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The aim of this thesis 1s to incorporate the smallest organisms, in

" particular the heterotrophic bacterid and thei’t predators, more fully
i /"' - . 9 L]

‘ . ’ into currenéndescriptions of dquatic community structure and dynémics.

' A strqng, positive empirical relationship was found between bacterial

- < .

N abundance Smd chlorophyll: c'oncentration inlfreshwater and marine

systems, Common members of tlhie photosyntheti¢ phytoplankton (all
- by g N

chrysophyceans) were 'shown to be major, even dominant, grazers of

)

- ‘ 3
o.’ : these bacteria, This phagotrophic capability'is dqudntitatively,

important to the bacterioplanktonz to the mixotrophs themselves, and

. in some éases, to the strutture of the limnological community as a'
* X ~ - - 0 .;
whole. 'Grazing by mixo- and heterotrophic protozoans is concentrated

] 2

on the largest bacterial cells that also have the greatest growth-

v

rates.’Relatively lower removal rates of the tiniest cellé, with_ low

3
et ] growth rates, is proposed to explain their numerical dominance in .

.
t

.. lakes. . .0
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Le but 'de cette thdse est d“incorpdrer de manidre aplus
satisfaisante les plus pgtitq orfanisme;s, notamment l‘qs. bactéries

hécérotroph(es et ‘leurs prédateurs, dans les descriptions de la

structure et de 1la dynamiqu;e des ‘communautés- aquatiques., Une relation
s * o N

positive -&troite entre 1”abondance bactériemne et la concentration en

¢

chlrorox;hylle est décfite'poqu des’ systémes marins ‘et dulcicoles, Les

-~

brouteurs les plus importants de ces -bactéiies peuvent &tre de§7

L . ) . o ] AN
phytoplanctonotea qui photosynthetisent égalemen& (uniquement des N,

~ L

Chrysophytés). La capacité® qu ont ces organismes de se nourrir par,
Y > . ’ ‘ . .
phagotrophie a des implications quantitatives pour 'le

bactérioplancton, les” mixotrophes eux-mémes, et pour la gtructure de -

la communauté planctonique tout entiére. Le broutage des bactéries par

r o P

o, .,
les protozoaires mixotrophes et hét&rotrophes sec concentre sur. les

e \

bactéries les plus grosses qui sont &galement celles qui croissent le

piué rapidement, Il est suggéré que le faible /taux de broutage sur les
// '

plus petites bactéries explique leur qominar}fce gans ,les' lacs. .
. ' ‘ / ‘ . -
. . 5 . ‘
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Preface

As required by the Faculty of Graduate Studies and Research of McGill

\

) University, the following statements are made,

»

"Fhe Canc{idate has the option, subject to the approval gf th
Department, of inclpding as part of the thesis the text of‘ an
original paper, or p'apers, suitable for sub;ni,ssion to<learned
journals for publication: Inc this case the thesis must still
conform to ‘all 'o‘ther requirements explained in Guidelines

Concerning Thesis Publication, (available at the Thesis Office),

Additional material (experimental and design data as wéll as

) descriptions of equipment) must be provided in sufficjient detail »
to allow a clear and precise judgement to be made of the
importance and originality of the research reported. Abstract,

full introduction and conclusion must be included, and where more

. than one manuscript appears, connecting texts and common

t .
abstractg, introduction and conclusions are required. A mere

published papers be accepted,"

collection of manuscripts is not 'acceptable; nor can reprints of 1
(
"While the inclusion of mapuscripts co-authored by the Candidate: ‘
and others is not prohibited by McGill, the Candidate is warned J
|

to make an explicit statement on who contributed to such work and

to what extent, and Supervisors and others will have to bear

t .
RY . k\‘

. .
6 witness to the accuracy of such claims before the Oral Committee, ‘
It should also be nqte’d,othagﬁ the task of the Exfernal Examiner is ‘
G N . made much nor;a difficult in_such cases, and it 1is in the )
t ) ¢
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‘ A .
Candidate”s interest to make authorship responsibilities
"/

perfectly cleatr,"

1

This thesis has been prepared in the format of five separate

papers, suitable for/,Submission t

earned journals, as permitted by
“ faculty regulations. All 5/chapter§ are co-authored by Dr., Jaap Kalff,
¢ my thesis supervisor, Therefore the first person plural is used

’

throughout. The “firsé\\gr wth study" referred to in Chapter 5 formed
: N

part o‘f a joint project af)etw en Dr. David J, Currie, Dr. Js Kalffi‘aﬂand
nyself, All aspects of thqt study described in the Chapter were
performed by me, except where: explicitly attributed to Dr, Currie as
unpublisi'a‘ed data, The; role of Dr, Currie in that study was in the
o discussion at:nd interest he showed in my bacterial counts, which did

not conform with expectations based on his measurements gf inorganic

. ’ phosphorus uptake rates within the bacterioplankton, The decision was

made to perform simultaneous measurements on a single water sample in
: o order to compare our results, The results of that joint study have not
yet been published; the destription oé th; study given in Chapter 5
urepresents only my own work, Chapter 1 was pul;lished in Canadian
Jourhal of Fisheries a:d Aquatic Sciences 41: 1015-1023, Chapter 2 wis’
)published in Science 231: 493495, Chapter 3 vas published in
Limnology and Oceanography 32: 277-284, Chapter 4 has been accepted

5y for publication in Limnology and Oceanography, with minor revision,

Chapter 5 will be gubmitted to Applied and Enyironmental Hicx:obiology‘.

also requires the
4

The Faculty of Graduate Studies and Reseat

c * . 4
N o . Candidate to indicate what elements in the thesis represent original

! L]
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: {
contributions to knowledge. These are: 1) the construction of a

]

pred'ictive relationship, with the appropriate statistical details,

I

between bacterial abundance as measured \}sing modern reliable

\ stechniques and chl‘orOphyll concentration, spanning a wide range of
‘ trophic conditib’ns in both«g rine' a fre?hw:afer sites, 2) these
relationships‘ are indistinguishable in lékes, at;d marine sites, Ei) a
major g‘raze:r of bacteria in som\ lakes is Dim;br'zon, a member of the
photosynthetic plankton, 4) fluorescent latex beads of bacterial size
are phagocyl'tosed by Dinobrzo; at rf;ughly the rate of natural bacteria,
S)‘D:lnobrxon can depend more heavily on phagocytosf§ for sustendnce
© than on photosynthe(;is, under low lAight conditions 1in Nature,l 6)
hembers of man&v other chrysomonad genera are Also demonstrated to be
mixottophi'c,. 7) Dinnobrxon‘.s grazing rate is cuéd more to temperature

than to light .availability, 8) Dijnobrzon and o6ther protbzoan grazers

in general ingest the tiniest bacteria at a 'lesser rate than they do

v

the larger ones, 9) Dinobryon’s assimilatio'n rate 18‘ similar té that
-t . v 5° Cs
* for purely . heterotrophic organisms, 10) deep chrysophyte peaks may be
t- ‘ .

subsisting, ‘even if Remporari;ly, on pttagocytosi;; rather than
phc;t'osynthesis, 11) the tiny bacterial‘" cellﬁi that are most abundant
can be the slowest growing, 12) the fastest growing cells can be
r.esponsibie for the majority of "thy‘midinej isotope dilution during —in
situ growth rate determinations, and 13) current practices for
.deriving bactlerial grm{rt;l rate from thymidine incorporation data may

« ”

give strongly biased results,

2
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.'
. ) General Introduction

/ﬁ Feeding relationships are of central importance to the structure

»

» * M o . ,
and dynamics of aquatic communities, Because of this, they provide a

¢ -
[

. 'powerful organizing force for the description of lake community

[
characteristics, and much of bilological limnology is taken up with

s

their analysis and prediction. In liéht of the recent &nd growing
—-recognition of the disproportionate influence that smaller size classes

of organisms can have on lake metabolism, it is not surprisidg\that

microbial feeding relationships are of intense current interest to

aquatic ecologists. In particular, the extent of movement of stored’

«baeterial nutrients and energy into higher levels of consumers is "one
of the most significant unanswered questions" about aquatic food webs

° ) /
(Pomeroy 1983, 1986).

There has always béen limnological interest in bacceriallactivicy

though in the past, ini;estig;tora have been hampered by a lack of.

‘ trustworthy techniques, Ruttpet (1963, p. 157) Jckhowledged that the
contefmporary picture of the occurrence and activity of bacteria was

"extremely fragmentary", At the time most investigators avoided

determination of the total number of bacteria, preferring instead 'to ,

v
demonstrate the existehce of specialfzed subpopulations by monﬁoring

-changes occurring in nutrient broths inoculated with lake water, A,

review of bacterial enumeration,6 techniques showed that different
’

methods gave results that varied over 4 orders of magnitude (Jannasch
\ v

and Jones 1959), A major advance of the past decade has been tpé

s .
development of a technique that allows accurate total counts of

bacteria to be nade (Hgbbie et al, 1977). We can now reliably estimate

’
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the number of bacteria in a particular aquatic system (Bowden 1977),

C' ‘angl we can predict from other variables of lakes and marine

B

will show in Ct;apter 1), We still don"t know, ﬁowever, how many are
] * \ @

active, inactive, alive or dead, what they subsist on, or what controls
b A}
<

their numbers.,

The development of methods for measuring bacterial activity has
T\\\ also stimulated interest inm bactetialy ecoiogy. Strickland and Parsons
~ (1962) introduced the use of radiolabelled organic substrates _to assess
, in situ heterotrophy. Though the information tpis method provided was
. !
h \\)ﬂ'gely qualitative, it focussed attet:tion on the imp;nrtance of
N bai:teria to aquatic metabol‘ism.. Early stud'ies' on community respiration
had sought largely to. differenti:ate the efforts of net zoopTankton from
the rest of the planRQOn; Pomeroy (1974) wrote an !.r;fluential essay ©
( T that’ helped chang; the focus of oceanographers from the diatom®copepod
food link to smaller prhanisms and their‘ rapid metabolism, Interest has
now switched almost comgletely among planktonic oceanographers to the
tinlest organisms, .following studies showing that, after all, tbe
crustacean zooplankton are responsible for less than 162 of resp.irat::'lon
- in situ, whereas bacteria are contributing at least 50% in_ some *
environments (Williams 1581). Usually 10 to 20%, and up to 75%, of
. primary production 1s funneled directly into bacterira through
extracellular organi_c carbon release from the phytoplankton (I,grsson
and Hagstrom 1979; Blaauboer et al 1982; Cole ei: al, 1982; wOlt:erﬂ 1982;
\Lancelot 1983), Most bacterial production is by the tiny free-living
cells, subsisting on dissolved organic mattef! and not by bac;er,ia\

(% ,attached to particles (Azam and Hodson 1977; Azam et al, "1983).

e Bacteria are no longer regarded as simple decomposers, but also as a

-

environments roughly how many bacteria to expect to find there (ass1

<
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poteﬁtially major food résource: returning lost fixed carbon to higher
consumers (Sieburph 1984; Porter et al, 1985), e

Though production rates can now be measu;ed reagonably well (it
is believed) (Fuhrman and Azam 1980; Karl 1981), there is‘still lictle
known about what controls production or number%’in situ; Bacterial
concentrations are ;emarkably constant from day to da;i given theit
short. 1ife spans, and are cbnstant over the year as :Lll (Hobbie and
Wright 1979), For 1nstaqce, bacteria in MacPherson Bay, Lake
Memphremagog, in 1984 varied only 3-fold over the annual cycle'whereaa
phytoplankton biomass varies at least 10-fold (Watson ,1979)s This
constancy of numbers led som? researchers to claim that bacteria were
being maint&ined at about amillion cells Fer ml $y ciliate grazers
that could only subsist in the water column at bacterial densities

|

above that threshold aﬁount,wbut that were efficient at reducing the

bacterial population ohce densities were high enough to support their

) growth &fenchel 1980). This position did not take into consideration

evidence produced by East European workers that shdwed that bacterial

numbers did vary considerably in relation to the trophic status of the

“water body (Godlewska-Lipowa 1976, 1979; Straskrabova 1968). My own

4

work confirmed this, and btought.ehe relationship up to date by using
only epifluorescence counts of baeteria., Using valees from the
literature fo; both freshwater and marine habitats I found that there
was a strong positive relationship between bacterial abundance énq
chlovophyll concentration, and that this‘relationship was
indistinguishable in fresh and salt eate;.

Because bacterial numbers are .effectively constant, on a day-to-
. 7

day basis, the growth of bacterial populatiohs nqsﬁ‘be balanced somehow
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by cell.loss, Conceivable loss agentz: are sedimentation, lysis, and.
predation, eiche/r by bacteriophage or by zooplankf:on.‘ The sedimentation
rate, of an inanimate object the size of a bacterium is only millimeters °
per day, and “it"_%g well established that the majori(ty‘of bact‘eri'ﬁal
cells in the water/column of most environments are free living, not
attached to particles, so sedimentation losses ‘ax"’e likely to be
negligib;le. Bacteria in naturec-are too sparse to support important
levels of bacteriophage. The third(alternative loss factor that has
bgen suggested, autolysis of cells,lis difficult to test, and even
somewhat 1llogical, so that it shouwld be disregatdg until sigple

mechanisms have been excluded, The simplest explanation for the loss of

7/

bacterial production is thrOugt; grazing by zooplankton,

« Those who believe that zooplankton can control the standing stock
. .

E o

of bacterf& are }ncstly marine workers and attribute the major part of
grazing to protonOplankfton. Though belief in the effif:ac\y of the -
protozooplanktonic grazers is almost endem»ic ak’éng microbial
ecologists, hard evidence is exceedingly rare and .mostly inferential
(Sherr and Sherr 1984; lSieb\.xrth 1984), For some the claim is an

explicit assumption based on the necessity of input-output equiﬁ.brium

-3

‘(Fuhrman and Azam l9i0; Friebele et al, 1978),) Others hold with Fen,chel
(1980), ba;ed ;m laboratory studies with ciliates and microflagellates,
that bactérial feeders maintain bacteria at a "threshold" concentration
(Porter 1984; Lin‘ley et al, 1983), The most convix;cing arguments \focr
zooplanktonic removal of bacterial production are based on- counts of
he‘terotrojphi;: x?iCt:of lagel lg_tes in marine -waters (Si;bb\ur\t‘h and Davis
1982; Andersen and Fenchrl, 1986) and filtration—c\lilution' manipulations
(Wright and Coffin 1984:; Landry et al'.\1584). Wright and Cof;in (1984)
'did nol:‘ count protozoans, but claimed to have -sl:oyn that grazers

{ -
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passing a 3 ym filter could control estuarine bacterial abundance,
~ "
Andersen and Fenchel (1986) inferred from the succession of bacterial

» apunda:ice péaks by flagellate peaks en seawater cultures that these

- -

protozoafis control bacterial popul,a_tiona in situes Not aﬁl who have

looked for microflagel lates have found them, -however, Nhen Parsons et
i \
al, (1981) added glucose to marine mesocosms, the bacteria 1ncreased

»

dramatically in number and this production was passed to zooplankfo

with no change in microflagellate pOpulation sizes Sherr and Sherr )
- .

(1987) used feeding experiments with fluorescently* labelled cultured

bact\:eria'to suggest that ciliate grazers alone-could account for 100%
L 4

of bacterial removal in a Georgia estuary,

The broad goal of my thesis was to incorporate the tiniest members

o -

of the plankton more fully into current quantitative descriptions of

. - -
L3

aquatic communities, The final form it took represented a major

redirection of interesy that resulted from a surprising and dintriguirng

’ discovery: that major grazers of bacteria in the lakes I studied werte

members of the photosynthetic planktsu.

o
°

.This discovery came as a consequence of effqrts to-determine
zooplank;onic grazing rates in situ, Attempts by other workers to
quantify grazing on bac\te‘ria through the use of ~r.“'r:u:lioclabelled.ptey had
failed because of the 1mpossibility of separating predators from p-rey
by filtration (Hollibaugh et al, 1980).‘ Therefore I developed /a gethod
using bacteria-sized fluorescent latex partpicles that could be employed
for in situ’rate determinations, Examination of the first samples
collecsed using this technique revealed undeniable uptake of part.icleﬁs
by chlorophyll-bearing membets of the class Chrysophyceae,

The first chaptét of this thesis, then, tests the general

¢




@ ‘ ¢ from phytoplankton abundance _measured as chlbrophyll concentration, It

r=6 -
e . a
hypothesis that bacterial abundancé in lakes and sea can be predicted

[i4

hY

was published'.in the Canadian Journal of Fisheries and Aquatic Sctences
v ¢
in 1984, The second chapter outlines the discovery that common species
o ; + ) ~\ -

of algae are quarﬁitat;vely 1mportant'grazers on lake bacterioplankton,

Ve 14
Included 18 a comparison of clearance rate of the Dinobryon population

" to the rates of “other bacterial feederé’“, as well as electron

L

1y
.

4

micrographic sections demonstrating the presence of ingested bacteria

¢

within algal cells, The.colonial habit of Dinobryon was exploiged to
—~ >

perform bead-bacteria ‘uptake comparisons, The paper was published in

.

Science (1986), ' :
Chapter 3¢pr0\71des a more detailed investigation of mixotrophy4n
. ' —
Dinobry d ph thedi bon f h i
inobryon, We compared p otosyp et\ic carbon fixation to phagotroph ch
particle ingestion by a metalimnetic population of the alga in a

Laurentian lage.\\\ge also made a comparison of \day-night: grazing rates,

3

and examined the effects of liight, temperature and particle size on
N . " L.
clearance rate, This paper was published in Limnology and Oceanography

in 1987, ¢ ¥ -

-
i

Whereas Chapter 3 shows that phagotrophy is potentially important

.

to mixotrophic algae themselves, Chapter 4 shows that it can also’b‘e
important to the phytoplankton as a wholl\é. This stlidy was done in Lac
Gilbert, a small mesotumph:lc lake with unusually strong vertical

stratification of the plankton community, Our estimates of phagotrophy

,in a dense layer of chrysomonads livi.ng at the 7 m depth iq

showed that secondary prodgction by algae was apparently 4

experiments with the algae collected from this 1ayer/c3nf1rm an

earlier assumption that assimilation efficiency by Dinobryon was as

L 3

&
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great as that of strictly heterotrophic algae, This ﬁaper has been
accepted for publication in Limnology and Oceanography.

Chapter 5 expands on a sugkestion made-in Chapter. 3, that size
selective grazing by microflagéflates could have a major impact on the
size-abundance and size-activity specéra of the bacterioplankton, Thig‘_

!

chapter will be suhmitted to Applied and Environmental Microbiology.
~

I3

° | S
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. Chapter 1 ' ’
§3 Empirical relationships between bacterial abundance

and chlorophyll concentration in fresh and marine waters

\
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4 - Abstract’ . .

A stron'g, positive empi'r:lcal relationship was found bety’reen bacterial
E abundance dnd chlorophyll concentration in fresh and marine waters,
Frgshv;ater and marine l'inear regression equations are statistically
indistinguishable, The overall equation 1s log AODC = 5,867 + 0,776 log
chl a, r2-0.88, whete AODC (acridine‘ ofange direct count) is number .of
bacteria per ml and chl a is pg chlorophyll a per 1. It.is apparent‘
that planktonic bacteria and algae are tightly linked in lakgs'and the
sea, The slope of the regression line, however, sﬁows that bacterial
numbers dto not ipcrease as rapidly as algal biomass with an increase inm,
nutrient concentratibn, We suggest that thisl disproportionately smaller
increage in bacterial numbers need not signify a smaller role for
bacteria in lake metabolisg with Iincreasing nutrient availability, if
acterial productivity' per.unit bacterial biomass increases as total

bacterial biomass increases between systems,

e

@
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Introduction

Many authors have suggested that bacterial abundance increases

with the trophic state of freshwater and marine systems (Azam et al.

1983; Faust and Correll 1976; Ferguson and Palumbo 19795, Fuhrman et ai.
1980; Godlewska—Lipow&,‘1976, 1979; Hobbie and Wright 1979; Jones 1972,
1977; Kuznetsov 1970; Rao et al. 1979; Saunders 1980; Silvey and Roach
1964; Straskrabova 1968). Straskrabova (1968) and Kuznetsov (1970)

produced tables linking bacterial direct counts to trophic

L,classif}cation. In a study of a large number of lakes and reservoirs in

Poland, Godlewska-Lipowa (1976) showed that rankingjlakes by bacterial
ﬁbundance also ranks them by degree of eutrophication and organiec matter
pollution. A similar multi-lake study by Spencer (1978).uncov;}ed a weak
Sut significant positive correlation between bacterial numbers and'both
total nitrogen (R? = 0.31) and total phosphorus (RZ = 0.16) in New
Zealand lakes. Aizaki et al. (1981), and more recently Linley et al.
(1983), first put the relationship into an explicitly predictive form,
in fresh and marine systems respectively.k Our objective was tot quantify
and test empirically the hypothesized relationship between bdacterial

abundance and, trophic condition; mea;ured as the concentration of

chlorophyll a in surface waters. ‘
Aizaki et al., (1981) found a sﬁfong statistical relationship

between bacterial number and chlorophyll a 4n Japanese lakes. We
X

attempted to-extend that result in two ways. First, we tested the

general applicabiliti'of their findings to othér lakes and to the sea,

9

using both literaturé values and observations collebted'in eleven Quebeo

L4

lakes spandiné a wide trophic range. Secand, we considered gha
{’ .

mathematical form of the resulting equations in the light of current
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ideas abo@t the role of bacteria in a?uatic systems. , The work was
undertaken to provide a firm basis for the pﬁedictio; of bacterial
abundanc; but would also <allow us to draw inferences about
algal-bacterial interactions.

-y . Methods

Literature values

©

Records of .aimultaneous observations of bacterial abundance and
chlorophyll concentration were collected from the literature (Bunch
1979; Chapra and Dobson 1981; Coveney 1982; Daley et al. 1981; Field et
al. 19803 Fuhrman et al. 1980; Hodson et al. 1981; Kilham 1981; Kogure -
et al. 1980; Krempin and Sullivan 1981; MacIsaac et al. 1980; Meyer-Reil
et al. 1979; Rao et al. 1979; Rao et al. 1981; Riemann et al. 1982;
Schleyer 1981; Vaatanen 1980; Valdes and Albright 1981. The daqéﬁhsed in
all analyses are available from thﬁ/;;iository of Unpublished Data,
CISTI, National Research Council of Canada, Ottawa, Ontario K1A 0S2).
We restrifted the study to those papers that' used the acridine
orange-epifluorescence direct count (AODC) method of Francisco et al.
(1973) as modified by Hobbie et al. (1977), a method that is now in
general use for bacterial enumeration. The AODC method has thé needed
contrast, not attainable even with the transmitted light-acridine orange
technique, to visualife~the very numerous small bacteria (0.1-0.6 pm)
and to distinguish them from detrit;s (Daley 1979). Counts':using

electron microscopy have confirmed that all bacteria trapped on the 0.2

' jm filter are counted using AODC (Bowden 1977; Larsson et al. 1978).
° \

Loss of the small bacteria that pass through this filter is accepted

because these bacteria contribute little io total bacterial biomass, and
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o

becaus%,the low flow rate of finer filters makes them unsuitadle for

routine use (Zimmermann 1977). ,

Bacterial observations taken at a dépth of 1 m were used when
possidble. This was the most common depth for bacterial sampling, making
up 62% of the data used, and selection of these aam;ies created a more
homogeneous data set. However, since the use of 1-m samples exclusively
would have reduced the data to only 23 points, we acc;pted AODC data
collected elsewhere 1in the euphotic zone together with chlorophyll s
measurements there. Some data represent single aamﬁlea‘of both dbacteria
aﬁd chlorophyll at discrete depths (39%), some represent the )eummer
average.at a‘discrete depth (21%), some represent the summer average of
epilimnetic integrated samples (39%),and ohe 1is an annual average.
Single sample observations are more likely to be in error than
many-sample averages; we looked for the effect of this error onﬁour
ahalysis by using a weighting method, desoribed in the resulfs section.
We accepted gﬁe—‘fesults of any spectrophotometric or fluorometrio
analyses of chlorophyll a concentration. The specific routine used for
chloropgyll measurement . was outlined for S4% of the 1literature
observations. Of these, 15% of the marine and 50% of ' the freshwater
estimates were corrected for phaeopigﬁhﬂ% interference. However, we
could find no systematic differences between corrected and uncorrected
observations in any subsequent analyses.

