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A series of laboratory experiments and a field investi-

gation were conducted to closely define the application of

the ATP assay and ATP as a planktonic biomass estimator for

routine use in reservoir limnology. The laboratory experi-

ments verified the published range of C:ATP ratios (i.e.

250:1) as a conversion factor for ATP to biomass in cultured

selected genera of freshwater algae, except for the species

of blue-green algae examined. The field investigation con-

ducted at Moss Reservoir included organic carbon measure-

ments with ATP biomass in size classes on a depth basis.

The ATP biomass varied seasonally and with depth; the best

significant mtltiple correlation was between organic carbon

and the smallest size class (.45 to 10 um) and total net

plankton biomass (.45 to 165 um). Daily monitoring of biomass

in size classes demonstrated the sensitivity of the technique.
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CHAPTER I

INTRODUCTION

The advent of the use of adenosine triphosphate (ATP) as

a, biomass estimator has clearly provided a superior means of

quantifying microbial biomass over conventional techniques.

The basic problem of accurately quantifying microbial biomass

in aquatic ecosystems has been partially solved by a number of

classical methods. These methods include microscopic exam-

ination, chlorophyll a measurement, and organic carbon

analysis, each with its disadvantages. Microscopic examina-

tion is tedious and time consuming, and serious inaccuracies

may occur when the viability of enumerated cells is in question

(Holm-Hansen and Booth, 1966; Paerl and Williams, 1976).

Chlorophyll a may change in cellular concentration as nutri-

tional and physiological states vary, and may persist in the

water column long after the demise of an algal bloom (Talling

and Driver, 1963; Eppley, 1968). Gravimetric methods and

organic carbon analysis unavoidably measure detrital, non-

living material as well as viable organisms, and lack the

necessary sensitivity as a result. The use of' ATP quantifica-

tion avoids these disadvantages for the most part, and

fulfills the requirements for a, cellular constituent that is

a reliable biomass indicator. This compound is not associated

with dissolved organicsor detritus; it is present only in
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living cells and is hydrolyzed almost instantaneously upon
the death of a cell (Holm-Hansen and Booth, 1966; Chappelle
and Levin, 1968). ATF has been reported to be in relative
proportion to cellular organic carbon (Holm-Hansen and Booth,
1966; Paerl and Williams, 1976); this provides a basis for
interpreting ATP quantity in terms of viable organic weight,
or biomass, as defined by Wetzel (1975).

It is these unique properties that make determination

of the accuracy of the estimation difficult (if not impost-
sible) by the use of other methods in all but laboratory

culture situations. The methodology by which ATP is measured
is based on the fire-fly luciferin-luciferase reaction

described by Seliger and McElroy (1960). Simply stated, one
photon of light is released a~s each molecule of ATP is hydro-
lyzed when all reagents are in excess (Seliger and McElroy,
1960; Chapelle and Levin, 1968). The reaction is specific for
ATP; hence, if ATP is extracted from living cells in a plankton
sample, it may be quantified by its light-producing reaction
with luciferin. The light from the reaction may then be
measured by a sensitive photomultiplier tube. This method of
biomass quantification, developed by Holm-Hansen and Booth
(19 6 6 )as a research tool in marine ecology, has been applied
in a variety of other environments (Hobbie et al., 1972; Rudd
and Hamilton, 1972; Burnison, 1974; Owen et al., 1972; Levin
et a1., 1968; Lee et al., 1971a, 1971b; Karl and LaRock, 1975;
Patterson et al., 1970). The method has been applied in

2
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limnological research at North Texas State University (Boswell,

1977; Wilcox, 1977) because of its wide applicability,

uniqueness, and precision.

Published information on the technique for routine ATP

analysis, however, was lacking (Cheer et al., 1974), and a~s

experience with the method wa~s gained it was apparent that

further refinements were needed; these included a definition

of the limitations of the technique as a routine limnologica~l

tool. The basis for the present research concerned these

areas; laboratory and field investigations provided data to

determine and clarify the applicability of ATP methodology

for biomass estimation in reservoir limnology.

The laboratory studies addressed in part the relation-

ship between ATP and cellular organic carbon, particularly in

common local genera of phytoplankton. Some studies have

examined the relationship between ATP and cellular carbon

(Holm-Hansen, 1970; Paerl and Williams, 1976), but none were

related to Southwest reservoirs and the indigenous assemblages

of phytoplankton. The ratio of C:ATP becomes important for

conversion of ATP quantity to "live" biomass weight (carbon);

this is especially true when biomass in different aquatic

systems is to be compared to other parameters (i.e. produc-

tivity, density, etc.). A ratio of organic carbon to ATP of

about 250:1 has been presented as a uniform conversion ratio for

other systems (Holm-Hansen, 1970; Paerl and Williams, 1976).

Preliminary culture analysis had indicated a high C:ATP ratio



in the blue-green alga, Microcystis (Boswell, personal

communication), and, as this taxon is common and may predom-
inate in a variety of lentic habitats, the estimation of
biomass as live weight (carbon) via ATP analyses may be sub-
ject to interpretive difficulties. The problem was addressed

through laboratory culture of algae and subsequent analyses

of organic carbon and ATP to verify the use of 250:1 as a

uniform conversion ratio for local genera.

Another basic aspect of the methodology concerned the

extraction procedure itself. For routine ATP biomass estima-

tion, a boiling buffer solution of hydroxymethyl-aminomethane

(tris) was employed to extract ATP from microorganisms con-

centrated on a filter (Holm-Hansen and Booth, 1966). In

a previous reservoir study it was found that sample collec-

tion via a 3-stage closing net (filtering 44 liters of water)

was introducing a significant error into the extraction method

(Boswell, 1977). Apparent loss in extraction efficiency led

to a modification of the original boiling tris buffer ex-

traction procedure (Boswell, 1977). Similar problems related

to sample size have been observed in marine systems (Sutcliffe

et. al., 1976) and in a European lake (Jones and Simon, 1977).
It became clear that selection of proper sample size and

extraction procedure may be vital to accurate estmates of

biomass using ATP methodology (Stanford et al., 1977). The

relationship between sample size and the extractio1 efficiency
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of the boiling tris method required examination and was

included in the laboratory studies.

Another conclusion made from the previous study in Moss

Reservoir was that rapid turnover rates in the phytoplankton

were necessary to support the large standing crop of zooplank-

ton observed throughout the study period. This implied that

short-term biomass fluctuations occurred in the system. This

fluctuation was also observed in incubated plankton samples

in a study relating productivity to biomass (Wilcox, 1977).

The precision of the ATP biomass estimation provided a means

by which these short-term (i.e. daily) changes could be

observed. A field investigation was implemented including

this aspect of the ATP methodology,as well as determining the

role plankton size classes play in overall biomass dynamics.

The contributions that various size classes made to the

structure of the community, especially the nannoplankton, were

of particular interest. The field investigation not only

provided a basis for evaluation and definition of the limita-

tions of the technique for routine use, but also offered

insight into sampling time intervals for plankton biomass

studies. Another observation made at Moss Reservoir was one

common to many southwestern reservoirs, that of the develop-

ment of an anaerobic hypolimnion. Anaerobic hypolimnion samples

presented a unique problem, not experienced or not mentioned

in the literature. Reduced iron in anaerobic samples

became oxidized upon exposure to atmospheric oxygen;



this was enhanced by a plankton size fractionation procedure.

The effect of the resulting iron colloid collected on the

membrane filters on extraction efficiency was not known. Also

in question were the possible effects of exposing essentially

anaerobic organisms from the hypolimnion to oxygen prior to

the extraction process (i.e., stress effects).

Very few long-term reservoir data are available (Silvey

and Stanford, 1977); as a result, H. Moss Reservoir was an

ideal site at which to investigate field methodology, con-

currently continuing the data gathering initiated by Boswell

(1977). For the purposes of on-going research, a comparison

of annual cycles (in a general sense) was made possible. Organic

carbon concentration in the reservoir became a part of the

present study since it was not included in the previous study.

