon incorporated on a mole per mole basis 

A J A  . This ratio is known as the photosynthetic 

quotient (PQ). According to the stoichiometric relationship 

of the simple photosynthetic equation with a simple sugar as 

the end product (C,H,,O,) the PQ should be equal to one. 

However, when algal composition is examined the PQ1s are 

generally greater than one indicating the cellular material 

is, on average, more highly reduced than carbohydrate (for 

example, fatty acids) . A relatively wide range of PQ s, 

from 0.5 to 3.5, have been reported, (Williams and 

Robertson, 1991) . One of the important determining factors 

of PQ's has been found to involve nitrogen assimilation 

(Turpin et al. 1 9 8 8 ) .  If nitrate is the nitrogen source it 

must be reduced from an oxidation state of +5 to -3. This 

conversion of nitrate to ammonia competes with carbon 

assimilat ion for reducing power and results in the 

production of two molecules of oxygen (Lara et al. 1987) 

thereby increasing the PQ to 1.30 for producing mean 

cellular C:N:P (assuming Redfield Ratios; Stumm and Morgan, 

1981). The production of specific cellular metabolites 

affects the PQ, for exarnple the production of saturated 



fatty acids (which approaches the empirical formula CH2) 

will result in high values for PQ, whereas lower PQ values 

will result from the production of more oxidized metabolites 

such as glycolate. Both the accuracy and interpretability 

of these methods is decreased due to the added complication 

of having to use PQ1s to relate values obtained using oxygen 

techniques to actual biomass produced. - 
Radio-carbon uptake constitutes the most common method 

of estimating productivity. This method is currently 

considered the most precise and practical means of measuring 

low-rates of photosynthesis in the field because individual 

atoms are labelled and subsequently measured. Despite this, 

radio-carbon measurements are impossible to interpret in 

tens of gross and net photosynthesis thus making ecological 

interpretations difficult. The manner in which cells are 

labelled is not cornpletely understood (Smith and Platt, 

1984) and there is no direct means of estimating 

respiration. It has been found to be one of the least 

responsive methods to environmental perturbations when 

expressed in tems of carbon uptake per unit chlorophyll 

(Fee  et al. 1989) . Despite these disadvantages, "C-uptake 

usage has become a measure of itself in aquatic biology and 

a huge database has accumulated since its inception in 1952. 

Radio-carbon uptake rneasurements are combined with other 

ecological indicators that together are used to describe a 



particular ecosystem. Some researchers are content with "C 

measurements as a measure in itself of productivity or at 

least as a relative indicator of it. It is felt that as 

long as common methodology is employed these estimates are 

comparable. However , if sensitive methods can be employed 

that enable researchers to calculate GPP, NPP, and R the 

interpretation of data will more accurately reflect carbon 

flows within the ecosystem being studied and provide 

additional i n f o n a t i o n  with which to evaluate the allocation 

of f ixed CO, within ecosystems . 
Despite the theoretical sensitivity and precision that 

can be obtained, the problems associated with "C have 

limited the utility of the method since there has never been 

consensus on whether l4C results represent net or gross 

photosynthesis (Ryther, 1956; Steemann-Nielson and Hansen, 

1959; Peterson, 1980; William and Goldman, 1981; Dring and 

Jewson, 1982; Harris and Piccinin, 1983 and many others) . 
The difficulties of interpreting "C data ultimately reflect 

a poor understanding of carbon flow through cells. 

Knowledge of the fate of recent photosynthate is paramount 

to interpreting the results of data. If recently fixed 

14c is entirely retained within the ce11 while a separate 

cellular carbon pool sustains respiration then "C 

measurements will reflect gross photosynthesis; however, if 

14C is immediately respired in proportion to carbon mass 

then it will begin to approximate net photosynthesis. It is 



also likely that patterns of carbon f l o w  are highïy variable 

over tirne reflecting the nutrient state and environmental 

stresses of the cell. 

Jespersen (1994) sumrnarizes three carbon-flow models of 

photosynthesizing algal cells which have been suggested in 

the literature: 1) algal cells consist of one carbon pool 

but there is little direct interaction within the cells 

between the photosynthetic and respiratory pathways; 2) 

algal cells have one well mixed carbon pool, with a 

significant amount of interaction between the photosynthetic 

and respiratory pathways; and 3) algal cens consist of 

various compartments, such as the two carbon pools (four 

cornpartment model) proposed by Smith and Platt (1984). 

The first model proposes that short incubations predict 

gross photosynthesis whereas the second model initially 

measures gross but moves towards net photosynthesis as the 

incubation proceeds. The rate that it would move towards 

net would be dependent on the ratio of respiration to GPP. 

The two-compartmental model is a hybrid between the first 

two as it has both an exchanging pool which carries out the 

photosynthetic and respiratory processes and a synthetic 

pool which is not involved actively in exchange. The 

advantage of the Smith and Platt model is that the relative 

s i z e s  of the two pools (consisting of the actively 

exchanging pool and the synthetic pool) are not constant, so 

that, depending on the relative s i z e  of each pool it can 



account for observations over a wide range. This model is 

then bounded, at least theoretically, by 100% of the ce11 

carbon being in the synthetic pool (mode1 1) or 100% of the 

ce11 carbon is being in the actively exchanging pool (model 

2 )  . Unfortunately the relative distribution of carbon in 

each pool is often unknown in natural systems so that the 

utility of this rnodel for ecological interpretations is 

limited. Because it is a radio-isotope that is added in 

concentrations above natural levels "C always generates net 

uptake values for carbon, even at zero production. Since 

cellular specific activity is well below the specific 

radioactivity of added "c, it is difficult to interpret the 

movement of 14C in the carbon pools of a ce11 . Al1 algal 

species in the community and their carbon pools will have 

their own turnover tirne until steady state is achieved. 

In an attempt to interpret 14c results researchers have 

compared other methods of measuring productivity concurrent 

with photosynthetic rates determined from I4C. In these 

studies it has been found that, despite the long-standing 

rule stating "C measurernents lie somewhere between gross 

and net production, many authors have found that it can both 

over-estimate and underestimate net production (William and 

Goldman, 1981; Richardson et al. 1984; Hofislagare et al. 

1985; Ahlgren, 1988, 1991; Jespersen, 1994; and others) . 
None of these studies has identified a simple quantitative 

or consistent measure that allows researchers to relate 14C 



directly to net or gross productivity. However, 

understanding the problems helps to identify where the 

limitations of this method lie. 

Of the factors identified by researchers, the relative 

rate of respiration (R/GPP) has been identified as being 

vital to the interpretation of 14C measurements [Richardson, 

1984; Jesperson, 1994; Williams and Lefevre, 1996) . The 

rate of respiration is part of the problem associated with 

understanding carbon flow patterns in c e l l s .  Jespersen 

(1994) f ound that overestimation of net photosynthesis by 

I4C was dependent upon the ratio of I2c respiration to "C net 

photosynthesis. When the ratio of respiration to net 

photosynthesis was low, "C provided a good estimate of net 

photosynthesis. Higher respiration rates caused 14c 

estimates to be closer to gross photosynthesis. 

Theoretically, if the relationship between "c-uptake and 

net photosynthesis was only dependent upon respiration rates 

(Richardson et al. 1984) and respiration effected the radio- 

labelled pool immediately, then I4c would be closer to gross 

photosynthesis when respiration rates are low and closer to 

net when the respiration rates are high. Jespersonls study 

was consistent with those of other researchers (Peterson, 

1980), despite not following the theoretical relationship 

between I4C-uptake and respiration. Thus, despite the 

important role that 

labelling of cells, 

respiration seems to have on the 

the path O£ carbon £low within cells 



remains unknown so that no correction factor can be applied 

even if respiration rates were measurable. 

Several other variables important to the interpretation 

of 14C estimates of productivity remain unresolved* There 

are differences in methodologies, for example filter 

collection of samples after incubation and subsequent 

clearance by fuming with HC1 (Vollenweider, 1974) versus the 

bubbling technique (Schindler et al. 1972; Wessels and 

Birnbaum, 1979). The latter method provides a means of 

measuring wexcretedll carbon (dissolved organic carbon, W C )  

that may or may not be in steady state with the "C label. 

Without universal methodology, values £rom different labs 

need more careful interpretation when they are compared. 

Despite the common use of " C r  to date the author i s  unaware 

of research that addresses direct measurements of the 

f ractionation of 14C by Rubisco (ribulose-1 5 -bisphosphate 

carboxylase/oxygenase) or any other part of the carbon 

acquisition and fixing processes. The correction factor 

(1.06) is assumed to be extrapolated £ r o m  measurements using 

13c assuming a kinetic relationship. Since enzymatic 

processes do not always maintain kinetic relationships this 

assumption may not be true. 

The major advantages of the "C method are its ease of 

use and its sensitivity (at least theoretically), since it 

traces atoms. As has been demonstrated by numerous 

comparison studies, the relationship between algal growth in 



cultures and that estimated by "C Vary for reasons not 

completely understood at this time. Variables that have 

been suggested depend on interpretations of other chemical 

factors such as carbon availability (Ahlgren, 1991) or 

physiological variables (Goldman et al. 1979) which are 

dif f icult , impractical, or impossible to measure in natural 

populations thus limiting the utility of the "C method. 

Use o f  C h l o r m  f o r  P4-a Predust~vltv . . 

Since it is the chlorophyll molecule that is ultimately 

involved in the conversion of inorganic carbon to organic 

carbon there is a potential relationship, at least 

theoretically, between the light intensity, the 

concentration of chlorophyll, and the amount of carbon fixed 

(Ryther and Yentsch, 1957). Although it has become standard 

to measure chlorophyll concentrations in aquatic ecosystems, 

it is not considered valid to directly relate these 

measurements to photosynthesis, The packaging of 

chlorophyll and its concentration have been found to change 

significantly under different light conditions (Welschmeyer 

and Lorenzen, 1984; Falkowski et al. 1985; Goericke and 

Welschmeyer, 1992). Chlorophyll is not always active and it 

can be associated with non-living material (Ryther and 

Yentsch, 1957) . 
Chlorophyll is often used to interpret production rates 

obtained £rom other methods and is expressed in units of mg 

C per mg C h 1  a. Several models have been proposed for 



describing productivity throughout the water column (see 

Jassby and Platt, 1976; Fee 1990) . Bannister (1974) argues 

that the quantum yield (O, evolved or C incorporated per 

p m o l  of photons absorbed) of chlorophyll remains relatively 

constant and is an important variable for the description of 

productivity tems. Other researchers, however, have 

suggested that rneasurements of chlorophyll can be used more 

directly to rneasure productivity. 

More recently, chlorophyll methods have been used for 

the direct measurement of productivity (Redalje and Laws, 

1981) . Such methods use chlorophyll as a lrrepresentative" 

rnolecule for stoichiometric estimates of ce11 growth and 

involve the labelling of chlorophyll a (ch1 a) with "C 

during an incubation period. Chl a is then isolated and the 

specific activity determined. Growth rates and carbon 

biomass can be determined assuming that the specific 

activity of the carbon in ch1 a is the same as that for the 

carbon in the whole cell. Redalje and Laws (1981) and 

Welschrneyer and Lorenzen (1984) both found that this 

occurred when incubation periods lasted 6 to 12 hours. 

Chlorophyll has been observed to undergo rapid turnover 

times (Grumbach et al. 1978), however, this will not affect 

growth rate and biomass calculations as long as the specific 

activity of the ch1 a and ce11 carbon remain equal (Redal je, 

1983). Goericke and Welschrneyer (1993) note that the 

specific activity of ch1 a and ce11 carbon will only remain 



equal when the sample being studied is in a state of 

balanced growth (i .e . chlorophyll and carbon have the sarne 

turnover time) . 
Because growth is unbalanced at any particular time 

during natural daily cycles, periods of luxury consumption 

or storage of nutrients, and during photoadaptation, it is 

recommended that incubation periods should be 24 hours, 

Having such long incubation periods goes against the general 

scientific view that incubation periods should be kept as 

short as possible to avoid other artifacts (for example, 

bacterial growth) effecting the measurements. Samples are 

placed in artificial environments (bottles) and are 

therefore not subjected to the natural forces (currents 

moving algae in the water column, as well as distributing 

nutrients to or waste away £rom cells) . 
Chlorophyll is being used as a representative molecule 

for the stoichiometric detemination of growth rates, 

therefore the ratio between carbon and chlorophyll must 

remain constant. However, this ratio is sensitive to light 

and nutrient status. Objections have been made within the 

scientific community with respect to the assumptions of this 

method. Jespersen et al. (1992) argue that in order for the 

specific activity of ch1 a to equal the specific activity of 

carbon in the rest of the cell ,  the ce11 carbon would have 

to be one well mixed pool. Again, as with the 14C method, 

understanding carbon flow through cells seems to be 



necessary for the assumptions of this method to be 

acceptable. Jespersen et al. specify that such methods are 

indicative of chlorophyll synthesis and turnover tirnes, 

which do not necessarily relate to production of biomass. 

Another approach which has been used ta measure 

productivity is to examine the net budget of nutrients 

consumed or O, evolved in an isolated system over time. 

Some of the first productivity measurements were estimated 

in this manner (eg Atkins, 1922; 1923 - following declines 

in nitrate and phosphate) as well as more recent attempts to 

measure the seasonal build-up of oxygen trapped in the 

subsurface layer of the ocean beneath a temperature density 

cap (Schulenberger and Reid, 1981) . Such approaches to 

measuring productivity are, in essence, batch cultures that 

do not allow for flows t o  enter or leave the system and may 

be one of the best ways t o  estimate net production in recent 

and stable stratified systems. Such field experiments may 

seem attractive since they are direct measurements and do 

not invoive incubations in small closed vessels and they 

provide a rneans of measuring net productivity over longer 

periods, however, some objections t o  the significance of 

such studies have been made (Platt, 1984) . Such 

applications require special hydrographical conditions and 

assume that gains or losses to sedimentation, diffusion, 

turbulent mixing, grazing, or currents are either minimal or 



can be accurately estimated. Lower sensitivity of such 

chernical rnethods has also traditionally favoured the more 

sensitive indirect method of radio-isotopes f o r  short 

incubation periods and none of these methods generate 

community respiration rates. 



Introduction to pC0, Hethod 

Attempts to find a rnethod for detenaining productivity 

that is both sensitive and interpretable have led some 

researchers to use the relationship between four other 

variables for measuring changes in DIC: pCO,, DIC, pH, and 

carbonate alkalinity. When any combination of t w o  is known 

then one can solve for H2C03, IIC0,-, and CO,'- (Park, 1969) . 
Kelly and others (unpublished) recently postulated a 

sensitive method that allows for the direct determination of 

changes in DIC during sample incubation periods using gas 

chromatography to measure changes in pCO,. After 

incubations are completed and pCO, is measured, samples are 

acidified to convert al1 the DIC to CO,. Final alkalinity 

is calculated from the final CO, concentration and the final 

DIC. Initial alkalinity, which is assumed to equal the 

final alkalinity, is used to calculate the initial DIC from 

the measured pCO, . 
Theoretically the p C 4  method f o r  measuring primary 

productivity has several advantages over methods currently 

used. First, it offers a means of directly measuring CO, 

uptake. Secondly, no assumptions are made about carbon 

flow-pattern through cells and the recycling of labelled 

carbon atoms. Thirdly, the method measures net 

photosynthesis and dark respiration, which are directly 

relevant to biomass production, energy storage and carbon 

utilization in the ecosystem. This method is therefore 



relatable to whole systern carbon budgets (eg. Ramlal et al. 

1994). This eliminates questionable assumptions about PQ or 

RQ1s that are currently used to estimate net and gross 

photosynthesis obtained £rom oxygen methods. It also avoids 

using radioactive materiab, noxious chemicals, and 

expensive equipment. The many theoretical advantages of the 

pCO, method warrant an investigation to determine the 

validity of assumptions about alkalinity change and its 

applicability to field measurements. 