We performed a simple linear regression analysis on tb: data
using both"SAS (Helwig and Couneil 1979) and BhDP9R (Dixon 1981),
depending on the éé;tiatical features desired. Tee ) data were
transformed to 1oggrithmsﬁyo more closely satiafy‘tgg/ assumptions of
ordinary least squares (D;:per and Smith 1981). Regression coefficients
were tested for significance following Edwards (1967); confidence limits

*
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for coefficients- were calculated w¢cording to Draper and Smith (1981).
An ‘independent bacteria-chloroph\l“!ata set (27 poipts) conected from,
the literature following the ‘original analysis, was used to test the
model's predictive capabnities. Nonparametric testing of these results
followed Conover (1971). Marine lobs\ervations from this same data set‘

"were used .t,o teatat;ie predictive model of Linley et al. (1983).
i ¥hen appropriate we compensated t'ox: two possible types of error
. in using regression estimates. First, the simple antilog .of the value
predicted by a’ log-tran;sfomed regression equation underestimaltes the
expect¥d value of the untransformed variable (Land 1972). To correct
for this bias, the antilog of the prediction must be multiplied by a
correction factor calculated as antilog(Z-ﬁSAl X RMS), where RMS is the
residual mean square of the regression -(Neyman and Scott 1960). We

calculated correction factors for all predictive equations presented.

Unp:lased confidence limits for the mean and for 1n‘dividua1 predictions

were calculated using Cx'a directy method (Land, 1972). Second, when

there is error in the independent variable, the ordinary least squares
‘-
slope estimate can underestimate the slope that would be ‘obtained ir
N : . P
error were absent., In the usual case in ecology where the magnitude qf

1ndepem}ent variable error 13\ unknown, there is no certain method of
determining this underlying ideal ‘or - "functional"™ slope (Sprent . and
Dolby 1980). We derived the Model II, geomet:ric mean slopes recommended
by Ricker (1973) in an attempt to compensate for this bfas when we were
seeking functional relational:i;pa. ’

~ B

CE : . Quebec lakes :

1

Eleven Quebec lakes were aample& for bac‘tpria‘ during July-@u/\
o
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1982 at 1 m with a Van Dorn bottle.The bacteria were preserved in
\o ' buffered formalin and counted according to Hobbie o al. (1977). Ve
stained 2 mL samples with 0.2 ml, of 0.1% acridine orange, and filtered
the samples through dyed (Irgalan black) 0.2 pm pore-size Nuoiapon
filtems. The filters ;:ere mounted in oil and examined at 1000X with a
Leitz Ortho;:&a!n microscope equipped with Ploem Raok 2,an HBO 100 W lanmp,
Cube G, 3 mm excitatiox; filter BG 12, mirror 510, and barrier filter
$ 515. We counted 10 to 50 randomly selected fields from all parts of the
filter so that confidence 1imits for the mean count ;vere always less
than 10§ of the sample mean. ‘
Chlorophyll values for the lakes (M: Pace, n?w Department of
Ocejnography, University of Hawaii, Honolulu, unpublished data) are the

e g

means of monthly samples taken t.hx"oughout the summer:, analyzed acoording

‘ to Strickland and Parsons (1972), and corrected for phaeopigment content
0 with the equations of Lorenzen (1967). Samples were taken w}th; tube
at one station over the deepest part'r of the 1lake. Depending ‘on the
depth of the la\ke, samples were integrated over depths of between 0-8
and 0-10 m. Becau‘se of the importance of phosphorus in determining
different aspecty: of lake productivity, t/otal phosphorus samples were
eol_’lected on the same dates and at thé same de'pt'.hs as the chlorophyll
samples, and analyzed according to Johnson (1971).

s

Results R ’
ey, M
ot

” L\

4 cxpacdr

* We found a highly significant:relationship between AODC data from

70’8!1 the freshwater and marine 1literatures and the assooiated
o chlorophyll a concentrations (F-test: P<0.0001) (Fig. 1) (Table 1). The
overall relationship using data from both sources is:

& B o =

-
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» 10g AODC = 5.855 + 0.844 log chl a, M :

4
'

! S

where AODC is acridine orange direct count (number of bacteria mi-l) and
chl a is chlorophyll a concentration (pg rl). There was a weak but
significant negative ocorrelat.'gon .between . the #8bsolute value of the

residual error term associated with a pafticular point and the number of

3

‘ separate observationsorepresented by the point (t-test: P < 0.05). We

reanalyzed the data, weighting each data pdbint by the number of sepaf‘ate
v e
A

. .o
bacteria-chlorophyll samples it represented. This procedure reduced the
« * -

effect of single sample observations on the coeff‘ieient estimates and

' ) 7
emphasized multi-sample observations. The weighted 1least squares

A

analysis lowered the slope:

s 1og AODC = 5.877 + 0.783 log chla. (2)

’
> .
'me_ﬁajor reason for the change in the equation was revealed by scrut‘iny
' R

of the individual residuals using Cook's distance measure, Dj(Cook and

geiaberg 1982). The num'erical value of Cook's distance associated with

f
'
© A

a particular observation is a simple . and objecti?e index of the
influence of that obser\t\g}(ok on t.he overall regression estimates (Cook
1977). The value of D; associated with an individual observation
reflects the amount of change that wpuld Koecur in %he regression
equation coefficients were that observ.atvion to be removed from _the
ln‘alyaiu/. A high II associated with Lake Elmenteita, Kenya (AODC' Kilham
1981; chlorophyll: Kalff 1983§ showed that the point was having a
strong influence on the. equation. Cook's D, for Elmenteita was 1.22; a
value greater than 1.00 'in this case indicates a h:lghly' 1nf1uen;:1a1

point (Cook and Weisberg 1982,p. 118). We recalculated the coefficiéhts

x .
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excluding this point; the revised equation is: !

-

log AODC = 5.867 + 0.776 log chla. (3).

This corresponds very cloéely to the weighted 1least squares regression
and 1is probably a more accurate representation of the relationship
between bacterial abundance and chloropﬂyll concentration than the
origipai_ equation using all data (equatiom 1). By “excluding Lake
Elmenteita from th? analysis, it38 influence was ;emob;a, though the
useful range of ghe equ;tion was reduced at the same time., The range of
chlorophyll é concentrations over which this equation ﬁpquation 3) 1s
now useful is from 0.05 to 120 pg Ll .

We split the d;ta into components for hypothesis testing. First,
the slope of the equation using Just freshwater data is not
significantly different from the one obtained by Aizaki et al. using
-data from Jap;nese lakes (Fig. 1,Table 1) although the probability was
bdbderiine (t-test: 0.05<P<0.1). However, the intercept difference is
hiéhly significant (t-tests P<0.0001). Next, the marine data (Fig. 1)
were analyzed separately (Iggle 1). Neither the slope nor intercept was

significantly different from the ‘freshwater literature model (intercept:

,

t-test; 0.2¢P<0.4; slope: t-test; 0.5¢P<0.6), whereas again the

geisgéépt was '’ significantly higher - than the Aizaki model (intercept:

t-test; P<0:0001; slope: t-test, 0.3<P<0.8), When we tested the
\ .

freshwater literature equation against the Quebec lakes equation (Tgble
H,Table‘z,Figﬁ 2>, we found that again the slopes were not statistically
distinguishable (t-test;0.2<P<0.3) but that the dintercepts were

’

different~(€-test; P<0.001).

°



Figure 1

¥ [}

Scatter diagram of the points obtained from the literature used to

derive regressions of acridine orangée direct counts of bacterial

abundance and chlodophyll a concentration, S‘olid lines represent
separate freshwater. #nd ma;'ine regressions we derived; broken line from
Afzaki et al.’(l981); Clos/a/\c(‘t'eles are freshv;atier data; open circle
is Lake Eimenteita, Kenya (Kilham 1981; Kalff 1983); stars are marine

S

data., Equations are given in Table 1, ) ~*

L
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Table 1. Regression equations derived in this papem descriptive
statistics, Variables are AODC (acridine orange direct count, number of
bacteria m-1), chla (chlorophyll a concentration, ’\g.L'l). BB (batterial
biomlu,-},\g c.L=1), and TP (total phosphorus concent;‘ation, Ju 7D, an
variables were log-transformed. Confidence limits around afq individual
prediction can be calculated using mean x,gxz, information on the residual
mean square contained in the gpx:rection factor (see text), and standard

|
L ]
confidence limits formulae, Predictions'of the equations, retransformed to

A .
the arithmetic scale, must'be multiplied by the correctjon factor given in
h .
order to correct for a bias inherent in the use {of log-transformed
equations. The model II (geometric mean) slope is provided as an estimate

of the functional or "true" numerical relationship between variables when

there is error in the independent variable X. .
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o
intercept slope Correction NModel

Source Y,X N {confidence (confidence r? Mean X £Xx2 factor 11

' . limits) limits) slope
Overall AODC, &0 5.85 ( 0.844 0. 90w 0.430 29.5753 1.132 0.89
Literature chla (+0.080) (%0,093)
(including
Lake Elmenteita) ,
Overall _AopC, 39 5.867 0.776 0,88¢werw 0.375 11.998 1.10% 0.8)
Licerature  chls (£0.072)  (#£0.094)
(excluding o
Lake Elmenteita)
F;elhvlter AODC, 20 5.911 0.763 0.90%www 0.591 18.3913 1.114 0.80
Litersture thia (20.120) (#0.125)

LY ’ .
Marine AODC, 19 5.835 0.736 0.79%wwn 0.148 4.6047 1,099 0.83
Liwerature chla (%0.096) (%£0.194)

. o
~ . v,\' -~
\ T
. . . continued
7y
.
-
- A
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Table | (contdAnued) 0
L]
. / * intercept slopé Correction  Model
Source Y,X ¥ (confidence (confidence rl Mean 1 Zx?! factor 11
limits) limits) slope
Mnﬁ-/ AODC, 23 5.645 0.630 0.92¢%k+ 0,748 26.074 1.066 0.66
ot al., chls (20.094) (#0.088) a
1981
Québec AoDC, 13 6.277 0.569 0.66%** 0,611 6.6624 1,087 0.70
Lakes chls (£0.190) (£0.270)
{this study)
Es and BB, 10 -~3.8¢ 0.79 0.82%*% 5 _B78 356.3 1.599 0.87
Meyer—Reil, AODC (#1.977) (%0.30)
1982
Québec AODC, 12 5.953 0.6563 0,83k ] _052 14.782 1.036 Q.73
Lakes TP (%0,229) (£0.206) ‘
-
Québec chl_l_, 12 -0.486 1.043 0.90“!’! 1.052 14,782 1.049 1.098
Lakes TP (20,272) (20.245)
#wick p {.000]
W o 00 (
. L]
‘ —
L]
Y




R Figure 2

Bacterial count (AODC) and chlorophyll concentration in 1l Quebec lakes,
Solid line is the line of best fir to these data; dotted lines are 95%
confidence limits for predictions of the freshwater literature equation

» i

(Fig. 1). '
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TABLE 2 Bacteria%g abundance, (millions of cells -mL~1l), chlorophyll
concentrafion (}qgfL'l), and total phosphorus concentration
gug.L‘l) in 11 Quebec lakes. These values were.,used in the Quebec

" Lakes regressions of Table 1. e
% 4

Lake AODC l‘/ chla* TP*
Waterloo 13.4 34.98‘ 59.70
Brome 6.50 3.95 14,64
Argent 4.47 2.22 10.70
Brompton 3.56 1.97 5.96
Bowker 1.10 1.30 3.19
Orford 3.00 1.53 4.77 -
Massawippi 5.72 4,20 12,71
Magog 7.75 13.55 47.39
Lovering 2.85 2.50 7.04
Maryjo ’ 2.08 4.0 -
Memphremagog

North basin 3.éOﬂ 4,92 9.10
" Quinn Bay | 4.90 4.57 10.05
. South basin 5.86 12.79

-

* M, Pace unpubpl.
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We used a dummy intercept variable to get an estimate of the
average difference bdetween observations from tﬁe literature and fronm
,Aizakitet al. (1981) (Draper and Smith 1981). This variaRle has a value
of one for all Aizaki data points, and zero for the others that serve as
reference points. When used in a multiple regression, a dummy variabdble
has the effect of movingdzﬁé center of mass of the grouP of obs;rvations

to 11e on the reference re line. The coefficient of the dummy

is then the average difference in e dependent variable values between

groups. The resultipg equation is:
log AODC = 5.

3+ 0,92 log chla - 0.554 D1 (%)

t

where chla is chlorobh 11 a concentration (pg L'l), aoDC is number of
b;cteria- mﬁd', and D1 is the dummy ;ariable. The dummy ~%ariable
coefficient reveals that on average the Aizaki et al. bacterial counts
are .about 60% lower than ttxose from the literature at comparable
chlorophyll concentrations. The difference seems to stem from
differences in methodology (see discussion).

The statistical relationships between  bacteria and total

phosphorus concentration, and betwegn chlorophyll and K total phosphorus

concentration (Table 1) were determined using the Quebec data (Table 2) ‘

~

in order to approach algal-bacterial interactions from a different
perapeq&ivo. Bacteria-~phosphorus relations have become of interest
recently following indications that bactéria might play an unexpectedly
large, even dominaqt, role in orthophosphate uptake in 'sit;r(Fguat and

Correll 1976; Rarfﬁa%n et al. 1977; Krempin et al. 1981; Lean and White
A

! \
’.

24
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1983).\ The slope of the bacteria-phosphorus regression was
significantly 1less than one (t-test;P<0,01) while the alope of the
chlorophyll-phosphorus regression was net"diéteggnt from on;. This means
that though\the algal biomass rises at the same rate as tot;l phosphorus
concentration, the bacteria make up'a smaller proportion of the total
phosphorus standing stock at eutrophic than at oligotrophic sites. ’ ‘
Bacterial and algal data collected from the literature since the
original analysis was done were used to test the podel (equation 3).
Two observations out of 27 fell outside the prediction confidence

intervals (Table 3, Fig. 3), which is not an unexpected number (X2-teat:

. P > 0.4).

Particular results are of some interest. First, the bacperial
concentrations observed'et elevated chlorophyll 1levels in estuarine
waters (Hoppel1983) were below the p;edicted values 9 times 'out of 10.
It is 1likely that the sampling period for these observatio;a
(winter-spring bloom) is .responsidle for this discrepancy because
chlorophyll levels were then elevated above their mLan levels. However,
we have' no longterm bacteria-chlorophyll observations at productive
marine sites to corroborate this, qnd therefore cannot be sure that the
model does not overestimate bacterial abundance in such cases. Second,
the overestimate of bacterioplankton numbers 'in eutrophic Lake Noérvikcn
(Bell et al. 1983) can be considered a failure of the model in this case
(t-test: P<0.001). Bell et al., noted the low number of bacteria in the
lake and suggested thaé an allelopathic interaction with bDlue-green

algae in late  summer might be responsible. Other blue-green dominated

—~ -’




Figure 3 /f

Coniparison of literature rekression line (equation 3) with observations

collected from the literature (Table 3) subsequent to the original
analysis, Broken lines are 95 confidence limits for an individual
prédiction.a) Obssrvations from inland waters., b) Observations from
marine and e;tuarine waters, iower curved line corresponds to the

predictive equation of Linley et al. (1983).

e
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' Table 3: Observed total bactsrial sbundsnce at marine, estharine and inland sites from
the published literature, with predicted abundance from equation 3 and 95X

- . confidence limits. Abundances are given l: millions of cells wL~1l; N refers

et to the total number of separate observations pooled to get aversge value,
Obaserved Predicted Lover and Upper ’
Location bacterial abundance 952 confidence N Source
. ‘ abundance limits
/ ' ’ Marine and Estuarine ) A\
°Kiel fjord
(Haten) 2.60 4,16 1.49 - 9.48 1 Hoppe ’;983 :
(Priedrichsort) 2.48 4.4b 1.59 ~ 10.1 1 Hoppe 1983 N |
(Laboe) | 1.11 4.09 1.47 ~ 9.31 1 Hoppe 1963 ’
. (Feuerschiff) 1.05 1.66 0.60 - 3.75 1 Hoppe 1983
{Kieler Bucht Mitte)  1.03 1.60 0.58 - 3.63 1 Hoppe 1983 @
: Schlei fjord . . >
(Gr. Breite) 14.09 31.0 10.5 = 75.1 i Hoppe 1983
(Missunde) 9.81 23.6 8,08 - 56.5 . 1 Hoppe 1983
(; ' (Kappeln) 9.11 17.8 6.16 - 42.1 ! Hoppe 1983
N ) (Schleiniinde) 2.46 ‘l.I;lo 0.48 - 3,03 1 ﬂol;pe 1983 .
4,./ (Boknil‘?ﬂw 1.78 2.43 0.88 - 5.51 1 Hopp; 1983
’ruminnyurchipe'hgo - ‘ i
(Storf jird) 2.0q 3.29a 1.31 - 8..29 = 14  Vaatanen.1982
’ <

’ A \"} = continued g

s &
r




Table ) continued ...

(Maskakir) 1,74 1.86¢ 0.24 - 4,68 14 Vaatanen 1982
Cape Hatt, N.W.T. 0.386 0.369 0.13 - 0.85 108 Bunch et al, 194
Kiel Fjord 3,09 4.80 1.72 - 10.9 1) DBolter et al, 1977
Kiel Bight . 1,50 1.32 O.MWV 12 Bolter et al. 1977
St. Croix, 0,745 1.0% 0.38( - 2.39 10 Lasker st al. 1983
Virgin Islands
: Frél%glter
Merrill Lake 0.5 0.32 0.11 - 0,74 1 Wisemar .; al. 1982
McBride Lake 0.6 1.00 0.36 -~ 2,25 1  Wisswmar et al. 1982
June Lake ) 0.1, 0.14 0.05 - 0,32 1  Wissmar et al. 1982
Blue Lake 0.8 0.55 0.20 ~ 1.25 1 Wissmar et al. 1982
Lake Norrviken 1.55 8.5 3.02 - 19.8 4 Bell et ol, 1983
R Pyramid Lake 2.93 2.05 0.74 - 4.65 17 Calat et al, 198};
7 Hamilton-Galat and
Galst 1983
Lake Gardsjon 1.3 0.84 0.30 - 1,92 16 Olsson 1983;
Johansson 1983 (//\
Lake Vechten 1.89 4,78 1.71 - 10.9 16 < Blasuboer et al 193‘2'
Eastern Lake Erie 2.60 1.82 0.72 - 4,49 6'!:.“ et al, 1983
Central Lake Erie 3,93 2.7% 1.07 - 6.7 6 Llean et al. 1983
Lake Jystrup 4,10 10,50 3.69 - 24,49 17 Riemann 1983
L
-
& Geometric means®
i ) ,
, ; - . (,;,
3
N . £
' [y
a.
. )
LS ' -
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lakes are not similarly affected (Coveney 1982; Hamilton-Galat and Galat
1983; Kilham 1981; Riemann et al. 1982) so that special circumstances
mugt be involved. The modelmperr‘omed well for ;the otherp‘lﬁb\ggvations

i Table 3. Observations were evenly distribut above and below the

rediction line (binomial test: P)O.ZO) and there was no apparent bias

at low or high bacterial concentrations (2 X 2 contingency table: P

>0.60). The mean ratio of predicted abundance to observed abundance was

not significantly different from 1.0 for either freshwater (ratio=0.96:¢
t-test; P ‘7 0.50) or marine data (ratio=1.17: t-test; P0.20).
We used marine observations from the independent data set (Table

"

3) to test the predictions of a model developed by Linley et al.

- (1983). Their equation predicts AODC from chlorophyll a concentration,

based on data the authors collectéd at 7 upwelling and coastal marine
stations. The 13 observations frogc tﬂhe independent set that fell within
the range of tt;eir equation ('0.10-26.22, ng chlorophyll a LD all had
more bacteria than predic‘ted by their equation (Fig. 3), and 11 of the
13 were outside that model's 95% prediction confidence limits (’Ll-test:

P=000)o / )

Discussi;n
«

Bacteria and phytoplankton are apparé)rxtly quantitatively tightly
linked both in lakes and the sea. Nevertheless, some considerable

scatter remains to be explained and the confidence 1imits for an

individual prediction are wide (Fig. 3). Reasons for this scatter

probably include temporal changes in the relationship between'

chlorophyll a and glgal biomass (Granberg and Harjula 1982), differences

in bacterial cell volume, within-lake plankton dynamics, variation in

©

b
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allochthonous carbon loading, and systematic errors resulting both from
J

differences in microscope configuration (Daley 1979) and from
between-operator variability. ‘The systematically lower counts by Alzaki
et al. (1981) are at least partially attributable to their use of 0.4
ym, undyed Nuclgpore filters (M. Aizaki, pers. comm.) rather than the
0.2 pm, dyed filters recommended (Hob!gjie et al. 1977) and used by all
others in this data set. Cole et al. (1982) noted that one quarter to
one half of the bacteria trapped on a 0.2 um filter passed through a 0.4
pm filter. It appears that on average, three times more bacteria would
have been counted by Aizaki et al. had they used the finer filters. The
Japanese lakes ‘weri excluded from our overall equation since any
systematic ’ changes in bacterial diameter along a trophic gradient,
allowi*g greater or lesser proportions of bacteria through the larger
pores, would bias the slope estimate. Why our own counts should be
significantly higher thgn literature values unclear, except that we
were exceedingly concerned not to miss ev the amallest bacteria that
are visible only as minute blurs of light, and we may have counted too
many questionable particles 1in our zeal.\ Alternatively, our midsummer
bacterial observations may overestimate growing season means. The lower
and higher 1nte;!cepts of the Japanese and the ) Quebec lakes,
respectively, are probably due to differences in the bacterial count and
not to differences in chlorophyll data, since regressions of chlorophyll
on total phoqphqrua fﬁ both cases were indistinguishable from each
other, and from established relatio SSchindler 1978; Vollenweider and
Kerekes 1980). )

Lake Elmenteita, could not'be Justifiably removed f'roq the data

set on the basis of prior information. However, its remoteness from the

S‘* other points in- the sample space accorded it conaiderable influence in

o
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the analysis. Elmenteita's chlorophyll 1level on the date sampled,
’ ]
measured within 3 weeks of the bact;rial sampling, was 3;! pe L1, while

the next highest level in our data set was another Kenyan lake at 120 pg

Lfl. We decided that until adequate coverage is obtained %i lakes with

1

-chlorophyll concentration greater than 120 pg L™", estimation and

predfotion beyond that point is premature.

The slope of the overall regression equation, at about 0.78
(model I) or 0.83 (model II), means that the increase in the number of
bacteria per unit voluﬁ? does not keep pace with the increase in

¢

chlorophyll a as lake trophy ‘chdﬁges. This 1s‘not peculiar to the
bacteria but has also been obse}ved for the crustacean 2zooplankton
(McCauley ‘and Kalff 43981) and for fish (reanalysis of equations in
Hanson and Leggett (1982), and Jones and Hoyer (1982) on volumetric
yield Paaia). If bacteria are dependent on primary production for
reduced carbon, té;n there 1s no obvious reason why this
disproportionately lower increase should occur. It was suggested by
Pedros-Alio and Brock (1982) that bacterial cell size 13‘ positively
correlated with trophy, so that bacterial biomass would increase more
rapidly than n;Bber. Though this would help to explain the diggzsg;hcy,
we found no evidence for such a relationship‘(Fig. R)..;Indeed, based on
the scanning electron mfbroscope cell-size estimates there seems to be a
trend towarg smaller bacteria in eutrophic waters (t-test on slope:
P<0.05) though 1its statistical significance depends on the cluster of
Plon lakes (Krambeck et al. 1981) in the lower right corner of figure 4,
and’ should probably be confirmed at other eutrophic sites before being
accepted. Care was taken duriné th1§ analysis to distinguish ﬁiomasa

estimates based on epifluorescence microscopy from those based on

scanning electron microscopy, which have been shown to be significantly
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Figure 4 ‘ . (//—/

Relationship between bacterial cell volume and bacterial abundance.

.