While biomass estimations were made on a temporal basis, ver-

tical distribution was a consideration, as well as physical

limnological parameters which affect or reflect the vertical

distribution of planktonic biomass. The organic carbon con-

centrations relative to biomass levels were measured as a

parameter for heterotrophy and carbon cycling within the

reservoir. The relationship between organic carbon and bio-

mass in the pelagic area of a lake is complex, influenced

by many factors. Dissolved organic matter is coupled

intimately with the varying nutritional requirements of algae

for organic growth factors (Conrad and Saltman, 1962;

Provasoli and Carlucci, 1974), as well as providing substrates

6
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for heterotrophic organisms. A majority of dissolved organic

carbon and particulate organic carbon is not consumed directly

by secondary producers but enters the detrital food chain of

degradation and utilization (Wetzel, 1975). Not only is

precise organic carbon data lacking in reservoir limnology, but

its relationship to pelagic biomass is unclear.

Monitoring biomass precisely with ATP methodology is but

one aspect of biomass dynamics in a lentic system. Another

approach involved the determination of photosynthetic rates

of the autotrophic component of the community. Quantification

of these rates (primary production) is a routine limnological

method involving the use of l4C isotope as an uptake tracer

to determine quantitative assimilation of 002 (Steeman-

Nielson 1952, Vollenweider 1974, Hall 1976). The relation-

ship between primary productivity and standing crop (biomass)

is tenuous at best, subject to a wide variety of influences.

These include, among others, light, temperature, and the

nutritional state of the autotrophs, all of which directly

affect uptake rates. The ATP biomass estimate is problematic

as well; heteroplankton are measured inclusively with the

phytoplankton. Several recent studies have attempted to

relate a quantitative relationship between biomass as

estimated by conventional techniques (i.e. cell counts, chlor-

ophyll a, etc.) and primary productivity in several different

aquatic systems (Schindler and Holmgren, 1970; Hobbie etal.,

1972; Tunzi and Porcella, 1974; Stadelman et al., 1974; and



Vollenweider et al., 1974). The use of ATP methodology was

applied with similar intent in Moss Reservoir (Wilcox 1977).
A positive correlation between 14C uptake rates and ATP
biomass had been observed in a batch culture of Scenedesmus,

but this correlation did not occur in natural in situ incuba-
tions of natural populations. The use of whole or non-size-
fractionated plankton samples enclosed within an incubation
chamber may have contributed to this lack of correlation
(Stanford et al., 1977). In order to investigate this further,
the relationship between primary productivity and ATP biomass
in size classes became another aspect of the studies conducted
at Moss Reservoir. A comparison between these relationships
in two other area reservoirs served as a basis of comparison

between plankton communities. While these experiments

were brief in scope, they serve as a basis for both future work
and as an evaluation of two refined limnological techniques.
The data generated by these two techniques would provide useful
interpretive knowledge of the trophic status of the system as
well as insight into the complexities of short term biomass
and carbon dynamics.

The scope of the present study, then, addressed a diversity
of problems in clarifying the applicability of ATP methodology
as a routine limnological tool. Practical, applied aspects
included determination of optimum sample volumes for complete
extraction processes. The use of a uniform C:ATP ratio as a
conversion factor wa.s investigated for application in Texas

8
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reservoirs. A field investigation was initiated as part of

an on-going research effort in Moss Reservoir, where the

distribution of organic carbon and biomass was monitored.

During this part of the investigation, data were generated

during several short-term (daily) studies to further clarify

the resolving power of the method with respect to detecting

short term biomass changes with plankton size classes. The
relationship between primary productivity and ATP biomass in
these size classes of plankton was also investigated during

summer months .



CHAPTER II

METHODS AND MATERIALS

Laboratory Study

ATP Extraction Procedure

Extraction of ATP from plankton samples was accomplished

according to Holm-Hansen and Booth (1966), Strickland and

Parsons (1968), and Boswell (1977). Plankton samples were

filtered on an acetate membrane filter (.45-pm pore size).

The sides of the filter holder were rinsed with filtered

medium to insure complete collection of organisms on the filter.

Care was taken to avoid drying of the filter and subsequently

stressing the organisms collected. The filter and included

cells were quickly immersed in boiling tris buffer (0.02 M,

pH 7.75) contained in beakers on a hot plate. The beakers

remained on the hot plate for approximately 4 minutes at 1000 C,
and were then transferred to a hot-water bath for an additional

5 minutes at 1000 C. The filters were then washed with hot
tris, discarded, and the extracts combined with filter rinsings
were again placed in the hot-water bath for another three to
four minutes to finalize the extraction and reduce the final
volume to about 4 ml. The extracts were brought to volume

(5 or 10 ml) with tris, placed in test tubes, frozen, and
stored at -200 C until assay time. Internal standards of
disodium ATP salts in tris buffer were added at various times

10
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during the extraction procedure to monitor the percent of

recovery and maintain control over the method.

ATP Assay Prodedure

A standard ATP solution of 10 ug/ml was made by dis-

solving disodium ATP salt in tris buffer. This solution

was divided into 1-ml aliquots which were frozen until used.

The frozen stock was diluted in sterile tris buffer to give

standards in the range of .5 to 20 ng ATP per 200-ul, or 2.5

to 100 ng ATP/ml just prior to the assay. Crude lypholized

luciferin-luciferase (Sigma) was hydrolyzed 20 hours before

use with distilled water after aging 3 to 4 hours at room

temperature. The enzyme suspension was centrifuged for 20

minutes (3200 rpm), the supernate decanted, and allowed to

stand at room temperature for the remaining 16 hours.

Analyses of the extracts and the standards were made using

a Model 2000 ATP Photometer (SAI Technology, Inc.). A 200-ul

aliquot of extract (sample or standard) was placed in a

scintillation vial. The photometer was activated as an

equal aliquot of enzyme was added to the sample in the vial;

during the 6 0-second delay initiated at the time of addition

of enzyme, the vial was placed into the counting chamber.

The instrument integrated a one-minute portion of the decay

curve thereafter, producing a digital readout (see Holm-Hansen

1973, Chappelle and Picciolo 1975). Concentrations of ATP in

extracts were calculated from least squares linear regression

of data generated from assay of ATP standards. A fresh set of
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standards was prepared prior to analysis of each set of

extracts. Background assays of the enzyme activity were

monitored because an enzyme of variable activity was used,

and internal standards were included with the samples to

maintain quality control.

Organic Carbon Analysis

A wet oxidation method was employed using potassium per-

sulfate and phosphoric acid (Menzel and Vacarro, 1964). Water

was filtered through a pre-fired 25-mm diameter glass filter

to consolidate particulate organic carbon. The filter was

then placed in a 10-ml ampule with reagents and 5 ml of

carbon-free water, purged with CO2-free oxygen,and sealed in

this atmosphere. A similar purging and sealing method was

used to quantify dissolved organic carbon: sample water was

filtered through pre-fired glass filters to remove particulates,

placed in the ampules with the digestion reagents, purged,

then sealed. Oxidation was achieved by placing the ampules

in an autoclave for 4 hours at 1210 C and 20 psi pressure.

The C02 liberated during the oxidation process was later

analyzed. The analysis was accomplished by breaking the top

of the ampule in a closed system and flushing the C02 through

a non-dispersive infrared CO2 analyzer. Standards were

analyzed in a similar manner to produce a standard curve and

subsequent determination of organic carbon content.
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C:ATP Ratios in Cultured Algae

Algae comprising 14 genera (11 families) were obtained

from Carolina Biological Supply and grown in batch culture.

An attempt was made to purify the cultures before analyses.

Since a number of the cultures obtained contained bacteria,

those cultures not axenic at the time of analyses are noted

in Table 1. Purity was ascertained by reculture of the algae

in nutrient broth, on peptone-glucose agar, and in conjunction

with microscopic examination. All cultures were grown in 50 ml

of Bristol's medium modified by Bold (1949), and contained in

cotton-plugged 250-ml flasks which had been sterilized at

1210 C and 17 psi for 15 minutes. Inoculated flasks were

placed in incubators at 200 C and maintained on a reciprocating

shaker at 80-85 cycles per minute. The algae were grown under

cool-white fluorescent tubes on a 12-hr "on-off" cycle.

Illumination was adjusted for optimum growth, since certain

genera required a particular light intensity. In general,

100 to 150 ft-c constituted low-light levels for species of

Anabaena, Microcystis, Gloeocapsa, and Cosmarium. Other genera

(Table 1) were grown under higher levels of illumination,

from 400 to 500 ft-c. Algae were re-cultured during exponen-

tial growth 3 successive times before analyses in order to

stabilize growth rates under the given conditions. Only

those cultures with exponential growth rates were used for

ATP and carbon analysis. Three flasks per genus were

incubated under the above conditions per experiment. At the
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time of analysis, one flask was chosen, and from it 3 repli-

cates (or more) were taken for each carbon and each ATP

determination. From each set of replicate analyses a mean

C:ATP ratio was determined, as well as the mean of ATP as a
percent cellular carbon. Care was taken to use only those

cultures with minimal volumes of cellular debris, to prevent

generation of inaccurate carbon values. These cultures were
determined by microscopic examination and size-selective

counting, using an electronic particle counter (Coulter, Model

ZBI).