The first part of this study concentrates on testing 

two components of the pC0, method. F i r s t ,  the accuracy of 

carbon-uptake measurements was examined (net photosynthesis) 

using low growth axenic steady state cultures. This allowed 

the cornparison of uptake measurements obtained by pCO, to be 

compared to the known carbon budget of the algal culture. 

Secondly, the major assumption in the calculations of the 

pCO, method, that alkalinity does not significantly change 

during the incubation period, was examined by using the 

known nutrient budget of the culture. Simultaneous "C and 

pCO, measurements w e r e  conducted on one set of cultures to 

compare the pCO, method with a standard method used in 

lirnnological studies. 

One litre chemostats were used to obtain cultures with 

constant growth rates. Three target nutrient regimes were 

selected; nitrogen and phosphorous-limited (4OpM 

nitrogen: 2pM phosphorous) , phosphorous-limited (500pM 



nitrogen: 2pM phosphorous) , and nitrogen-limited (40pM 

nitrogen:lOpM phosphorous). Each culture w a s  grown at three 

growth rates and each culture was duplicated. Once cultures 

were in steady state 250- was withdrawn, filtered and 

analyzed for inorganic and organic nutrients (N03-r NH4+r 

PO,'-, D I C ,  DOC, and POC) . The remainder of the culture was 

allocated to £ive glass serum-stoppered bottles, three light 

and two dark bottles (Figure 1). The semm-stoppered 

bottles were then incubated at the same irradiance as the 

culture for t w o  hours. Partial pressure of CO, (pCO,) in 

the head-space was measured every twenty minutes using a gas 

chromatograph. At the end of the incubation, samples in the 

serurn-stoppered bottles were acidified to convert al1 

inorganic carbon into CO,, and the pCO, was measured to 

determine final DIC. 

The second part of this study involved field 

experiments conducted at the Experimental Lakes Area (ELA). 

Experirnents w e r e  conducted in a flatbed incubator (Fee et 

al. 1989) using the same serum-stoppered bottles described 

above. Lake samples were allocated to bottles and incubated 

across a light gradient in order to obtain photosynthesis- 

irradiance Cumes. The field study allowed further 

evaluation of the method by appreciating field logistics, 

applicability of the pCO, method, and sensitivity 

limitations. Routine productivity measurements (14C) 

conducted at the research station also provided a means of 



comparing the two methods . 



Materials and Methods 

Chlamydomonas reinhard tii , Dangeard (Freshwater 

ïnstitute culture #3)  , was used for culturing experiments. 

C. reinhardtii was suitable because it is a thoroughly 

studied alga with knowri growth requirements and a well- 

documented life history. ft originated from the University 

of Texas (culture #89) and was obtained from the Indiana 

collection (culture #89) in the late 19601s. It has been 

naintained in axenic culture at the Freçhwater Institute 

since February 1971. Axenic culturing techniques were used 

to ensure sterility during the experiments. 

A variation of WC medium (Guillard and Lorenzen, 1972), 

WC1 (Healey, 19851, was used as a growth medium (Appendix 

1). The medium used deviated slightly £rom the WC1 recipe, 

with the f ollowing modifications : K,HPO, was replaced by 

KH,PO,, no organic bu£ fer was added, and the initial pH was 

set at 7.5. The concentration of phosphorous in P-limited 

cultures was 2pM while nitrogen was 500pM. For N-limited 

chemostats the nitrogen concentration was reduced to 40pM 

and the concentration of phosphorous was 10pM. In cultures 

where N and P were both meant to be present at lirniting 

concentrations nitrogen was reduced to 401M and phosphorous 

to 2pM. Distilled-deionized water, Super-Q, (Millipore 

Corp. Bedford MA.) was  used for making medium. 

Medium was mixed in a large container that was acid- 



washed and triple-rinsed with distilled water. Al1 

glassware and tubing that the media or cultures contacted 

was acid-washed (e i ther placed in an acid bath of 5% HC1 or 

f i l l e d  with 5% HC1 for a minimum of four hours) and triple 

rinsed wich distilled w a t e r .  Once made, 4L of media was 

dispensed into one of several 8L Pyrexboro-silicate 

aspirator bott le  reservoirs with silicon tubing attached 

(~asterflex@, Cole-Parmer Instrument Company; Size 14) to 

the basal openings. 

The reservoirs, with media, were autoclaved (121°C and 

20psi) for sixty minutes. KH2P04 and trace elements were 

each autoclaved separately in test tubes for twenty minutes 

and added to the media reservoirs at least a week after 

autoclaving. It was necessary to autoclave the phosphorous 

and trace elements separately as a precipitate rapidly 

formed ( w i t h i n  two or three days) if al1 the constituents 

w e r e  autoclaved together. Analysis of this media and the 

corresponding precipitate led to the conclusion that both 

iron and phosphorous were precipitating. It was found that 

the precipitate contained higher concentrations of both 

phosphorous (13.6pmol/~) and iron (9.5pmol/L) whereas there 

w a s  l e s s  phosphorous (0.3pmol/L) and iron (6.6pmol/L) than 

expected in the media. The finding of an iron phosphate 

precipitate is in agreement with various studies in the 

literature (for example, Dalton et al. 1983). 

Chemostats were large glass test tubes (diameter of 



65mm with an interna1 volume of 1500mL) - The tops were 

closed with neoprene rubber stoppers (VWR Scientific, size 

13) through which passed five pieces of boro-silicate glass 

tubing of varying lengths. Two of the glass tubes ended 

immediately below the rubber stopper and functioned as the 

media port and the inoculation port- Two longer lengths of 

glass tubing extended to the bottom of the  test tube and 

functioned as the sampling tube and the aeration tube. The 

f i f t h  tube was the overflow tube, the bottom of which was 

placed at the one-litre mark (Figure 2) . A l 1  open ends of 

glass tubing were covered with aluminum f o i 1  before the 

chemostats were autoclaved. 

U l  culturing experiments w e r e  conducted at 20°C i n  a 

climate-controlled culture room. Inoculum was grown in 50mL 

Erlenmeyer flasks containing autoclaved WCr media (2pM 

phosphorus and 40pM nitrogen) . Approximately 8mL of 

inoculum w a s  aseptically injected £ r o m  a sterile syringe 

into the chemostat through a septum covering the inoculation 

tube. The media reservoirs were aseptically connected to 

the chemostats and partially filled with approximately lOOrnL 

of media. The inoculated chemostats were le f t  to grow until 

they showed signs of becoming green before the media pumps 

(Cole-Parmer Instruments Co. 7425 N. Oak Park Ave., Chicago 

IL 60648) were turned on. Three pumps were set to deliver 

approximately 100, 200, and 300 mL per day with 

corresponding dilution rates of 0.1, 0.2, and 0.3 per day 



for each of the three nutrient ratios- The chemostats, once 

up to volume, were then usually l e f t  for several weeks until 

they approximated steady state growth. 

The chemostats were bubbled with air (CO, ca. 0.035% 

V/V) which was treated by bubbling it through two aspirator 

bottles filled with distilled water, and a third containing 

1N H2S0,. This helped clean the air and saturate it with 

water to reduce the amount of evaporation from t h e  

chemostat. The sulphuric acid was used to remove ammonia in 

the air stream. Before entering the chemostat the air was 

passed through a test tube filled with sterile cotton-wool, 

Outflow £rom the chemostats was collected in beakers covered 

with parafilm, leaving only a small hole for air to escape. 

Actual dilution rates were determined by measuring the 

volume of effluent over time. 

The light source was a bank of four  40W Vita ~ i g h t '  

(~uro-~est.1 fluorescent tubes (K=SSOO) placed on one side 

of the cultures. Several layers of cheesecloth were placed 

between the light bulbs and the cultures to attenuate the 

light. The chemostats received a photon flux of 

100pmol s-' as determined with a spher ica l  light sensor 

(Biospherical Instruments Inc. Mode1 QSL-100, San Diego, 

CA) 

Media reservoirs were aseptically replaced when 

necessary. It was found that cultures reached steady state 

after approximately three to four weeks. At this time daily 



samples were withdrawn through the sarnpling tube into a 

test-tube. The sample volume removed (ca. 20-1 was 

documented and added to the effluent volume. Optical 

densities were measured at 750m using a Bausch & Lomb, 

Spectronic 100 spectrometer, and p H  readings (Corning, pH 

meter 130) were taken. The samples were counted using a 

haernocytometer (Neubauer Improved; la fontaine, 0 -10 0mm deep 

x 0. 0025mm2) . Each sample from the chemostats was 

subsampled eighteen times. Samples were vortexed for one 

minute before the first subsample was counted and 

subsequently for ten seconds between counts. Ce11 counting 

was conducted as outlined by Guillard (1973). One-way 

analysis of variance (ANOVA) was conducted between the 

subsamples taken on each day. When the calculated F-value 

was l e ss  than F-critical over five consecutive days the 

cultures were considered to be in steady-state. Optical 

densities were also measured (absorption at 750nm in a 

spectrophotometer) , if there was a trend in any one 

direction or a large variation (>IO%) the cultures were 

considered to not be in steady state. 

Gas Ci-ar@v jon of DCO, 

An M200 gas chromatograph (Microsensor ~echnology 

Inc.) was used to determine the pCO, in the head-space of 

the incubation bottles for the first set of incubations and 

the field study. The gas chromatograph (G. C. ) has a built 

in vacuum pump so that it draws in its own samples. Samples 



were collected through a Scm side opening Luer-lock syringe 

needle which had the Luer-lock end of the needle removed. 

The needle was joined to a 0.75111 length of PEEK tubing 

(Scienti£ic Products and Equipment Ltd. ) with an internal 

diameter of 25 4pm (0. 01011 - an internal volume of O.038mt) . 
This was fitted t o  the G.C. I s  external 10p  f i l t e r i n g  

assembly. In addition a teflon-coated filter (Gelman 

Sciences, PTFE Membrane Filter, lp) was placed within the 

G .  C. ' s external filtering assembly in f ront  of the 10p 

f ilter. The G. C. was equipped w i t h  a HAYESEP A column and a 

thermal conductivity detector. Sampling time was set at 10s 

and the injection tirne at 2OOmsec. Each time a bottle was 

sampled two samples were taken (total tirne for both samples 

equalled 20s) , the f irst to f l u s h  the tube and the second 

one was used to determine the concentration of CO,. A 

Hewlett Packard (HP 3392A) integrator was used to obtain 

areas under the peaks. The areas were converted to ppm by 

analyzing two sets of standards obtained f rom cal ibrated gas 

cylinders at the following concentrations: 203ppm, 350ppm, 

1010pprn. 3390ppm. 5800ppm, and 19900ppm (Linde, Union 

Carbide specialty gases). 

A carlem (Li-Cor) G.C. was used to determine the pCO, 

for the second set of incubations. It was equipped with a 

HAYESEP A column, a rnethanizer, and a flame ionization 

detector . pressure-~ok' syringes (0.5mL, Dynatech ~recision 

Sampling Corp.) were used for injecting both the standards 



and samples (injection volume of 0.25mL). A Hewlett Packard 

integrator (HP 3396 Series II) was used for  generating 

areas. Standard samples were taken £ r o m  pressurized 

bottles, however, before injecting the syringes were opened 

to the atmosphere for approximately two seconds to allow 

them to equilibrate to atmospheric pressure. When unknown 

samples were measured, the needle of the syringe penetrated 

the septum of the injection p o r t  before it was unlocked. 

For a more complete description of the differences 

between the two G.C.'s refer to Appendix 2. 

When a culture was considered to be in steady state 

250mL was drawn out of the chemostat f o r  chernical analysis. 

Fifty or 60mL of this sample (depending on the density of 

the culture) was filtered through muffled (500°C for sixteen 

hours) 2.4cm GF/C filters (Whatman) . Filters were analyzed 

for chlorophyll, particulate organic carbon, nitrogen, and 

phosphorous (POC, PON, and POP respectively) . The f iltrate 

was analyzed for nitrate (NO,-) , nitrite (NO,-) , ammonium 

+ total dissolved nitrogen (TDN) , total dissolved 

phosphorous (TDP), dissolved inorganic carbon (DIC), 

dissolved organic carbon (DOC), pH, conductivity, and 

alkalinity. Chemical analysis was conducted at the Canadian 

Department of Fisheries and Oceans Freshwater Institutels 

chemistry lab (Winnipeg, MB) f ollowing the analytical 

procedures as outlined by Stainton et al. (1977). 



The remaining 750- of chemostat culture was dispensed, 

via the sampling line, into 160mL serum-stopper bottles. 

Approximately i30m.L of culture was placed in to  each of three 

light bottles and two dark bottles. The volume of each 

bottle (to one-hunàredth of a mL) had previously been 

detemined by weighing each bottle empty with a serum 

stopper and reweighing each bottle filled with distilled 

water and the same semm stopper. A balance calibrated to 

0.01g (Sartorius) was used. The stoppers initially used 

were red rubber stoppers from medical vacutainers (Becton 

Dickinson) . However, it was found that water often became 

trapped on the inside surface increasing the chance that it 

would be drawn into the MT1 G.C., so subsequent experirnents 

used stoppers with a flat teflon-coated imer surface that 

were clamped onto the bottles with aluminum rings (Wheaton 

Scientific Co.). Once filled with culture the exact volume 

of each partition (liquid partition and head-space 

partition) was determined by weighing the bottles empty and 

weighing the bottles full. It was assumed that lg of 

culture equalled IrnL. The samples, in the bottles, were 

bubbled with the same air source as used in the chemostats 

through hypodermic needles (18% gauge) in order to eliminate 

CO, contamination from the  r o o m .  B o t t l e s  were successively 

stoppered and sampled immediately for initial pCO,. 

~tmospheric pressure was recorded at this time with a 

rnercury barorneter (Fisher Scientific 02-383, 1995). 



Temperature was assumed to equal 20°C for the first set of 

incubations, however, there was slight variability within 

the sample chamber so a thenometer (Fisher Scientific 15- 

OOOA, 1995) was used to record the temperature ( *O . l°C) for 

the second set of incubations. 

The pCO, measurements were taken every twenty minutes 

(except in one chemostat where the interval was changed to 

f if teen minutes during the run) for two hours . During an 

incubation bottles were gently rotated (125rpm) on an 

orbital shaker (New Brunswick Scientific Co. Inc,) placed so 

the light bottles received the s a m e  photon-flux as the 

culture had in the chemostat (100prn0l-m-~- s") . Once the 

final pCO, sample was taken bottles were immediately 

acidif ied with 200pL te il mont. micro-syringe) of 

concentrated phosphoric acid to drive the pH below 4.0. 

After acidification the bottles were shaken vigorously 

(300rprn) for three minutes and then left undisturbed for ten 

minutes in order to equilibrate CO, between the liquid and 

gas partitions. Acidified pC02 was determined in order to 

calculate final DIC. Two control bottles, consisting of 

culture effluent which had been autoclaved in sealed serum- 

stopper bottles and subsequently equilibrated to culture- 

room temperature, were incubated with each run in the second 

set of chemostats. 

The DIC for each sampling time was calculated from the 

final pCO, and DIC measurements, assuming that the 



bicarbonate alkalinity did not change significantly during 

the incubation. An outline of the calculations can be found 

in Appendix 3. These calculations were incorporated into a 

spreadsheet (Quattro Pro 6.0 for Windows) . The first point 

(DIC at time zero) was never included in the analysis of the 

data. This practice was adopted because it was found that 

the CO, in the head-space was often not equilibrated with 

that in the liquid. Regression analysis was performed on 

the remaining points (DIC at each sampling time) . The d o p e  

generated from the regression analysis was the 

uptake/production rate of CO, by the algae . 

