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AbstraC!t 
\ 

this thesis is to incorporate the The aim of 
~ 

-, 

" , 

.; . , 

0 

smallest organ1sms, 

-. '.. 

, 

1,n 

particular the heterotrophic ...... .. .. bacterig ~nd t'beille predlitors, more' fully' 
, . 

<> 
'intô curren{ 'descripti~ns of squatic community structur~ and dynamics. 

A strqpg, positive em~irical relationship was found between bacterial 
, 

, D abundaftce )n~ chlor?ph~ll' concentration in freshwater and marine 

systems. Common members of tne photosynthe~ié phytoplankton (aIl . \ 

chrysophyceans) we~e 'shown to be major, eVén dominant, grazers of 
> 

these bacteria. This phagotrophic capability' is quântit'a.t.1vely, 

important to the bacterioplankton, to the mixotrophli themsel ves, 8T!d 
y -

in some cases, to the st'ru~re· of the I1mnologic41 commun1ty as a 
o 

whole. 'Graz1ng by mixo- and heterotrophlc protozoans 1s concentrat,ed 

on the largest bacterlal cells that a1so have the greatest growth-
, r 

rates. Relati ve1y 10wer removal rates, of the, tiniest cella, wi.th_low . . 
) 

g~owth rate'\, ia proposed to explain their numerical dominance in. 
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, Résumé 

.... ' .., 
Le bu~ 'de cette th~se est 

• 
d'"'incorp8'rer de maniè,re ~plus 
._ 1> ' 

sàtisfabante les plu'S pc:t1t!! org~niSmei, notamment l~s. ~actéries 

hétirotroph'es et' leurs prédat~urs, dans les descJ:'j..ptions de la 
, . 

, .. • .. ,- .... 1 ~ 

structure et de la dynamiqtre des communautes" aqua.tiques. Une relation 

positive .étroite entre l'"'abondance bactérienne et la concentration en 
, • - • t t 

chlorophylle est décrite' pOUT deS" .sY8t~mes marins 'et dulcic'o-les',; Les 

• 1 

, l1 ' 

't . 
broute,ur.. les plus 11l!portants de ces 'bactili:1es peuvent I!t~e de~l 

phytoplan~tont'tes. qui ph'ot~synthetisent égar~mens (uniqUem~-nt des \ 
... ..,,,,, 

Chry..sophytl~) •. La ~apaJ:i1;é' qu'"'ont çes organismes de se nourrir par, 
0"" . 

\ 

phag.ottophie a. des 
" . 

i m'p l i c a t ion s quantitatives pour 'le' 

ba'cdrioplancton, les' mixotrophes eux-:mêmes: et, pour 18 o~tructure . de 
, A 

la communauté planctonique tout entière. Le bibutage ges bactéries par 
1-

les protQzoall.r,es mixotrophes et hétérot~ophes seo conèentre sur, les 

bactéries les plus grosses qui sont également celles qui croissent le 
'~ t. _ 

plus rapidement. Il est suggér~ que le faible/taüx de brout age sur les 
/ 

plus petites 'bact~ries explique leur ~ominao/.~e ~ans ,les lacs. 
1 
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Preface 

As required ~y the Facùlty of Graduate Studies and Research of McGill 

University, the following,statements are made. 

." 

"The Candidate has the option, subject to the approval of .th) 

Department, of including as part of the thesis the text of an . ~ , 
~ , 

original paper, or papers, sultable for submijlsion to' learned 

.....• 

journals for publication: In~ this case the thesis must still L 
conform to 'aIl - other requirements explained in Guidelines 

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

Addi tiona 1 mate rial (experimental and design data as we Il as 

descriptions of eq~ipment) must be provided in suffic~ent 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 

r • 
abstract~, introduction and conclusions are required. A mere 

collection of manuscripts is not'acceptable; nor can reprints of 

published papers be accepted." 

"While the inclusio.n of matluscripts co-authored by the Canlidate-, ) 

and others 18 not prohibited by McGill, the Candidate is warneQ 

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

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

wit!less to the accuracy of such claims before the Oral "Committee. 

It should also be nqted~ha~.the task of the External Examiner i8 

made lIuch aore difficul t ln. 8uch cases, and i t ta in the 

, 
t 
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Candidate"'s Interest to mak,e authorship reSpdns!b\l1t1ea 
...t 

perfectly clea~." 

This thesls has been prepared i~ the format of five separate 

paper~ suitab1"e for submission t earned journals, as permitted by 
/f 

J faculty regulaÙons. AlI are co-authored by Dr. Jaap Kalff,. 

my thèsis supervisor. herefore the first person plural is used 

throughout. Th,e IIfirs~:~r wth study" referred to ,in Chapter 5 formed 

~ ~ 
part of a joint project betw en Dr. David J. Currie, Dr. J. Kalff, and 

1 

myself. AlI aspects of th t study described in the Chapter were 

performe,d by t1Je, except where ~xp1icitly attributed to Dr. Currie as 

~ 

unpublished data. The role of Dr. Currie in that study was in the 

discussion and interest he showed in my baçteJ;ial counts, which did 

not conform with expeatations bàsed on hi's measurements q.f inorganic 

phosphorus uptake rates within the bacterioplankton. The decie'ion was 

made to perform simultaneous measurèments on a single water sample in 

orçler to compare our reaul ts. The resul ts of that joint study have not 
, 

yet been published; the desèr!ption of the study gi ven in Chapter 5 

represents only my own work. Chapter 1 was published in Canadian 
<f' 

Jourhal of Fisherles and Aquatic Sc1en~es 41: 1015-1023. Chapter 2 was 
. 
published in Science 231: 49.Y-4~5. Chapter 3 was published ~n 

Limnology and Oceanography 32: 277-284. Chapter 4 has be~n accepted 

for publication in Limnôlogy and Oceanogra hy, with minot revision. 
. , 

Cllapter 5 will be suhmitted to Appl1ed and En iron ntal Hierobiology. 

The Faculty of Graduate Studies and Resear al so requl r:es the 
1 

Candidate to indicate what elements in the thes18 repreeet\l: orbina! 

, 
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" 1 
contributions to kno~ledge. These are: 1) the construction of a 

predictive relationshlp, with the approprlate statlstical details, 

\. ' between bactet"1al abundance as measured using mode'cn reliable 

..,techniques and chlorophyll concentration, spamling a wide range of 

t~ophic conditit>,ns in both 1

t
( rino' .~.froÎibo!;tor sitos, 2) thoso • 

relationships are indistingu ~able ln lakes, and marine sit:es, 3) a 

, ~ ~ 
maj or g'raze.r of bacterla in som lakes is Dinobryon, a member of the 

photosynthetic plankton, 4) fluorescent latex beads of bacte:t'ial size • 
, . .. 

are phagocytosed by Dinobryon at roughly the rate of oatural bacteria, 

• 
5) Dinobryon can depend more heavily on phagocytosfs for sus tenance 

,C 
than on photosynthesis, under low light conditions in Nature, 6) 

iIIembers of many other chrysomooad genera Iso de~onstrated to be 
.. 

mixotroph:1c, 7) Dinobryon"'s grazing rate is cu d'more to ~emperature 

... 
than to light.availaDillty, 8) Dinobryon and protozoan grazers 

in general ingest the tiniest bacteria at a lesser rate than they do' . . . .. -, 
the larger ones, 9) Dinobryon's assimilation 

- , ~ 

for purely.heterotrophic o~ganis~s, 10) deep ,-

rate is similar tô that 

" chrysophyte peaks may be 

,s'ubsistlng, • even ,if ~emporari~y, on p~agocytosis rather than 

- , \. 
photosynthesis, Il) the tiny bacterial cell\ that are most abundant 

can be the slowest growing, 12) the fastest growing cells can be 

r.esponsible for the majority' of -thfJIlidin~ isotope dilution during in 

situ growth rate determinat1o~s, and 13) current p~actices for . . , 
1 ) 

deri ving bacterial groWth rate:, ftom thymidine incorporati-on" data may 
, ,. . 

Si ve strongly biased resui ts. 
, . 

• 
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Genèral Introduction 

1 

Feeding relationships are of ceri'tral importance to the structure 

• d , 

and dY,namics of aquatic comm~n~~1es.JBecaU,se of this, they provide a 

powerful organizing force for the description ',of lake community 
1 • 

characteristics, and much of biologieal lim.nology is t,aken up with 

their anal ysis and prediction. In 1 ight of the recènt ând grow!Jl8 
~} 

---re\cognitton of.the disproportionate influence that amaller Bize classes 

of organisms can have on lake metabolism, tt is not surprising\that 

mierobiat feeding relationsh1ps are of intense current interest to 

aquatte eC,ologists. In particular, the extent of movement of stored' 

• baeterial nutrients and tmergy into higher levels of consumers 18 "one 
, 

of the most s1gnificant unanswered questions" about aquattc food' webs 
1 

(,Pomeroy 1983, 1986). 

There has always béen limnological interest 1n bacterial activ1ty 

though in the pas~, investig~tors have been hampered by a lack of, 

" trustworthy techniques. Ruttrer (1963, p. 157) ack'nowledged that the 

eonteinporary picture of the occurrence and activity of bacteria was 

"ext'relhely fragmentary". At the Ume most invest1gators avoided , -

determination of the total number of bB;cteria, preferring instead 'to 
\' 

demonstrate the existence of spec1alfzed subpopul~tions by mon~oring 

'changes occurring in nutrient broths inoculated with lake water.4....A, 

reviewof bacterial enumeration,techniques showed that different , 
methods gave resul ts that varied" over 4 orders of magnitude (Jannasch 

\ ' . 
and Jones 1959). A maj or ad vance of the pas t decade has been thê 

-! 
1 

4evelopmen~ of a techniqu~ that allows accurate total counts of 

bacteria to be ~de (Bobbie et al. 1977). We can nOV re11ably est1118te 
• 

t 

.' 
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the .number of bacteria in a partieular aquatie system (Bowden 1977), , \ 

'~n~ we ca~ predict from other v~riab~es of lak,s apd marine 

env1ronments roughly how many bacteria to expeet to find there 
~' • 

will show in Cbapter O. We still don't know, however, how ~any are 
- . 

active, inactive, alive or- dead, what they subsist on, or what controls 
~ , 

their numbers. 

The deveiopment of methods for measuring bacterial ~ctivity has 

~\ aIso st1mulated interest in' bacteria! ecology. Strickland and Parsons 

"\ 

t>. (1962) introduced the use of radiolabel1ed organic substrates to assess 

in situ heterotrophy. Though the information t?is metho~ provideq was , , \, 
'. '" la~ge 1y quaI itati ve, it focussed attention on t,he importance of 

~ " 
bacteria to aquatic metabolis~ Early studies on community respiration 

.. 

. -had sought large11 to- differentiate the efforts of net zooplankton from 
. 

the rest of the plank~on: Pomeroy (1974) wrot'e an influential essay' D , 

, [j 

, 

that nelped change the focus of oceanographers from the diatom~eopepod 

food link to smaller nrganisms and their rapid metabo1ism. Interest has - , 
\ 

now switehed almost_ completely among planktonie oeeanographers to the 

tiniest organisms, fo1lowing studies showipg that, after aIl, the 
~ 

crustaeean zooplankton are responsible for less than 10% of respiration - , 

in situ, whereas baeteria are contributing at least 50% in some 

environments (Williams 1980. Usually 10 to 20%, and up to 75%, of 

primary production ls funneled direetly into bacteria through 

extracèllular organic carbon release from the phytoplankton q,arsson 
t 

and Hagstrom 1979; Blaaubôer et al ,1982; Cole et al. 1982; Wolter 1982; 

Lancelot 1983). Most bacterial production is by the tiny free-li ving 
"\ 

cells, subsisting on dissolved organie mattei t and pot by bacte~ia 
, 

attached to particles (Azam and Rodson 1977; Azam et al. 1983). - .. . 
Bacteria are no lo~ger regarded as simple deeomposers, but also as a 
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• 
potentially major food resource. returning 10Bt fixed carbon to hlgher 

consumers (Slebur,th 1984; Porter et al. 1985). 

Though production rates can now be measured reasonably weil (it 
li 

ls belleve~) (Fuhrman and Azam 1980; Karl 1981). there is still llttla 

known about what controls prClduction or number~ in situ'; Bacterial .. 
concentrations are remarkably constant from day to day, given theli: 

.. 
short, lUe spans, and are cl>nstant over the year as weIl (Robble and 

W r i g h t 1 9 7 9 ) • For 1 n s tan ce, bac, ter i a 1 n Mac P h ers 0 n B a y • L a k e , 
Mem~hre~agog, in 1984 varied only 3-fold over the annual cycle wh~reas 

phytoplankton ?iomass varies at least 10-fol'd (Watson )979). This 

constancy of numbers led some researchers to claim that bacteria were 
• • 

being maint~ined at about a million cells per ml <>by citiate g'razers 
, \ 

that could only subsist in the water column at bacterial densities 
1 

above that threshold aJbount, ,,:but that were efficient at reducing the 
/ ... 

bacterial population ohce denaities were high enough to support thelr 

gr~wth ~enchel 1980). This position did not take into, considera t,ion 

evidence produced by East European workers that shdwed that bacterial 

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

'water body (Godlewska-Lipowa 1976. 1979; Straskrabova 1968J.rMy own 

work confirmed this, and brought. the relationship up to date by using 

onl y epif 1 uorescence count s of bae.teria. Using val ues f rom the 

literature for both freshwater and marine habitats 1 found thAiiot there, 

w~s a strong positi ve relationship between bacterial ,abundance àn4 
, -

chlotlophyll concentration, and that this relationship W88 

indistinguishaple in fresh and salt water. 

Because bacterial numbers are.effectively constan~ on a day-to· 

day basis, the growth of bacterial populations mDsf be balanced 80mehow 
1 

.' 
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by cell-ioss. Concel vable Ioss agents are sedimentation, l,ysls, and .... , 
prédation, e1ther by bacteriophage or by zooplan~ton; The sedimentation 

1 

rate of an inànimate object the size of a bacterium ls ooly millimeters . 
, 

_"'P--_per day, and it" r weIl· established that the majority' of bact.eri~~l 

.... 

.. 

l ' 
ce Ils ln the water col umn of most environments are free living, not 

attached to particles, so sedimentation 19sses .are likely to be 

neg11gible. Bacteria 1n nature 'are too spars~ to support important 

levels of bacteriophage. The third alternative 10s8 factor that has 

been suggested, autolysis of cells, 1s difficult to test, and e,ven 

../ I:J 
somewhat illogical, so that it sho~d be disregarded until simple 

mechanisms have been excluded. The slmplest explanatioo for the loss of 
,- . . . 

bacterial production is through graz,lng by zooplankton. 

Those who believe that zooplankton can control the stapding stock 

1\ of bacteria are mostly marine workers and attribute the major 'P!lrt o! . 
grazlng to protozooplan{ton. Though belief in the efflcacy of the 

protozooplanktonic graze rs is al mos i: ende~i c a~ong mJ.c ro bia 1 
. 

ecolog1sts, hard evidence 1s exceed1ngly rare and.mostly inferential 
\ 

(Sherr and Sherr 1984; S1eburth 19~4). For some the claim 1,s an 

\ 
~ expUc1t assumption based on the necesaity of input-output equilibrium 

(Fuhrman and Azam 1980; Fr1ebele et al. 197~)~ Others hold with Fenchel 
..... 

~1980), based on laboratory studies w1th ciliates and microflagellates, 

that bact~r1a1 feeders maintain bacèeria at a "threshold" concentration 'If 

(Porter 1984; Lin~ley et al. 1983). The most convin"c1ng arguments 'lOIt 
zooplanktonic removal of baèterial production are based on· counts of 

~ , , 

heterotrophic ~1crof lagel1~tes in marine -water~ (Sie~ur,th and Davis 

1982; Anders'en and Fenchflf 1986) and filtration-dilution' manipulations . 
(Wright a"nd Coffin 1984'; ~andry et al. '1.984). Wright and Coffin (1984) 

dld not count protozoans, bu~ claimed to have shown that grazers 

1 • 

. ( 

1 

·1 
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..... 
passing a 3 pm fiiter could control estuarine bacterlal abundance. 

':! l ' 
Andersen and Fe'nchel (1986) inferred from the sucee!lsion of beeterial 

• a~un~~nee péaks by f lagellate peak~Jn seawater cul tures" that these 

protozoal'ls control tiacter1al popu\ètions in situ. Not a~ who have 
" , 

looked for microflagellates 'have found them, -howevl!r. -When Parsons et 
-+- 1 " . 0," ~ 
al. (1981) added glucose to marine meaocosms, the bacteria !ncreasad 

drâmatically in 'number and this productio{l was passed 't~ ~ooPlankPon 
~ 

w),th no change in mieroflagellate population size. Sherr and Sherr , 
(1987) used ieeding exper~nientB wlth fluorescently'labelled cultured 

, . 
bacteria to suggest that ciliate grazers alone·could account for 100% 

« 
of bacterial removal in a Georgia estuary • 

. 
The broad goal of my thesia wa,s to incorporate the tiBiest members 

of the planktbn more fully into current quantitative descriptions of 
... -- .... 

aquatie communities. The final form it took represented a major . ' 
, . 

redirection of interes~ that resulted from a surprising and ~ntriguing 
.. 

dlscovery: that major g,razers ot bacteria in the lakes l studied were 

members of the photosynthetic plankton. 
~ 

This discOvery came as a consequence of effqrts to·determl~e 

zoopl~nktonic grazing rates in situ. Attempts by other workers to 
, . 

quantify graz1ng on bacteria through the use of tadiolabelled prey had 
, -' 

falled because of tWe impossibl11ty of separating predators from prey 

by filtrat!c;m (Hollibaugh et al. 1980). Therefore 1 developed a lDethod 
" l 'l' ~ 

us1ng bacter1a-sized fluorescent latex particles that could be employed 

for in situ rate determinations. Examination of the first s4mples 

collected using this technique revealed unden1able uptake of particles 

by chiorophyll-bearing membe~s of'th~ clsss Chrysophyceae • 
• 

The f:t.rst chapter c;J :h1S ~hes18, then, tests the generai 

"\ 
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- .. 
hypothes1a that bacter1al abundancé in lakes and sea can be predicted 

~ froll phytoplanktOn abundance _measured as chltrophyll concentration. I~ 
, , 

~a8 publ1shed' 1n the ~anad1an Journal'of Fish~~ies and Aquatlc Sci~nce8 
\ C , 

in 1984. The second chapter outlin~s the discovery that co~on species 
\ 

of algae are quantitat~vely important grazers on lake ~acterloplankton. 
/ 

Included 1s a compar1son of clearanc~ rate of ,the Dinobryon population 

to. the rates of .... other bacterial feeder~", as weI r as electron 

~'mlCr~graph1c sections 'demonstrating the presence of ingested bacteda 

with1n a1gal celIs. The -colonlal habit of Dlnobryon was explolfed to 
~ 

perform bead-bacterla uptake comparisons. The paper was published in 

Science (1986). 

Chapter 3 prov1des a more detailed i~vestigation of mixotroph~ 
.. . Î 

Dinobryon. We compared PhotoSY~th~ carbon fixation to phagotrop,hic~ 

partlcle ingestion by a metalimnetic poptllation of the alga in a 
, . , 

Laurent1~n late. \~e also made a compar1;son .of day-night grazing rates, 

and examined the effects of 11gbt, temperatur~, and part:t'çle size on 
~ , 

clearance rate. This paper was published in Llmnology and Oceanography 

in 1987. 

