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ABSTRACT

The relationship between water turbidity and bacterial
cell synthesis, specific production and bacterial
productivity was 1iInvestigated iIn a small Texas reservoir.
Sampling dates were selected to include a variety of water
turbidities. Bacterial cell synthesis calculated from rates

3

of “"H-thymidine 1iIncorporation ranged from 1.97X107 to

4_.79X10 cell 1 h . Specific production ranged
from 0.006 to 0.03 ug C ug C”n 1N h»/ Bacterial

production varied between 0.23 and 0.83 ug C 1" h™~".

Multiple regression analysis showed that turbidity
explained 63.6% of the wvariation in cell synthesis. When
combining turbidity with the biomass of the
particle-attached bacteria 82% of the changes were explained
and 95.6% were explained when combining turbidity, attached
cell biomass and total organic carbon. Changes 1in specific
production were determined primarily by the turbidity
(r=.76), combining turbidity with dissolved organic carbon
the variation explained was 90.3%. The absolute bacterial
production changes were not explained by any of the

environmental variables measured during the study.



RESUMEN

La relacion entre la turbidez del agua y la sintesis de
celulas bacterianas, la produccion especifica y la
productividad bacteriana se investigo en una pequena represa
texana. Los dias de muestreo se seleccionaron de manera que

se i1ncluyera variacion en la turbidez del agua.

La sintesis bacteriana, calculada a partir de la

incorporacion de timidina tritiada, vario de 1.97X10" a
4_.79X10 celulas 1 h~ . La produccion especifica
vario de 0.006 a 0.03 ug Cug C ~ 1 ~h \ La

produccion bacteriana vario entre 0.23 y 0.83 ug C 1»

El analisis de regresion multiple indico que la
turbidez explica 63.6% de la variacion en la sintesis de
celulas y la turbidez en combinacion con la biomasa de las
bacterias adheridas a partfculas explica 82% de la variacion
y el 95.6% de los cambios es explicado cuando se combinan la
turbidez, la biomasa de las celulas adheridas y el carbon
organico total. Los cambios en la produccion especifica
fueron explicados primeramente por la turbidez (r2=-76), y
combinando turbidez y carbon organico disuelto la variacion

explicada es el 90.3%. Los cambios en la productividad

1v



bacteriana absoluta no son explicados por ninguna de las

variables ambientales medidas durante el estudio.
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INTRODUCT ION

The object of my study was to determine the relation of
environmental Tfactors such as temperature, turbidity,
phytoplankton density, and dissolved and total organic
carbon to the bacterial productivity of an aquatic
ecosystem. My principal hypothesis was that the clay

(turbidity) of the water increases the bacterial production.

The i1mportance of bacteria as mineralizers iIn most
ecosystems 1is unquestioned. But the quantitative iImportance
of bacteria as biomass producers iIn aquatic ecosystems only
recently has been appreciated. In the past decade, marine
ecologists have become aware of the role of bacterial
productivity in the detrital food chain, but little
attention has been given to bacterial productivity in

freshwater

Traditionally phytoplankton has been considered the
most iImportant source of particulate organic matter for
herbivores and detritivores. Bacteria also can constitute
an abundant food resource for Tfine-particle TfTeeding
organisms. Bacteria can comprise 10 to 83% of the total
suspended biomass iIn aquatic environments (Palumbo, et al._,

1984) .



Bacteria may live iIn the water free and motile or
growing on solid particles, mainly detritus. Both types,
free and attached, occur in the planktonic community. The
most dense populations of bacteria occur at the surface of

the water (Wetzel, 1983; Rheinheimer, 1985).

The sources of organic matter fTor heterotrophic
bacteria are diverse. The presence of algae promotes the
growth of bacterial populations (Grant and Long, 1981; Van
Es and Meyer-Riel, 1982; Currie and Kalff, 1984; Gude et
al., 1985) either because of direct effects of exudation by
the algae or because zooplankton only partially digests the
algal food, and the rich fecal material is used rapidly by
bacteria. Usually the bacterial maximum density is at the
same depth as the phytoplankton (Campbell, 1983). Also
another iImportant source of organic matter, the
allochthonous is the organic matter of terrestrial origin

transported by runoff water.

The organic matter in aquatic ecosystems is in

dissolved or particulate form. Particulate forms are
colonized by bacteria. Inorganic particles adsorb dissolved
organic matter present iIn the water in great dilution. The

bacteria can find a more favorable environment here than in

the surrounding water (Pomeroy, 1984; Rheinheimer, 1985).



Bacteria transform dissolved organic carbon to
particulate organic carbon, making this resource available
to higher trophic levels. Both free living and attached
bacteria are grazed by a variety of organisms including some
crustaceans, insect larvae, and flagellates that are

important as food for larger fauna (Paerl, 1978).

The small size of bacteria results in intimate contact
with their environment, therefore they are sensitive to
changes in the environment. Physical and chemical Tfactors
influence the metabolic activity, the growth, and the
composition of the microbial populations, thus having a
direct effect on the food chain. The assessment of the
relative importance of the factors that determine bacterial
production of particulate matter is essential to a better

understanding of the flow of energy and carbon through the

aquatic food web.



LITERATURE REVIEW

Bacteria and the Aquatic Food Web:
Conversion~-o~F Organic Matter
Bacteria play an important role as direct and indirect
producers of particulate organic matter in aquatic
ecosystems. As such they are essential components of nearly

all ecosystems.

The role of bacteria as i1ndirect producers 1is 1iIn
promoting primary production. They transform natural
organic compounds into the inorganic components from which
they originated. The nutrients are returned to the cycle of
matter and allow new plant growth— new organic matter
production. The remineralization of organic substrates in
the turnover of matter in water is mainly the Tfunction of

bacteria and fungi (Rheinheimer, 1985).