Collection of samples - Integrated samples were 
collected £rom the centre-buoy of the acidified lake 302s 

and lakes 227, 240, 303, 373, and 979 in the Experimental 

Lakes Area, Appendix 4 (Cleugh and Hauser, 1971; Brunskill 

and Schindler, 1971). Integration depths w e r e  3m for lakes 

3025, 239, 240, and 373. Shallower integrations of lm and 

1.5m respectively were used for lakes 303 and 979, since the 

depth at the centre-buoy was less than 3m. Samples were 

collected in 2.5L Nalgene containers covered with opaque PVC 

tubing. Two tubes were placed through a rubber stopper that 

was fitted into the top of the Nalgene container. One tube 

extended to the bottom of the bottle and the second one 

terminated on the inside of the stopper serving as an exit 

for air. Outside the bottle the second tube was suspended 



above the f i r s t  by a metal cage clamped ont0 the bottle. 

This allowed the entry rate of w a t e r  into the Nalgene 

container to be independent of depth (Fee et a l .  1989). 

Treatment of samples - Samples were analyzed at the ELA 

immediately after they had been collected. In a darkened 

room subsamples of lake water, that had been acutely shaken, 

were siphoned into acid washed (soaked in 5% WC1 for at 

least four hours and then rinsed three times with distilled 

water) serum-stopper bottles (interna1 volume ca. 160mL) 

until the bottles were overflowing. The volume of each 

bottle (to 0.Oim.L) had previously been determined. When 

full, bottles were immediately closed with teflon-covered 

f lat stoppers (Wheaton) . A needle w a s  placed through the 

stopper before it was put on in order to expel excess lake 

water displaced by the stopper. The stopper was secured by 

clamping an aluminum ring around the lip of the bottle. The 

bottles (9 light, 3 dark, and 2 controls filled with dH,O) 

were placed in a water bath set to approximately the same 

temperature as the integrated lake water sample (with a 

difference less than 2°C) until they reached the same 

temperature as the water bath. Temperature was monitored 

with mercury thermometers calibrated to O.l°C (Fisher 

Scientific 1 5 - O O O A ,  1995). One themorneter was placed in 

the water bath and a second was placed in a serum-stoppered 

bottle containing lake sample. When the samples 

equilibrated to the temperature of the water bath, the 



bottles w e r e  injected with ca. 30mL of air obtained from a 

cylinder of compressed air (Liquid Carbonic) . Excess water 

was displaced through a second needle. The samples were 

then shaken at 250rpm f o r  three minutes and lef t  in the dark 

for one hour in the water bath to equilibrate the CO, 

between the gas and liquid partitions. 

Incubations were carried out in a similar manner to 

those currently used for "C-uptake (Shearer et al. 1985). 

The incubation chamber was made of opaque PVC plastic with a 

clear plexiglass side at one end. The light source (150 

Watt high-pressure sodium bulb) was placed next to the 

plexiglass end. Water set at approximately in s i t u  

temperature filled the chamber to a level below the lip of 

the incubation bottles. Ice was used to maintain a constant 

temperature (+0.3OC) for the duration of the experiment. 

Light measurements were made with a spherical quantum 

sensor(Biospherica1 Instruments Inc. Mode1 QSL-100, San 

Diego, CA).  

Incubations - the initial gas sample was rernoved 

immediately before the bottles were placed in the incubator. 

Subsequent samples were taken every hour for a total of five 

hours. The first values were used for generating CO, uptake 

and release rates since, unlike the culturing experiments, 

the CO, in the bottles was given sufficient time to 

equilibrate. Immediately after the final reading had been 

taken 200pL of concentrated phosphoric acid was injected 



into the bottles. The bottles were shaken for three minutes 

at 250rpm and placed back in the water bath for 

approximately one hour to equilibrate. A final pCO, 

measurement was taken. The bottles were then dried 

externally , weighed, emptied, dried internally and re - 

weighed. The volume of the sample and the head-space in 

each bottle was then detemined. 

Ch1 orophyll d e t e m i n a  tion for f i e l d  incubations - 2 0 0mL 

of water from the Nalgene container was filtered through 

GF/C filters (except in the case of L227 where l0Om.L was 

filtered) . The filters were immediately frozen until they 

could be analyzed at the FWI chemistry lab. Chlorophyll a 

was determined using the HPLC method (Stainton et al. 1977). 

Calculations - DIC at each sampling time was determined 

from pCO, and the final DIC . See Appendix 3 for an outline 

of the calculations used. Linear regression analysis was 

conducted on the calculated DIC values. The slope from this 

line was then used as the carbon-uptake value for that light 

value and plotted on a photosynthesis-irradiance (P-1) 

curve. An example (Lake 240) of this series is presented in 

Appendix 7. If a particular value fell outside of the 95% 

confidence interval the point was dropped and the slope was 

recalculated. Statistical analysis was conducted using 

Systat 7.1 for Windows. 

Pbotosynthesis-irradiance curves 

the wpsparmsN program of Fee (1990) . 
were generated using 

The program uses the 



S implex algorithm (Caceci and Cacheris, 1984 ) to f ind the 

best fit for the equation: 

+- P ] otherwise. 
Ik 

This equation is a variation of the hyperbolic tangent 

equation described by Jassby and Platt (1976) . Vif is the 

photosynthetic rate, I T 1  is the photon flux of 

photosynthetically available radiation (PAR) , " 1," = p : / a B ,  

1t 1 1 II = 1 - 1 / 2 0  I1Bl1 is the chlorophyll concentration, pmB 

is the maximal rate of photosynthesis standardized to 

chlorophyll and aB is the initial slope of the curve - 

standardized t o  chlorophyll. An initial estimate of pmB iç 

calculated £rom the maximal photosynthetic rate divided by 

the chlorophyll a concentration and the initial estimate of 

aQ is obtained from linear regression of photosynthetic 

rates f o r  PAR values less than 200pmol -rn-'-s-' divided by the 

chlorophyll a concentration. 

' 4 4  

I4C-uptake analysis was conducted in the same bot t les  

as pC0,measurements on the second set of chemostat 

incubations. Two mL of aqueous NaH14C0, (ca. 40pCu-mL-') was 

added to the remaining 7SOmL of cul ture (once the sample for  

chernistry was removed). The chemostat was bubbled and 



allowed to mix for one minute- Three SmL samples w e r e  taken 

to determine initial specific activity. These were placed 

in glass scintillation vials containing 15081 of Carbo-Sorb 

(2-methoxyethylamine) . Nine mL of scintillation fluor 

(Beckman Ready-Solv MP) was added to the vials. 

The culture was then allocated to the five incubation 

bottles, bubbled, and then stoppered when al1 of the bottles 

had been filled, as described above. At the end of the 

incubation, once the samples had been acidified and the 

final pCO, measurement had been taken, the bottles were 

opened and 5mL £rom each bottle (three light and two dark) 

was  added to a glass scintillation vial. O n e  mL of O.5N HC1 

was added to the scintillation vials. The samples were 

bubbled f o r  twenty minutes in order to s t r i p  free CO2 

(Schindler et al. 1972) using a variation of the vacuum 

chamber described by Wessels and Birnbaum (1979). Nine mL 

of scintillation fluor was added to each vial. Specific 

activity of I4C in the samples was determined using a 

scintillation counter (Beckman, LS 7500) as outlined by 

Shearer et al. (1985). From the initial activity of 14C the 

uptake rate of carbon was determined from the following 

ratio: 

C uptake - - "C uptake x 1.06 

C available 14C available 

where 1-06 is a correction factor used to account for 

RUBISCO s (ribulose bisphosphate carboxylase/oxygenase) 



pref erential uptake of I2c. Available carbon is determined 

£ r o m  i n i t i a l  DIC, 14C f r o m  t h e  culture sampled a t  the 

begiming of the  experiment, and "c-uptake is the measured 

a c t i v i t y  of the sample after incubation. Thus C-uptake (or  

DIC-uptake)  is the only unknown variable and is solved f o r  

by using the following equation: 

DIC-uptake  = (12 .01)  (1 .06 )  ( i n i t i a i  DIC) (DPM, - DPM,) 
(DPM,) (incubation time) 

where: 1 2 . 0 1  = number of g/mole of carbon 
DPML = 14C-uptake i n  the l i g h t  
DPM, = I4C-uptake i n  the dark 
DPM, = i n i t i a i  "C available. 



Dilution rates for each chemostat did not always meet 

their target (Table 1). Differences in silicon hoses and 

variations in the restriction tube from the media reservoirs 

accounts for some of this variation. Targeted rates were 

not, however, specifically required for t h i s  study. The 

general dilution range of slow-growth chemostats was m e t .  

Dissolved phosphorous and nitrogen concentrations in 

the media reservoirs feeding the chemostats, and the 

chemostat filtrate (filtered through GF/C) are given in 

Tables 2 and 3. Alkalinity changes calculated from the 

consumption of PO,'-, NO,-, and NH,+ were al1 positive (Tables 

2 and 3) and summarized in Table 5. Measured alkalinity 

changes determined £ r o m  chemical titrations (Table 4) were 

positive and negative in different chemostats indicating 

both net production and consumption during algal growth. 

Alkalinity changes in the cultures £ r o m  al1 processes except 

nutrient uptake are included in the last column of Table 5. 

All of these values are negative indicating that the 

cultures had a net consumption of alkalinity when nutrient 

uptake is not considered. The largest changes in alkalinity 

were found to occur in phosphorous-limited chemostats, 

although contamination eliminated replicates and weakened 

this conclusion. 

No specific test (such as nitrogen-debt, phosphorous- 



debt or alkaline-phosphatase; Healey and Hendzel, 1980) was 

conducted on the algae to test which nutrient was present in 

limiting concentration but the target concentrations, 

coupled with the depletion of the limiting nutrient, and 

nutrients present in the culture filtrate provided a basis 

for concluding that the targeted nutrients were in limiting 

concentrations. The particulate ratios (Table 6) provide 

further evidence that the targeted lirniting nutrients w e r e  

indeed achieved. Although caution has always been attached 

to concluding the identity of a limiting nutrient on the 

basis of particulate nutrient ratios, the large variation in 

N:P molar ratios between P-lirnited (from 205:l to 75:l) and 

N-limited (from 4 :1 to 7 :1) chemostats, compared to the 

Red£ield ratio of 16:1, seems to indicate which nutrient was 

limiting. Healey and Hendzel (1980) also indexed 

particulate ratios with nutrient deficiency measures 

(nitrogen-debt, phosphorous-debt , etc. ) on their nutrient 

limiting index. The N/P ratio from P-limited chemostats 

indicates severe P-limitation and for N-limited chemostats 

the ratios suggest severe N-limitation. Chemostats designed 

to be both N and P-limiting are more difficult to interpret. 

It has been argued that only one nutrient can be limiting at 

a particular time in the life-cycle of algal ceils 

(excluding light limitation) , however, both N and P were 

added at a limiting ratio to each other (40pM N and 2pM P). 

The low N:C ratios (30:l to 60:l) suggest severe N- 



limitation, although the N:P ratios do not clearly indicate 

that either N or P was limiting. Thus, it seems that the 

chemostats did obtain the respective target nutrient 

limitation targets (Table 6 ) .  

DIC was measured on the chemostat filtrate. Samples 

are not supposed to be filtered prior to analysis (Stainton 

et al. 1977), although the aerating effect of filtering was 

similar, in these experiments, to the bubbling of CO, that 

occurred in the chemostats. The values obtained from the 

chernical analysis, for the most part, were similar to those 

calcuiated in the bottles (Figure 3). 

DOC measurements were high in the media reservoirs and 

in the culture filtrate (Table 7). The concentrations were 

the same order of magnitude as the particulate fraction 

(Table 6). DOC concentrations in the culture filtrate were 

different £ r o m  in the reservoir, some having higher 

concentrations while others had lower concentrations. DOC 

decreased in P-limited chemostats, whereas in N-limited and 

NP-limited chernostats DOC was produced in al1 but two cases. 

The original source of DOC in the media reservoir was a 

combination of EDTA (ca. 700 gg/L carbon) , vitamins (ca. 

4 5 p / L  carbon), and a large unexplained fraction. 

Implications of these values will be noted in the 

discussion. 

Figure 4 is a typical figure showing calculated D I C  



changes during the incubation (figures for each chemostat 

are in Appendix 6). DIC decreased linearly with time in the 

light and increased with tirne in the dark. Linearity w a s  

evaluated by using least-squares regression. The slope of 

the least-squares regression line represents the uptake-rate 

of carbon. The rate of uptake remains constant for the 

duration of the experiment (Appendix 6). In general, the 

slope values are statistically signif icant (Table 8) and the  

9 values indicate high correlation (Appendix 5). The first 

sample (tirne zero) was not included in the regression 

analysis since it was taken immediately upon sealing the 

bottle. The liquid and gas phases in the bottle often w e r e  

not at equilibriurn due to elevated CO, concentrations £rom 

respiration by the researcher during sample manipulation in 

a closed room. These variations, therefore, usually saw the 

first data point having a higher DIC value (Appendix 6). 

Values of measured net photosynthesis and respiration are 

provided in Table 9. The R/GPP ratios indicated high 

respiration rates. Respiration accounted for roughly 50% of 

GPP in many of the chemostats and ratios greater than 1 w e r e  

indicative of contaminated cultures, 

Expected net photosynthetic rates, determined from the 

turnover rate of the particulate organic carbon (POC - 

theoretically equivalent ta the effluent rate for suspended 

carbon) are plotted against measured NPP and GPP as 

determined £rom changes in pCO, measured in the bottle 



rates were d e t e d n e d  using the equation: 

particulate NPP = (POC) (dilution rate per day) 
(24) U 2 . 0 1 )  . 

Contaminated cultures 2 P ( i i )  and 3P(ii) and culture 3 N ( i ) ,  

which was considered to be an outlier, were excluded £ r o m  

al1 analyses. The point for  3N(i) is included in figure 2 

for ref erence (solid circle) , however, it is removed from 

al1 other figures. 

Theoretically the ratio of particulate NPP and measured 

NPP should equal 1. When plotted, the slope of the 

relationship should not be significantly different £ r o m  1. 

This analysis was conducted using principle component 

analysis (for an example see Sokal and Rohlf, 1995) on both 

sets of culture data. The analysis suggests a linear 

relationship with a slope of 1.23 (??=O . 78) for NPP (Figure 

5 )  and 1.59 (&0.72) f o r  GPP (Figure 6). The slope £ r o m  

particulate NPP versus measured NPP is not significantly 

different from one (using a 95% confidence interval on the 

dope - see Jolicoeur, 1968) but it is significant for 

particulate NPP versus measured GPP. Y-intercepts for 

particulate NPP vs. NPP and GPP were -3.57 and -2.56 

respectively. There isn't a specific test for a srnall 

sample using PCA to determine if the intercept is 

significantly different from zero, however, the y-intercept 

of the upper 95% confidence interval can be used as an 



approximation (Kenkel, pers .  comm.) . Using this criteria, 

the y-intercept of the upper confidence-limit slope for 

particulate NPP versus measured NPP (-0.86) is significantly 

d i f f e r e n t  from zero whereas it is not significantly 

dif ferent for particulate NPP versus measured GPP (1.89) . 
One of the assumptions in the calculations to determine 

DIc from pCO, is that alkalinity does-not change 

significantly during the course of the incubation . T h e r e  

are two ways in which algal growth can effect alkalinity, 

either through production or consumption (note consumption 

equals negative production) of alkalinity. The uptake of 

negatively charged ions (NO,- and  PO,^-) produces alkalinity , 

whereas the uptake of positively charged ions consumes it. 

T h e  effect of both production and consumption were 

considered separately in the calculation of DIC. 