Whereas Chapter 3 shows that phagotrophy is potentially important 

to iIllxot,rophic algae themselves, Chapter 4 B~OWS thàt 1t can also,De 

important to the ph'ytoplankton a; a whole. This st~dy was done 1n Lac , , 

, 
Gilbert, a smal1 mesotrophic lake with unuBually strong vertical 

i' ~ ., " 

~tratification of,the-plankton community. O~r estimates of phagotrophy 

,in a dense layer of chrysomonads living a.t the 7 m depth i~ 

showed that seéondary pro~ction by algae was apparently 

greater tl1an community plJotosynthesis at that depth. ,Labor 
" . 

~ exper1ments w1th the algse col1ected from this layer confirm 
, 

an 

ea'r11er aS8umptlon tha.t ass1l1i1at,ion eff1c1ency by Dlnobryon was as 
, , f '. \ ,1' , 

..; 

.' 

, . 
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great àe that of strictly heterotrophic a1gae. This paper ha, been 
, 

accepted for publication in L1mnology and Oceanography. 

Chapter 5' expande on a s~gke~tlon made-in Chapter.3. that',i.e 
..,.; 

selective graz~ng.by microflagellates could have a major impact on ~he 

size-abundance and size-activity spectra of the bacterioplankton. Th~8, 
," . , 

chapter will be submitted to Appl1ed and Envlronmental Mlcrobiology, 

'" 

J 
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Empirical relationsh~ps between bacterial abundance 

and chlorophyll concentration in fresh and marine waters 
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Abstract' , 
1 

A strong, positive emp1rical rel'ationship was found betlieen bacterial 

abundance and chlorophyll concentratio.n in fresh and marine waters. 

Freshwater and marine l'inear regression equations are statlst1cally 

indistinguishable. The overall equation ls, log AODC - 5.867 + 0.776 log 

chi,!, r 2-O.88, whe're AODC (aarldine' otange direct count) is number of 

bacteria per ml and C;hl .! 1& pg chlorophyll .! pe'r l'. It ,1s apparent 

that planktonlc bacteria and algae are tightly 11nked in lakes and the 
r t • 

sea. The slope of the reg~ess1on line, however, shows that bacterial 

numbers ~o not i?crease as rapidly~as algal biomass with an increase in . 

nutrient concentratibn. We suggest that this disproportionately smaller 

increa~e in bacterial numbers need not signlfy a smaller role for 

. , ~acteria in lake metabol1sm with increasing nutrient availability, if 

acterial producti vit Y per, unit bacterial biomass increases as total 

bacterial biomass increases between systems. 
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Int.rodu~t.1on 

Many authors have suggeat.ed that baoterlal abundance inoreaae. 

with the trophio atate ot treshwater and marine systems (Azam et al. 

1983; Faust and Correll 1976; Ferguson and Palumbo 1979n Fuhrman et al. 

198p; Godlewska-Lipowa, 1976, 1919; Hobbie and Wright 1979, Jones 1972, 

1977; Kuznetsov 1970; Rao et al. 1979; Saunders 1980, Sil vey and Roaoh 

1964; Straskrabova 1968). Straskrabova (1968) and ~uznetaov (1970) 

produced tables linking bacterial direot oount~ to trophia 

~classitication. In a study ot a large number ot lakes and reservolra ln • 

Poland, Godlewska~Llpowa (1976) showed that ranking lakes by baoter!al 

abundance also ranks them by degree ot eutrophication and orgenio mât ter 
~I 

pollution. A similar multi-lake study by Spencer (1978). unoovered a weak 

but signiticant positive correlation between bacterlal numbers and both 

total nitrogen (R2 = 0.31) and total phosphorua (R2 = 0.16) in New 
. 

Zealand lakes. ~lzaki et al. (1981), and more reoently Linley et al. 

(1983), tirst put the relatlonship into an explloitly predictive torm, 
, 

ln fresh and marine systems respectively. Our objeotive was t~quantity , 

and test emplrically t~e hypothes1zed relatlonahlp between baoterial 

abundanoe and. trophlc condition~ mea;ured as the concentration ot 

chlorophyll ! in surtace waters. 

Aizaki et al. (1981) round a strong statlstloal relatlonahlp 

between bacterial numb'er and chlorophyll a 'in Japanese lakes. We 
~ 

attempted tO'extend that re~ult ln two ways. Flrat, we tested the 

.' thelr flndlngs to ot~tr lakes and to the general applicability of aea, 

using both l1teratucé values and observations oollected ln elaven Quebeo 
t(' 

lakes spannlng a vide trophic range. Second, we conaldered the 
(1 

mathematical rorm or the result1ng equatlons in the 11gbt or ourrent 
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ide.. .~t the role ot bacteria in aquatic systellls. t The work waa 

undertaken to prov1de a tirm basls tor the prediction or bacterial 
. 

'abundance but wou14 a180 '8l1ow us to draw inferenoea about 

4lgal-bacter!al interaotions. 

Methods 

Literature values 

Reoords of simultaneous ob8ervat~on8 of bacterial abundance and 
1 

ohlorophyll concentration were oollected from the literature (Bunch 
, 

1979; Chapra and Dobson 1981; Coveney 1982; Daley et al. 1981; Field et 

al. 1980; Fuhrman et al. 1980; Hodson et al. 1981; Kllham 1981; Kogure < 

et al~ 1980; Krempin and Sullivan 1981; MaeIsaac 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 a~lbright 1981. The da~a used in 

aIl analyses are available from th! Depo8~tory of ~npubli8h~d Data, 

) CISTI, National Research Counci1 or Canada, Ottawa, Ontario K1A OS2). 

, 

We re8tri~ted the, study to those papers that usèd the acr1dlne 

orange-eplfluorescence direct eount (AODC) method of Francisco et al. 

(1973) aa modlfled by Hobbie et al. (1977), a method that Is now in 

general uae for becterial enumeration. The AODC method has th' needed 

oontrast, not attalnab1e even with the transmitted 1ight-acridine orange 

technique, to visualifè'the very numeroua small bacteria (0.1-0.6 pm) 

and to distlnguish them from detrltus (Daley 1979). Counts "using 

eleotron microsoopy have confirmed that all bacterla trapped on the 0.2 

pm rilter are counted u~ing AODC (Bowden )977; Larsson et al. 1978). 
~ 

Losa or the small bacteria ,that pess through this .filter is accepted 

because these beoteria contrlbute little to total bacter1al biomass, and 
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because1 the low flow rate of flner fU ters makes the. unsultable for 

routine use (Zimmermann 1971). 
, 

Bacterial observ.tlons taken at a depth of 1 m ware used when 

possible. This was the most common depth for ,baoter!al sampl1ng, making 

up 62~ of the data used, and selection ot these samples created a more 

homogeneous data set. However, sinoe the use of 1-m samples exolusively 

would have reduoed the data to only 23 points, we acoepted AODC data 

collected elsewhere in the euphotio zone together with chlorophyll ! 
. 

measurements there. Some data represent single samples of both bacter!a 

and chlorophyll at discrete depths (39J), some 
) 

represent the summer 

average at a'disorete depth (21~), some represent the's~er average of 

epiI1mnetio integrated sampI es (39J),and ohe is an annual average. 

Single sample observations are more 1ikely to be ln error th an 
, 

many-sample averages; we looked for the effeot of tbls errer on our 
) 

analysis by using a weighting ~ethod, desoribed in the results section. 

We acoepted t~ Tesults of any speotrophotometric or tluorometrl0 

analyses of chlorophyll ! concentration. The specifie routine used for 
. 

chlorophyll measurement· was outlined for 54J of the literature 

observations. Of these, 15J or the marine and 50S or, the freshwater 
.. \. 

estimates were ~orreo~ed for phaeopigment interferenoe. However, we 

could find no systematic d1frerences between corrected and unoorrected 

observatiops in any subsequent analyses. 
~ 

We performed a simple linear regresslon analysis on the data 

using both"SAS 

dependlng on 

(Helw1g and Couneil 1979) 

the ftat1StiCal features 

and BMDP~ (Dixon 1981), 

desired. The data were 
• 

1> 

transformed to logarithms~ more closely satisfy ~ assumptiona of 

ordinary least squares '(D:aper and Smith, 1981). Regression coetficifDta ,., 

were tested for signir~cance rOllowing Edward. (1967), confidence limita 
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l ' 

tor ooettlclents-were calculated ~cording to Draper an~ Smith (1981). 
• • ~ '( r ... 

An'lndependent b.cterla-ohltr~Ph~ata aet (27 polpts) co11~cted tram, 
,. ." . , ~ • 

the Uterature to11owing the' . original ',na1ysls ,; was used to test the 
. , 

model'a prediotive capabilities. Nonparametric testing ot these re;u1ts 
, , 

tollowed Conover (1971). Marlne observations trom this same data set 
,jJ. 

were used to test~the prediotive mode1 ot Lln1ey et al. (1983). 

When approprlate we compensated tor two possible types ot error 
o 

in using regression estimates. Flrst, the simple antilog ,ot the value 
. 

predioted by a log-transformed regression equation underestimates the 

expeot~d value of the untr~nsformed variable (Land 1972). To correct 

for this bias, the antilog ot the prediction must be multiplied ~y a 

correction factor calculated as antilog(2.651 X RMS), where RMS is the 

residual mean square ot the regress~on '(Neyman and Scott 1960). Ve 

oaloulated correotion factors tor aIl predictive equations presented. 

Un~iased confidence limlts tor the mean and tor in~ividual predictions 

were oaloulated ualng p6x t s dlreo. method (Land, 1972). Second, when 

there ls error in the ~depe~dent varlable. the ordinary l~ast squares 
f-

slope estlmate can underestimate the slope that would-be obtained it 
" if 

error were absent. In tbe usuel case in ecology wbere the magnitude of 
, 

lndependent variable error is unknoWQ, there is no certaln method ot 

determinlng, this underlyiqg ideal'or-· "tunctional" slope (Sprent . and 

Dolby 1980). We derlved the Model II, geometrlc mean slopes recommended 

by Rloker (1'973) fn an attempt to compensate tor this bfas wen we were 
4~ 

seeking tunctional re1ationshlps. 

Quebeo l~kes 

, 

E1even Quebeo lakes vere samP1ed tor baci,r1a' durlng JU1Y-~ 
Jo,. 

c 
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1982 at 1 Il with • VaD Dorn botUe. The baoteria were p~eser,ed ln 

burtered tormalin and oounted aooordins to Robbie ~.al. (1977). w • . 
stained 2 aL sampI es with 0.2 mL ot O.1J aorldlne oranse, and ti1tered 

the samples through dyed Clrsalan blaok) 0.2 ~ pore-aizI Nual.pore 

filte~. The tiltera were mounted ln 011 and exam~ned at 1000X w1th a 

Leitz ort~op\ar microsoope equlpped with Ploem ,-Ok 2,.n HBO 100 W lamp, 
'" .,. 

Cube 0, 3 mm exoitation filt~r ~ 12, mirror 510, and barrier tilter 
• -

515. Ve counted 10 to 50 randomly seleoted tields trom all p.rta ot the . , 

tilter 80 that cpnfldenoe limits tor the mean oount were alwaya lesa 

th an 10~ ot the sample mean. 

Chlorophyll values ror the lakea (M: Paoe, now Department ot 

ography, University or Hawaii, Honolulu, unpublished data) are the 
, 

means of monthly samples taken throughout the summer, analyzed aooording 

to Strlckl~nd and Parsons (1972), and correoted tor phaeopigment oontent 

wl~h the equatlons or Lorenzen (1967). Samplea were teken vith a tube 

at one station over the deepest part ot the lake. Depending 'on the 

depth ot the lake, samples were integratedaover deptha ot between 0-8 
• 

and 0.10 m. Because ot the importanoe ot phoaphorus ln determlnlng 

ditferent aspeot~ or lake produotlvity, iotal phosphorus samples were 

oollected on the same dates and at th~ aame deptha aa the chlorophyll 

samp~es, and analyzed aocordlng to Johnson (1971). 

Resulta 

. Ve round a highly algnltlcantQrelatlonahip between AODCAdata trOll 

the freshwater and marine literaturea and the aaaooiate~ 

chlorophyll ! ooncentrations CF-testl P<0.0001) (Fig. 1) (Table 1). The 

ove~all relatlonahip uaing data rra. ~th sources laI 
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, ' log AODe • 5.855 + 0.8~_ loS chI a, 
'L'" -

~ 

wbere AODe 18 acrldine orange direot count Cnumber ot baoteria mL-l) and 
, 

ohl! ia ohlorophyll!. oonoentration (pS L",l ). niere ,was a weak but 
. 

aignifieant negaUve correlat~on .between . the ~solute value ot the 

residual error term assooiated with a particular poipt and the number ot , 

separate ob8ervations~represented by the poi~t (t-~estl P < 0.05). Ve 

reanalyzed the data, 
\ -

weighting eaob data pÇ>int by the number of sepaf;~te 
_ Il'' .4 • 

baoteria-ehlorophyll sam'~les i t repr&sented. . This procedure reduced the 
~. 

etteot ot single sample observations on the coefflcient estima tes and 

• emphaslzed .multl-sample observations. The <weighted least squares 

analysis lowered the slope: 

• log AODC~ = 5.817 + 0.183 log ohla. 

;"e.(.Jor reaso .. t~; the change in the. equatioD va. revealed by sor_UllY 
.. ~ 

of the)ndividual reslduàls using Cook's dlstanoe'measure, Dl(Cook and 

,eiaber~ 1982). The numerioal value ot Cook~s distance associated wlth 

• partioular observat1çn 18 a simple . and objectl te Index of' the 

inrluenoe of that obse+ on th; overa~l 
19.17) • The value ot Dl assooiated with 

rerleots the amount ot ohange that would 

re~~\slon estlmates (Cook 

an i~vldual observation 

occur ln bhe regresslon 

equatiod ooefrioients were that observation to be removed from the 

analys1e. A hlgh Jl assooiated with Lake Elmente1ta, Kenya (AODC: lCilham 
; ~ 

198'1 J ohlorophyll: Italf't 1983) showecf that the point was having • 

atronl influenoe on the, equation. ,Cook's Dl ror Elmenteita waà 1.22; a 

value sre.ter tban 1.00 'ln this case indicates ~ highly influentlal 

point (Cook and Ve1aberg 1982,p. 118). Ve recaloulated the coeff1cie~t8 
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exc1udlng th!s polnt; the revlsed equatlon la. 
" .. 

~ 

This corresponds very c10se1y ~~the welghted 1eaat squ~res regreaaion ~ 

and Is probab1y a more aoourate representation ot the relattonab~p 

between baoteria1 abundanoe and chlorophyll oonoentration than th. 

origira1 . equation using a11 data (equatioD 1). By exoludlns Lake 

Elmenteita trom the analyste, It! int1uence waa removed, thouSh the 
~ c 

usetul range of the equatlon wes reduoed at the same time. The r~nge or 

chlorophyll! concentrations over whioh 

now useful 18 trom 0.05 to 120 pg L-\ 

thia equation (equation 3) ia .. 

We split the data into componenta tor hypotheaia testlng. Flrat, 

the élope ot the equatlon uslng Just treshwater data la not 

slgnlticantly ditterent trom the one obtained by Aizaki et al. uaina 
.. 

. data trom Japanese lakes (Fig. 1,Table 1) althousb the prObabi1ity WBI 
o 

borderllne Ct-test: o.b5<P<O.1). However, the intercept dltterenoe '11 

highly slgnlticant (t-tes~ P<O.0001). Next, the marine data (F1S. 1) 

were analyzed sep~~ately CT~le 1). Neither the alope nor intercept wes 

sisn1~i.antly ditferent trom the'~reshwater literature model (intereept, 

t-test; 0.2<p(Ô~4; slope: t-test; O.5<P<O.6)~ wherea. agaln the 

• ~ept was' signiticantly higher' than the Aizaki model (lntercept, 

t~~st; P<O:0001; slope: t-teat, 0.3<P<0.-). When we tested the . ' "-
~reshwa~er l)terature equation agBinst the Quebec l~ equatlon CT~b1e 

1,Table 2,Flg~ 2~, we tound that'again the al opes were not atatlstlcally 

dlstinguishable Ct-test;O.2<P<0._>' bat that the interaepta vere 

ditterent· ~-test; P<0.001). 

, . 
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figure 1 

(~ 

Scatter dlagram of tqe points obtained from the literature used to 

derive regressions of acridine 'orangé direct counts of bacterial 

abundance and chI O~OPhY Il a concent rat,ion. So lid lines represent 

separate freshwate~ Jnd ma~in~regreSSiOns we' derived; broken line from 

Aizaki et al.' (1981). Clo8~~les are fresh~ater data; open c1rcle 

is Lake E1menteita, Kenya (Kilham 1981; Kalff 1983); stars are marine 

data. Equations are gi ven in Table -1. 
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Table 1. Re&reuion equ.tion. derived in thil pape~ descriptive 

etad.tic.. Veri.blet are AODC {acridine orange direct count, number of 

bacteria mL- l >. çhl,! (chlorophyll.! concentration. Ilg.L-l>, BB (baherial 

biom .... ·jJ8 C.L-l), and TP (total pho~phoru8 concentration, f~.L-l). AH 

variables were los-transformed. Confidence limits ar'ound a1 individual 

pred ict 10. ca. be c alcu lat ed us i.~ me a~.r X2• informat 10. on the res idual 

.mean square cont ained in the <;S'rrect ion factor (see text} , and standard 
\ 

" confidence limita formulae. Predictions'of the equations, retransformed to 

the arithmetic scsle. must' b~ multiplied by the corrjecti.on ,factor given in 

order to correct for a bias ~nherent in the use of log-trans formed 

equat ions. The model II (geometric mean) s lope is p ovided as an est imate 

of the funct ional or "true" numerical relat ionship between variables when 

there is error in the independent variable X. _ • 

\ 

\ 
\ 

<> 

) 



.----' 
'l - 25 -

TAlU 1. 

\ 

:0 ) --- interc.pt 

li Source 1.1 N (confidnce 
li_iu) 

~erall ADDC, 40 S.e5 

Literature cbla (*0.080) 

Cincludin& 

Laite U.enteita) 

,. 
Ove ra 11 AODC, 39 5.867 

~. 

Liteuture cb l,!. (*0.072) 

(excludina ~ 

Laite Elmenteita) 

. 
Fre.bwater IIDDC, 20 5.911 

Llter.ture chia (*0.120) 

\ 
Har lne AODe, 19 5.835 

0 Li t.er at ur e ch la (*0.096) , 

, 

o '0 

7 
1 
,~ 

.lope 
(confidence r2 M.an X 
li.iu) 

0.144 0.90-- 0.430 

(*0.093) 

0.776 0.88-- 0.375 

(*0 .094) 

0.763 0.90'--' 0.591 

<*0.125) 

0.736 0.79'--' 0.148 

(*0.194 ) 

Con.ction 
a:.X2 factor 

29.5155 1.132 

22.998 1.105 

18.393 1.114 

4.6047 1.099 

, 
continued 

1 • 

Modet 
Il 

.10pe .... ~ 
0.19 

0.13 
( 

0.80 

0.83 

, 
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(, Table (COOrnue.) 