Solid circles are observations made using acridine orange -

epifluorescence, open circles are observations made using scanning

Y
electron microscopy. “

O

ot
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different using.identical bacteria} samples (Fuhrman, 1981). There was
no significant relationship betge;n cell size and abundance when only
epifluorescence esti;ates were used. Furthermore, an analysis of data
collected from the marine literature by Es and Meyer-Reil (1982) showed
the relationship between biomass and abundance to be indistinguishabdle
from linéar over a 1000-fold range ip' bacterial abundance (Table 1).
Therefore it is unlikely that the use of abundancel rather than biomass
as dependeht variable has biased the conclusion that chlorophyll
concentration and bacterial standing stock do not increase in parallel
along a trophic gradient. ‘

Mternatively, it is possible that bacterial abundance is not a
proportionate measure of biological activity. It may be that bacterial
productivity per unit bacterial biomass increases at a faster rate with
increasing trophy than priqary productivity per unit chlorophyll. This
would mean that bacterial productivity would be approximately linearly
related to primary productivity, in inter-lake comparisons, and that the
decline in bacterial numbers relative to chlorophyll concentration is a
necessary cons;quence. Unrortun;tely, there is still considerable
uncertainty in measurements of bacterial productivity. There are at
least nipe methods in current use (Newell and Christian 1981) and some
of these give wildely different results (Cole et al. 1982). It s,
therefore, not yet possible to Pest this hypothesis. However, it
appears that the relationship bdetween daily primary productivity and
chlorophyll a concentration 1s roughly 1linear between 1lakes (Smith
1979). 1r baéterial produetfvity is 1linearly related to algsal
productivity, it must. follow that bactep}gl productivity increases
disproportionately faster than bacteri;l density, given our

algal-bacterial equations. This might occur if bacteria were more
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heavily grazed 1n eutrophic than in oligotrophic systems (ef. Gliwicz
1969;Beaver and Crisman 1982) or subject to higher se;imentation losses
(Pedros-Alio and Brock 1982;Cole et al. 1982), or if fewer bacteria were
dormant and, if so, for shorter periods in eutr&phic systems (ef. Morita
1982). -

The form of the empirical relationship between bacterial
abundance and total phosphorus concentration in Quebec lakes (Table 1)
is of considerable interest because .bacterial orthophosphate uptake has
recently been shown to be important to the cycling of phosphorus in
lakes (Currie and Kalff 1984, Lean and White 1983), estuaries (éaust and
Correll 1976) and marine coastal waters (Harrison et al. 1977; Krempin
et al. 1981). It is known experimentally (Faust and Correll
1976;Mayfield and Inniss 1978;Rhee 1972) and might have been predicted
from bédy size considerations (Smith and FKalff 1982) that bacteria have
a decided advantage over the aigae in orthophosphate uptake. Yet the
epglimnetio bacteria ‘of eutrophic waters appear to contain a smaller
proportion of the total phosphorus (TP) present in the system than do
the bacteria of BligotropQ}c waters. This follows from the
curvilinearity of fhe ?elafionship between AODC and TP for the Quebec
lakes (Table 1: model I slope=0.66; ‘model IT slope=0.73). The slope ?f
the regression line 1linking chlorophyll concentration to. total
phosphorus 1s greater than that linking AODC to TP, suggesting that as
total phosphorus increases, an increasing ppoportion moves into the
algae relative to that of the bacteria. If the bactéria are not subject
to disproportionately higher loss rates and if their specific production
deéa not increase with tgophie state, then they mist be limited by some.

factor that. doéa not increase at the same rate as phosphorus

availability with trophy.
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qQ
A regression equation 1linking bacterial ocounts to chlorophyll

concentration in several marine locations has recently been published by
Linley et al. (1983?. Their quei, based on data from the Bngn'a‘h
Channel and an upwelling region east or! South -Arr;oa, yields predictions
of bacterial abundance g,hat are on average 3-0 times lower than observed
abundances at the independent sites compatible with our model (Fig. 3).
The Linley et al. model and our literature model are both internally
consistent yet they yield mybually incompatible predictions. If the
differences are not methodological, they point to (more intereating)
biological differences between the sites sampled -by Linley et al. and
the sites descridbed by our literature-based equation. In this case the
distinguishing attributes are not known.

R . Lakes ci&n be grouped into trophic categories according to
bacterid}.abundance using a chlorophyll a baqébad*’clasairioation (Forsberg
and Ryding 1980) and the regression equation (Table 1). Oligotrophic
waters should conta'in less than 1.7 million bacteria . mL'l , mesotrophio
1.7 - 6.5 million.m'L"g, and eutrophic waters more than 6.5 millionwmLL
A comparison of these ranges with 1literature values baséd on older
direct count methods is difficult because the trophiec cla'asif‘io.ation
criteria used there were often not derined‘ (e.g., Kuznetsov 1970, p.
122; Sorokin 1972). However, by converting 'Romanenko'a (1973) Latvian
lakes pri;ary production rates to cr;loroghyll a concentrations (Smith
1979) ag approximate comparison can be made. This reveals that aoridinbo
orc—ggepifluorescence direct counk‘s are 2-7 times higher than
Romafnienko's transmitted light counts in oligotrophic and mesotrophic
lakes, and up to 20 times higher in eutrophic lakes. Unfortunately

there does not seem to be any simple conversion method that would make

the older bacterial Qralues comparable.
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The purpoéc of the »study was to demonstrate that aquatic

bacterial abundance is predictable, albeit with some uncertainty for the

present. t was intriguing to discover that bacteria relaé; to algal
biomass in'much the same way in the sea and in freshwater. The

surprising fact that bacterial biomass does not increase at ;he same |
rate as that of the phytoplankton is currently unexplained, though
hypotheses consistent wiéh recent literature results can be advanced for
test. Our ability to predict bacterial abundance from chlorophyll data’
need not be an end in itself, but provides a; opportunity to pose more
specific questions that should help to reduce the scatter about the line
of best fit, and to gain insight into the role that bacteria play in

aquatic environments.

! )
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Chapter 2

Bacterial grazing by planktonic algae




Abstract
It was found that six common species of lfy.e algae ingest bacteris,
The ingestion rates measured were of the same magnitude as those
recorded for marine microfl&ge‘l lates totally dependent on external
sources of carbon, A large Biomass of Dinobryon species removed more
bacteria from the water column of a lake than crustaceans, rotifers,

and ciliates combined.
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The view that phytoplankton receive all their emergy through
photosynthesis was first placed in doubt when it was shown that some
algae supplement their carbon supply by taking up dissolved organic
carbon (1), The phytoplankton could no longer, therefore, be viewed as
a strictly autotrophic community even though this uptake 1is normally
modest and provides only a small fraction of the carbon acquired by
photosynthesis (1), We now provide evidence that at least some natural
phytoplankton are phagotroph}ic and apparently obtain a substantial
fraction of their energy and nutrients by ingesting bacteria at rates
very similar to those measul:'ed~ for nonphotosynthetic microflagellates,

The work was carried out in Lac Cromwell, Quebec, on7 to 8 July
1984, Tracer quantities of bacteria—sized fluorescent latex beads (0.6
um in ciiameter) (Polysciences) were released into the plankton caught
in a Haney in situ grazing chamber (2).at a depth of 3 m, After 1, 4,
7, 10, 13, or 17 minutes, ths chamber was retrieved and the plankton
were preserved and stained (3), Sample aliquots were filtered onto 1O
um pore-size Nuclepore filters for epifluorescence counting of beads
ingested by natural grazers, We confirmed that bead uptake rate was
representative of bacterial uptake by performing experiments in which
algae were exposed to mixtures of beads and tritium~labelled natural
bacteria (4, 5).

Four species of the common planktoniic alga Dinobrz,gn were major

consumers of bacteria in Lac Cromwell (D, sertularia, D, sociale v,

americanum, D. cylindricum (Fig, la), and D, bavaricut;), Other members

of the Chrysophyceae, Uroglena americana (Fig, 1b) and _li. conradii,
also ingested particles, The "grazing" algal community was found to be

most concentrated in a thin layer within the thermocline; there
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Figure 1

-

/

Electron micrographs showing bacterial cells inside chrysophycean algae

from Lac Cromwell, Quebec (acale bar ! ym), A, A Dinobryon glindricum

&
cell has 2 food vacuoles containing bacteria (%). Chloroplast (c) is

also indicated, Fibre-containing vesi.cIes (1v) are for secretion of

lorica (1) (7). B. Thin section of Uroglena americana showing 2 Targe

food vacuoles,
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Dino’brxon inges'ted 0.125 B‘ea(‘ls per Plim;te ;Ser cell (95Z C,Ls + 0,016)
meaning that an average of th»ree bacteria were consumed by each algal
cell every 5 minutes (Fig, 2). This i3 equivalent to an individual
Dinobryon cell removing '‘bacteria from a volume equal to 1,500,000 times
its cel; volume, and ingesting almost 30% of its weightlin bacte:iia per
day, Ur.:og‘lena's ingestion rate (0,022 beads per m;.nut:e per cell (95%
Csle + 0,007)) was very much lower than Dinobryon”s both per cell and
per unit biomass,

Although microscopists have noted bacterial ingestion by Dinobz:zon

previously (6,7), the present study also demonstrates that

phytoplanktontc phagotrophy is quantitatively important in nature, The -

grazing rates are of the same magnitude.as those measured for marine

microflagellates that lack photosynthetic pigments and are therefore
totally dependent on external sources of carbon (8), Com;:oari'sons of
carrbOt{ gaixg under the low light conditions iri the metalimnion show that
Dinobryon obtained at least 50 percent of its total carbon by
bacterivory and thus at most 50 percent by photosynthesis (9.
Furthermore, 1;1 Lake Memphremagog, Dinobryon can remove more bacteria
from the water column than the crustacean, rotifer, and ciliate
communities*combi,ne,d (Table 1‘3) (10). Such bac;:erivory may be both a

major factor in bacterial loss and a major source of carbon for some .

algae growing under low-light condition‘s in nature.

%
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Figure 2

Time course of bead uptake by Dinobryon species in the metalimnegic
algal biomass peak, Lac Cromwell (3 m depth, 12 ©°C), Each point
represents the mean bead count, with 95% confidence limits, for 300 to
600 cells, Uptake rate was determined from the slope of the rqlationship
between bead content per cell (y) and incubation time in minutes (x):

y = 0,064 + 0,125x, r2 = 0.99.~ B, Comparison of bead and natural
b{acteria uPtake by Dinobryon, Experim;nts were performed on 28 Novembe;
1984, when/a Dinobryon pOpulati.on nearly free of extraneous badterivores

4

was found beneath the lake ice. Eath point- represents a separate bead-

béc;eria feeding experiment (5). Bacteria and beads were offered in the.

ratio 17,3 t1%2 to ohe (n=2); observed uptake was 22,85 + 2,5 to one

)

(n=11) so that.bacteria were ingested 1.32 + O.l1 times as readijly as

beads. These results are expressed in the figure as the ratio of the

number of beads found 1r'wide Dinobryon cells to the number expected to

K" .
be there were there no discrimination, AN . c %
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Table 1. Results of feeding experiments in Quinn Bay, Lake
Memphremagog on 18 June 1983, Bacterial abundance was 5 million.
cells permilliliter, Clearance rate i3 the volume of water

s -4
from which bacteria Szggzkemoved per day., Results comparable to
these can be derived from many lakes, since Dinobryon 1is a
common dominant alga (ll)s Dinobryon abundance in Eastern U.S.
lakes averages 142,000 cells per liter when present and 633,000

cells per liter when it is dominant (12).

veniorsin

Organism Mean abundance  Individual mean Group mean
per liter clearance rate clearance rate
(millilitersper (95% confidence
day) limits)

(milliliters per
day per liter)

Crustaceans 19.4 0,22 4,3 + 2,1
Rotifers 238 0.014 3.3 ¢ 1.3
Ciliateqs 15000 0.0010 15.6 * 11
Dinobryon 479000 . 0.00014 69.1 ¢ 19.8
{
; .

s h%‘;
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Chapter 3.

Algal phagotrophy: Regulating factors and importance

relative to photosynthesis in Dinobrzon (Chrysophyceae)
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Abstract

Simultaneous measurements of inorganic carbon fixation and phagotrophic
particle uptake by Dinobryon in a metalimnetic algal peak showed that this
alga depended more strongly on ingested bacteria for nutrition than on
photosynthes;s. Measurements of the grazing rate at different depths in
L;é Gilbert, Quebec, showe@ that the particle ingestion rate depends on
water temperature rather than light availability. ‘Phggocytosis %{ baétegia
proceeded at a similaq rate both day and night in most lakes where

Dinobryon was found. Since other chrysomonad genera (Chrysophaerella,

Uroglena, Catenochrysis, Ochromonas, Chromulina, and Chrysococcus) wére

also found to ingest-particles, it will smot be possible to estimate grazing
on bacteria by counting nonpigmented éells and ignoring those contaiﬁing
chlorophyll. In oligotrophic Lac Bowker, 30% of the phytoplankton cells
were actively ingesting small particles, and it was these phyt&plankton and
not the less numerous zooplankton that were responsible for most bacterial
grazing in the lake. Pﬁ;gotrophy by algae appears to be an %mporfant but

unexpected pathway for energy flow in lakes.
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The flagellated Chrysophyceae, or chrysomonads, bear affinities to
both plants and animals and have been claimed for study by zoologists as
well as by botanists (Allen 1969). Coexistence of auto- and heterotrophy
in the cﬁrysomonads. and the widespread tendency to complete loss of
chlorophyll, has fostered the suggestion that these algae may model the
progenitors of the Metazoa ;Hutner and Provaaoli‘l951). The ecological
diversity and versatility of the group ia perhaps most strongly expresaed’
in the genus Ochrbmonas, which is capable of phagotrophy, heterotrophy,
photoheterot;ophy and photoautotrophy (Pringsheim 1955; Aaronson and Baker
1959)., However, Ochromonas is one of only a8 few chrysomonads to have been
;tudied extehsively in the laboratory and the nutritional capabilities of
other chrysomonads are virtually unknown, especially in theig natural
setting.

Pascher (1943) observed under the microscope that the colonial
éhryspphycean alga Dinobryon could capture and digest small particles, and
thus concluded that at least some part of this alga's nutrition had to be
heferottophic. This unusual phagotrophic ability was not studied further
until ghe recent discovery that several Dinobryon spp. are not only
phagotrophic in nature, but can be major grazers of bacteria in lakes (Bird
and Kalff 1986). Here we present further work on four different aspects of
the capabilities of this alga: first, the relative importance of
bacterivory and photosynthetic carbon fixation to Dinobryon's nutrition;
second, a comparison of day and night grazing rates; third, the
relationship of grazing rate to light and temperature in eitu; and fourth,

the dependence of grazing rate on particle size.

XY
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We would like to acknowledge the‘technical assistance of L. Gle;;ie,
L. Pope and Y. Feig. C. Duarte and R. Krohn commented on early jﬁff:s and
P. Chambers helped with the measurement of light availability.
Methods
Work on the telative‘}mportance of graziﬁg and photosynthesis was done
in Lac Cromwell, Quebec, on 7-8 July, 1984. Cromwell is a small (8.7 ha),
shallow (max. depth 9 m), dystrophic lake (color 50 Pt units), and is
protected from wind-mixing by surrounding hills so ;Eat a sharply defi;%d,

shallow epilimnion develops (Fig. 1). We withdrew water from the. top of

the algal biomass peak‘at 3 m (Fig. 1) for studies of photosynthetic carbon

¥
uptake. Three 125 ml Pyrex reagent bottles of this water were incubated

with 4 ucCi NaH14CO3 at 0, 1, 3, and 5 m in the lake, corresponding to
photosynthetically active radiation (PAR) levels of 920, 200, 15 an§ 1
pEiPst =2 s =1, Three dark bottle blanks were incubated at the surface.
Samples were fixed after 3 h with Lugol's iodine solution and refrigerated
until they could be sorted, within 10 days.

In the laboratory, the fixed samples were filtered thggugh 105 um
Nitex screens, rinsed with 10 um filtered lake water and the trapped
plankton were washed into a shallow zooplankton counting tray. Individual
Dinobryon colonies were removed from the rest of the plankton with a 10 ul
automatic pipeg, and collected on 25 mm 10 uym pore-size Nuclepore filters.
Filters were mounted in 65Z glycerol, cells were counted, washed into a
scintillation vial with 3.0 ml of water and suspended in a gel with 10 ml
Aquasol .II (New England Nuclear) for proper counting geometry. Each
incubation bottle yielded 3,000 to 6,000 individual cells of Dinobryon.

P}

Integrated pizreliomgter;readings recorded at Lake Memphremagog -

F
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Figure 1
Depth profile of temperature, Dinobryon abundance, and bacterial

abundance in Lac Cromwell, Qu@bed on 7-8 June 1984,
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T
(180 kn SE) were used to convert incubation period carbon fixation to total

daily photosynthesis. We assumed that 50X of total light was PAR, and that

10Z of surface PAR was lost due to reflection (Strickland 1958)., Then PAR

. at a particular depth could be calculated using the Lake Cromwell

attenuation coefficient of 1.33 a~l,

Bactérial uptake rate at 3 m was estimated as reported previously

4 ,

(Bird and Kalff 1986). Briefly, bacterial-sized fluorescent microspheres

(0.6 um diapeter) were released into the water in an in situ grazing

chamber (Haney 1971) and counted inside ‘Dinobryon cells after ingestion.
Bead numbe; was 27% of the bacterial abundance of 2.04 million cells per
ml, which was determined by epifluorescence counts of DAPI~stained bacteria
uéing the method of Porter and Feig (1980) with modificatiops due to
Coleman (1980) (final stain concentration 0.5 ug.ml™} in McIlvaine's
buffer).

Phagotrophic carbon uptake was calculated using the measured cell
volume of 0.09 pm3 (60 randomly chosen cells), and a bacterial vol&me to
carbon content conversion factor of 220 fg C um~3 (Bratbak and Dundas 1984)
80 thag each bacterium was estimated to contain 19.8 f£g carbon. We
assumed that assimilation efficiency was SBZ. Fenchel (1982) found that

net bacterial assimilation by heterotrophic microflagellates and

Ochromonas was 60Z. Therefore our assumption is likely to underestimate

2

rather than overestimate assimilation rate.

Daytime and nighttime grazing rates were compared in August 1984 in 3
lakes in the Eastern Townships, Quebec: mesotrophic Lake Memphremagog
(total phosphorous 15 pg.liter'l), oligotrophic Lake Orford (TP 5

pg.literfl), and oligotrophic Lake Bowker (TP 4 pg.liter'l). Similar

L
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comparisons were made in Lake Magog (TP 32 pg.litet’l) in August 1985 and
Lac Croche (TP 8 pg.liter~l) in May 1986. Grazing rates were determined by

releasing tracer quantities of fluorescent beads into the plankton trapped

in a 10 1 Haney in situ grazing chamber (Haney 1971). After 5-10 minutes

feeding, the chamber was retrieved and the plankton preserved with a
mixture of 1 part HgCly to 2 parts EtOH and stained with bromophenol blue
(Pace and Orcutt 1981) (1984 samples) or preserved with 0.1Z Lugol's
iodine, destained with thiosulfate, and stained with DAP} (Pomroy 1984)
(1985-86 samples). Preserved samples were mounted on 10 um Nuclepore
filters in immersion oil for counting of phagocytosed beads. Coefficiengs
of variation in bead &ptake per cell ranged from 56% to 231%; we counted
bead content of between 114 and 1322 cells per filter (mean 478), so that
95% confidence limits were always within % 16% of the mean. ° -

An abundance of Dinobryon colonies throughout the ént%re éuphotic zone
of Lac Gilbert, auebec (45°12'N 72°17'W), surface area 8 ha, Secchi depth
4.2 m, max depth 16 m) provided an opportunity to compare the broad effects
of light and temperature on grazing rate. Light was measured as PAR using
a KAHLSICO underwater irradiometer with a selenium photocell (425-665 nm),"
corrected for above-surface changes with a KAHLSICO ambient photoce{l.
Haney=-type graziné experiments similar to those described above were
coﬁducted on July 10, 1955, at each meter depth down to the 0.52 light
level at 10 m. Experiments were conducted oﬂ’the afternoon of a sunny,
calm day, so that mixing was minimal and colonies found at each depth must
have been subject to ambient light conditions for an extended peribd.

'Finally. wve examined the size~gelective characteristics of .

Diﬂobgzon'a particle grazing by offering a mixture of fluorescent beads of




0

4\w‘¢/}different diameters to grazers in Haney grazing chamber experiments. This
study was done in Lac Gilbert on 30 July 1985, Beads were offered“in the
ratio 21.89 semall (0.28 pm) beads to 3.94 medium (0.57 pm) beads to 1 large

<

(0.99 pm) bead. Beads of all sizes were counted inside 60 cells of
Dinobryon (largely D. sociale Ehrenberg in this lake). We tested é;i
uptake discrimination on the basis of size of particle, using the .
chi-gquared seiectivity inde; developed by Pearre (1982). 1In this case,
the test had the power to detect particle-size preferenée on the order of
+ 20%. o
Results

Photosynthesis by Dinobryon cells in Lac Cromwell Was greatest at the
surface and was 8.3% of this surface value at 3 m whére the cells were .
concentrated (Fig. 2). No net pho£osynthesis o%durre& at the 5 m depth..
Light use was most efficient at 3 m. Bead upfake rate at the 3 m depth vas
0.125 beads per cell pe; minute. Since the bead concentration was 27Z of
the bacterial abundance of 2.04 million cells per_ml, and natural bacteria
were ingested preferentially over beads by a factor of 1.3 to in(Bird and
Kalff 1986), we estimate that Dinobryon cells gonsumed on average about 3
bactezia every 5 minutes. Daily assimilation of carbon from 1ngested\
particles was therefore at least 8.6 pg C cell™l 4! (Fig. 2).

) At face value, photosynthesis at'3:§72rbvided onky 28% of té;lcnrbep
taken up through bacterial ingestion at the same depth. However, the
measure&rphotosynthetic rate at all depths is sﬁbject;to two kqowy‘ﬁoufces
oflerr$r. First, since Dinobryon is phagotrophic, an unknown pnég of its
\labellgé carbon content, {8 -derived from ingestion of labelled - |

picoph}toplankton and bacteria. This would cause: an overestimation of

’




Figure 2

Depth pfofile of photosynthesis and irradiance in Lac Cromwell on 7 June

. s
1984, The open bar at 3 wrepresents estimated carbon gain through

Qgcteﬁiallingegtion and assimilation at the depth of the metalimnetic
“, £ N " . 1 ’ -

»
Dinobryon population maximum, . .
< - » ~
4
1
. .
L3 '
€ B . 3 -
< CoL L
- - c
. - <
o
. -
* LY
N ’ ‘
{
- °
? 14
-4 . ,
'
-
s
-~

I‘



DEPTH (m)

4100
C
o
125 ~ T
. R —
Q g —_ -
1 5 - g. M nef ?
t - e
a Z
o @
-4 1 ~ E ~
oA
/ 3 .
l-— photosynthesis 5 ;
O
2 '.—phagotrophy 1 0.1 m
0 10 20 30
CARBON UPTAKE (pg-cell-d-1)
-~ . '@
’ : :
- - \ “
() »
7 .
* - I




®

rs
L

photosynthesis. For instance, 1f the specific activity of. bacterial and
‘ <

« I
picoplanktonic carbon was 50X of that of the phyté:plankton. then

photosynthesis by Dinobryon would be overestimated by 90X, We wiirhméke

the conservative assumption that all Dinobryon's labelled carbon is'da}ived
directly from photosynthesis. A second and more important source of error

derives from the need to preserve the phytoplankton. Use of Lugol's

solution causes radioactive label to leak into the medium at"a_. o *

L]

speciesJQpecif!c‘rate, leading to an underestimation of photasynthegis

(Silver and Davoll 1978; Paerl 1984). Observed 1eak:pge losses for other

species range from 102 (Lehmusluoto and Niemi 1977) to 60% (Paerl 1984).

1f 60% of the 14C label was lost due to leakage, thahﬂg”e corrected
photo;§nthgtic carbon fixation at 3 m would still only be 70% of carbon
assimilation via phagocytosis; Phagocytosis would certainly predominate at
4 m where light was 4 times weaker than at 3 m.though the Dinobryon
population was equal{y§lhfge. These~re§ults show clearly that this alga\.
was not merely supplementing ghotosyntheéif by phagot;ophic feedihg. but
was aepenJ:At largely- on captured prey for subsistence.

The daygime grazing rates observed in Lac Cromwell fell among values
for other ai?es at similar temperature (Fig. 3). Rat;s in the other lakes
ranged from an estimated 1.2 bacéeria per cell pgr,h'qhder the ice in

- , : _ ’
Memphremagog (0°C, 4 Feb. 1984) to a high of 95:bactéria per h in eutrophic
Lake’ Magog (21.9°C, 11 Aug. 1985).- These rates either did not change from
day to ;ight (lakes Memphremagog, Orford, Magog and Croche) or acéually
ipcrgﬂpedoat’night (Bowker) (Fig. 4). Thig led us to enquirg further into :

the relationship between grazing, light, and temperﬁ;ure. The results of

the experiments conducted in Lac Gilbert in July;l9§5 shov that grazing

Y



Figure 3

Bacterial ingestion rate by Dinobryon species in our study lakes. Lac

o

Gilbert values are from different depths within the lake on one

ocggsion, EOQJﬁly 1985, One very high value (95 ﬁacteria'hhl, Lake

Magog, 21,9 °C, August 1985) was not included in this figure..
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’ Figure 4 .
’, "Diur'nal comparison of Dinobryon’s clearance rate within Eastern Township
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rate was closely linked #o temperatur%dnkt-h{s lake and only marginally

" affected by light (Ffg. 5). The partial correlation (r) between bacterial .