Detritus in aquatic ecosystems constitutes a large
organic reserve of energy in both dissolved and particulate
forms. In these ecosystems the living biota constitutes a
small portion of the total organic matter Wetzel, 1983;
Pomeroy, 1984). Organic matter can be synthesized within
the water by the primary producers ((autochthonous), or

imported to the system by runoff and wind action



(allochthonous).

Allochthonous organic matter coming from the watershed
is mostly dissolved (Wetzel, 1983). The major source of
autochthonous organic matter is the phytoplankton and
littoral flora photosynthetic activity. Both dissolved and
particulate forms can be transformed (degraded) 1iIn the water
column or settle on the bottom where transformations also
occur (Wetzel, 1983). Independent of where the
transformations take place, these processes allow the

synthesis of new organic compounds.

The bacterial role as direct organic matter producers
is due to the uptake and conversion of dissolved organic
matter iInto particulate material. Bacteria take up
dissolved organic substances which are released into the
water by the primary producers, released by zooplankton,
released by the microbial food web, or are carried iIn by
runoff from the watershed ((Pomeroy, 1984). These organic
matter sources are usually rapidly converted into
particulate material, and iIn this way, the dissolved organic

matter will be back i1nto the food chain.

When algal cells grow some portion of their
photosynthesis is released as dissolved material. This
release may be due to autolysis, mechanical breakage by
zooplankton, or to active excretion of metabolites (Cole et

al., 1982; Wetzel, 1983). The quantity and quality of the



released dissolved organic matter by phytoplankton depends
upon the species and their physiological state (Wetzel,

1983) .

Bell and Mitchell (1972) introduced the term
"phycosphere'™ to denote the zone surrounding phytoplankton
that includes both iInhibitory and stimulatory effects.
Living phytoplankton repel bacteria, but as phytoplankton
weaken and die they are iInvaded and converted iInto detritus

and bacterial biomass (Fuhrman et al., 1980).

A close coupling between bacterial and algal production
might be hypothesized for the plankton. Fuhrman et al.
(1980) found that the bacterioplankton and phytoplankton
tend to be abundant in the same places. The extracellular
algal products are taken up almost instantaneously by

bacteria (Larsson and Hagstrom, 1979) .

There is a stimulation of bacterial activity Iin
response to algal blooms (Bell and Sakshaug, 1980). Maximum
bacterial densities show high correlations with chlorophyll
a maxima (Fuhrman et al., 1980; Gude et al., 1985; Lovell
and Konopka, 1985). Increases 1iIn bacterial numbers can
occur also after the spring blooms, presumably in this case,
due to organic matter from decaying cells instead of algal

exudates (Blaauboer, 1982; Brock and Clyne, 1984).
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Bacterial growth rates usually iIncrease iIn response to

increasing primary production which supplies a continuous
source of dissolved substances (Lancelot and Billen, 1984;
Murray and Hodson, 1985; Gude et al., 1985; Lovell and
Konopka, 1985). However, Fuhrman et al. (1980) did not find
a correlation between bacterioplankton and primary
production; they explain this by high grazing action upon
the phytoplankton population so as to limit exudate

production.

Of the total carbon Tfixation by phytoplankton, values
of 5, 30 and up to 95% release as exudates have been fTound
(Fogg, 1971; Coveney, 1982). Cole et al. (1982) found up to
40% of the gross algal exudate was consumed daily by
bacteria in Mirror Lake; 21% in Kiel Fjord (Wolter, 1982);
10 to 80% in Lake Norrviken (Bell et al., 1983); 20% in Lake
Mendota (Brock and Clyne, 1984); 32 to 95% in two Swedish

lakes (Coveney, 1982).

Heterotrophic utilization of algal products is a
function of both the activity of heterotrophs and of the
suitability of the excreted material. The phytoplankton
excretion, which apparently is not an important loss for the
algae, may be an i1mportant dissolved carbon source for
planktonic bacteria if it iIs a more suitable substrate than
the background dissolved organic matter (Coveney, 1982). In

this way dissolved organic matter released will be rapidly



returned to the food chain even in the presence of large

amounts of detrital material.

Another source of dissolved organic matter is that
released by the zooplankton through feeding, defecation, and
excretion. Pomeroy (1984) states that there is more
dissolved organic matter produced through excretion by
zooplankton and lysis of phytoplankton than released by

living phytoplankton in the oceans.

Algal-derived dissolved organic carbon is utilized
rapidly by bacteria and converted into particulate material
in the form of bacterial cells. So, once believed to serve
only as mineralizers of organic compounds, bacteria are now
recognized as having a great importance as producers of
particulate organic carbon, and because they have access to
a variety of dissolved and particulate substrates, bacteria

can be significant producers of biomass (Pomeroy, 1984).

Bacteria and the Aquatic Food Web:
Bacteria as Food
Bacteria constitute an iImportant food source for
protozoa. Protozoans may be the most iImportant consumers of
bacteria in nature and constitute an essential link iIn food

chains between bacteria and higher trophic levels.



The rate of bacterial consumption by protozoa has been
studied by several researchers. Barsdate et al. cited by
Fenchel and Jorgensen (1974) found that during the initial
exponential growth of ciliates they consumed 500-600
bacteria per individual per hour. When populations

stabilized one ciliate consumed 100-200 bacteria per hour.

Bacteria cells as well as bacteria-detritus aggregates
are consumed by some larger Ffilter-feeding organisms:
sponges, some polychaetes, cladocerans and diptera larvae
(Fenchel and Jorgensen, 1974). Riemann and Bosselmann
(1983) reported that Daphnia cucullata can Ffilter 27% of the
bacterial secondary production and Peterson and Hobbie
(1978) found that Daphnia can feed efficiently on very small
size natural bacteria populations. Borsheim and Olsen
(1984) showed that when phytoplankton biomass is high,
bacteria are a minor part on Daphnia pulex diet. As the
algae biomass declines, bacterial biomass becomes the

dominant food resource.