7 iDtuc_pt 110'" Correction Mode 1 
Y,X • (confidellce ( cOllficlenca r2 MeaD 1 Z'X1 factor Il 

~ li.ita) li.iu) .lope 

Ai AODC, 23 5.445 0.630 0.92- 0.748 26.074 1.066 0.66 

.!.!. ..!l., chi,! (*0.094) (*0.088) -1981 \ 

Qu'bec: AODC. 13 6.277 0.569 0.66**· 0.611 6.6624 1.087 0.70 

L,k. •• chi,! (*0.190) (*0.270) 

(thi. Itu~y) 

E' and BB. 10 -3.Bi 0.79 0.82*** 5.818 356.3 1.599 0.87 

H .. yer-Rei1, AODC (li 1.'77) (*0.30) 

1982 

Qu'bec: ADDe. 12 5.953 0.663 0.83·'" 1.052 14.782 1.036 0.73 

r L,k.1 TP (*0.229 ) (tO.206) 

( 
0.90~ Qu'bec: chi.!. 12 -0.486 1.043 1.05j 14.782 1.049 1.098 

L,k •• TP (tO. 272) (*0.245) ) 

.... p < .0001 

*** " < .00' 

4 
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Figure 2 

Bacterial count (AODe) and chlorophyll concentration 1n Il Quebec lakes. 

Solid line 1s the line of best fil: to these data; dotted I1nes are 95% 

confidence lilits for predictions of the freshwater I1terature equation 

" (Fig. 1). 
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TABLE 2 of Bacteri~V . abundance J (mill ions 

concentra11on (~g.:L-1), and total 

cella, mL- l ), chlorophyll 

phosphorua concentration 

<f g•L- 1) in 11 Quebec lakes. These values were.used in the Quebec 

Lakes regre.ss ions ~f Table 1. 

a: -
Lake ADDe chIa· 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 3.80- 4.92 9.10 
~ 

Quinn Bay 4.90 4.57 10.05 

.. South bas'in 5.86 J~4 12.79 

* M. Pace unpupl. 

" 

\ 

~. 
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We uaed • dummy Intercept variable to get an estimate ot the 

average difference between observations from the literature and trom 

,Alzakl'et al. (1981) (Draper an' Sm1th 1981). This var1a~le has a value 

ot one tor all Aizakl data points, and zero tor,the others that s~rve as 

reference points. When used in a multiple regression, a dummy variable 

-has the effeot of moving the center o~ mass ot the group ot observations 

to 11e on the Thé coefficient of the dummy 

1s then the average d e dependent variable values between 

groups. 

log AODe = 3 '+ O."'69~ log chI! - 0.551& Dl (4) 

where ohla 1s 11 ! concentration (pg L-1 ), AODe is number of -
b~oteria • mL 1 , and Dl is the dummy variable. The dummy ,...yariable 

ooettioient reveals that on average the Aizaki et al. bacterlal counts 

are about 60J lower than those from the literature at comparable 

chlorophyll concentrations. The difference seems to stem from 

ditterences in methodology' (see discussion). 

The statistioal relatlonsbips between bacteria and total 

phosphorus ooncentration, , and betwetn chlorophyll a~d . total phosphorus 

ooncentration (Table 1) were determined using the Ouebec data (Table 2) 

in order to approacb aigal-bacterial interaotions from a difterent 

perspeOjlve. Baoteria-phosphorus relations have beoome ot Interest 

reoently tollowlng inal.catlons that bacteria mlght play an unexpectedly 
': , 

large, even dominant, 
~ t,; 

role iD ~rthopbosphate uptak, iD ,situ (F~ust and 

Correll 19761 Harrison et al. 
o 

1971; Irempln et al. 1981; Lean and White 
J 

l,' 
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The slope of the baeteria-phosphorua relre.s1on wa. 
signifieantly less than one (t-testIP<O.01) whi1e the al ope of the . 
chlorophyll-phosphorus regression was not'dlrre~t trQm on~. This meana 

• tha~ though 'the algal biomass rises at the same rate aa total phosphorua 

concentration, the bacteria make up'a smaller proportion of the total 

phosphorua atandi~ stock at eutrophio than at oligotrophl0 sitea. 

Baoterial and algal data oolleoted trom the llterature sinee the 

original analysia was done ~ere u~ed to test the model (equatlon 3). 

Two observa~lons out of 27 fell outslde the prediotion oonfidenoe 

intervals (Table 3, Fig. 3), whlch ~a not an unexpeoted number <X2.test. 

P ~ 0.4). 

1 

.' 
Particular results are of some interest. First, the baoterlal 

ooncentr~tions observed at elevated ohlorophyll levels ln estuarine 

waters (Boppe 1983) were below the predicted values 9 times out of 10. 

It ia llkely that the sampling period for theae observations 

(winter-sprlng bloom) is .responsible for th~s disorepanoy beoauae 

oh!orophyll levels vere then elevated above thelr ~an levela. Hovever, 

ve haVe~lOngterm bacterla-chlorophyll observations et produotive 

marine sites to corroborate thi., ~nd therefore cannot be sure that the 

model doea not overestimate bacterial abundanQe in su ch casea. Second, 

the overestimate of bacterioplankton numbers 'in eutrophio Lake Norrvlken 

(Bell et al. 1983) can be oonsldered a tailure or the model in thia oaae 

Ct-test: P<0.001). Bell et al. noted the lov number or bacteria in the 

lake and 8u~ested that an allelopathio interaotion vith brue-gr.en 

a1gae 10 late~ summer mlght be responaible. otber blue-Ireen domlnated 

-' 
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Figure 3 
, 

Compar1son of literature regress10n line (equation 3) with observations 

collected from the literature (Table 3) subsequent to the or1g1n'al 

ans1ys1s. Broken 11nes are 95% confidence limits for an 1ndividual 

prediction. a) Observations from inland waters. b) Observations from , ' 

marin4f! apd estuarine waters. Lower curved line corresponds to the 

predictive equation of Lin1ey et al. (1983). 
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Tabl. 3: Ob.,n.d total ~acurial ëUlldaou at .. rine, ut~arb. -and ialand lit .. trOll 

th. publbh.d liurature. vith pr.dicted abundanc. fra .quation , aad 9.5% 

confid.ac. li.it.. Abund'Dc" ar. ,iv.n a."' .ilUona of c.lll ... -1~ Il ref.ra 

to th. total a_b.r of •• parate ob.ervatiolll poolee! to ,et aveu,e value. 

Locatioa . 

Marin. and !.tuarine 

'Kiel fjord 

(Haua) 

(Priedrich.ort) 

(Laboe) 

(F.ueuchiff) 

(Kieler Bucht )!lUe) 

Schlel fjord 

(Cr. llreiu~ 

(Hi .. unde) 

(Kappeln) 

(SchhiIllUade) 

(Boknia ~ 
Tv.rminn~rchipelalo 

(Storljird) 

• ( 

Obaerved 
b.eterial 
abundaac. 

2.~0 

2.48 

1.11 

1.05 

1.03 

14.09 

9.81 

9.11 

2.46 

1.78 

2.0a 

Predictad 
abundlac. 

4.16 

4.44 

4.09 

1.66 

1.60 

31.0 

23.6-

17.8 

1.34 

2.43 

3.29a 

Lover aud Vpper 
95% confidence 
liait. 

1.49 - 9.48 

1.59 ~ 10.1 

1.47 - 9.31 

0.60 - 3.75 

0.58 - 3.63 

10.5 - 75.1 

8.08 - 56.5 

6.16 - 42.1 

0.48 - 3.03 

0.88 - 5.51 

1.31 - 8.29 

1 

• 

. . , 

1 

1 

r) 1 

14 

Source 

Hoppe ~983 

Boppe 1983 

Hoppe 1983 

Hoppe 1983 

Boppe 1983 

Boppe 1983 

1I0ppe 1983 

Boppe 1983 

Boppe 1983 

Boppe 1983 

Va. tanen~ 1982 

1. 
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0 Table 3 continued 

(H .. klk~r) 1 .• 7a 1.86' 0.74 4.n 14 V .. t.nen 1982 

Cape Hatt. N.W.T. 0.386 0.369 0.13 - 0.85 IDa lunc'h et àl. 19~1 

Kul Fjord 3.09 4.80 1. 72 - 10.9 13 lolter et al. 1977 

Kiel Bicht 1.50 1.32 0.~99· 12' ~o1te! et al. 1977 

St. Croix. 0.745 1.05 0.38 - 2.39 10 t.eaker et IL 19a1 

VUi11l 1I1andi 

Fr4.~.ter 

Herri Il Lake O.S 0.32 0.11 - 0.74 Wi .... r at al. 19112 

HcBride Lake 0.6 1.00 0.36 - • 2.25 Wi .... r et al. 1982 

June Lake O.l~ 0.14 0.05 - 0.32 WiI •• ar et al. 1982 

Blue Lake 0.8 0.55 0.20 - 1.25 Wh.lllar at Il. 1982 

~ 
Lake Norrv i ken 1. 55 8.54 3.02 - 19.8 4 Bell et al. 1983 

0 
Pyramld Lake 2.93 2.05 0.74 - 4.65 17 Calat et al. 1981l 

RUlil ton-Galat and 

Galat 1983 

Lake Gard.jon 1.31 0.84 0.30 - 1.92 16 Oilion 1983; 

0 / 
Jo~an .. on 1983 r ----, 

Lake Yechten 1.89 4.7,8 1.71 - 10.9 16" Bl .. ubolT at al 1982 ... 
'1"1!1$ 

E •• tern Lake Erie 2.00 1.82 0.72 - 4.49 6 Leall et ,1. 1983 

Central Lak.e trie 3.93 2.73\ l.0'(- 6.76 6 Leall et al. 1983 

Lake ]yltr,up 4.10 10.50 3.69 - 24.49 17 Uaann 1983 
"-... 

.. 
• Geometrie • ean.(' 

t 

, 

o 
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lakes are not almilarly affected (Coveney 1982; Hamilton-Galat and Galat 

1983, li1ham 1981; Riemann et al. 1982) so that special clrcùmstances 

1
t be inv01ved. The mOde1/:

j
Performed well for (the otherJ6~~vat1ons 

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

rediation 1ine (binomial testl P)0.20) and there was no apparent bIaa 

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

)'0.60). The mean ratio of p'redlcted abundance to observed abundance waa 

not significantly different from 1.0 for elther freshwater (ratia:O.96: 

t~test; P 1 0.50) or marine data (ratio:1.17: t-test; P~O.20). 

We used marine observations from the indépendent data set (Table 

3) to t~t the predictions of a model deveioped by Liniey et al. 

, (1983). Their equatlon predlcts AODe from chlorophyll a concentration, 
• 

based on data the authors collectéd at 7 upwelling and coastal marine 

stations. The 13 observations fr~ the independent set that fell within 

the range of their equation (0.10-26.2~).lg chlor..ophyll a 1:1) al~ bad 

more bacteria than predicted by tbeir equation (Fig. 3), and 11 of the 

l. 
13 were outside that model's 95J prediction confidence limits ~ -test: 

p:o.O). 

, 
Discussion 

,) 

Baoterie and phytoplankton are apparently quantitatively tightly 

linked botb in lakea and the se&. Nevertheless, some considerable., 

aoatter remaina to be explained and the confidence limita for aD 

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

probably inalude temp~ral changea in the relationshlp between 

ohlorophyll ! and !lgal ~ioma~8 (Granberg and H~jUla 1982), dlfferences 

in beaterial oell volume, within-laké plankton dynamics, variation in 
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allochthonoua carbon loadlng, and systematic errora resultlng both trom 

dlfferencea in microsoope configuration (Daley 1979) and from 

between-operator variabll1ty. The aystemat!oally lower counta by A!zlkl 

et al. (1981) are at least partially attrlbutable to thelr use or 0.11 

~, undyed Nuol~pore filtera (M. Ai~akl, pers. oo~.) rather than the 

0.2 pm, dyed fUtera reoommended (Robbie et al. 1977) and used by all 
..v 

others in thla data set. Cole' et al. (1982) noted that one quarter to 

one haIt ot the bacteria trapped on a 0.2 )lJIl nlter passed through a 0.4 

• pm fil ter. It appears that on average, three times more baoter!a would 

~ 

have been counted by Alzaki et al. had they used the riner fllters. The 
-; 

Japanese lakes were excluded trom our overall equatlon sinee any 
" 

systematio changes in bacter!al diameter along a trophic gradient, 

allowi~ greater or lesser proportlons ot baoter!a through the larger 

pores, would bias the slope eatimate. Why our own counta ahould be 

signlficàntly hlgher than literature value~ unclear, except that we 

were exceedingly ooncerned not to miss ev~the smallest baoteria that 

are visible only as minute blurs of light, ,and we may have oounted too 

many questionable partieles in our zeal. Alternatively, our mldsummer 

bacterial observations ma)' oy~est1mate growlng season meana. The lower 

and hlgher inter.cepta ot the Japanese and the Quebeo lakes, 

respectively, are probably due to dltterencea in the bacterlal oount and 

not to ditterences in chlorophyll data, since regressions ot ohlorophyll 
"., 

on total pho~phçrus t~both ca~es were indlstingulahable trom each 

other, and trom established relatlo~(SOhindler 1978; Vollenwelder and 
, 

Kerekes 1980).' 

Lake Elmentelta could not/be justitlably removed from the ~at. 

set on the basis or pr10r 1nformat10n. However, 1ts remoteness from the 

other points in" the sample space accordedi6t conslderable influenoe lD 

) 

li 
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the analyais. 
J 

Elmenteita's ehlorophyll level on the date sampled, 
.. "1 

meaaured within 3 weeks of the baoterial aamPl~~g, waa 3jr pg L-l, while 

the next highest leve1 in our data set was another Kenyan lake at 120 pg 
-1 L • We deoided that until adequate ooverage ia obtained ~ lakes vith 

6 .ehlorophyll concentration greater than 120 pg L-1 , est~mation and 

prediotion beyond that point la premature. 

The slope of the overall regression equation, at about 0.78 

(model 1) or 0.83 
6 

(model II), means that the inorease in the number ot 

bacteria per unIt volume does not keep pace with the Increase ln 

chlorophyl1 ! as 1ake trophy h 
,"" 

canges. This ls not pecul1ar to the 

bacteria but has also been observed for the crustacean zooplankton 

(MoCauley 'and Ka1ff 1981) and for flsh {reanalysis of equations in 
t. 

Hanson and Leggett (1982), and Jones and Hoyer (1982) on volumetrie 

yield basls). If baeteria are dependent on primary production for 
/ 

reduoed oarbon, then there ia no obvious reason why thls 

disproportlonate1t lower increase should oeeur. It was suggested by 

Pedroa-A1io and Brook (1982) that bacteria1 oe11 slze 115 positively 

eorrelated vith trophy, 150 that ~eterial biomass wou1d increase more 

rapld1y than number. Though this wou1d help to exp1ain the di~CY, 
, 

we found no evidenoe for suoh a re1ationship (Fig. 4). Indeed, based on 

the soanning eleotron m~eroseope oe11-size estimates there seems to be a 
! \' 

trend toward smal1er baeteria in eutrophie waters (t-test on slope: 

P<O.05) though its statistleal slgnitleanoe depends on the eluster ot 
o 

Plon lakes (Krambeck et al. 1981) ln the lower right corner of figure -, 

an~shou1d probab1y be eonfirmed at other eutrophie sites before being 

aeeepted. Care was ta~en during thi8 ana1ysis to dlstingulsh biomas8 

estima tes based on epifluoresoenee mleroscopy from th08e based on 

scannlng eleotron mlerosoopy, wblch have been shown to be 8ignitlcantly 
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.) 

Figure 4 

Relationship between bacteriai celi volume and bacteriai abundance. 

Solid circ les are observations made using acridine orange -

eplfluorescence, open clrcies are observations made using scannlng 

electron microscopy. '. . . 
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ditterent using identical bacterial sample, (Fuhrman, 1981). Thert vas 
r 

no slgnitlcant relatlonshlp bet~een cell size and abundanoe when onl, 

epltluorescence estlmates were used. Furthermore, an ~nalyal. ot data 

collected trom the marlne literature by Es and Meyer-Reil (1982) showed 

the relatlonship between biomas8 and abundance to be Indistlngulshab1e 

trom 1inéar over a 1000-told range i~~ bacterial abundanoe (Table 1). 

t Theretore it is unllkely that the use ot abundance rather than biomass 

ae dependeht variable has biased the conclusion that ohlorophy11 

concentration and bacterial standing stock do not inorease ln parallel 

along a trophlc gradient. 

Alternatively, it 18 possible that bacterial abundanoe le not a 

proportlonate measure of biologieal aetlvity. It may be that baoter!al 

productivlty per unit bacterlal'blomass Inoreases at a taster rate wlth 

Increasing trophy than prlmary productlvlty pel" unit chlorophyll. This 

would mean that bacterial productivlty ,would be approximately 11near1y 

related to primary productlvlty, in inter-lake oomparisons, and that the 

deollne ln bacterial numbers relative to chlorophyll ooncentration Is a 

necessary consequence. Untortunate1y, there ia atill oonsiderable 

unoertainty in measurements or bacter!al productivity. There are at 

least nine methods in current use (Newell and Christian 1961) and some 

or these give widely ditterent resulta -(Cole et al. 1982). It la, 

therefore, not yet possible to test thls hYPûthesia. Howevér, It 

appears that the relationshlp between dal1y prlmary produotlvlty and 

chlorophy11 a concentration i8 roughly linear between lakes (Smlth 

. 1919). If bacterla1 productlvlty Is 11near1, related to algal 

productivitY, it must·. t01low that bacte~,ial productlvity incraas •• 

disproportlonately faster than bacterlal density, glven our 

algal-bacterial equationa. This m1ght occur if' bacter!. were more 

• 
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heavily grazed ln eutrophie than ln ollgotrophlc ~ystems {et. Gllwiez 

1969,Beaver and Crisman 1982) or subjeet to hlgher sedimentation losses 

(Pedros-Alio and Broek 1982;Cole et al. 1982), or It tewer bacterla were 

dormant and, If so, tor shorter perlods in eutrophie systems (cf. Morita 

1982) •. 

