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ABSTRACT: THE BIOMASS AND ACTIVITY OF BACTERIA IN THE SEDIMENTS
OF MARION LAKE, BRITISH COLUMBIA.

Two biomass indicators (direct counts and ATP analysis)
and two activity estimators (glucose uptake and dehydrogenase
activity) were used to study the bacteria at 1 m water depth
in Marion Lake sediments, Direct count-biomass estimates for
bacteria averaged 0,61 gC/mz, were high in summer, declined
rapidly in fall, then increased during the winter, Microorganisms
less than approximately BO}Jm diameter had a mean biomass of
1.28 2C/m? as measured by ATP analysis. Seasonal variations
in this figure paralleled changes in the algal population,
although algal contributions to the microbial biomass were
less than 50 per cent. ATP analysis was also used to estimate
the biomass of the sediment community, excluding animals greater
than approximately 5 mm in length. The mean community biomass
was 4,69 «C/m2.

Comparison of ATP data with enumeration data obtained by
others, suggests that ATP is a good biomass indicator, except
when cellular ATP levels are changed in reaction to biotic or
ablotic environmental factors, It is proposed that, in situat-
ions such as intense grazing or rapid increases or decreases
in temperature, ATP measurements reflect not only biomass but
also activity, At such times ATP-biomass data may indicate
blomass potential, or the capacity of the population to
maintain 1ts biomass under abnormally high rates of 1loss.

Dehydrogenase activity, or respiratory potential, of the

sediment bacteria was assayed using triphenyl tetrazolium
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chloride. The estimate for annual rate of carbon loss as COp
from the bacterial population (19.3 g C/m2.year), was almost
identical to previously reported data obtained by measuring
oxygen consumption in normal and antiblotic-treated sediment
cores,

Uptake of 1"’C-glucose was determined in mixed, diluted
sediments, The maximum uptake rate (9.6 g C/m2.year),
natural uptake rate (5.3 g C/m2.year) and the natural turn-
over time (0.31 h) were similar to previous data for these
sediments, This suggests that, at least in terms of function,
the bacterial population is quite stable from year to year,

Biomass and activity of the Marion Lake sediment bacteria
were found to be in phase in late spring throusgh early fall,
but activity remained low in winter despite increases in the
microbial biomass, and increased much more rapidly than bio-
mass in early spring. The dynamics of the bacterial population
are discussed in terms of these relationships.

The size of the algal and bacterial populations and organic
matter reservoirs, and the flux rates for carbon between these

compartments are summarized,
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INTRODUCTION

1. Objectives and background,

Many bilological characteristics of Marion Lake,
British Columbia, have been studied in detail in an effort
to describe the rate and control of energy flow between
the major compartments of the system (Hall and Hyatt, 1974).
The studies since 1963 were supported by the International
Blological Program as part of its commitment to assess
productivity in diverse environments, This emphasis on
ecological energy flow stems historically from the qualitative
description of food webs by Forbes in 1887 (quoted in Odum,
1968) and the energy flow by trophic level concept intro-
duced by Lindeman (1942)., The quantitative approach to
aquatic ecosystem description using the Lindeman concept
has been used in Silver Springs, Florida (Odum, 1957). a
temperate cold spring (Teal, 1957) and a salt marsh (Teal,
1962).

Marion Lake is situated 50 km east of Vancouver,
British Columbia, at an elevation of 300m. The climate is
typically coastal being relatively mild and wet with an
annual precipltation of 240 cm, The lake is small (13
hectares), shallow (mean depth 2.4 m) and subject to
short turnover time (as short as three days during periods
of high water inflow). Planktonic production is extremely
low due, - directly or indirectly, to the high flush rate
(Efford 1967, 1969)., Recent work has therefore focused on
determining compartment size and carbon or energy fluxes

between the compartments of the benthic environment.



- Algal blomass in the Marion Lake sediments is approx-
imately 0,043 gC/m2 (Efford, unpublished). Bacterial
numbers were estimated by Fraker, using plate counts, to

b cells/ml in winter to 2 x 10° cells/ml

vary from 5 x 10
in summer (unpublished). Using microscopic counting methods,
Ramey (1972) and Burnison (unpublished) estimated numbers of
bacteria at the sediment surface to be 10° cells/ml and 1019
cells/g respectively. Both these workers found a decrease
with depth below 2 cm, Hall and Hyatt (1974), using Burnis-
on's data and an average cell volume of 0,36um3 derived a
fresh welght of 3,9 mg/g sediment, This is equivalent to
approximately 0,39 gC/m?, or about nine times the algal
biomass,

Net dissolved and particulate allochthbnous inputs to
the lake are 28 gc/mz/year and 36 gC/m?/year respectively
(Geen, unpublished; Odum, unpublished), Autochthonous in-
puts include primary production by phytoplankton (8 gC/m2/
year - Efford, 1967), epibehthic algae (40.4 - 44,2 gC/me/
year - Héf@féﬁeﬁi@éé@Greundllng,1971).

Carbon losses as carbon dioxide from the benthic com-
munity total 57 gC/m?/year (Hargrave, 1969), Estimates of
bacterial respiration were obtained by Hargrave by com-
paring oxygen ﬁptake in normal versus antibiotic-treated
cores but this approach has been criticized (Cameron, 1973;
Yetka and Wiebe, 1974). An estimate of 4,2 - 24 gC/m2/year
for bacterial respiration was obtained by Kleiber (1972)
using the data of Hall et al, (1972).



W1th1n~the sediment ecosystem, transfers from the
chemical environment to microorganisms in the form of
dissolved and particulate material have been-studied by
Hall et al, (1972) and Hall et al., (1973),using radio-—
active chehicals and leaf materilal. Kleiber (1972).reported
the flux from algae to the chemical environment was 1.5 -
8.8 gC/m?/year. Using the data of Hall et al, (1972) he
further estimated the carbon flux from the environment to
bacteria to be 21 - 120 gC/m?/year. The importance of the
benthic bacterial population is evident from these data.
Total net inputs to the lake are about 132 gC/m?/year
and the use of organic material by bacteria (21 - 120 gC/
m2/year) 1s equivalent to 16 - 91% of this net input,

The purpose of this study was to assess biomass and
activity of bacteria in Marion Lake sediments. As described
above some measurements have been obtained but the bacterial
biomass was not measured during the course of the hetero-
trophic uptake studies (Hall et al,, 1972), and bacteria
have not been quantified seasonally except by plate count
methods, |

No approach to either biomass or activity measurement is
accepted as a "standard method”. Many papers report inform-
.ation on various parameters of microbial populations but
methodology 1is diverse, A few studies comparing multiple
approaches simultaneously have been reported (Witkamp, 1973,
in soils; Hobbie et al,, 1972, in the ocean), Work comparing
two methods 1s more abundant and is referred to in the
discussion,

During this study, two biomass estimators (adenosine-



5A-tr1ph08phate (ATP) and direct microscopic counts) and
two activity estimators (dehydrogenase activity and 146_
glucose utilization) were employed. The changes,within and

between these methods, seasonally, are presented,



2. Bacterial Biomass

Bacterial counts

Plate count methods have long been used to estimate
the numbers of microorganisms in water, solls and sediments.
Many reports on various experiments ranging from response
to fertilization to vertical distribution of bacteria in
soils still use this approach., There 18 no doubt that the
technique 18 useful for looking at specific physiological
groups of microorganisms but the use of the aerobic, hetero-
trophic plate count as an indicator of total viable bacterial
numbers is invalid (Schmidt, 1973). |

Microscopic counts of bacteria with conversion of the
numbers to blomass using an average cell volume have a
number of inherent difficulties, Besides being fiime con-
suming, it 1s difficult to differentiate between detrital
partidles, dead bacteria and viable bacteria, In sediments
particularly, many particles are in the size range of
bacteria and many of these adsorb chemicals used to stain
cells, The irregular shape of many bacteria makes accurate
estimation of cell volume difficult, The technique was
used in this study to glve an upper 1limit for the bacterial
blomass,

Direct counting methods have been employed in diverse
environments including water (Sorokin, . 19703 Hobbie et al,,
1972), soil (Babiuk and Paul, 1970; Trolldenier, 1973), beach- -
sands (Khiyama and Makemson,_1973) and sediments (Olah, 1972),

Fluorescent stains are helpful in making small bacterial



cells on particles more visible. Quantitive work using
fluorescent stains such as acridine orange (Trolldenier,
1973) and fluorescein isothiocyanate (FITC) (Babiuk and

Paul, 1970) has been reported. One problem involved in

the method is to obtain a sample uniformly dispersed on a
microscope slide so that random sampling yields results

with minimal variance. In previous research, samples have
been spread in thin layers on slides and allowed to dry
{Trolldenier, 1973, Babiuk and Paul, 1970) or thin layers

of agar containing soil samples were formed4(Jones.and
Mollison, 1948), Unfortunately materials prepared in this
manner may have a variable vertical distribution so repeated
focusing &f the objective lens is required because of its short
depth of field., In addition the oﬁjective of uniform distrib-
ution is often not achieved.

An ldeal way to ensure random dispersion of samples
.would be by filtration through bacteria-retaining membranes,
Previous use of this technique has been limited to light
microscopy probably because of interference in fluorescent
work from the oil used to clear the filters. A method,
devised by B. Kent Burnison (unpublished), which employs
filtration of samples, clearing in acetone vaﬁérs and FITC
stalning has been used in this study. This technique allows
cells to be uniformly distributed with negligible background
fluorescence and the cells are bound in the surface layer

of the cleared membrane filter.



ATP Analysis

ATP 1s present in all 1living cells (Mahler and Cordes,
1966) but is not associated with dead cells (Holm-Hansen
and Booth, 1966; Lee et al,, 197la;Patterson et al,, 1970;
this study). Presence of ATP is therefore indicative of 1life.
Knowledge of numerical relations between ATP and organic carbon
associated with 1living organisms (biomass carbon) permit
extrapolation of ATP concentrations to biomass carbon. This
relationship has been studied in bacteria (Ausmus, 1973;
Ernst, 1970; Hamilton and Holm-Hanseh, 196?), algae (Berland
et al.,, 1972; Ausmus, 1973) actinomycetes (Ausmus, 1973),
fungi (Ausmus, 1973) and nematodes (Ernst, 1970). Consider-
able work has been done determining ATP content per bacterial
cell (for example Chapelle and Levin, 1968) but information
on numbers is less relevant to ecosystem studies than is ins
formation on biomass, The ATP to biomass carbon relation
varies between groups of organisms, between sSpecles and
within species at different times of the life cycle, Despite
these difficulties a weight relation of carbon to ATP of 250
seems to be meaningful,

The ATP assay 1s based on the finding of McElroy
(1947 ), that luminescent reactions in firefly tail extracts
require ATP, Since then, light production has been shown to .
be proportional to ATP if other reactants are in excess
(Strehler, 1965):

g™t

ATP + luciferin —————* adenyl-luciferin +PPy
luciferase




adenyl-luciferin ————SE——-adehyl-oxyiuciferin + H20 + 1light

ATP has been measured in fresh water (Rudd and Hamilton,
1973; Holm-Hansen and Paerl, 1972), oceans (Hobbie et gl;,
1972; Holm-Hansen and Paerl, 1972), sewage (Patterson et gl;.
1970; Brezonik and Patterson, 1971), soils (Ausmus, 1973;
Conklin and MacGregor, 1972; MacLeod et al,, 1969), marine
sediments (Ernst, 1970) and lake sediments (Lee et al,, 1971
a and b), Only two previous studies on temporal changes of
biomass as measured by ATP have been reported, that being
the work of Rudd and Hamilton (1973) and Holm-Hansen and
Paerl (1972) on lake water columns,