Carlholm (1984) suggests a Teedback mechanism between
aquatic microorganisms. The dissolved organic carbon
released by the phytoplankton stimulates the bacterial
population growth. Protozoa then feed on the bacteria and

excrete ammonia which then is taken up by the phytoplankton.
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Bacterial Productivity Determinations

Bacterial Activity Measurements

To determine the contribution of bacteria to the food
chain and the i1mportance of- environmental effects on their
activity, estimates of growth rates and biomass are
essential . Due to the lack of suitable techniques, such

measurements have not been possible iIn the past.

Lately, estimations of the bacterial production have
been widely encouraged by the development of the
H-thymidine iIncorporation method of Fuhrman and Azam
(1980). This method has been successfully used in both
marine (Fuhrman, 1980; Fuhrman and Azam, 1980 and 1982;
Hollibaugh, et al., 1980; Lancelot and Billen, 1984; Palumbo
et al., 1984; Booth and Hoppe, 1985; Ducklow, 1983; Peele et
al., 1985; Jeffrey and Paul, 1986) and freshwater ecosystems
(Jordan and Likens, 1980; Ducklow et al., 1982; Kirchman,
1982; Riemann et al., 1982; Bell et al., 1983; Bell and
Bern, 1983; Robarts and Sephton, 1983; Bell, 1984; Riemann,
1984; Riemann and Sondergaard, 1984; Lovell and Konopka,

1985; Toerien, 1985; Goulder, 1986; Scavia, 1986).
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Tritiated Thymidine Technique

Fuhrman and Azam (1980) base their technique on
measuring the iIncorporation of tritiated thymidine into the
synthesis of new DNA. Thymidine is a specific precursor for
DNA, and DNA is only synthesized by growing cells. The
amount of thymidine incorporated is taken as a measure of
growth Wright, 1978; Karl, 1982; Fuhrman and Azam, 1982;
Parsons, Maita and Lalli, 1984; Pollard and Moriarty, 1984).
The technique is specific for the nonphotosynthetic bacteria
and they found that virtually all of the actively growing
bacteria take up thymidine. It is assumed that thymidine is
rapidly and efficiently taken up by bacteria, is stable
during uptake, 1is converted rapidly into nucleotide, and
labels DNA with little or no dilution by intracellular pools
(Kornberg, 1980). Because DNA 1i1s synthesized only in
growing cells at a rate proportional to total biomass
formation, the rate of DNA synthesis corresponds to the
growth rate of the bacteria population (Van Es and

Meyer-Reil, 1982).

The 3H—thymidine method assumes that all
microorganisms utilize exogenous thymidine in preference to
de novo thymidine synthesis, an assumption confirmed by
Fuhrman and Azam (1980 and 1982), Karl (1982), and Riemann

3
(1984). Another assumption is that the H-thymidine, in

nanomolar concentrations, is assimilated exclusively by
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bacteria, ((Fuhrman and Azam, 1980 and 1982; Moriarty and
Pollard, 1981; Bell et al., 1983; Pollard and Moriarty,
1984; Moriarty, 1986). A third assumption is that the
naturally occurring thymidine does not affect the specific
activity of the radiolabeled thymidine, an assumption that
was questioned widely (Kornberg, 1980; Moriarty and Pollard,
1981; Karl, 1982; Riemann et al., 1982; Gude, 1984).

Pollard and Moriarty ((1984), adapted a technique known as
isotope dilution to measure the changes of the specific
radioactivity of the thymine precursor. The modification of
Fuhrman and Azam (1980) technique by the isotope dilution
approach (Pollard and Moriarty, 1984) gives a more reliable

determination on the 3H—thymidine incorporation.

Tritiated Thymidine and DNA Synthesis

The only Tfunction of thymine nucleotides in cells is

their participation in DNA synthesis (Moriarty, 1986) .

There are two principal pathways (Fig.- 1) for cell synthesis
of thymine nucleotides. One is the de novo pathway in which
the thymidine is synthesized iIn the form of dTMP
(deoxythymidine monophosphate) by the enzyme thymidine
synthetase from the precursor dUMP (deoxyuridine
monophosphate). The other is the salvage pathway where free

bases and nucleosides from DNA breakdown are converted

(recycled) into thymine. Thymine, by the addition of



SALVAGE PATHWAY
THYMINE
C"Hj-THYMIDINE ij
—— > THYMIDINE

4

dTMP------- » dTDP--—-- » dTTP - » DNA

3

dUuMP

1- THYMIDINE PHOSPHORILASE
2— THYMIDINE KINASE
3 - THYMIDINE SYNTHETASE

DE NOVO PATHWAY

Fig. | Pathways of thymidine nucleotide metabolism.
dTMP, dTDP, and dTTP, are thymidine mono-, di-, and

triphosphate, respectively. dUMP is deoxyuridine
mono phosphate. Modified from Moriarty (1986).

13



14

deoxyribose and the action of thymidine phosphorylase, can
be transformed into thymidine, and this, into dTMP by the
action of thymidine kinase (Kornberg, 1980; Moriarty, 1986).
Regardless of the pathway, dTMP undergoes subsequent
transformations into dTDP (deoxythymidine diphosphate), dTTP
(deoxythymidine triphosphate), and DNA through the action of

DNA polymerase.

Because the de novo biosynthetic pathway can contribute
thymine to DNA it dilutes the radioactive thymine that is
added from the H-thymidine technique. This dilution

results in underestimates when calculating cell synthesis.

Isotope Pilution Technique

Small pools of dTTP, though iImpossible to measure,
constitute the Immediate source of thymine for DNA
synthesis, and, if present, they will dilute the labeled
thymidine added thus lowering 1its specific activity. The
isotope dilution technique allows one to measure the change
in the specific radioactivity of the precursor ((Pollard and

Moriarty, 1984).