Alkalinity changes (Table 5) were added into the 

equations for ADIC determination so that instead of assuming 

alkalinity r e r n a i n e d  constant for the duration of the 

incubation it changed at the same rate as that measured in 

the culture. Alkalinity change calculated from nutrient 

uptake (column 2, Table 5) and alkalinity production (column 

3 )  w e r e  considered the two extreme cases for alkalinity 

change. The titratable alkalinity change (column 1) was 

considered to be the net change in alkalinity (true net 

change) for these cultures. The PCA slopes for these 

calculation adjustments are 1.08 (?=0.78), 1.37 ( p = 0 . 7 6 )  



and 1.21 (f =O. 77 1 respectively and are summarized in Figure 

7. Net alkalinity change adjusted NPP is shown with 95% 

confidence intenralç on the slope in Figure 8. Using the 

sarne criteria for significance of dope and y-intercept as 

above, none of the alkalinity adjusted slopes are 

significantly different £rom one and they are al1 

significantly different £rom zero. 

Since each of these cornparisons has the same Y, axis 

(x-axis, i.e. expected photosynthetic uptake rates based on 

particulate carbon turnover) it was possible to conduct a 

significance test of slopes using linear regression (which 

only accounts for variation of the y-variable) since the 

error  attributed to the x-variable remains the same £or each 

slope. Slope comparison was conducted as outlined by Sokal 

and Rohlf (1995). None of the slopes (unadjusted NPP and 

the  three  alkalinity adjusted values) are significantly 

different £ r o m  any other. 

There are only six culture cornparisons of "C and pC0, 

since 14c productivity was only conducted on the second set 

of chemostats (three of which were contarninated). In every 

case, except one chemostat 1NP (ii) , "C underestimated net 

productivity as measured by pCO,. The low number of samples 

affects the linear relationship, su that each line does not 

represent statistically correlated points. Figure 9 

summarizes the PCA pr inc ip le  axis for "c, titratable- 

alkalinity corrected NPP and GPP. The respective slopes for 



each measurement are 0.17 ( = 0 . 1 )  0.53 (?=0.40) ,  and 

0.62 (1?=0.10). 

Photosynthesis-irradiance curves for the lakes studied 

are presented in Figures 10 through 22. Thirteen 

incubations were conducted, one on L227, L373, and L979; two 

on L240; and four on both L302S and L303. Cumes were 

generated using the "psparmsM program of Fee (1990). The 

program was adapted to accept negative values (net CO, 

production). Negative values are represented by an "XW 

whereas positive values are plotted as a "+" . Circled 

points have not been included in the P-1 curve calculations 

s ince  they were evaluated to not follow the same 

photosynthesis-irradiance trend as the remainder of the 

points. One of the consequences of using wpsparms' is that 

it displays productivity (carbon uptake) on the positive 

portion of t h e  y-axis. Therefore field productivity 

measurements are discussed in terms of carbon uptake being 

positive and respiration being negative. 

Each point on the P-1 curve is a slope measurement 

determined from the change of DIC in the bottle at that 

given light intensity using least-squares regression 

analysis. An example of such a series is provided (Lake 

240, ~ppendix 7). For most lakes, CO, limitation was not 

observed, even at the highest light intensities. Lake 302s 

(September 7, 19951, however, did show signs of carbon 



limitation. In this case the linear portion of the slope 

was used to generate the instantaneous carbon-uptake rate. 

Significance (Pl and r' values are surnmarized in Appendix 8 

for every bottle of each lake sampled. 

In general the regression analysisl of the slope 

measurements in the field study are highly correlated and 

significant (P < 0.05). Characteristic photosynthesis- 

irradiance (P-1) curves are evident for al1 l a k e s  except 373 

(Figure 21) and 240 onAugust 25 (Figure 11). Lake 240 on 

this date has several negative rates at low light 

intensities, but a distinct curve shape is never delineated 

by the points. Lake 373 is ultra-oligotrophic anü had a 

chlorophyll value less than lpg/L on A u g u s t  2 .  P -1  curves 

for the other days are more distinct and the  curve generated 

by u p s p a n s N  fits the data with the same precision as it 

does with I 4 C  data. 

N o n e  of the incubations were conducted in true 

duplicate £ashion. However, on August 3 1  two samples (each 

collected separately) £ r o m  Lake 303 (Figures 17 and 18) were 

incubated together. One sample was pressurized by adding 

30mL of air to the head-space (10% by volume). The maximal 

photosynthetic rates were 2.23 (non-pressurized) and 2.29 

(pressurized) mgC/mgChl/h. and both curves had similar 

initial slopes ( a ) ,  7.06 and 7.20 mgC/mgChl/pmol-m2 

respectively. 

As the photosynthetic rate approaches zero the 



precision of the G.C.  increases in importance until noise 

masks any rneasurable changes in DIC. Thus, points w i t h  a 

d o p e  close to zero tend to have low correlation 

coefficients. This is observed in DIC uptake-slopes £ r o m  

bottles exposed to the lowest irradiances and s o m e  of the 

dark bottles. 

Dark respiration values are highly variable (remember 

that positive values indicate uptake of carbon by algae). 

Respiration rates from four sampling dates were negative 

(CO, production) . The percent of optimal photosynthesis 

were: Lake 227 (Figure 10) 8%, L302S-August 19 (Figure 13) 

7.3 to 11% (the P-1 curve doesnrt plateau w i t h i n  the light 

data so the highest photosynthetic rate was used to 

determine approximately 11%) and L979 (Figure 2 2 )  7%. One 

other date, L302S-September 2 (Figure 151, had a higher 

respiration rate of 27%. On the remainder of the dates 

sampled, each lake, on average, indicated net uptake of 

carbon in the dark. Often the dark urespirationll values 

were greater than the photosynthetic rates of samples 

incubated at the lowest irradiances. 

One of the advantages of working at ELA w a s  that 

productivity measurements (using "c) were rout inely 

calculated on al1 lakes except L303. productivity was 

rneasured every two weeks and 

pCO, measurements w e r e  taken. 

(linearly) between dates and 

did not coincide w i t h  the dates 

Therefore 

compared to 

PB was extrapolated 

pCO, measurement S .  



The r e l a t ionsh ip  between pCO, and "C values (Figure 23) was 

not significant (5=0.53). Principle component analysis was 

conducted. The  d o p e  of the pr inc ip le  axis is 0.66 but the 

slope w i t h i n  the  95% confidence in te rva l  ranges £ r o m  0.05 to 

2.0. Lake 227 (Figure 10) and both dates from L240 (Figures 

11 and 12) have t he  lowest PBm with ratios (PCO~:'~C) close to 

1. Lake 302s-September 7 (Figure 16) had the highest PBm, 

6.9 : 7.5   CO, :I4C) , also with a ratio close t o  1. pCO, 

produc t iv i ty  measurements £ r o m  L302S-September 2 (Figure 15) 

and L979 (Figure 22) were less than "C (2.1:4.7 and 4.2:6.3 

respectively) whereas they  were greater than 14c on August 

19 (Figure 13) and 24 (Figure 14) in L302S (3.6:1.7 and 

4.1 : 2.1 respectively) . 



Discussion 

The need for sensitivity in productivity measurements 

has led researchers to rely on an indirect method of 

measuring carbon flwres in algal cells (I4C-carbon uptake) . 
Since the L4C method traces atoms, the pCO, method cannot be 

as sensitive. It is, however, sensitive enough to measure 

changes in DIC in oligotrophic systems at the Experimental 

Lakes Area. 

Attempts at measuring direct changes in DIC have been 

limited to more productive waters or lakes with low DIC 

concentrations. They usually involve the uptake of DIC by 

macrophytes or in oligotrophic lakes to areas where algal 

biomass is concentrated or the volume to biomass ratio can 

be controlled such as by sampling epilithic algae (Turner et 

al. 1991). Sensitivity can be effectively increased by 

measuring changes in CO, since CO, is only one component of 

the DIC. For example, if both DIC and CO, can be measured 

with a precision of +1% (using an IRGA and G.CI 

respectively) then in a pure water sample in a closed system 

at 2O0C, pH 7.3, and a DIC concentration of 100pmol/L (CO, 

equals 10pmol/~) the DIC can be measured with a precision of 

kipmol/~ while CO, can be measured with a precision of 

~O.lpmol/~. This increased sensitivity is necessary when 

the non-pCO, DIC makes up a larger fraction of the DIC. 

Since it is the change in CO, that is actually measured, the 



pCO, rnethod effectively increases the sensitivity possible 

as opposed to measuring DIC changes directly. However, this 

difference in sensitivity changes with the ratio of CO,/DIC 

(or p H )  . When the sample pH is high CO, is a small 

proportion of DIC and a significant amplification effect 

allows for increased precision. As the pH decreases to a 

point where CO, = DIC the difference in sensitivities 

effectively becomes zero (Figure 24). Therefore w h e n  the pH 

is low, there is little to no amplification effect and 

either measurement can be used assuming similar detection 

limits and instrument error. At very low pC02 the method 

does not work. 

One of the assumptions of the pC02 method may therefore 

seemingly, but incorrectly, be that algal cells can only use 

CO, as a substrate for photosynthesis. Such an assumption 

would go against the widely accepted view that algae can 

u t i l i z e  HC03-. Algal cells are now known to have carbonic 

anhydrase (CA) extracytoplasmically - within the periplasrnic 

space or on the ce11 wall (Kimpel et al. 1983; Theilmann et 

al. 1990) . CA catalyzes the hydration of CO,: CO, + H20 * 

H2C03. Chemically this reaction proceeds at a slow rate 

(Kern, 1960) . H,CO, combines with OH- to form HCO,- and H,O 

(Fnstantaneous) . Thus, CA enhances a cellls ability to 

interconvert CO, and HC0,-. CA is thought to have an active 

role in the 

(Ci) (Raven, 

uptake and concentrating of 

1991). One w a y  that CA is 

inorganic carbon 

thought to work is 



by converting HCO,' to CO, which cari then be actively or 

passively taken up by the aLgal cell. 

It is also now widely accepted that algae can transport 

HCO,- across their plasmalemma (Williams and Turpin, 1987; 

Sultemeyer, et al. 1989; Thielmann et al. 1990). In order 

to maintain a charge balance, cells either have to use a co- 

transport mechanism (symport carrier) by incorporation of a 

positive ion (H+) or a counter-transport mechanism (antiport 

carrier) by elimination of a negative ion (OH-). In either 

case, the incorporation of an H+ or the extrusion of an OH-, 

the uptake of HC03- resernbles the direct uptake of CO,. H+ 

uptake will leave a hydroxyl ion in the  bulk media which 

combines with a CO, molecule to form HC03-. The direct 

elimination of a hydroxyl ion will have the  same result. 

Thus, the uptake of HCO,- by an algal ce11 is equivalent to 

the uptake of CO, or CO, derived from the  uptake of 

catalytic dissociation of HC0,-. 

At low p H 1  s, when pCO, is a large proportion of the 

DIC, the region of linear-uptake occurs over the  majority of 

DIC removal. When the pH is high, the linear re la t ionship  

is shorter. Figures 25 (a to d) show the decrease in pCO, 

as total DIC removal in distilled water assuming bicarbonate 

alkalinity remains constant (Park, 1969). It is apparent 

that at a p H  of 8.5 (distilled water - with added OH', 
initially at equilibrium with the atmosphere) there is only 

about a 3pmol/L region where the uptake remains linear. 



However, this is where the pCO, method is advantageous since 

this corresponds to approximately a 12 pmol/L change in DIC. 

Two physical variables, temperature and pressure, must 

be measured and controlled with extreme precision during 

incubations. Temperature affects the solubility constants 

and can have an effect on the precision of the results, in 

addition to changing the slope of the increase/decrease of 

CO, i f  allowed t o  d r i f t  in one direction. Pressure is 

important if the gas analyzer is an instrument similar to 

the MT1 ( s e e  appendix 4 ) .  

Calculated concentrations of CO, are dependent upon 

Henry's solubility constant. Unregulated temperature during 

an incubation can provide a source of bias and increase the 

noise. There is approximately a 3% change in Henry's 

solubility constant for every degree change in temperature 

(Lange, 1979) . Small changes in CO, can be amplified or 

masked if temperature is not tightly controlled since it is 

the d o p e  between D I C  values that is ultimately used. It 

w a s  found that maintaining a constant temperature ( t O . l ° C )  

w a s  the best policy. If temperature is allowed to change 

then potential lags in chernical equilibrium can occur adding 

noise to the data. 

Despite its ability to measure small samples with 

extreme accuracy, determining CO, concentrations with the 

MT1 does require the knowledge of the atmospheric pressure 

w i t h i n  the bottle. The initial pressure is easily 



determined if bottles are equilibrated at ambient pressure 

and the temperature that will be used during the incubation. 

However, subsequent sampling removes a volume of air 

reducing the pressure. If this volume that is removed is 

not accurately known, it can effect the DIC uptake rate 

calculated. For example, at a pH of 6 and a DIC 

concentration of SOpmol/L the change in dope will be 

approximately Zpmol/L/h. for every millilitre that has been 

inaccurately determined (Figure 26) . If (as I did) it is 

assumed that the MT1 withdraws 0.2SmL of air per sampling 

time but it actually removes 0.5mL, the difference in slope 

is a quarter of 2pmol/L/h. or O.Spmol/L/h. 

Much care was taken to maintain constant temperature 

throughout the incubations. The determination of air 

withdrawn was also rneasured several tintes. Manometric 

techniques were employed to measure the volume of air sucked 

per sarnpling tirne and changes in pressure were also measured 

in the head-space of the incubation bottles using a digital 

pressure meter ( N e t e c k )  . The manometric technique and 

digital pressure meter both suggested that 0.25m.L was 

withdrawn each sampling period. Therefore the error due to 

pressure changes in the sarnples measured during this study 

is presurned to be minimal. 

a 2  ChmlQ&aG Tncii- 

Particulate carbon in the chemostats was used as the 

test to determine if the pCO, method accurately measures 



productivity. The turnover rate of particulate carbon 

theoretically equals the dilution rate in the chemostat. 

Therefore the pCO, incubations must measure this predicted 

uptake rate with a r a t i o  of 1:1. When this expected rate in 

chemostats of different growth rates (a combination of 

particulate carbon and turnover) are compared to pCO, the 

slope of the line should theoretically equal one and the 

intercept should equal zero. Figure 8 represents the crux 

of the culture experiments. The slope generated £ r o m  PCA 

(eigenvector) for particulate NPP versus titratable 

alkalinity corrected measured DIC uptake is 1.21. The 

principle axis accounts for 94% of the variance (eigenvalue) 

with an I? of 0 .78 .  This d o p e  is slightly less than the 

uncorrected dope of 1.23. 

Two extreme values of alkalinity change in the culture 

were £rom measurement of nutrient uptake and the difference 

between nutrient uptake and titratable alkalinity corrected 

measured D I C  uptake. Corrected slopes for these w e r e  1.08 

and 1.37 respectively. None of the slopes were found to be 

significantly different £rom one, nor were they found to be 

significantly different from each-other. Uptake of 

nutrients (NO,-, NH,' and  PO,^-) affects alkalinity through 

the uptake/excretion of H+ or OH-. The finding t h a t  

alkalinity corrected slopes are not significantly different 

from the uncorrected dope is in agreement with Sturnm and 

Morgan (1981)  who state that theoretical changes in 



alkalinity from photosynthesis should be Iess than 15%. 

Theoretically the intercept in Figure 8 should equal 

zero if only algal cells are considered and in practice it 

should not be significantly different from zero. It is 

significantly different from zero in these results. The 

intercept of -3 -60 cannot be easily accounted for in the 

theoretical mode1 where the d o p e  equals one and the 

intercept equals zero. If there is an unknown relationship 

between actual growth rate and pCO, rneasurements, such that 

pC02 does not account for a certain proportion of growth 

(constant), then this relationship must be detennined. Such 

a correction factor would be critical for assessment of 

productivity in most ecosysterns, especially oligotrophic 

ones. This is unlikely, however, since field respiration 

rates were often positive (carbon uptake) which, if 

anything, would suggest a correction factor in the opposite 

direction. 