The form ot the emplrical relationshlp between bacterial 

abundanoe and total phosphorus concentration ln Quebec lakes (Table 1) 

ls ot considerable Interest because .bacter1al orthophosphate uptake has 

recently been shown ta be important ta the cycling of phosphorus in 

lakes <Currle and Kaltf 1984, Lean and White 1983), estuaries (Faust and 

Correl1 1976) and marine coastal waters (Harrison et al. 1977; Krempin 

et al. 1981). It is known experimentally (Faust and Corre Il 

1976;Mayfleld and Innis~ 1978;Rhee 1972) and mlght have been predicted 

from body slze considerations (Smith and Kalff 1982) that bacteria have 
. 

a deoided advantage over the algae in orthophosphate uptake. let the 

ep~limnetl0 baoterla ~f eutrophie waters appear to contain a smaller 

proportIon of the total phosphorus (TP) present in the system than do 

the baoterla of ol1gotrophl0 waters. This tollows trom the 
• 

curvlllnearlty of the relatlonshlp between AODe and TP for the Quebec 

lakes (Table 1: model l slope:O.66; model Il slope:O.73). The slope of 

tbe regresslon line linklng cblorophyll concentration to, total 

phosphorus 18 greater than that I1nking AODC to TP, suggesting that as 

total phosphorus increases, an lncreasing proportion moves into the 

algae relative to that of the bacter!a. If the bacterla are not subject 

to d18proportlona~ely higher 1088 rates and 1f their spec1f1c produotlon 

doés nct increase vith t~ophio state, then they mÙ8t be limlted by some~ 
, 

factor tbat doea not in crea se at tbe same rate as phosphoru8 

aval1ablilty with t~opby. 
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~ 

A regression equation llnklng bacterial oounta to ohlorophJll 

ooncentration ln several marine locations has reoently been publlshed by 

Linley et al. ( 1983). Their mOdel, based on data 
~ 

trom the English , 

Channel and an upwelling region eaat ot South -Atrioa, yields predictions 

ot bacterial abundance jhat are on average 3~ 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 m~ally incompatible prediotions. If the 

difterences are not methodologioal, they point to (more InterestIng) 

biologie al differences bet~een the sites sampled ·by L1nley et al. and 

the sites described by our literature-based equation. In this case the 

distlngulshlng attributes are not known. 

'\, Lake. clm be grouped into troph10 oat~sor1e. aooordine te 

bacter~,abundance usine. chlorophyll ~ba~:;iola.'1r1oat1on (For.bors 

and Rydldg 1980) and the regression equation (Table 1). OligotrophI0 

waters should contain le8s than 1.7 mIllIon bacteria' ml-l, mesotrophI0 

1.7 - 6.5 mlllion4~~, and eutrophIe waters more than 6.5 mIl1ion.aL-~ , 

A comparlsoD of these ranges with literature values based on older 

direct count methods ia difticult because the trophio olàssitloation 
, 

criteria used there were otten not detined (e.g., Kuznetsov 1970, p. 
"', 

122; Sorpkin 1972). However, by convertlng Romanenko'a (1973) Lat.ian 
~ 

lakes primary production rates to chiorophyli a concentrations CS.itb ,.. -
1979) an approximate comparison 

",.r
t 

or~e-ePifluorescence direct 

RO~kO'S transmitted light 

can be made. This reveals that aoridine 

coun~s are 2-7 timea- higher than 

counts in ollgotrophio and mesotrophio 

Iakes, and up to 20 ti~es higher in eutrophie lakea. UnfortunatelJ 

there ~oes not seem to be any simple conversion method that would .. ke 
. 

the oider bacterlal values comparable. 



='\), 

c The purpoae ot the atudy waa to demonstraté that aquatte 

baoterial abundanoe la predlctable, a1belt wlth aome uncerta!nty tor the 

preaent~ waa 

blomaaa~~n'much 
aurpr!slng tact 

Intrlgulng to dlsoover that bacter!a relate to a1gal 

the same way ln the sea and ln freshwater. The 

that bacter!al blomass does not increase at the same 

rate as that ot the phytoplankton Is currently unexplalned, thoug~ 

hypotheses consistent wlth recent literature results can be advanced for 

test. Ou~ abl11ty to predlct bacterlal abundance trom chlorophyll data' 

need not be an end ln Itselr, but provides an opportunlty· to pose more 

specltie questions that should help to reduoe the soatter about the I1ne 

ot best rlt, and to galn inslght into the role that bacter!a play ln 

aquatte environments. 

) 
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Abstract 

It was found that six common 8pe~ie8 of l1e aigae lngeat bacter1a. 

The ingestion rates measured were of the same magnitude as those 

recorded for marine microf lagèl1ates totally dependent on external •• 
sources of carbon. A large IÙomass of Dinobryon spec1es removed more 

bacteria from the water colum~ of a lake than crustaceans, rotifers, 

and ci1iates comoined. 
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The view that phytop lankton recei ve aIl their energy through 

photosynthesis was tirst placed in doubt when lt 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 strlctly autotrophic community even though this uptake is normally 

modest and .provides only a small fraction of the carbon acqu1red by 

photosynthesis (l)~ We now provide evidence that at least sorne natural 

phytoplankton are phagotroph,ic and apparently obtain a substan'tial 

fraction of their energy and nutr1ents by ingesting bacterià at rates 

ver.y similar to those measured for nonphotosynthetic microflagellates. 

The work was carried out in Lac Cromwell, Quebec, on 7 to 8 July 

1984. Tracer quantitles of bacteria-sized fluorescent latex beads (O.6 

um in diameter) (Polysciences) were released into the plankton caught 

in a Haney in situ grazing chamber (2) at a depth of 3 m. After l, 4, 

7, 10, 13, or 17 minutes, the chamber was retrieved and the plankton 
t 

were preserved and stained (3). Sample aliquots were filtered onto 10 

um pore-size Nuc1epore fil ters for epif luorescence counting of beads 

ingested by natur~l grazers. We confirmed that bead uptake rate was 

representati ve of bacterial uptake by performing experiments in which 

algae were exposed to mixtures of beads and trit!um-labelled natural 

bacteria (4, 5). 

Four spec1es of the common plankton!c alga Dinobrywn ~ere major 

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

amerleanum, D. cylindricum (Fig. la), and D. baVarlCU]? O~her members 

of the Chrysophyceae, Uroglena americana (Fig., 1 b) and U. conradii, 

also Ingested partiel es. The "gradng" algal community was found to be 

Most eoneentrated ln a th!n layer within the therlloel1ne; there 

~1 ,,,-' ___ ~ _________________ _ 

• 
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1 
, 

/ 
Figure 1 

17 
Electron micrographs showing bacterial cells inslde chrysophycean algae 

from Lac Cr~mwell, Quebec (scale bar 1 pm). A. A Dinobryon cyl indricum 
, . \i 

cell has 2 food vacuoles contalnlng ~a~teria ('Ji. Chloroplast (c) is 

8lso Indlcated. Flbre-containing ves1.c!es (l v) are for secretion of 

loriea (1) (7). B. Thin section of Uroglena amer'icana showing 2-rarge 

food vacuoles. 
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.. 
" Dinobryon 1ngested 0.125 b'eads per min'fte per cell (95% C.L. ± 0.016) 

r,' ~ 

mean1ng that an average of three bacteria were consumed by each algal , 

cell every 5 minutes (Fig. 2). This is equi val ent to an indi vidual 

Dinobryon cell removing 'bacteria from a volume equal to 1,500,000 times 

its cel ~ volume, and ingesting almost 30% of its weight in bacteria per 
, , , 

day. Uroglena"'s ingestion rate (0.022 beads per minute per cell (95% 

C.L. ± 0.007» was very much lower than Dinobryon"'s both per ce Il and 

per unit biomaSSe 

Although micro~copists have noted bacteria1 ingestion by Dinobryon 

previously (6,7), the present study a1so demonstrates that 

phytoplanktonié phagotrophy is quantitative1y important in nature. The 

graziong ,rates are of the same magnitude, as th~se lDeasured for marine 

microllagellates that lack photosynthetic pigments and are therefore 

totally dependent on externat sources of carbon' (8). Comparisons of 

carbon gain und~r the low light conditions in the meta1imnion show that 

\. 
Dinobryon obtained at least 50 percent of i ts total carbon by 

bacteri vory and thus at most 50 percent by photosynthesis (9). 

Furthermore, in Lake Memphremagog, Dinobryon can remove more bacteda 

from the water column than the crustacean, rotifer, and ciliate 

communit1es 'combine!i (Ta~le 1) (10). Such bacterivory may be both a 
,> 

major factor in bacterial loss and a major s,0urce of carbon for some . 

algae grow1ng under 10w-11ght conditions in nature. 



j J!,~ ~ ;; 
.. " t • 

r : g , g ç ~! .' . 2 k1 fX?" li! t 

- 63 -

Q 

o 

Figure 2 

Time course of bead uptake by Dinobryon species in the metalimne;ic 

algal biomass peak, Lac Cromwell (3 m depth, ·12 OC). Each point 

represents the mean bead count, with 95% confidence limits, for 300 to 

600 cells. Uptake rate was determi~ed from the slope of the' r.lationship 

between bead content per cell (y) and incubation titÎle in minutes (x): 

y - 0.064 + 0.125x, r 2 • 0.99. B. Comparison of bead and natural 
. " bacteria uptake by Dinobryon. Experiments were performed on 28 November 

(1 ~ • 

1984, when,a Dinobryon population nearly free of extraneous ba~terivores 
c 

was fouJld beneath the lake ice. Ea~h poin~ represents a separate bead-

\ 

bacteria feeding experiment (5). Bacte"ria and beads wer~ offered in the 
• .... Cl 

ratio 17.3 ±1'ê2 to ~e (n-2); observed uptake was 22.85 t 2.5 to one 

(n-11) so that. bacteria' were ingested 1.32 t 0.11 I:1.mes as readl
J
ly as 

bead~. These resu 1 ts ar~ expressed in t'h~ figure as the rat io Qf the 
, 

number of beads found inside Dinobryon cells to the number expected to 

'" be t\lere were t:here no discrimination. r 
<), 

... 

-1 
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Table 1. Resulta of feeding experiments in Quinn Bay, Lake 

Memphremagog on 18 June 1983. Bacterial abundance was 5 million. 

cells per milliliter. Clearance rate ia the volume of water 
~ 

from which b:cteria ~emoved per day. Results comparable to 

these can be derlved from many lakes, aince Dtnobryon 18 a 
, 

common dominant alga (11). Dinobryon abundance in Eastern U.S. 

lakes averages 142,000 cella per liter when present and 633,000 

cella per liter when it is dominant (12). 

Organism. Mean abundance Individual mean Group mean 
per liter clearance rate clearance rate 

(milliliters per (95% confidence 
day) limits) 

(milliUters per 
day per Hter) 

Crustaceans 19.4 0.22 4.3 ± 2.1 

Rotifers 238 0.014 3.3 ± 1.3 

Ciliates 15000 0.0010 15.6 ± 11 

Dinobryon 479000 0.00014 69.1 ± 19.8 

" 

........... I ........ -_~--'--_------~ _. ___ ~_ 
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Notes 

1. G.W. Saundera, Llmnol. Oceanogr. 17, 704 (1972); H.-G. Hoppe, Kar. 

BiQl. 36, 291 (1976), V.F. Vincent and C.R. Goldman, Lll1nol. 

Oceanogr. 25, 89 (1980); B.K. E Il is and J.A. Stanford, Llmno 1. 

Oceanogr. 25, 89 (1982). 1 
2. J. Haney, Limno1. Oceanogr. 16, 971 (1971). 

3. 120 mi lli11 ter 8ubsamples were fixed with a 801 uUon of 2 parts 

saturated mercuric chloride to 1 part 0 95% ethanol (final fixative 

concentration 3%), then stained with bromophenol blue (M.L. Pace 

and J.D. Orcutt, Limno1. Oceanogr. 26, 822 (1981). The stain 

allows livingo and nonllving pQSticles to be distlnguished with 

epifluorescence i1lu~ination (with excitation under green light, 

organisms glow red). 

- 0 

.. 4. Natural bacteria were labelled by the procedure of J.T. Hollibaugh, 
Il, 

J.A. Fuhrman~ Azam, Limnoi. Oceanogr. 25, 172 (1980).0 

5. Iodine-fixed samples were fiitered through lÔ5 um Nitex screen and 

trapped organisms were rinsed with jets of filtered Iake water. 

This removed most unincorporated beads, bacteria, and extraneous 

bacterivores such as microfiagellates and ciliates. The trapped 
o 

plankton was then ~ashed onto 10 um Nuclepore fiiters and mounted 

in 65% glycerin for counting. Unincorporated beads always formed 

less than 5% of the total. Alter bead enumeration, organisme were 

washed into scintillation vials and digested with Protosol (New 

Rugland Nuclear) at 55' Oc for 12 hours before tritium. counting 

(Iee Appendix 4 for further information on tritium counting). 

Bacteria to bead ratio confidenc~ limits followed W.G. Cochran, 

S •• pling Techniques (Wiley & Sons, Toronto, '1977), p. 156; 

co~fldence lialts for observed to expected ratio by Monte Carlo 
, Ç' 
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method (S.T. Buckland, Biometrics 40. 811 (1 984)). 

6. A. Pascher, Int. Rev. ges. Hydrobiol. 43, 110 (1943). 

? D.E. Wujek, Cytologia 34, 71 (1969). 

8. T. Fenchel, Mar. Ecol. Prog. Sere 9, 35 (1982). 

9. D.F. Bird and J. Kalff. 1986. Algal phagotr'phy: Regulati factors 

" and importance relative to photosynthesl~ 

(Chrysophyceae). Limnol. Oceanogr. 32: 277-284. 

10. Experimen"ts were done at dawn (4-5 a.m.; 18 June 1983) in Quinn 

Bay, Lake Memphremagog, Quebec-Vermont. Haney grazing experiments 

were conducted at 3 and 5 m in triplicate using 0.6 um 

fluorescent beads at 10 and 5% of in situ bacterial 

concentration. Crustaceans were narcotized with 0.1% nicotine, 

preserved with formalin and cleared with sodium hypochlorite. AlI 

other organisms were preserved with mercuric chlorlde. 

Crustaceans were enumerated from 4 75 pm net tows (ep1limnion 0-5 

m). At least 400 animaIs were counted per tow. At least 50 

rotlfers and 50 protozoan~ were enumerated from each of three 

integrated whole-water samples drawn with a 2.5 cm 1.d. Nalgene 

tube. Bead uptake was determined for 80 crustaceans, 80 rot1fers, 

50 ciliates, and 196 Dinobryon cells. Abundant genera were 

Mesocyclops, Daphnia, and Bosmina (Crustacea), Conochilus and 

Keratella (Rotifera), and Halteria (Ciliata). The Dinobryon 

population was largely E,. bavaricum with some !. soèiale. 

11. W.D. Taylor et al., U.S. EPA, National Eutrophication Survey 

Working Paper No. 710 (1979).\ 

12. S.C. Hern et al., U.S. EPA, National- Euttophicat1on Survey Working 

Paper No. 707 (1978). 

13. We thank G. Nurnberg for translation trom German, H. Neuw~tth fQr 
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electron microscopy, R. Lamarche for photographl~ assistance, the 

Université de Montréal for use of their field ~tation, and R.R. 

Petera and W.C. Leggett for~ cr:t.tical reviews. This work was 

supporte/d by an NSERC Operating Grant to J. Kalff and a 

Postgraduate Scholarship to D. Bird, and by the generosity of 
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Chapter 3. 

Algal phagotrophy: Regulating factors and importance 

relative to photosynthesis in Dinobryon (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 

a1ga depended more strongly on ingested bacteria for nutrition than on 

photosyntheais. Heasurements of the grazing 'rate at different depths in 

Lac Gilbert, Quebec, showed that the particle inges~ion rate depends on 
, \ 

water temperature rather than light availability. Ph~goCytosis~, bacteria 

proceeded at a 8imila~ rate both day and night in most 1akes where 

D1nobryon was found. Sincë other chrysomonad genera (Chrysophaerella, 

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

also found to ingest·particles, it ~ll ~ot be possible to estimate grazing 

" 
on bacteria by counting nonpigmented ce~ls and ignoring those containing 

chlorophyll. In oligotrophic L~c Bowker l 30% of the phytoplankton cells 

were actively ingesting small particles~ and it was these phytoplankton and 

not the less numerOU8 zooplankton that were respons!ble for most bacter!al 

grazing in the lake. Phagotrophy by algae appears to be an ~mportant but 

unexpected pathway for energy flow in lakes. 
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The flagellated Chryao~hyceae, or chryaomonads. be.r .ffinitie. to 

both plants and animals and have been cYaimed for atudy by zoologlltl •• 

well as by botaniste (Allen 1969). Coexistence of auto- and hete,rotrophy 

• ln the chrysomonada, and the wide'apread tendency to complete 1088 of 

chlorophyll, has fostered the suggestion that these algae may model the 

progenitors of the Metazoa (Butner and Provasoli 1951). The ecological 

diversity and versatility of the group ia perhaps most Btrongly expressed 

in the genus Ochromonas, whiçh is capable of phagotrophy, heterotrophy, 

photoheterotrophy and photoautotrophy (Prlngsheim 1955; Aaronson and Baker 

1959). However, Ochromonas ls one of only a few chrysomonads to have been 

studied exte~si~ely in the laboratory and the nutritional capabilitiea of 

other chrysomonads are virtually unknown, especially in the~ naturai 

setting. 

Pascher (1943) observed under the microscope that the colonial 

èhrys?phycean aIga Dinobryon could capture and digest small particlea, and 

thus concludèd that at least some part of this alga's nutrition had to be 

heterotrophic. This unusual phagotrophic abil!ty was not studied further 
Il 

unti! the recent discovery that severa1 Dinobryon spp. are not on1y 

phagotrophic in nature, but can be major grazers of bacter!a in lakea (Bird 
" 

and Kalff 1986). Bere we present further work on four different aspecta of 

the capabi1ities ot this a1ga: first, the relative importance of 

bacte~ivory and photosynthetic carbon fixation to Dinobryon's nutrition; 

secon4, a comparison of day and night grazing rates; third, the 

relationship of grazing rate to light and temperature in situ; and fourfh, 

the dependence of grazing rate on partiele 'size. 
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L. Pope and Y. Feig. C. Duarte an~ R. Xrohn commented on early ~~afts and 

P. Chambers helped with the measurement of light avaUabflity. 

Methods 

Work on the relative importance of grazing 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 
"l.. , 

protected from wind-mixing by 8urrou~ding hi Ils so that a sharply definèd, 

shallow epilimnion develops'(Fig. 1). We withdrew water f~om the. top of 
-

the algal biomass peak at 3 m (Fig. 1) for studies of photosynthe~ic carbon 
1 

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

with 4 ~Ci NaH14C03 at 0, 1, 3, and 5 m in the lake, corresponding to 

photo~ynthetically active radiation (PAR) levels of 920, 200, 15 and 1 

~Einst m-2 s -1. Three dark bottle blanks were incubated at the sur~ace. 

Samples Were fixed after 3 h with Lugol's iodine solution and refrigerated 
, 

until they could be sorted, within 10 days. l 
In the laboratory, the fixed samples were filtered tQr gh 105 um 

Nitex screens, rinsed with 10 ~ filtered lake water and the trapped 

plankton wer"e washed into a shallow zooplankton counting tray. ,Illdividual l, 

Dinobryon colonies were removed from the rest of the plankton with a 10 ùl 

:. automatic p,ipet, and colleeted on 2S mm 10 ~m pore-s!ze Nuclepore filters. 

Fiitera were .ounted in 65% glycerol, cells were counted, washed 'into a 

scintillation vial vith 3.0 ml of water and suapended in a gel with 10 ml 

Aqu8sol,II (New England Nuelear) for proper counting geometry. Each 

incubation bottle y~elded 3,000 to 6,000 individual cells of Dinobryon. 
, .~ ~ 

~at.sr.ted p~elio~ter:readin8s recorded st Lake 'Heaphremagog, 

t' 
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Figure l 

Depth profile of temperature, Dinobryon abundance, and bacterial 

abundance in Lac Cromwell, Que~ec' on 7-8 June 1984. 
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-------(180 km SE) were used to convert incubation period carbon fixation to total 

da1ly photosynthes1s. We assumed that 50% of total light vaa PAR, and that 

10% of surface PAR was lost due to reflection ($trickland 1958). Then PAR 

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

attenuation coeff~cient of 1.33 m-1• 

Bacterial uptake rate at 3 m was estimated as reported prevloualy 

(B1rd and Kalff 1986). Briefly, bacterial-sized fluorescent microsphere. 