Particulate organic carbon (POC) and ATP analyses were
accomplished in the manner previously described. One-ml

aliquots of culture were removed for each analysis in most
cases. Up to 2 ml of culture material were used depending on
the culture (i.e. a low-density culture) in an effort to stay
within the limits of detection of a, method and also maintain
the same algal mass for both ATP and POC analyses.

Extraction Efficiency Versus Sampl Volume

The effect of sample volume on extraction efficiency was
examined using plankton samples collected in duplicate from
the photic zone (3 m) of Moss Reservoir. The use of different
volumes of the same sample for extraction of ATP and comparing
the resulting biomass estimate was an indirect means by which
the accuracy of the estimate for a given sample volume may be
indirectly determined. The efficiency of the extraction was
also a direct reflection of these comparisons. Varying
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volumes of whole water samples (from 25 to 300 ml) were

filtered, then extracted according to the routine extraction

procedure at the lake site, and frozen for future ATP assay.

Varying volumes of size-fractionated water samples were

treated in a similar manner biomass size class 165 pm and

larger (mostly zooplankton) were not utilized, while size class

64 m to 165 tm and 10pm to 64 m were extracted in volumes

of 10 to 250 ml. In a given set of extractions, internal

standards were added to determine percent recovery of added

ATP; blanks were also run.

It was hypothesized that a build-up of POC on the membrane

filter may be a major contributor to extraction efficiency

losses. Another experiment investigated this possibility.

In this experiment two different-sized filter holders were

used, the standard 47-mm diameter holder and, a 25-mm diameter

holder; the surface area, of the smaller filter was one-third

that of the larger filter. Varying volumes of whole water

samples were filtered onto the acetate filters in those

holders, extracted, and frozen for later assay.

Field Study

Study Site

H. H. Moss Reservoir is located in north central Texas,

in the Red River drainage basin, 16 km northwest of
Gainesville, in Cooke County. It was constructed by the City

of Gainesville in 1966 to supply future water needs, although

the reservoir is presently used only for recreation. The
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surface area of the reservoir is approximately 155 ha., and is

supplied by a drainage area, of 168 sq. km (Figure 1, Appendix).

A complete description of the reservoir and its morphology is

given in Boswell (1977). For comparative purposes in the

experiments examining 14C uptake and ATP in plankton size

classes, two other reservoirs were chosen as study sites.

Lake Texoma, an on-channel Red River impoundment, was chosen

for reasons of convenience and as part of on-going research

being conducted there (McCullough, 1978; Crist, 1978).

Possum Kingdom Reservoir, located on the Brazos River in west

central Texas, was chosen because of its difference in basic

morphology and chemistry; it is deeper and more saline than

either of the other reservoirs (Leifeste and Popkin, 1968).

Plankton Size Fractionation

The size fractionation procedure wa.s similar to that

devised by Boswell (1977), which separated plankton into four

size classes. Collected samples were passed successively

through stainless steel plankton buckets (250 ml) fitted with

mesh sizes of 165 ptm, 64 pim, and 10 pm respectively, with

100 ml of the remaining water filtered through an acetate

filter (.-45-ptm pore size ) to give the smallest size class.

Those organisms remaining on the 165 pm, 64 tm, or 10 pm mesh

were carefully rinsed with filtered (.45-pm pore size) lake-

water onto an acetate filter (.45 pm) for extraction. This

resulted in 4 size classes: organisms 165 p.m and larger,
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165 to 64 pim, 64 to 10 im, and 10 to .45 pm. Water samples

that were passed only through the 165 pm mesh to remove

larger zooplankton before extraction were considered to be

unfractionated or whole plankton. Zooplankton were removed

to facilitate the reproducibility and accuracy of biomass

estimates of the smaller plankters. The larger amounts of

ATP per zooplankter and the heterogenous distribution of

zooplankton reduced the sensitivity and accuracy of the

microplankton biomass estimates.

Seasonal and Vertical Distribution of ATP, POC, and DOC

Physical parameters, including dissolved oxygen, tempera-

ture, light, and turbidity were monitored in the deepest area

of the reservoir (Figure 1). At each sampling time, oxygen

and temperature profiles were obtained in the water column,

using a YSI Model 31 combination D.O./temperature meter. Light
penetration data, also measured in situ, was taken with a

Kahlsco Model 268WA 370 submarine photometer. Turbidity was

monitored with a Hach Turbidometer. Initially, water was

collected using a 4-1 Van Dorn-type water sampler at every two

meters of depth beginning with 1 meter. As data became

available, depths were chosen for sampling with respect to the
hydrodynamics of that part of the reservoir. This was also
basically true for sampling frequency; most sampling periods

were less than 3 weeks apart, although some were weekly when
conditions warranted it (i.e. plankton bloom, turbidity,

thermocline formation). There was also a series of daily
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sampling times during which 24-hour biomass changes at the

sampling station were monitored. Samples were collected so

that statistical methods could be applied to determine biomass

changes within size classes between days, as well as the

precision of the biomass estimates.

During each sampling trip ATP biomass in size classes,

POC, and DOC were determined for each water sample. The ATP

biomass procedure required the use of 1-1 sample sizes for

size fractions 165 pLm and larger, 64 to 165 pim, 10 to 64 tm

and 100 to 250 ml for the smallest size, .45 to 10 pm. The

samples were taken from duplicate water bottle hauls at the

given depths, transported to a short facility in protected

sterile polyethylene bottles, extracted, and frozen on site.

ATP assay took place at a later date. Organic carbon samples

were transported in acid-cleaned Pyrex reagent bottles, and

stored in the dark at 4.0-,C if overnight storage was necessary.

Statistical Methods

The data generated by the field study at Moss Reservoir

were treated statistically according to individual experimental

design. Data collected from organic carbon and ATP analyses

were compiled with physical data. Stepwise multiple regression

analysis of the information was made in five individual

sequences, including the data from 1-3 meters depth, 5-7 meters

depth, 9-13 meters depth, and the water column mean values for

each variable. In each multiple regression the independent

variables included POC, DOC, temperature, dissolved oxygen,
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and turbidity. The dependent variables included the ATP

biomass from each of the size classes, and the sum of the last

three size classes, each to be regressed against the independent

variables. For short-term biomass studies, an, analysis of

variance was carried out employing a two-level nested design

to determine the significance of the estimation made and to

partition the sources of variation (Sokal and Rohlf, 1969).

Primary Productivit and ATP Biomass in Plankton Size Classes

For the studies that related 14C primary productivity

rates to an instantaneous biomass estimate in the given size

classes of the plankton community, 4-1 water samples were

used from 3 area reservoirs as described previously. The depth

from which the samples were taken was determined to be at 50

percent surface irradiance, using the Kahlsco submarine photo-

meter. Water for 14C incubation and ATP extraction was taken

from each 4-1 water sample; this procedure matched biomass and

uptake measurements in any given sample. Water samples were

taken in triplicate for each experiment. A minimum of 500 ml

was needed for the 14C size fractionation. Two light bottles

and two dark bottles (300 ml BOD bottles) per triplicate water

bottle sample were filled for 14C incubation periods; after

incubation and fixation, the duplicates were combined for the

sizing procedure.

Primary productivity estimates were determined, using 14C

tracer technique originally proposed by Steeman-Nielson (1952)



21

with analysis modifications recommended by Schindler et al.

(1972). A stock solution of radioactively-labeled sodium

14bicarbonate (NaH 3CO; activity of 5 mCi), obtained from New

England Nuclear (Boston, Mass.) was made by diluting t e

5 mCi to 500 ml in buffered sterile water. The final solution

was divided into 8 0-ml aliquots, each of which was placed in

pre-sterilized heavy glass tubes fitted with serum vial

stoppers. Containers of this type provided easy transport

of stock solution to the field and minimized contamination

problems when removing aliquots for inoculation. Bottles (BOD)

filled with sample water were inoculated with 1 ml ofstock
14

NaH CO3 solution with an automatic syringe, and suspended in

the water column in an acrylic, non-shading suspension

apparatus. The samples were then incubated for at least 4 hours.