.Application of the method to estimation of bacterial
biomass is difficult., Measurements in water masses are often
preceded by filtration through nets (60 - 150 um mesh) to
remove large 2oop1ankton (Holm-Hansen and Paerl, 1972), dbut
analyses still include bacteria, algae, protozoa and many
, other organisms, These authors further attempted to measure
bacterial biomass by subtracting algal blomass,determined by
_direct counting, from total biomass of organisms less than 60
AMm measured by ATP analyslis, Even in this size range there is
the possibility of protozoa biomass being included. Another
problem 18 the uncertainty of the condition of the algae,
Direct counts often include dead cells, 80 overestimation of
algal blomass and therefore underestimation of bacterial mass
could result. Rudd and Hamilton (1973) followed changes in
biomass of various size groups by differential filtration of

water samples but no estimate of bacterial biomass was



obtained because of the presence of small algae less than

10 ym, particularly during summer., Size fractionation, while
not simple nor precise in aquatic samples, 18 even more
difficult in sediments. No previous attempts have been made
to categorize biomass of different size groups by ATP
analyslis in soils or sediments, In this study, an estima£e
of the microbial biomass (<:approxlmate1y_30/4m) was ob-

tained by physical removal of larger size classes,
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3. Activity of Microorganlisms

It is difficult to assess what microorganisms are doing
in situ., It 1s not possible to "see" what they are eating,

assimilating and excreting and as a result chemical and radio-

tracer techniques are used,

Respiration and dehydrogenase (oxidoreductase) activity

The traditional method for determinimg microbial activity
involves measuring respiration by changes in oxygen and/or
carbon diloxide concentrations (Hargrave,1969; Beyers et al,,
1963). The oxygen method was used rigourously in Marion
Lake for one year but the validity of carbon flow information
from this data depends on the accuracy of the assumption
of a respiratory quotient (RQ)of 0.85 (Hargrave, 1969).
Unfortunately, RQ values for sediments range from 0,27 -

0,96 (Teal and Kanwisher,1961; Pamatmat, 1968) and for
epilithophyton the value of 1.1 + 0.9 has been reported
(Schindler et al,, 1973).

The measurement of inorganic carbon is diffieult in
lakes that do not exhibit relatively high alkalinity,unless
sophisticated equipment is available at the site (Schindler,
1973).

| One conclusion from the above discussion is that reports
of carbon exchange based on gas analysis are often relative
rather than absolute, Another way to estimate respiration
1s by measuring dehydrogenase activity. In such assays
triphenyl tetrazolium chloride (TTC) is used to intercept

electrons flowing through the electron transport system ,
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and competes with oxygen as electron acceptor. This éssay
1s a relative activity estimator since it measures respiratory
potential rather than respiration, but it is a convenient
method for comparing activity of samples given different
treatments or obtalned at different times of the year.
Dehydrogenase activity has been used as an activity
index in water (0Olah, 1972), sewage (Lenhard, 1968), soil
(Casida et al,, 1964; Lenhard, 1956) and sediments (Olah,
1972; Pamatmat and Bhagwat, 1973; Edwards and Rolley, 1965).
The experimental approach suggests there should be a
correlation between respiration as measured by oxygen up-
take or carbon dioxide evolution and respiratory potential
as measured by dehydrogenase. Such correlation has been
demonstrated in some soil studies (Skujins, 1973; Césida
et al,, 1964) but not others (Howard, 1972). Stevenson
(1959) found oxygen uptake was related to dehydrogenase
activity in 24 soils (r = 0,837) but in 43 soils which were
amended with decomposing plant matter correlation was reduced
(r = 0.511), Howard (1972) reported that formazan production
was always less than expected from oxygen consumption data,
This may be due to a negative response by microorganisms to
the presence of TTC since the insoluble reduced formazan is
deposited within the cells, Furthefmore,the substitution of
TTC in place of oxygen as electron acceptor reduces the
amount of ATP (energy) obtained by the cell per mole of
substrate reduced, |
Pamatmat and Bhagwat (1973) reported correlation between
heat production and dehydrogenase activity in Lake Washington

sediments but oxygen uptake by sediment cores consistently
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‘underestimated heat production, presumably because oxygen
uptake did not measure anaerobic activity while the de-
hydrogenase assay did. Edwards and Rolley (1965) also
found no correlation between oxygen qonsumptlon and dehydro-
genase activity in sediments, That both anaerobic and aerobic
bacterial activity could be assayed by TTC reduction was
demonstrated by Olah (1972), He followed ATP levels and
dehydrogenase activity in aerated and anaerobic incubation
flasks enriched with powdered Phragmites, During aerobic
incubation changes in dehydrogenase seemed to parallel changes
in ATP, but anaerobic conditions yielded higher ATP concen-
tration and lower dehydrogenase activity than was found in
the aerated culture,

Sediments are a complex environment,and even anaerobic
sediments may contain a community with populations other
than bacteria (Fenchel, 1969). Does the dehydrogenase
measuremant assay the activity of these other organisms?
Pamatmat and Bhagwat (1973) noted the presence of chironomid
larvae in some of their samples but did not know whether or
not thelr activity was included in dehydrogenase measurements.
Packard (1970) and Curl and Sandberg (1961) homogenized
animal tissues to assay dehydrogenase activity., Packard
noted the necessity to d1srupt not only the outer walls of
zooplankton but also the mitochondria before the assay could
be performed., Bacteria however can reduce TTC during normal
growth (Eidus et al,, 1959). On the basis of present know-
ledge it seems probable that thevdehydrogenase assay

measures activity of prokaryotic organisms only, unless
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samples are homogenized,
The enzyme dehydrogenase was assayed during this study
to determine aerobic and anaerobic, prokaryotic activity

at different times of the year,

Uptake of radiotracers

The utilization of.radioactive compounds. by micro-
organisms 1s another approach to the estimation of microbial
activity., The most commen experimental design for utilization
measurements is to test uptake at different concentrations
of the radloactive substrate., These data are treated by one
or more of the avallable linear transformations (Hall et al,,
1972) of the Michaelis - Menten enzyme kinetics equation.,
Infofmation may be obtalned on/the turnover time of the
substrate (T), the maximum rate of substrate uptake (Vm),
and a transport constant plus natural substrate concen-
tration (K¢ + Sn)Q If Sy, can be determined independently the
actual rate of uptake (Up) may be calculated.

The original low substrate concentration application of
Michaelis - Menten kinetics énalysis to study active uptake
by heterogeneous bacterial populations was by Wright and
Hobbie (1965). The work of Parsons and Strickland (1962) was
at substrate concentrations high enough that diffusion into
algae probahly occurred., Wright and Hobble (1966) assumed
respiratory losses of carbon as C0O2 would be negligible but
many studies (Hall et al,, 1972; Burnison and Morita, 1973;
Crawford et al,, 1974) have disproved this. Most experimenters
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now use modified techniques which allow measurement of gross
uptake, that is,the sum of assimilated or particulate uptake
and respiratory losses., |

There is,unfortunately, no theoretical justification

for application of Michaelis - Menten kinetics to hetero-

. geneous population§:The analytical technique, originally

the Langmuir isotherm éé Michaelis - Menten equation, was
developed to describe relatively simple reactions of gases
or enzymes, In fact,the equation has been found inapplicable
in a number of studies in natural systems (Vaccaro and Jannasch,
19673 Hall et al,, 1972; Klelber, 1972; Crawford et al., 1974).
The use of it to analyze multispecies reactions with
variable values of Vp and Ky was tested with a computer
model by Williams (1973). He reported that (K¢ + Sp) and T
are sensitive to deviations from the expected relation
between uptake rate and substrate concentration, particularly
at low concetrations,but Vy, showed little change, Since
natural substrate concentrations are often very low ( 1-50
»#g/1), erroneous estimates for T would in turn effect U,
calculations,
Burnison and Morita (1973) tested the occurrence of
competitive inhibition for amino acid uptake in Klamath
Lake waters., Even at low substrate concentrations, competition
was evident in some cases, Thls is in contrast to the report
of Crawford et al, (1974),that competition between amino acids
in estuarine waters seemed to be of little consequence,
Burnison and Morita found that Vn was not effected by com-

petltive inhibition, while T and (Ky + Sj,) were both in-
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creased.,

From the discussions of Williams (1973) and Burnison
and Morita (1973), it 1s apparent that V, is the most useful
parameter for comparing heterotrophic uptake potential in
different water masses because 1t 1s less s¢nsitive than T
and (K¢ + S,), and therefore Up, to changes in inhibitory
interractions between substrates and to non-kinetic responses
of uptake veloclty to substrate concentrations Vm 1s a
“potential” uptake estimate thopgh.and Un and Ty (the actual
rate of uptake and turnover) aré the vaiues required for
estimates of carbon flux in an ecosystem. The actual rates for

glucose have been used in this study as an index of microbial

activity.
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4, Introduction to the appendices

A number of diverse'topics have been relegated to the
appendices in an attempt to make the methods and results
sections as conclse as possible, It is hoped that compre-
hension of the work does not require reference to the

appendices,

Appendices I - III are details of methods used to extract
ATP in three different experimental situations,

Appendix IV includes preparation of enzymes used to
measure ATP concentrations,and an example of a
standard curve obtained for the assay. |

Appendix V describes the approach and results of exper-
iments designed to estimate the efficiency of the

three ATP extraction procedures,

iments designed to study the relation between biomass
carbon and ATP,

Appendix VII outlines the effect of incubation time and
oxygen concentration on the assay for dehydrogenase
activity,

Appendix VIII gives the mathematical analysis used to
calculate V,, T, (Kt + Sp), Tp and U, in hetero-

trophic uptake studies,
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MATERIALS AND METHODS

Sampling

Undisturbed sedimentsamples (Hargrave, 1969) were
obtained along a 1 m transect at approximately monthly
intervals (Figure 1), From each of four samples, three
subsamples were taken with glass corers (12.5 cm long,

5.0 cm diameter). The cores were sectioned at the site and
the upper 2 cm of sediment were transferred to a sterile
jJar, The mixed sample was kept on ice during transpo:t,
then stored at 2-3°. All analyses requiring fresh sediment
(ATP, total organic matter, dehydrogenase activity and
radiotracer experiments) were carried out within 2 - 3 days,
Within 2 - 3 hours of sampling, 1ntérst1t1a1 water for ”
glucose analysis was extracted and stored at -20 and
sediment subsamples were lyophilized for later use (direct

bacterial counts, ATP and carbohydrate analyses),
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Figure 1. Marion Lake =~ morph?metry and sampling
area ===
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Methods
Chemical analyses

Duplicate fresh samples for total organic matter were
filtered (10jpsi) through previously combusted (5500/1h)
glass-fibre filters (Reeve-Angel 934 AH - 2.4 cm dia.). The
samples were dried»(80°/2bh), welghed, combusted (550°/3h)
then reweighed. Carbohydrate concentrations in the lyophil-
ized sediments were measured colorimetrically with the phenol-
sulphuric acid method (Gerchakov et al,, 1972). The assay was
standardized with p-D-glucose. Organic carbon coﬁtent of the
sediments was analyzed using a carbon analyzer (Beckman model
915).