The principle of the technique is as follows: if there
is no dilution by internal pools a number of counts should
be 1i1ncorporated i1into DNA from the added precursor of given

specific activity and consequently is a measure of the rate
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of DNA synthesis.

If the reciprocal of the observed counts is plotted
against a known dilution (that is controlled by adding known
labeled and non-labeled thymidine) a linear relationship is
obtained with an iIntercept equal to the dilution given by
the thymidine pool in the system (Pollard and Moriarty,

1984) . It is not strictly a pool of thymidine, but
represents the sum of all pools that dilute the tritiated

thymidine prior to incorporation into DNA (Moriarty, 1986).

An alternate approach to solve this problem rests on
the fact that bacteria can regulate the synthesis of thymine
precursors. IT the labeled thymidine is supplied at
sufficiently high concentrations, de novo synthesis Iis
inhibited ((Riemann et al., 1982; Pollard and Moriarty, 1986;
Moriarty, 1986) . Several concentrations have been
recommended, 5 nM in lake water (Bell et al., 1983), 5-10 nM
in seawater (Fuhrman and Azam, 1982; Kirchman et al., 1982)

and 20 nM (Moriarty, 1986).

Bacterial Biomass

The bacterial biomass (i.e., the number or mass of
potential producers) is an iImportant variable when studying
bacterial production. To estimate bacterial biomass, direct

counts of the cells and size estimates are necessary. The
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development of the Acridine Orange Direct Counts (AODC)
technique by Hobbie et al. (1977) using a TFfluorescent dye
and epifluorescent microscope has permitted reliable
measurements. This technique is the basic method of

Francisco et al. ((1973) as modified by Jones (1974).

After staining, Tforms with clear outline and
recognizable bacterial shape and bright orange or green
Ffluorescence are counted as bacterial cells, reducing Iin
this way subjectivity errors (Van Es and Meyer-Reil, 1982).
The epifluorescence technique allows the study of the
different types of bacteria present in a natural sample
(cocci, bacilli, streptobacilli) and moreover, the ratio of
free-floating to particle-attached bacteria can be
determined relatively easily (Van Es and Meyer-Reil, 1982).
This method is useful when counting very small cocci, 0.2 to
0.8 um in diameter, that can not be seen when using
nonfluorescence techniques (Ralph and Hobbie, 1975, cited by

Van Es and Meyer-Reil, 1982)

Bowden (1977) found that bacterial counts done using
the scanning electron microscope (SEM) agree closely with
the fTluorescing bacteria counted using the AODC technique.
He suggests the use of the latter for routine ecological

sampling because of considerable savings iIn time.
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Also microscopic determination of cell dimensions have
been verified with SEM (Van Es and Meyer-Riel, 1982).
However, Fuhrman ((1981) concluded that epifluorescence
microscopy 1is more accurate than SEM for these measurements.

During preparation for SEM, cells shrink a variable amount.
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METHODS

The variables determined in each sample were water
temperature, turbidity, chlorophylls a, b, and c, dissolved
and total organic carbon, bacterial growth rates, cell

concentration, and cell volume.

Sampling

Water samples were collected from the middle of Lake
Brazos near the Baylor University Marina. Lake Brazos 1is a
"town Qlake'™ Ilocated in McLennan County, Texas. It divides
the city of Waco into two areas. The lake was created by
the i1mpoundment of the Brazos River with a small dam. The
lake i1s 15.17 km long with an average width of 94.8 m, and a
maximum depth of 8 m. The Brazos River brings water from a
series of salt springs in west Texas making the water of the

lake unusual for waters of this region (Table 1).

Sampling began on April 22, 1986 and terminated on June

27, 1986. Sampling dates were selected to include a variety
of water turbidities. Nine sampling series were carried out
between these dates. For each series an integrated sample

was taken from the surface 0.5 m with a plastic tube (5 cm,

inside diameter), placed in a sterile polyethylene bottle at



Table 1. Average chemical characteristics of Lake

(Data are from Texas Water Quality Board)

VARIABLE

PH
Alkalinity (mg CaCO 1I7")

Nitrogen, Ammonia Total (mg 1)
Nitrogen Nitrate Total (ng 1 )

Phosphate as Ortho (mg 1°%)

Phosphorus, Total (mg 1
Total Organic Carbon (ng 17°7)

Chloride (mg 1

1982

1983

Brazos.

1984

19
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10:00 h, and transported to the laboratory. Care was taken

to protect the sample from direct exposure to the sunlight.

Processing was begun within 30 minutes of collection.

At the laboratory, sub-samples for bacterial counts
were removed iIimmediately after shaking the sample to iInsure
a homogeneous bacterial suspension. These were preserved
with an equal volume of 4% formalin (final concentration 2%)
and kept cold iIn the dark until acridine orange direct

counts (AODC) were made.

Turbidity Measurement

Turbidity was measured in nephelometer turbidity units
(NTU) with a nephelometer (Hach, model 2100A) using Tformazin

standards.

Chlorophyll Measurement

Relative phytoplankton biomass was estimated as
chlorophyll a. Chlorophyll (a, b, and c) concentrations
were determined from one liter samples using a narrow band
pass spectrophotometer (Beckman, model 25) according to the
technique described by Lind (1979) and the trichromatic

equations of Strickland and Parsons (1968).
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Dissolved and Total Organic
Carbon Measurements

Sample preparation for dissolved organic carbon (DOC)
and total organic carbon (TOC) was done according to the
Menzel and Vaccaro (1964) technique. Inorganic carbon was
removed from the sample by acidifying with 3% phosphoric
acid and then sparging with N~ The remaining organic
carbon was treated with a strong oxidant (potassium
persulfate) at elevated temperature and pressure in sealed
ampoules. The amount of CO™ generated from the organic
carbon was measured with an infrared analyzer (Beckman,
model 215A) using CON standards. For DOC determination,
the sample was TfTiltered through a prewashed 0.2 urn pore size
membrane Tfilter. Five replicates per sample and per
variable (DOC, TOC) were used to determine the organic

carbon content.