At the end of the incubation period, the samples were fixed

with 2 ml of concentrated hydrochloric acid and transp rted

to the North Texas Limnological Laboratory for processing.

Liquid scintillation was used for 1C assay in all of the

samples. Sample treatment consisted of several procedures.

Samples were shaken well and from each, 5-ml aliquots (in

duplicate) were removed, placed in scintillation vials, and purged

14with argon gas to remove unfixed C. Scintillation cocktail was

added (Aquasol, New England Nuclear), and then assayed (Schindler

1972). The data derived from these samples gave 14C pri ary

productivity rates for the unfractionated plankton sample.

In addition, from each a 5-ml aliquot was removed and
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filtered on .45-pm acetate filter at less than one-third

atmosphere vacuum. The filtrates were collected for assay

and the filters were well rinsed with a 1 percent solution of

hydrochloric acid to remove unfixed 14C. The filters were

dried in a desiccator in a C0 2-free atmosphere, dissolved in

counting vials in a scintillation cocktail (Aquasol), hydrated

with 5 ml of distilled water, and assayed (Schindler et al.

1972). The data derived were used for determination of the

effects of size fractionation of the plankton of thel4C assay.

The remaining sample was combined, two bottles per light bottle

set and two bottles per dark bottle set, to give 3 sets of light

and dark bottles of 500 ml of sample each. The 500 ml was

then fractionated in a manner similar to the size fractionation

of ATP samples, except that the two largest fractions were

combined to give 64 pm and larger; 64 to 10 pim; and 10 to

.45 pm. The 250-ml plankton buckets previously mentioned

were used for fractionation, with organisms remaining on the

mesh thoroughly rinsed onto .45-ptm pore size acetate filters

with diluted hydrochloric acid. Buckets were thoroughly decon-

taminated between procedures, and background activity from

them was monitored. The filters were treated as previously

described. While 500-ml aliquots were used for the larger

size classes, only 100 ml was filtered for the .45- to 0- m

size to avoid long filtering times and the build-up of

material on the filter. Aliquots of the final filtrates were

taken and assayed as well, to account for labeled organic
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compounds derived from possible cell breakage during filtration

or excretion of metabolites during the incubation. All stand-

ards and samples were comparable except for those with filters

dissolved in them; quench correction factors for the two types

of samples (filter and non-filter) were determined and

utilized. Samples were counted on a Beckman L. S. 250 scintil-

lation counter for 10 minutesusing the 14C and 3H mode. Back-

gmuid and stock activity counts were also made each time

sample sets were analyzed. Data. obtained from each method were

converted from decays per minute (cpm) to pig C l 1hr~1 ,using

the following formula derived by Steeman-Nielson (1952), as

modified by Lind (1974):

mg C 1-1 unit of time- = (v)(c)(f)

where a

r = uptake of radioactive carbon in counts per minute =

counts min~ 1 for filtered volume X volume of bottle
volume filtered

R = 14C inoculated in cpm

v = dilution volume

c = inorganic carbon (C12) available in mg/l

f = correction of slower uptake of 14C as compared with

Cl2; 1.06

Dissolved inorganic carbon wa~s determined by using pH, alkal-

inity, and temperature data, and by applying a. conversion

factor (Lind 1974).



CHAPTER III

RESULTS

Laboratory Study

C:ATP Ratios in Cultured Aae

Organic carbon:ATP ratios were reported with an expression
of ATP as a, percent of cellular organic carbon (Table 1).
These values were averages of data from multiple analyses

from at least two cultures per taxon. Highest C:ATP ratios
were found in a blue green alga, Anabaena; the lowest occured
in Phacus and Golenkinia. While none of the cultures were
grown axenically, they were not heavily infested with

bacteria. Microscopic inspection revealed no culture con-
tained bacteria in quantities greater than 5% of the total
algal cell mass.

Extraction Efficie ncyVersus Sample Volume

Figures 1, 2, and 3 illustrate the experimental results
of extraction efficiency versus sample volume for fractionated
plankton samples. While a number of experiments were conducted,
the given figures were representative of the results in each
case. Good recovery occurred in the extractions of size
classes 64 to 165 pm and 10 to 64 m, using the experimental
sample volumes of 125 ml to 1000 ml. The degree of recovery
was determined from the amount of ATP measured in the smallest

24



C

40C )

A I
LOT

LLNAN
0-

100 '

Aft '' A-ft -, -.. ....

125250 500

Sample Volume

1000

Figure 1. ATP recovery with increasing sample volume in planktonsize class 64-165 um.

25

I

(ml)



26

100
0)
c

90 SOW

Now~80

70

660

o 50

4 0

- 30

20

10

100125 250 500S1000

Sample Volume (ml)

Figure 2. ATP recovery with increasing sample volume,
in plankton size class 10-64 um.



27

0

(*

-/

.|-..--. . ....

Sample Volume (ml)
25025 50

Figure 3. ATP recovery with increasing sample volume
in plankton size class .45-10 um.

50-

c

CL

30

Lo
N4

o 20-

<t 10,

-6*,Oo

100



sample volume since this volume yielded the highest concentra-
tion of ATP. It was assumed that this volume, usually
containing near-detection limits of ATP, was extracted at
100% recovery of ATP present. The percent recovery of the
larger volumes was based on this concentration. For size 64
to 165 4m, recovery averaged 97%, and for size 10 to 64 tm the
average was 90%. Recovery in size .45 to 10 pvm, the smallest
size class, was lowest, and decreased rapidly with increasing
sample volume (Figure 3). With extraction of the largest
sample volume, 250 ml, recovery averaged 40%. In some cases
it was as high as 70%, and as low as 30% of the calculated
amount of ATP present in the sample. A similar result occurred
using whole or unfractionated plankton samples (Figure 5) and
in experiments where filter area versus ATP recovery was
investigated (Figure 4). Recovery of ATP wa-s poor with both
filter sizes when samples greater than 50 to 100 ml were
extracted. The use of the smaller filter amplified this
effect. Quality control procedures (standard additions of
ATP) indicated that ATpresent in extracts was accurately
quantified (90-95%) and that losses due to hydrolysis ofextracted ATP, or due to inhibitions or interference within
the assay itself were not occurring.

Field Study
seasonal and Pertical Distribution of ATP and c on

---_on--f_ rganic Carbon
The data generated by monitoring biomass and organic

carbon was averaged for each of four depths (Table 2); standard

28
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deviations for these averages are listed in the Appendix (Table

1A). A number of parameters measured declined as a function of

depth. These included the three smallest biomass size classes,

temperature, dissolved oxygen, biomass as a percent of POC,

turbidity, and dissolved oxygen. POC values also declined

except for the lowest depth, while DOC did not show much var-

iance with depth. Annual grand means are presented in Table 3.

The trends observed in estimated biomass during the course

of the study were similar to those observed in a previous study

(Boswell 1977), except for the magnitude of the total biomass

estimates (Figures 6, 7, 8, and 9). These estimates were lower

in general throughout the-year, as compared to the previous year.

Biomass size classes of 10 to 64 tm and 64 to 165 pm were

relatively steady, while biomass in size class 165 pm and

larger, mostly zooplankton, had greater amplitude but fewer

peaks. Hypolimnetic biomass in size classes .45 to 10 pm again

peaked during the summer months. A profile typical of the

stratified reservoir in August is represented in Figure 10.

At the beginning of the study (September 1976) a peak in POC,

DOC, and two biomass size classes, 145 to 10 pim and 64 to 165 pLm,

were evident throughout the water column. A strong peak occurred

at the end of March (1977), during which the highest value

occurred for POC, DOC, the biomass in size classes 165 ptm and

larger, and 64 to 165 pjm. This peak was also common to all

depths, although not as evident at the lowest depth. A peak in

POC and in biomass size class .45 to 10 im also occurred during

the late summer, below the hypolimnion.
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Table 3. Annual grand mean values, entire

water column, Moss Reservoir.