Individual ratios for pC0,:expected carbon-uptake Vary 

between chemostats with phosphorous-limited cultures being, 

on average, close to one (mean = 1.08 r 0.14), lP(i)=1.23, 

2P(i)=0.96, and 3P(i)=1.10. However, NP and N-limited 

cultures had ratios between 0.32 and 0.85 (mean = 0.60 + 
0.16). Although P-limited cultures were unsuccessfully 

replicated the discrepancy between P-limited and the NP and 

N-limited ratios is significant. The possibilities (not 

necessarily mutually exclusive) that can explain these 



differences are 1) due to natural variability in pCO, 

measurements, 2) differences in the ability of pCO, to 

detect DIC changes in the different cultures  (due to changes 

in alkalinity), 3) differences in the physiological status 

of C. reinhardtii under various nutrient regimes, 4 )  

potential of chernical bu££ering effects £ r o m  nutrient media 

(specif ically EDTA) , 5) effects O£ DOC, or 6) bacterial or 

fungal contamination, 

The first possibility seems highly improbable unless 

there was an air leak into the bottle. Bottles were 

equilibrated to atmospheric pressure at the beginning of the 

experiment and samples were continuously being withdrawn 

creating a head-space with a lower pressure than the 

atrnosphere. Therefore if a leak were to occur i t  is most 

probable that air would enter the head space. The 

discrepancy between P-limited and NP and N-limited is not 

explained by this. Again field incubation results can be 

used in support of this as they suggest an insignificant 

leakage of CO, into the head-space. Dark respiration values 

£rom the field study are often positive (meaning net uptake 

of carbon in the dark) and if there was a CO, leak 

respiration values would consistently be negative. 

The second possibility was accounted for by adjusting 

the calculations for changes in alkalinity. Although this 

decreased the slope slightly, none of the alkalinity 

corrections were significantly different £rom each other. 



Chlamydomonas reinhardtii is known to change its 

behaviour with different nutrient regimes. Most of the 

Iiterature on its l i f e  cycle seems to pursue maximum growth 

rates under high light, high nutrient, and often high CO, 

(S%v/v) concentrations in a batch culture. It is, 

theref ore, di£ ficult to extrapolate much O£ C. reinhardtii s 

behaviour to this study which employed low growth steady 

state cultures. 

Nitrogen deficiency has been found to induce 

gametogenesis and subsequent zygospore production in C. 

reinhardtii and other species (Sager and Granick, 1953 ; 

Trainor, 1 9 5 8 )  . If zoospore formation occurred in 

chemostats to a great extent then they may not have been in 

steady state, and were in the process of slowly washing out. 

This population should have exclusively been composed of 

cells of the minus strain and C. reinhardtii is thought to 

be heterothallic, therefore no sexual reproduction should 

have occurred. Low dilution rates could have been 

responsible for maintaining ce11 numbers and optical density 

to meet the criteria used to define steady state while 

masking wash-out in the population. Under these conditions 

C. reinhardtii would be photosynthesising at a rate lower 

than that needed to replace static biomass. Such an effect 

would decrease the measured:expected ratio, increase the 

d o p e  of the 

and expected 

line defining the relationship between measured 

photosynthetic rates and make the intercept 



less negative. 

EDTA could have an effect on the calculations since it 

increases the alkalinity of the culture media. EDTA is a 

weak acid with four dissociation constants, pK, = 2.0, pK, = 

2.67, pK, = 6.16, and pK, = 10.26 (Schwarzenbach and 

Ackermam, 1 9 4 7 ) .  The third dissociation constant is the 

only one of significance for these cultures. Since it acts 

as a buffer EDTA increases the alkalinity in the cultures 

and has the effect of increasing the measured pCO, 

NPP:expected NPP ratio. However, one of the problems of 

evaluating this potential exphnation for a negative 

intercept is that EDTA has been found to degrade in light 

and during autoclaving. The major products of 

photodegradation are CO,, formaldehyde, glycine, and larger 

derivatives of EDTA ( s e e  Lockhart and Blakeley, 1975) . 

Lockhart and Biakeley found that EDTA solutions degraded by 

more than 50% at pH ca. 7 .  Since the media reservoirs were 

not in opaque containers and the residence time was often 

several weeks the proportion of EDTA remaining is unknown. 

EDTA breakdown has also been found to occur during 

autoclaving often causing precipitation (Dalton et al. 

1983) . Therefore the actual amount of EDTA present and its 
buffering capacity, in addition to potential buffering 

capacities of derivative molecules is unknown. As with the 

first option it seems unlikely that EDTA would have a 

selective buffering e f f e c t  on only NP and N-limited 



chemostats, 

DOC measurements in these experiments were un- 

interpretable by the researcher. Expected values based on 

nutrient additions in preparation of the media w e r e  much 

lower than the values measured in the chemistry laboratory. 

It was assumed that algae would produce DOC (Azam et al. 

1983; Bjornsen, 1988) and this could be accounted £or in the 

carbon budget of the chemostat. The rate of DOC production 

in the chemostat should be added to the particulate carbon 

turnover since the pC0, method measures DOC produced during 

the incubation period. However, DOC values obtained in the 

media reservoirs were more than an order of magnitude higher 

than that which was added. 

If cultures were contaminated (presumably using DOC as 

a carbon source) then there could be a corresponding 

increase in b a c t e r i a l  biomass which was unable to 

photosynthesize but that was respiring. This would explain 

why the ratios of measured pC0, rates:expected carbon-uptake 

rates, determined £rom particulate carbon, were less than 

one in some of the cultures. In P-limited cultures where 

nitrogen was present i n  sufficient concentrations Ce 

reinhardtii could out-compete bacteria so that it 

constituted most O£ the biomass. Bacteria could out-cornpete 

C. reinhardtii in N-limited cultures so that bacteria 

constituted a significant portion of the particulate 

biomass 



The source of this unaccounted DOC is also difficult to 

explain. High DOC has been found in distilled water, 

however, when tested the Super-Q water used to make the 

media had DOC concentrations below its detection limit. 

Possible contamination by bacteria or fungus in the media 

reservoir is considered unlikely for two main reasons: 1) 

during daily algal counts no other species were observed and 

2 )  within the media reservoirs the difference between added 

N: C and measured N: C (including the dissolved fractions) 

suggest any potential contaminant did not have nitrogen. 

However, bacterial or detrital output cannot be ruled out 

conclusively. 

if it is assumed the cultures were not contaminated, 

then the most probable explanation for a negative intercept 

centres on culture conditions, either due to the unkriowri 

effects of DOC or changes in the physiological status of the 

C reinhardtii . Contamination by bacteria or fungi, however, 

provides the most comprehensive explanation because it can 

explain elevated DOC in both the media reservoirs and 

culture filtrate and the negative intercept in Figures 5 and 

8. Biomass from bacteria or fungi would increase the 

expected NPP determined from the particulate biomass in the 

culture and decrease the measured NPP £rom pCO, incubations 

as a result of bacterial or fungal respiration. Although it 

was felt that cultures were not contaminated (except where 

noted), contamination provides the only possible explanation 



for elevated DOC concentrations in the media reservoirs. 

pCQ* F i e l d r n c ' i b a t j  ans 

P-1 curves should have two distinct characteristics, a 

well-defined initial dope  ( a )  and an asymptotic approached 

maximal rate (Pm) . These two parameters are usually 

standardized in tems of chlorophyll, ole and P , ~  to allow 

interspecific and intraspecific cornparisons (Talling, 1984) . 
as and pmB are useful descriptors since they reflect the 

biochemical and biophysical status of algae (Geider and 

Osborne, 1992). In addition both of these variables are 

important for estimating carbon budgets. Most of the P-1  

cunres generated £ r o m  the field data have both of these 

characteristics. Lake 240, August 24 is the only lake which 

shows no initial dope or maximal rate. This curve is 

difficult to explain since on September 6 when L240 w a s  

measured again the chlorophyll concentration was lower but a 

distinct P-1 curve was generated. 

Lake 303, August 31 was the only replicated sample. 

Two separate samples were taken at approximately the same 

tirne. Lake 303 is shallow (1.5m) and when the first sample 

was collected loose particles £rom the bottom were stirred 

up. Presumably this is why chlorophyll values are almost 

double for the non-pressurized sample. Past studies using 

"C (Lake 239, 1990) have show that pmB values have a 

coefficient of variation of 17.6% (Schindler,E. pers.comm.) 



The coefficient of variation for ae (1.96%) and PmB (2.65%) 

are well within this variance. 

One of the samples f rom L3O3, August 3 1 ,  was 

pressurized to detennine if air leakage into the bottles was 

significant. Leakage is most likely to occur during the 

insertion and removal of the sampling needle. No change in 

photosynthetic ra tes  was found, although this study wasntt 

replicated. 

Respiration rates of phytoplankton in oligotrophic 

systems are often unknown. One of the original reasons the 

pC0, method was devised was to elucidate these rates for 

natural plankton communities. As with rates of light- 

bottles incubated at low irradiances, the change in DIC was 

srnall , of ten below (absolute change) 4 mgc/m3/h. , making 

them difficult to detect. Points used to generate these 

lines are of ten not highly correlated (I?) . This is 

expected to happen when DIC removal/consumption rates 

approach the natural variance in detection of CO, by the 

G.C. One way of increasing the sensitivity of this method 

would be to increase the length of incubation, especially 

for dark bottles or samples with low biomass. 

Measurement of net carbon consumption in the dark was 

not expected. Dark uptake rates are often greater (in ternis 

of carbon uptake) than those values calculated for bottles 

incubated at the lowest light irradiances ( L e .  L240. August 

25 and September 6; L302S. August 24, and September 2). The 



difference could be explained in terms of increased 

respiration, i . e . photorespiration, in the light bottles 
(Beardall and Raven, 1990) , however, this doesnt t explain 

the unexpected measurement of net carbon consumption in the 

dark. Either this measurement is real or it is an artifact 

of sampling (Le. baseline drift) . 
Dark fixation is routinely measured by "C methodology 

(Vollenweider, 1974) but is most often subtracted from light 

fixation since it is not considered to be photosynthetic 

(eg. Shearer et al. 1985) . There is evidence for dark 

fixation of carbon (Kremer, 1979; Church et al. 1983), 

leading to the suggestion that subtraction of dark "C 

fixation can lead to the underestimate of primary production 

(Legendre et al. 1983) . Since dark fixation accounts for 

both active (fixation) and inactive (diffusive) uptake 

Legendre et al. suggest stopping dark fixation by using DCMU 

so that only inactive uptake is corrected for. Conditions 

prior to incubation are known to affect dark fixation rates, 

in particular light conditions (Ignatiades et al. 1987) and 

nitrogen concentration (Syrett , 1962) . Estimates of dark 

fixation (14C) have ranged from 1% (Williams et al. 1993) to 

63% (Herzig, 1993) . The time that potentiai dark fixation 

could be sustained is largely unknowrr. It not only depends 

upon the physical conditions algae w e r e  exposed to prior to 

incubation but also to physiological processes. Legendre et 

al. (1983) and Ignatiades et al. (1987) found that the 



highest rates of 'OC fixation occurred within the first 

thirty minutes of incubation, at which time they stabilized. 

Potential for net dark fixation is interesting and should be 

pursued. Since this study did not address this particular 

question there is not sufficient evidence to support or 

re ject this possibility. 

Baseline drift is the other potential explanation for 

positive respiration values. Changes in sensitivity of the 

detector during the course of the incubation or changes in 

physical parameters ( L e .  temperature or head-space 

pressure) could account for this. Standard gases were used 

to calibrate the G.C. before and after  each incubation. 

Differences between the calibration curves were always 

minimal (Le. the y-intercept changed by less than 1% of 

measured head-space area and the percent difference in slope 

was less than 2.5%). Temperature was closely monitored (to 

0 . lac) and pressure changes were predetermined . However, no 

examination of natural variability in pressure changes, as a 

result of head-space rernoval, was examined. 

Alkalinity changes occurring during the incubation are 

assumed to be minimal. C n i d e  estimates of alkalinity change 

were generated from "C productivity rates and suspended 

carbon, nitrogen, and phosphorous particulate data. pmB and 

eight hours of light saturating irradiance were used to 

determine potential alkalinity changes. The outer limits of 

n u t r i e n t  generated alkalinity production were considered to 



occur when NO,- or NH,' w e r e  used as the nitrogen source. If 

the total nutrient requirernents were acquired only during 

the brightest part of the day (eight hours) then for al1 

lakes (L303 not included) sampled t h e  change i n  alkalinity 

would have been less than 10% during that eight hours. 

Nitrogen uptake is known to occur in the dark, although 

light seems to stimulate higher rates of assimilation 

(Vincent, 1992). Since algal cells continuousiy move 

throughout the water column they will not be exposed to 

light irradiances at pmB and nutrient uptake occurs during 

the whole day. An upper-limit of 10% for alkalinity change 

during an incubation, therefore, seems to be an over- 

estimate. 

One of the advantages of conducting an experiment over 

a light gradient is that each bottle acts as a pseudo- 

replicate. If we assume that each bottle represents the 

fixation of carbon at that given light intensity then, 

although no bottle is exactly replicated, each measurement 

in combination with al1 the  other measurements (Le. the 

rest of the bottles) telling a predictable s to ry  (Le. a P-1 

curve) strengthens the hypothesis that we are measuring 

photosynthesis. Despite the unexplained "dark fixationIf 

that was measured on many of the incubation dates, it seerns 

that pCO, method was sensitive enough to detect 

phytoplankton photosynthesis in lakes at E.L.A. with 

chlorophyll concentrations greater than 1 pgChla/L. 



Feer s cornputer program "psparmstl is suitable for the 

modelling of P-1 c w e s  determined frorn "C-uptake. It was, 

howevew, found that in many situations the curve did not 

have a good fit for P-I curves determined from changes in 

pCO,. The use of "C as a tracer has several problems,as 

outlined in the introduction, These centre around the 

treatment of I4c once it has entered the cel l .  One 

parameter that is critical is light, as light intensity 

changes the treatment of 14C within the ceIl changes. This 

leads to a P-1  curve with a biased shape since the radio- 

isotope tracer acts differently as the light intensity 

changes, and will be different from the curve obtained by 

net carbon-uptake measurements. Not only does the cellular 

process involved in the fixation of 14c have to be known at 

prnB but it must also be known at unsaturating light levels. 

Lack of this knowledge could confound what 14C measures. 

versus PCO 
. . 

2aroduc t  =ltY 

Culture experiments: This experiment is a preliminary 

examination of what will inevitably be studied if the pCO, 

method is used to measure productivity in natural 

ecosystems. The results suggest that "C consistently 

underestimates carbon uptake as rneasured by changes in pCO, 

(Figure 9) . This was expected since culture respiration 

rates were high, and the general opinion in the scientific 

community is that respiration is one of the key variables 

determining what measures (Richardson, 1984 ; Jesperson, 



1994). Even if respiration rates cannot be measured, due to 

l o w  sensitivity in sorne lakes, other parameters may help to 

elucidate how 14C behaves in lake samples. More studies 

should be conducted i n  this area. 

F i e l d  experiments : F i e l d  measurements using pCO, w e r e  

not initially designed for cornparison with 14C. The need to 

extrapolate between dates to  obtain "C productivity values 

weakens any possible conclusions. pmB was used as a 

cornparison because a t  l ight  s a t e a t i n g  levels pCO, uptake 

values are the most significant. Figure 23 indicates that 

'"c overestimates NPP, measures NPP, and underestimates NPP. 

This confirms the culture experirnents and postulations i n  

the literature (William and Goldman, 1981; Richardson et al. 

19 84 and others ) that 14C-measurements do not necessarily 

lie between net and gross. 



Conclueion 

Methodologies that first utilized changes in pCO, to 

estimate productivities were usually restricted to measuring 

in s i t u  changes of pCO, in surface waters ( T e a l  and 

Kanwisher, 1966) , However, the sensitivity of the 14c 

method gained favour in the scientific cornmunity and has 

becorne the most common method for estimating productivity in 

oligotrophic ecosystems. Inability to interpret results 

£rom 14c has led researchers to question what it is 

measuring, The pCO, method seems to be a promising method 

of estimating NPP and respiration under certain conditions. 