» ~

conoumptid’n rate and tempqrature with the effect of light excluded waav 0. 98

(p < O, 0001) whereas the qorrelation between bacterial consumption and

light, excluding the effec\t of temperature, was -0.29 (p » 0.40)." This

. indication of the importance of témperature, rather than 1ight, is /

'consistgnc with the observ;.d constancy ’of “grgzing .ftg;m flay to night in
lakes Memph;e.ln;goé and Orford, and a simil‘ar day—nighg constancy of
bacteri.al' ingestion by Ochromonas in the laboratory (Aaronson 1980). The
nighttime increase in g,razing in Lake Bowker is unexpl'a\ined.

Finally, éhe g}zeﬂ-—s;elect:wn expetiments show that Dinobryon is almost
incapable of ingesting the very tiny 0.28 um particles (Table 1). lBe‘ads of

this size correspond to the smallest, though often most numerous, of the

_ freshwater bacteria. The probability of finding such a low number of these

tiny beads inside cells by cchance is ‘negligibly small, The two larger bead

, -

sizes, corresponding in vélume to the largest bacteria ,,(0.5 pm diameter)

N,and the“cya'nobacteria (lﬁm diameter), ‘were not discriminated between.

. Discussion

‘ (o
\ The discovéry that a common algal genus derives lar%e amounts of

carbon from phagocytosis adds a further complication to studies of food web’
&> . ! ° -

dynamics in lakes and perhaps the sea as well. These studies had already

’ ¥, = . .

been complicatéd by the discovery that some algae supplement photosyntl{etic :

carbon fixation by taking up dissolved organic carbon at in situ

concentrations (briefly reviewed ny Harris 1978). With some algae deriving

.

large amgunts of their carbon and nutrients from 11_1gested- bacteria, trophic

dynamics become even less straiéhtforward ‘(Porter et al. 1985).

o




Figure 5 . . 1

Depth profile of t;mpérature (T), irradiance (I), Dinobryon abundance .
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(D) and clearance rate (C) in Lac Gilbert, Quebec, on 10 July 1985,
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Table l. Results of the size-geléction expérinent condu'ci:ed in Lac 01150_;:!:

on 30 July 1985.: For Clarity, all bead abundances have been transformed to’

- ‘ !

ibundance relative to, the number of Iai'gg: '0.99 pm

beads. A chi-aquare

° , ‘ ~ R - \ » R s
& te’_sc provided the probab’:lli;y that the other bead sizes are irigested at the
—same rate as the largest beads. 95% confidence limits “are in- brackets. ,
Bead diameter Bead' concentration Beads ingested + Probability of no
(pm) in the water column- by Dinobryon selectivity,
: ’~ relative to 0.99 ‘relative to 0.99 . relative to 0.99
, pm beads " . .. pm beads o beads
e . J v
: 0.99 1.00 1.00
7 (+0.08) (£0.16) (%£0.26)
N 0.57 3.94 4,02 ¢ 0.97 - .
L G (¥0.01) = (*0,60) (£0.90) .
( T
- 0.28, - 21.89. b.29 1 x 10-30
o . € (£0.02) (*2,57) (¥0.13)
. .
L - s =8
’ . 1 ' (]
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" Ehrenberg. Heterotrophy b)bl Ochromonas has been v'vell investigated and was

-89 - . j ¢

~
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A second. conplicatf’on is that, until it is- eatablished which algae are

phagotrophic and which are not, it will not be possible to estimate grazing
on bacteria by counting nonpigmenteq cells and ignoring those containing

éhlorophyu. Anecdotal rép&rts of ph}igottophy implicate the prymnesiophyte
1
Chrysochromulina (mariné species only: Manton 1972; Pienaar and Norris
2

19«7‘9), the coccolithophorid Coccolithus pelagicus (Parke and Adams 1960),

the xanthophyte Chlorochromonas (Gavaudin 1931), and the chrysophytes

LY

Phaeaster (Belcher and LSwale‘1§7l), Chgsamoeba (Hibberd 1971), and

Pedinella (?iwéle 1969), Steinberg (1980) showed that the unicellular

chrysopliyte Spumella ingests small diatoms. Bacteria have been seen in
3

food vacuoles the photosynthetic dinoflagellate Ceratiym hirundinella

.Muller (Dodge and Crawford 1970). Portir (unpublished,h Porter 'et al. 1985) -

°

found experimental evidence for bacterial uptake by Cryptomonas ovata

‘

[

recently reviewed (Aaronson¥1980) and Fenchel (1982) noted that f ingested

A -

up to 190 bacteria“(Pseudomonas,) per hour in culture. N\ Ty

Our own investigations have &hown that many if not most chrysomonad

algae are -ac‘tively phagotrophic in nature. Wujek's (1976) report of
phagotrophy by field-¢ollected Uroglena was verified by Kimura and Ishida

(1985) and by us using fluorfscent beads gg&g- electron microscopy (Bird and

Kalff 1986). Kimura’ and Ishida~(1985) ’;eported that Uroglena does not grow

in culture in the absence’of bacterial prey. ‘e have noted bead uptake by

a var;lety of other chrysomonad species 588 well' Catenoéhrysis hispida

Phillips, Chrysosphaerella longispina Lauterborn, the epiphytic Dinobryon

‘eurystoma (Stokes) Lemmernfann, the microflagellates Ochromonas miniscula

Conrad, Chromulina elsia\ua Dofleiny and Chrysococc;xs cystophorus, and one
Q . -~ «

.
" A
- »

 h
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30% of the phytoplankton cells in oligotrophic Lake Bowker were

o~

un:ldentified colonial species (similar to Chrylontephanoaphleu). Indeed,

©
1t now eeems unusual to come across a chrysomonad genus that does not

:I.\ngest pnrticfes.~ The genera Synura, Mallomonas, and freshwater

Chrysochromulina appear to be three of these exceptions. The 1mportance_ of

.

" phagotrophic feeding by algae is underscored by}the recent discovery-that
< RSN N

b

_supplementing photosynthetic gains b? ingesting bacteria, so that together,

ohe phytoplankton were removing more bacter:la fcom the water column tl})_

t
were the less numerous zooplankton (Bird and ‘Kalff unpublished).
£
The inability of Dinobrzon to capture the smalleét bacteria 1is
LY

probably of little importance to Dinobryon itself. By capturing only
larger cells, thla alga misse% 602 of the ba'dteriu by nu'mbe.r in Lake
Memphremagog, but consumes s8'52 o{&coplankton:lc‘ bionqaa_from the water 1t
clears. This selective ubllit cannot be explained on the basis of a

simple "direct interception" podel of particle cawre, whereby ci'earar,tce
. . ————

rate, would be propértional to the square of the radius of the food‘particle

— '

(Fenchel 1982). Suich ¢ model would predict uptake ratios of 1 to 4.] to

12,8 for the smallest to largest lﬁaads, whereas bbserved ratios were 1 to p

q

76 to 76. " The difference is not an effect of cell placement within a

En

lorica on water flow over the cell, since we have noted a similar .
preference for large heads by the free-living chtysomonads Ochromonas and
Chromulina (unpublished'data)n. 'Indeed, among the\\‘bacterivores, only the
choan%flagellapes and certain species of the ciliate Vorticella take
bacteria in proportion to their abundance by size, an ability that is

associated with a low clearance rate (cf. Fenchel 1982)., Further waork on v

this topic is needed since the existence of such discrepant feeding on

-
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bacteria of different sizes could strongly {Pfluepce the obserwed
size—abundance and size~activity relationships with{ﬁ\bacterial

communities.

-

Though the present study of chrysomonad capabilit{gp further oy
complicates algal nutrition, it also helps to exglagﬁ apparently odd
resdits from the limnological literature. There has always been some
puzzlement®over the presence of healthy, growing phytoplankton below the
euphotic zone as determined by l4c production (Schindler and Holmgren T -
1971). In humic lakes and_in oligotrophic lakes.where the eupyotic zone
extends into the hypolimnion, highly concentrated populations of.’/
chrysophycean cells often accumulate (Fee et al. 1977; Ilme;lrta 1983).
For exa;ple. a dense peak of algae developed in the hypolimnion of Laké |
302N of the Experimental Lakes Area (ELA), Ontario, in the summer of 1974

A
(Fee 1976). The biodﬁsa peak was 100 times more concentrated than the

phytoplankton biomass in the epilimnion and Dinobryon sertularia Ehrenberg

made up 992 of the population 4in the peak. Wtile~thie was an extreme case,

resulting from experimental fertilizatxgn of the hypolimnion with sucrose

-~
and inorganic nutrients, deep peaks of Dinobryon, Urogleg*, Synura or

Chrysosphaerella can occur in 'all lakes where the euphotic zoﬁeNex{ends

into the hypolimnion. Fee (1978) thought these peaks to be the result of a

summer-long slight excess of inorganic carbon fixation over respiration.
His experimental attempt to deeonstrate this showed instead that
respiration always exceeded~14C production. Unfortunately, these
experiments were confounded by the presence of respiring bacte;ia (Fee

1978). It is nevertheless probable that deep chlorophyll layers composed
ooy

of algae with phagotrophic abilities are subsisting largely by bacterial

~

3




'

j ingestion rather’'than by photosynthesis alone. Our analysis of othe

éJF results from the liéetature supports this idea. The pﬁotoayntheéic rates
of hypolimnetic algae from Lake 266SW (ELA) were measured by track )
autoradiography (Denoyelles et al. 1980; Knoechel and Denoyelles i980).
Whereas photosynthetic carbon fixation was sufficient te explain observed

-

population growth for Synedra and Ankistrodesmus, photosyntheai; could

explain at best 40Z of the change in poputhion size for the dominant alga

- Dinobtyon sertularia living at the 12 lighx level during the study period.

Qur finding would suggest that the fraction not accounted for waa-

\

attriﬁutable to gains through bactegial ingestione«
P \ It is clear from the above that bacterial grazing is impgftant to some
members of \the ;hytoplankton community. It is also evident that this
source of predatorf losses can be important to the bacteria, although the /
%JE . relative iwmportance of algal phagotrophy to the overall flow of energy aﬁd
’ materials in lakes remains to be determined. The chrysomonads are most
. abundant in oligotrophic waters (Kalff and Watson in press) and it is there

. that the 1mpactvof algal phagotrophy can be expected to be- the greatest.
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Phagotrophic subsistence of a metalimne
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. | . ' Abstract
ﬁEvidence is provided for the importance of phagocytosis to mixotrophiqﬂ

chrysophycean'algae and to the phytoﬁlankton commfnity as a whole,

@ o .

AL

First, we confirmed the major assumption of past work that the

c ‘-
» constituents of ingested particles are incorporated efficiently into

algal tissue, Cells of the phagotrophic chrysomonaci Dinobryon sertularia
eol lected from Lac Gilbert, Quebec, incorporated carbon from radio-
labelled bacterial prey with 54% efficiency oiier asSh perit\)d. When
removed from labelled bacteria, the loss of previously 1nco£porate’d
| label from Dinobryon was undetectable ‘over a 4 h period, We conclude -
.J that this alga'\s quantitative utilization of prey tissue 1is
indistinguishable from that of purély heterotrophic organisms. Second,
,sifnultaneous measurements geré made of phagotrophic feeding a;ld
photosynthesis within a highly concentrated layer of chrysomonads
(Dinobryori and Ochromonas) in the metalimnion of Lac Gilbert on 3-4.
July, 1986, Chrysomonad abundance ranged fro;n 300 cells per ml at 6 m,
to 9000 cells per ml at 7 m, alnd back to less than'l100 cells per ml at

9m, At the 7 m peak, phagotrophy accounted for 792 of algal community .

carbon assimilation on this overcast day.

) >
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G . It ¢ chstomary to ascribe the development and maintenance of algal

biomags in\lakes to photosynthetic carbon fixation. In most cases, this

3 is a realist approximation, For inmstance, althon‘gh many algae require

@‘ externally produced fixfé carbon in the form of vitamins/' such
"heterotrophy” represents a deficiency of ;m the order of a milii’onth of

a peréent; of complete autotrophic cagzcity (Provasoli and Pintner 1953).

Studies that have looked éor more substantial algal organotrophy have

generally concluded that this source of production is of negligible

! importance compared to photoautotrophy (e.g. Allen 1969), Therefore, it

was surprising to discover that algae of, some common freshwater. genera

S (Dinobryon, Uroglena, Chrysbsphaerella, Ochromonas) are voracious

particle feeders"t:hat may depend more on consumed prey for growth than

on -photosynthesis, at least under low light conditions '(Bird and Kalff

. ]
( 1986, 1987),

-

Phagotrophic ’capability appears to be more than a simple

%facultative supplement in s;)me cases at least., Though Di;lobrzon can be
maintained axenically (Lehman 1976), other pigmented chrysomonads are

' ‘ woul& only grow in the presence of bacterial prey.‘ Uroglena apparently
cannot sy'ynthesize phospholipids and must rely on phago\trOphy to supply
‘ t,J (Ishida and Kimura 1986).0 Estep et al. (1986) showed that

photosynthetic species of Ochromonas and Chrysameba that are common in

the plankton of the open ocean are also unable to grow well in axenic
culture and are bacte:/ivorc:u? at certain stages of their life .cycles.

Nevertheless, particulate prey alone was insufficient to support growth
1

& Vo in these Uroglena, Ochromonas, and Chrzsaméba species, as .11ght was also

required, The literature{on algal mixotrophy was recently reviewed by

obligate mixotrophs, Kimura and Ishida (1986) showed that U, americana

‘_
O
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Saﬁders and Porter (1987),

L ]

We report here on two additional aspects of bacterial grazing by
phagotrophic’algag in nature, First, we atteipted to measure the
proportion of thg bacterial biomass being ingested by Dinobryon ghat was
asgimilated. Second, we examined fhe validity of in ear%ier claim, that
deep algal peaks composee largely of phagotrOphsc algae might’be
maintaining themselves primarily through phagotrophy rather than through
'phgtosynthesis (Bird and Kalff 1987),

We‘give special thanks to C. Duarte for the skeptical discussions
that motivated ‘this study. C. Duarte, L. Robido;x and E, Vareschi helped
with the fteld work, A, Morin, L., Godbout, Y.T.- Prairie and C, Duarte
commented on the manuscript. We are also grateful to I, Kobayashi and K,
Uno of the Shiga Prefectural Government for the gift of published and
unpublished data‘on the phytdBlankton of Lake Biwa,

Methods
v WAk was done either in situ, or using lake water samples collected

from Lac Gil%ert, Quebec, a small oligo-mesotrophic lake (8 ha, 5 pg/l

chlorophyll a, l4.6 m max, depth, elevation 180 m) located, in the
AY

d/’
Eastern Townships of Quebec (45°12°N 72°17°W),

Assimilation study. A study of the assimilaPlon efficiency of the

lake”s most importani phagotrophic alga, Dinobryon (16 this case,

largely D. sgertul s was conducted on 1 ‘August 1986, Labelled

Bacteris were prepared using a modification, of the procedure %f

!/
Hollibaugh et al, (1980), Two hundred and fifty ml raw lakewater were

passed through a 3 pm pore-size Nuclepore filter in a Millipore Sterifil
’ M -

apparatus 7/ days prior to the experiment, Twenty pCilof*a lac-labelled

amino acid mixture (ICN #10147, 1.89 mCi/mg) were added to the filtrate

that was kept at 4 °C unsir needed, Twenty four hours before the
b 1
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. (o
experiment, 5.7 pCi of ll’c-glucoae_were addéd to it, Concentration,

washing, and depletion of soluble label pools were carried out ‘as
described in Hollfbaugh et al. (1980) except that sufficient unlabelled
/

amino acids (Sigma #AA-5-18) were added to reach a.final concentration

N v

!
!

of 2,5 pM for all amino acids.

~

Dinobryon cells were ‘collected from the population maximum at 7 me

o

Just prior to the experiment, the sample was filtered through 200 um

‘Nitex screening to remove crustaceans, and thé Dinobryon colon:lbes were’

]
concentrated on a 35 pm_ screen and resuspended in 50 ml of 0,22 um pore-

slze filter-sterilized lake water, The labelled bacteria were added,
mixed in by inversion, gnd a 3 ml zero-time blank was withdrawn
immediat;e'ly. The blank and all St;bsequent 3 ml samples wefe collected on’ \
a 35 pm screen, washe'd[,,with jets of filtered lak‘eyater to remove .
extraneous bacterivores and unincorporated *bactg‘}:fa, washed into a
Millipore tower and collected on 10 pm Nuclepore filters to be mounted
!

in oil for enumeration, Prior to this, all 3mm1 ‘subsamples except the
gero-time blank were examined with a dissecting microscope and rotifers
and nauplii were remov.ed' with a 10 pl automatic pipet. Samples were then
collected at 17 min and ;'st roughly 40 min intervals for 3 h. At that
time, ‘hzglf of the remaining la;belled culture was collectéd and washed on
a 55 pm screen and resuspended in filter rilized water, Bc\th the

labelled and unlabelled cultures were tl{e ampled as usual, The washed

culture samples allowed us to estimate the rate of i'ncorporated label

s

A

loss,

3
‘e

We. counted Dinobryon cells on' the filters, fn 55 to 165 fields at
. . : b
500X with an epifluorescence microscope (rhodamine filter set), Fields

were chosen randomly using aq(ZHP-llc programmable calculator, Since

[ B
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. d these cellh\a}te colonial and therefore contagiously distributed, an

average 1550 cells were counted pper filter so that coefficient of
U ¥

variation. for the total number of cells on a filter was 10 to 152,

Filters were transferred into a scintillation vial by wasting the slide

Twith 0,6 to 0.8 @l xylene, The cover slip, to which cells adhered, was

broken up and also added to the vial, Cellg were digésted with 1 ml
Pr‘otosol (New England Nuclear) for 3 h at,50 °C, Radioactivity was
i o "aslsaygd :in }0 ml Econofluor,
C'onfidence 11mi%sﬂ for the radioactivity (DPM) taken yp per cell on
a filte'r were determined by & combination of .Monte Carlo and boot;trap
techniques (Efron and Gong 1983), Ff}st, iOO,;anﬂom normal, deviates were
generated with mean equal to the observed total DPM on a filter, and
standard devigrtion ap(propriate for a Poissen variable, Next, 200
0 . bootstrap’: satiples of cell. counts per filter were generateci by randomly
\ sampling,iwith repla:ement:, the observed population of cell counts per
microscope field ancD‘(;onverting these to cell counts per filter, The
resulting 200 pairs of DPM and cell count esti;ates yielded 2Q0
simulaqte’d DPM per cell ratios, which were then sor;ed, and~tt;e average
, of tl:le fifth and sixth lowest, and of the fifth and sixth highest, were
Lo taken to represent 95% confidence limits, The nf.inal assimil;tion
e'fficiency wag calculated as the incorporation rate (0.9 to 4.9 h) ‘

divided by uptake rate (0 to 17 min); confidence limits for £hesé€ rates

vere also bootstrap percentiles,

Comparison Study., A study comparing total community-photosynthesis
to total algal phagotropt\y was_done on 3-4 July 1986, Two clear and 2
dark 125 ml Pyrex reagent bottles were filled with water at each meter

o depth between 0 and 10 m #d incubated in situ for 5 h with 8 pCi

\ R) °
' ) NaH“‘CO3. Samples were returned to the lab in a cooler filled with

4
Ed
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icewater, and the phytoplankton were col fected on 47 um diameter, 1.0 um
pore—size 'Nuclepore filters, Thes;z filters'were ;lissolyed in Protosol
and counted in Econofluor, Samples of the filtrate were takem to assay
total l4c at:ld;'d, as, well as to determilne labelled dissolved and 1.0 um

e r
particulate carbon content following acidification and bubbling

.(Schindler et al, 1972), Integrated pyrhésliometer readings recorded at

» -

Lake Memphremagog (10 km -to the south) were used to coanvert incubation

period carbon fixation to total daily pﬁotosynthesis. Available carbon

a

at each depth was estimated from Gran alkalinity titrations (Kramer

.

1982) and pH measurements

Bacterial uptake rate by algae was estimated at each.meter depth
'
using bacterial-sized fluorescent microspheres, as described ear%ier

(Bird and Kalff 1987), Bead concentration was 1.5 to 7.7% of bacterial

abwndancegan\dx the in situ grazing chamber incubation time was 10

minutes, Sufficient chrysomonads were counted to produce coefficients of
variation for mean cell abundance and mean bead content per cell of 5Z,

Phagotrophic carbon uptake was calculated using picoplanktonic cell
g .
volumes measured from Dapi~stained samples, We used a carbon content

conversion factor of 106 fg C um"3, derived using a natural mixfure of
bacteria and picophytoplankton (Nagata 1986), and our measure of

assimilation efficiency described above. Note that Nagata™s conversion

factor is much lower than the one usedain Chapter 3. ?

-

.Light was' measured as PAR using a Kahlsico underwai:er irradiometer

with a aeljenium photoceM‘(425-665'nm), corrected for above-surface

'chan_ges with an ambient photocell, Optical density (\a —logio

transparency) was measured with a Philipp Schenk in s¥u transparency

meter calibrated to 0.0 optical density‘ in air, and 6xygen concentration
) - ]
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was measured with an in situ cell., We- counted rotifers in 40 nl

[

subsamples 8o that C,V. ranged from 40% when rotifers were rarest to 10X

when they were abundant. Betetoftoptyic microflagel lates were counted in
transects at ‘1250)i on Dapi-ptimulin— Qtained samples (Caron 1983); C.V,
was 10Z, A rough estimate of c¢rustacean zooplankton abundance was
obtained by counting all animals in 250 mi samples (C.V, 6‘to 20%).
Phéeopigment-corrected chlorophyll 8 estimates were made using boiling
90% ethanol extraction (Sartory and Grobbelaar 1984), Since dfatoms were
rare, we used biovolume as an estimate of' algal biomass. 'Cellscyyere
enumeneted and sized in transects across 0,2 pm.poreLsize k2 ml
subsample) and 10 um pore size (40 ml subsample) Nuclepore filters.
Phytoplankton were st;ined with primulin before counting,
— » Results

Dinobryon incorporatedfw,c from labelled bacteria with 54X
efficieney (Fig. 1)e This is not a robust conclusion since the 95%
confidence li;nits encompass the range 40 to 792, However, it is more
likely that the "true” value was underestimated than overestimated,
because the &bservations used .to célculate &pt;&e rate (at 15 min) had
positive residual error from the incorporation regression line, The true
valuevshould, ;herefore, lie closer to the 60X figure derived by Fenchel
(1982) for Ochr;)monas, a close relative of Dinobryon. Nevertheless, we
ugsed our value for the compafison stud§ estimations, When the glgae were

1)

removed from the labelled prey, they did not lose the previously

. incorporated label at a detectable rate, The loss rate was

in&istinguishable from zero over 4 h (p > 0,50). Given the\statistical
error level of our data, we would have detected loss rates. greater than
7Z per hour,

The sky was overcast on 3 July, the day of the photosynthesis
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N Figure 1 .
Time course of fxptake of radioactive lahel from bacteriy by Dinob_rxofl.
Excretion of label does not take place for at least 20 min, therefore
( we used the ratio :)f in%orporation rate (0.9 to 4.9 h) to uptake rate
(0 to 17 min) as an estimate of assimilation rate, Arrows at 3 h
represent division of culture into labelled and washed - open circles
are from washed culture used to estima'te loss rate of incorporated

label, ’,\

{(?
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measurements, Total daily insolation was only 40X of the avérage for the

density, algal biovolume and chlorophyll concentration in Lac”Gilbert
are shown 1in Fig, \2. The up;aer' water column was. well mixed on this date;
the metalimnion extended from 5 to 9 ms Oxygen in the epilimnion wa

’ . .
equilibrated with the surface saturation value, There was a slight (17%)

‘oxygen deficit at 7 m, below,which oxygen declined to 0,3 mg‘l.l at 9 m
and to '<0.l mg'l'1 at 10 m, There were two sharp peaks in optical
density at about 7 m followed by a broad maximum starting at 9.6 m.
There was alsoéa pronounced deep chlorophyll peak at 7 m, where the
chlorophyll concentration was 5 times higher than in the epilimnion,
Chlorophyll samples were len with a 60 cm Van Dorn sampler, so that
prqfile value} represent an a'verage rather than the maximum
concentration, There was 'a\second chl'.rophyll peak, that we%ll not
cosnsider here, in the l'ow] oxygen layer at 10 m,

P\Photo,synthesis was greatest at 1 m and was 172 of this value at the
l.4% .light level at 7 m (Fig, 3), There w\as\a/ct,\r‘ysomonac;l maximum at 7 m
(58(;2 :-- 550 Dinobryon and 3277 +- 346 Ochromonas per ml) that was
:eéponsible for the largest peak in optical )densfty. There were~ no
Dinobrxonf::ells at the meter above, 1238 +- 102 cells per ml a meter
below, and none at 9 m, The remainder of phagotrophic chrysomonads were
all Ochromonas sp. (3-5 pm diameteri, with the rare exception of a few
Chrysameba seen at 5 ms Though Ochromonas was present at all depths,
including the gnoxic zone at nllm, it comprised less than 1% of total

o .

phytoplanktpn biomass away from the peak, at depths 0 to 5 m and 9 to 11

m. An abundance of colonim un’iceJ}.lular cyanobacteria of size 0,6 to

)

»9




Figure 2 ( \\\:

/

a., Profiles of 41ight, temperature, oxygen concentration (closed
squares) and oxygen saturation values (open squares) in Lac Gilbert,
Quebec, 3 July 1986, b, Profiles :)fla-lgal biovolume, optical density

and ‘chlorophyll concentration. Phagotrophic chrysomonads made up 1.5% -

of total algal biovolume at 6 m, 58% av7 m, 29% at 8 m, and less than
PN N
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Figure 3

Carbon assimilati e via photosynthesis (c1059d\bars) and algal A
. - i

[

phagotroﬁhy (open bars) in Lac-Gilbert, Quebec, 3-4 July 1986,
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2 um made up _most of tpe remainder of the metalimnetic (and epilimnetic)

algal community, !