VARIABLE
MEAJN

POC

DOC

Temperature

Dissolved Oxygen

Turbidity

ATP, Size Class:

165 pm

64. to 165 tm

10 to 64 m

.45 to 10 pm

.45 to 165 pm

Biomass as % POC

.414

3.47

15.6

6.71

5.06

526o7

231.2

104.1

193.6

538.9

31.5

+

+

+

+

+

+

+

+

+

+

.110 mg/i

.554 mg/l

7.97 OC

3.06 mg/i

.52 FTU

302.4 ng/i

128.1 ng/i

49.4 ng/l

184.9 ng/l

313.2 ng/i

10.8 %

IMEAN
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Multiple regression analysis indicated poor correlation

between independent variables (POC, DO, temperature, dissolved

oxygen, and turbidity) and the dependent variables (ATP in

biomass size classes) at any given depth. Multiple correlation

of total water column averages, of POC/DOC with ATP biomass

size classes of .45 to 10 p m and .45 to 165 ptm, however, were

satisfactory (R=.82, each). These averages were derived by

averaging water column parameters among all depths to produce

a mean value for a particular sample date. A number of simple

correlations between variables occurred (Table 4), the most

frequent of which was with biomass sizes 64 to 165 pm and .45

to 165 pm, and in sizes .45 to 10 ptm and .45 to 165 pm.

Analysis of variance was employed to determine significant

variations or fluctuations of planktonic biomass in a number

of daily and weekly sequences of biomass determinations

(Appendix, Tables 2A-6A). In general, significant changes in

biomass occurred between sampling dates in weekly and monthly

sampling sequences . On a daily basis, however, biomass changes

were not significant except when measured on a size class basis.

The average coefficient of variation determined for each size

class ranged from 5 percent to 25 percent; on the average for

seven sampling dates, biomass size class 64 to 165 tm averaged

16 percent, biomass size class 10 to 64 p.im averaged 13 percent,

and biomass size class .45 to 10 pm averaged 24 percent.
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Table 4. Simple correlations, selected for degree of

correlation.*

VARIABLE EGRESSION
x y COEFFICIENT R

1 - 3 m ATP, 64-165 ptm ATP, .45-165 pm .865
ATP, .45-10 ptm ATP, .45-165 im .899

Biomass, % POC ATP, .45-165 p m .790

ATP, 64-165 p m

ATP, 64-165 pm

ATP, .45-10 pm

POC

ATP, 64-165 pm

ATP, .45-10 pm

ATP, .45-10 pm

POC

ATP, 64-165 pm

ATP, 10-64 m

ATP, .45-10 pm

ATP, 10-65 pm

ATP, .45-165 p m

Biomass, % POC

ATP, .45-165 pm

Turbidity

ATP, .45-165 pxm

ATP, .45-165 pm

Biomass, % POC

Turbidity

ATP, .45-165 pm

ATP, .45-165 pm

ATP, .45-165 pm

Biomass, POC

Water ATP, 64-165 im ATP, #45-165 pm .841Column
Mean ATP, 045-10 pm ATP, .45-165 pm .900

POC ATP .777

POC/DOC ATP, .45-165 pm .825
POC/DOC ATP, .45-10 pm .819

*Correlations are derived from Moss Reservoir physiochemicalparameters for 1976-1977 *

3-5 m

7-9 m

9 - 13 m

.877

.784

. 904

s775

.899

.918

.847

4817

-751

,815

.881

.934
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Primary Productivity and ATP Biomass in Plankton Size Classes

Although the relationship between primary productivity

and standing crop among plankton size classes was the principal

focus of these experiments, the accuracy of the 4C uptake

measurement after the size fractionation procedure was in

question. The principle source of variation that may occur

between the standard 14C methodology and the fractionation

procedure was the extent to which that cell breakage may occur

with a subsequent loss of fixed 14C isotope. The C activity of

sample filtrate (.4 5-pm pore size) before and after the sizing

procedure (Table 5) indicated only minor effects (i.e. cell

breakage). In most cases, activity from fractions, when summed,

approximated activity between whole and fractionated samples,

indicating only small losses of fixed 4C during the fractiona-

tion procedure.

Calculated 4C uptake and ATP biomass (Table 6) represent

the means of duplicated samples where n was at least 3. The

biomass in the plankton size class of 64 pm and larger was

not included, as it consisted primarily of zooplankton and

few autotrophs, and isotope uptake in this size class was

usually less than 10% of the total calculated uptake. The

14majority of biomass and C uptake was found in size fraction

10 to 64 pm and .45 to 10 pm, as shown in Table 6, and as a

result, these size fractions were used for calculating both

turnover times and P/B ratios (Table 7). The P/B ratio, a

measure of productivity per unit biomass, is termed the
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Table 5. Comparison of calculated 14 c uptake rates

between size fractionated and standard liquid

scintillation procedures.

PROCEDURE

Standard procedure (5 ml aliquot)

Fractionated samples

64 pm and larger

10 to 64 pm

.45 to 10 pm

Filtrate

Sum

CALCULATED IVEAN
UPTAKE, g C/lHR

9100 812

888 62

1352 +116

5695 428

1700 +73

9635

Filtrate before fractionation 164.o 49



Table 6. ATP biomass and C primary productivity rates for

plankton size classes.

LAKE SIZE X BIOIA2S f X UPTAKE %FRACTION (ng ATP/1) BIOMASS (ytg/1/HR) UPTAKE

Moss 10-64 ,m 59 21 1.533 23(June)
.4-5-10 plm 218 79 5.133 77

Texoma 10-64 ptm 44.5 14 2.528 19

.45-10 im 268 86 11.072 81

Possum 10-64 jim 290 37 1.277 11
Kingdom

.45-10 ptm 49o 63 10.223 89

Moss 10-64 rm 73 26 1.352 19(August )
.45-10 pm 204 74 5.695 81

43
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Table 7. In situ activity coefficients and replacement

times for plankton size classes.

LAKE

Moss
(June)

Possum
Kingdom

Texoma

SIZE
CLASS$

10-65 p m

.45-10 pm

.45-165 p m

lo-64. pm

.45-10 m

.45-165 pm

10-64. pm

.45-10 pm

.45-165 pm

BIOA.SS
(t g C/1)Qi Cl

14.75

54.5o

69.25

72.5

122.5

195.0

11.13

67oO

78.13

UPTAKE B/P
(tig C/l/HR) ({R)

1.533 9.6 .o104

5'133 10.6 .090

6.666 10.9 .096

1.277

10.223

11.500

2.528

11. 072

13.600

56.8

12.O

16.9

4..4

6.1

5.7

.018

.084

.059

.227

.165

.174

Moss 10-64 pm 18.25 1.352 13.5 .074(August)
.45-64 jm 51.00 5.695 9.0 .112
.45-165 pm 69.25 7.047 9.8 .102
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activity coefficient of a population (Vollenweider, 1968).

Precision in the experiments was within the limits of the

methodology; the variation between duplicate biomass estimates

and 14C uptake rates were not more than 12% in any given lake

experiment, and usually less than 10% for most. The biomass

level was highest in Possum Kingdom Reservoir, while Moss

Reservoir had the lowest at the time of the experiments.

Uptake rates were highest in Texoma, however, with Moss

Reservoir again the lowest. When considering turnover times

and activity coefficients (Table 7), organisms in Texoma

apparently had the shortest turnover time (combined between

size classes) and the highest activity coefficient. The

reverse of this relationship was evident in Possum Kingdom

Reservoir. The combined community parameters, derived from

the sum of the two smaller fractions correlate well (R=-.93),

which was not the case when regressed as fractions (R=-.71).



CHAPTER IV

DISCUSSION

Laboratory Study

CIATP Ratios in Cultures of A

Several C:ATP ratios have been reported for various algae

and bacteria in earlier studies (Holm-Hansen and Booth, 1966;

Holm-Hansen, 1970; Holm-Hansen, 1975; Paerl and Williams, 1976).

Holm-Hansen (1970) found in 30 different algal cultures an

average ratio of approximately 286:1, ranging from 256 to

333:1. Of the 30 cultures, only 6 were freshwater species,

and 3 of those were Chlorella species. In a later paper,

C:ATP ratios were reported for a. variety of marine biota which

again were all in the range of 250 to 300:1 (Holm-Hansen, 1975).

Using autoradiography to assess plankton viability, Paerl

and Williams (1976) calculated C:ATP ratios for plankton found

in 7 U. S. lakes, to average 276:1. The data included few

blue-green algae and were in relatively close agreement with

previous ratios. The carbon determination may be in question

in that study, since viable plankton were counted and the

volumes converted to a carbon weight mathematically, using a
conversion equation according to Mullin et al. (1966). The

indirect nature of the carbon determination may have biased

the ratio determination toward the ratio commonly found in

algae other than blue-greens.