Culture experiments demonstrated that the pCO, method 

accurately determined algal growth rates (Figure 8), and 

field measurements at ELA proved the method is sensitive 

enough to measure changes in low-alkalinity oligotrophic 

lakes. DIC-uptake dopes were linear for both the culture 

and field study and there was minimal change in alkalinity 

during the incubations. 

Although not emphasized in this study, cornparisons with 

14c are somewhat confounding. 14C underestimated pCO, in the 

culture experiments and both over and underestimated pCO, 

measurernents in the field. Additionally, daily growth 

cannot be determined from I4C unless respiration rates are 

estimated. Since no assumptions about carbon flow thxough 

cells are needed the pCO, method (or other interpretable 

methods) should replace 14C in studies addressing energy 



flow through food webs. This would also eliminate toxic 

fluors and expensive scintillation counters that are 

currently required for "C measurements. Also introduction 

of above natural levels is undesirable for studies using 

"C for radio-active carbon dating. pC02 can also be used as 

a tool to elucidate the meaning of "C measurements. More 

rigorous comparison studies should be conducted to determine 

if 14c measurements can be corrected. 

The major assumption of the pCO, method is that 

alkalinity changes during incubations are insignificant. 

Theoretically photosynthesis should not affect alkalinity by 

more than 15% (Stumm and Morgan, 1981) . Culture work and 

field data both support this assumption. 

Two aspects of the method that proved disappointing in 

this study were the inability to measure low respiration 

rates and the intensive labour required to conduct an 

incubation. If this method was employed on a regular basis 

it could be automated by using auto-injection loops 

connected to each bottle or by reducing the number of 

sampling tirnes. There is an advantage to sampling each 

bottle several times because the rate can be measured with 

more confidence (as opposed to end point determinations) . 
By having a time-course experiment the linearity can be 

checked and would provide additional confidence that the 

incubation was not limited at some point (CO, limited, for 

example) . 



One aspect of the pCO, method which requires more work 

is the determination of dark respiration. Each bottle was 

treated equally with respect to sampling regirne for this 

study. Although this might seem scientific, it is unnatural 

because light intensities Vary for each bottle that is 

incubated. Obviously algae exposed to saturating light will 

have a different effect on the chemistry of the water than 

those in a dark bottle. Respiration rates are usually lower 

(10% to 20% of PJ) so the samples should theoretically be 

able to incubate for longer periods of t i m e .  For some of 

the lakes this could have meant sampling dark bottles every 

two hours for ten hours instead of every hour f o r  £ive 

hours. Being able to resolve this problem will unlock a 

critical component of aquatic ecosysterns not currently 

accessible to researchers . 
Field studies were conducted in low-alkalinity lakes at 

ELA which are the most forgiving systems for this method. 

This method needs to be tested in more alkaline systems, 

where it would be particularly useful since measuring direct 

changes in DIC becomes insensitive. In more alkaline lakes 

sensitivity becomes increasingly critical where a 1 pmol 

change in pCO, could correlate to a 3-4 pmol change in DIC. 

Therefore to accurately detertnine productivity the 

production rate must be higher, incubations longer, or the 

reproducibility of the G.C. must be increased. 

Ultimately, 1 hope that the pCO, method will provide 



researchers with a means of determining productivity from 

oligotrophic to eutrophic ecosystems that can be interpreted 

in terms of the physiologically interpretable components NPP 

and R. This will allow researchers to increase their 

understanding of the biological interactions within lakes 

and hopefully translate into sound conservation decisions 

regarding one of humans' greatest resources, water. 
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Table 1: Chemostat dilution rates, chlorophyll 

concentrations and particulate (POC) production rates. 

Chemostat identifiers 1, 2, and 3 refer to dilution rates 

(approximately 0.1, 0.2, 0.3 per day; i and ii are duplicate 

cultures), NP = nitrogen and phosphorous limited, P = 

phosphorous limited, and N = nitrogen limited. 

Chemostat Dilution Rate Chlorophyll APOC 
(% dilution/X hours) (pg c h l a / L )  (pmol/L/h. ) 

2P (ii) 22.7 C.C.' 1.6 12.8 

3P (ii) 30.1 C.C. '  0.2 5.2 

* C.C.: contaminated culture 

85  



Table 2 : Total dissolved phosphorous (TDP) i n  chemostat 

media reservoirs and culture filtrate (filtered through 

GF/C) at the time of incubation (standard deviation 13%)- 

Alkalinity consumed assumes that TDP = PO,'-. Chemostat 

identifiers are outlined in Table 1, 

Chemostat TDP TDP Calculated 
Media Culture Alkalini ty 
Reservoir Filtrate Produced 
(pg/L) ( pg/L (pEq/L/h . 

2 P ( i )  

2P (ii) 

3P (i) 

3P (ii) 68 10 O. 070 



Table 3 :  Nitrate-N (NO,') and ammonium-N (NH,+) in 

chemostat media resenroirs and culture filtrate at the time 

of incubation (standard deviation * 2.0%). Alkalinity 

consumed determined from changes in NO,- and NH,+ and the  

dilution rate. Chemostat identifiers are outlined in 

T a b l e  1. 

Chemostat 

1NP ( i l  

1NP (ii) 

2NP ( i l  

2NP (ii) 

3NP (i) 

3NP (ii) 

iP ( i l  

2P (i) 

2P (ii) 

3P (i) 

3P (ii) 

l N ( i )  

1N (ii) 

2 N ( i )  

S N ( i 3 )  

3 N ( i )  

3 N  (ii) 

l 

Culture 
Filtrate 

( p g m  
NO, ' m' 

Calculated 
Alkalinity 

( P E ~ / L / ~ .  



Table 4: Titratable alkalinity of the media reservoirs and 

cul ture  filtrates at the time of chemostat incubation 

compared t o  alkalinity calculated in the incubation bottles. 

Chemostat identifiers are outlined in Table 1. 

Chemostat Alkalinity Alkalinity Calculated 
Media Culture Alkalinity 
Reservoir Filtrate From pCO, 

B o t t l e s  
(pEq/L) ( p E q / U  (pEq/L 

1NP (i) 194 NS' 196 

1NP (ii) 1 8 9  176 165 

2NP (il 185 152 220 

2NP (ii) 186  163 199 

3NP (il 174  179 219 

3NP (ii) 155 189  205  

1P (i) 238 474 543 

2P  (i) 229 347 392 

3P (i) 253 267 308 

IN (i) 1 4  8 173 170  

lN(ii) 202 187 197 

2N(i) 191 179 204 

2 N ( i i )  204 202 23 9 

3 N ( i )  200 175 194 

3 N ( i i )  159 158 205 

*NS: not sufficient sample available fo r  analysis 



Table 5: Production of alkalinity from titratable 

alkalinity measured in media reservoir and culture filtrate; 

alkalinity produced from nutrient uptake calculated from 

determined in Tables 2 and 3; and calculated alkalinity 

consumption (difference of Column 2 and 1) of the cultures. 

Chemostat identifiers a re  outlined i n  Table 1. 

Chemos tat Titratable Alkalinity Calculated 
Alkal  ini ty Produced Alkalinity 
Produced From Nutrient Produced From 

Uptake Other Changes 
( pEq/L/h . (pEq/L/h 1 (pEq/L/h.  

1P (i) 0-90 1.18 -0.29 

- 

*NS: not su£ficient sample available for analysis 
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Table 6 :  Suspended carbon (standard deviation * 3.0%), 
nitrogen (standard deviation I 4.3 %) , and phoçphorous 

(standard deviation 6.09) ratios for chemostat cultures. 

Redfield molar ratio, C:N:P= 106:16:1; N:C= 151:l pmol/mmol. 

Chemostat identifiers are outlined in Table 1. 

Chemostat Suspended C/N/P Molar Ratio Ratio N:C 
(ua/L) c:N:P (pmol/mmol) 

2NP (ii) 

3NP (i) 

3NP (ii) 

1P (i) 

2P (i) 

2P(ii) C.C. 

3P (i) 



Table 7: Dissolved organic carbon (DOCI in chemostat media 

reservoirs and culture filtrate (GF/C) at the time of 

incubation (standard deviation t 1.7%) . Chemostat 

identifiers are outlined in Table 1. 

Chemostat Reservoir Culture Filtrate Difference* 
(pg/L) ( pg/L 1 (pg/L)  

- - - - 

1NP (il 

INP (ii) 

2NP (i) 

2NP (ii) 

3NP (i) 

3NP (ii) 

iP (i) 

2P (i) 

2P(ii) C.C. 

3P (i) 

3 P ( i i )  C.C. 

lN(i) 

1N (ii) 

2N(i) 

2 N  (ii) 

3 N ( i )  

3N (ii) 
- - - - - . . . 

* Positive numbers denote excretion of DOC whereas negative 

values indicate DOC uptake. 



Table 8: Slopes (ADIC) w i t h  standard errors of the 

regression coefficient for each bottle incubated in the 

chemostat study. Code: light bottles 1 to 3 (LB1, LB2, LB3) 

and dark bottles 1 and 2 (DB1, DB2). Symbols relate to each 

of the bottles respective markers in Appendix 6 ,  Chemostat 

i d e n t i f i e r s  are outlined in Table 1. Units = pmol DIC/L/h.  

Chemostat LB1 LB2 LB3 DBI  DB2 
0 A rn @ 



Table 9 :  Rate of change in carbon concentration during 

serum-bottle incubations of chemostat samples. Rates 

represent the averages of regression line slopes, two slopes 

for positive changes = respiration (RI, and three slopes for 

negative changes = net photosynthesis (NPP) ,  as detennined 

£ r o m  changes in D I C  during the incubation. GPP = NPP - R. 
Chemostat identifiers are outlined in Table 1. 

Chemostat Respiration Uncorrected Titratable R/GPP 
Rate NPP Corrected 

NPP 
(urnol/L/h. ) (umol/L/h. 1 (fimol/L/h. 1 



Il Chemostat Incubation Experimental Design 

Chemostat 

130mL Dispensed 
into each Bottle  

Chemistry Sem-Stoppered Bottles 
Sample 

2 )  Field Incubation Setup 

Light Bottles Dark Bottles 

1 " Gp" 0 3 O O O O O m.. 
. 

Light Source: 
HIgh-Pressure 
Sodium Vapour, 
150 Watts, 
3.2 Amps, 
120 Volts 

Incubator Filled With 
Water ( to  Neck of S e m -  
Stopper Bottles) 

Figure 1: Experimental design for 1) culture study and 2) 
f i e ld  study. 1) T h r e e  nutrient regimes were used, 
nitrogen-limited, phosphorous -limited, and nitrogen and 
phosphorous-limited. Each nutrient regime was grown at 
three different dilution rates (0.1, 0.2, and 0.3 per day) 
and duplicated. Duplicates were not averaged. Dupiicate 
phosphorous - 1 imited cultures were contaminated and the data 
was not used. 2) Incubator used for measuring 
photosynthesis-irradiance curves. 



Sampling 
Line 

1 Aeration Peristaltic 
1 Line 

8 L Media 
Reservoir 

Innoculation P o r t  
With S e m  Stopper 

Effluent Bose 
Size 13 Rubbet Bunge 

Chemos t a t  
1.SL Total Volume 

Magnetic Stirring Bar 

Figure 2 :  Schematic diagram of Chemostat. 



- - 

Slope = 1-16 
R-squared = 0.8 9 

O 100 200 300 400 500 
DIC - chemical analysis (umol/L) 

Figure 3 :  DIC determined by chemical analysis (standard 

deviation I 1.8%) versus average DIC calculated in pCO, 

serum-stoppered bot t l es .  B = NP-limited, X = P- l i r n i t ed ,  and 

0 = N-limited chemostats. 



O 20 40 60 80 100 120 14 O 
Time (minutes ) 

Figure 4: Typical DIC versus time plot for chemostat study, 

Chemostat 1N(i) . See appendix 5 for plots of every 

chemostat. Light bottle = LB; Dark bottle = DB: L B ~ ( D  1 ,  

LB2 (0 ) , LB3 (A) , DB1 (u) , and DB2 (@) . 



O 2 4 6 8 10 12 14 16 
Particulate NPP (umol DIC/L/~.) 

Figure 5: Expected NPP detenined from measured particulate 

carbon versus measured uptake of DIC (NPP) in pCO, serum- 

stoppered bottles. Dashed lines represent the 95% 

confidence interval on the slope. B = NP-limited, X = P- 

limited, and O = N-limited chemostats. 



O 2 4 6 8 10 12 14 16 
Particulate NPP (umol DIC/L/~.) 

Figure 6: Expected NPP determined from measured particulate 

carbon versus measured uptake of DIC plus measured 

respiration (GPP) i n  pCO, serum-stoppered bottles. Dashed 

lines represent the 95% confidence intervals on the d o p e .  

= N P - l i r n i t e d ,  X = P-limited, and 0 = N-limited chemostats. 



O 2 4 6 8 10 12 14 16 
Particulate NPP h m 0 1  D1C/L/h.  

- - Nutrient Corrected Alk 

- - - -  Total Consumption Alk - - Net Alk 

Figure 7: Expected NPP determined from measured particulate 

carbon versus net alkalinity corrected DIC uptake, nutrient 

corrected DIC uptake, and calculated alkalinity corrected 

D I C  uptake. 



2 4 6 8 10 12 14 16 
Particulate NPP (umol D I C / L / ~ .  ) 

Figure 8: Expected NPP determined £ r o m  measured particulate 

carbon versus net alkalinity corrected DIC uptake. Dashed 

lines represent the 95% confidence interval on the d o p e .  

= NP-limited, x = P-limited, and = N-limited chemostats. 



pC02 - GPP 
8' 

O 2 4 6 8 10 12 14 16 
Expected NPP (umol DIC/L/h. ) 

x 14C 0 pC02 - NPP pC02 - GPP 

Figure 9: Expected NPP determined from rneasured particulate 

carbon versus pCO, and "C determined productivity fo r  

chemostats 1NP (ii) , 2NP (ii) , 3NP (iii) , IN (ii) , 2N (ii) , and 

3 N ( i i )  . 



Figure 10: Photosynthesis-Irradiance curve f o r  L227, August 

23, 1995. Dark respiration ( m g c / m 3 / h . ) :  -8.8, -5.5, -7.5. 

Descriptors:  Popt = rate of photosynthesis at optimal 

irradiance, Ch1 (BI = chlorophyll concentration, PBm = 

~ o p t / B ,  and a l p h a  = slope of photosynthesis-irradiance 

curve at l o w  irradiance values divided by B. 
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Figure 11: Photosynthetic-~rradiance cume for L240, August 

25, 1995. Dark respiration ( m g C / m 3 / h . ) :  -2.1, 1.8, 

1.5.Descriptors: Popt = rate of photosynthesis at optimal 

irradiance, Ch1 (BI = chlorophyll concentration, PBm = 

P o p t / B ,  and alphaB = slope of photosynthesis-irradiance 

curve at low irradiance values divided by B. "Xtsm 

represent net respiration. 



Figure 12: Photosynthetic-Inadiance curve f o r  L240, 

September 6, 1995. Dark respiration (mgC/m3/h. ) : 4.1, 3.0, 

3.8. Descriptors : Popt = rate of photosynthesis at optimal 

irradiance, C h l  (BI = chlorophyll concentration, PBm = 

Popt/B, and alphaB = dope of photosynthesis-irradiance 

curve at low irradiance values divided by B. C i r c l e d  point 

was not included in the  data analysis. 



Figure 13: Photosynthetic-Irradiance curve f o r  L302s, 

August 19, 1995. Dark respiration (mgc/m3/h.): -0.4, -1.4, 

-2.4. Descriptors: Popt = rate of photosynthesis at 

optimal irradiance , C h 1  (B ) = chlorophyll concentration, PBm 

= Popt/B, and alphaB = d o p e  of photosynthesis-irradiance 

curve at low irradiance values divided by B. "X" represents 

net respiration. 