Bacterial Growth Rates,
Tritiated Thymidine Method
Thymidine iIncorporation measurements were done in the
laboratory. The treatment of the samples was done in
autoclaved screw-top test-tubes. A sterilized
volume-adjustable dispenser was used to fTill rapidly the

test tubes with the water sample.
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Five replicates of each sample treatment were incubated
with 18 nM 3H—methyl—thymidine (5 Ci per mmol, ICN
Radiochemicals) concentration. Five replicates gave a
coefficient of variation range between 21 and 6% in samples
with live bacteria and.a range between 82 and 18% in the
control samples with killed bacteria. Killed controls were
prepared with formalin-azide solution, 5% final

concentration.

The TfTive isotope dilution treatments were:
TUBE 1- 10 ml killed sample + 10 ul labeled thymidine
TUBE 2- 10 ml sample + 10 ul labeled thymidine
TUBE 3- 10 ml sample + 10 ul labeled thymidine + 10 ul
unlabeled thymidine
TUBE 4- 10 ml sample + 10 ul Jlabeled thymidine + 20 ul
unlabeled thymidine
TUBE 5- 10 ml sample + 10 ul 1labeled thymidine + 30 ul

unlabeled thymidine
Each treatment was replicated five times.

The test tubes were placed iIn a dark water bath at
constant temperature (25-26 C) for 30 minutes. The
incubation and bacterial growth was terminated by adding
formalin-azide solution (G% final concentration) to each

tube, then the tubes were i1immediately placed in crushed ice.
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Each sample was Tfiltered through an ice cold 25 mm
diameter nitrocellulose fTilter (.45 um pore size, Schleicher
and Schuell) . The collected material on the Tfilter was
washed with 30 ml of ice cold 5% trichloroacetic acid under
continuous gentle (less than 8 in Hg) TFfiltration pressure
(Riemann, 1984) to remove the unused labeled thymidine by
the bacteria. The TfTilters were then placed in scintillation
vials containing ethyl acetate (1 ml) to dissolve the
Tilter. Ten ml of scintillation fTluid (Beckman, HP/b) were

then added and the radioactivity counted in a liquid

scintillation counter (Beckman, model LS 1800). Samples
were counted to a 1% confidence level (2 sigma = 1.00) with
two cycles repetition for each series. The second cycle

data were used t.o eliminate possible spurious

autofluorescence.

To determine the sample activity, or disintegrations
per minute (DPM), the H-number of the sample was calculated
and external quench correction applied. The H-Number is the
difference between the pulse heights of the sample relative
to an unquenched standard. Quench is the reduction of
energy transfer efficiency in a sample. A quench curve was
made by Tiltering progressively greater volumes of lake
water through membrane Tfilters. These Tilters are placed in
scintillation vials with a known concentration of isotope
and DPM activity is determined. The quench curve relates

the extent of quenching iIn any sample, as shown through its
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H-Number to a counting efficiency (Beckman, 1982).

Calculation of Bacterial Growth Rates

The reciprocal of 3H—thymidine incorporated into DNA
in DPM is plotted against the total thymidine concentration
used during the incubation ((labelled and unlabeled). A
linear relationship is obtained with a negative intercept
that represents the dilution of the added thymidine by the
thymidine pool in the system. If there is no dilution by
any sources (i.-e., de novo synthesis) other than the
unlabeled thymidine added, the plot will pass through =zero

(Pollard and Moriarty, 1984).

The real specifi.c activity of the labeled thymidine
used during the i1ncubation, including possible isotope
dilution is calculated using this plot, according to Pollard

and Moriarty ((1984):
SA = uCi/conc. added + line 1iIntercept cone.

3
Where: uCi is the added H-thymidine initial
activity; cone. added 1is the total thymidine concentration
added to the sample in nmol; and line intercept cone. is

obtained from the negative intercept of the plotted line in

nmol
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Bacterial production of cells per liter per hour is

estimated according to Pollard and Moriarty (1984) as

follows:
Cell production 1~~~ h7A
r Q 10
( (dpm/2.22X10 /sa) (1/time) (vol/1000) (1X10 ) (2.1X10 )
Where:

dpm is obtained from the sample with only 3H—

thymidine added,
2.22X10 is the number of DPM uCi
sa is the specific activity of the isotope as
determined above,
time is the iIncubation time in hours,
vol is the sample volume used iIn ml,
1X1O_g is a conversion factor, nmoles to moles,
8

2_1X1O1 is the relation of cells produced per mole

thymidine 1ncorporated.

Bacterial Cell Concentration and
Bacterial Volume Measurement
Bacterial counts and size measurements were made by
using the acridine orange direct count (AODC) method of
Hobbie et al. (1977) with a minor change. A drop of water
was used between the filter and the cover slip. This gave
better contrast between the bacteria cell and the background

than the i1immersion oil.
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The acridine orange solution 0.1% (Sigma Chemicals Co.)
as well as any water used for dilution of the sample or for
rinsing Tfilters was TFfiltered through 0.2 um Nucleopore
filters each day to avoid contamination of the sample with

external bacteria.

Nucleopore Tfilters (0.2 um pore size, 25 mm diameter)
were stained by soaking for 24 hours in a solution of 2 g of
Irgalan Black (Ciba-Geigy) 1in 1 1 of 2% acetic acid and

rinsed in sterilized water immediately before use.

The stained fTilter was placed on top of a cellulose
filter to give a better vacuum distribution (less than 8 in
Hg). One milliliter of sample was brought to”2 ml iIn the
filtration unit with sterile water to ensure an even cell
distribution. The sample was Tiltered after incubating with
one drop of AO 0.1% for 2 minutes. Damp filters were placed
on glass slides, covered with one drop of water, a cover

slip, and one drop of low Ffluorescence immersion oil.