46
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In the present investigation, high C:ATP ratios were

experienced in blue-green algal cultures, which indicated

that this group may be problematic in the interpretation of

ATP as carbon weight. It is possible that the mucilaginous

sheath common to this group may have increased the C:ATP

ratio above the ranges found in other groups of organisms,

since the carbon in the sheath material in any quantity would

have increased organic carbon per unit cell volume without

any accompanying increase in ATP.

Another effect of the mucilaginous sheath or the matrix

in which the blue-green cells are embedded is the possibility of

poor extraction due to an insulating effect of the sheath

material. The effect upon the calculated C:ATP ratio would

be the same; that is, an increase would result as ATP was lost

through lowered extraction efficiency. As a consequence of

the high C:ATP ratio observed for the blue-green cultures,

studies of natural populations in which the cyanophyta predominate

may be subject to error using ATP biomass factors in the

reported range 250 to 300:1. Blue-green blooms are common in

many aquatic environments, especially those characterized by

accelerated nutrient loading. If large volumes of blue-greens

are present, ATP biomass may be seriously underestimated when

the conventional conversion ratios are used. Under conditions where

blue-greens comprise over 90% of the algal volume present, ATP

biomass may be underestimated by 50% without consideration of

an apparent higher C:ATP ratio found for this taxon in the
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present study. More work is required, especially under

different physiological conditions, before a firm relation-

ship between cellular carbon and ATP may be identified in plank-

ton containing large volumes of blue-green algae.

A sliding scale of C:ATP values may perhaps be developed,

dependent on a general microscopic survey of the plankton

under study at a given time, since a survey should be made

in any biomass investigation. This scale may be hypothesized

from the results of the present study. Using a range C:ATP

ratios from 250:1 (an average) for natural communities without

blue-green algae, and 500:1 (an average) for a population of

100% blue-green algae, a range of values may be derived for

communities with varying percentages of the two groups.

Regressing percent blue-green biomass against the derived

CiATP ratio, the linear relationship follows:

y = 2.5x + 250

where x is the percent of blue-green algal volume present by

estimation and y is the carbon value in the C:ATP ratio,

where ATP has a value of 1 (i.e. C:ATP = y:l). This adjust-

ment would be accurate only under the assumption that the

majority of the blue-green algae visually surveyed were viable,

or that the relative viabilities among the blue-greens and

non-blue-greens were at least similar. Such a method could

improve the accuracy of biomass estimations based on ATP

concentrations in aquatic systems.
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Extraction Efficiency Versus Sample Volume

As sample size (volume) increased, the apparent loss of

measured ATP also increased. The loss was within the limita-

tions of the methodology for plankton size classes of 64 to

165 tm and 10 to 64 pm. Extractions of the smallest size

(.45 to 10 pm) and of unfractionated plankton samples,

however, rapidly introduced losses of ATP with increasing

sample size. Recovery of internal standards in extraction

and assay procedures eliminated the possibility that ATP was

lost in a number of ways. These include hydrolysis, incom-

plete ATP-asedeactivation in the extract, transfer losses

during handling, adsorption of ATP during the assay, and

ionic interference or inhibition during the bioluminescent

reaction. Problems with recovery of extracted ATP from

larger sample sizes (Figure 4), where the filtration times

were the same, caused an obvious reduction in extraction

efficiency that was observed between the two filter sizes.

This experiment also emphasized the effect of particulates of
extraction efficiency. The same volume of sampleona smaller
filter produced a build-up of the particulates, subsequently

reducing ATP recovery from extracted organisms (Figure 4).

Adsorption phenomena do not explain these losses, a~s good
recovery of internal standards occurred (90-100%). Dilution
of the extracts did not improve recoveries more than approxi-

mately 3%. While this indicated some inhibition during the
assay, it was not a significant source of error. The
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coefficients of variation between duplicates for both sets of

extractions approximate each other, indicating that the effect

was uniform between duplicate samples. The effects of POC

(i.e. detritus) on extraction recoveries were even more

obvious when comparing recoveries with fractionated plankton

samples (Figures 1, 2 and 3). Carbon analysis of the

fractions determined the major proportion of particulate

carbon to be in the size class of .45 to 10 pm. This held

true throughout most of the study, with 70% to 90% of the

particulate carbon associated with the smallest size class.

From the biomass estimate it was clear that most of the POC

in those samples was detrital, and was associated with poor

ATP recoveries. It has been postulated that incomplete

heating of the organisms within the layer of material on the

membrane filter surface produced poor recovery of ATP (Karl

and LaRock, 1975). Incomplete or slower heating in microzones

may have allowed enzymatic degradation of ATP just prior to

heat deactivation of those enzymes within microbial cells.

The supposition that the denser the layer of POC, the greater the

loss in efficiency of extraction, is supported by the results

of the present investigation. The apparent shielding effect

of detritus to produce thermal gradients within the layer of

organisms on a filter was even more pronounced with samples

from anaerobic hypolimnion water from Moss Reservoir during

the summer months. Iron in the reduced state (measured a.t

46-58 mg/1) in a water sample became oxidized through the
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sizing procedure and produced a colloidal suspension. After

filtering 100 ml of the water, the oxidized iron was evident

on the membrane filter as a red opaque coating. Care was

taken to prevent oxygenation of an unfractionated sample by

using a. special filtering apparatus. Under these conditions,

the filters were then only slightly gray and the ATP recoveries

were 40% to 50% greater. While stress was probably imposed on

those organisms adapted to an anaerobic existence by the intro-

duction of oxygen during sample processing, the adenylate pool

shift within the organisms (ATP--ADP--AP) could not account

for the ATP losses experienced under these conditions (Karl

and Holm-Hansen, 1977), although this occurs within stressed

organisms to a certain degree (Azam and Hodson, 1977).

Sample volumes which provide high extraction efficiency

should be determined when using the tris method of extraction,

from a, practical, applied standpoint. The diversity of

reservoir types necessitates careful consideration of sample

size for each system. Often, high POC loading may be

experienced as well as clay sediment loading, which entail

difficulties common to sediment-ATP extractions (Karl and

LaRock, 1975; Lee et al. 1971a; Lee et al., 1971b).

Adsorption problems may be included a~s well as reduced

extraction efficiency under these conditions. Care is required

in the selection of sample size with such a variety of conditions,
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as well as careful attention to procedural details and

controls. Without these considerations replicable data may

be generated, allowing innacuracies to go undetected. In

most cases, loss of ATP with inefficient extraction may result

in an underestimation of biomass. As this investigation

showed, such inaccuracies are most likely to happen with the

smaller size classes of plankton, a major dynamic component

of the plankton community.

Field Study

Seasonal and Vertical Distribution of ATP and Organic Carbon

Lakes and reservoirs vary greatly not only among them-

selves but on an annual basis as well. For this reason

and others, a direct comparison between the annual cycles

monitored in Moss Reservoir can be made only in a general

sense. The reservoir was colder (30 C) during the winter in

the present study than in Boswell's (1977) study, which may

have produced the reduction in overall biomass. Events

common to both studies included spring peaks in zooplankton

and hypolimnetic. nannoplankton. A high standing crop of

nannoplankton was also observed in a similar study of

Candian Shield lakes by Rudd and Hamilton (1973), during

summer months. The presence of a chemocline above the thermo-

cline during the summer was a manifestation of poor circulation

and a high organic carbon loading. The decline in average bio-

mass with depth was expected due to the dead or dying plankton

in the seston "rain" which was more evident in stratified
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summer months. The large standing crop of nannoplankton

experienced both years in the anaerobic (and euphotic)

hypolimnion during the late summer months fits a generalized

annual cycle described for reservoirs described by Silvey and

Wyatt (1969). The biomass estimates in that study were

water column averages, which do not reflect the obvious vertical

structuring observed in Moss Reservoir. The euphotic and

anaerobic nature of the hypolimnetic biomass peak indicated

that it was bacterial in nature (Boswell, 1977) and difficult

to determine microscopically due to the problem of separating

bacterial cells from detritus. The cycle described by Silvey

and Wyatt (1969) supports this contention, since plate counts

in that study showed a large proportion of the biomass to

be bacterial, preceeded by algal and fungal biomass peaks

during the summer months. It was clear from the Moss Reservoir

data that heterotrophy under anaerobic conditions played an

important role in the limnology of the reservoir; the proportion

of heterotrophy in the reservoir on a seasonal basis would

justify further investigation. Information of this nature would

provide much needed clarification of trophic levels and their

relationship with the aquatic system as a whole in reservoirs.