Methane production was measured by analysis of the atmos-
phere above sealed sediment cores (obtained April 21, 1974),
incubated at either 4° or 20o for 3 days, using gas chromato-
graphy.,

To obtain interstitial water approximately 100 ml of mixed'
sediment were gravity-filtered through Whatman no., 1 filter
paper at 4° , The filtrate was filtered through a Millipore GS
membrane filter, pore size 0.2§Um using a vacuum of 7 psi. The
water was stored at -20 in clean test tubes,

Glucose concentrations in the interstitial water were
determined enzymatically by the method of Hicks and Carey (1968).
A fluorometer (Turner no, 110), equipped with a green phosphor-
escent lamp (GE-FA4T5-G), and a constant temperature door (25°),
was used to measure unknown glucose concentrations relative to
standard solutions of p-nglucose. Filters used were, on the ex-
citation side, a Wratten 58, a 1% neutral density and a polaroid

lens , on the emission
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side, a Wratten 23A, Blanks were identical to standard or
interstitial water samples except glucose-6-phosphate
dehydrogenase was omitted from the reaction mixture. The

detection 1imit for the assay 1s about lugglucose/l,

Direct counts of bacteria

Bacteria were counted in samples prepared from lyoph-
11ized sediments using a method developed by B. Kent Burnison
(unpublished). All solutions were filter-sterilized. To 2
ml of distilled water plus 0.5 ml of 0.5 N KOH in a tissue
homogenizer tube,was added 10mg of lyophilized sediment., The
dry weight was determined by drying parallel samples (100 /24h).
The sample was homogenized for 2 min at which time very few,or
no, large particlés remaiﬁed. The mixture was transferred to a
scintillation vial using 4 ml of distilled water and sonicated
for 15 sec at 50-60 cps with an intensity of 50 (Bronwill
Scientific Biosonlk II), The sample was then adjusted to
100 ml in a volumetric flask with distilled water,and mixed,
From this suspension 1,00 ml was transferred to a filtration
apparatus and adjusted to 10 ml with water. The sample was
filtered (10 psi) through a membrane filter (0.22um) pre-
. viously boiled in 0.1% sodium pyrophosphate for 2 min and
rinsed with bacteria-free water, The filter was dried at 600.
One-half the area of a slide was coated with transparent glue.
The dried filter was placed on this film, then cleared in
acetone fumes, alr dried and sealed with Permount,

Thé cells were stalned with a solution of FITC using
the buffer system suggested by Babiuk and Paul (1970). Cells
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were stained for 30 min with a solution of 1.3 ml of 0.5 M

sodium carbonate buffer (pH 9,6), 6,0 ml of 0,01 M potassium
phosphate buffer (pH 7.2), 5.7 ml of 0.8% saline and 5.3 mg
of FITC. The slides were washed in 0,5M sodium carbonate
buffer (pH 9.6) for 20 min, and in 1% sodium pyrophosphate
for 2 min., |
Duplicate slides were prepared for each sample and
cells in 15 ocular grid fields per slide counted under oil
immersion using a Reichert microscope equipped with a HBO

200 mercury vapour lamp,

ATP Analysis

Determination of unknown ATP concentrations requires
extraction of the compound and assay of.its:abundance in
the extract. A correction factor for extraction efficiency
must be determined. The methods summarized. below are presented
in detail in appendices I - VI,
(a) Total ATP extraction from fresh sediments

The method used was that of Lee et al, (1971a). Three
replicate 3 ml samples of mixed sediment (150-200 mg dry wt,)
were extracted for each monthly sample, The main features are
extraction of ATP with ice-cold 0.6 N H2SOy and removal of
interfering cations with cation-exchange resin (for details
see appendix I). |
(b) Total ATP extraction from lyophlized -sediments

In an attempt to check the fresh sediment ATP values
obtained each month; lyophilized sediments which had been
stored for up to 1 year at -Zdi were extracted on one

occasion and assayed using single enzyme and standard ATP
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preparations.

Bromosuccinimide extraction was found to be the most
efficlent of eight procedures tested (Appendix II) and was
used for subsequent experiments (for detalls see appendix
I1).

(c) Microbial ATP extraction from fresh sediments

Sediment samples were cleaned of large organisms
(< approximately 30um) using micropipettes in an attempt to
measure ‘microbial ATP., The separation method and subsequent
ATP extraction is described in appendix III. |
(d) ATP assay

The method used was the 1ucifer1n-1ucifefase blolum=-
inescence assay, Preparation of the enzymes in appropriate
buffer solutions, addition of standard or unknown ATP
samples and measurement of light production are described
in appendix IV,

(e) Calculation of blomass carbon concentration
The equation used for conversion of raw assay data to

blomass carbon per gram dry weight sediment was:

blomass -3
ATP x 1 x dilution 4 1 x .carbon y 10
assayed sample factqr extraction ATP

dry weight efficlency

The assayed ATP had units ng/ml; dry wt. was in grams; the
dilution factor was § for experiments on lyophilizedlsedi-
ments and microbial ATP and (50 x extract volume (ml) x %)
for total ATP in fresh sediments; extraction efficiency was
125, .106 and .205 for total fresh, total lyophilized and
microbial fresh ATP extractions respectively (Appendix V);
C/ATP was 250 (Appendix VI); the factor 10'3 converted the
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data from ng to ug.

Dehydrogenase activity

Dehydrogenase activity was measured using a method
modified from that of Sorokin and Kadota (1972)., The reagent
consisted of a solution of 0,1 M tris buffer,adjusted to
pH 7.5 with 2N HC1,to which was aqded\o,9 M2, 3, 5-tri-
phenyltetrazolium chloride (TTC)., This reagent was stored
at 2° in the dark, |

To perfoim the assay, 5 ml of fresh mixed sediment was
pipetted into a 125 ml erlenmeyer flask, Control samples
were routinely steam-killed then treated as normal samples,
Blanks of this type were equivalent to adding formalin, or
to leaving TTC out of the reagent. To each sample 10 ml of
the TTC reagent was added. Rubber stoppers with inlet and
outlet tubes were fitted and the samples were bubbled with
nitrogen for 10 min to remove oxyseh. The flasks were sealed,
wrapped in aluminum foil and incubated 4 h and 24 h at .30
with shaking at 100 RPM, Four.replicates and one control
were used for each incubation period.

Extraction of the water-;nséluble formazan was with an
acetone-methanol solution (9/1, V/V)., Twenty-five ml was
added to sample flasks, shaken for 1 h, then filtered
through cheesecloth under subdued light conditions. The
filtrate was adjusted to 50 ml with extractant poured through
the sediment particles, Absorption was measured at 5S40 ,p
against an acetone-methanol blank, |

Alstandard curve was obtained by dissolving 2, 3, 5-
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triphenyl formazan in extractant solution,
The effects of incubation time and oxygen on dehydro-

genase activity measurements are described in appendix VII,

Heterotrophic uptake of 1"’C-glucose

All experiments were performed using fresh mixed sed-
iments, diluted with autoclaved lake water (final dilution
50:1)., Standard solutions of 1L"C-glucose (U), 215 me/mM
(New England Nuclear), were stored frozen in filter-sterilized
distiiled water. These solutions were adjusted to 0.1 uc/ml
and 1.0 ug glucose/ml prior to use. Two live and one control
(formalin-killed) samples were equilibrated for 1 h at lake
temperature after dilution. The radiotracer was then added
at four solute concentrations (10, 40, 100, 200:ug/1), and
incubated under subdued light conditions for 40 or 60 min
with shaking at 100 RPM. The incubation flasks, l¥c-co,
trapping system and filtration of the particulate fraction
were described in detail by Kleidber (1972).

Bray's scintillation solution (Bray, 1960) was used for
sample radioactlvity’measurements.~Quench curves were prew-
pared with 1uc-toluene (417,000 dpm/ml, New England - Nuclear)
and chloroform in Bray's solution for the liquid scintillation
counters used (Nuclear Chicago Mark I and Isocap 300), by
the external standard ratio (ESR) method.

r 4

Efficiency o -CO2 counting was determined by com-

paring the sample ESR to the quench curve, This value was
further corrected for 140-C02 trapping efficiency (mean of

14

84% in 4 samples using - C-Na H C03),

The efficiency of counting particulate material sus-
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suspended with Aer - O - Si1l1 (Degussa Chemicals) in Bray's
solution was calculated from an efficiency versus weight -
of-sediment curve. The curve was obtained by incubating
sediment with 140 - glucose overnight, Aliquots of different
‘volumes were filtered through tared membrane filters (0.22;1m
pore size). The samples were dried (100 /24 h) and dry wt.
determined. One-half of the samples were combusted at 900°
in a tube furnace (Lindberg Hevi-Duty model 55035)., The
evolved 1l"C-COg was collected in 8 ml of ethanolamine and
ethylene glycol monomethyl ether (1/7, V/V) and coﬁh@eﬂ in
10 ml of toluene fluor (0.5% PPO, 0.03% POPOP)., The method
has been described by Burnison and Perez (1974). Suitable
quench curves were prepared for the toluenenscintillation
solution, The remainder of the samples were counted in the
usual way, that is dissolution of the filters in Bray®s
solution and suspension with Aer - 0 - Sil.

Comparison of the dpm per g dry wt., obtained by
combusting -samples, to cpm per g dry wt. by suspending
samples, ylelded an efficiency-weight curve. Sediment
counting efficlency ranged from 54,2 - 58,7%.

The methods used to calculate Vp, Ty, Up and T,
are described in appendix VIII.

Statistical methods

Seasonal data obtained frpm ATP and dehydrogenase
experiments and bacterial counts were analyzed for differ-
ences between the means by analysis of variance (anova),

Logarithmic transformations were required for dehydrogenase

data and for the total fresh ATP data to correct hetero-
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geneous variance within the data, Specific means were then
compared at the 1% probability level using the new multiple
range test of Duncan (1955),

Heterotrophic uptake data were not statistically
analyzed due to the complexity of obtaining information on
the errors involved. Kleiber (1972) has proposed a method
to handle. this problem,
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RESULTS AND DISCUSSION

1. Physical and chemical data

The sediments in Marion Lake are a deep flocculent
ooze except near the springs and the inlet, The gample
area was free of macrophytic growth, Macroscopically the
sediments contain some large invertebrates, algal colonies
and mats, chironomid tubes and leaf and twig fragments,
The sediment particles as seen microscopically are a
complex conglomeration of mineral and organic matter with
a size range of 20 - 400um although most are between 70 -
200um (Figure 2), The particles shown were prepared by
critical point drying and coated twice with gold, then
examined using a Cambridge Stereoscan scanning electron
microscope,

Temperature during the study was typical of Marion
Lake (Efford, 1967), although the warming trend usually
evident in May was delayed in 1974 (Figure 3a).