(0.6 um dia~eter) were released into the water in Bn in situ grazing 

chamber (Haney 1971) and counted inside'Dinobryon cells after ingestion. 

Bead number vas 27% of the bacterial abundance of 2.04 million cells per 

ml, which was determined by epifluorescence counts of DAPI-stained bacteria 

u~ing tQe method of Porter and Feig (1980) wit~ modifications due to 

Coleman (1980) (final stain concentration 0.5flg.ml-1 in Hcllvaine'. 

buffer). 

Phagotrophic carbon uptake was calculated using the measured cell 

volume of 0.09 pm3 (60 randomly chosen cells). and a bacterial volume to 

carbon content conversion factor of 220 fg C pm-3 (Bratbak and Dundas 1984) 

so that each bacterium was estimated to contain 19.8 fg carbon. We 

assumed that assimilation efficiency was 50%. Fenchel (1982) tound that 

net bacterial $8similation by heterotrophic microflagellates and 

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

rather than overestimate assimilation rate. 

Daytime and nighttime grazing rates were compared in August 1984 in 3 

lakes in the Eastern Tow~ships, Quebec: mesotrophic Lake Kemphremagog 

(total.phosphorous 15 pg.liter-1), oligotrophic Lake Orford (TP 5 

pg.liter~I)J and oligotr9fhic Lake Bowker (TP 4 pg.liter-l ). Si.l1.r~ 
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comparilons were made in Lake Magog (TP 32 pg.Uter-1) in August 1985 and . 

Lac Croche (TP 8 pg.liter-1) 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). Alter 5-10 minutes 

feeding, the chamber was retrieved and the plankton preserved vith a 

mixture of 1 part HgC12 to 2 parts EtOH and stained with bromophenol blue 

(Pace and Orcutt 1981) (1984 samples) or preserved with 0.1% Lugol's 

iodine, destained with thiosulfate, and stained with DAP~ (Pomroy 1~84) 

(1985-86 semples). Preserved samples were mounted on 10 um Nuclepore 

4 filters in immers~on oil for cou~ng of phagocytosed beads. Coefficients 

of variation in bead uptake per cell ranged from 56% to 231%; we counted 

be~d content of between 114 and 1322 cells per fil ter (mean 478), so that 

95% confidence limita were always wlthin z 16% of the mean. _ 
/ , 

An abundance of Dinobryon colonies throughout the ènt~re éuphotic zone 

of Lac Gilbert, Quebec (45°12'N 72°17'W), surface area 8 ha, Secchi depth 

4.2 m. max depth 16 m) provlded 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 aboye-surface changes with a KAHLSICO . ambient photocell. 

Haney-type grazing experiments similar to those described above were 
-

conducted on July 10, 1985, at each meter depth down to the 0.5% light 

levei at 10 m. Experimenta were conducted on the afternoOn of a su~ny, 

~ calm day, so that mixing was minimal and colonies found at each depth must 

" . have been subject to ambient light conditions for an extended periode 

Fina11y, we examined the size-seleetiye characteristics of, 

Dinobryon'. partiele grazing bY'offering a mixture of fluorescent beads of 

1 
, 



o 

10 
1 

l " 

o 

" 77 

r-, 

~ different diameters to grazera in Raney gradna chamber. experimenu., Thil 

study was done in Lac Gilbert on 30 July 1985. Beadl vere offered~lft tbe 

ratio 21.~9 small (0.28 pm) beads to 3.94 m.edium ,(0.57 pm) beada to 1 large 
.... 

(0.99 pm)' bead. Beadà of aIl sizes were counted inside 60 ce!la of 

Dinobryon (largely ~ sociale Ehrenberg in this leke). We t~sted fQr 

uptake discrimination on tbe basls of size of particle, uslng tbe 
, 

chi-squared selectivity index deve10ped by Pearre (l'tJ821
). tn thia case, 

u 

the test had the power to detect partlcle-slze prefere~ce on the.ord~r of 

:f: 20%. 

Results 

Photosynthesis by Dinobryon cells in Lac Cromwell was greatest at the 

surface and was 8.3% of this surface value at 3 m where the ce Ils were ~ , 

concentrated (Fig. 2). No net photosynthewls occurred at the 5 m depth •• 
.fi. • 

Llght use was most eff1c~ent at :3 m. Bead uptake rat'e at the 3 m depth Wal 

0.125 beads per cell per minute. Since the bead concentration vas.27% of 

the bacterlal abundance of 2.04 million cells per ml, and natural bacteria 

vere ingested ,preferentially over beads by a factor of 1.3 to l',(Blrd and 

Kalff 1986), ve eatimate that Dinobryon cells 90nsumed on average about 3 

bacter!a every 5~minutes. Daily assimilation of carbon from ingested 
.." 

partlcles was therefore at leaèt 8.6 pg C cell-1 d-1 (Fig. 2~. r-. 
At face value, photos)'l'lthesis at' 3 .-.provided onl'Y 28% of th'è-carbon 

l ' ~. 

taken up through bacterial ingestion at the same depth. However, the 
, 

me4sured photosynthetie rate at aIl d~pths ls sUbject,. to two ~owp 8ou~ces 
'0 

of' err~r. First, 'sinee Dinobryon ls phagotrophic, an unknown part of its 
" 

'labelled carbon content, 1s ,derived from ingestion of labelled 
1 
1 

picophytoplankton and bacteria. Thls wou~ cau.e·an overestiaatlon of 
1 ~ 

l 
1 

) 

\ 
il.iôi,'~ ... • .... ' .... ' _-",; __ ~",;,-", _____ ,,--_---,"~-,--~ __ ~i~" __ -,-... 

, 
" 
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Figure 2 

Depth profile of photosynthesis and irradiance in Lec Cromwell on 7 June 
r 

". 1984. The open bar at 3 m""t"epresents estimateçl carbon gain t,hrough 

.bjcteilal. !nge;stion alld assimilation st the depth of the metalimnetic . , ' . . . 
Dinobryon population maximum. 
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photosynthesis • For instance, if the specifie activity of .. bacterial and 
\ 

1 ... f"" 
picoplanktonic carbon was SOt of that' of the phyto plankton, then - , . 
photosynthesis by Dinobrxon would be overestimated by 90%. We wijdt make 

the conservative assumption that aIl Dinobrxon's labelled carbon i. 'derived 

\ directly from photosynthesis. A second and more important source of error 

derives from the need to preserve the phytoplankton. Use of Lugol~. 

solution causes radioactive label to leak into the medium 8t'~ .. ,,,":," 
.' , .. 

species~~pecif1c.rate, leading, to an underestimation of photQ8ynthe,i~ 
ç ., , 

(Si1ver and Davoll 1978; Paerl 1984.). Observed leak-age losses for other ....... ' 

species rang~ from 10% (Lehmus1uoto and Niemi 1977) to 60% (Paerl 1984). 

If 60% of the 14C label was lost due to leakage, than the correeted 
" ( 

photosynth~tic carbon fixation st 3 m would still only be 70% ot ~arbon 

~ assi~ilation via phagocytosis: Phagoeytosis would certainlt predominate at 

4 m where light was 4 times weak~r than at 3 m,though the Dinobryon 

population was equa11y,làrge. These re~u1ts show clearly that this a1ga' 

,-

, 

was not mere1y supp1ementing p'hotosynthesis by phagotrophic feedin" but 
t .... > . 

was dependent 1argely" on captured prey for subs!stence. 

. l'pe day~ime gradng rates observed in Lac Cromwell fell among values 

for other sites at similar temperàture (Fig. 3). Rates in the other lakes , 
, 

ranged from an estimated 1.2 baetet!a per ceU p,er ,h '~pder the tee in 

Memphremagog (O°C, 4 Feb. 1984) to a high of 95 bacterla per h in eutrophie 

Lake' Magog (21.9°C, Il Aug. 1985).- These rates either d1d not change trom 
• .rI j 

day to night (lakes Hemphremagos, Orford, Kafog and Croche) or actually 

i!ler~ed 'lat ,night (Bowker) (Fig. 4). Thi., led us to enquire furcher into 

the relationship between grazing, light, and temp~ra~ure. The reault. of 

the experiments eondueted in Lac Gilbert in July.1985 show that gr~zing 
• 
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Figure 3 

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

Gilbert values are from different depths within the lake on one 

oc ~8 ion, '10 _ Jîi l Y 1985. One ve iy high val ue (95 bact.e ria.~': i, Lake 

Magog, 21.9 oC, August 1985) was not included in this figure., 
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Figure 4.--

... 
i 1 

1 

" 

; 

• 

" : Di.urnal comparison of Dinobryon's c1.earance rate within Eastern Township 
! ..... ~ '#' 

, 'and Làurentian 1~ke8, Quebec. • 
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rI ~L' 
rate wa. cl~.ell linkèd ~~ tem~eraturl,in ~s lake and only matg1nally 

• 

.ffected bi lisht (FfS. 5). The parti,1 correlation (r) between baeterial . , ( , 

·con.umpti6n rate and temp~rature with the effeet of light excluded waS' 0.98 
• _, h, ( 1 

(p < 0.0001) whereas the 'Torre1.ation between bacterial consumption and' 

Ught. t exclud'ing the effeC~ of t~mpenturet was -0.29' (p > 0.40).' This 

" inefication of tbe imporotance of tel!lperature, rather than Htht. 1& / 
ri . 

consistent with the observed constancy of grazlng from 
. ' . d 

?ay to nlght in 

lakes Memph~~magog ~~d Orford, and a similar day-nigh~ constancy of 

bacterial ingestion by Ochromonas in the laboratory (Aaronson 1980). The 
). .' 

nighttime incresse in grazing in Lake Bowker is unexp1~ined. 

Finally, the jize-selection expeti~ents show that Dinobryon Is almost 
g , 

incapable of ingesting the very tiny '0.28 ')lm p~rticlea (Table 1). Bèads of 

this Bize correspond to the smallest, though oftén most n~merous, of the 

-' freshwater bacteria. ~ probabili~y of f1nding such a low number of these' 

tiny beada inside cella by chance is'negligibly smal1. The two larger bead 
, . , 

Bius. corresponding in volume to rhe largest bacteria ,< (O.b pm diameter) 
~4 - " 

~nd ttie CyanObacteri~ (l~m diameter), were,not discriminated between. 

Discussion 
c -. 

The discovèry that a comm~n algal genus derlv~8 large amounts of 
\ 

carbon from p~agoèytosis adds a further complication to studies of food web' 
4-

~ynamic8 in lakes and perhaps the sea as weIl. These studies had already 
t'" ... . ' 

been compUèatèd by ~he discovery that some algae sUl>plèment fhotos,ynthetic ' 

carbon fixation by taking up dissol~ed organic carbon at in situ 

concentrations (br~efly reviewed by Harris 1978). With spme algae deriving 
, 

·laTle amQunta of their carbon and nutrients from ingeated bacter!a, troph~c 
Lr ... ... ~ • . 

dyn.~ic8 become even lesa .traightforward "(Porter et al. 198~). 
- 1 

... 

( 
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, 
, \ 

Oepth profile of temperature (T.), irradiance (I), Oinobryon abundance 
1 

.J 
(0) and clearance, rate (C) in Lac Gill)ert, Quebec, on 10' J~ly 1985. 
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·Results of the si&è':'.elê~t1on exper-iaent conducted in Lac GUb~rt T.able 1. 
,< ) , 1 Cil 

on 30 July 19,85. ,. For elar~ty. all head abunc1ancea bave been tran,formed to \, ,," , 
~ l' \. 

abundance ,relative 1:9. ~he number of larg~. '0.99 pm beads.< A chi-.Clua~e 
" , ,,'" 1 \ -.; 

test provided tbe probab'ility that the otber· bead aizea Ire- 1.rtgeated at the . - .. 
-same rate as the larsest beads. 95~ confidence limite #ar~ in'brlcketa. 

Bead diameter 
(pm) 

0.99 
(;1:0.08) 

0.57 

1 J 
Bead concentration 
in the water column· 

" relative to 0.99 
#lID beads' ~ 

1.00 
(~0.16) 

(;1:0.01) tif 
3.94 
(~0.60) 

0.28. . 
(:A:0.02) 

\ 

21.89, 
(:1:2.57) 

l 

IJ 

Beada 1ngested 
by Dinobryon 
~r,lative to ,().'99 
plD beads 

1-.00 
(:1:0.26) 

4.02 ~ 

(:1:0.90) 

'b.29 
(~.13) 

1 

" 

... 

. \ 

, Probabili ty of no 
selecU vi ty • 

. relative to 0.99 
.pm belda ,. 

0.97 

'1 x 10-50 

t 

.. 
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,A second, cOIIP.1icatfon is that .. undl It is .. established whlch algae are 

• a 

phagotrophic and which are not: ft will not be possible to est~ate grazing 

. i'" l-on b4cteria by counting non~igmente~ cells and ignoring thoSé containing 
. 

~lorophylJ • Anecdotal repeTts of phagotrophy implicate the pr~nesiop"'te 
• 

Cbrys~chromulina (marinè species on1y: Menton 1972; Pienaar and Norris 
p 

19JiIJ), the coccoli thophorid Coc~oli thUB pe1agicu'S (Parke and Adams 1960), 
• 

the xanthophyte Chlorochromonas (Gavaudin 1931), and the chrysophytes 

.. -' Phaéaster (B~leher and ,Swale 1~71), Chrysamoeba (Hibberd 1?71), an~ 

Pedine!!a (Sw~le )969). Steinberg (1980) showed that the unicel1ular 

ehry8 ophyte S"la lDgeot •• mal1 diato.... B~cteri. have bee •• een ln 

food va~uoles the photosynthetic dinoflagellate Ceratiym hirundinella . 
. Huller (Dodge and Crawford 1970~. iorttr (unpublished, Porter 'et al. 1985) 

found experimental evidence ·for bacteriai uptake by Cryptomonas ovata 
. , 

Ehrenbers. Heterotrophy b~ Ochromonas has been well !.nvestigated ,and was 
• 1 

li} 
recently reviewed (Aaronson~1980) and Fenchel (1982) ~oted that lt ingested 

• 
up to 190 bacteria (Pseudomon8s.) per hour' in tuiture. ... . 

, \ 
'1 

Our own· investigations have shown that many if not most chrysomonad 
o v - '. 

algae are actively phagotrophic in nature. 
, . WUjek' s ,(1916) 'report of .. 

phagotrophy by field-ço11ected Uroglena' was verified by K~mura and Ishida 

(1985) .nd by uo Uai~ f1uorli.e~nt be.do ~. e.1ectron .. lcro8eopy .(Blrd and 

Ki1ff 1986). K~ur~nd Ishida (1985) 'reported Shat Uroglèna does not grow 

in cul ture in the' absence 0 of bacterial ~rey. ''We have noted bead uptake by 

a var~ety of other chrysomonad species.as~well: Catenoéhrysis hispida 
~ Cl 

Phil1ips, Chrysosphaèrella longispina ~uterborn, the epiphytic Dinobryon 
v 

'euryatoma (Sto~e8) Lemmermann, the microflagellates Ochromonas minis cula 
. 

Conrad, Chromulina elesaus Doflein;, and Chtlsococcus cIs t 02horu8 , and one 
C. , .... 

\ '" / \ 
'-

,lo, 
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" 
unidentifiéd- colonial speeiel (.imilar to Chry.oatephano!pha.ra). Indeed. 

; 

- ~ 

it now seemB unuaual to come acrols a cbryaomonad senu. that do.. not 

ingest partlc~s •. The genera-Synura, Kallomona •• and freahwlter 
\ 

Chrysochromulina appear to be three of tbes~ exceptions. The importance of 

phagotrophlc feedIng by algae 18 underscored by~the recent dllcovery,tbat 
fi ::l.) r~ " , 

jO% of the phytoplankton cells ln oligotrophie Lake Bowker vere 

-supplementing photosynthetic &4!ns bl ingesting, bacter!a, 80 tbat together. 
,; a 0 4 .. J. 1 , • 

o~\'I'h1l PhytOPl:nkton ,were removing more bacterla from the vater column t~ 

were the less numerous zoopla~kton . ~ ) 

(Blrd and 'Kalff unpublished). 

The inabil~ty of Dlnobryon to capture the smalleât bacteri. i. 
\, 

probably ot little importance to Dinobryon itself. Br capturing only 
. . 

larger cells, this ~lga misae~ 60}\ of 'the bacterla by number ln Lake 

b~~ consumes '~5% o{ itcoPlanktoni~ bio~sa_from the water it Memphremagog, 

clears. This selective abili7 cannot be explained on the blsia of 1 

simple. "direct !nte'rcePt!o~" odel of particle ea~re, whereby c<relra~ce 
.-

rat~ ~ould be proportional to the s9u~re of the radius of the food~plrticle 

(Fenehel 198~). Scich -(~del would pred! ct uptake ratios of 1 to 4.1 to 

12.8 for the smallest to larges~ ~ads, whereas bbserved ra~ios were 1 to 

76 to 76. 'The difference ia ~ot an effeet of cell placement vithin a 

loriea on water flov over the celI, ainee ve have noted a similar 

preference fOF large ~ads by the lree-living ch,tysomonada Oehromonal and 
\, 

. Chromulina (unpubl1shed·data). Indeed, among the\bacterivore., oniy the 

choanoflagel1ates and certain species of thé cillate Vorticella take 
ct \ t 1 

bacteria in proportion to their 'abundance by size, an abl1ity that II 

associated vith a lov clearance rate (cf. Fenche! 1982). Further wQrk on fi 

this topie ia needed sinee the e~is~ence of au ch diacrepant leeding on 

,~ 
'1 
~ 
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bacteria of different sizel could strongly influepce the observed 
c d . 

aize-abundance ana eize-activity relationships wit~acterial 

communitiel. 

Though the present study of chrysomonad capabilit~~s further 

complicates algal nutrition, 1t also helps to eXl\la~ apparently' odd 
ri 

results from the limnological literature. There has always been some 

puzzlement~over the presence of healthy, growing phytoplankton below the 

euphotic zone as determined by 14C production (Schindler and 'Holmgren ~ 
-7 -

1971). ln humic lakes and in oligotrophic lakes where the euphotic zone 

extends into the hypol1mnion, lt4-ghly concentrated populations of/ 
"\ 

chrysophycean cells often accu~ulate (Fee et al. 1977; llmavirtà 1983). 