Both investigations at Moss Reservoir (Boswell, 1977, and the

present investigation) showed that two different planktonic

communities existed in the reservoir at this time, separated

only by a density interface. The detrital processing

aspects of the euphotic population and its role in recycling



54.

nutrients for the population in the photic zone during this

period would warrant further study, since it is at this time

when biotic events most commonly affect water supply quality.

Data generated by the field investigation at Moss

Reservoir produced a number of correlations between certain

parameters (Table 6). Turbidity and POC correlated twice,

which may be expected if POC comprised the bulk of the

suspended solids. The high organic composition of suspended

solids was an indication that suspended sediment or run-off

silt loads were not an influence during the course of the

field study. Also supporting this contention is the

correlation between ATP as percent biomass and a number of

biomass size classes. It may be that a given size comprised

a large part of the total biomass (and therefore POC). The

best multiple correlations occurred when water column variables

were averaged among depths to produce a mean for each

variable on any given sampling date. Averaging may have

eliminated variation caused by sampling in a heterogeneous

environment,as well as variation inherent in the methodologies

used. The smallest size class, .45 to 10 im, correlated best

with POC and DOC (R = .82); a close link between nannoplankton

and organic carbon in this system was indicated, either in

the production of organic carbon or in its utilization. The

largest proportion of POC was found in the smallest biomass

size class as determined by periodic carbon analysis of the

different biomass size classes. Summer carbon fixation rates
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and biomass estimates in Moss Reservoir indicated short

carbon replacement times (Table 7), although the calculated

replacement times may be overestimates since,the biomass

estimate includes heterotrophs as well as autotrophs.

Correlations between the smallest size class (.45 to 10 ptm)

and the total plankton biomass (.45 to 10 pm) and the total

plankton biomass (.45 to 165 p1m) occurred even though the size

class .45 to 10 pm rarely comprised more than 40o of the total,

indicating a strong interaction between the nannoplankton and

the remainder of the plankton community.

Monitoring short-term biomass changes during the study

period provided insight into the complex and rapid fluctua-

tion occurring within the plankton community. It became clear

that while total biomass may not have changed on a daily basis,

biomass in size classes may have changed significantly within

short periods (i.e. 24 hours). Such events were demonstrated

best during a spring sampling sequence, represented in

Figure 11. Size class .45 to 10 pm fluctuated significantly

on a day-to-day basis while the other size classes and the

total biomass did not. Similar observations were made at

other times, but within different size classes. From the

statistical analyses of the data, it appeared that biomass in

weekly to monthly sequences generally varied significantly,

but that daily sequences often did not, except within size

classes. The replacement rates for summer populations

(Table 7) determined by 14C uptake studies were high enough
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(hours) to verify the rapid biomass changes observed in the

previously discussed short-term sequences of biomass estima-

tion. The short-term studies also indicated that experimental

error in the use of ATP methodology was greater than the

variation imposed by the patchy distribution of the plankton

population at any given depth level samples at in the reservoir.

Often there was greater error between subsamples of plankton

in a given sample than between separate duplicate samples; in

oligotrophic water with low standing crops, this observation

may not be true. The fraction which had the largest coeffic-

ient of variation was the smallest (.45 to 10 im); the c. v.

may have been related to differential extraction losses from

thermal gradient effects during the extraction procedure

(previously discussed). The wide range of coefficients of

variation indicated the sensitivity of the extraction process,

requiring great care, attention to detail, and experimental

controls. It was possible to observe very minor changes in

the natural plankton population at Moss Reservoir with these

considerations. The inability of classical methods to make

such observations has limited study of dynamic and fluctuating

populations to generalizations and indirect conclusions. These

limitations hold true particularly for the nannoplankton,

whose importance in both productivity and heterotrophy has

been underestimated (Wetzel, 1975). Short-term, transitory

events, such as the effect of periodic point pollution sources

on aquatic systems, may be detected and quantified from the
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general standpoint of biomass. This also includes the ability

to delineate where such changes occur, such as in discharge

plume formation or in power plant entraiment events. As a

research tool, the ability to make instantaneous measurements

of viable organic carbon in plankton samples promises more

accurate analyses of biomass dynamics in lentic systems.

Primary Productivity and ATP Biomass in Plankton Size Classes

The results indicated that the fractionation procedure did

not introduce significant error into the measurement of 4C

uptake rates as it was used in these experiments. Plankton

buckets, used to separate size classes of plankton, resulted in

minimal cell damage, also evident from the results. Primary

1~4
productivity, measured by C uptake, is influenced greatly by

light and temperature, and more subtly by factors such as

species composition of the plankton assemblage and nutritional

and physiological states, among others. The experiments were

preliminary in nature; only light and temperature were equalized,

and the measurements represent instantaneous values amid

separate, complex, and dynamic interactions. Despite the

inconsistencies, a relationship between biomass estimates and

C primary productivity emerged when these measurements were

taken from within the size classes of plankton present. Where

the largest amount of biomass was present, the hightest uptake

rates were observed. Turnover times varied, but the shortest

combined time indicates the state of rapid flux existing in the

plankton community. Through all sampling periods the largest



59

proportion of both biomass and productivity occurred in the

nannoplankton (.145 to 10 pm). The ecological significance of

nannoplankton versus net plankton productivity lies in the role

of cell size in phytoplankton community dynamics. Typically,

small cells have shorter generation times and higher growth

rates in a given environment, possibly due to the high sur-

face area-to-volume ratios of smaller cells (e.g.., Odum,

1956; Saijo and Takesue, 1965; Williams, 1965). In addition,

the relative levels of nannoplankton and net plankton produc-

tivity and standing crop may be a reflection of the distributions

and abundances of herbivores that selectively graze on one group

or the other (McAllister et al., 1959; Mullin, 1963; Richman

and Rogers, 1969; Martin, 1970; Malone, 1971). Summer values

may represent a peak period for the year; a similar study

conducted on a seasonal basis would be necessary to generalize

the relative contributions of the various size classes to the

primary productivity of the system. A number .of analyses of

primary productivity determining the relative contribution of

different sized algae showed that a greater proportion of the

total primary productivity was by smaller forms in less

productive (i.e. oligotrophic) waters (Rodhe et al., 1958;

Goldman and Wetzel, 1963; Wetzel, 1964). This observation does

not hold for Moss Reservoir, as it is classified as a meso-

eutrophic reservoir (Boswell, 1977). Robinson (1975), in an

attempt to relate trophic status to primary productivity and ATP

biomass, found little or no relationship between those two
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parameters. The biomass estimates that were made in that

study were of non-fractionated plankton; the heterotrophic

biomass (especially that of rotifers and zooplankton nauplii),

unrelated to autotrophic biomass, may have made correlations

between standing crop and productivity difficult to detect.

Extraction difficulties experienced and investigated in the

present study may also have been experienced, undetected, in

Robinson's study, causing inaccuracies. The inconsistencies

that were experienced in Robinson's study, if inappropriate

sample sizes were used, may also have been influenced by the

high altitudes at which the extractions were made. A reduction

in the boiling point of the tris buffer at these altitudes (950 C

in this case) may very easily reduce extraction efficiency as well;

biomass estimates under these circumstances would be precise but

inaccurate.

A concurrent study at Moss Reservoir concerning uptake

rates and ATP biomass estimates also showed little relationship

between uptake rates and net plankton biomass (Wilcox, 1977).