-~

Although some ph§§dtrophic production was evident at all depths, it
was negligible ‘outside the biomass peak (Fige 3)s Within the 7 m
maximum, however, particle feeding by chrysomonads 3ccounted for 44 +-

9.4 ug C assimilated*l~1+d~1, about 79% of the total, whereas primary
production was only 12 +- 1 ug ce1”leygml, Dinobryon”s clearance rate was
2.9 nl'cell"l'h'1 which ts identical to the figure we measured for this

alga 1n this lake a year earlier at this temperature and depth (Bird and

i(a.lff 1987). Although Oc!romonas is smaller, it was a more voracious
feeder, clearing about 4,8 nlecell™len™l, Particle feeding accounted for
4,3% of algal carbon assimilation ;t 6 m, 51‘2 at 8 m, and less than 22
at 9 m, compared to the 792 at the 7 m peak,
Discussion

Secondary production based on particle feeding by Dinobryon and
" Ochromonas 'contributed more than three ql'narters of the algal carbon
fixation 1: the 7 m chlorophyll peak of Lac Gilbert on 3 July 11986.
These findings provide evidence for our suggestion (Bird apd Kalff 1987)
that such might wel‘l be the case in lakes with deep layers dominated by
algal phagotrophs. Such blurring of the roles of “primary” and
“secondary” producer by these organisms makes a mockery of our neat
trophic schemes in this case, Indeed, the quantitative
1ndistinguishabi£ity of bacterial feeding by chrysomonad and by
protozoan flagellates (Bird and Kalff 1986) complemenited by the present

. /

demonstration of a high chrysomonad asj:milation efficiency (cf, s8lso

o

Fenchel 1982) that was coupled with

microf lagellate numbers at 7 m (Fig, 4), makes it look as if ;llgae have

decline in heterotrophic

outcompeted the Eooplankton for prey, The chrysomonad algae provide a
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Figure 4
Profiles of abundance of bacteria, phagotrophic chrysomonads,

rotifers, and heterotrophic microflagellates in Lac Gilbert. Intense

grazing by the zooplankton is concentrated-at 9 m, just above the -

anoxic zone, where picoplanktonic biomass is high, Not shown are the
crustacean zooplankton; these were evenly distributed with depth at 50

to 100 individuals per 1, with the exception.of a single abundance

peak of 250 copepods per 1 (Leptodiaptomus siciloides) that were.

ingesting picoplankton at 8 m. There was a distinct minimum in

Bacterial abundance at the level of the chrysomonad peak at 7 m,

{
Bacterial cell volume was 0,05 +~ 0,014 pn? (0-5 m) and 0.12 +- 0,02
-~

-~

pﬁ? (6-11 m),
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lbolid counterexample to the dictum that a jack-of-all-trades will be

master of none, and will be ecologically excluded (MacArthur and Connell
~ ’ »

1966, p, 97-98). \

It 18 gvident, however, ct‘mt the dominance of heterotr‘}pphy over
primary production in this layer° could not be sustained for long,
because 75% of the prey organisms were photosynthetic picophytoplankton,
We suspect that the the proportion of carbon assimilated via phagotrophy
is inversely related to light avpilability, for which 3 J;;ly 1986
represents the low light,, heterotrophic‘ extreme, LFee (1976) showed that'
the photosynthetic response of deep chrysophyte peak algae to increased
light was a linear function of the logarithm of illumination at low
light levels, with a negative intercept, If also applicable to Lac
Gilbert, this means that on _sunny days, when light at 7 m would be more
jhan 4 times stronger, photosynthesis at 7 mwould be dominant oever
secondary production<4/ but witl the proportions changing daily and
seasonally. - .

How important is chrysomonad mixotroph&\so the lake community?# It
is a small percentage of total algal production in this lake, et;pecially
when \{olume—weighted by deptl; strata, It is undoubtedly the primary loss
factor for,the bacteria ip the peak, evidenced by the sharp falloff in
bacteriﬁf.al‘abundance at 7 m (Fig. 4) (see also the similar minimum in Lac
Cromwe]l ('B‘ird dnd Kalff 1987)), Bacterial volume per‘cell increased
markedly in the colder metalimnﬁetic water (data not shown) so that
essentiélly all bacteria were in the vulnerable size range for

chrysomonad feeding (Bird and Kalff 1987). The 7 m chrysomonad

population was clearing the> water column of 66 to 92X of vn;lnerable

particles daily, necessitating a prey gro-wth rate that miM

9

(&
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o difficult to sustain in these relatively cool (9.5 °6) waters,
The concentration of the chrysomonads into a thin layer in Lac
Gilbert resulted in intense but localized effects. However, such effects
nee: not -?e localized, For example, Lake Biwa, Uap;n, is plagued with
t}uisance bllooms of chrysomonav throughout $he water column that are
many times denser than Ehosé in the .peak~in Gilbert (Ohno et al, 1983),
y ’\A 1982 sp’fing bloom of gjxrysomonads producec} 69 pg ch‘lorophyll a per 1,
contained 68000 cells of Uroglena per ml, and turned the water of the

lake red, Similar freshwater "red tides" have occurred every spring in

> t lake since 1977, Using our measured clearance rates for Uroglena

\ (Bir#l and Kalff 1986 and unpublished data), it is possible to estimate.

3

that during the 1982 bloom mentioned, the algae were probably cled’ring

O the water column twice daily. Phagotrophy may have been important in the

development of these blooms, sustaiping production of those algae that
were mixed below the narrow euphotic zone, Lastly, Sanders and Borter
(1987) documented the overwhelming importance of chrysophytes In the
Iv removal of bacteria during a spring bloom of Dinobryon in Lake
Oglethorpe, Georgia. The relative im{pact of the chrysophytes was
~‘greatest at the surface, where they \;ere responsible for more thg:tt half

i

of all bagterial grazing. Algal grazers consumed on average About a

“

¢ third of all bacteria ingeéted at different depths througliout the

%
‘ euphotic-zone, X
o
How does this study fit in the context of what 1s knoﬁ’ﬂ};«bf deep
5o
) ”é} :]
chlorophyll peak formation? Though many authors have reported the

presence of metalimnetic and hypolimnetic maxima of chlorophyll and

O algal biomass, few general patternd have emerged that might allow us to

Y

predict their occurrence., The reason may‘ be, as Cullen (1982) suggested

5

&
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\

‘in a review of deep chlorophyll maxima in the ocean, that deep peaks can

arise under a variety of quite different circumstances, Cullen’s re;riew
iqclu&ed maxima that form as a result of enhanced primary production in
the presence of nutrients regenerated from aphoti'c': waters, those that
represeént an increasae in chlorophyll pér unit biomass as an adaptation
to laower light levels but reflect little.or no blomass increase,
transient peaks wherein sedimentation. rate has been slow?d on contact
withyhigher nutrient levelsg or denser water, and peaks that represent
behavigral agagregati}m" by motile elgae., Peaks in fres‘hwater, az; well,
can occur as ; result of in situ growth (Fee 1978; Abi)étt et al, 1984),

. .I
as sedimentation relics of epilimnetic populations (Fee 1978), and

-

through aggregation (Meffert and Overbeck 1985; Pick et al. 1984), The
chrysophyte peak in Gilbert may encompass m\o’st of 'thes‘e categories: that
is, it may.depend on upwelling- nutrients, in situ growth, is undoubte;.dly
a Manifestation %f "behavioral" aggregation, and chlorophyll per unit
hiomass was two times higher at 7 m than at 2 m, ¥e cannot discount the'
po‘ss;lbility that Dingbrzon settled to the metalimnion1 from the
epilimnion, though thé marked concentration at 7,3 m did not depemd on
any p;xysical disconti{nuit'y that we cpuld measures All these models

describing the formation” of deep water phytoplankton peaks assume that

the biomass observed was a direct product of photosynthetic carbon

$

. 2
fixation, However, the finding that the metalimnetic pedk in Lac Gilbert

generated biomass through the iﬁgestion of bacteria and
R -

picopl’iyto;ﬁankton adds a new dimension to our knowledge of the formation

\\
and maintenance of deep water algal layers.

h
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Chapter 5
Protozoan grazing and the size-activity structure
of, limnetic bacterial communities
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Y - Abstract

We measured bacterial growth rates by labelled thymidine

incorporation, grazing loss rates with fluorescent latex particles,
and bacterial cell size and abundance within narrow size classes of
freshwater bacterioplankton, Contrary to the predictions of standard

allometric relationships, the smallest bécteria showed the lowest

i

incorporation rate per cell and per unit DNA content. Cells trapped by

w

1 um filters grew most quickly, and were responsible for 100X of
hvg
detected thymidine biosynthesis, Grazing studies in 6 lakes showed

that the large bacterial cells were probably subject to 2 to 40 times

-

more intense grazing pressure from the flagellated protozga and

N &
mixofrophic algae, than were the tiniest cells., We suggest that

reduced grazing pressure on the tiniest bacteria allows them to
4
dominate numerically, despite their slower growth,
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-
The development of the epifluorescence technique for enumerating
aquatic bacteria (Hobbie et al.ﬂl97'7; Zimmermann 1977) allowed the
subseguent conclusion that the bacteria were not only unexpected By
abund4nt, but alos.o far smaller than 15\ typical for bacteria in
culture, Epifluorescence and scanning electron microscopg counts
showed thﬁt most native bacteria were unexpectedly small, at the limit
of resolution of the light microscope and ranging down to the size of
large viruses, Understandably, there was some immediate skepticism
regardling the meaningfulness of the new counts. Wangersky (1977) and
Stevenson (1978) argu‘ed that most native aquatic bacteria were in a
state of dormancy bébught on by starvation. This dormancy, it was
suggested, would explgin the discrepancy between plate and direect
counts (e.,ge Jannasch and Jones 1959), Stevenson’s argument was based
in part on a study by Novitsky and Morita (1976) who found that when a
ba;terium they cultivated from Antarctic\v:gters (mean volume 0.75 }1!113)
was placed in mineral medium, it divided several times without growth,
producing great numbers of tiny, inactive but viable cells (mean
volume 0,07 pm3), Since these tiny "resting" cells were similar(in
size to natbive bacteria: At :vas contended that the:free\—living
bacteriopl ankton might be similarly dormant, In contrast, bacteria
living in rich microzones, attac’hed to partic]..es,‘were suggested to be
sponsible for the majority of baéterial heterotrophic activity in
itu. /
Concern over the relative activity of free-liﬁhg versus
particle-attached bacteria has spawned a large mlunber of studies
addressing the questio;x (e.g.w Schleye; 1981; Kirchman and Mitchell
1982; Pedros-Alio and Brock 1983; Li 1984; Kato 1984; Lovell and

Konopka 1985; Jeffrey and Paul 1986), However, ‘as pointed out by Simon




(1985) general conclusions cannot yet be drawn from these studies

FinceAthe results are not consistent., Some have found no difference in
activity betyeen fre; and aFtached bacteria (Schleyer 1981), some -have
found marked d;fferences (Palumbo et al, 1984), whereas others have
shown that the activity can be variably partitioned within one

environment over the course of the seasons (Cammen and Walker 1982;

imon 1985; Lovell and Konopka 1985),

Stronger support for the dormancy hypothesis, albeit in an

L 3
altered form, has come from microautoradiography and other direct
' .
microscopic methods for assessing viability., Though these methods have

demonstrefed that many free-living bacteria are undeniably active

(Maki and ﬁFmsen 1981; Tabor and Neihof 1982; Marcussen et al, 1984),

a residual fraction of free bacteria always appears to be dormant,’

moribund or dead, A difficulty with most claims of differential
activity within the bacteria, however, is how to reconcile them with
current information that seems to show that bacteria are being preyed
upon at a high rate (Andersen and Fenchel 1985; Sherr et al, 1987), In
the face of such heavy losses, how could dormant bacteria persist? The
purpose of this study was to look at size-activity relationships
within the bacterioplankton on a finer scale than has been done in the
past, by measuring growth rateb, abundances and cell sizes within
finély“divided size classes, An attempt was also made to determine
probable pred;tion loss rates within these classes, :
Methods
First growth study

The first study examined the size distribution of bacterial

abundance, biomass and thymidine incorporation in Quinn Bay of

¢

N

-1
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mesotrophic Lake Memphremagog, Quebec—Vermont, An integrated water
sample taken on 21 September 1984 over the depth of the epilimnion
using rinsed Tygon tubing (2,5 c¢m I,D,) was used for all experiments,
Sample processing began within an hour of colléctiono

Thymidine uptake into macromolecules whs measured using a
modification of the protocol of Fuhrman and AZzam (1982), Methyl—3u-
thymidine (69 Ci*mmol”!) was added to 100 ml of whole lakewater to a
final concentration of 20 nM, Three m1l aliquots of this water were
filtered onto 0,2, 0,4, and 1,0 um filters at geometrically spaced
intervals over 3,5 hours, The filters were added th 8 ml of ice-cold
5% tgsSichloroacetic acid (TCAJ) in polypropylene test-tubes held in an
ice—-bath; extraction was for 15 to 30 minutes, The extractant was
collected on a 0,2 um Nuclepore filter and rinsed 3 times with 4 ml
TCA that had beep used to rinse the original filter, The original and
the rinse filters were digested together for 24 h, with 1 ml Protosol
(New Englland Nuclealf) in a scintillation vial., After adjusting the pH
with SOiul glacia% acetic acid to discourage che luminescence, the
samples were mixed with 10 ml Econofluor (NEl;) and gdunted, Efficiency
was monjtored by external 'standard tatio and checked with internal 3H-
water st ards. ﬁdentical procedure w‘aslused to prepare blanks
from a formalin-killed sat;xple. Incorporation rate was linear over time

'

in all fractions, Therefore, we used the slope of th‘e regression of
total incorporation against time to estimate incorporation rate and
its confidence limits,

Bacterial abundance and b?iomass/ were deternined within size

fractions collected on filters{of different pore size at the satne

gentle pressure used for the thymidine fractionation (5 cm Hg).

" Abundance was estimated from direct epif luorescence counts after DAPI

,/ |

&

-,
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staining (Porter and Feig 1980; Coleman 1986). Four to six hundred
bacteria) were counted on each of three replicate filtets of each pore
size, At the same t%me, the dimensions of approximately 40 randomly
selected cells were measured using an ocular micrometsr scale, to

determihe mean size of bacteria retained by each filter type, In

order to minimize glare and maximize resolution, the "?eld stop from

the mercutn burner was closed almost completely during measurement,
Cell dimensions were estimated to the nearest 0,1 um in the presence
of fluorescent microspheres of known dimension (0.3, 0,6, and | um
diam,), The proportion of attached bacteria in the whole lake:;rater was
determined by counting all attached bacteria in 4 transects across a J
um pore-size filtetj. A total of 3,648 attached bacteria were counted,
S0 l‘:he proportion of attached bacteria could be estimated with a
coefficient of variation of 5% The abundance or activity of cells in
a given size interval was found by difference, Throughout the paper,
unless otherwise noted, we use the terms biomass and biovolume
interchangeﬁably. The equation of Shuter et al, (1983) was used to
estimate DNA content of cells of a given size:

1n volume (um3) = 20,4 + 3,52 ISI [DNA] (pg;,

r2= 0,72, CF = 1.05, “
wher? CF is the correction factor necessary to correct tr@ﬁT‘tion
bias (reverse prediction of DNA from volume) (cf. Bird and Prajrie
1985).
Second growth study g

A second growth study was conducted on 10 May 1987 in eutrophic

1

Lake Waterloo (chlorophyll concentration 14,3 ug’l™ "' on this date, max

»

depth 6 m), The first part counsisted of an isotope dilution experiment
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to.éeternine the degree of participation of added label fin
macromolecule synthesis in different size classes of bacteria,
Trit{um-labelled t:hymiqdine (Thd) was added to 65 ml whole lakewater in
65 ml BOD bottle;, to a final concentration of 4 oM. Different samples
recelved additione of cold Thd to levels of O, 6, 19\‘ andk 30 nM, A
fifth sample was fixed with 0.1 ml Lugol’s iodine imme;iiatelyl before
isotope addition, Samples were incubated at in situ 'tempe;aCure
(15,2 °C) ia a“lakewater—filled cooler for 1 h, before fixation with

Lugol”s solution, Two additional bottles were incu\l;ated with 2 nM

labelled thymidine, ¥0 be used fdr macromolecule partitioning, Fixed

samples were refrigerated until they could be filtered, Duplicate or

triplicate 3 ml suljsamples were llected on Nuclepore filters of pore

sizes 0,2, 0,4, 0.6,\1.0 and 5,0 um, The procedure for extraction of
TCA-insoluble macromoNecules was similar to that in the first growth

experiment, At least 5,000 disintegration events were counted in all

- samples, including blanks, to avoild the bias problems associated with )
e

timed counts, Incorporation rate without added cold Thd was calculated

as the reciprocal of the Y-intercept of a weighted regression (see
)

Appendix 1),

‘ge distinguishedh DNA from other labelled macromolecules
enzymatically, rather than by the standard ultracentrifugation (e.g.
Moriarty and Pollard 1982; Findlay et al, 1984), Quadruplicate 3 ml
subsamples of labelled and control* bacteria were collected on either
0.2 or i.O um Nuclepore filters (i,e.,, 4 sets of 4 replicates, or 16
filters in all) and incubated (1 h, 0 °C) in 0.5 ml ice-cold PBS
(phosphate-buffered saline: 0,14 M NaCl, 0,01 M sodium phosphate, pH
7.8) containing 27Z§sucrose, 10 mM EDTA, and 50 ul of a'O.lﬁ solution

of lysozyme (24,&){00 units; Sigma), We added_ !1.95 ml pgevarmed
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PBS:sucr?se:EDTA plus 10 mg sodium dodecyl sulfate‘(SDS) ia PBS (10
min, 37 °C), then added 50 ul of 1X proteinase K (Boehringer Mannheim)
(Ebeling et.al. 1974) and incubated for 4-5 m/otje hoyrs at the same
temperature, Macromolecules were then precipitated and collected on
0,45 um pore-size Milli;orp filters with 8 ml ice-cold 5%
trichloroacetic acid (TCA), Two replicates from each set of 4 were
assayed for total incorporated tritium following dissolu;ion of the
filters with an appropriate solvent (Protosol for Nuclepore, methyl
cellosolve for Millipore), The remaining two réﬁlicates were incubated

(37 °C, 4 h) in | ml 40°mM Tris-HC1 (pH 7,9) with 10 mM NaCl, 6 mM

MgCl,, and 5,000 units Type I DNAase (Boehringer Mannheim). Residual

macromolecules were precipitated with TCA and collected. The

difference between p;irs gf replicates in each set was considered to
represent ;Jcorporation of Thd into DNA,

Another set of 16 subsamples (0.2 vs, l.0 um, treatment vs,
preserved blank3 was collected, in a manner analogous to the above, on
8 filters that were washed in ice-cold 5% TCA and 8 that were held in
2,5 ml 5% TCA at 100 °C for 1 h before cooling and precipitation, The
difference between pairs in this case was taken to represent DNé plus
residual, nOnprotein;ceOus macromolecuft?‘(cf. Moriarty (1984) on
improbability of labelling RNA with JH-Thd).

. , .

As a check on the veracity of the isotope dilution technique, we
did four additional 1lh, 65 m} incubations with the following
characteristics., The first received 4 nM 3H~Thd plus 2.9 nM
fluorodeoxyuridine (FdU); the second,ub nM 3H-Thd plus 17.2 nM PdU;
the third, 40 nM 3H-Thd plus 17,2 nM FdU; the fourth, 40 nM JH-Thd

alone, A1l 4 bottles received 11,4 nM uracil., F4U has been used to

block endogenous synthesis of Thd in leukemic cells because it binds
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irreversibly to thymidylate synthetase (Ellwart and Dormer 1985), The
uracil was added to circumvent interference with RNA synthesis that
sometimes accompanies FdU action (Heidelberger 1965). These samples
were filtersg only through 0,2 pm filters and werekjot otherwise-size—
fractionated, "

We did a filtration-dilution experiment (Kirchman et al, 1982) on
10 May to determine a factor to convert 34-Thd 1incorporation rate to
growth rate., Twenty-five ml whole lakewater were added to 225 ml water
that had been filtered through 0.6 um filters, then 0,2 pm pore size
Nuclepore filters at 5 cm Hg. A sample of the diluent was preserved to
checl:"for bacterial contamination (cf., Li and Dickie 1985), We waited
J h before taking the first samples (henceforth "O h") in order to
reduce the effect of any lag period on growth rate célculations.AAt
the 3, 9 and 20 h marks of the incubation, bacterial samples for
enumeration, and 50 to 70 ml samples for Thd incorporation (4 nM 3p-
Thd, 1 h), were collected, Macromolecule collection and bacterial
enumeration were as above, No correction was made to attached
bacterial counts for obscured bactgria, sincézggg;ntially all
particles were transparent or translucent, so that attached and
embedded bacteria could be seen by focussing thffzgh the particles,
Grazing experiments ° '

Size-selective grazing experiments were conducted in 5 lakes in
southérn Quebec in J;ly—August 1985, following the protocol outlined
earlier (Bird and Kalff 1987), Beads of three sizes (0.27, 0,57, and
1.0 Rm) were fed to grazers trapped in a 2 litre Haney in situ grazing

cﬁamber. Feeding wg& stopped after 10 minutes by the addition of

1:1000 v/v Lugol’s\iodine solution to a 250 QI\\ubsample'of the

.
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>
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trapped plankton,

Bacteria yere enumerated on 0,2 ym filters after destaining with
0.4 mM thiosulfate\(?omroy 1984); beads of all sizes w;re counte;l on
the same filters. Flagellated grazers were counted using a 4 ml sample
cc;llected on 1 um filters. These samples were stained either with DAPI
to identify cells with ingested bacteria (0,5 pg-ml‘l), primulin to
visualize cell morphology and flagellar confqr&gtion (250 Pg'ml-l)
(Caron 1983), or both DAPI and bromophenol blue to visualize both
inclusions and flagellation (10 pgeml™!) (Bird and Kalff 1986),
\Rotifers and large ciliates were located by scanning the entire filter
at a magnification of 125X, and counting ingested bead;/é;\IZSOX.
Ranoplanktonic grazers were counted in transects across h/e filter at
1250X. We aiso counted the number of microflagellateéfattached to
particles by locating particles at 125X and examining them at 1250X.
Ciliate abundances 60u1§'on1y be determined Rfliably at 1250X. We
usually counted the' bead contents of 30 ciliates and 60
microflagellates (both heterotrophic and mixotrophic).