Free living bacteria and bacteria attached to particles
were counted separately and the combination of each
constitutes the total bacterial concentration of the sample.
The number of bacteria per milliliter was estimated from a
count of 20 fields in duplicate per each sample with a
minimum of 20 cells per Tfield. Counts were made at 1500x

magnification. Counts of attached bacteria were corrected

for hidden bacteria by multiplying the count by two.
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considering that an equal number on top of the particle
could be found below it (Clarke and Joint, 1986;

Chrzanowski, personal communication).

Size was measured on free cocci, free bacilli, attached
cocci, and attached bacilli. The length and width of the
rods and the diameter of the cocci were measured to estimate

the volume.

Biomass Estimates

The bacterial biomass was calculated as the sum of the
biomass of the free living bacteria and the attached
bacteria. The biomass of each was obtained by multiplying
the average volume by the average number of cells and
transforming to carbon units, using the relation of
1.21X10 g C um (Fuhrman and Azam, 1980; Riemann et

al., 1982) .

Data Analyses

In this study, multiple regression analysis was used to
determine the relation of the environmental variables
measured to the bacterioplankton productivity. Regression
analysis measures the relationship between a dependent
variable (bacterioplankton) and one or more independent

variables (environmental). Statistical data analyses were
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done with the statistical programs of SPSSx (SPSS, Inc.
1983) , using the regression stepwise procedure. The
regression Tirst enters the variables into the equation.
Then the specified variables are tested upon removal as
specified by the stepwise selection. Because all the
independent variables included in a multiple regression
equation do not necessarily have a significant effect on the
dependent variable, in the stepwise method each variable is
tested in order to enter the regression equation (tolerance
criterion). The probability of F-to enter (PIN) a variable

from the equation used iIn the study was 0.05.
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RESULTS

Turbidity had the highest correlation with bacterial
cell synthesis. Multiple regression analysis showed that
63.6% of the changes in the bacterial cell synthesis were
explained by the water®s turbidity, 82.3% of the changes
were explained when combining turbidity with the attached
cell biomass and 95.6% were explained when combining

turbidity, attached cell biomass and total organic carbon.

Changes in specific production, that is production per
biomass, were explained primarily by the turbidity
2
(r =.76), and the combination of turbidity and DOC

explained 90.3%.

The absolute bacterial productivity changes were not
significantly explained by any of the environmental

variables measured during the study.

Environmental Variables

Because of local heavy thunderstorms and flooding
before and during some of the sampling dates the turbidity
fluctuated greatly (between 6.4 and 55 NTU, Table 2). Also,

the total organic carbon (T0C) ranged between 8.4 and 13.2



TABLE 2. Turbidity and temperature

measurements Tfor Lake Brazos.

SERIES TURBIDITY TEMPERATURE
ntu C
| 25.0 22.0
1 14.0 25.0
il 30.0 25.0
v 19.0 25.2
\% 53.0 27.0
Vi 55.0 26.5
VI 28.0 27.0
Vil 6.4 27.5

1X 11.0 27.2
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mg C 1~ and the dissolved carbon (DOC) concentrations
ranged between 8.0 to 11.0 mg C 1 (Table 3).
Phytoplankton biomass, as estimated by chlorophyll a
concentration, varied from a 2.5 to 6.9 ug Chi 1“0 (Table
4). Water temperature increased gradually during the study

period (May-Jdune 1986), and ranged between 22 to 27.5 C

(Table 2) .

Turbidity and pigment concentration showed a reciprocal
relationship. Probably, nutrients washed off by the rain
stimulated algal growth as soon as the light penetration

increased

As expected, the higher concentrations of TOC
corresponded with the turbidity peaks and were negatively
correlated with temperature (Table 5). There was a strong
positive correlation between DOC and chlorophyll c
(indicative of diatoms), (Table 5). There was no
correlation between turbidity and DOC, suggesting that the
dissolved organic carbon in the water was due mainly to

photosynthetic activities, algae lysis, or excretion.

The Bacterial Population

Coccoid bacteria were the predominant type present.
3
They had an average cell volume of 0.063 urn when free and

3
0.075 urn when attached. The bacilli, though Iless



Table 3. Organic carbon measurements

for Lake Brazos, iIn mg 1/

SERIES TOC DOC
| 13.2 8.6

1 9.0 7.0
1l 11.0 10.0
v 11.0 11.0

\Y% 11.8 9.2

Vi 11.0 7.8
Vil 10.0 9.8
\ARN 8.4 8.0

X 8.4 8.4



Table 4.

for

Lake Brazos in ug 1-".

SERIES CHL a

I 2.52

11 5.12

1l 2.80

v 4.15

\% 3.80

\2 5.50
VIl 6.9
\ARN 4.4
1X 3.9

ND Not detected

Chlorophyll

a and ¢ measurements

CHL c

ND

0.50

ND

ND

1.18

ND

ND

33



Table 5.

environmental variables measured for Lake Brazos

Correlation coefficients (r) shown by the

(significance of r when p<0.05 = 0.66).

TEMP

TURB

CHLa

CHLc

TOC

DOC

0.04

-0.09

0.45

0.92

TOC

CHLc

0.13
102

0.53

CHLa

TURB

34
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numerous were larger and had an average volume of 0.22 urn
when free and 0.17 um3 when attached. Small curved
(lunate) bacteria were fTound occasionally. Filamentous
bacteria (streptobacilli) were observed in very small
numbers. The average bacterial volume including all three

forms ranged between 0.0854 and 0.2252 um”™ (Table 6).

Bacterial cell numbers remained fTairly constant among
the sampling series. They ranged from 1_67X16) to
3.45X109 cells 1_1. Most of the bacteria were free
living, constituting an average of 84.6% of the total

population (Table 6).