The study differed from the present investigation from two

fundamental approaches; again, size fractionation was not used

for partitioning the plankton assemblage present, and biomass

was measured as an in situ change, determined by an incubation

procedure. The standing crop estimates obtained for the

purposes of the present study were instantaneous biomass

estimates of those organisms used for the 14C uptake rate

measurements (primary productivity).
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Rapid turnover or replacement times may be calculated

from laboratory culture data; however, the use of the combina-

tion of 1C tracer methodology and ATP biomass estimation

allowed rapid, in situ determinations. The activity coef-

ficients (P/B ratio) may also be of interest in future work

since the activity coefficient, used to mean the photosynthetic

assimilation of carbon per phytoplankton unit over unit time

(Rodhe et al., 1958), has been studied elsewhere to attempt to

relate productivity to biomass or relative photosynthetic

yield (Nauwerk, 1963; Findenegg, 1966). Eutrophication, often

indicated by high phytoplankton yields, may be related to

certain activity coefficients; at least the use of activity

coefficients may contribute more to a definition of the trophic

status of a lake or reservoir with respect to its phytoplankton

crop. The ATP biomass estimation includes heterotrophic

organisms as well as autotrophs; therefore, the activity

coefficients derived by these means may be biased, to a degree

dependant upon the heterotrophic population within a size

class at a given time. The separation. of the heterotrophic

component of the biomass estimation, should it be necessary,

may be accomplished by autoradiographic means (Brock and

Brock, 1968; Faust and Correll, 1977; Paerl and Goldman,

1972; Paerl and Williams, 1976). The derivation of either

activity coefficient or turnover time must also be accom-

plished in a manner that includes the entire trophogenic

zone, integrated over the diel cycle, and on an annual basis.
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Future needs include these considerations, as well as defining

the relationship between activity coefficient and nutrient

availability, physiological state, and the relation to the

numerical volume and species of organisms present.



CHAPTER V

SUMMARY AND CONCLUSIONS

In the present study, the laboratory investigation with
selected freshwater algae verified the use of published

conversion ratios for converting quantified ATP to the carbon
weight of viable biomass in the algal species examined, except
for three species of blue-green algae. A high C;ATP ratio
was observed in these three species (e.g. 550:1). Where a
species composition occurs in which blue-green algae dominate
the plankton community, use of previously reported ratios in
the range of 250 to 300:1 would underestimate the biomass

present.

Another aspect of the use of ATP methodology in south-
western reservoirs included determination of optimum sample
size for accurate ATP quantification. The importance of
correct sample volume was particularly true for size fraction-
ation procedures in which different size volumes were required
for optimum extraction efficiency and maximum ATP recovery.
The smallest size class, .45 to 10 tm, required the smallest
volumes (50 to 100 ml), while larger size classes extracted
linearly up to volumes of 1 1. The loss of efficiency for
whole water samples was similar to that of the smallest size
class. The large amount of detritus and/or organisms in these

63
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size classes may have produced a thermal gradient effect,

lowering extraction efficiency and reducing recovery. This

contention was supported by concentrating a given sample on a

smaller filter area and comparing recoveries. The importance

of sample volume selection within a given system for accurate

biomass estimates was emphasized from these experiments.

During a two-year consecutive study (Boswell, 1977, and

this study), similar trends in plankton biomass levels were

observed. A general trend of reduced biomass estimates with

increasing depth was observed when annual values for four

depth levels were compared, which did not represent periods

of stratification during which biomass peaks occurred. A

correlation between the nannoplankton and the organic carbon
pool was observed, as well as correlations between POC and
turbidity, and biomass in the size class of .45 to 10 pm.
The percentage of POC that was viable was relatively high,
averaging almost 32%. High biomass levels with comparable

increase in POC below the thermocline during August indicated
the presence of a discrete nannoplankton population, anaerobic,
and probably heterotrophic. Short -term studies made during
the field investigation at Moss Reservoir illustrated the
capability of ATP methodology to quantify very small changes
within the plankton community. It was apparent from the short-
term monitoring that while daily or weekly changes as a. whole
were not significant, significant changes within the structure
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of the community occurred. Experimental error within the ATP

methodology was found to be a. greater source of variation than

plankton heterogeneity, and the smallest size class proved to

be the most variable. The correlation between 14C primary

productivity and biomass in the three area, reservoirs was high

during the summer study period, including Moss Reservoir.

Turnover times for Moss Reservoir plankton were short (9 to

13 hours), although not as short as those of plankton in

another reservoir (Texoma). The method of examining 14C

uptake in size fractions of plankton proved effective and

accurate when compared to the standard 14C primary productivity

methodology.

The use of the ATP methodology as it is described in

the present study has promising potential as a limnological

tool in reservoir studies. The only difficult problem

encountered in these studies concerned the conversion of ATP

to biomass weight when large volumes of blue-green algae were

present. The problem may be overcome somewhat by adjusting

for the blue-green presence or by using quantified ATP as

measured without conversion to carbon weight. The quantity of

ATP present is still a useful limnological parameter. Such

data, however, should be viewed with caution and must be

considered as only a part of an array of other parameters, in
context with those parameters. The problems encountered in

extraction of ATP can be overcome with careful attention to

procedure and controls. Where sample volumes must be very

small for accuracy, sensitivity of the bioluminescent assay may
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be increased 1000-fold (Jones and Simon, 1977). Alternate

extraction methodologies should be explored, however, since sus-

pended silt loads encountered during run-off events in the

watershed are common to the southwest; the presence of clays

and clay colloids may present unusually difficult extraction

problems. Again, this may be solved by a more sensitive assay

procedure which permits smaller volumes for extraction of ATP.

The greatest potential of ATP biomass estimation as a

research tool has yet to be fully explored. Excellent

correlation in plankton size classes between primary productivity

and ATP biomass was shows in my study. Coupled with micro-

autoradiography techniques, the sensitivity of the ATP assay

may provide an accurate understanding of plankton ecology

based on the quantification of heterotrophic and autotrophic

events upon which higher trophic events are based.
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Table 2A. Analysis of variance results for 3-Day

sequence, spring biomass dynamics, 3 m

depth.

SIZE VARIATION df Fs VARIA NCE
CLASS SOURCE dMF

64-165 im Date 2 1.330 ns 6

Sample 6 2.160 ns 34

Within 9 58

10-64 pm Date 2 7.790 * 24

Sample 6 2.460 ns 18

Within 9 57

.45-10 pim Date 2 24.305 ** 66

Sample 6 7.168 ** 22

Within 9 11

.45-165 pm Date 2 3.512 ns 38

Sample 6 3.092 ns 31

Within 9 29
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Table 3A. Analysis of variance results for 4-day

sequence, summer biomass dynamics, 3 m

depth.

SIZE VARIATION df Fs VARIANCECLASS SOURCE (%)

64-165 pvm

10-64 Im

.45-10 im

.45-165 p m

Date

Sample

Within

Dat e

Sample

Within

Date

Sample

Within

Date

Sample

Within

3

4

8

3

4

8

3

4

8

3

4

8

33.052 ***

-358 ns

24 .220 **

1.907

10.530 *

1.900 ns

50.500 **

.966

26

1

73

88

4

8

75

8

17

76

12

12
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Table 4A. Analysis of variance results for 4-day

sequence, summer plankton biomass

dynamics, 13 m depth.

SIZE VARIATION
CLASS SOURCE

64-165 pm

10-64 p

.45-10 pm

945-165 pm

Date

Sample

Within

Dat e

Sample

Within

Date

Sample

Within

Date

Sample

Within

df Fs VARIANCE

3 8.75* 61

4 .82 ns 10

8 29

3

4,

8

3

4,

8

3

4,

8

3.257 ns

3-903 *

.94- ns

2.24 ns

.93 ns

1. 94 ns

48

31

21

8

29

63

12

28

6o
60
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Table 5A. Analysis of variance results for 3-day

sequence, summer plankton biomass dynamics,

3 m depth.

SIZE VARIATION df VARIANCE
CLASS SOURCE Fs

64-1165 pm

10-64 tm

.45-10 p m

.45-165 pm

Date

Sample

Within

Date

Sample

Within

Date

Sample

Within

Date

Sample

Within

3

4

8

3

4,

8

3

4,

8

3

4

8

33.052 **

.358 ns

24 .226 **

1.906 ns

10.53 *

1.90 ns

50*520 **

.9658 ns

70

5

25

88

4

8

56

14

30

89

3

8



Table 6A. Analysis of variance results for weekly

sequence, summer plankton biomass dynamics,

3 m depth.

SIZE VARIATION df Fs VARIANCE
CLASS SOURCE

64-165 pm

10-64 pm

.45-10 p m

.45-165 pm

Date

Sample

Within

Date

Sample

Within

Date

Sample

Within

Date

Sample

Within

4

5

10

4

5

10

4

5

10

4

5

10

52.3 ***

.010 ns

111.809 ***

.0092 ns

80

1.33 ns

.041 ns

95

17.386 ** 5

.015 ns 1

94

73

95

20
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