Changes in total organic matter in the sediments
were not dramatic, fluctuating around a mean of 414 mg/ g
dry wt. except in September (Figure 3b). The meximum
deviation within samples was 3.6% of the mean, The Sep-
tember peak may be due to algal or invertebrate growth
within the lake, or allochthonous inputs although the latter
do:’ not peak until late fall (Odum, unpublished). Organic
carbon (dissolved plus particulate) was about 20% of the
sediment dry weight,

Glucose concentrations in the interstitial water were
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high in December and January (about 5ng/1) and very low in
April and May (5-20ug/l) (Figure 3c). The low spring
concentrations may reflect heterotrophic activity of

bacteria, a possibility which 1s assessed in section 4,

Total carbohydrates in the sediments fluctuated irregularly
with an annual range of 135-184 mg/g dry wt. or 32.6-44,5%

of the total organic matter., These carbohydrate concentrations
are approximately twice as high as those previously found

by Hall and Doel (1972) and may reflect variations in
methodology,
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Figure 2, Scanning electron micrographs of Marion Lake

sediment particles,
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Figure 3. Seasonal changes in temperature (a),
total 6rgan1c matter (b) and dissolved .
glucose (¢) in the sediment (bars
indicate standard deviation of each

sample).,
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2., Blomass estimates
(a) Total sediment biomass estimated by ATP analysis
Recovery of cellular ATP added to sediments was low
in this study (12.5% for the fresh sediment extraction
method - Appendix V) compared to other work that has been
reported, Lee et al, (1971a) obtained recoveries of ATP
added as bacteria of 24-85% for nine different sediments.
Ernst (1970) reported recoveries of cellular ATP and pure
ATP added to marine sediments of 60-97% and 61-104% respect-
ively. Low recovery efficiency in Marion Lake sediments may
be due to high adsorbtive capacity, however, pure ATP added to
these sediments was recovered at 52-63%, This indicates
the poor recovery is related to extraction from the cells
in addition to subsequent recovery from the extraction
mixture.,
Cell carbon to ATP ratios vary considerably between
species (Table I)., Although ATP per cell also varies a
great deal within the 1life cycle of a single speciles (Ausmus.
1973; Lee et al,, 1971b), the ATP to carbon ratio may remain
relatively constant unless energy sources are completely
exhausted (Harrison and Maitra, 1969; Holms et al,, 1972).
The conversion of ATP concentrations to cell or biomass
carbon by a factor of 250 (Hamilton and Holm-Hansen, 1967)
was supported by experiments during this study (Appendix VI),
It is recognized that biomass carbon estimates thus obtalined
are subject to error but it is the best estimate available,

The total biomass carbon at 1 m water depth in Marion



Table I. Carbon to ATP ratios from various sources.

references organism growth stage C/ATP ratio
, range (mean)
Ausmus (1973) bacteria-5spp. exponential 357-833(500)
fungi-8 spp. " 179-313(233)
actinomycetes- " 179-238(217)
6 spp.
algae-6sSpp. " 104-278(143)
Berland et al. algae-7spp. " 180-592(366)
(1972)
Hamilton and Vibrio spp. stationaryl 1220
Holm-Hansen exponential 153
(1967) ,
bacteria-7spp. exponential and 91-333(250)
stationary
Holms et al, Escherichia variety of 485-808
(1972) coll growth rates
Appendix VI  bacteria-3spp. stationary 112-439(281)
Streptomyces spn " 376
Anacystis nidulans " 218

1 The authors assumed carbon content per cell was the
same in stationary and exponential phase,
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Lake sediments, as measured by ATP analysis, 1s presented

in Figure 4b, This graph summarizes data obtained by extraction

of fresh sediment samples. Two features of these data are

the peaks in May each year and the homogenity of the total

biomass throughout the remainder of the year. A posteriori

comparisons among means by the new mﬁltiple range test

(NMRT) (Table II) indicate that biomass in May, 1973 was

significantly higher (P<,01) than on any other sampling

date, Biomass estimates in June, 1973 and May, 1974 were

not significantly different (joined by a line), but are

significantly higher than samples in July to April. A1l

other samples were not significantly different from each

other (Jjoined by a line), |
Analysis of total ATP in lyophilized sédiments con-

firmed the peaks in May each year but introduced much more

variabllity between other samples (Figure 4a, Table II).

The increased variability compared to fresh sediment extract-

ion and the high biomass in May, 1974 and December, 1973

may result from the fact that the sample size was only |

20 mg dry wt, for the lyophilized samples compared to 150-

200 mg dry wt, for the fresh samples, The biomass estimate

1s generally higher using lyophilized sediments compared to

fresh sediments (Figures 4a, b), but this may be due to an

inaccurate estimation of extraction efficiency for lyophilized

Sediments., The efficiency of 10.6% was based on only one

expérimental organism, compared to fresh extraction efficiency

which was measured using six organisms (Appendix V). The
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Figure 4, Seasonal changes of total biomass carbon in
lyophilized (a) and fresh (b) sediments and

of microbial biomass carbon (c).
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Table II. Statistical analyses of biomass data,
1. Total fresh sediment ATP analysis
Analysis of variance (Anova)

source af.

8s ms Fooous
among samples 11 ,6635 0603  7,50u44
within samples 23 .1849 .0080
total 34 . 8484
F,01(10, 23) = 3.21 ** significant at P<0,01

New multiple range test (NMRT) - Samples are ranked by
increasing mean values, Lines join samples not signif-
icantly different at the 1% level.

Nov_Feb Dec Oct Apr 1 Sep Jan Jul Agf 21 June May 74 May 73

2, Total lyophilized sediment ATP analysis

Anova -

source ar ss ms F -
among 11 78,6379 7.1489 11,6124
within 13 8.0032 6156

total 24 86,6411

F.Ol(lO, 13) = 4.10

NMRT

Jul Apr 1 June Nov Oct Feb Jan Apr 21 Sep Dec May 73 May 74

(continued)
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3. Microbial ATP analysis

Anova
source ar 88 nms F o,
among 8 3.8935 L4867 b,5400
within 9 0.9648  ,1072
total | 17 k.8583

F.o1(s, 9) = 5-47

FL025(8, 9) = .10 * significant at P<0,025

NMRT

Jan Dec Nov Feb June Jul Oct May 7# Sep

Two samples in April, 1974 were omitted from the stat-
istical analyses because only single values were obtained,

L, Microscopic bacterial counts

Anova

source ar 8s ms F -
among samples 11 bl 498 4,045 20.733
among slides 12 2,301 .195 .567NS
within slides 336 115,576 o344

total 359 162,416

Foo1(6, 12) = %.8

F 01(12,00) = 2:2

NS

F.05(12,00) = 1,8 not significant at P{,05

NMRT

Oct Jan Nov Apr 1 May 74 Feb May 73 Apr 21 Sep June Dec Jul
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results suggest that quick freezing of samples at the site
until lyophilization and ATP analysis could be performed,
would be a good method for storing samples,

Concentrations of ATP in sediments have been reparted
by other workers (Table III)., Ernst (1970) converted his
data to biomass carbon using a C/ATP ratio of 50/1. To
compare his data and that of Lee et al, (1971a) and Karl
and LaRock (1974) to data obtained during this study, a
C/ATP ratio of 250 was assumed, The main features of the
estimated blomass concentrations are the low values in
marine sediments and the high values in Marion Lake.
Concentrations of biomass carbon of 100ug/g are equivalent
to about 2x10'0 bacteria/z (Appendix VI) which is higher than
plate count methods indicate for many sediments (eg., Bianchi,
1973) but much lower than direct counts indicate (eg. »
Antipchuk, 1972). Any sediment with 100ug biomass would
contain virtually no organisms other than bacteria, This
would be unusual even in anaerobic environments (Fenchel,
1969), Low values in marine sediments may indicate. either
very small 1living populations or that the C/ATP ratio.is
incorrect, although even a 10 fold increase in the ratio
would not have too great an effect. It is hard to evaluate
the data in Table III since no information was reported on
the nature of the sediment communities, but Marion Lake
sediment blomass has been independently estimated by
counting organisms of various species (Effqrd, unpublished),
This offers a unique opportunity to compare ATP-biomass
carbon estimates to enumeration-biomass carbon estimates,

The mean biomass of microorganisms and invertebrates in



Table I1I. Sediment ATP-biomass carbon data.

reference

Ernst (1970)

Lee et al, (1971a)
Karl and LaRock

(1974)

This study

1l

location
6 sites North Sea
(28 - 345m)

9 Wisconsin
lakes

beach sand

Atlantic ocean
(4000 m)

Marion Lake

- (seasonal)

reported data

606 - 3304}15
biomass carbon/ml

003’+ - 905 /Ug
ATP/g

145 - 228 ng
ATP/g

9-1003n8
ATP/g

Assuming C/ATP is 250 and, for Ernst's (1970) data, that

biomass carbon1
(ueg/g dry wt,)

165 - 835
82 - 2,375
36 - 57
2 -3
2,810 - 12,6060

1l ml1 = 200 mg dry wt.

8¢
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Marion Lake sediments by enumeration is approximately
hobg C/mz. ATP-measured biomass carbon in fresh samples
ranges from 3,5 - 12,8 g C/m2 with an integrated mean of
h,7 g C/mz.xDiscrepancies may be due to inclusion in the
enumeration data of large invertebrates (eg. Siélis)
which were removed prior to ATP extraction, variations in
the benthos from yeér to year (not all organisms were
enumerated during the same 12 month period), variations
in the depth of sediment sampled (eg. in this study the
top two cm) and variations in different parts of the lake
(not all counts were obtained at l'm water depth or along
the same transect as were ATP data), Despite all these in-
consistencies, the data suggest that ATP analysis does
provide a quick approximation of sediment biomass in
Marion Lake and that the data presented in Table III are
approximately correct,
(b) Microbial biomass in the sediments estimated by ATP
analysis “

Bliomass of mlcroorganisms less than approximately 30 um
diameter was quantified by removing larger organisms from
sediment samples and measuring residual ATP., This method
is subject o all the assumptions concerning efficiency
of extraction and biomass carbon to ATP ratios discussed
in the previous section,

Seasonal changes in microbial biomass, including
bacteria, fungi, actihomycetes, some algae and a few proto-
zoa, do not parallel changes in total biomass., Peaks

occurred in late summer and early spring with a nine-fold
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difference between maximum and minimum concentrations
compared to an approximately four-fold variation in total
biomass (Figures 4b, c), Microbial biomass ranged from

0.25 - 2,16 g C/m2 (January - September), Statistical
analysis of the data support the conclusion that warm

months have a higher microbial biomass than winter months
(Table II). Data for April 1 and 21, 1974 were excluded
from th; analyses because replicate samples were lost.
Temperatures in July, October, September, 1973 and May, 1974
were higher - than 9°. Mean microbial biomass is significantly
higher in these months than in January, December and November
when the temperature was 4°. June blomass data are also
higher than in winter months but not at the 1% confidence
level,

Seasonal changes in ATP associatéd . with plankton in
the 0.22 ~ 250 um size range were reported by Rudd and
Hamilton (1973). Their data should represent biomass more
equivalent to total ATP-biomass than microblal ATP-biomass
in this study considering the size range, but in fact resembles
the latter (Figure 4c). This reflects the stability of
total benthic compared to planktonic communities (Cameron,
1973).