The free bacterial biomass ranged between 12.47 to

68.78 ug C 1*“* and the attached cells biomass ranged

between 1.98 to 10.59 ug C 1~ (Table 7).

The free bacterial abundance was correlated negatively
with the water®s turbidity. The numbers of attached
bacteria were highly correlated with the TOC and correlated
negatively with the temperature. The total volume of the
free cells was highly related to the chlorophyll c
concentration (Table 8). Multiple regression analysis
explained 52.3% of the free cells volume changes by the

chlorophyll c¢ concentration.



Table 6.

Abundance (109

3
volume (urn )

(May-June).
SERIES FREE
I 1.58
11 1.56
1l 1.37
v 2.56
\Y 1.39
Vi 1.50
AR 1.78
\ARN 3.27
1X 1.86

from bacterial

ABUNDANCE

ATTACHED

-561

.262

-304

-417

-365

-279

-294

-181

.202

cells 1_1)

TOTAL

populations

FREE

0.124

0.191

0.147

0.123

0.074

0.076

0.283

0.174

0.117

and average cell

in Lake Brazos

VOLUME

ATTACHED

0.153

0.124

0.096

0.069

0.099

0.095

0.105

0.276

0.079

TOTAL

0.139

0.158

0.122

0.096

0.085

0.086

0.194

0.225

0.098



Table 7.

Bacterial

in Lake Brazos,

SERIES

Vi

Vil

\ARN

X

FREE

23.70

36.06

24 .39

38.10

12 .47

13.90

60.84

68.78

26.40

biomass (ug C 1*n)

during May-June, 1986.

ATTACHED

TOTAL

34.29

39.90

27.98

41_66

16.92

17.16

64 .85

74 .93

28.38

37
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Table 8. Correlation coefficients (r) shown by the

various environmental variables measured for Lake

Brazos (significance of r when p<0.05 = 0.66) .

DOC TOC CHLC CHLA TURB TEMP
FCONC 0.10 -0.47 0.01 0.09 -0.61 0.31
ACONC 0.18 0.91 0.02 -0.46 0.29 -0.78
FVOL 0.59 -0.40 0.72 0.57 -0.46 0.11
AVOL -0.37 -0.28 -0.27 -0.06 -0.41 0.08
FBIOMASS -0.28 0.47 -0.21 0.02 -0.45 0.36
ABIOMASS -0.22 0.56 -0.22 -0.44 -0.08 -0.68
CSYN -0.31 0.56 -0.20 0.10 0.80 -0.02
PB -0.44 0.55 -0.36 -0.03 0.88 -0.02
PROD 0.00 -0.03 0.18 0.38 -0.08 0.00
FCONC = free cells concentration
ACONC = attached cells concentration
FVOL = free cells volume
AVOL = attached cells volume

FBIOMASS = free cells biomass
ABIOMASS = attached cells biomass

CSYN = cell synthesis
PB = specific production
PROD = bacterial secondary productivity
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Bacterial Cell Synthesis and Productivity

The rate of bacterial cell synthesis ranged from

1.97X10™ to 4.79X10nN cell 1~-* h—\ (Table 9). The

ranges of specific production were 0.006 to 0.03 ug C ug
C-1 17~ h*~, (Table 10). The bacterial population
turnover time varied between 1.4 to 7.4 days (Table 10).

The bacterial productivity ranged between 0.23 to 0.83 ug C

1“4 h*1, (Table 10) .



Table 9. Bacterial cell synthesis (cell 1 »

h>’?) determined by the tritiated thymidine

incorporation method.

SERIES CELL SYNTHESIS

I 4_.14X10"
X 2.60X10"
2.43X10"
v 1.97X10"
v 4_79X10"

Vi 4 _68X10"

VI 3.46X10"

VIl 2.92X10~7

I1X 2.25X10"



Table 10. Production ((ug C 1~~~ h*), specific

production (ug C ug C~~ I’ and doubling time

(days) estimates fTor Lake Brazos bacteria.

SERIES PRODUCTION SPECIFIC DOUBLING
PRODUCT ION TIME
I -.7073 -02063 2.02
1 -5046 -01265 3.29
11 . 3643 -01302 3.20
v -2333 -00560 7.44
\Y% -5093 -03010 1.38
Vi -4938 -02878 1.45
VIl -8265 -01279 3.26
VIl -8088 -01079 3.86

IX 2717 -00957 4.35



42

DISCUSSION

Environmental variables will affect bacterial cell
synthesis and specific production. This relationship will
determine bacterial productivity iIn freshwater. The main
point of my study was to measure the relative effects of
those variables on the bacterial productivity in Lake

Brazos.

Water turbidity was the most important variable
affecting bacterial production iIn this study. My results
showed that water +turbidity explained 63.6% of the variation
on the bacterial cell synthesis, and 76% of the variation on
the bacterial specific production. Others have suggested
the importance of suspended particles to bacterial
populations (Pearl and Goldman, 1972; and Paerl, 1975; cited
by Toerien, 1985). Toerien (1985) measured bacterial
activity iIn Wuras Dam, a highly turbid South African
reservoir, using the glucose assimilation technique. He did
not find any significant relationship between turbidity and

bacterial population.

Heterotrophic bacterial growth ultimately depends on
the supply of organic nutrients from autochthonous and or

allochthonous sources (Gude, Haibel, Muller, 1985).
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Bacterial cell synthesis (cell 1 h””) 1increased

shortly after DOC increases, and the peak rates of cell
synthesis coincided with the minimum concentration of DOC.
Apparently the dissolved organic nutrients from both
allochthonous and autochthonous sources stimulated the
bacterial synthesis that then diminished the DOC iIn the
water (Fig. 2). Fuhrman and Azam (1980) found that the
bacteria can grow fast enough iIn coastal waters to utilize a

significant fraction of the dissolved organic carbon.