We also conducted.in situ’grazing experiments on 10 May in
Wagerloo, similar to those described above, The duplicate 1nc\ubatio‘na

lagsted for 15 minutes each, One subsample of each incubation was ’

preserved with Lugol”s iodine. ) . '

Results

First growth experiment

The water temperature in,the epilimnion of Quinn Bay on 2i

Septémber 1984 was 17.4 °C and Secchi disk depih was 5.l ». The
abundance and mean size of the bacteria present on that date Ere,;_,

L]

listed in Table 1. Most bacteria (63%) were in the 0.2 to 0.4 pum size

N
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interval, The greatest bacterial biomass (492) was found in the 0.4 to
1,0 um interval, 6n1y a minor fraction (1X) of the bacte'ria were
attached to particles., However, particf«e-attached bacteria made up a
fifth of the number trapped onthe ! um filter, "Attached" bacteria

included those contained in protozoan grazers, and some of the larger,

heavily-colonized "particles" were clearly ciliates that had exploded

on contact with formalin, Attached bacteria were not larger than free-

living cells, except that none of the tiny (0.2 um) "minibacteria"

could be seen on particles, ’ \
Uptake of thymidine into macromolecules was linear in all size
qfract:ions over the course :‘of the incubation (Fig, !). There was
measurable uptake in all size classes, so that there was no dormant
slze fraction, Thymidine incorporation rate was roughly equal in all
size classes (2 - 4 fmol*ml~lep~1) (Fig. 2)., However, because most
cells were in the smallest size interval, the thymidine Aineorporation
rate of the smallest cells was lreas than 10%Z of the rate of the
largest cells, on a per-cell basis (Fig, 2). This would on the face of
it point to a strong disparity in growth rate w(ithin'the
bacterioplankton, There are, imwever, several alternatives to consider
before tendering "such a conclusion, One alternative is ;:ha’g
cells of different sizes represented different cell cycle stages of
the same organisnms, whe\rﬁ’in only the largest cells carried out DNA
synthesis and div{sion. If such were the case, we would expect t/o"see

a similar uptake rate of organic growth substrates pér unit biomass by

all cells, Size fractionation of uptake of amino acids and glucose -

showed this'alternative to be insufficient to explain the observed
disparity, Cells trapped by the 1 um filter took up roughly twice as

much of these substrates per unit biomass as did cells in the smaller

>




= ) - 132 - . .
| L

- Table l. The mean bacterial size retained on filters of various pore
0 sizes. Also, the estimated size of bacteria in given size ranges,

their equivalent spherical diameter, and predicted DNA content,

- oy ?

pore size  abundance size interval size diameter predicted
) DNA content

tong

pm 106-mf‘1 Pm3 pm pm3 um fg
0.2 5,01 © 0,038 - 0.2 - 0.4 0,019 0.33 1.03
. +,028
“ hdt
0.4 1.85 o.97l;Q 0.6 = 1.0 0,060 .  0%49 1,43
+.,034
: 0 1.0 2,76 0.140 1.0 0.140 0064 - 1,83
' ¢ 44056
’ 3
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Figure 1
Time course of labelled thymidine incorporation in Quinn Bay, Lake
Memphremagog, 21 September 1984, Each line represents incorporation

into organisms trapped by Nuclepore filters of the stated size,
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Figure 2, .
Abundance, biomass, and thymidine incorporation activity within 3
size classes of plankton in Q;Jinn Bay, .21 September 1984, a:
bacterial abundance (106’m1'1); b: bacterial biovolume (10.‘4 pm3‘ml—l);
c: thymidine incorporation rate (pmol°1™1en7l); d: cell-specific
thymidine incorporation rat: (fmol°(10° cells-l)); e: volume-

specific incorporation rate (pmol'mm3); f: genome-épecific

incorporation rate (ymolg DNA"!),
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. P4
(, cell size categories (D.J, Currié, U, of Ottawa, &npublished data),
Additionally, average volume of cells in the smallest class was less

ha
than 10% of those in the largest, Normally growing bacterial célls

usually grow to only slightly more than double their volume before
élivfﬂ'gg (Ammerman et al, 1984), ‘

Secondly, the disparity in thymidine incorporation rate might
have stemmed from differences in DNA content with size, It is known
that t;he a\;erage quantity of genetic material per bacterial cell
varies as the 0,2 power of cell volume among bacterial speéies (§huter
et al, 1983), This difference is apparent in the examination of any
DAPI-stained preparation of bacterioplankton, wherein differences in

) total light output from individual cells can be large, The use of a

c singll.e conversion factor to transform thymidine incorporation rate
into growth rate would therefore be misleading in this case. When we
prorated incorporation rate per cell to cell DNA content estimated on

" the basis of mean cell.volume, using the eauation of Shuter et al,,
the gap between the growth rates of large and small ce]ils narrowed but
sti1l did not close (Fig. 2F), Large cells trapped on the 1 pu filter
were apparently growing more than six times as fast as the tiniest

s

bactgti\.a. . .
Finally, there are two alternative explanations that could not be

checked with the data of the first growth study (Quif\’n Bay). First,

Riemann et al. (1984) suggested that there was a weak 1ndication in

their data thét endogenously synthesized thymidine was diluting the

specific activity of the thymidine pool most strongly in the slowly

03 growing bacteria (contraty to a suggestion by Moriarty and Pollard

(1982)), If an unequal dilution effect was occurring unrecognized,
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then straightforward interpretation of the Thd-incorpot:ation results
would be misleading. Second, since we’'did not e\x‘tract DNA from the
macromolecule pool labelled with tritium, we can not be sure that DNA
did not form a larger percentage of the labelled pool in the smaller
bacteria, Both of these possibil{ities, if correct, would tend to bias
the presumptive growth rate represented in Fig, 2 in favor of the
larges;t cells, These possibilities dere examined in the second growth
study.

Second growth experiment

The early spring diatom bloom in Lake Waterloo on 10 May 1987,
the date of the second growth study, was in decline, Though colonial
cyanobacteria had not yet appeared in significant numbers, many
filaments of the dominant alga Melosira had been colonized by
bacteria, and heavily-col.onized detrital aggregates, often with
Melosira at the core, were abundant, Once again, most bacteria (45%)
fell into the smallest size class and the greatest biomass was trapped
by the larger filters, 512 by the 1 um filter and 192 by the 5 um
filter, The“.attached bacteria in Waterloo were larger than free cells.
Attached bacteria (75% of the bcells on the 5 um filter) made up 4,4%
of the population but 142% of bacterioplankton biomass,

‘Thymidine incorporation rate in the different size classes,
uncorrected for isotope dilution, varied roughly two-fold, from 7.4 to
17,3 pmol'l"l‘h'l, the greatest amount being due to those cells in the
04 to 0,6 um filtér size class (Table 2), Once again, therefore, no
bacteria were dormant as a class. Calculated per cell, the tiniest
cells were incorporating Thd ‘at one-half to three-—quart:e:‘s the rate of
the largest cells.

The isotope dilution experiments (Fig. 3) show clearly that most

o
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isotope dilution was occurring among the largest, attached bacteria,
and progressively less as filter size decreased and tiﬁier bacteria
were included., The degree of participation of added labelled Thd in
macromolecule synthesis for the smallest (> 0,2 pm) to largest (> 5
pm) size class bacteria wads 76, 68, 61, 52, and 422, repectively, By
subtracting uncorrecfed Thd incorporation rate from estimates
corrected for isot‘ope dilution,‘ we could calculate the absolute amount
of Thd diluting the labelled pool, This calculation (Table 2) showed
that roughly 60% of all isotope dilution'was due to bacteria in the
greater than 5 um size class, the remaining 40%Z was due to those in
the 1 to 5 pm class, and no detectable isotope dilution occurred in
bacteria passing through the 1 pm filter,

The occurrenci of isotope dilution in the large, fast growing
cells exacerbated the disparity it} cell-specific growth rate (Table
2) Thymidine incorporation‘per cell in the 0,2 to 0.4 pm interval was
only 10% of the rate in cells in the greater than 5 pm interval, Cells
in intermediate ciasses incorporated the DNA precursor at roughly 30%
of this maximum, Adjustments for probable differences in DNA content
closed the gap only slight'ly (Table 2), An adjustment should also be
made for proportion of .label occurring DNA as distinct from that in
RNA and protein in the different sizes of bacterias Though more label
did appear in DNA in bacteria passing the 1 ym filter (70Z DNA, 18%
protein, 12X residual) than in those trapped by the filter (52% DNA,
392 protein, 82 residual), once again this effect was insufficient to
account for the apparent growth rate discrepancy between diffetent-
sized bacteria in Lake Waterloo.

Addit19n of 40 nM 3H-Thd successfullyl repressed endogenoas

synthesis of Thd (Table 3), Incorporation of labelled Thd-at this
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. Fig:xre 3.

Isotope dilution curves (weighted regression) for 5 size classes of
bacteria in Lake Waterloo, IOApay 1987. Labelled thymidinq, was
present at 4 nM; X—-intercepts (from which degree of participation

was calculated) are, from smallest pore-gize to largest, -5.2, =5.9,

_605’ _7.7’ and —9.4 nMQ
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0 Table 2a, Abundance, cell volume, estimated DNA content and total

bacterial biovolume in 5 filtration size classes, Lake Waterloo,

spring 1987,

interval abundance . size predicted biovolume

DNAcontent
Pm 106'011-1 Pm3 fg pm3‘m1-l
0.2 -~ 0.4 2.14 0.010  0.87 20600
0.4 - 0.6 1.21 0.022 1.07 26300
) 0.6 - 1.0 0,335 0.059  1.42 19800
Vel 1.0 - 5.0 0.87} 0.076  1.53 66600

> 5.0 0,284 0l.110 1.70 31300




- 143 -

Table 2b, Thymidine incorporation rate in Lake Waterloo, spring 1987,
7

partitioned according to Nuclepore filter size-intervaf.

? Thymidiné incorporation rate <;
interval unco;rected dilution corrected  corrected corrected\
corrected per cell per cell vol., per fg DNA
) s

pm fmoleml~len™! fgoleml™l¢A™l fmoleh™! fmol®pm™3+h™l fmoleh!

0.2 - 0.4 . 11.2 11,2 (7.?5 5.,2E-6 5.1E-4 6

0.4 - 0,6 17,2 17,2 (21.1) 1,4E=-5" 645E~4 '3

. # * B

0.6 - 1,0 7.4 7.4 (6.3) 2,2E-5 3.7E-4 15

1,0 - 5.0 11.4 18,7 (1&.7; 2,2E-5 ;.SE-4 14

> 5.0 7.9 16,7 (18,7) 5.,9E-5 5.4E-4 35
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Table 3. Results of pilot study oncuse of fluoredeoxyuridine to force

bacteria to use exogenously supplied thymidine., Expected rates and
confidence limits are from the isotope dilution study.
‘ ’ 1
[3H]thymidine Fluorodeoxyuridine Thymidine uptake Expected
concentration concentration ; rat rate ¥
(nM) (nM) (fmol*ml™lenw™l)  (fmol*mi~len~l)
4 2.9 30 55 (38 - 99)
4 17.2 44 55 (38 =599)
40 17.2 59 72 (50 - 130)
‘ -
240 - 67 72 (50 - 130)
v, oo
! !
. ¢
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co'ncentration was -not different from what would have been predicted on
the basis of tHe dilution assay. However, fluorodeoxyuridine did not
act as expected, First, {t did not block synthesis of Thd, since an
1ncrea%in 34-Thd concentration resulted 124 inc;teased incorporation
in the presence of FdU. Second,” FdU was apparently toxic to the cells,
since added FdU at th;z lowsst %evel significantly reduced Thd
incorporation, Though this first, unreplicated test is not powg'rfuly
we conclude that the use of FdU 1is probably ‘not appropriate for lake
plankton community studies,

How f s\t were the bacteria .growtng? The results of the .time
course study to determine an extrapolation fact&; from Thd
incorporation to growth ratle are shown in Fig, 4, Growth rate (hp + 3,

using the notation of Kirchman et al, 1982) calculated on the basis of

4

Thd incorporation rate was 0,101°h~}, The increagg, in ce};l numbers (ple_

over the same period was 0.034°h~ 1, There was & marked increase in
average cell size over the 20 h of the study, going from 0,026 pm3 at
0 h to 0,044 PmB at 9 h, to 0,094 pm3 at 20 h, The rate of increase of

cell~specific volume gs) was 0,064°h™l, The sum of cell-gpecific and

population growth rates, equivalent td the rate of increase of total.’

bacterial biomass, was 0.098'h'1. Since this rate is almost identical
to the rate of increase of Thd incorporation, it appears .that the
latter rate was coupled to total production of bacterial biomass and
not just to production of new cells, Therefore the appropriate
- .
extrapolation factor is not the standard one, calculated withoutf
regard to biomass accretion (2,28 x 1019 ce11°mo1~1). Rather, the
proper factor converts thymidine‘incorporation to biomass growth rate

(5,92 x 10}7 pmdemo1~1).
|

Because, we measured growth rate in separate size classes af the

3
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. Figure 4,

s

¥,

Dilution assay reswlts for estimation of growth rate extrapolation

i\'ﬁ'actors. All values were transformed to loge. Thymidine incorpor-

\ ation rate expressed as fmol'ml"l'h'l, abundance as 107 cell'ml't,

AN

and cell volume ‘ds 100x(pm3'2:e11"1)
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bacteria, we can, however, carry the analysis further to test an

assumption important to these incubation studies: that the process of

>

dilution and incubation does not alter the pattern of gr‘owth of the
bacteria, it merely reduces predation losses. Calculations shown in
Tabie 4 ghow that this assumption is not tenable in this case, based
on the effect on the growtﬁ rate estimates of the application of
different conversion factors to the observed Thd incorporation
pattern., First, 1f a constant Thd-to-biomass extrapolation factor "is
used in each size class, then the overall p is O.ZIo'd'1 and s {8 zero,
These are not the relative importances of the population and specific
growth rates observed in the dilution study, on which the conversion
factor was based, Alternatively, when a constant Thd—to—abundanc‘e
factor is used, then the relative importance of cell-specific growth

increases, but does not surpass the population growth rate, Therefore

neither of these approaches to growth rate estimation is compatible

"with observed size-incorporation rate data. Furthermore, we know that

the proportion of Thd that was incorporated into DNA rather than other
macromolecules was least in the larger size classes, and that DNA
content per cell was probably greatest in the largest bacteria, so
that adjustments must be made that would decrease the volume growth
rate even furt\he;:. On the basis of thes'e observations, ‘we tentatively
conclude that a large portion of the cell-specific growth-rate (s)
occurred in response to filtration, dilution, or confinement, and as a
r*ult, the Thd-to-biomass conversion factor overestimates in sit;x
growth rate,

Our calculations show that the population growth rate found in

the growth experiment (0.034¢h~1) would have been expected {f an

extrapolation factor of 2 x 1018 ce11emol1~! had been used (3 x 1018
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cell’mol'l thymidine incorporated into DNA alone), This factor is

"gimilar to the standard one advocated in the literature (2 x 1018

cell'mol~!) (Bell et al 1983; Moriarty 1986). The population growth
rate would then be accompanied by a cell-specific volume growth rate
of 0.015'h-1. The corresponding hourly population growth rates per

class (Table 4) show a 6-fold increase from the smallest to the
largest cells, If this best estimate is correct, the population of
bacterioplankton in Lake Waterloo was turning over slightly more than

twice daily (2,2 times), while producing new bacterial biomass equal

to 3.2 times bacterial standing stock,

Grazing studies

There were 3940 +/- 520 phagotrophic flagellates per ml in
Waterloo on the date of the produc;ion experiment (10 May)., Average
clearance rate was 0,16 ul*ce11™led™! on 0,6 um beads and 0.18
u}'cell—l'd-1 on | um beads, Clearaﬂnce rate on 0,27 um particles was
not s‘ufficiently large to be quantifiable with precision, but was no
greater than 10% of the/rate on the larger beads, and probably was
less, Measured a{::r::: clearance rate (0.6 um*beads) for particular

flagellate types ranged from zero for bodonids, to 0,04 ul'cell"l'd-l

for unidentified organisms 2 um in diameter, to 0,29 ulvce11leg™! for

<

Ochromonas. The microflagellate community was clearing 67X (+/- 22X)

of the water column of large particles per day. ‘
The rotifer population was not yet abundant in the lake (about
200'1"1) and consisted of genera that are not adept at bacteria-

feeding (Keratella, Kellicottia, \Trichocerca). While individual

ciliates had high clearance rates (e.g. Vorticella, 6.7 uleind~leg~!

(0s6 um beads), equivalent to 200,000 body volumes d~l; unidentified
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Table 4, Application of different extrapolation factors to thymidine incorporation data,
3 -4
L3

Lake Waterloo, spring 1987, The first is the Thd-to-biomass factor derived from

dilution assay, the second is the standard Thd-to-abundance factor from the

literature, the third is the standard factor, corrected for estimated DNA content per

cell, u . i 3
- ’
Factor = 5.92 x 107 pm *mol™l 2 x 1018 cell®mo1i”! 2 x 1018 cell*mo1™! adjusted g
interval biovglume abundance biovolume abupdance biovolume abundance 2 !
(pm) (pm) (10 m1™ly  (pu?) (10%+m1~1) (o) (0% mhH) hH
0.2 - 0.4 6620 6442 230 2.2 380 3.7 0.017
0.4 - 0.6 10200 47.1 750 3.4 1040 4.8 0,039
£
0.6 - 1.0 43%9 7.4 870 1.5 870 1.5 0.043
1.0 - 5.0 11000 14,4 2900 3.7 2700 3.5 0.039

> 5.0 9800 8.9 3700 3.3 3200 2.9 0.098
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(;13 Table 5, Clearance rate,}of monitored bacterial grazers in Eastern

Tdwnship lakes, on fldorescent microspheres of three sizes,

Clearance rate (plece117led™l) Abundance (m1~!)

Bead diameter (um) 0.27 0.57 1.0 .

Lake Gilbert (30/7/85)

Keratella 0.07 1.3 81
choanoflagellates 0,04 w0 0 280
all flagellates 0.025 ~70,13 0.05 1180
Lake Trousser (30/7/85)
Halteria 0,02 6.8 13
all ciliates 0,09 2,7 4,9 13
choanoflagellates 0,34 0 0
all flagellates 0.0l 0,15 0.36 850
Lake Brome (27/7/85)
( all ciliates 0,004 3.1 5.4 6
all flagellates 0.04 0,19 0.1 510
Lake Stukely (9/9/85)
heterotrophic
flagellates 0,007 0,16 0,24 \\.» 370
. Ochromonas 0.007 0,34 0,54 270
Dinobryon 0,014 0,29 0,14 25
epiphytes on
Dinobryon 1.0 2 0.2 0.08 4
all flagellates 0,013 0,24 0.36 670
Lake er (9/9/85)
heterotrophic -
v microflagiilates 0.02 0.14 0.54 200
) Dinobryon % 0.017 0.59 0.29 130
other chrysomonads 0,009 0.31 0.87 240
all flagellates 0.016 0,32 0.62 580
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small ciliate (335 P“B)* 7.5 pl'ind'l'd'l (L pn beads), 20 milluon
volumes d~1y,

Microflagellate clearance rates in the other five lakes studied
were alsb\g;eatest on the two largest size; particles (Table 5). Only
free choanoffagellates were consistently found to be consuming 0.2 pm
particles at a rate closely proportional to abundance, Other cells,
particularly the mixotrophic chrysomonads, concentrated heavily on
larger particles, These large-particle feeders were alwayslnumerically
dominant, particularly in the richer lakes, In those lakes where
Sufficient‘ziliates were examined to make counts reliable, a more
exaggerated disparity in feeding rates on particles of different sizes
yas found (Table 5). O; top of this, rotifers cannot. graze effectively

on 0.2 pm particles (with the notable exception of Conochilus), and

the crustaceans show a similar grazing preference for the largest

bacteria (not shown),

Discussion

All other factors equal, smaller organisms have the potential for
greater mass-—specific metagoliCOand growth rates, and shorter
generation‘times than do larger one (Fenchel 1974; Banse 1982; Fenchel
and Finlay 1983; Peters 1984). Since the bacterial size~ growth
relationships we inferred and observed in Lakes Mgmphremagog and
Waterloo do not follow this pattern, however, we must conclude that
other factors dre not equal. The smallest cells were less active in
both metabolism and growth than the largest cells, contrary to the
predictions of allometric relationships, and unless this 1is unique to
free-~living bacteria, tﬁén it provides further circumstantial evidence

for metabolic dormancy of some fraction of the bacterioplankton,

-
3
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No size fraction was dormant as a class, however, A decline in
growth rate with a decreasing average size could have been due to a
uniform decrease in ape.cific growth rate with decreasing average size,
or an increased proportion of completely inactive cells in the smaller
classes, Whichever effect is; responsible, these results do not support
an earlier claim that the smallest bacterial cells are most active per
cell :md per unit biomass (Fuhrman 1981), The size data and activity
data supporting the earlier claim were preliminary only (collected on
separate dates in different locations by different methods; cf.
Fuhrman 1981), We therefore tentatively suggest that the contrary is
the general rule, that the smallest aquatic bacteria are less
metabolically active than larger cells,

There is evidence of another sort in the literature that makes
this suggestion more credible, Fenchel and Finlay (1983) developed the
argt;ment that the ability to reduce mass-specific respiratory rate in
response to stidrvation 1is more pronounced in smaller thgn in larger
cells among the Protozoa, This capability. was suggested to be a
necessary adaptation to the rigors of the very high lspec:lfic rates
agssociated with small sizg, that would mean rapid starvation and death
upon removal from nutrients if no mmetating mechanism were
av:ilable. Laboratory data provided by the authors can be used to make
this argument more quantiltative. Recalculation of the data presented

o, -

in Fenchel and Finlay, Fig., 4, yields the equation:
Log,o resp. rate (nlloz'cell'l‘h_l) = -3.9
' + 0,67 log sizep o
+ 2,91 sizegyi¢s
. = 0431 (log size ,, * size%ff),
F = 663, RZ = 0.97,
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where sizej ., 1s maximum cell volume (pm3) and sizegqsg¢ 18 the
d;fference between observed loglo cell volume and maximum 10310 cell
volume, A1l coefficients were highly significant (p < 0.001) and the
model can be interpreted as follows. Since the positive coefficient of
the Sizemax term is iégnificagtly less than qnity, respiration rate
per cell does not increase at the same rate as cell volume among
species, The positive coefficient of the sizeyjss term means that
smaller cells ({,e. more starved, in the context of the.experiments)
had lowered respiration rates, The ﬁegative coefficient of the
interaction term means--that the starvation effect grew more pronounced
as maximum cell size of a species of protozoan decreased, strongly
diverging from the standard allometric trend once maximum cell size
fell below aboyt 100,000 an. Qumtge basis of this equation, we can

calculate that an organism of the dimensions of Escherichia coli is

expected to be able to alter its growth and respiratory rate over an
800-fold range in response to altered nutrient conditions, Indeed,
this is close to the reduction in respiration rate observed in the
study by Novitsky and Morita (cf. review by Morita 1982), In light of
this theoretical potential, the fact that the average growth rate of
different sized cells in tﬂe present study had only a 2 to 10-fold
range, a minor fraction of the model-based range, suggests that
nutrient starvation was perhaps a contributing but not dominant factor
determining the bacref{;l size - activity spectrum, That is, the cells
in the smallest size class were one-tenth the volume of the I;f;est
cells, but were not one eight-hundredth as active, such-as would be

expected 1if the tiny cells were merely starved versions of the

largest, according to the model,
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So far we have treated the abundance measures as if they could be
determined without uncertainty. An alternative that cannot be
discounted is that at least some of the smallest DAPI«staining
particles were not bacteria at all, but large viruses (cf. also
Sieracki et al, 1985), If this were the case, it would explain the
apparently low specific metabolic activity of particles in the
smal lest fraction, It might also explain our finding (unpublished)
that 50% of DAPI-staining particles (> 0,1 pm) in Lake Memphrg;agog,
July 1985, passed through a 0,2 pm filter, These partiéles, when
isolated, did not increase in abundance during a 48 hour incubation at
in situ temperature,

It was interesting to discover that comparatively few large
bacteria were responsible for all of the thymigine dilution., If we
adjust the dilution attributable to bacteria on the 5 um filter for
the effect of free-living cells trapped there, by assuming that the
free cells have the same characterisics as those in the 1 to 5 pm size
class, then the 4 to 5% of ghe bacterioplankton attached to particles
appeared to be associated with 51% of the isotope dilution, This
positive relation between dilution and size (and hence growth rate) is
in agreement with the contention of Moriarty and Pollard (1982) and
contrary to that of Riemann et al, (1984), One might speculate from
the observed pattern that large cells with the greatest growth rate
have the stored resources and machinery to synthesize a portion of
their own thymidine, Small cells, on the other hand, with surface-to-
volume characteristics favoring uptake but possessing no stored
energy, depend heavily on exogenously supplied substrates for growth,

On the other hand, isotoﬁe dilution in the largest cells may have been

due simply to the inadequacy of external supply to meet the demands of
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1

the fastest growing cells (Moriarty 1 élx

The smallest cells grew most slowly in both lakes, but were
several times more abundant than larger cells, If cells do not change
size classes during their development, then loss rates must be
disproportionately high for the largest cells., The size-selective
feeding observed in these lakes and the other lakes in which grazing
was measured is consistent with this, Feeding rates were measured
using latex particles rather than bacterial cells, but the similarity
of the rates we meagsured to those in the literature, measured using
bacteria (Feﬂ?hel 1986), lends our estimates credibility., Furthermore,
if anything, the grazing rates we measured are unexpectedly high,
being as they are average rates for a hetgrogeneous asgsemblage of
protozoa that feed by different mechanisms, including the godonids
that apparently spécialize—almost exclusively on attached bacteria
(Caron 1987), as well as protozoans that seem to f;;d on bacteria
trapped by extracellular mucus, Bodonids have never been found to
contain beads in any lake we have studied (nor have cells with
conformation of Pleuromonas), and we try not to include beads trapped
on the outside of protozoans in our counts to avoid counting randomly
adsorbed beads ‘as ingested ones, As a result, our measured clearance
rates are probably somewhat lower than true rates,