Blomass of microorganisms may be calculated for
sediment at 1 m water depth using enumeration data, The
annual mean biomass of bacteria is 0,61 g C/m2 (next section),
of protozoa is 0,0013 g C/m2 (Kool and Stachurska, un-
published) and of algaé 18 approximately 0.23 g C/m?
(calculated from Greundling, 1971). Actinomycetes are in-
cluded in the bacterial counts, Fungl have been quantified
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only by plate count methods and their numbers are low
compared to total bacterial counts (1.8 - 8.2 x 107

fungal propagules/m2 - Chang, unpublished; compared to

1013 bacteria/m?). Dick (1971) suggested many fungi were
present as spores of allochthonous origin, Very few healthy
fungal fllaments were seen during this study except on
decaying fish in the lake or on sediments in nutrient-
enriched microcosms. A rough estimation of fungal biomass
may be obtained by assuming a weight of 5 x 10'125 C per
propagule (Shields et al,, 1973, reported a mean diameter
of 2,5um for fungil in soil; an average hyphal of spore
length of 10 um was assumed here to allow the calculation
to be made). Cultivable,fungal blomass is then 9-41 x 10~5
g C/n®. The sum of the enumeration-microbial biomass is
0.84 g C/m?. The biomass of protozoa and fungi 1S negligible
in this system. The annual mean ATP-measured microbial bio-
mass is 1,28 g C/m?, indicating the C/ATP ratio may be
inaccurate or that the enumeration data underestimate the
blomass, The discrepancy is even greater than this 1nd1ca§es
because a fraction (large filaments, colonies and diatoms)
of the algae were removed prior to ATP analysis,

(c) Bacterial biomass in the sediments estimated by micro-

scoplc counts
Bacterial biomass was estimated by counting cells in

known dilutions of sediment and converting the numbers to
biomass assuming that cells have a density of 1lg/cc, are
80% water and that 50% of the dry wt, 1s carbon (Shields et
al,, 1973). Another requirement for this calculation is the

average size per cell, but this 1is difficult to measure in
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sediment systems,

Some microbiologlsts have measured bacterial cells in -
soil, These data were converted here to give an average of
1.9 x 107%g dry wt./cell (Bae et al,, 1972), 5.7 x 10-1%
g/cell (Babiuk and Paul, 1970) and 1.6 x 10'1ug/ce11
(Zvaginsev, 1973), Mean sizes for sediment bacteria meas-
ured by Antipchuk (1972) are 3.7 x 10-13g/rod and 5.8 x 10-1%
g/coccus. Burnison (unpublished) suggested a mean volume
of 0.36}1m3 for Marion Lake sediment bacteria which corres-
ponds to 7.2 x lo'lug/cell. During this study very large
spirochaetes (50 =- 100U m length) were seen a few times, but
never while counting bacteria, Cells up to 5.6 x 10'123
(le 3Mm) were more common while at the other extreme

cells weighing 2,0 x 10-1b
-14

g (0.8 x 0.4 um) were noted., Most
bacteria were 3,9 x 10" g - 2.4 x 10’133 (1 -1.5x .5~ 1um).
Not enough cells were measured to determine an accurate
mean, but 10~13g dry wt,/cell, or 5 x 10-1% g C/cell was
chosen as a representative value,

Bacterial biomass peaked in July and was at a minimum
in October (Figure 5), July biomass data are significantly
higher than only those in October, January, November and
early April (Table II), With the exception of the high
blomass in December the seasonal trend was a maximum in
early to mid-summer, a rapid decline in early fall then a
8low recovery during the winter, Plate counts were similar
in pattern except that the crash occurred in August in 1969
(Fraker, unpublished).
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Figure 5. Seasonal changes of bacterial biomass

carbon,
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Most published estimates for bacterial biomass in
sediments are low because they were based on plate counts,
Data are usually reported as numbers per g so the conversion
factor of § x 10'145 C/cell was applied to information re-
ported by the authors cited below., Zobell ¢(1963) reviewed
the literature and found bacterial biomass estimated from
5x 107y g C - 50 ug C/ g sediments, Khiyama and Makemson
(1973) used light mlcrosecopy and found 1 - 10ug C/g in
beach sands, Surface sediments in fish ponds were found by
Antipchuk (1972) to contaln approximately 1000 - 2000 ug
C/g.His biomass estimates for one sample at each of six
locations in three seasons tend to peak in spring or summer
then decline in fall, a pattern not unlike that in Marion
Lake, The biomass of Marion Lake sediment bacterié ranges
from 340 - 650 u g C/g (January - July). These estimates are
much higher than reported concentrations prior to the last
decade, but that they are not overestimates is suggested by
the microbial ATP data, and the similarity with previous
direct counts in Marion lake sediments (Ramey, 1972; Bur-
nison, unpublished),
(d) Relations between biomass estimates

The various biomass data may be compared by examninimg
proportional changes in each fraction relative to the
others (Figure 6). Bacterial biomass fluctuates between 5
-20% of the total biomass, reflecting changes in the
bacterial concentration exéept when total bibmass estimates

were high in May. The microbial fraction of the community
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Figure 6, Seaonal changes in the proportion of sed-

iment biomass carbon in bacterial compared

to total biomass (o °©); bacterial comp-

ared to microbial biomass (+ +); microbial

.).

compared to total biomass (+



45a

o o O 0

sjusw3Iedwod TBTJI9308Q Puv 181GOIOTW
Uy uoquaed ssewolq JO uojjxodoxg

1974

1973



L6

1s high in the summer and low in midwinter, increasing
during late winter to another peak in early spring. This
pattern resembles that for epibenthic algae at 1 m (Greund-
ling, 1971). The proportion of bacteria in the miecrobial
blomass decreases during the summer, riées sharply in the
late fall, dropping again in late winter. This fits a
model in which the bacterial contribution is diluted by
seasonal increases in the algal biomass.

In December and January, bacteria were more than 150%
of the ATP-microbial biomass, This suggests bacterial
counts overestimated the bacterial population or that the
microbial population was at a physiological low, probably
with a C/ATP ratio greater than .250. Fast temperature
declines to 0° were shown by Cole et al, (1967) to cause
a sharp rise in C/ATP ratios in E, coll. If this applies
to natural microbial communities living at u° for several
months, then low ATP concentrations, and therefore under-
estimates of the community_blomass may be expected, The
subsequent increase in microbial ATP in February may reflect
not only the increase in algal biomass (Greundling, 1971),
but also acclimatization of the bacteria. Such a possibility
is suggested by the data of Cole et al, (1967).

Comparison of the ATP-total biomass data (Figure 4b)
to seasonal variatioh of the enumeration data (Efford, un-
published) reveals another discrepancy. ATP-bioﬁass peaks in
May (12 g C/m?) and 1s almost constant for the remainder of
the year (4 g C/m2). Enumeration data are low in spring (about
b g C/mz) but constant for the remainder of the year (about
6 & C/m2), ATP analysis using a C/ATP of ratio of 250
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appears to be hypersensitive in May, Cole et al, (1967)
reported periods of over-~ and under-production of ATP in
E. coli. The C/ATP ratio decreased during high growth but
then increased despite continuing high growth rates, If
this 1s generally true (Holms et al,, 1971, reported con-
flicting data), and considering that prior to May the
benthos has been restricted by low temperatures, and that
in May reSplration in Marion Lake sediments increases
exponentially (Hargrave, 1969), then over-production of
ATP might occur, Using a C/ATP ratio of 250 would overestimate
the community biomass in such circumstances,

One conclusion from this discussion is that ATP is
an adequate indicator for biomass at "average" physio-
logical conditions, but under periods of stress, ATP data
may be confounded by representing both blomass and activity.
Published data for natural systems support tﬁis. Holm-
Hansen and Paerl (1972) found high primary production, high
ATP-biomass and low algal biomass in surface waters of
Lake Tahoe, but at 80 m, recorded low productidn, low
ATP-biomass and high algal biomass, Rudd and Hamilton (1973)
reported a similar phenomenon in Lake 227 of the Experimental
Lakes Area, Ontario. ATP may then be thought of, not as
measuring biomass at any instant, but measuring the potential
biomass through time. An example is the bacteria in Marion
Lake sediments. In January, microbial ATP is low (Figure U4¢c)
and bacterial biomass is proportionally high (Figures 5,6).

At any instant in time more bacterial carbon is available
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to grazers than ATP data indicate., However, if bacteria are
grazed at this time, biomass replacement may be slow due to
temperature (or other factor) limitationi Such replacement
occurs within a few days at warm temperatures (Fenchel, 19?0)}
In September, ATP-microbial biomass in the sediment is ten-
fold higher but enumeration-microbial biomass is only two-
fold higher than in January, The suggestion 1s that in
September there 1s not twice as much potential microbial
bibmass avallable for consumption, but up to ten times és
much;Stateganother way, this means that in September there
should be 5 times more biomass available if the system is
stressed . than 1s 1indicated by direct count data,

This prediction could be tested by increasing grazing
pressure on the microbial population to find their maximum
growth rate, Hargrave (1970) did this type of experiment using
a range of densities of Hyalella azteca. Assuming that his
measurement of bacterial respiration using antibiotics
approximates bacterial growth or production rates, then his
data may be applied to the problem, Maximum stimulated
bacterial respiration was about 13 times that in fresh,
unaltered cores. Considering the inconsistencies in temp-
erature, time, etc. between the experiment and the model it
appears that ATP is in fact a measure of both biomass and
actlvity, or simply biomass potential, Under average
conditions a C/ATP ratio of 250 represents biomass, Under |
stress conditions such as intense grazing, cold temperatures
or rapid temperature increases the cellular ATP balance is

changed and, by definition, ATP becomes an activity indicator,
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Interpretation of ATP-blomass data may therefofe be
difficult, High values may reflect large, inactive
populations or small, productive populations, In studies
concerned with trophic dynamics, however,more concise

information may not be required,
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3, Activity estimates
(a) Dehydrogenase activity measurements

Dehydrogenase activity &n:the sediments is higher in
summer than any other time of the year (Figure 7, Table IV);
Assays incubated for 24 or 4 hours usually showed similar
directional response to changes in sediment respiration, but
the absolute rate of response was greater using the short in-
cubation time, This was expected (Appendix VII). The range of
data for dehydrogenase activity (.0655-.6825 mg formazan/g.h)
for the two incubation times over the 12 months is similar to
the range reported by Pamatmat and Bhagwat (1973) for different
locations in Lake Washington (.13-.42 mg formazan/g.h, con-
verting thelr absorption readings to formazan equivalents),
although their methodology was quite different,

The dehydrogenase data probably reflects aerobic and
anaeroblc potential activity of prokaryotes in the sedi-
ments since the samples were not homogenized., The suggestive
evidence for this was presented in the Introduction, This
observation may explain the lack of correlation between
oxygen uptake and dehydrogenase activity in some natural
samples, Howard (1972) reported soil dehydrogenase activity
was always less than that predicted by oxygen uptake data,
Pamatwat and Bhagwat (1973) reported that sediment oxygen
uptake was less than that predicted by dehydrogenase activity,
It is suggested here that, in aerobic soils, respiration due
to eukaryotes 1s significant, but not measured by the de~

hydrogenase assay, Anderson and Domsch (1973) reported that
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Figure 7. Seasonal changes of dehydrogenase activity
in the sediments (4h incubation o —o;

24 h incubation .— .),
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Table IV, Statistical analysis of dehydrogenase activity
data, '

1, Dehydrogenase activity measured with 4 hour incubation

Anova

source ar 88 ms F o
among 10 .7396 .0740 b2,6292
within 27 .0468 .0017

total 37 .7865

F 01(10, 25) = 3.13

NMRT

Apr 1 Apr 21 Jan May 74 Dec Feb Oct Nov Jul June Sep

2, Dehydrogenase activity measured with 24 hour incubation

Anova
source ar 8s ms - Foooes
among 11 1.2581 J1144 63.3919
within 29 .0523 .0018
total 4o ‘1.3104
F 01(10, 25) = 3.13
NMRT

Apr 1 Apr 21 Jan May 74 Dec Feb Oct Nov May 73 Sep Jul June
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bacteria were responsible for only 22% of total soll oxygen
consumption in their studies. In sediments,many anaerobic
processes‘occur, particularly in reduced environments,
which are not measured by oxygen uptake but do react with
TTC (Pamatmat and Bhagwat, 1973; Olah, 1972).