Organic products of the diatom population rather than
allochthonous sources apparently were the main source of DOC
in Lake Brazos. A high correlation between chlorophyll c
and DOC (r=0.92) was found. The phytoplankton density peaks
occurred when turbidity was low (Fig.- 3). Similarly others
have shown that phytoplankton photosynthetic activity is an
important source of organic nutrients for the bacterial
populations in both freshwater and marine ecosystems
(Fuhrman et al., 1980; Blaauboer et al., 1982; Cole, 1982;
Coveney, 1982; Riemann et al., 1982; Bell et al., 1983; Bird
and Kalff, 1984; Brock and Clyne, 1984; Lovell and Konopka,

1985; Peele et al., 1985; Goulder, 1986).

The cell synthesis showed a reciprocal relation with
the bacterial biomass (Fig. 4). Borsheim and Olsen (1984),
showed that when the algal biomass is low, the bacterial

biomass constitutes the dominant food resource for
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Fig. 3 Relationship shown by the water turbidity and the
phytoplankton density in Lake Brazos. Peak phytoplankton
abundance occurred during low turbidity periods.
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zooplankton. During turbidity peaks low phytoplankton
biomass was present and this coincided with high rates on
cell synthesis and low bacterial biomass (Fig. 5).
Pedros-Alio and Brock (1983) calculated that zooplankton
feeding can consume 1-60% of the bacterial biomass daily.
It also has been shown that flagellates consume a
considerable portion of the bacterial productivity in some
freshwater ecosystems (Pomeroy, 1984; Gude et al., 1985).
Another consideration is the sinking rate. Sinking is
negligible for free living bacteria but can be much greater
for attached bacteria (Lovell and Konopka, 1985). Ducklow
et al. (1982) have measured settling rates of 0.1 to 1.0 m
per day for attached bacteria in the Hudson River plume.
Also, Palumbo et al. (1984) suggested that attached bacteria
are more available to predators. A combination of these

factors may have accounted for the low biomass during high

cell synthesis periods.

The range of bacterial production obtained in this

study varied between C.23 ug C h>>» and 0.83 ug C

1 h*“~. A similar range of production values were

obtained for some other lakes (Table 11).

The bacterial population doubling time was between 1.4
to 7.4 days during May and June. Riemann et al. (1982)
reported a range between 7 and 37 days, and Jordan and

Likens (1980) reported an annual doubling time range in
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Table 11.

Bacterial

in aquatic ecosystems.

LOCATION

SEAWATER
North Sea

PRODUCTION

0.80 -0.24

production (ug C

SPECIFIC
GROWTH RATE
(day m)

Antarctic 0.002-0.121 0.007-0.46
New York Bight 0.294-0.556 0.09
California Coast 0.196-2.21 0.050-2.3
Chesapeake Bay 0.292-3.13 1.10 -6.9
Moreton Bay, East 0.30 1.3
Australia
Great Barrier 0.375-1.83 0.050-6.9
Reef
FRESHWATER
Norrviken 0.20 -7.1
Mendota 0.30 -8.3
Lake Almind 0.325
Lake Orn 1.35
Lake Esrom 0.283
Lake Mosso 0.454
Lake Hodges 0.071
Crooked Lake 0.107
Little Crooked 0.176
Lake Brazos 0.23 -0.83 0.130-0.72
REFERENCE
1 Lancelot and Billen, 1984
2 Fuhrman and Azam, 1980
3 Ducklow et al., 1982
4 Fuhrman and Azam, 1982
5 Ducklow, 1982
6 Moriarty and Pollard, 1982
7 Moriarty et al., 1982
8 Bell et al_., 1982
9 Pedros-Alio and Brock, 1982
10 Riemann and Sondergaard, 1984

11 Lovell
12 This study

and Konopka,

1985

1’7 h~") estimates

REFERENCE

o0 WwN

10
10
10
10
10
11
11
12
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Mirror Lake from 1.2 to more than 100 days. The variation
in specific production in Lake Brazos was explained 76.7% by
the turbidity (Fig. 6) and 90.3% when combining turbidity
and DOC. This organic enrichment effect on turnover rates

also has been reported by Wright ((1978).

The small percent of attached cells fTound (15.4 +5.7) is
not unusual (Fig. 7). Hobbie and Wright ((1979) indicate
that most planktonic bacteria will be unattached.
Pedros-Alio and Brock (1983) found between 1- 30% attached
to particles in Lake Mendota. Simon and Tilzer (1982)
report 5% in Lake Constance. Laanbroek and Verplanke (1986)
found that the attachment of bacteria follows a seasonal
pattern. They fTound low percentages of attachment during
spring ((April-July). Lake Brazos sampling was during the
months of May and June. Attachment of bacteria to particles
is often viewed as an advantageous starvation response
(Jeffrey and Paul, 1986). In Lake Brazos, DOC was available
and explained, in combination with turbidity, 90.3% of the

variation in the bacterial population doubling time.

The sizes of bacterial cells observed in Lake Brazos
are similar to those found in other lakes (Hobbie and
Wright, 1979; Pedros-Alio and Brock, 1983). The high
correlation between the chlorophyll c¢ concentration and the
volume of the free living cells (r=0.72), suggests that the

activity of diatoms provided nutrients that stimulated the
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Fig. 7 Ratio of free living bacteria to particle
attached bacteria in Lake Brazos during May and
June 1986.
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cell size growth of the free bacteria.

In the present study, the bacterial cell synthesis and
the specific production of the bacterial population appear
to be controlled by the turbidity and dissolved organic
carbon present iIn the water. This 1is especially significant
to our understanding of reservoir ecosystems which are
characterized by high turbidity and dissolved organic carbon
concentrations. The high productivity of the higher trophic
levels usually found in such turbid waters with reduced

photosynthesis may depend on the bacterial production.
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