For example, a dense peak of algae developed in the hypolimnion of Lakè 

302N of the Experimental Lakes Area (ELA), On~rio, in the summer of 1974 

(Fee 1976). The biO~:S peak was 100 times more concentrated than the 

.phytoplankton biomass in the epilimnion and Dinobryon sertularia Ehrenberg 

made up 99% of the population tn the peak. Wh~this was an extreme case, 

res~lting from experimental ~ertilizat~n of ~~e hypolimnion with sucrose 
.. " 

and inorganic nutrients, deep peaks 01 Dinobryon, Urogle.n.à, Synura or 

Chrysosphaerella can occur in 'aU lakes where ~he eUPh~~~C~Oiœ- exle~ds 
into the hypolimnion. Fee (1978) thought these peaks'to be the result of a 

$ummer-long slight excess of inorganic carbon fixation over respiration. 
, 

His experimental attempt to demonstrate this showed instead that 

respiration always exceeded 14C production. Unfortunately, these 
.,., 

experiments were confounded by the presence of respiring bacter!a JFee 

~ 1978). It il neve~theless probable that deep chlorophyll layers composed . ... 
of algae with phagotrophic abilities are subsist~ng largely by bacterial 

, 

.... 
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ingestion rather'than by ~hoto8ynthe8i8 alone. Ou~ analy.il,of 

results from the Hterature supports thh i,de.~ The photoaynthetic rate. 

of hypolimnetlc algae from Lake 266SW (ELA) were meaaured by traek 

autoradiography (Denoye1le8 et al. 1980; Knoechel and Denoyel1es 1980). 

Whereas photosynthetic carbon fixation wa8 8ufficient tG explain obaerved 
, 

population growth for Synedra and Anklstrodesmus, photosynthe811 eou1d 
..... ~ 

exp1ain at best 40% of the change in popu~tlon size for the dominant a1ga 
G 

Dinobryon sertularia living at the °1% ligQt 1evel d~ring the Itudy periode 

Our finding would suggest that the fraction not accounted for was' 
\ 

attributab1e to gains through bacteris1 ingestion~ 

lt 18 clear from the above that bacteria1 grazing i8 important to 80me 

members of \~he phytoplankton community. ,It 1& also evident thst this 

source of predatory 10sses can be important to tne bacteria, a1though the / 

relative importance of a1ga1 phagotrophy to the overs1l flow of energy and 

msterlals in lakes remalns to be determined. The chrysomonads are most 

. a~undant in oligotrophic waters (Kalff and Watson in press) and lt is tnere 

... that the impact of a1ga1 phsgotrophy can be expected to be-' the gres test. 
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~EVidence is pro,v~ded for the Import~n'c:e of phagocytos1s to mixotrophi~ 

chrysophyc:ean-algae and to the phytoplankton comm3nity as a whol •• 

J ,' , 
~ ,~ 

First, we confirmed the major assumption of, past work that the 
f1 • 

constituents of ipgested particl'es are in.c0rporated efficientl)' into 

algal tissue. Cells of the phagotrophiç chrysomonad Dinobryon sertularia 
~ 

'follected f:om Lac GU bert, Quebec, incorporated carbon from radio-
• ~ 0 

labelled bacterial prey with 54%- efficiency over a 5 h periode When 
\ 

removed~from labelled bac~eria, the loss of prevlously incorporatéd 

label from Dinobryon was undetectable 'over a 4 h periode We conclude 
J 

that thls alga's qU'8ntitatlve utillzation of pre)' tissue is 

indistinguishab1e fr~m that of pur~ly heterotrop,hic organisms. Second, 

/ 
sitÏlUI taneous measurements were made of phagotrophic feeding and - . 
photosynthesis within a highly concentrated layer of chrysomonads 

(DinobryolÎ and ~chromonas) 'in the metalimnion of Lac Gilbert on ,3-4, 

JuIy, 1986. Chrysomonad abundance ranged from 300 cel1s per ml at 6 m, 

to 9000 cells per ml at 7 m, s'bd back to less thsn'lOO cells per ml at 
. ' 

9m. At the 7 m peak, phagotrophy accounted for 79% of algal community 

carbon assimilation on this overcast day. 

" .. 

., 
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It 1 customary to ascribe the development and maintenance of algal 

Momass 
1 

lake~ to photosynthetic carbon fixation. In most c~ses, this 

18 a reaHst approximation. For instance, altho~h many algae require 

rQ. externally produced fix~d carbon iQ ~he form of vitamin~ such 

"heterotrophy" represents a deficiency of on the order of a milli'onth of 

(", 

. ~ 

a percent of complete autotrophic capacity (Provasoli and Pintner 1953~ ·1 

• 1} 

Studies that have looked for more substantial algal organotrophy have 

generally concluded that this source of production is of negligible 

importance compared to photoautotrophy (~g. Allen 1969). Therefôre, Ü 

was surprising to discover that algae of.s~me common freshwatec genera 

(Dinobryon, Uroglena, Chrysosphaerella, Ochromonas) are voracious . . 
" particle feeders that may de pend more on con~umed prey for growth than 

• 
on 'photosynthesis, at least under Iow light conditions '(Bird and Kalff 

• 
1986, 1987). - , 

{ Phagotrophic capability appears to be more than a ~imple 

)facultative supplement in some cases at least. Though Dinobryon can be 

maintained axenically (Lehman 1976), other pigment.ed chrysomonads are 

obHgate mixotrophs. Kimura and Ishida 0986) showed that !!.. amertcana 

r would only grow in the pr~sence of bacter!al prey. Uroglena apparently 

\ cannot synthesize phospholipids and must rely on phagotrophy to suppl Y 

~ (Ishida and Kimura 1986). Estep et al. (1986) showed that 
? -

photosynthetic spec1es of Ochromonas and Chrysameba that are éommon in 

the plankton of the open ocean are also unable to grow weIl in axenic 

culture and are bacter'Îvorou, at certain stages of their lite· cycl~s. ' 

Neverthe1ess, particulate prey alone was lnsuffidient to support growth 
~ .. 

, . 
in these Uroglena, Ochromonas, and Chrysameba species, 8S 1ight was a1so 

[ 

required. The li.terature on s1ga1 mixotroghy was recently reviewed by 
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, 
Sanders and Porter (1987~ -We report liere on two additionai aspecta of bacter1aI graztng by 

1 
phagotrophic' aigae ln nature. First, we attempted to measure the 

• 4 

pro'portion' of the bacterial b10mass being ingested by Oinobryon that was 
~ . ~ 

\. 

assimilated. Second, we examined the validity of an earlier claim, that 
, ~ 

deep algal peaks composed largely of phagotroph~c algae might be 
• 

malntalning themselves primarily through phagotrophy rather than through 

"" 'photosynthesis (Bird and KAlff 1987). 

We give special thanks to C. Duarte for the akeptical disc~Bsions 

that motivated 'this s1dY. c~ Duarte, L. Robidoux and E. Vllreschi helped 

with the f\eld work. A. Mopin, L. Godbout, Y.T.-~.rairie and ~. Ouarte 

commented on the manuscr~pt. We are also grateful to 1. Kobayashi and ~ 

Uno of the Shiga Prefectural Government for the gift of published and 

unpublished data on the phytoplankton ~f Lake Biwa. 

Metbods 

W~k was done either in situ, or using lake water samples collected 

~ 

from Lac Gilbert, Quebec, a amail oligo-mesotrophic lake (8, ha, 5 pg/l 

J 

chlorophyll a, 14.6 m max. depth, elevation 180 m) located, in 'the 

Eastern Townships of Quebec (45 0 12'N 72°1 rw). 

Assimilation study. A study of the assimila~on efficiency of the 

lake's most importan~phagotrophic alga, Oi~ObrYOn (in, this case, 

largely Q.. sertul~ was conducted on 1 August 1986. Labelled 

t'acter1-.r were prepared using a modification, of the 
. \ 

procedure of 
1 

Hollibaugh et a'l. (1980). Two hundred and fi(ty ml raw lakewater wer.e 

passed through a 3 pm pore-size Nuclepore filter in a Millipore Sterifi1 
) , " 

apparat us 7 days prior to the experiment. Twenty pCi ot a 14C-labelled 
, 

amino aeid mixture (ICN 110147, 1.89 mCi/mg) were added to the fH trate 

that was kept at 4 Oc untlt needed. Tventy four houra before the 

L. 

( 
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" experiment, 5.7 pCi of 14c-glucose were addêd to it. Concentration', 

washing, and,depletlon of soluble label poo~s w~re carriéd out ~s 

described in HofJdbaugh et al. (1980) except that sufficient unlaoelled 
! . 

amlno acids (Sigma lAA-S-18) were added - to reach à. final concentration 
, 
i 

of 2.5 pH for aIl amino acids. 

Dinobryon cells were'collected from the population maximum at 7 ~-

Jus t prlor to the experiment, the sample was fil tered through 200 um 

'Nitex screening to remove cru~taceans, and thé Dinobryon colon~es we~e' , . 
concentrated Qn a 35 pmAscreen and resuspended in 50 ml of 0.22 p~ pore-

si~~ filter-sterillzed lake water. The labelled bacteria were' added, 

mixed' in by inversion, {nd a 3' ml zero-time blank was withdrawn 
. 

• 1 

~ immediat/ly. The blank and ail subsequent 3 ml samples were collected on \ 

a 35 }lm screen, washe,dp with jets of fil tered lake:rater to remove 

extraneous bacter'i vores and ,unincorl?orated 'bact~fa, washed into a 

Hlillpore tower and collected on 10 pm Nuclepo~e filters to be mounted , 
in oil for enumeration. Prior to this, aIl 3 ml subsamples except the-.. 
zero-time blank were examined with ~ dissecting mi~roscJpe and rotifers' 

,-

and nauplU were removed' with a 10 pl automatié pipet. Samples were then 
î _ 

collected at 17 mln and at roughly 40 min interval s for 3 h. At that 

time, half of the remaining labelled CUltU5.was collectéd and washed on . ~ . . .., 
a 35 )lm screen and resuspended in filt~r rilized water. B\h the 

labelled and unlabelled cultures'were the ampled as usual~ The washed 

culture samples alîowèd us to estimate the rate of incorporated label 

loss. 
l ,~ 

We.counted Dinobryon cells on' the filters, fn 55 to 165 fields at 
, . . 

SOOX with an ep'lfluorescence microscope (rhodamine fil ter !Je~). F,1elds 

were chosen' randomly uslng a~HP-l1C programmable calculator. Since , , . . 
f.-v 
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these cells~re colonial and therefore contagiousl, di.tributed, an 

average lS5~ cells vere counted per filter 80 that coefficient of 

variation, for the total number 01 ke Ils on a fil ter :as 10 to 15%. 

Filters were transferred in~o a scintillation vial by Wa~;lng the 81ide 
, . 

+vith' 0~6 to 0.8 ml xylenè. The cover slip, to which cells adhered, was 

bioken up and also added to the vial. Cells vere digésted vith 1 ml 

Protosol (New England Nuclear) for 3 h at~50 °C.'~adioacti~ity W~8 
., .f!iI . 

assayed in 10 ml Econofluo~ 
- . 

C~nfidenc~ limits for the radioactivity (DPM) taken VP per celi on 

a filter were determined by & combination of Monte Carlo and bootstrap 

" ' techniques (Ef~on and Gong 1983). First, 200,;attdom norma. deviates were 

ge,nerated w~~ean equal to the observed t,.otal DPM on a fiiter, and 

standard dev! tion appropria te for a Pofssan variable. Next, 200 
, 

bootstrap samples of cell.counts per fllter were generated by randomly 
~ ~ 

,\ sampling, with replacement, the observed population of cell counts per 

microscope field an~>~on verting these to ce Il cQun ts per f il ter. The 

'" resulting 200 pairs of DPM and cell count estlmates yielded 2~O ' 
~ 

. , 
simulatèd DPM per cell ratios, which were then sorted, and the average 

1 

of the fifth and sixth lowest, and of the fifth and sixth hlgheat, were 

'" 
taken to represent 95% confidence limite. 

" 
The final assimil~tion 

efficiency was calcula~d as the incorporation rate (0.9 to 4.9 h) 

divided by uptake rate (0 to 17 min); 'confidence ~imits for thes€ rates 
• 

were also bootstrap percentiles. 

èomparison Study. A study comparing total, commurtity-photosynthesi. 

to total al'gal phagotrop~ was. done on 3-4 July 1986. Two clear and 2 

dark 125 ml Pyrex reagent bottles vere fllled with water at each meter 

depth between 0 and 10 m ~d incubated in situ for S h with 8 pCI 

Naa 14c03• sam;les were returned to the lab in a coole; fill,d vith 

,. , 



o 

.. 

* 

o. 

- 103 -
" , 

lcewater, and the phytoplanifon we;e collected on 47 um 3iamete'r, 1.0 um 

pore-size 'Nuclepore fU terse These fU ters.' were dissol ved in Protosol 

and counted in Econofluor. Samples of the filtrate were takeO" to assay 
. ~ . 

total 14C added, as, weIl as to determine labelled dissol ved and <1.0 um 
./ . 

particulate carbon content following acidification and bubbling 

\'? " 
o (Schindler et il. 1972). Integrated pyrheliometer readings recorded a·t 

'" 
Lake Memphremagog (10 km -to the south) were' used to convert incubation 

perlod carbon fixation to total daily photosynthesis. Available carbon . 
at each depth was e,stimated from Gran alka'lin1.ty titrations (Kramer " 

1982) and pH mj!asurement. 

Bacterial uptake ratE! by algae was estimated at each.meter depth 
Î 

using bacterlal-sized. fluorescent microspheres, as described ear~ier 

(Bird and Kal'tt 1987). Bead concentration was 1.5 to 7.7% of bacterial 

ab~ndanceQa~~\ the in situ grazing cha~ber incubation time was 10 

minutes. Sufflcient chrysomona~s were countea to produc~ coefficients of 

variation for' Mean celi abundance a~d Mean bead content per cell of 5%. 

Phagotroph.;1c carbon uptak.e was calculated uslng plcoplanktonic cell 
Q> 

volumes measured from Dapi-stained samples. We used a carbon c~ntent 

conversion facto~ of 106 fg C um-3 , derlve4 using a natural mixfure of 

b,acteria and p:lcophytoplankton (Nagata 1986), and our measure of 
assimilation efficlency described above, Note that Nagata's conv~rsion 

factor ls much lower than the one used in Chapter 3. 
'1 

.Llght was'measured as PAR u~ing a ~ahlslco underwater irradlometer 

with a 8el~nlum photocelll'(425-665' nm), corrected 'for above-surface 

~han~es wlth an ambient photocell. Optical density (a -logio 

transparency) was measured with a Philipp Schenk ln sdu transparency 

meter callbrated to 0.0 optical density in-air, and oxygen concentration 

Q 
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was measured with an i,n si tu ee Il. We- eounted rotifera in 40 .1 

subsamples 80 that C.V. ranged from 40% when rotifera were ~relt to 10% 

when they were abundant. Heterotrop~te mteroflagellates were counted 1n 

transeets at 1250X on Dapt-prtmulin stained samples (Caron 1983); C.V. 

was 10%. A rough estimate of crustacean zooplankton abundance vas 

obtained by counUng aIl animaIs in 250 ml samples (C.V. 6.to 20%). 

Phaeoplgment-corrected chlorophyll a estimates vere made using bOi1ing . - , 

9P% ethanol extraction (Sartory and Grobbelaar 1984). Since d~ms vere 

rare, we used btovolume as an estimate of alg!!l biomasse Cel1~/ere 
, 1. • 

enume~ted. and sized in transects across 0.2 ,um, pore size (2 ml 

subs8Jllple) and 10)lm pore- size (40 ml subsample) Nuclepore flltera. 

Phytoplankton vere stained with primulin before counting, 

Resulls 

D:1nobryon incorporated - l~C from 1 abe lIed bacteria vi t h 54% 

efficiency (Fig. 1). This 18 not a robust conclusion since the 95% 

confidence limi·ts encompas8 the r!lnge 40 to 79%. Hovever t it 18 more 

~lkely that the ~true" value was underest~mated than overestimated t 

because the observations used ,to, càlculate upta~e rate (at 15 min) had 

ppsitive residual error from the incorporation regression I1ne. The true 

value should, therefore, lie closer to the 60% figure derived by Fenchel 

(1982) for Ochromonas, a close relative of D~nobryon. Neverthele88, ve 

used our value for the compa~lson study estimations. When the algae vere 

remov~d from the labelled prey, they did not 108e the previously 

incorporated label at a detectable rate. The 1088 rate vas 

indistingulshable from zero over 4 h (p > 0.50). G1ven, the stat1st1c::al 

error level of our data, ve would have detected 1088 rates,greater than 
\il 

7% per hour. 

The sky vas overcast on 3 July, the day of the photo.ynthe.i. 
1 
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" 

(, 



j~ 1 

! { 
1 ( ) 

1 

1 

- 105 -

o 
\ 

.\ 

Figure 1 
" 

Time course of uptake of radioactlve la~el from bact~ by Dlnob.ryon. 

Excretion of label does not take plac~ for at least 20 min, therefore 
'\ Q 

we used the ratio of incorporation 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 ~ircles 

are from washed culture used to estimate 108s rate of incorporated 

labe 1. 
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measurements. Total daily insolation was only 40% of ~he for the 

preceding and succeeding !O day periods, and 

"maximum. Profiles of ligt't, temperature, oxygèn 

t, e seasons 1 

density, algal biovolume and ch10rophyl1 concentration ih Lac-'Gllbert 

are shown in Fig. 2. The upper' water column was, weIl mixed on this date; 

the metalimnion extende.d from 5 to 9 m. Oxygen in the epllimnion was 

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

'oxygen deficit at 7 m, below,which oxygen declined to 0.3 mg·1- 1 at 9 m 

and to ~0.1 mfl-l st 10 m. There were t~o sharp peaks in optical 

density at about 7 m followed, by a broad maximum starHng at 9.6 m. 

There was also a pronounced deep chlorophyl1 peak at 7 m, where the 
f 

chlorophyll concentration was 5 times higher than in thp epilimnion~ 

Chlorophyll sa1Jl.ples were aken w.ith a 60 cm Van Dorn sampler, 80 that 

pro,file Valuer represent an average rather than the maximum 

concentration. There was .,second chl~ophyll pealç, that we wlll not 

1.\ 7 
consider here, in the lo1lf' oxygen layer at la m. 

~hoto~ynthesis was greatest at 1 m and was 17% of this value at the 
, 
, 

1.4%') 1ight level ~t 7 m (Fig. 3). There w~~rYSOmOnad maximum at 

(5862 +- 550 Dinobryon and 3277 +- 346 Ochromonas per m~) that 

7 m 

was 
~ 

redponsible for the largest peak in optical ,densHy. There were no 
<', 

Dinobryon cells at the meter above, 1238 +- 102 cells per ml a meter 

below, and none at 9 m. The remainder of phagottophic chrysomonads were 

aIl Ochromonas sp. (3-5 pm diameter)., wi th the rare exception of a few 

Chrysameba seen at 5 m. Thougb Ochromonas was present at aIl depths, 

including the fnoxic zone at llm, 1t comprised less than 1% of total 

phytoplanktpn biomass away from the peak, at 

!Do An abundance of coloni~ urd.cellular 
/ 

depths 0 to 5 m and 9 to Il 

cyanobacteria of size 0.6 to 

) 
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Figure 2 

l "-v' 
l 

a. Profiles of 1ight,- temperature t oxygen concentration (CIOsed( 

squar.es) and oxygen sat .. i'ration values (open squares) in Lac Gll bert, .. 
~ 

Quebec t 3 July 1986. b. Profiles of ~gal biovolume, optica1 dens1ty 

and 'chlorophy 11 concent ration. Phagot rophic chrysomonads made up 1.5% 

of total algal biavalume at 6 m, 5B~~ m, 2.9% ,at 8 m, and le,s~ tnsn 

1 % at 9 m. \ ,,-
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'! '\ Figure 3 

Carbon aSSimilatiUe via photosynthesis (clo~bars) and algal, 

phagotrophy (open bars) '1n Lac Gilbert, Quebec, ~-4 July 1986. 
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: 

2 um made ,up most of t,he relllainde,.r of the met,l1tinetic ,(and epll1l1net1c) 

algal community. 