Hargrave (1969) estimated bacterial oxygen consumption
in Marion Lake sediments by subtracting oxygen uptake in> .
antibloticstreated cores from that in normal cores. Although
the usefulness of antibiotics to selectively eliminate
specific populations in natural environments is dubious
(Cameron, = "1973 ~ ; Yetka and Wiebe, 1974), comparison
of his results with dehydrogenase activity measurements
is useful, Hargrave found hactefial respiration decreased
gradually between September and December then inéreased
gradually until May, When the sediments reached approximately
10°, bacterial activity increased rapidly with increasing
temperature., This basic pattern is repeated for the de-
hydrogenase data (Figure 75, although the November sample
was inexplicably high in activity and maximum activity
was recorded in September (4h incubation) or June (24h
incubation) which were not the dates of maximum temperature
(19.5° in July).
(b) Heterotrophic uptake of 1L"C-glucosea

Gross uptake (respired plus assimilated uptake) of
1l"’C-glucose in mixed, diluted sediments followed a dramatic
seasonal pattern (Figure 8), Both potential uptake rate (Vg)
and natural uptake rate (Uﬁ) were maximum in July when the

sediments reached 19.50. Uptake during winter was consistently
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Figure 8. Seasonal changes in the sediments of maximum
(Vp) and actual (U,) rates of glucose uptake,
and the actual turnover time (Ty).(Vp o—0p 3

Up+—+3 Tp—-).
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low (<4 mg glucose/mz.h) but started to increase as the
temperature climbed above 5° (9.5° in May,1974), The
April 21 data were discarded because they did not fit
Michaelis-Menten kinetics, Natural turnover timé (Ty)
displayed an inverse relationship to uptake rate (Figure

8). The time required for the bacteria to completely use
glucose equivalent to the in situ concentration (Sn)
increased as uptake rate declined.

Hall et al, (1972) reportedvsimilar values for V,

(2,6 - 38,0 ug glucose/g.h) and Th (.061 - ,400n) as were
found here (Vy 2.2 - 39.3 ug glucose/g.h, T, .033 - .727h).
The pattern of seasonal variation was almost identical,
indicating that the bacterial population, with respect to
glucose metabolism, does not change radically from year

to year (1971 - 72 compared to 1973 =74).

The natural uptake rate of glucose (U,) was estimated
by Klelber (1972) to be about 1.8 - 10.6 ug glucbse/s.h
following a seasonal trend similar to that of V,. During
the present study U, ranged from 0.6 - 15,9 ug glucose/g.h.
Wood (1970) found heterotrophic uptake was maximal in the
spring and low in winter in estuarine sediments, but had
no data for June and July,

Some previously reported data for parameters of hetero-
trophic uptake of glucose in natural environments are summar-
ized in Table V. Wood (1970) did not determine S, so Tp may
be low, Harrison et al, (1971) used mixed but not diluted
sediments, so Tn could be determined directly by extrapol-

ation to zero added substrate (Appendix VIII), Uptake in



Table V. Maximum uptake rates,and natural turnover times and uptake rates

for glucose in sediments and water,

reference

Hobbie et al,
(1972)

Azam and Holm-
Hansen (1973)

Crawford et glé.
(1974)

Harrison et al,
(1971)

Wood (1970)

Hall et al. (1970)

Kleiber (1972)

This study

location

ocean water
(10 - 200 m)

ocean water 10 -
(10 - 200 m) 128

days
estuarine 7.2
water
Klamath 2.25
Lake
sediments
estuarine .06
sediments
Marion Lake
-mixed .26
sediments
-undisturbed ,89-
sediments h20

Marion Lake « 31
-mixed
sediments

2.4

299

9.4

9.6

.0005 - ,006

25.6

170

627

535

3.9

5.3

T v v U U
(h) (us/g.h) OAS/T.h) Qus/g.h) st/?.h)

260

295

9%
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undisturbed cores of Marion Lake sediment occurred with a
longer Ty, than was found 1n mixed sediment experiments
(Hall et al., 1972; Klelber, 1972). The faster uptake in
mixed samples 1s probably due to increased availability

of dissolved organics to the heterotrophié organisms, In
open water compared to sediments, Ty, 18 much longer and Vi
18 much lower. This reflects differences in the population
density of heterotrophs in the two environments (eg., Marion
Iake waters in March, 1973 contained an equivalent of 74 ug
dry wt, of bacteria per 1 while the top two cm of the
sediment contained approximately 60,000 ug dry wt, of
bacteria/l), and emphasizés the importance of the benthos
in nutrient cyecling,

(c) Relations between activity estimators

Different activity assays:ineed not,necessarily,
measure the same parameters of microb;gl populations due
to their heterogeneous biochemical abilities, Glucose is
not a substrate for all bacteria. The ability to reduce
TTC to formazan in the dehydrogenase assay may be restricted;
degrees of the ability certainly exist (Eidus et al., 1959).
There 1s usually, however, good correlation between the
various methods, Skujins (1973) reported a high degree of
correlation between soil oxygen consumption, proteolytic
ablility, nitrification potential and dehydrogenase activity,
Hobble et al. (1972) found a reasonable degree of relation
between estimétes of marine plankton respiration using
oxygen uptake, dehydrogenase activity and ATP.

All the activity estimators applied to Marion Lake

sediments indicate bacteria respond to increased temperatures



58

in May, reaching a peak sometime in late May to early Sept-
ember, then graduglly slow down as the temperature drops.
Bacterial activity remains low all winter. Heterotrophic
uptake of glucose (Hall et al,, 1972; Figure 8), glycine
and acetate (Hall et al,, 1972), and oxygen consumption
(Hargrave, 1969) demonstrate sharper seasonal maxima than
dehydrogenase activity (Figure 7). This may be due to the
fact that dehydrogenase is a measure of potential, although
Vms the potential uptake rate of glucose, has a very sharp
peak in midsummer,

Radiotracer uptake studies, particularly those in
which U, and Tn are determined, are perhaps the best way
to estimate energy flow from particular carbon sources into
bacterial populations, But assumptions often made, for example,
that glucose uptake is representative of uptake of all other
dissolved carbohydrétes, may be invalid. The solution would
be to have a uniformly labelled pool of all the natural
substrates in their in 8itu concentration, buf this is not
practical consldering present technology. Dehydrogénase
activity may be more indicative of total mierobial production
than elther heterotrophic uptake or oxygen consumption as
suggested by Pamatmat and Bhagwat (1973). Their data cor-
relating heat production to dehydrogenase activity in sed-
iments 1s promising because heat production, which is very
difficult to measure in natural eommunities, may be the
ultimate tool for measuring total microbial activity (Brock,
1967).
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The relation between heterotrophic uptake, oxygen
uptake and dehydrogenase acti?ity in Marion Lake sediments
may be examined quantitatively, Hargrave (1969) estimated
bacterial respiration to be 19.5 g C/mz.year which 1ndlcates
total uptake of 97.5 g C/mz.year assuming assimilation
efficiency of 80% (Hall et al,, 1972). Kleiber (1972)
estimated carbon flux into the bacteria at 22 - 120 g C/mz.
year with respiratory losses of 4 - 24 g C/m?.year. Using a
regressloﬁ for dehydrogenase activity on heat production
(Patmatmat and Bhagwat, 1973), and assuming approximately
100 Kcal heat are produced per mole of carbon oxidized
(Giese, 1968), the potential bacterial respiration is 19.3 g
C/mz.year using the 4 hour incubation assay data., This is
equivalent to gross uptake of 96,5 g C/mz.year. This agree-
ment between potential and actual respiratory data is un-
expected, but, despite possible errors in the various
assumptions, it increases confidence in the carbon flow

estimates,
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4, Biomass and activity of Marion Lake bacteria
(a) Qualitative seasonal description

There 1s evidence that blomass of bacteria in natural
environments does not always correlate with activity measure-
ments, Hobble et al, (1972) reported that high heterotrophic
uptake of radiotracers in ocean water was assocliated, not
necessarlly with high numbers of bacteria, but a high number
of motile bacteria. Skujins (1973) showed there was no
correlation between dehydrogenase activity and numbers of
cultivable bacteria in soil, Wood (1970) however, found
correlation for heterotrophic uptake of acetate and glucose |
against direct counts of bacteria in Ssediments, Uptake of
six of nine organic acids tested was shown to be correlated
Wwith numbers of cultivable bacteria with the ability to
utilize each of the six acids as a source of carbon (Robinson
et al., 1973). Their estimatesof the population size of each
biochemical group are, however, questionable. Considering
the number of,colohies formed per ml of sample, and the
methods they used, most of the sole carbon Source plates
contained fewer thaﬁ 15 colonies, The normally accepted limits
for plate counts are 20 - 200 coloniesbper plate, with nqmbers
less than 20 considered statistically unreliable (Parkinson
et al,, 1971). An important contribution to understanding
natural populations of bacteria was made by Stanley and
Staley (1974), They demonstrated, applying the uptake
approach used in this study and autoradiography, that hetero-
trophic assimilation of 3H-acetate in an aeration lagoon was

due to bacteria, that the uptake per cell increased
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linearly over time, and that within the population there
were differences in net uptake rate of at least ten-fold
by different species, This work sﬁggests thét uptake rate
may not be proportional to numbers of bacteria because of
the heterogeneity between bacterialimﬁfab°lic abllities,
This discussion 1is 1nconcius1ve. There are reports
of correlation and reports of unrelatedness between bio-
mass and actlivity of bacteria, A simple explanation is
thét bilomass and activity are sometimes out of phase even
in one particular environment. Holm-Hansen and Péerl (1972)
found maximum heterotrophic uptake of acetate lagged behind
maximum ATP-biomass of bacteria in Lake Tahoe., In Marion
Lake, sediment bacterial biomass and activity appear to be
in phase in late spring, summer and early fall (Figure 9).
During the remainder of the year activity either remains
constant while biomass increases, or increases very rapidly
compared to biomass, The shaded area in Figure 9 indicates |
the range of relative activity at different times of the
year, calculated using the data of Hargrave (1969) on
bacterial respiration and uptake of glucose, acetate and
glycine reported by Hall et al, (1972),., Similar bounds
for potential respiration are indicated. Relative biomass
in different seasons was calculated from direct count data,
These shifts between activity and biomass are intimately
related to physical and chemical fluctuations, and resultant
changes in biological factors such as primary production and

grazing, Considering the relations found (Figure 9), a

RS,
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Figure 9, Diagrammatic representation of the seasonal
relations between activity and biomass of the
sediment bacteria as proportions of thelir
maxima, (bacterial biomass .——« ; range for
heterotrophic uptake of glucose, glycine'and‘
acetate and for oxygen consumption [:] 3

range for dehydrogenase assay )
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qualitative, hypothetical description of the bacterial
populafion dynamics 18 possible,