Figure 14: Photosynthetic-Irradiance curve fo r  L302s, 

Au~ugust 24, 1995. Dark respiration (mgC/m3/h. ) : 1.6, 5.5, 

7.3. Descriptors: Popt = rate of photosynthesis at optimal 

irradiance , Ch1 (B) = chlorophyll concentration, PBm = 

Popt/B, and alphaB = slope of photosynthesis-irradiance 

curve at low irradiance values divided by B. 



Figure 15: Photosynthetic-Irradiance curve for L302s, 

September 2, 1995. Dark respiration (mgc/rn3/h.): -1.5, 

- 3 . 7 ,  0.1. Descriptors: Popt = rate of photosynthesis at 

optimal irradiance , Ch1 (B) = chlorophyll concentration, PBm 

= P o p t / B ,  and alphaB = slope of photosynthesis-irradiance 

curve at low irradiance values divided by B. " X 1 s f l  

represent net respiration. 



Figure 16: Photosynthetic-Irradiance curve for L302s. 

September 7, 19%. Dark respiration (mgc /m3/h .  : 0.6, 1.2, 

0.7. Descriptors: Popt = rate of photosynthesis at optimal 

irradiance, Chl(B) = chlorophyll concentration, PBm = 

P o p t / B ,  and a l p h a  = d o p e  of photosynthesis-irradiance 

curve at low irradiance values divided by B. "Xw represents 

net respiration. 



Figure 17: Photosynthetic-Irradiance curve for L303 non- 

pressurized, August 31, 1995. Dark respiration (mgC/m3/h.  ) : 

4.2, 7.5, 3.8. Descriptors: Popt = rate of photosynthesis 

at optimal irradiance, C h 1  (B) = chlorophyll concentration, 

PBm = Popt /B ,  and a l p h a  = dope of photosynthesis- 

irradiance curve at low irradiance values divided by B. 



Figure 18: Photosynthetic-frradiance c u v e  for  L303 

pressurized, August 3 1 ,  1995. Dark respiration (mgc/m3/h. : 

4.6, 8.3, 4.1. Descriptors: Popt = rate of photosynthesis 

at optimal irradiance, Chl(B) = chlorophyll concentration, 

PBm = ~ o p t / B ,  and alphaB = slope of photosynthesis- 

irradiance curve at l o w  irradiance values divided by B. 



Figure 19: Photosynthetic-Irradiance curve f o r  L303, 

September 7, 1995. Dark respiration ( m g c / m 3 / h . ) :  1.3, 

-0.1, 0.3. Descriptors : Popt = rate of photosynthesis at 

optimal irradiance, Chl(B) = chlorophyll concentration. PBm 

= Popt/B, and a l p h a  = slope of photosynthesis-irradiance 

curve at l o w  irradiance values divided by B. 



Figure 20: Photosynthetic-Irradiance curve for L303, 

September 11, 1995. Dark respiration (mgc/m3/h.) : 2.5, 

1.7, 0.2. Descriptors: Popt = rate of photosynthesis at 

optimal irradiance , Ch1 (B) = chlorophyll concentration, PBm 

= Popt/B, and alphaB = d o p e  of photosynthesis-irradiance 

curve at low irradiance values divided by B. 



Figure 21: Photosynthetic-Irradiance cunre f o r  L373 August 

2 ,  1995. Dark respiration (mgc/m3/h.): -5.0, - 4 . 4 ,  -3.8. 

Descriptors:  Popt = rate of photosynthesis at optimal 

irradiance, Chl(B) = chlorophyll concentration, PBm = 

Popt/B, and alphaB = slope of photosynthesis-irradiance 

curve at l o w  irradiance values divided by B. nX'su 

represent n e t  respiration. 



Figure 2 2 :  Photosynthetic-Irradiance curve for  L979, 

September 2, 1995. Dark respiration (mgc/m3/h.): -0.8, 

-2.0, -9.6. Descriptors: Popt = rate of photosynthesis at 

optimal irradiance, Chl(B) = chlorophyll concentration, PBm 

= Popt/B, and a l p h a  = d o p e  of photosynthesis-irradiance 

curve at low irradiance values divided by B. l 8 X 1 s U  

represent net  respiration. 
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Figure 23: "C versus pCO, productivity f o r  f i e l d  

measurements at the ELA. 
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Figure 25a: pCO, decrease versus DIC removal assurning 

constant alkalinity for distilled water initially at a pH of 

6 p H  change with DIC removal is represented by the dashed 

l i n e .  
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Figure 25b: pCO, decrease versus DIC removal assuming 

constant alkalinity for distilled water initially at a pH of 

7. pH change with DIC removal is represented by the dashed 

line . 
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Figure 25c: pCO, decrease versus DIC removal assuming 

constant alkalinity f o r  distilled water i n i t i a l l y  at a pH of 

8. pH change with D I C  removal is represented by the dashed 

line. 
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Figure 25d: pCO, decrease versus DIC removal assuming 

constant alkalinity for distilled water initially at a pH of 

8.5. pH change with DIC removal is represented by the 

dashed line. 



150 umol/L DIC 

Figure 26: Effect on d o p e  of DIC vs. volume removed as a 

function of pH a t  several DIC concentrations. 



APPENDIX 1: Com~osition of W C r  media, 

mg/litre weightllitre 
Trace metals' compound element fiM element 

Vit amins 

- ca. 5.85 (EDTA) 
0.33 mg Fe ca. 5.85 
0 .O87 mg B ca. 8.09 
0 .O25 mg M n  ca, 0.45 
2-50 pgZn ca, 0.038 
1.24 pg Co ca. 0.021 
1.27 pg Cu ca. 0.020 
1.19 pg Mo ca- 0.012 

Thiamine (BI) 0.1  mg/^ 
BI, 0 - 5  pg/L 
Biotin 0 - 5  pg/L 

* K,HPO, and trace elements were autoclaved separately 
from each other and the rest of the media. Using aseptic 
techniques both were added to the media after at least one 
week from autoclaving. 



Appendix 2 :  Theory of Gas Chromatographie Techniques. 

~reeeum-~ok '  Syriage Technique 

Standards: T h e  G . C .  measures the mass of CO, injected. The 

mass of CO, in the sample i n j e c t e d  is dependent upon its 

pressure and volume. T h e  parts-per-million (ppm) is known. 

Thus, in order to use standards for calculating the 

concentration of CO, in an unknown sample the standard 

injected must be corrected to either pressure and volume or 

the unknowns must be corrected to the conditions that the 

standards w e r e  measured under. It is simpler to inject the 

standards by first equilibrating them to atmospheric 

pressure, w h i c h  is easily measured. If the volume of 

standards and samples is kept constant than no correction 

factor i ç  needed for volume w h e n  calculating unknom 

concentrations. Therefore, the G.C. measures the mass of 

CO, in a fixed volume with a known partial pressure. 

Unknown Samples: The unknown mass is calculated as an area 

from gas chromatography. From the area, volume of the 

unknown injected gas, and a standard curve of known CO, 

concentration, the concentration of CO, in the head-space 

can be determined. Samples of unknown concentration must be 

injected into the G.C. under the same pressure as they exist 

in the sample bottle L e .  the pressure-~ok' syringe must be 

closed before removing it from the sample and opened only 



after the needle has penetrated the septum of the G.C.'s 

sampling port). The area from the unknown is corrected f o r  

the pressure (atmospheric) that the standards w e r e  measured 

For example : 

A bottle of known concentration (1000ppm) has a 
pressure of 1520mmHg. Initially it is treated as 
a standard and injected at atmospheric pressure 
(760mmHg) . If the same sarnple is treated as 
unknown and injected under pressure (1520mmHg) the 
calculated area integrated will be twice that 
obtained when it was injected as a standard, and 
thus twice the ppm (2000) . This value is 
corrected for the pressure that the standard was 
measured at (760mmHg) by calculating the partial 
pressure of the CO, in the sample (pCO,) : 

pCO,=(mL CO,/mL gas) (pressure of standard/760mmHg) 

In a bottle which has a head-space/liquid partition the CO, 

in the liquid is determined using the calculated pCO, and 

Henry's solubility constant (4 .  The physical parameters 

required for this calculation are temperature and salt 

concentration (salt concentrations were considered to be 

zero for these experiments) . In addition, head-space and 

liquid volumes are needed to calculate the concentration in 

where: a = 2389.13 - 187.87(i) 
d = 14.042 - (1.0126) (i) 
c = 0.015303 - (O ,00162283) (i) 
T = absolute temperature (Kelvin) 

[CO,] = 4pC0,) 



M.T.I .  *Vacuum-Pumpn Technique 

Standards: The MT1 draws a sample through its sample loop, 

the sample valve  closes, the  vacuum pump turns off and a 

switch valve connects to the pressure regulator (carrier 

gas) which pressurizes the  sample loop. The pressurized 

sample i s  then injected into the  column. The amount of 

sample in jec ted  depends on the length of t i m e  the inject 

valve is open (user-defined, usually 40msec). The sample is 

not concentrated but is pressurized using the carr ier  gas. 

Therefore every sample will be at  atmospheric pressure 

[briefly) before it is pressurized and subsequently 

injected. If the inject time remains constant then no 

correction for volume is needed. Thus, the mass of CO, 

measured £ r o m  standards represents the volume (or ppm) of 

CO, a t  any pressure. 

Unknown Samples:  The area generated £rom gas chromatography 

represents the mass of the unknown sample at injection 

pressure. The pressure i n  the unknown sample must therefore 

be known in order  t o  ca lculate  the  pCO, at the sample 

pressure. 

Using the sarne example as above : 

CO,=(mL CO,/mL gas) (pressure of standard/760mmHg) 

= (1000/10OOOOO) (152OmmHg/76OmmHg) 

= 0.002. 



In a bottle that has several samples removed over time, a 

correction m u s t  be made f o r  the change in head-space 

pressure. If the initial head-space pressure is known ( L e .  

it is equilibrated to atmospheric pressure before it is 

sealed) then the head-space pressure can be calculated by 

factoring the removal rate of gas f o r  each sample: 

where: Po = pressure before sarnpling 
Pt = pressure a f t e r  sarnpling 

VR = volume removed 
H = head-space volume. 



Appendix 3 :  Calculations used to determine DIC from pCO,, 
and their derivations. 

Calculations were performed using a spreadsheet in 

Quattro Pro 6.0 for Windows 3.1~. The pCO, at each sampling 

tirne and the DIC, Cafter acidification) were measured using 

gas chromatography- From these values the DIC at each 

sampling time (DIC,) was calculated assuming that the 

alkalinity did not change significantly relative to CO, 

during the incubation period (see Stumm and Morgan, 1981) . 
The following is an outline of the calculations used to 

determine DIC, . 
Determination of C=QDstrintç 

Four constants are required for these  calculations: 

Henryr s Solubility Constant (K,) , the first and second 

dissociation constants of H,CO, (K, and & ) ,  and the ion 

product of water (KI .  The effect of salts on the following 

equations are not considered since al1 of the incubations 

were conducted on samples £ r o m  Canadian shield lakes which 

have low salt concentrations (assume M=O) . A l 1  of the 

constants are temperature dependent (T=absolute 

temperature) . 
-K, is defined by the equation (Harned and Davis, 1943) : 

-log& = - (238Sœ73/T) + 14.0184 - 0.0152642'T 
-K, is defined by the eqyation (Harned and Davis, 1943) : 

IogK, = - (3404.7l/T) + 14.8435 - 0.032786fT 



- K, is deiined by the equation (Harned and Scholes, 1941) : 

log& = -(2902.39/T) + 6.4980 - 0.02377*T 

- K, is def ined by the equation (Stumm and Morgan, 1981) : 

log& = - (4470.99/T) + 6.0875 - 0.01706*T 

Concewat i n n  of CQa> eachhot tl e 

The concentration of CO, (pmol/L) must first be 

determined f o r  the  head-space and liquid partitions within 

each bottle. For the liquid partition (pmol/L) : 

pCO, = (ppm-CO,) (mmHg-atm.p./760mmHg)Kh (1) 

-where mmHg - atm-p. equals the atmospheric pressure in mmHg. 

For the head-space partition this equals (pol/L) : 

pco, = 

(ppm-CO,) (mmHg-atm+. /760mmHg) (273K/K - temp) (1/22.26) ( 2 )  

In order to determine the actual amount of CO, in the 

liquid partition for each bottle multiply the concentration 

obtained from equation (1) by the ml-liquid volume/1000mL. 

Likewise, in order to determine the number of pmols of CO, 

in the head-space multiply the concentration obtained £rom 

equation (2) by the number of m L  - gas volume/1000mL. 
CO,,,,, equals the pmol in head-space + pmol in liquid 

(if concentration per L is desired multiply by 

~ ~ o ~ r n ~ / m ~ _ l i q u i d  volume). In essence this method "pushesM 

the CO, in the head-space back into the liquid partition. 

The volume of the liquid phase (not the volume of the whole 

bottle) is used in the detemination of CO, concentration. 



- F o r  each bottle the  values that are known are: 

-The unknown species are: 

DIC, (equals CO,,,,,) 

By definition: DIC,  = CO ,,,,, + HC0,-, +  CO,^-, 

From Henderson-Hasselbalch equations we know: 

K, = rH+] [HCO,-] theref ore [HCOJ = KI [CO,] 

CC0,I CH+ 1 

K, = [H'] [HC03-] so that  CO,^-] = K, [HCO,-1 
CHC03- 1 [H+1 

-by further substitution for HCO,- ( £ r o m  equation 4 )  : 

- substitute for HC0,-, (equation 4 )  and  CO,^-, (equation 5 )  
into equation 3 : 

-cancel and rearrange: 

- so t h a t  : 



Which is in the form of a quadratic equation (O = d + bx + 
c) and can be solved using the quadratic formula: 

- then: 

and : 

[OH-] 

A l k ,  (final bicarbonate alkalinity) can now be solved: 

A l k ,  = HCO,'f + 2 (CO,*-,) + OH- - H' 

Detemi.mtion o f  Ricarbonate ht tirne "t") 

Assurning t h a t  ÀLk, = Alk, then we can solve f o r  HC0,-,: 

A l k ,  = HC0,-, + 2 + OH' - H+ 



-substitute for  CO,^-, (equation 5) and OH' (equation 6 )  : 

From equation 4 we know that: CH+] = KI ECO,] 

[HC03-I 
- substitute for IT, (equation 8 )  into equation 7, so that 
the only unknown is HC03-,: 

-cancel like terms: 

-multiply both sides by HC0,-,: 

arearrange according to power: 

Which is in t h e  form of a cubic equation: 

where : 

and : p = (%/K1iCO ,(,,,, 1 + l)/n 



-rnultiply al1 terms by l/n so that the equation takes the 
form : 

In equation 8 if y is replaced by: "x - p/211 it can be 
reduced to equation 10: 

Note: this solution for a cubic equation is based on that 
which is outlined in the CRC Mathematical Tables 

Note: the  trigonometric solution is used for solving this 
equation ( t h i s  avoids the use of imaginary numbers 
which arise in the algebraic solution) 

In the  equation x3 + ax + b = 0 

Let x = mcosû 

- so that : 

From trigonometric identities we know that: 

cos (38) = 4cos38 - 3 cos0 
so that: O = 4cos3e - 3 cos0 - cos(30) 

Since both equations 12 and 13 equal zero: 



F r o m  equation 14, where bath sides have the form "ad + bx + 
c w  and x is the same on bath s ides ,  w e  know that the 
f ollowing are true: 

and 

Note: we can put "mN i n  the denorninator since m cannot 
equal zero. This is part O £  the assumption when the 
cubic equation is reduced to the form "d + ax + b = 
O" since a*b cannot equal zero. 