Although some p~~!9trophic production was evident at aIl deptha. tt 

was negl1gible outside the biomass peak (Fig. 3). Wlthln the 7 m 

maximum. however, particle feeding by chrysomonads .ccounted for 44 +

l 9.4 ug C assimilated·l-1·d- 1, about 79% of the total, whereas prlmary 

production was onl~ 12 +- 1 ug C·l-1'd- l • Dinobryon"s clearance rate was 

2.9 nPcell- 1-h-1 which t·s identical to the figure we measured for th1s 

alga in this lake a year earlier at this temperatur~ and depth (Bird and 

Ka.lff 1987). Although Oe'romonas is amaller, lt was a more voradous 

feeder, clea,ring about 4.8 nPeell-l·h- l • particle feeding accounted for 

4.3% of algal carbon assimilation at 6 m, 51% at 8 m, and le'96 than 2% 

at 9 m, compared to the 79% at the 7 m peak. 

Discussion 

Secondary production based on particle feeding by Dinobryon and 

Ochromonas contributed more than three quarters of the algal carbon 
~ . 

fixation in the 7 m chlorophyll peak of Lac Gilbert on 3 July ,1986. 

These findings provide evidence for our suggestion (Bird aid Kalff 1987) 

that such might weIl be the case in lakes with deep layers dominated by 

algal phagotrophs. Such b1urring of" the roles of "primary" and 

"seeondary" producer by these organlsms makes a mockery of our neat 

trophic schemes in this case. Indeed, the quantitative 

indistinguishability of bacterial feeding by chrysomonad and by 
... 

protozoan fiagellates (Bird and Kalff 1986) complemented by the present 
1 

demonstration .Of a high chr,ysomonad assr-milation efficiency (cf. 811Jo 

Fenchel 1982) that was coupled wlth'\ decll.ne in heterotrophic 

-
microfiagellate numbers at 7 m (Fig. 4), makes 1t look' 'as if aigae have 

.. .~r" Ils 

outcompeted the zooplankton Jitor prey •. The chrysomonad algae pr6vlde ~ 



• 

.' f 

- 113 -

Figure 4 

Prof iles of abundance of bacteria, phagot rophic chrysomonads, 

rotifers, and heterotrophic microflagellates in Lac Gilbert. Intense 

grazing by the zooplankton ig'concentrated'at 9 m, just wbove the 

anoxie zone, where picoplanktonic biomass 1s high. Not shown are the 

crustacean ~ooplankton; these were evenly distributed with depth at 50 

to 100 lndivlduals per 1, with the exceptlpnwof a single abundance 

peak of 250 copepods per l (Leptodiaptomus siciloides) that were" 

ingesting picoplankton at 8 m. There wag a drstinct mini)Dum in' 

bacterial abundance at the level of the chrysomonad peak at 7 m. 
( 
(Bacter:J",,~l cell volume was 0.05 +- 0.014 }lm3 (0-5 m) and .0.12 +- 0.02 ,.. 
~,,3 (6-11 ml. 
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. 
• o11d counterexampie to the d1ctuIII that a jack':of-all-trades viII be 

• 
master of none, and will be ecologically excluded (MacArthur and Connell 

1966, p. 97-98). 

It i s '" v ide nt, h owe ver, 

, 
that the dominance of heterot r,qphy over 

.dJ. 
o 

primary production in this layer could not be sustained for long, 

because 75% of the prey organisms were phptosynthetic picophytoplankto~ 

We suspect that the the proportion of carbon assimilated via phagotrophy 

i8 inversely related to light availability, for which 3 July 1986 

represents the low light,. heterotrophic extreme. Fee (1976) showed that 

the photosynthetic response of deep chrysophyte peak algae to increased 

l1ght was a linear function of the logarithm of illumination at low 

light levels, with a negative intercepte If also applicable to Lac 

Gilbert, thls means that on sunny days, when light at 7 m would be more 
-, 

ihan 4 times stronger, photosynthesis at 7 mwould be dominant 0ver 

secondary production( but wit., the proportions changing daily and 

seasonally. ~ 

How important i8 chrysomonad mixotroph~o the lake community?, It 
~ 

1& a smaU percentage of total algal production in this lake, espedally 

when ~olume-weighted by depth strata. lt is undoubtedly the primary~ 

, factor fo~,the bacteria ip the peak, evidenced by the sharp falloff in ~ 

bacter~l abundance at 7 m (Fig. 4) (see also the 8imilar minimum in Lac 

Cromwè~l (Bird and Kalff 1987». Bacterial volum~ perRcell increased 

markedly in the colder metalimnetic water (data not shown) so that 
-, 

easentially aIl 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 92% of vulnerable 

particles daily, necessi taUng a prey growth rate trm1~ 
. ' 

<'J 
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difficult to Bustain in these relatively cool (9.5 OC) vatera. 

The concentration of the chrysomonads into a th!n layer in Lae 

Gilbert resulted in intense but loca11zed effects. However, 8uch effectl 
1).. 

need not te localized. For example, Lake Biwa, 'Japan, i8 plagued with 

~ui8ance bl/ooms of chrysomonay throughout \he water column that are 

many times denser than thosé in the peak in Gilbert (Ohno et al. 1983). 
. . 

A 1982 spring b100m of ~rysomonads produced 69 p8 chlorophyll a per l, 
.<t\ \ ... 

contained 68000 cells of Uroglena per ml, and turned the watèr of the 

Iake red. Similar freshwater " red tides" have occurred every spring in 

lake since 1977. Using our measured clearance rates for Urogiena 

and Kalff 1986 and unP...ublished data), it iB possible to estimate. 

that during the 1982 bloom mentioned, the algae were probably cleJ~ing 

the water column twice daily. Phagotrophy may have been important 

that development of these blooms, sustaining production of those 
~ , 

were mixed below the narrow euphotic zone. Lastly, Sanders and 

(1987) documented the overwheiming importance of chrysophytes n the 

remova1 of bacteria du ring a spring b100m of Dinobryon 1nl Lake 

/ 
Ogiethorpe, Georgia. The relative impact 'of the chrysophyt~s was 

'greatest at the surface, where they were responsible for more th~~ hall 

of aIl batteriai grazing. Aigai grazers cons-umed on averag~ about a 
• 1 • , 

third of aIl bacteria ingested at different depths throug~out 

euphotic' zone. . ~ 
How does' this study fit in the context of what 18 knoJlf 

't-j;i: 
"o~ " 

chiorophyll peak formation? Though many authors have rêported 

the ---' 

deep 

the 

presence of metalimnetic and hypolimnetic maxima ,of chlorophyll and 

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

pred1ct their occurrence. The reason may he, as Cullen (1982) 8uggested 

\ 

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

arise under a varlet y of quite different cirèulIIstances. C~l ien's review 

included maxima that form as a resul t of enhanced prlmary production in 

" 
the presence of nutrients regenerated from aphotic waters, those that 

represl!bt an increase in chlorophyll pèr unit biomass as an adaptation 

to lower light levels bU~flect litt le, or no biomass increase, 

transient peaks wherein sedimentation rate has been 8low~ on contact 

with 'higher nutrient level~,..Qr denser w.ater, and peaks that represent-
1 

behavi~ral a~gregation by motile &lgae. P~aks in freshwater, as weIl, 

can occur as a result of in situ growth (Fee 1978; Abbôtt et al. 1984), ., , 
as sedim~ntation relies of epilimnetic populations (Fee 1978), and 

through aggregation (Meffert and Overbeck 1985; Pick et al. 1984). The 
, . 

ehrysophyte peak ln Gilbert may encompass m~st of these categories: that 

iB, it mat. depend on upwelling nutrients, in situ growtil, is undoubtedly 

acanifestation of "behavloral" aggregatlon, and chlorophyll per unit 
~ , 

lt omass was two tlmes higher at 7 m than at 2 m. We cannot -discount the 
"\ 

po~sibility that Din;;bryon settled to the' metalimnion from the 

epil1mniôn, though the marked concentra,tion at 7.3 m did not depemd on 

any physical dlscont~nuity that we cpuld measure~ AlI these models 

describing the formation"" of deep ~ater ph~topl'ankton peaks assume that 

,the biomass -opserved was a direct product of photosynthetic carbon 

. Q 
fixation. However, -the finding that the metalimnetic pea'k in Lac Gilbert 

generated biomass through the ingestion of bacteria and 

plcophytopîankton adds a new dimension to our knowledge of the formation 
; \ 
and maintenance of deep w~er algal layers. 

.. 

• 
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Chapter 5 

Protozoan grazing and the size-activ!ty structure 
of .. limnetic bacterial cOIIlIflunities 
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, Abstract 

We measured bacteria1 growth rates by labe lled thymidine 

incorporation, grazing 10ss ra~es trith fluorescent latex partic!es, 

and bacterial cell size and\ abundance withln narrow site classes of 

freshwater bacterioplankton. Contrary to the predictions of standard 

allometric re'latlonships, the smallest hacteria showed the lowest 
, . 

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

1 um,filters grew most quickly, and were responsible for 100% of 
'1) 

detected thymidine biosynrhesis. 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 proto~a and \ ,,-' ~ 

mixotrophic a.lgae, than were the tiniest cells. We suggest that 
\ 

reduced grazing pressure on the tiniest bacteria allows them to 

dominate numerica-Jly, d~spite their slower growth. 
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The deve10pment of the epifluorescence technique for enumerating 

aqu~t1c fct~r1a (Bobbie et al. '19H; Zimmermaon 1977) allowed the 

subs~ent concl~~ion that the bacteria w,ere not only unexpectedI-y 

ab~nt, but also far smaller than 18 typica'l for bacteria in 

culture. Epif1uorescence and scanning e1ectron microscoiji! counts 

showed thJt most native bacteria were uoexpected1y small, at the limit 

of resolution of the 1ight microscope and ranging down to the size of 

1 a rge v i ruses. Unders t anda bl y, the re was sorne immed ia te skept ici sm 
1 

regarding the meaningfulness of the new counts •. Wangersky (1977> and. 

Ste ven son (l 9 78) a r gue d t ha t m 0 s t na t ive a q u a't i c bac ter i a we r e in a 

-" 
state of dormancy brought on by starvation. This dormancy, it was 

suggested, would explain the discrepancy between plate and direct 

counts (e.g. Jannasch and Jones 1959). Stevenson's argument was based 

in part on a study by Novitsky and Morita (1976) who found that when a 

bacterium they. cu~tivated from Antarctic"~ters (mean volume 0.75 )lm3 ) 
\ 

was placed in mineraI medium, it divided several times without growth, .) 
r 

producing great numbers o~ tiny, inactive but viable ce!l!;! (mean 

volume 0.07 pm3). Since these tiny "resting" cel1s were similar(in 
" ~ 

size to native bacteria, .it was contended that the 'free-living , 

bacteriloJÙ ankton might be simi l arly dormant. In c9nt rast, bacteria 

• 
living in rich microzones, attached to particles, were suggested to be 

)sponsible for the majority of bacterial heterotrophic activity in 

~tu. 

Concern over" the r .. lative activity of free-lilrng versus 

particle-attached bacteria has spawned a large number of studies 

address1ng the question (e.g. Schleyer 1981; Kirchman and Mitchell 

1982; Pedros-Allo and Brock 1983; Li 1984; Kato 1914; Lovell and 

Kbnopka 1985; Jeffrey and Paul 1986). However, as pointed out by Si .. oo ( . 

.. 
• • 

rj 
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'" (1985) general conclusions cannot yet be drawn trom these etudie. 

sinee the results are not consistent. S~~e have found no difference in 

activlty bet~een free and attached bacteria (Schleyer 1981), some-have 

found marked differences (Palumbo et al. 1984), whereas others have 

shown that the activlty ean be variably partttioned wlthln one 

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

\imon 1985; Lovell and Konopka 1985). 

Stronger support for the dormancy hypothesls, albe1t ln an 

altered form, has come from microautoradiography and other direct 
1 

microscopie methods for assessing viabili ty. Tho\lgh these methods have 

demonstr~ed that many free-1iving,bacteria are undeniably active 

(Maki and ~msen 1981; Tabor and Neihof 1982; Marcussen et al. 1984), 
1 

are s id ua 1 f ra c t ion 0 f f r e e bac ter i a a l w ~ y sap p e ars t 0 b e d 0 r m{l nt. ' 

moribund or dead. A difflcu1ty with most claims of differential 

activity within the bacteria, however, ls how to reconcile them with 

1 

cur~ent information that seems to show that bacterla 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 dqrmant bacter~a persist? The 

purpose of this stu~y was to look at slze-activity relat10nships 

within the bacterloplankton on a finer scale than has been done in the 
~ 

past, by measuring growth rates, abundances and cell sizes wlthln 

finely'ldivided size cl·asses. An attempt was also made to determlne 
el 

probable predation loss rates within these classes. 

Methods 

First giowth study 

The first study examined the size distribution of bacterial 

aburidance, 
... -

biomass and thymidine incorporation in Qu1nn Bay of 
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mesotrophlc Lake Memphremagog, Quebec-Vermont. An integrated wa.ter 

sample taken on 21 September 1984 over the depth of the epllimnion 

using rinsed Tygon tubing (2.5 cm 1.0.) was used for aIl experiments. 

Sample processing began within an hour of collection. 

Thymidine uptake into macromolecul~S measured using a 

modification of the protocol of Fuhrman and A/am (10982). Methyl-3 H-

thymidine (69 Ci'mmoC1) was added to 100 ml of whole lakewater to a 

final concentration of 20 Q,M. Three ml 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 f 11 ters were added t'o 8 ml of ice-cold 

5% i~ichloroacetic acid (TCA) in polypro'Pylene test-tubes held in an 

tee-bath; extraction was for 15 to 30 minutes. The extractant was 

collected_on a 0.2 um Nuclepore fUter and rinsed 3 times w~th 4 ml 

TCA that had beeg used to rlnse the original fiIter. The original and 

the dnse filters were digested together for 24 h, with 1 ml Protosol 

Il 

\ :::: ::g: :ndg:::::: r :C:: i: ::::tit~ 
1 

:::::u::::· c::;: u::n:stc~7cet.he ~: 
< .ample. were mi~ed' vith 10 .. 1 Econofluor (NE;) a.ndjUnted. Efficiency 

wa8 mon by external standard ~atio and checked with internaI 3H-

"""" ............ 8. Çtden~ lcal procedu re w,as' used to prepare blanks 

from a formal.in-ki lIed sample. Incorporl:!tion rate was linear over Ume 

ln aIl fractions. Therefore, we used the stope of the regression of , 

total incorporation against time to estimate incorporation rate and 

Ha confidence limits. 

Bacterial abundance and ~omass were determined within size 

fractions collected on filters( of di'fferent pore size at the salhe 

gent le pressure used for the thymidine fractionat ion (5 cm Hg). 

Abundance was estimated fro. direct epifluorescence counts afte~ DAPI 

1 

" 

,.. 

. . 
( " • 
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staining (Porter an~ Feig 1980; Coleman 198Q). Four to six hundred 

bacteria
J 

were cout,lted on each of three repl1cate fU teta of each pore 

size. At the same t~me, the d,imensions of approximately 40 randomly 

selected cells were measured using an ocular micrometer scale, to ,. 
determi e he mean size of bacteria retaine..d by each fil ter type. In 

}. glare and maximize resolution, the leld stop from 

, 

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 1 um 
, 

diam.). Th~ proportion of attached bacteria in the whole lak~~ater was 

determined by counting aIl attached bacteria ln 4 transects across a 3 

um pore-size fil ter. A total of 3,648 attached baçteria were counted, 

so the 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 otherw!se noted, we use the terms biomass and biovolume 

interchangeably. The equation of Shuter et al. (1983) was used to 

estiinate DNA content of cell s of a gi ven size: 

ln volume (um3 ) .. 20.4 + 3.52 ~ "[ONA) (pg), 

r2~ 6.72, CF • 1.05, 

where CF i8 the correction factor nece8sary to 

bias (reverse prediction of DNA from volume) 

1985). 

Second growth study 

correct tr~tion 

(cf. Bird 'and pr~rle 

A second growth s tudy was conducted on 10 Hay 1987 ih eut rophic 

Lake Waterloo (chlorophyll concentration 14.3 U8"I- 1 on this date, max 

• depth 6 m~ The first part consisted of an isotope dilution experiment 

\ \ 
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to deterœlne the degree of participation of added label in 
( ,; 

macromolecule synthesis in different size classes of bacteria. 

Tritium-labell~ thymidine (Thd) W8S added to 65 ml whole lakewater in 

" 65 ml BOD bottle', ta a final concentration of 4 nM. Qtfferent. samples 

recelved additions of cold Thd to levels of 0, 6, 19 t and 30 nM. A 
\ . 

fifth sample was fixed with 0.1 ml Lugol's i~dine immediately before 

isotope addition. Samples were incubated at in situ temperature 

(15.2 OC) in a 'lakewatE!l'-filled cooler for 1 h, before fixation with 

" 

Lugol's solution. Two add~i_t_-. incubated with 2 nM 

labelled thymidine, f r Macromolecule partitioning. Fixed 

samples were refri erated until t ey could be filtered. Dupllcate or 

tripl1cate 3 ml llected on Nuclepore fiiters of pore 

sizes 0.2, 0.4, ume The procedure for extraction of 

TCA-insoluble macromo cules was similar to that in the first growth 

experiment. At least disintegration events were counted in aIl,' 

'samples, including blanks, to avoid th~ bias problems associated with -timed counts. Incorporation rate without added cold Thd was calculated 

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

Appendix 1). 

We distinguished DNA from other labelled macromolecules 
.\ . 

enzymat1ca~ly, rather than by the standard ul tracentrifugation (e.g. 