During summer, there are high numbers of bacteria,
probably experiencing relatively high grazing pressure,
but at a production level high enough to maintain their
numbers, In fall, this reproductive capacity declines
sharply, despite fresh allochthonous inputs to the lake,
due to decreasing temperature and day length and all their
biological ramifications, Bacterial biomass drops simult-
aneously probably as a result of grazing pressure. The
bacterial biomass then increases gradually during the winter
and early spring during which period growth rate, although
not at 1ts maximum, appears to be greater than removal
due to grazing, When the temperature climbs above Uo bacteria
appear to respond quickly. This is suggested by ﬁhe sharp
decline in glucose concentrations in the interstitial water
in April and May (Figure 3c). The total population is
probably still at a low activity level however,due to a
limited supply of readily-available carbon sources, Detrital
material breakdown into molecules of a size which bacteria
can transport across their membranes is probably the rate-
limiting step at this time, The consequence of this is the
low activity measurements obtained in April and sometimes
in early May(eg. Figure 8), With sti1ll higher temperatures,
primary production by epipelic algae increases rapidly
(Hargrave, 1969; Greundling, 1971). Carbon and other nutrients

become avallable to bacteria as algal exudates (Kleiber, 19729,
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Complex molecules in the detrital material are decomposed
more rapidly at higher temperatures, The bacterial population
should, theoretically, explode at this time of year, And it
probably does, The populatlon 18 very "active"” in terms of
all the activity indicators applied to the system, Biomass,
however, does not respond as dramatically, presumably due
to increased outputs to higher trophic levels,

This descriptive model could be examined with two
bits of information, Grazing effects on microbial pop-
ulations have been studied (eg,Hargrave, 1970; Fenchel,
1970), but data on seasonal variation in this factor are
lacking. The other requirement is information on bacterial
growth rates at different times of the year under natural
conditions, Attempts to obtain such data in this study
falled due to heterogeneity between subsamples of the
sediments, If the activity estimators already applied to the
sediments do reflect bacterial growth rate (as suggested by
the work of Stanley and Staley, 197&); and if grazing
pressure is relatively high in May to September, and low in
winter, then confidence in the above description of bacterial

population dynamics would be increased,
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(b) Quantitative description

The annual mean inputs and outputs of the bacterial
population (integrated mean size of .61 g C/m? based on
direct counts) are summarized in Figure 10. The range
for gross uptake and respiratory losses of organic carbon
are from Kleiber (1972). The values in brackets indicate
the estimates from oxygen uptake(Hargrave, 1969) and
respiratory potential, The loss of carbon as CHu was
estimated from experiments with sediment cores, and appears
to be a minor component of the Systen,

Epibenthic algal biomass was calculated from Greundling
(1971) and gross productivity from his data and that of
Hargrave (1969)., Excretion of algal photosynthate to the
dissolved organic carbon (DOC) pool (pool size calculated
from Hall and Hyatt, 1974) was determined by Kleiber (1972).
Algal respiration was calculated from Hargrave's (1969)
estimate of respiration due to bacteria and algae and
corrected for bacterial respiration.,

Losses to grazing organisms were calculated by diff-
erence between inputs and outputs to the algal and bac-
terial populations, Recycling of material to the dissolved
and particulate organic carbon (POC) pools from higher
trophic levels is unknown but may be significant (eg.
Hargrave, 1970),

Hall et al, (1973) estimated the contribution of
organlc carbon to the DOC of the water column from alloch-
 thonous leaf material was 1.1 - 3.1 g C/m2 .year, Net noc Anputs

3 ,-‘ P

from the inlet are 28 gC/m .year (Geen,unpublished).Other
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Figure 10, Structure and function of the Marion Lake
sediment ecosystem (2ll compartment sizes are
expressed in gC/m? and all fluxes are in
gc/mz.year, unless otherwise specified - see

text for explanation and sources).
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inputs to this pool come directly or indirectly from
phytoplankton and macrophytes and the communities they
support. Exchange between water column DOC and sediment
DOC has not been quantified, but may be small since
diffusion processes would be expected to operate in the
opposite direction.

The ma jor unknown component in the system is the rate
of decomposition of natural sediment POC (including
living and dead organic matter, but primarily the latter)
to utilizable DOC, This occurs as a result of chemical
and blological processes, but quantitative assessment of
its 1lmportance will require further development of tech-

nology.
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SUMMARY AND CONCLUSIONS

The prime functional roles of bacteria are conversion
of dissolved and particulate organic matter into bacterial
tissues which are then avallable to higher trophic levels,
and mineralization of dissolved and particulate organic
nutrients, making them available to photosynthetic organlsms,
The latter process has not been studied in Marion Lake., The
ma Jor sources of organic matter for the heterotrophic
population appear to be allochthonous inputs from the
watershed and epibenthic algal production. Much of the latter
1s consumed by higher trophic levels and is not, therefore,
directly available to:bacteria. |

During this study, it was demonstrated that ATP analysis
offers rapid estimation of both total and microbial
sediment blomass. Bacterial biomass was estimated by direct
counts, and was the largest component of the microbial
(< approximately 30 um) standing crop. Changes in the
proportion of bacterial and microblal biomass in the
total community biomass were attributed to changes within
the bacterial and microbial populations, Analysis of the
discrepancies between ATP- and enumeration-biomass data
indicate that ATP is not only a biomass measurement, but,
in stress situations, is confounded by reflecting'activity.
In such situations, ATP may reflect biomass potential, or

the ability of a population to maintain its size if ex-
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posed to unnaturally high losses, for example, to higher
trophic levels,

Previous estimates of bacterial activity in Marion
Laké sediments were reviewed and compared to hetero-
trophic uptake and respiratory potential measurments
obtained during this study. Close correlation between
heterotrophic uptake of glucosein 1971-72 and 1973-74
indicated that the bacterial population is comparable, at
least in function, from year to year.

The seasonal response::of bacterial biomass was inter-
preted with respect to several activity measurements,
assuming these measurements reflected growth rate, and
that grazing intensity was relatively high in months
when temperatures were above approximately 100. The
quantitative role of bacteria in the carbon budget of
the sediments was described using acquired data and that
of several previous studentsvof the Marion Lake behthos.

The contribution of allochthonous compared to autoch-
thonous inputs is unclear, althouéh estimates of their
contributions to the dissolved organic matter pools are
available, It was noted that all the estimated total up-
take of organic carbon by bacteria need not come directly
from elther of these primary carbon sources, since there
is an unknown quantity from recycling within the community,
Temperature, which limits the avallability of detritus and
dissolved organic matter to bacteria and, particularly in

the May to September period, grazing,appear to be the key



factors controlling bacterial production.
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APPENDICES

Appendix 1. Method for extraction of total ATP from fresh

sediments (based on Lee et al., 1971a).,

Extraction

Add 3 g wet wt, (150-200mg dry wt.) sediment to a chilled
centrifuge tube, Add 5 ml. of ice-cold 0,6NHgsou to tudbe, mix
intermittently for 5 min keeping sample cold then store on ice
for 20 min, Centrifuge (SOOOg/Smin) and transfer the super-
natant to a 10 ml graduated cylinder, Record the volume
(approximately 7 ml)., Transfer the pellet to a tared weighing
pan for dry wt, determination,

Purification

Transfer 2 ml of extract to a test tube keeping it ice-
cold. Add 0.4 mls settled volume in a wide mouth pipette of
cation exchange resin (Amberlite IR-20, converted to Na -
form by washing with 1N NaOH and distilled water), Mix the
contents for 3 min., Strain the sample through glass wooli
using 3 - 1 ml aliguots of distilled water to wash the tube.
Repeat the resin treatment, this time using 2 - 1 ml washes,
Ad just the pH to 7.8 with NaOH (.6N, .06N, ,006N). The pH
chanées very rapldly above pH 3, Adjust the volume of the
extract to 10 ml with cold Tris buffer (.02 M, pH 7.8).
-Assay the ATP immedliately or store at -20°, Prior to assay

it was found that 115 dilution of the extract in Tris buffer
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gave optimum results, but this ratio varies with sediment type,

The purification step increased recovery of ATP ten-fold.,
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Appendix II; Method for extraction of total ATP from lyophilized
sediments,

Add 3 ml of ice-cold bromosuccinimide extraction reagent
(.01 M n-bromosuccinimide, .01 M EDTA, ,02 M NapHAsOy ,pH 7.4)
to 20 mg of lyophilized sediment in a centrifuge tube. Keep on
ice for 25 min with occasional mixing, then centrifuge (5000g/
5 min)., Add 2 ml of ice-cold water to 1 ml of the supernatant,
and adjust pH to.7.8 with 1N HCl. Adjust final volume to 5 ml
with Tris buffer (.02M, pH 7.8) and assay immediately or store
at -20°, No dilution is necessary pridr to assay,

Several reagents were tested beforé n-bromosuccinimide
was chosen for this procedure (Table A 1), HpSOy and acidic
DMSO with EDTA added are almost as efficient as this reggent.

The amount of sediment extracted (20 mg) can be accurately
wdghed, but does not contain high enough concentrations of
cations to interfere with the assay as suggested by the fact
that cation exchange treatment of H»SOy extracts had little
effect,and the recovery per unit weight of sedimentAwas

reduced when a sediment weight of 100 mg was used,



Table Al., Methods tested for extraction of ATP from lyophilized sediments
(sample size 20 mg lyophilized wt. of sediment).

reagent reference EDTA(,.01 M) ATP&(pg/g oven)
- dry wt
Tris buffer (.02 M, pH 7.8) Holm-Hansen and Booth (1966) - 0.?2
+ 0.
Na HCO5(.1M) Bancroft et al, (1974) - 3.75
HC10y, ( + 6N) Lee et al, (1971a) - 1.49
+ ND 2
DMSO (neutral -90% in ,05 Lee et al. (1971a) - 6.05
M Tris buffer) + ‘ 3.40
DMSO(acidic -90% in 0%l N Lee et al, (1971a) - 5,34
HpS04) + 10,24
Bromesuccinimide MacLeod et al, (1969) + 10,70
(see text)
H3POy (.6N) B. K. Burnison(unpublished) - 5.05
+ 6.05
HpS0y (.6N) Lee et 21, (1971a) - 7454
: + 1.13
'+ catlon exchange treatment3 : - 8.22

1 values not corrected for extraction efficiency

2 ND = not detectable

3 this was the only sample receiving cation exchange treatment

A}
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Appendix III; Method for extraction of microbial ATP from
fresh sediments,

Dilute 1 ml of fresh sediment with 6 ml filter- steril-
ized lake water, Aliquots of this suspension are dried for
dry wt, determination. Place 0.35 ml in a spot dish and add
0.5 ml lake water, Examine using 16x and 25x magnification
of a binocular microscope with a black sample stage. Remove
all visible animals and algae with micropipettes controlled
via rubber tubing by the mouth, Tease large particles and
algal clumps apart., This process takes 20 - 40 min per
sample.