From equation 15 : m = 24 (-a/3) 

From equation 16: cos(30) = 3b - 
am 

Remember  that : x = rncosû (equation II) 
so t h a t  : m = x/cosû 
atherefore by substitution into equation 17: 

where 0,,8,, and O, are the solution to: cos(38) = 3b - 
am 

Note: if 8, is the smallest then: 8, = 0, + 2% - 
3 

8, = 0, + 4% 



esolve f o r  (equation 17) using "am as defined in 
equation Il 

asolve for Wr (equation 1 8 )  using "btr as defined in . 
equation 11 

aSolve for I1xn (equation 11) 

*Salve for "yI1 (equation 9 )  

Determination of D I C  (at time Vu)  

DIC, = CO2(,,, t HC0,-, +  CO,^-, 

-substitute for CO,'-, (equation 5) : 

-substitute for [H',] (equation 8) into equation 19: 



Appendix 4:  Location of f i e l d  study area. 

Experimental Lakes Area, Northwe~tera Ontario 



Appendix 5: R-squared values f r o m  d o p e  calculations 

determined £ r o m  the change in DIC concentrations during 

chemostat incubations. Code: light bottles i to 3 (ml, 

LB2, LB3) and dark bottles 1 and 2 (DBI,  DB2) . The symbols 

relate to each of the bottlels respective markers in 

Appendix 6. Chemostat identifiers are outlined in Table 1. 

Chemostat LBT LB2 LB3 DB1 DB2 
0 0 A a @ 

1NP (i) 

1NP (ii) 

2NP (i) 

2NP (ii) 

3NP (i) 

3NP (ii) 

iP (i) 

2P (i) 

2P(ii) C.C. 

3P (il 

3P(ii) C.C. 

lN(i) 

IN (ii) 

2N(i) 

2N(ii) 

3N(i) 

3N(ii) 



O 20 40 60 80 100 12 O 140 
Time (minutes ) 

Appendix 6 (a) : Summary of incubation f o r  chemostat 1NP (i) . 
L i g h t  bottle = LB; Dark bottle = DB: L B ~ ( U  ) ,  LB2(0 ) , 
LB3 (A) , D B 1  (m) , and DB2 (@) . 



O 20 40  60 80 100 120 140 
Time (minutes) 

Appendix 6 (b) : Summary of incubation f o r  chemostat 1NP (ii) . 
L i g h t  bottle = LB; Dark bottle = DB: L B l ( 0  ) ,  L B 2 ( 0  1 ,  
LB3 (A) , and DB2 (@) . 



O 20 4 0  60 80 100 120 140 
Time (minutes ) 

Appendix 6 (c) : Summary of incubation for  chemostat 2NP (i) . 
Light bottle = LB; Dark bottle = DB: L B I ( ~  1 ,  LB2 (0 ) , 
LB3 ( 8 )  , DB1 (1) , and DB2 (@) . 



O 20 40 60 80 100 120 14  O 
Time (minutes) 

Appendix 6 (d) : Summary of incubation for chemostat 2NP (ii) . 
Light bottle = LB; Dark bot t l e  = DB: ~ ~ 1 ( 0  ) ,  L B Z ( 0  ) ,  
LB3 (A) , D B 1  (a) , and DB2 (a) . 



O 20 4 0  60 80 100 120 140 
Time (minutes) 

Appendix 6 (e) : Sumrnary of incubation f o r  chemostat 3NP (il . 
Light bottle = LB; Dark b o t t l e  = DB: Lf31(0 ) , ~ ~ 2 ( 0  1 ,  
LB3 (A) , D B 1  (m) , and DB2 (a) . 



O 20 40 60 80 100 120 140 
Time (minutes) 

Appendix 6 (f) : Summary of incubation fo r  chemostat  NP (ii) . 
Light bottle = LB; Dark bottle = DB: L B I ( ~  ) , ~ ~ 2 ( 0  1 ,  
LB3 (A) , DBI (m) , and DB2 (@) . 



Time (minutes) 

Appendix 6 (g) : Summary of incubation fo r  chemostat 1P (il . 
Light bottle = LB ; Dark b o t t l e  = DB : LBl(0 ) , LB2 (0 ) , 
LB3 (A) , DB1 (4) , and DB2 (@) . 
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Time (minutes ) 

Appendix 6 (h) : Summary of incubation f o r  chemostat 2P (i) . 
Light bottle = LB; Dark bottle = DB: L B I ( 0  1 ,  LB2(0 ) ,  
LB3 (A) , DB1 (m) , and DB2 (a) . 



O 20 40 60 80 1 O0 120 140 
T h e  (minutes) 

Appendix 6 (i) : Summary of incubation for chemostat 2P (ii) . 
Light bottle = LB; Dark bot t le  = DB: LBl(0 ) , LB2(0 1 ,  
LB3 (A) , DB1 (a) , and DB2 (0 )  . 



Time (minutes ) 

Appendix 6 (j ) : Summary of incubation fo r  chemostat 3P (il . 
Light bottle = LB; Dark bo t t l e  = DB: LBl(0 1 , LB2 (0  ) , 
LB3 (A) , DB1 , and DB2 (a ) .  
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Time (minutes) 

Appendix 6 (k) : Sumrnary of incubation f o r  chemostat 3P (ii) . 
Light bottle = LB; Dark bottle = DB: L B I ( ~  1 ,  ~ ~ 2 ( 0  1 ,  
L83 (A) , DB1 (a) , and DB2 (@) . 



O 20 40 60 80 100 120 140 
Tirne (minutes) 

Appendix 6 (1) : Summary of incubation for chemstat 1N (i) . 
Light b o t t l e  = LB; Dark b o t t l e  = DB: LBl(0 1 , L B ~  (0 1,  
LB3 (A) , D B I  (m) , and DB2 (@) . 
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Time (minutes) 

Appendix 6 (m) : Summary of incubation for chernostat IN (ii) . 
Light bottle = LB; Dark bottle = DB: L B I ( ~  ) , LBS(O 1 ,  
LB3 (A) , and DB2 (@) . 
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Appendix 6 (n) : Summary of incubation fo r  chemostat 2N (il . 
Light bottle = LB; Dark b o t t l e  = DB: LBl(0 ) ,  LB2 (O 1 ,  
LE33 (A) , DB1 (a) , and DB2 (@) . 
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Appendix 6 ( 0 )  : Summary of incubation f o r  chemostat 2N(ii). 
Light b o t t l e  = LB; Dark bottle = DB: LBl(u 1 ,  LB2(0 1 ,  
LB3 (A) , and DB2 (@) . 
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Appendix 6 (p) : Summary of incubation for  chemostat 3N (il . 
Light bottle = LB; Dark bottle = DB: LBI(O 1 ,  LB2(0 ) ,  
LB3 (A) , DB1 (a) , and DB2 (@) . 
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Appendix 6 ( q )  : Summary of incubation f o r  chemostat 3~(ii). 
Light bottle = LB; Dark bottle = DB: LBl(0 ) ,  L B 2 ( 0  1 ,  
LB3 (A) , DB1 (a) , and DB2 (a) . 





Appendix 7 ( b )  : Regression analysis w i t h  95% confidence 

interval f o r  the bottle exposed to 332 pmol/rn2/s. Lake 240 

September 6 ,  1995. Point at tinte = 60 excluded £ r o m  

regression analysis. 



Appendix 7 (cl : Regression analysis with 95% confidence 

interval for the bottle exposed to 174 pmol/m2/s. Lake 240  

September 6 ,  1995. Point at time = 120 excluded £rom 

regression analysis . 



Appendix 7 (d) : Regression analysis with 95% confidence 

interval fo r  the bottle exposed to 106 pmol/m2/s. Lake 240 

September 6 ,  1995 .  All points included in  regression 

analysis . 



Appendix 7 ( e ) :  Regression analysis with 95% confidence 

interval for the bottle exposed to 71 pmol/rn2/s. Lake 240 

September 6 ,  1995. Point at time = 120 excluded £ r o m  

regression analysis. 



Appendix 7(£) : Regression analysis w i t h  95% confidence 

interval for the bottle exposed to 47 pol/m2/s. Lake 240 

September 6 ,  1995. Point at time = 120 excluded £rom 

regression analysis. 



" Ti - uL 

Appendix 7 (g) : Regression analysis with 95% confidence 

in terva l  f o r  the bottle exposed to 3 3  pmol/m2/s. Lake 2 '  

September 6 ,  1995. A l 1  points included in regression 

analysis . 



Appendix 7(h)  : Regression analysis with 95% confidence 

interval for the bottle exposed to 23 pmol/m2/s. Lake 240 

September 6, 1995. Point at time = 60 excluded £ r o m  

regression analysis. 



Appendix 7 ( i l :  Regression analysis  with 95% confidence 

interval for  the bottle exposed t o  17 pmol/m2/s. Lake 240 

September 6 ,  1 9 9 5 .  A l 1  points included in regression 

analysis . 



Appendix 7 ( j ) :  Regression analysis with 9 5 %  confidence 

interval for  t he  dark b o t t l e .  Lake 240 September 6, 1995. 

Al1 points  included in regression analysis. 



Appendix 7 ( k ) :  Regression analysis with 95% confidence 

interval f o r  the dark bottle. Lake 240 September 6, 1995. 

Al1 points included in regression analysis. 



Appendix 7(1) : Regression analysis with 95% confidence 

interval f o r  t h e  dark b o t t l e .  Lake 240 September 6 ,  1995. 

Al1 points included in regression analysis. 



Appendix 8 (a) : Linear regression r-squared and significance 

values (P) for L227, August 23, 1995 field incubation. 

Chlorophyll a concentration = 63 .2~g/L. Dark respiration 

(mgC/m3/h. 1 : -8.8, -5.5, and -7.5. 

Light 
(umol/m2/s 1 

R-Squared P Photosynthetic Rate 
f mclC/m/h . 1 

D a r k  

D a r k  

Dark 



Appendix 8(b)  : Linear regression r-squared and significance 
values (P) f o r  L240, August 25, 1995 field incubation. 

Chlorophyll a concentration = 2.31pg/L. Dark respiration 

(mgC/m3/h . ) :  -2.1, 1.8, and 1.5. 

Light R-Squared P Photosynthetic Rate 
( ~ m o l / m ~ / s )  (mgC/m/h- 

D a r k  

D a r k  

D a r k  



Appendix 8 (cl : Linear regression r-squared and significance 
values (P) for L240, September 6, 1995 f i e l d  incubation. 

Chlorophyll a concentration = 1.77pg/L. Dark respiration 

(mgC/m3/h . ) :  4.1, 3.0, and 3.8.  

Light R- Squared P Photosynthetic Rate 
(pmol/m2/s) (mgC/m/h. 1 

598 

332 

174 

106 

71 

47 

3 3  

23 

17  

D a r k  

D a r k  

Dark 



Appendix 8 (dl : Linear regression r-squared and s ignif icance 
values (P) for L302s, August 19, 1995 field incubation. 

Chlorophyll a concentration = 2.55pg/L. Dark respiration 

( m g c / m 3 / h . ) :  -0.4, -1 .4 ,  and -2 .4 .  

Light R-Squared P Photosynthetic Rate 
(mo1/rn2/s (msC/m/h- l 

747 

482 

332 

257 

191 

147 

97 

70 

48 

Dark 

Dark 

Dark 



Appendix 8 (e) : Linear regression r-squared and signif icance 

values (P) fo r  L302s, August 24, 1995 field incubation. 

Chlorophyll a concentration = 4.42pg/L. Dark respiration 

( m g c / m 3 / h . ) :  1.6 5.5, and 7.3. 

R- Squared P Photosynthetic Rate 
(mgC/rn/h. 1 

581 

349 

208 

125 

78 

55 

3 7 

2 8  

22 

Dark 

Dark 

Dark 



Appendix 8 ( f ) :  L i n e a r  regression r-squared and significance 

values (Pl for L302s, September 2 ,  1995 f i e l d  incubation. 

Chlorophyll a concentration = 3.0lpg/L, D a r k  respiration 

(mgc/m3/h.): -1.5, -3.7, and 0.1. 

Light  R- Squared P Photosynthetic Rate 
(pmol/m2/s) (mgC/m/h. 1 

615 0. 959 <O. 001 4.6 

365 0,995 CO, 001 7 - 8  

199 O, 978 <O, 001 3.8 

118 0 . 998 CO. 001 2.8 

70 O. 922 O. 009 -1.6 

51 0.900 0.004 -2-5 

33 O. 997 <O.  001 -4.0 

21 O. 682 O. 043 -1.2 

17 O. 945 O. O01 -3.9 

D a r k  0.766 O. 022 -1.5 

D a r k  O. 961  0.001 -3.7 

D a r k  O. 004 0.908 0.1 



Appendix 8(g): Linear regression r-squared and significance 

values (P) for L302s, September 7, 1995 field incubation. 

Chlorophyll a concentration = 7.27pg/L. Dark respiration 

( m g c / m 3 / h .  : 0 -6, 1.2, and 0.7. 

Light 
( ~ r n o l / m ~ / s )  

Photosynthetic Rate 
(mgC/m/h. 1 

581 

316 

191 

116 

73 

48 

34 

24 

17 

Dark 

Dark 

Dark 



Appendix 8(h)  : Linear regression r-squared and significance 

values (Pl for L303, August 31, 1995 field incubation. 

~hlorophyl l  a concentration = 5.61pg/L. Dark respiration 

( m g c / m 3 / h . ) :  4.1, 5 . 8 ,  and 4.1. 

Light R-Squared P Photosynthetic Rate 
(pmol/m2/sl (mgC/m/h. l 

Dark 0.796 0 . 042 
Dark 0.668 0.047 5.8 

Dark 0.490 O. 121 4.1 



Appendix 8(i) : Linear regression r-squared and significance 
values (P) fo r  L3 03, August 31 (pressurized) , 1995 field 
incubation. Chlorophyll a concentration = 5.61pg/L. Dark 

respiration (mgc/m3/h. ) : 4.2, 7.5, and 3.8. 

Light R-Squared P Photosynthetic R a t e  
(pmol/m2/s ) (mgC/m/h. 1 

D a r k  O -  822 O. 013 4 . 2  

Dark 0.950 O. 001 7.5 

D a r k  O .  795 0 - 017 3.8 



Appendix 8 ( j ) :  Linear regression r-squared and significance 

values (P) for  t303, September 7, 1995 field incubation. 

Chlorophyll a concentration = 6.46pg/L. Dark respiration 

( m g c / m 3 / h . ) :  1 . 3 ,  - 0 . 1 ,  and 0 . 3 .  

Light R-Squared P Photosynthetic Rate 
( p m o l / m 2 / s )  (mgC/m/h . 

25 

18 

Dark 

Dark 

Dark 



Appendix 8 (k) : Linear regression r-squared and significance 
values (P) f o r  L303, September 11, 1995 field incubation. 

Chlorophyll a concentration = 5.36 g/L. Dark respiration 

( m g c / m 3 / h . ) :  2.5, 1.7, and 0.2. 

Light R-Squared P Photosynthetic Rate 
( p m o l / m 2 / s  (mgC/m/h. 

532 

291 

166 

95 

63 

40 

3 O 

22 

17 

Dark 

Dark 

Dark 



Appendix 8(1) : Linear regression r-squared and significance 
values (P) f o r  L373, August 2, 1995 field incubation. 

Chlorophyll a concentration = 0.73pg/L. Dark respiration 

(mgc/m3/h.  ) : -5.0, -4 - 4 ,  and -3 - 8 .  

R-Squared P Photosynthetic R a t e  
(mgC/rn/h. ) 

635 

359 

238 

174 

113 

86 

66 

47 

3 5  

D a r k  

D a r k  

D a r k  



Appendix 8 ( m )  : Linear regression r-squared and significance 

values (P) for L979, September 2, 1995 field incubation. 

Chlorophyll a concentration = 14.Opg/L. Dark respiration 

Light R-Squared P Photosynthetic Rate 
(pmol/m2/s) (mgC/m/h. 1 

747 

365 

208 

118 

68 

51 

35 

22 

17 

Dark 

Dark 

Dark 