The disparity in feeding rates on particles of different size may
allow a partial reconciliation of differential activity, elevated
abundances of the most slowly growing cells, and high clearance rates
by the entire grazing community., The contention that grazers are
impl;cated.in the observed size-activity structure is not unique to

this paper. Several authors have alluded to the possible influence of
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grazing oa bacterial size distribution'(Bird and Kalff 1987; Ammerman
et al, 1984; Hagstrom 1984; Kjelleberg 1984; Wrigh? and Coffin 1983),
The concept 18 a natural eitension of the known influence of algal
size on vulnerability to grazing (Gliwicz 1967)., In both cases, the
less heavily preyed upon fraction displays a lower specific metabolic
rate,

Cell—-specific clearance rates by microflagellates were roughly
similar in all {akes examined, ranging only two—-fold among lakes,
Other studies have shown that flagéllate specific clearance varies
only 25Z over the course of the growing season in both Waterloo and
Memphremagog (unpublished data). This suggests- that the
microflagellates are food-limited, clearing as much water as is
physicall;‘possible, independently of bacterialxand picoplanktonic
abundances. Variability in community clearance rate among lakes at the
‘samg temperature would thereby depend solely on microflagellate
abundances. The. marked tendency of zooplankton to concentrate grazing
on‘the largest particles is suggested to result in incrgased overall
quantity of food consumed, given the inevitable reduction in clearance
rate associated with lower capture-size limits (cf. Fenchel 1982,
1986), For example, though bacteria were 7 times more abundant than

. ,
picophytoplankton in Lake/Bowker on the date of the grazing study
(Table 5), the average bacterial cell was only 6% of the volume of a
picophytoplanktonic cell, Therefore the picophytoplankton representéd
ab;ut 75X of the picoplanktonic biomass, and thi loss of available
biomass to protozoan grazers with higher clearance rates on larger
cells, but with a concomitant inability to consume the smallest

bacteria, would be minof indeed,

Food limitation is consistent with the importance of mixotrophs
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in oligotrophic lakes. Though Ochromonas was present 1n\ all lakes
examined in this study, its relative and absol(n:e importance was
greatest in oligotrophic Lake Bowker, where chrysomonad mixotrophs
made up 65X of the phagotrophic microflagellate community, Following
pthis logic, the majority of gr.azers in the oligotrophic ocean should
also be mixotrophs but this remains to be determined (Estep et al.
1986). :

Finally, it is important that future experimental designs take
into account the strong size~-dependence of growth and grazing rates
within the picoplankton. The present results verify and underscore the
importance of the suggest\on of Fenchel (1982b) that large variations
in clearance rate betweerd }r‘o\tozoans can be explained as a consequence
of variable capabilities of capturing particles of different sizes. A
conseq1‘1ence of this variability is that attempts to demonstrate a

;

protozoan feeding preference for bacteria over latex particles are of
reduced ova’lue in the absence of evidence for a Elose correspondence in
size between the two food items (e.g. Bird and Kalff 1986; Sherr et
al, 1987), The apparent increase in growth rate with cell size means
that a simple Thd-to~abundance extrapolation factor will underestimate
the biomass production rate, In Lake Waterloo, the biomass growth rate
was 50% greater than the population growth 'rate,

In conclusion, the central results of this analysis 9f bacterial
growth and loss rates are the foll;wing. First of ali\, the tiny
bacterial cells that dominate the bacterial community numerically are ’
apparently the slowest growing, both per cell and per unit biomasg.
This contradicts standard allometric relationships. The result

provides circumstantial evidence for the existence of reduced
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metabolism as g response to unfavorable conditions by some members of
natural bacterial communities, Secondly, current practices for
deriving bacterial growth rates based on the incorporation of labelled
precursors into DNA maf gi;e biased, or at least inaccurate, results,
Pleomorph@c growth by bacteria inflates the {nco;poration rate,
thereby inflating the growth rate extrapolation factor,
Heteroscedasticity in isotope dilution data compromises the accurac;
of "degree of participation” calculations (Appendix 1), Finally, it is

likely that the dominance of smaller bacterial cells in lakes is a

result of their inaccessibility to grazers, because growth rate among

the bacteria in limnetic communities increases with size,




O

.
]

- 160 -

-,, ‘Literature cited ) )

Anmerman, J.W., J.A. Fuhrman, X. Hagstrom, and F, Azam, 1984,
Bacterioplankton growth‘ in sea.;wat‘ei': I. Growth kinetics and
cellular c}faracteristics in seawater cult\:res.auar. Ecol, Prog.

i Ser, 108: 31-39,

Andefsen,vP., and T. Fenchel, 1985, Bacterivory by microheterc;trophic
flagellates in seawater samples, Limnol, Oceanogr. 30: 198-202,

Azam, F,, and R,E. Hodson, 19~77. Size distribution and activity of
marinq microheterotrophs, Limnol, Oceanogr. 22: 492-501.

Banse, K. 1982, Mass-scaled rates of respiration and intrinsic growth
ﬂin very small invertebrates, Mar. Ecol, P«rog. Ser, 9: 281-297,
Bell, R.T.,F G.M. Ahnlgren, and I. Ahlgren. 1983, Estimating
bacterioplankton production by measuring [3H]thym£dineg
incorpé)ratiop in & eutrophic Swedish lake. Appl. Environ,

Microbiol, 45: 1709-1721, 3

Bird, D,F., and J. Kalff, 1986, Bacterial grazing by planktonic
bacteria, Sclence 231: 493-495, ,

Bird, D.F., agdl]. Kalff, 1987, Algal phagotrophy: Regulating factors
and idportance relative to photosynthesis in Dinobryon
(Chrysophyceae)s Limnol. Oceanogr. 32: 277-284, (

oBlird, D.F,, and Y, To~Prairie, 1985, Practiéal 'guidelines for the use
of zooplafikton length-weight. regression equations, J. Plankton
Res. 7: 955-960,

Cammen, L.M.,, and J.A, Walker, 1982, Distribution and activity ¢;f
attached and free-1living suspended bacteria/ in thec Bay of Puady.
‘Can, Jo Fish, Aquat;. Sci. 39: 1655-1663,

Caron, D.A. 1983, Technique for enumeration of heterotrophic and

phototrophic nanoplank}:c;n, using gpifluorescence microscopy, ~and

L3

-~

i




- - 161 - ‘ *# "
L
comparison with other procedures, Appl. Environ, Microbiol, 46:
491-498."
é

Caron, D.A., 1987, Grazing of attached bacteria by heterotrophic
microflagellates, Microb, Ecol, 13: 203-218,

Coleman, A. 1980. Enhanced detection of bacteria in natural
environments by fluorochrome staining of DN)A. Limnol, Oceanogr.
25: 948-951,

Ebeling, W., N, Hennrich, M. Klockow, H, Metz, H,D, Orth, and H.'Lang.

1974, Proteinase K from Tritirachium album Limber, Eur. J.

Biocheme 47: 91-97, ”
Ellwart, J., and P, Dormer, 1985, Effect of 5-fluoro-2"-deoxyuridine
(FdUrd) on 5-bromo-2"-deoxyuridine (BrdUrd) incorporation into
DNA measured with a monoclonal BrdUrd 'antibody and by the

. BrdUrd/Hoechst quenching effect, Cytometry 6: 513-520,

Estep, K.W,, P.G, Davis, M.D. Keller, and J,McN. Sieburth, }986. How
important are oceanic algal nanoflagellates in bacterivory?
Limnol, Oceanogr. 31: 646-650,

Fenchel, T, 1974, Intrinsic rate of natural increase: the relationship
with body size. Oecologia 14: 317-326,

Fenchel, T, 1982a, Ecology of heterotrophic microflagellates. I. Some
important forms and their functional morphology. Mar. Ecol. ftog.
Ser, 8: 211-223, '

Fenchel, T, 1982b, Ecology .of heterotrophic microflagellates, II,

. Bioenergetics and g’rowth.A Mar. Ecol, Prog. @Ser. 8: 225-231. ‘

Fenchel, T, 1986: The ecology of heterotrophic microflagellates. Adv.
Micrgb, Ecol, 9: 57-97.

Fenchel, T.,. and B.,J, Finlay. 1983, Respiration rates in




- 162 -

heterotrophic, free-living protozoa., Microb, Ecol, 9: 57-97,

Findlay, S.E.G., J.L. Meyer, and R.,T. Edwards. 1984, Measurir}g
bacterial production via rate of incorporation of [3H]thym1dine
into DNA. J, Microb, Meth, 2: 57-72. :

Fuhrman, J.A, 198l. Influence of method on the apparent size
di:stribution of bacu.:erioplankton cells: Epifluorescence
microscopy compared to scanning electron microscopy. Mar, Ecol,
Prog. Ser. 5: 103-106. 2

o
Fuhrman, J.,A., and F, Azam, 1982, Thymidine incorporation as a measure

of heterotrophic production in marine surface waters: evaluation

and field results, Mar, Biol, 66: 109-120,

of nannoplankton in pelagial

ARl

Gliwicz, ZeM, 1967, The contribu ity
primary prc;duction in slakes with varying trophy, Bull,
Acad, Pol, Sci, 15: 343-347,

Hagstrom, X. 1984, Aquatic bacteria: measurements and significance of
growth, Pp, 495-501, In M.,J, Klug and C.A, Reddy (eds.). Current
perspectives in microbial ecology. Am. Soc. Microbiol,, W;aeh.,
D.C. «

Heidelberger, C. 1965, Fluorinated pyrimidines. Prog. Nucl, Acid Res.,
Molec. Biol, 4: 1-56; ‘

Hobbie, J,E.,, RJJ, Daley, and S, Jasper, @77. Use of Nuclepore
filters for counting bacteria by fluorescent microscom;. Appl,
Environ, Microbiol, 33: 1225-1228,

Jannasch, H.W., and G.E, Jones, 1959, Bacterial populations in sea
water as determined by different methods of enumeration, Limnol,
Oceanogr, 4: 128-139, .

_Jeffrey, W.H., and J.H, Paul, 1986, Activity measurements of

planktonic-microbial and microfouling communities in a eutrophic’




()

N

- 163 =

estuary, Appl, Enyiron. Microbiol. 51: 157-162,

Kato, K, 1984, Functional difference in the utilization of
phytoplankton cell materials and dissolved organic compounds in
free—-1living and particulate;associated bacteria in an aquatic
system, Arch, Hydro . 100: 521-532,

Kirchman, D., H. Ducklo and R, Mtihell. 1982, Estimates of
bacterial growth from changes in uptake rates and biomass. Appl.
Environ, Microbiol. 44: 1296-13074 .

Kirchman, D,, and R. Mitchfzall. 1982, Contribution of particle-bound
bacteria to t-or.al microheterotrophic activity in five ponds and
two marshess Appls, Environ., Microb., 43: 200-209.

Kjelleberg, S. 1984, Effects of interfaces on survival mechanisms of
copiotrophic bacteria in LlLow-nutrient habitats. Pp, 151-159., In
M.J. Klug and C.A. Reddy (eds.). Current perspectives in
microbial ecology. Am. Soce Microbiﬂol., Wash,, D.C,. s

Li, WoKeW, 1984, Microbial uptake of radiolabelled substrates:
estimates of growth rates from time course measurements, Appl.
Environ, Microbiol., 47: 184-192, \

Li, W.K.W., and P.M, Dickie, 1985, Growth of bacteria 1;1 seawater
filtered through 0.2 um Nuclepore me;mbranes: implications for
dilution experiments, Mar, Ecol, Prog. Ser. 26: 245-252,

Lovell, C.R,, and A. Konopka, 1985, Thymidine incorporation by free-
living and particle—bound bacteria in a eutrophic dimictic lake,

* Apple Environ. Microbiol, 49: 501-504, .

Maki, J.S., and C.C. Remsen, 1981, Comparison of two direct:-cdunt;:ing

methods for determining metabolizing bacteria in freshwater.

v

Appl. ‘Environ, Microbiol, 41: 1132-1138,

‘_\J




- 164 -

Marcussen, B., P, Nielsen, and M, Jeppesen, 1984, Diel changes in
bacterial activity determined by means of microautoradiography,
Ergebn, Limnol, 19:; 141-149, |

Moriarty, D.JJWe 1984, Measurements of bacterial growth rates in some
marine systems using the incorporati‘on of tritiated thymidine
into DNA. Pp. 217-231, In J.E. Hobbie and P.JJ,LeB, Wijflliams
(eds.)s Microbial metabolism and the cycling of organic matter in
.the sea, Plenum Press, New York,

Moriarty, D.J.We 1986, Measurement of bacterial growth rates in
aquatic systems from rates of nucleic acid synthesis., Adv,
Microbe Ecols, 1: 245-292,

Moriarty, D.J.Ws, and P.C. Pollard, 1982, Diel variation of bacterial

productivity in seagrass (Zostera capricorni) beds measured by

rate of thymidine incorporation into DNA, Mar, Biol, 72: 165-173,

Morita, R.)Y. 1982, Starvation-survival of heterotrophs in the marine
environment, Adve. Microb, Ecol, 6: 171-198,

Novitsky, J.A., and R.Y, Morita, 1976, Morphological characterization
of small cells resulting from nutrient starvation of a
psychrophilic marine vibrio, Appl. Environ, Microbiol, 32: 617-
622,

Palumbo, A,V., R.L. Ferguson, and‘ P.A, Rublee, 1984, Size of suspended

| bacterial cells and association of heterotrophic activity with
size fractions of particles in estuarine and coastal watgrs.
Appl, Environ, Microbiol, 48: 157~164, ) -

Pedros-Al1146, C.,, and T.D, BrockwLQ\?Z. Assessing biomas's and
production of bacteria in eutrophic Lake Mendota, Wisconsin,

"o

Appl. Environ, Microbiol., 44: 203-218,

Peters, RH, 1983, The ecological implications of body size. Cambridge



- 165 -

Univ. Press, Cambridge,

P&mroy, A.J. 1984, Direct counting of bacteria éreserved with Lugol
iodine solution. Appl., Environ, Hcrobiol. 47: 1191-1192,

Porter, K.G., and Y,S, Feig, 1980, Tﬁé use of DAPI for identifying and
counting aquatic microflora, Limnol., Oceanogr. 25: 943-948,

Riemann, B,, P, Nielsen, M, Jeppesen, B, Marcussen and J,A. Fuhrmane
1984, Diel changes in bacterial biomass and growth rates in
coastal environments, determined by means of thymidine
incorporation into DNA, frequency of dividing cells (FDC), and
microautoradiography, Mar. Ecol., Prog. Ser, 17: 227-255t

Schleyer, M.H, 1981l. Microorganisms and detritus in the water column
of a subtidal reef of Natal, Mér.Ecoﬁa Prog. Ser, 4: 307-321,

Sherr, B.F., E,B, Sherr, and R,D, Fallon, 1987, Use of monodispersed,
fluorescently-labeled bacteria to estimate in situ protozoan
bacterivory, Appl. Environ. Microbiol. 53: 000-000,

Sherr, E.B,, and B.,F. Sherr, 1987. High rates of consumption of
bacteria by pelagic ciliates. Nature 325: 710-71l,

Shuter, BuJe, J.E. Thomas: W.De Taylor, and AcM, Zimmerman. 1983.
Phenotypic correlates of éenomic DNA content in unicellular
eukaryotes and other cells., Am, Nat, 122: 26-44,

Sieracki, M.E,, P.W, Johnson, and J.McN., Sieburth, 1985, Detection,
enumeration, and sizing of planktonic bacteria by image-—analyzed
epifluorescence microscopy. Appl. Environ. Microbiol. 49: 799-
810. |

Simon, M. 1985, Specific uptake rages of amino acids by attached and
free-living bacteria in a mesotrophic lake, Appl..Environ.

Microbilol. 49: 1254-1259,




e ~‘,‘ éy

-166._

Stevenson, L. 978, A case for bacterial dormancy in aquatic
systems, Micro col. 4: 127-133, .

Tabor, P.S., and R.A. Neihof. 1984, Direct determination of activities
for microorganisms of Chesapeake Bay . populations. Appl. Environ,
Microbiol, 48: 1012-1019, .

Wangersky, PoJe. 1977, The role of particulate matter in the
productivity of surface waters, Helgol., Wiss. Meeresunters, 30:
546-564,

Wright, R.,T., and R.B, Coffin, 1983, Planktonic bacteria in estuaries
and coastal watere of northern Massachusetts: spatial ar;d
temporal distribution, Mar, Ecol, Prog. Ser, 11: 205-216,

Zimmermann, R, 1977, Estimation of bacterial number and biomass by
epifluorescence microscopys Pp. 103-120, In G, Rheinheimer (ed.),
Microbial ecology of a b:fackish water environment, Springer=-

Verlag, Berlin,




- 167 -

Conclusions

The objectives of this thesis were,

i) to build a predictive model of bacterial abundance in lakes,
estuaries, and oceans, that could be usedalo'narrow the range of
probable planktonic interactions and to éenexate furtheé\hypotheses
relating to microbial activity in thosg systems, ‘

2) to quantif§ the impact of predators, in particular the
mixotrophic phytoplankton, on bacteria in situ, ‘

3) to detetmine the importance of bacterial prey to the
mixotrophic flagellates, relati;e to pgitosynthetic rates in situ,

4) from a larger perspective, to recobncile the conflicting
pressures of bacterial population growth and size-dependent grazing
as a way of explaining the numerical dominance of tﬁe slowest-growing

fraction, those passing through 0.4 pym Nuclepore filters.

I conclude by summarizing the more important contributions to

microbial ecology. : {

In Chapter 1, a strang, positive relationship was found between
bacterial abundance and chlorophyll concentration in fresh and marine

waters, The relationship to total phosphorus concehtration,another
b )

indicator of nutrient availability, was stronger than to chlorophyll
concentration in Quebec lakes, There was no evidence to support the

claim that bacteria increase in size in richer léggs. The suggestion

AY

was made (on the basis of data not in the thesis) that prpdﬁction per
’ pR—

.-,?;s

unit bacterial biomass might increase along a trophic gradient, so

that the disproportiénately lower increase in abundance need not
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entall reduced bacterial community metabolism in eutrophic aquatic
systems.

' Chapter 2 reported that common members of the phytoplankton could
be major grazers of bacteria in lakes, In particular, species of the
genus Dinobryon consumed bacteria at a rate similar to that\of
obligate heterotrophs, and consumed more bacteria from mesotrophic
Lake Memphremagog on the date studied than did the crustacean,
rotifer, and ciliate communities combined.

The focus shifted in Chapter 3 from the impakt on the bacteria,
to nhe‘importance of phagotrophy to the phytoplankton themselves, It
was shown that under the low light conditions in which il was most
abundant, Dinobryon could rely more on phagotrophy tﬂ%n photosynthesis
for subsistence, The total number of chrysomonad species observed to
ingest particles was increased to 13, Particle ingestion rate depended
on temperature and not on 1ight, so that day and night grazing rates
were‘usually indistinguishable. Dinobryon consumed the larger
picoplankgon many times faster than it did the tiniest bacterial
cells, In an oligotrophic lake, the phytoplankton (Ochromonas,
Dinobryon) were responsible for more bacterial grazing than were the
zooplankton,

Work in Chapter 4 complemented the preceding chapters by
demonstrating that Dinobryon is an efficient bacterivore that

¢

incorporated 40 to 80% of -ingested bacterial carbon. The éommunity
forming a large peak in phytoplankton biomass in the metalimnion of a
small mesotrophic lake derived more fixed carbon from mixotrophic

particle ingestion than from photosynthesis, It was suggested that
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particle-feeding by Uroglena might be a faktor in allowing this alga
to form toxic blooms in_Japanese lakes, and that phago!é%phic
supplementation of photosynthesis by deep—living algae is responsible
for the maintenance of somé'deep phytoplankton peaks,

Finally, an in depth look at the relationship between size-
fractionated growth rate, bacterial abundance, and protozoan grazing
showed that the smallest bacteria were growing most slowly, congrar&
both to earlier claims igltge literature and to standard allometric
relationships. The largest. cells grew most.quickly and were
responsible for the majority of thymidine isotope diluytion, These
large bacteria, along with the picophytoplankton, were subject to 2 to
40 times greater grazing pressure by unicellular grazers than were the
small cells, It was sghown that assumptions behind current procedures
for calculating growth rates from thymidine incorporation data are not
supportable, First, pleomorphic changes in bacteria in response to
filtration, dilution, or confinement bias the calculated thymidine-to-
growth extrapolation factor. Second, the accepted method for
calculating the degree of participation of labelled thymidine in DNA
synthesis is statistically incorrect, so,that misleading conclusions

may have been drawn in the past on the basis of improper methods.
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. Appendix 1
. < . .
An investigation into the statistics of isotope dilution experiments
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While analyzing the results of the isotope dilution procedure
described in the\second growth study of Chapter 5, we became doubtful
of the appropriateness of using ordinary least squares to find x and y
intercepts (Moriarty 1986; Findlay et al, 1984; Bell 1986), The
standard procedure starts with the assumption that lanlled thymidine
will be incorporated into DNA in proportion to its abundance relative

to unlabelled sources. That is (using the notation of Findlay et al,
A

(1984)):
Coba/Cpax = L/(L + P + A) (1)
where C,,g 18 observed radioactivity incorporated in a sample, C, .. is

'

the quantity of radiocactivity that would be incorporated if labelled
thymidéne were the only source available to the bacteria, L is the
éonstant concentration of labeI;;d thymidine added, P is the unknown
pool (exogenous and endogenous) of thymidine naturally available to
the bacteria, and A is the amount of "cold", unlabelled thymidine
added in ‘graded amounts to a series of samples, This equation is

inverted and rearranged to yield a mathematically more tractable form:

v

1/Copg ™ (L + PY/(L * Cpay) + (1/(L * Cpay)) * A (2
In this form, the equation is anélysed by linear regression, The X-
intercept yields the total thymidine concentration that is
incorporated into“DNA (L + P), The degree of participation of labelled

thymidine can be calculated as L/(L + P). The Y-intercept will be the

-

most efficient estimator of radioactivity incorporated in the absence
of added cold thymidine, Together, the X- and Y-intercepts provide the

estimate of t&tal thymidine incorporation during the incubation
‘Q 3
A
]

pﬁl'iOdo

Once statistical arfalysis begins of a relationship derived
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mathematically, however, the procedural rules change, and the
assumptions of the statistical tool used must be met in order that
trustworthy results be obtained, In particular it appeared likely to
us that simple dilution with cold thymidine would not alter the
relative variability in incorporation ratekamong samples, but only
change the mean rate, Accordingly, we determined the error structure
of label uptake using a new sample collected from Lake Waterloo on'26
May 1987, This sample was divided into 20 ml aliquots in clean glass
scintillation vials. Seven vials received 4 nM 3H-Thd, seven vials
received 4 nM 34-Thd plus 20 nM cold Thd, and three vials were Lugol’s
solution-preserved blanks, Incubations lasted 1 h and were stopped
with Lugol’s s?lution, then collected on 0,2 pm Nuclepore filters for
TCA extraction as described in Chapter 5, X
Thé results of this study showed that ordinary least squares
regression was not appropriate for the analysis of isotope~dilution
experiments, The coefficient of variation (CV) of isotope:
incorporation in the undiluted samples (9%) was almost identical to
the CV for the diluted samples (10%) (Fig., la). This means that the
CVs for the reciprocals at each level are also nearly identical (9 and
10,5%) (Fig.>lb), and therefor‘e that the errors around the mean at
each point are not homogeneous as 1is necessary for maximum precision

in determining the X and Y intercepts (Draper and Smith 1981, p. 1%0).