Transfer the residue to a centrifuge tube in an ice
. bath, adjusting the volume to 1 ml with water, Add 1 ml ice-
cold 0,6 NHpSOy and mix. After 10 min, centrifuge (5000g/5min),
ad just supernatant to pH 7.8 with Na OH (.6, .06, .006N) and
add Tris buffer (.02M, pH 7.8) to 5 ml. Store the extract at
-20° or assay immedliately, Recovery 18 not improved by dilution
of the sample. |

Varilance between replicates tends to be large, but the
sample 8ize is limited by the time required to run the

extraction,
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Appendix IV, Method for ATP assay,

.Preparation»bf standard solutions .

Prepare standard solutions of ATP (1lmg/ml, Sigma Chemical
Co.) and store in 0.2 ml aliquots at -200. These are stable
for at least 7 mdnﬁhs. For the assay prepare dilutions in
Tris buffer (.5, 1.0, 2.0, 5.0, 10.0 ng/ml). These are stable
for several hoﬁrs if kept ice-cold,

Preparation of 1ucifefin -luciferase enzyme system

Homogenize 200 mg éf lyophilized enzyme (Sigma Chemical
Co., FLE =50) in 5 ml fresh, cbld .1 M NajHAsOy, .04 M MgSOy,
.03 M mercaptoethanol (pH 7.4) in a chilled ﬁissue homogen-
izing fube. Rinse the homogenizer with 5 ml of the buffer,
Store the extracts overnight at 2°. then centrifuge (50003/10
min). Add 1000 ml fresh ,01 M Nao,HAsSOy, .004 M MgSOy, .03.M
mercaptoethanol, .5% bovine serum albﬁmin (Sigma A 4503)
(pH?.4). Equilibrate at 2° for 1 h prior to use. The enzyme
shows 1little deterioration of response even 6 h after initial
use if kept on ice,

This prepatation method, devised by Hammerstedt (1973),
was not used during the early stages of this study. Tt is
superior to other methods in which activity decreased over
time so samples measured at different times were not directly
comparable,

Assay procedure

Set up the counting apparatus as required. In this study
a liquid scintillation counter was used (Nuclear Chicago
Mark I or Unilux II) at 4’ , Windows were wide open (00 - 99)
with attenuation at 3H settings (A 200), Coincidence circuitry

was eliminated,
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Add 1 ml of .04 M glycylglycine, .003 M MgSOy (pH 7.4)
to a scintillation vial (washed in acid and distilled water).
Then add 1 ml of the equllibréted enzyme mixture., Lower the
vial into the counting chamber and wait 5 sec to reduce
phosphorescence., Count the background for 1 min, Five seconds
after completion of the background count, add 1 ml of unknown
or standard ATP sample (automatic pipettes giving quick
delivery are advantageous), and lower the vial into the
counting chamber, Twenty seconds after completion of the backs
ground count, initiate a 1 minute gross count. Subtract
background to calculate net activity,

Plot net cpm versus ATP concentration and read unknown
concentrations from this curve. The relationship is linear

over a wide concentration range (Figure A 1),
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Filgure A I, Typical standard curve for ATP assay
(May 18, 1974).
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Appendix V, Recovery of ATP added to sediments,

The efficiencies of the extraction procedures were
determined in a series .of experiments. in which pure cultures
of organisms were added to sediment samples, Measurement of
ATP in ‘the pure cultures (using a method analogous to ?hat
in Appehdix IiI), in the sediment with added organisms and

in control samples permits solution of the following relation-

ship:

efficlency = ATP(sediment + ogganiggs) - _ATP sedimént
L .ATP organisms
The results using a number of specles for the three
extraction.methods are shown in table A II, The 1soiates
from Marion Lgke weﬁe the most abundant organisms obtained
on brain heart infusion agar plates in two plate count
series, Isolates 73-1 and 74-1 are small Gram negative rods

and 74-2 18 a large Gram negative rod.
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Table AII, Efficiency of the various ATP extraction methods,

extraction method organism efficlency
H,S0), "total" Isolate 73-1 091 |
?fresh sediment) 73=1 «129
?n"'l . 052 0128
742 «209 .125

Bacillus subtilis ,161 |
Oscillatoria spp. .102 116
Anacystis nidulans.129

H2S0y "micro"
(fresh sediment) Isolate 73-1 . 248
Bacillus subtilis ,161 | +205

Bromosuccinimide Bacillus subtilis .106
(lyophilized sediment
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Appendix VI, Relation between ATP concentration and biomass
carbon,

The ratio of organic carbon associated with living organ-
isms to ATP is variable.but an average of 250:1 has been
suggested (Hamilton and Holm-Hansen,.  1967), This ratio was
determined for a number of organisms in this study (Table A III).

Bacteria were grown in nutrient broth + 0,5% yeast
extract, the actinomycete in a medium reported by Rodina
(1972, p. 373), and the blue-green bacterium inBG-11 (Stanier
g&_gl;, 1971). The bacteria were in early stationary phase
when harvested while the blue-green culture was approximately
- three weeks o0ld and appeared healthy, Cells were concentrated
by centrifugation (3000g/5min) and resuspended after one wash
with water,

ATP was extracted_from 1l ml of.the suspension using the
method described for microbial ATP in fresh sediments
(Appendix III). Orgénic carbon was measured in a carbon
analyzer (Beckman Model 915). Viable counts were determined
on agar plates of the same medium as the cultures were grown
in,

The mean C/ATP ratio of 287 (Table A III) was inter-

preted as a confirmation of the popular value of 250,
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Table AIII. The relationship between ATP, biomass carbon and
cell numbers,

organism ATP/cell blomass carbon/ATP
(ug x 109)
isolate 74-1 2,35 112
742 h,62 292
Bacillus subtilis 14,90 439 287
Streptomyces spp, - 376
Anacystis nidulans 7.33 218
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Appendix VII, The effect of incubation time and oxygen on
dehydrogenase activity measurements.

Incubation time

The incubation time-activity measurement response 1is
shown in figure A 2, This experiment shows that activity,
measured as formazan production, is rapid during the first
few hours, then drops to a lower rate, The results suggest
incubation times less than 6 h would be most sensitive to
differences in respiratory potential in natural samples,

In response to previous studies (Patterson et al.,
1970; Sorokin and Kadota, 1972) 24 h incubation was used.
Four hour samples were run simultaneously to test sensitivity
changes, The seasonal data (presented in Results) indicate
activity measurements at the two incubation periods are close-
ly correlated, Sensitivity was greatest using the shdrter
incubation time - the maximum difference was 456 mg formazan
produced/m?.h (Sep. 1973 - Apr. 1974) for 4 h incubation com-
pared to 168 (June, 1973 - Apr, 1, 1974) for 24 h incubation.
Oxygen

Prior to 1ncubatioh, sample flasks were flushed with
nitrogen for 10 minutes, The rationale for this is that
oxygen and TTC compete for electrons in the electron trans-
port system and variable oxygen concentrations in samples
would reduce the comparability of TTC-measured dehydrogenase
activity in different samples. The minimization of this
competition not only makes activity measurements more con-

sistent, but also higher (Table A IV). The data from different

depths in the sediments further support this point, The
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Figure A 2, Effect of incubation time on dehydrogenase

activity measurements,
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Table.Alv; The effect of aerobic versus anaerobic conditions
on dehydrogenase activity assayed at different
depths in the sediment (March 14, 1973),

sediment horizon incubation condition formazan production

(cm) - (pg/g dry wt./h)
0-1 aerobilc 20
anaerobic 103
1 -2 aerobic 15
anaerobic 108
2 -=3 aeroblc by

anaerobic 88
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aerobic value from 2-3 cm depth is probably high relative.
to the anaerobic value because of the normal absence of
oxygen in this léyer. This 18 in agreement with the findings
of Lenhard (1968) that removal of oxygen from anaerobic
sludge had 1little effect on dehydrogenase activity.
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Appendix VIII. Calculations of heterotrophic uptake parameters.,

Theory
Many descriptions of the method for calculating uptake
parameters in water samples have been published since 1965,
The following is an outline of a procedure developed by
Kleiber (1972) for diluted sediment samples. |
Turnover time, T, is related to substrate concentration,

S, and uptake rate, V, by the formulas

T=38 E1
v

If the natural turnover time and substrate concentration,
Tn and S,, are known then the real rate of uptake, U,s may

be calculated:

E2

o]

=

n
l—]LUJ

n

Sn can be measured independently of uptake experiments.
The experimental design of the experiments does not permit
direct estimation of T, because S in the incubation flasks
i1s not S,. It is instead the added radioactive substrate
concentration (Sah plus the gquantity naturally in the sed-
iments cérrected for the dilution factor, 4, such that:

S = 8g + Sy “ E3
d

T is a function of S, so determination of T),, must be
performed at S,. In non-kinetic experiments, for instance
using 1406b1carbonate to measure primary production in water
samples, this 1s not a problem if Sy. 18 not greatly changed

by the added substrate., The sediment studies require dilution
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of the samples,however, External substrate is then added at

incremental levels which hopefully encompass. the natural,
undiluted substrate level,

In each experiment, there 18 an estimated turnover
time, T,, for each Sg. This is calculated by:s

Te = RBg t E4
By
where Ry 1s radioactivity (dpm) added to the sample, Ry
is the gross uptake of radiocactivity and ¢t 18 the incubation
time,

These values of Tg can be measured without information
about S (ie. S, or Sp), but are not independent of S. The
variety of linear transformations (Hall et al,, 1972) of the
hyperbolic Michaells-Menten function assume that Tg 1s a
linear function of S, The transformation used in this study:

has the forms

Te = Kt + Sp + 1 Sg ES
\'

where Kt 18 the transporticonstant and Vp 18 the maximum
uptake rate. By plotting T, versus S5 (modified Lineweaver-
Burke plot) estimates of Vp, (K¢ + Sp) and Ty, the turnover
time for Sg= 0 or S=3, (E3) may be gbtained (Figure A3).
The work of Wllglams (1973) and Burnison and Morita
(1973) discussed in the Introduction is applicable here.
Estimates of V, and (Kf + Sn) are both dependent for their
accuracy on £he validity og the assumption of linearity.
To 18 an empirically derived quantity and independent of
this assumption,

Determination of T, the turnover time at Sp, 1is
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Figure A 3. Graphic representation illustrating the

"modified Lineweaver-Burk plot.



slope =1/ V,
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accomplished by determining the value of Sy which corresponds

to Sp. This value 1is:
L
Sg = Sp = Spn E6
d
. v
From the T, versus Sg: plot, Te, the turnover time corresponding
to S;, may be determined. Division of this quantity by 4

accounts for dilution of sediment bacteria in the experiment

80t

Tn = Te . E?7
4a

Tn calculated in this manner, and the independent value of

S are plugged into E2 to give Une.

Data processing

The experimental data consisted of the dry welght of
sedlment per flask, the incubation time, the added 1"0-
glucose (Ra = cpm 5ug), the respired and particulate radio-
activity (cpm) for two sample flasks and one control at each
of four values of Sg. Interstitial glucose concentrations
were determined independently but on the same mixed batch
of sediment, |

Gross uptake (Ry) was calculated as the sum of the
average, net, living,respired and particulate uptake, converted
to dpm. Te (h) was calculated for each levél of Sg (ug/1)
and a linear regression-equation determined (E5). By‘sub-

stituting Sq = Sy = Sp/50, where 50 was the dilution factor,

into the regression equation, Té was obtained, T was cal-

culated by E?7 and U, by E2, The regression coefficient was 1/Vm.