The appropriate mode]l to use in this case is weighted least squares,

\weighting each point by the re_‘ciprocal of its variance, We did this in

analysing the experiment described in Chapter 5 by assuming the
coefficient of variat}on at each point was 10%,

A closer consideration of standard isotope dilution methodology
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Figure 1, “
Isotope dilution results show that ordinary least squares should not
be used to fin& line of bgst fit, a: Varfance -of untransformed
counts increases with the mean; b: Variance of count reciprocals
also increases with the mean, The bar illustrates the effect of
reciprocal transformation on symmetrically distributed values.
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Points are shifted perpendicularly to avoid superimposition,

Lt




| ] 1 N
0. DS 6 9 15
28 - & E
24’J @0
20 4 o]
'l' \
5 164
L
x 124 _
|Do . l"\
o
4-
O | . L 1§ L } | ] r ¥ | § ¥
-4 4 8 12 16 20 24
\ Cold thymidine (nM)
i
i /: ,
] L]

Untransformed CPM (thousdnds)

| ommaes o] o

hh

00 1037 o
12




™

L3
1

v oy »

. By - 176 - P

reveals that there are several statistical .pic:lems associated wit\h

it, some more serious than others, some,more

t

anii ly remedi'ed than A

“others. The p’;ob’ie!ﬁ of heteroscedasticity is most serious, but also

[3

S C . -
most easlly remedied., It requires that effort be made to dete‘rmi’ne the
>

&
.

variai:ility of thym.idinq incorporation measurements in the systenm o“f'. .

interest (see’Drgper apd Smith 1981, pp, 35 & 38., on proper
' 3y
replication). Most statistics packages (e,g. SAS, BMD, SPSS) will :

perform the/requiréd weighted least squares calculations if estimates, N
* < r‘ .

of thé variance at each point are 'E/Qaiiab'le. the that one should

, y
construct-or estfmate @ relatfonship befween variance and X-, not Y-,

. »
vafues, to avoid under- or overestimation of the variance due to

& . . - :
residual error in Y. Coefficients of variation in the literatutre range‘g
from 8% (Bell 1986) to 40 to 60X (Meyer et al, 1987,).- Unless a
weighted analy#s is done, literature claims related to nonlinearity

of isotopg dilution plots ahould\?e greeted with skepticism, in light

- 3-
of the likelihood of greatly increa"setor'gaidual errors at‘greater

dilution levels, Such claims must be backed by proper tests of lack of
fitnto a linear model, _cast in a framework of wei_g'hted least squares,

and having sufficient true réplicatiun at, each dilutién level, Note |
e |

that the nonlinear least squares approach advocated by \Kirrchman et al,

-y

(1986) 1s as subject to the prob“lemsdassociated with .

I

heteroscedasticity as is the standard ene, ..
The weighted least squares procedure does not, unfertunately,
remove all statistical problems with this technique, First, the

residuals around the regression line Wwill not in genergl be snormally
A\ - . .
distributed, tending instead to be positively skewed (see Fig, 1).

i 4 ’

Thig means that confidence limit statementg will be inaccurate, This

»*

-

problem 1s relati’frely minor given .the more serious concerns about the
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ii s - » l [ g \
. ST =177 - -

[ %
.

‘. biological validity of the technique (cf, Moriarty 1986),
Nevertheless, the problem should be kept in hind when constructing
confidence statements - these are best made nonparametrically (cf,

“"Efron and Gong 1983), Second, use of the simple reciprocal of the Y-

»

) intercept will probably underestimate the true meap value of the

A

g thymidine incorporation rate without added cold thymidine. This is

because the mean of the reciprocal of a posi.tive random var;Lable

R o
@ e : ‘ [=2N

L]
S

& .
reéiprocal of 1ts mean (Chiang 1?66). In the standard case where the

\ .
. ¢“residual errors are normally distribayed, the underestimation could be

'compensated for by applying the following equation (Miller 1984):

¥
Corrected DPM = (l/yo)u + sZ/yo}

¢ w'here yo 18 the Y-intercept of the regression Equation and s is the
réegidual mean square, Because the error distribution around the Y-

~

intercept is positiyely~skewed, however, this correction is likely to

v

4 : s -
: simple reciprocal and the corrected value, This problem was not of.

concern in the study described in Chapter 5 because the residual error

‘ at the intercept of the weighted equations was so small that correctéd

-'L i and t‘mco'rrected egtimate.é differed by only‘lZ, In cases wheré such a
‘—/\ @ B ) . félﬁcitous lack of error does not 'hold, we recommgn? th; appiicaf:ﬁ;p
- of Miller”s vequation, s'ince the transformationﬁbi;s is 1likely to be
. the more important of thé two confg.’ikcting influences,
/ . . ) , ‘ .
. . . , - .
Lok o o LAY

K : (incorporated radioactivify, in &"his case? is always greater fhan the .

. . a overcompensate, 80 that,the desired value lies somewhere between the *

.

Vs
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Table 1. Data used in regression equations in Bird and .Kalff (1984). Chla 1is chlorophyll
. IO

X

concentration in surface waters, in ,g-L"l. AODC is acridine orange direct count of bacteria in «
[}

millions of cells-mL™l, N refers to the number of separate observations pool’.ed to get average value,

P .. § : i N
Site . » Ehla AODC " N ' Reference ‘ ®
Freshwater ‘
Erie, e;st ) - 3.\3 ] 2.9 ‘. _5. Chapra & Dobson:1981;'Rao‘ét ;1. 1981
Etig_centra!. ' 4,5 . 4.3 10 Chap;'a & qu'aon 1981; Rag et k&il. 1981
Huron . 1.2 - 1.0 © 5  Chapra & Dobson 1981; Rao et al. 1981
‘Onetu:io S 7.06 5.76 2% . Rad et al. 1979
Bonilla s - 1.04 © 0.67 12 \l,(_aclsaac et al. 19;0 . . .
‘Bowser - o - 0.17 0.4l 2  Maclsaac et 31. 1980
(‘;relt‘CentraI ) ) 0.94 , ' 0.'85g :‘ 12 Maclsaac et a}. 1980 .
Kitlope - ©0.59 0.60 12 Maclsaac et ‘al. 1980\
Long - h 2.3 0,98 - 12 H;:c.léaaé et al. 1980 | )
ql;ove _ ' 0.85 { 4.98° 12 Maclsasc et al. 1980
Meziadin o 1.68 0.49 12 Maclsaac’ et al, 1980
.HOIO v 0.87 ‘_0.42 12 Hac}.sa{c et al. 1980 ;
Mossy : : 49.22 13.35 5  Biemgnn et al. 1982 .
Bysjon ‘ . © 45.2 - 9.53 6  Coveney 1982 o )

. S

[} - b A
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" Praser Plume to Georgia Straight .

-

Table 1 (c‘ont'd)

SR I

Site . AChla

& o
- ~
v -

Yy

Haljasjon _ 27.6
Qz".‘:i'éen:eica ‘ ‘ 367
Sonachi . &4 »
Bbgogia i u 121
Navaisha -~ - | - 12
Kootenay 77 o . 7 - 2.75
KoQteu;g 78 " = P 1.7_
Marine and ;stuarine
')S‘;)uth Davis, Strh}.f ; S 0.296 -
. Natal, S.A. 2,2 .
San Pedro Channel 79 ~ ’_ 5;5,’
\-‘\San\ \Pedrc‘, Channel 78 ‘3 ’@ ‘ 1.5

~.

§.E. Baltic Sea S

&

‘s Oi- ) @ ) - lng
' ' v , .

v 7:. ’ N * © 1.6
1% . .Y 1.4

.
. -
d - v .,

AODC N Reference’ .
‘;.4 ’ 1 Covéney 1982
* 360 1 Ralff 1983; Kilham 1981
36  l.~Xalff 1983; Kilham 1981
35 1/21ff 1983; Kilman 1981
R 1 Ralff 1983; Kilham.1981°
1.3 7 Daley et al. 1981
t.2 /'7 Daley et al. 1981
0.322° 74  Bunch 1979
“2.13 25  Schleyer 1981 ’
© 1.6 _ 6  Krempin et al. 1981
1.1 3 Krempin et al. 1981 *
2.75 1 %eyer—neil et ‘al, 197;
\ Valdés & Albright 1981
.0.59 1  valdés & Albrigt;t_ 1981
© 1.43 -1 .Valdés & Atbright 1981
07§ 17 valdés & Albright 1981

@
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&
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Table 1 (Cont'd) N > .
: /’: - 4& - * M
- / - -
site ) Chla °  AODC° - N  Reference . o \
* \ N ~ \
4 -
) 192 1.4 '0.77 1 Valdés & Albright 1981
. 25% i ) 6.5 1.33 1 Valdés & Albright 1981. ¢
Nearshore South Africa . Field et al. 1980 T
. . / - N !
Stn A~ . _1.00 0.61 23 Field et al. 198¢° "

i . ° . . - i ) < . r~‘4
| . s C 146 0.81 23 Field et al. 1980, . ° - i oo |
: . * ‘ i . 4
y c . 1.9 1.11 23 Field.et ald/ 1980 ) p

’ D ' 2.07 1.6 23 Field et al. 1980 | ) L
. - ) f . N P
- - . oo 4
Coastal Finland - . 2.6 - 1.6 71 Vaatanen 1980 N
. . a N . . '
A > Japan, T 5.7'6; 3.75 8 Kogare et al. 1980 ; .
*  S. Califorpia Bight 0.743 0.305 31  Fuhrman et .al. 1980 0 <
L" - . - . . - —
* 'S. California Bight ‘ 0.478 . 0.568 58  Pyhrman et al. 1980 .’ oo ‘
McMérdo West 10, Antarctica °  0.052 .f&(p,l' 1 Hodson et-al. 1981
. 7 s — B . - . > -
I " e | o - >
N ~ r\ . 2 v
{ - N
j & ' - ’ ~« l ‘:
AA‘____J_Q____ﬁ‘_____A.‘f . 4 ’ ~ - - i ]
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- Table 2. Data used in cell baize} -~ cell sbundance regression. Volume per eell  is measured in,u-3. J
-l » » * » ’ . L4 i . , : . ! ‘
' Methods used were AO-acridine orange-epifluorescence and SEM-scamning electron microscopy. .AODC xefers

>

to bac¢terial abut‘xdx;nce {millions of cells - mI."l). ) , 0 f . ~ ) .
o * +, ? ’ <
Sssmpnan - - -
. PW source . Volume cellfl"— :Hethod‘ AODC, . Reference . -
Mirror Lake ‘ 0.088 . 20" 1.63  Jordan & Likens 1980 . -
" Mendota ©oe 059 SEM ~ 1.5  Pedros-Alio & Brock 1982
Bysjon - ‘ 0.160 AO 6 Coveney et al. 1977’ ’
- N - . oo
Plon Lakes . _ « ¥ Krambeck et al. 1981, . )
“ t * ) - ’ - -;\:ggf
0.019 | SEM 31 Krambeck et al. 1981 o
, »
0.015 ,  SEM |26 Rrambeck et 1. 1981 ‘,,
0.022 " -SEM 26 . Krambeck'et al. 1981 =7
, ‘ o.ou/ “SEM 24  Krambeck et al. 1981 ‘ )
- N - % ' S f -
. 0.018 . SEM 29 ~ , Krambeck et al. 1981
- o . ) ] o
. Co i . i0.022 © SEM 28 Krambeck et al. 1981 . .
- . ) - - I : / ’ > . ¢ . o
) T ] 0.018 + L~ SEM « 38 . Krambeck et al. 1981 ) ; . . ,
Do - 0.015 S 26 Krambeck et al. ‘1981 - . )
: * . : » C- ‘ '
T ) 0.015 - SEM 34 Krambeck et al. 1981 . / %
| . - . 0.015 SEM 43 Krambeck et al. 1981
Paajarvi - 0.126 .~ 5 a0 1.38  Salomen 1977 .,
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Table 2 (Cont'd)

»

v oa

'
-
= -~
PN
.

AODC . Réferenc,e

FW source Volume » ce11~1 " Method
. : . ;
Norrviken - . e 0.179 | " A0
Iqe'Hou;;.Pphd' 0.063 . T A0
Gardsjon - _° | "0.342 - A0
Bot jarn " 0.203 T a0
Vitalampa - 0.186 .a A0 ’
Fraa;r Estuary 0.080- - SEM |
- Q.072 , SéH
! 0,076 " SEM
a . S 0.071 ) SEM
0.061 - : 1*SEM
Kiel area _ 0.06 ‘ SEM
Upyglting, S. 'Africa 0.5?7. o Ao ,
Réef, S. Africa | 0.0516 Aa‘;t SEM
Sargasso Sea 6.279 SEM
c.liforuialﬂ,ﬁght M ' SEM ’
L= ] " 0.132 A0
CEE 0.322 \ ] AO
Antarctic - 0.12 - A0 -

i

*

1.55  eil et a1. 1983

-

2 , Kirchman et al. 1982

S

1.31 ANdetsson 1983

+

3.1 . Johannson 1983

3.7 Johannson 1983

0.59  vValdes & Albright 1981

1.4  Valdes & Albright 1981

s’

0.78 . .Valdes & .Albright 1981

0.77. . Valdes &.Albright 1981

2

1233 Valdes & Albright 1981

-~ [

‘1.9 . Zimmermann 1977

) 1.6

0.83  Linley & Field 1982
2.02 $ch1e§er 1981 e
1.15 Watson et al. 1977

0.44  Fuhrman and Azam 1980

.
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‘Table 2 (Cont'd) ' ., ‘ C e
———————— ‘ s — ; . ' - ——
FW -source " Volume e.ell"'1 Method -ADDC Reference
. 0.072 SEM 0.62
p 0.075 SEM 0.30
\" 0.058% SEM : 0.96 . _a
Scripps I:i-er X " 0.038 ] SEM - 2.9 7
Offshore Georgia x" | 0.12 | AO 9.56 Nswell & Christiasl 1981
Duplin o 0.12 A0 .16.1 Newell & Christi:n 1981 .o
Skidaway - ® 0.08 AO 16.7‘ Newell & Chiistian 1981 e
Scripps l;ier Q.IM AO 3.26 - /Puhman 1?81 —_
. ) " 0.036 . SEM 3.26  Fuhrman 1981
California Bight 'f A , 0.081 AO 0.576 Fuhrm:n 1981 ‘
X - 0;058 SEM 0.576  Fuhrman 1981 S S
Baltic - : T 0.06 SEM 6.5 Hagstrom et al. 1979 ‘ o
Newport estuary 0.0'707 /) 3.86 Bowden 1977 i
. York estuary . - :0.082 N A0 6.3 })qcklow’19éza
~Stn. 1 kiel 0.067 ° AO/ 3.7 Meyer—Reil 1977
B Stn‘;rs‘ﬁ v ~ . 0.071 - . - -AO 1.7 . Meyer-Reil’'1977 “
> _ .
p -
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/Cbupter 2, Figure 2a, — "
Incubation time “(min) bead content per cell - ’
0.9 0,13
3.9 . 0465 -
- 7.6 . 0.95~ M A
10,1 1.25 ‘ )
o 13,0 1,64 ‘ :
17,0 2.28 |
Chapter .2, QFigure 2b, . . .
Incubation time (min) DPM beads
am, S— b ,
05 226,5 1787 ¢ .
3.0 70 © 953 .
6.3 246’ 4438 . )
6.3 - . 246 3305
6.3 55 1078
9,7 ’ 91 1270 ’ A
11.5 62 1265 o
16,7 927 13501
21.5 1444 25370 -
27,42 ' 1384 22479 -
28,8 . 1820 29397
( ¥ control 1 14403 ; 315200 *
‘ control 2 6189 . 118200 -

»

~There were 365 bacteria per DPM.\I‘)
el

AN

Chapter 3, Figure b, -
. .
- t

Depth(m), Temperature (°C)  Dinobryon,(cell/ml) Bacteria (cell/nl)

.0 21,8 BRY! 2,2
| 1 21,5 <1 2.5
| 2 19.3 - <1 3.0 , J
3 12,1 176 2.0 ‘
—_ ( 4 8.7 184 . 0.6 )
s 7.0 10 : \z.o
9 6 6.1 <1 2.3
. 7 5.6 2,7
8 5.4 3.4 - '
. - ?
e
<
¥

ot

A‘ - i A ‘
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- Chapter 3, Figure 2, T , ", &
- o ' Dtpth (m) Carbon uptake .(pg/cell/day) :[phagotrophic)
oo . r s
0 29,4
o1 18,6
3 ! © 2,45 [8,6]
5 -0 -
f t é’l

L
Memphremagog 0 3.3 \
Memphfemagog ' o 1.2
Orford 20,6 37
Bowker . 21,5 51.6 \
, Magog 21,9 . 95,4 N 1y
i Croche ° 11 8.5 ¥ -
j Orford 12,9 * 17.0
. Memphremagog 8 . 17.6
* emphremagog 17.7 ’ 30 .
Cromwell 12,1 “36.1 ' :
: *  Bowker v 23,9 _10.8 \
0 (see also Figure 5 data) .
“
Chaptgr 3, Figure 4. )
Lake ' Da);ti-me clearance Night clearance (nl/cell/n) . .
, 5 ,
Memphremagog 8.64 8,89 '
» Orford - 1072 . 7.72
Bowker & 62 9.46 . ,
‘Croche 3.80 3.82- o '
Magog 12,96° 13,75 .
~
o~
L 4 ‘,.,) ) )
. b
v . ® .
¢ B *
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? a : )/
Chapter 3, Pigure 5. ‘ .
. b ’ P ‘
Depth (m) Irradiance ° Temperature Clearance »Abundancé
0 had 310 . 21.9 - ‘
1 201 21,85 9.5 © 7245
2 120 : 21,35 8.6 250
3 75\ 19,75 i 7.9 145
4 45 18,2 74 330
5 30 16.8 744 165
6 18 : ~ 1246 . 4.8 40
7 1045 . 9,7 ' 2.7 * 300
8 5.7 7.65 * 106 1575 Pl /,~ . '
9 3,2 6.3 0,67 7. et
10 ¥ 1,5 5.65 0.53 10 ng
I 3
Chapter 4, Figure 1. .
Time (h). . cells on filter DPM ((100 cells)~l) wuged for
) '\u ! K :
0 ~ ) 37126 . 0,025 . uptake
\0.283%_ 48750 04250 uptake
0,283 . 35329 ' 0.216 uptake
* 0.9 34019 , > 0.423' iﬂéorp
1,367 30774 0.638 incorp
2,033° 18414 - ’ 0.980 +  dncorp
2,75 27260 1.260 -+ ° incorp
3.317 14337 1,447 loss /\
3,483 23600 . 1,382 ¢ incorp
4.1 20219 ¥ 1,421 - loss .
4 .867 v 25890 - 2,006 - incorp
. 540" - 16050 1,410 . loss - .
7.317 . 28767 ° L 24132 not used
7.483 12624 N 1.620 loss
i . . R . 4
- SN
\
”
i
. ps
Ve . -
{ , .




Chapter 4, Figure 2,

Depth (m) Light (uW/cm?) Temp OC 02 (ppm)  ‘biomass (ppm)’ chl a (ppb)
’ .

0 6300 18.7 9,1 0.5 .

1 3200 18,7 9.5 ’

2 1900 18.7 9.7 0,53 2.5°~

3 1050 18,7 9.9

4 550 18.6 10.1

5 320 17.2 11,5 0,52 4455

6 160 12,7 15.4 0.78 4.8

7 90 - oD 15,6 1,12 16,9

8 40 o8 12,8 0452 12,25
.9 ¢ 15 d 0.7 1.94 14,7

10 7 o7 0,1 1.80 16,8

Q “- .

o

Chapter 4, Figure 3.‘3

\

Depth (m) Photosynthesis (ppb/d) Phagotrophy (ppb/day)
sr . /f L
0 35.5 /
1 69.8 '
‘2 61.0 r N ’ *
3 38.7
4 . 23,0 s
5 28,4
6 19,0 0.85 -
7 12,0 44
8 746 \ 7.8
9 705 \
10 9.8
Chapter 4, Figure 4 £ -
y ¥
Depth (m) Chrysomonads Bacteria Microflageﬁlates Rotifers Photopico
" 3 LR N
0 . 5.5 0.620 0.03
1 5.4 0,643 0.05
2 5435 04700 0.13 0.28 /
3 5.2 0,506 0,20
4 5.15 0,540 v 0,22 0,23
5 % 5,64 0.737 0,25 0,42 '
6 330 4,65 0,965 0,44 0,59
A 9139 2,55 0.280 _ ¢ ’1.16 w
8 1977 5.,02 0,389 * 1,80 o 1
10 9,97 - 04751 , 032 1.56
11 13,43 v o 0435 1,65

0.427
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Chapter 5, Figure 1,

Time (min)  Thymidine inco:goratioﬁ (pmol/1) o - "
: ~ )
)0.2 un filters
16.3 1.81 F
27,1 4,54 )
54,9 Y 7022 .
< 105,2 ' 14436 : ,
148,3 20,42 ¢ )
[+
20,4 um filters
il" h - ) -
16,5 1.43
27,3 TS 7 \
‘SS.O 4.26 ’
105.4 ' 9,70 )
148.4 o 13,90 . K
21,0 um filters
S1606 = | 0,44 \1 \
27.5 0.48 .0
" 55,2 . 2,63 \
, 105.6 3.93 o
148.6 5.26 - (..' 7
. LI
Chapter 5, Figure 2 Q\;ﬁ
Size interval:, 0,2-0,4 T 0.4-1.0 >1
abundance 3,16 " 1,57 0.28 ' \ .
‘biovolume * 5.93 ° 9,46 3.88 :
incorporation 2,35 3,61 2.25 -
cell-gpecific 0,74 Y 2430 8.14 ¢ .- o~ (
volume-specific 39,6 38,2 5749 :
’ DNA-specific 0.72 1,61 4,46
[ ) " ' . ' l i \
, ° ﬁ g
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Chapter 5, ‘Figure 3. f
Tritium disintegrations‘ per minute
’ Cagd thynidine added (m): 0 2,83 ° 19,22 ' 30,04
Filter pore size- (_umV‘; .
0.2 24777 12389 4853 4010
0.4 21071 9514 5119 3241
\{‘0.6 L ) : 12112 6599 2346 2271
+ 7 1.0 8218 5615 2506 1721
5.0 ° ) \ 3702 2174 - 1234 ' 867
- —'/’\ ) ’
Chapter 5, Figure 4, " ,
‘ 'I'iI‘ne (n) Thd incorporation Abundance Qell volume
0o 3.05. « - 5.74 ———;:;;—-—-
9 ; 452 6,94 4,43
20 22,23 . 11,28 C 9,41 4
. 1 ’
— . . , %

7
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Assaying tritium by 1iduid scintillation counsdng
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Tritiun is used in biological work primarily because it provides
chemicalg with v;ery high specific ac’tivity. However, the relatively
weak emissions produced by tritfum décay make this isotope the mosat

difficult to count of those commonly used in limnology. My procedures
I

for tritiim counting were based on Kobayashi and Harris (1978), In

. N
particular, the following account is taken from Notes 1, 3, 16, 17, 19,

‘and 21,
Filter dissolution

& -
} Two things must be maximized for reliable counting of tritium:

’

isotope recovery and couﬁting efficiency. Rec;wery 1s most important,
and requires that a homogeneous samp'l_e be prepared, to minimize self-

absorption and maintain proper 3+D scintillatioh detection, This 1is

. achieved by dissolving the filters and hydrolyzing the labelled organic

¢ molecules,

8 A Nuclepore filters >

s

Polycarbonate filte;'s can be dissolved in-1 ml Protosol (NEN); Be
sure to use a vial with a plgstic-lined 1id, Heat the vial at 55 °C in B
a Wwater bath for 10 minutes (qaérom%lecules) or overnight (large-bodied
crustaceans). Cool to\roém’ fempergture and add SOlul of glacial acetic

. »

§ *, . acid. The ac¢id counteracts the basicity of the Protosol to restore a
low pH-to the fluor, thereby discouraging chemiluminescence, Add 10-13
ml Econofluorj shake well- and count, Monitoz for chemiluminescence on

achines that do not subtract these counts tically., Sometimes the

-gcidification, step 1s “not a sufficient preventative, and samples must,
I3 - / -

be heated overnight at’ 55 ©C to speed up the slow natural sibsidence of

[S

chemi luminescentr events, - ‘ '




-~

- ' : / -
will turn flark yellow and be strongly quenched. The most accurate

results are obtained by adding 0.5 ml of 0.5 N HC1 to the filter in a
20 ml vial)\ Cap the vial (cap myat be ‘plastic'), and place it in a
/ a

boiling vwate ‘bath for 15-20 minutes (do not submerse cap!l), Cool'and

. t .
add 1 ml ethyl] acetate, which wi})d/issollve the filter in 5-15 minutes.

Add 10 ml Aquajol (Universol) and shake vigorously before cwﬁtiné..
[ /, : s
A faster altérnative which yields only slightly lower recoveries

M

L . -
is to add 1 ml of 2-methoxy- or 2-ethoxy-ethanol-l to the filter in a - °

. 2
20 m1 vial, The filter dissolves in 15 minuteg. Add 10 ml Aquasol and

.
count, .

'3

* . Quenching must be determined for eat:'h sample, This is most easily
and accurately done ugsing the t;t:e.external‘ standard channels ratfo.
This 1is in turn calibrated using a series gf variably quenched®

tritiated water standards, Be sure fo use a'relationship de\'reloped with-

~

the vial-sample-fluor combination that was employed for the

experimental samples. K . ‘ . o . f .

.
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