Moriarty and Pollard 1982; Findlay et al. 1984). Quadruplicate 3 ml 

subsamples of labelled and contro~bacteria were collected on.either 

0.2 or 1.0 um Nuclepore,filters (i.e., 4 sets of 4 replicates, or 16 

fllters in aIl) and incubated (1 h, 0 OC) in 0.5 ml ice-cold PBS 

(phosphate-buffered saline: 0.14 M NaCl, 0.01 M sodium phosphate, pH 
~ 

7;8) containing 27% sucrose, 10 mM EDTA, and 50 ul of a '0.1% solution 
'1' 

of . lysozyme (24,000 unns; Siglla). We added. 1l.95 ml P..fewarmed 
,. t ~~ 
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PBS:sucrose:EDTA plus 10 mg sodium dodecyl sulfate (SDS) in PBS (10 

min, 37 OC), then added 50 ul of 1% proteinase K (Boehringer Mannheim) 
1 

(Ebeling et al. 1974) and incubated for 4-5 more hoUrs at the same 
• 1 

...-/ ,/ 

temperature. Macromolecules were then precipitated and collected on 

0.45 um pore-size Millipor~ filters with 8 ml ice-cold 5% 

trichloroacetic acid <r.CA). Two replicates from each set of 4 were 

assayed for total incorporated tri tium following dissolution of the 

fil ters with an appropriate sol vent (Protosol for Nuclepore, methyl 

cellosol ve for Millipore). The remaining two re'pl icates were incubate'd . 
(37 oC, 4 h) in 1 ml 40 "mM Tris-HCI'(pH 7.9) with 10 mM NaCI, 6 mM 

MgCI 2, and 5,000 units Type l DNAase (Boehringer Mannheim). Residual 

,macromolecules were precipitated with TCA and collected. The 

1 
difference between pairs of replicates in each set was considered to 

•• 
represent incorporation of Thd into DN~ 

Another set of 16 subsamples (0.2 vs. 1.0 um, treatment vs. 

preserved blank) was cdllected, in a manner analogous to the above, on 

8 filteTS that were 'washed in iee-cold 5% TCA and 8 that were held in 

2.5 ml 5% TC! at 100 Oc for 1 h before cooling and precipitation. The' 

difference bet~een pairs in this case was taken to represent DNA plus 

residual, nonprotein~ceous macromolecu~(cf. Moriarty (1984) on 

i~bi~ity ,of labelling RNA with 3H- Thd). 

As a check on the veracity of the isotope dilut ion technique-, we, 

did four additional lh, 65 ml incubations with the following 

characteristics. The f~rst receivea 4 nM 3 H- Th d plus 2.9 nM 

fluorodeoxyuridine (FdU); the second, 4 nM 3H-Thd plus 17.2 nM FdU; 

the third, 40 nM 3H- Thd plus 17.2 nM FdU; the fourt;h, 40 oM 3H- Thd 

alone. AlI 4 bottles received 11.4 nM uracil. FdU has beeo used to 

block endogenous synthesis of Thd in leukemic cells because 1t b1nds 

4 
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irreversibly to thymidylate synthetase (Ellwart and Dormer 1985). The 

uraeil was added to c1rcumvent Interference with RNA synthesis that 

sometimes accompanles FdU action (Helde 1 berger '1965). These _sampI es 

were filter~ only through 0.2 pm fiiters and were~ot otherwise size

fractlonated. 

We did a filtration-dilution experiment (Kirchman et al. 1982) on 

10 May to determine a factor to convert 3H-Thd incorporation rate to 

grow~ rate. Twenty-fiv~ ml whole lakewater were added to 225 ml water 

that had been filtered through 0.6 um filters, then 0.2)lm pore size 

Nuciepore filters at 5 cm Hg. A sample of the diluent was preserved to 

check for bacterial contamination (cf. Li and Dickie 1985). We waited 

3 h before taking the first samples (henceforth "0 h") in order to 

reduce the effect of any lag period on growth rate calculations. At 

the 3, 9 and 20 h marks of the incubation, bacterial samples for 

enumeration, and 50 to 70 ml samples for Thd,~ncorporation (4 nM 3H-

Thd, 1 h), were collected. Macromolecule collection and bacterial 

enumeration were as above. No correction was made to attached 

bacteriai counts for obscured bacteria, sinc~~entiallY aIl 

partlcles wère transparent or translucent, so that attached and 

embedded bacteria could be seen by focussing th~gh the partlcles. 

Grazing experiments 

Size-selecti ve grazing experimenh were eonducted in 5 lakes in 

southern Quebec in JrlY-Aug U8t 1985, following the protocnl outlined 

ear,lier (Bird and Kalf,f 1987). Beads of three sizes (0.27,0.57, and 

1.0 p,m) ~ere fed to grazers trapped in a 2 litre Haney in situ grazing 

chamber. Feeding W'& s·t'~pped after 10 ,minutes by the addition of 

1: 1000 v Iv .Lugol's -4od1ne solution" to a 250 mDubsample' of the 
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trapped plankto~ 

Bacteria yere enumeràted on 0.2 ym fi1tera after destalnlng wlth 
~ 

0.4 mM thiosulfate .... (pomroy 1984); beads of all sizes were counted on 

the same Ulters. Flagellated grazers were counted udng a 4 ml Jlample 

collected on 1 um fi1ters. These samples were stained either with DAPI 

to ldentHy cells wlth ingested bacteria (0.5 pg·ml- 1). pr!.mu1in to 

visualize cell morphology and flagellar confÇlrmation (250 pg.ml- 1) 

(Caron 1983)~ or bo~h DAPI and bromophenol blue to visualize both 

inclusions and flagellation (10 )lg·ml- l ) (Bird and Kalff 1986). 

RotHers and large dIlates were located by scanning the entire filter 
} 1 ;~', 

at a magnification of 125X. and counting ingested beads//Qt 1250X. 
/ 

~anoPlankto~lc grazers were counted in transects across fhe fil ter at 

1250X. We a1so counted the number of microflagellate~ attached to 

particles by locaUng particles at 125X and examining them st 1250X. 

Ciliate abundances èould on1y be determined r~liably at 1250X. We 
4 0 

usually counte,d the' bead contents of 30 ciliates and 60 

microf lagellates (both heterotrophlc and mixotrophic). 

We also conducted. in situ~aZlng experiments on 10 May in 

Wa~er100~ simi1ar to those described above. The duplicate lnc~b8tlon8 

lasted for 15 minutes each. One subsamp1e of each jncubation W8S 

• preserved with Lugo1'8 iodine. 

Resulta 

First growth experiment 
-..:... 

The water temperature in. the epillmnion of'Q~inn Bayon 21 

September 1984 was 17.4 oC and Secchi disk depl. h was 5.1 11., The 

abundance and mean s~ze of the bacteria present on that date âr~ 

11sted in Table 1. Most bacteria (63%) were in the 0.2 to 0.4 pm size 
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interval. The greatest ba~terial biomass (49%) was found in the 0.4 to 

1.0 um interval. On1y a minor fraction (1%) of the bacteria were 

" 
attached to particles. However, particle-attached bacteria made up a 

fifth of the number trapped on the 1 um filter. "Attached" bacteria 

included those contained in protozoan grazers, and some of the large~, 

heavily-colonized "part icles" ~ere c1early ciliates that had exploded 

on contact with formaI in. Attached bacteria were not larger than free-

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

could be seen on particles. 
\ 

Uptake of thymidine into macromolecules ~as linear in aIl size 

fractions over the course 'of the incubation (Fig. 1). There was ~ 

measurable uptake in aIl size classes, so tha1: there was no dormant 

size fraction. Thymidine incorporation rate was roughly equal in aIl 

size classes (2 - 4 fmoPml- 1·h- l ) (Fig. 2). H0wever, because most 

cella were in the smallest size interval, the thymidine ,incorporation 

rate ~ the s,malle~t cells w~s ~ess than 10% of th'e ra,te of the 

largest cells. on a per-cell basis (Fig. 2). Thts would on tbe face of 

tt point to a strong disparity in growth rate w,ithin th~ 

bacterioplankton. There are, however, several alternatives to consider 

before tende ring 'such a conclusion. One alt~rnative ls 

cells of differeni sizes represented dlfferent cell cycle stages ot " '~ . 
the same organisms, wh~n 1>nly the largest cells carried out DNA 

, 
synthesis and di vision. If such were the câsf4, we would e,xpect tfsee )~ 

a sim1lar uptake ;ate of organ1c growth substrates pêr unit biomass by 

a11 cells. Stze fract10nation of uptake of amino acids a~d glucoS'~ 
rY~ 

'showed this 'il l ternat i ve to be insuff~ient to exp la1n the observed 

diaparity. Çells trapped by the 1 um filter too~ up roughly twice as 

much of these sub8tra~es per unit b10mass as did cells in the smaller 
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Table 1. The mean bacterial size r~tained on ft 1 ters of vartous pore 

sizes. Also, th~ estimated size of bacter!a in given size ranges, 

their equivalent spherical diameter, and predicted DNA content. 

pore size abundance size interval size diameter 

pm pm pm 

0.2 5.01 . 0.038 0.2 - 0.4 0.019 0.33 

1..028 

0.4 1.85 0.07~ 0.4 - 1.0 0.060 , Ott49 
.' 

1..034 

1.0 2.76 0.140 l.~ 0.140 0.64 

j 1..056 

'\ 
L 

'il 

.. 

1 
-

predicted 
DNA content 

fg 

1.03 

1.43 

1.8a. 

.. 

f 

, 
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Figure l 

Time course of label1ed 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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Figu re 2. 

Abundance, biomass, and thymidine incorporation activity within 3 

size classes of plankton in Quinn Bay, 21 September 1984. a: .. 
bacterial abundance 006·ml -I); b: bacterial biovolume (lO~ pm3oml- 1); 

c: thymidine incoq~oration rate (pmolol-Ioh- l ); d: ceII-specific 

thymidine incorporation rat~'" (fmol"(106 cells- l »; e: volume

specifie incorporation rate (pmol"mm 3 ); f) genome-specifie 

incorporation rate (}lmol"g DNA,..I)o 
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~ 

ce Il size categories (D.J. Curriè, U. of Ottawa, Anpublished data). 

Additional1y, average volume of cells in the smallest class was less ., 
than 10~ those in the .largest. Normally growing bacterial cËnls 

~sualll grow to on1y slightly more than double their volume before 

di vNtng (Ammerman et al~ 984). 

Secondly, the di arity in 'thymidine incorporation rate might 
tJ 

have stemmed from differences in DNA content with size. lt is known 

that the average qua~tity of genetic material per bacterial cell 

varies as the 0.2 power of cell volume among bacterial speèies q;huter 

et al. 1983). This difference i8 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 
.( 

single conversion factor to transform thymidln~ incorporation rate 

ioto growth rate would therefore be mis leadiog in this case. When we 

prorated incorporation rate per cell to cell bNA content estimaied on 

the basis of mean cell, volume, using the e4uatlon of Shuter et al., 

the gap between the growth rates of large and small cells narrowed but 
\ 

sttl,l did not close (Fig. 2F). Large cells trapped on the 1 pm fHter 

were apparently growing more than six times as fast as the tlniest 

t ' 
bacteria. 

Finally, there are two alternative explanations that could not be 

cl\ecked with the data of the first growth study (Quitl'n Bay). First, 

Riemann et al. (1984) suggeste~ that there was a weak indication in 

their data thàt endogenously synthesized thymidine was diluting the 

specifie ac~ivity of the thymidine pool most strongly in the slowly 

growing bacteria (contra't'y 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-lncorpotation resulta 

would be misleading. Second, since we" did not extract DNA from the 

macromolecule pool labelled ~ith tritium, we can not be sure that DNA 

did not form a larger percentage çf the labelled pool ln the smaller 

bacteria. Both of these possibilities, if correct., would tend to bias 

the presumptive growth rate represented in Fig. 2 in favor of the 

largest cells. These possibilities ~ere exami,ned 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-colonized detrital aggregates, often with 

Melosira at the core, "{ere abundant. Once again, most bacteria (45%) 

fell into the smallest size class anp the greatest biomass was trapped 

by the larger filters, 51% by the 1 um fil ter and 19% by the 5 um 

filter. Th~attached bacteria in Waterloo were larger than free cells. 

Attached bacteria (75% of the cells on the 5 um filter) made up 4.4% 

of the population but 14% of bacterioplankton biomasse 

'Thymidine incorporation rate in the different size classes, 

uncorrected for -isotope dilution, varied roughly two-told, trom 7.4 to 

, 17.3 pmoPl- 1·h-1, the greatest amount being due to those celU in the 

• ., 0.4 to 0.6 um filtér size class (Table 2). Once again, therefore, no 

bacteria were dormant as a class. Caiculated per cell, the tlniest 

cells ~ere incorporating Thd at one-half to three-quarters the rate of 

'" 
the l_a]:ges t ce Il s. 

The isotope dilution experiments (Fig. 3) show clearly that IIlOSt 
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isotope dilution was occurring among the largest, attached baetel'ia, 

and progressively less as filter size deereasèd and tinier baeteria 

were included. The degree of participation of added labelled Thd in 

macromolecule synthes1s for the smallest () 0.2 pm) to largest () 5 

~m). size class bacteria was 76, 68,61,52, and 42%, repectively. By 

subtracting uncorrected Thd incorporation rate from estimates 

correeted for isotope dilution, we could cal~ulate the absolute amount 

of Thd diluting the labelled pool. This ealculation (Table 2) showed 

that roughly 60% of aIl isotope dilution was due to bacteria in the 

greater than 5 um size class, the remaining 40% 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 occurrence of isotope dilution in the large, fast growing 
\ 

ce~ ls exacerbated the disparity in cell-specifie 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 classes incorporated the DNA precursor at roughly 30% 

of this maximum., Adjustments for probable differences in DNA content 

closed the gap only s lighrly (Table 2). An adjustment should a1so be , 

made for proportion of .label occurrin~NA as distinct from that in 

RNA and prote in in the different. sizes of bacteria-. Though more l~bel 

did appear in DNA in bacteria pass ing the l)lm fil ter (70% 'DNA, 18% 

protein, 12% residual) than in those trapped by the fil ter (52% DNA, 

39% protein, 8% residual), once again this effect was insufficient to 

account for the apparent growth rate discrepancy between diffe!ent-

shed bacteria in Lake Waterloo. 

Addition of 40 nM 3H- Thd suecessfully repressed endogenoüs 
, 

synthesis of Thd (Table 3). Incorporation of labe lIed Thd· at this 

.... ----------------------------_._. _._._._--- --_. 
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Figure 3. 

Isotope dilution curves (weighted regression) for 5 size classes of 

hacteria in Lake Waterloo, 10.ri'iay 1987. Lahelled thymidine, W8S 

present at 4 nM; X-intercepts (from which degree of participation 

u 

was calculated) are, from smallest pore-size ta largest, -5.2, -5.9, 

-6.5, -7.7, and -9.4 nM. 
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Table 2a. Abundance, cell volume, estimated DNA content and total 

" 
bacterial blovo1ullle in 5 filtration size classes, Lake Waterloo, 

spring 1987. 

interval 

pm 

0.2 - 0.4 

C.4 - 0.6 

0.6 - 1.0 

1.0 - 5.0 

> 5.0 

\ 

abundance-' ,size predicted biovolulIle 
DNA content 

106•m1-1 pm3 fg pm3·m1- 1 

2.14 0.010 0.87 20600 

1.21 0.022 1.07 26300 

0.335 0.059 1.42 
1 

19800 

0.871 0.076 1.53 66600 

0.284 0.110 1.70 31300 



o 

- 143 -

Tabl~ 2b. Thymidine incorporation rate in Lake Waterloo, spring 1987, 
;; 

part1tioned according to Nuclepore fil ter size-interval. 

interval 
:~::;~~~~-~~~~~~~~~:~~~_:~:~--------------------------------~ 
uQcotrected dilution corrected corrected corrected 

corrected per cell per cell vol. per fg DNA 
t; 

pm fmol·ml-1·h-1 f~ol·ml-l·li-l fmol·h- l fmol·pm-3·h-l fmol e'h-1 

0.2 - 0.4 11.2 11.2 (7.1'1 5.2E-6 5.1E-4 6 

0.4 - 0.6 17 .2 11.2 (21.1) 1.4E-S' 6.5E-4 13 
il 

0.6 - 1.0 7.4 7.4 (6.3) 2.2E-5 3.7E-4 15 
... 

1.0 - S.O 11.4 18.7 (ll\.7) 2.2E-S 2.8E-4 14 

> S.O 7.9 16.7 (18.7) 5.9E-5 S.4E-4 35 

\ 

ta " 

[J 



\ - 144.-

Table 3. Results of piLot study on~use of fluorodeoxyuridine to force 

o • 
bacteria to use eXQgenously supplied thymidine. Expected rate. and 

confidence limits are from the isotope dilution study. 

[3Hlthymidine 
'( 

Fluorodeoxyurldine Thymidine uptake Expected 
concentration concentration ratp rate 

(DM) (DM) (fmol·mC 1-h-1) (fmol-ml-1eh-1) 

4 2.9 30 55 (38 - 99) 

4 17.2 44 55 (38 -~99) 

40 17 .2 59 72 (50 - 130) 
~ 

~40 67 72 (50 - 130) 

o 
f 

! 

\ 

o J 

o 
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concentration was -not different from what wou!d have been predicted on 

the basis of tW: dilution assay. However, fluorodeoxyurid.ine did not 

i' 

act as expected. First, it did not block synthes1s of Thd, sinee an 

1ncrea~ in 3H-Thd concentration resul ted in in~reased incorporat19n l... .<t1, \ 

in the presence of FdU. Second,~ FdU was apparently toxic to the eells, 

since .added FdU at the 1 ow~s t ~ve 1 signif1cant ly reduced Thd 

incorporation. Though this Urst, unreplieated test is not pow(rful:; 

we conc1ude that the use of FdU i8 probab1y not appropriate for 1ake 

planktop community studies. 

. H~~f ~t were", the bacter1a 

course st y to determ1ne an .. 
grow\ng? The results of the Ume 

extrapolation factôr from Thd 

incorporation to growth rate are shown in Fig. 4. Growth rate ()1 + s, 

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

Thd incorporation' rate ~~s 0.101-h-1• The incre~Jl~ in ce~l numbers (px... 

over the salle period was 0.034·h-1• 'l'herè was a' marked increase in 

average cell Bize over the 20 h of the study, g~ing from 0.026 pm3 at 

o h to 0.044 pm3 at 9 h, to 0.094 }lm3 at 20 h. The rate of iocrease of 

cell-specific volume (s) was O.064·h-1• The sum o.f cell-specifie and 

population growth rates, equivalent t~ the rate of increase 0; total.' 

baeteri.l biom ........ O.098'h- l • Sinee thi. rate 10 a1most i!otieSl 

to the rate of lncrease of Thd incorporation, it appears that the 

latter rate w:Bs coupled to total production of baèterial piomas8 and 

not just to production of new cells. Therefore the appropriate 

extrapolation factor is not the standard one, calculated wlthout 

regard to blomass accretion (2.28 x 10 19 cell·mol- 1 ). Rather. the 

proper factor cônverts thymidine incorporation to'biomass growth rate 

(5.92 x 1017 pm3·mol-1). 

Because. ve measured growth rate in separate size classe~ Qf the 
. -
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... 

Figure 4. 

Dilution assay res..w.ts for estimation of growth rate extrapolation 

, ~actors. AIl values were transformed to loge" Thymidine incorpor

'\ ation rate expressed as fmol-ml-l-h-1 , abundance as 105 celleml-1, 

and cel! volum~ '-as 100x(pm3- êell-1 ~ 
-; u 
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bacteria, we can, however, carry the analysis further to test an 

assumption important to these incubation studies: that the proce88 of 

dilution and incubation does not alter the pattern of growth of the 

bacteria, it merely reduces predation losses, Calculations shawn in 

Table 4 show that this assumption is not tenable in this case, baaed 

on the effect on the growth rate estimates of the application of 

d~fferent conversion factors to the observed Thd incorporation 

pattern_ First, if a constant Thd-to-biomass extrapolation factor ~ia 

used in each size class, then the overall }l is O.24-d-1 and s is zero, 

These are not the relative importances of the population and specifie 

growth rates observed in the dilution study, on which the conversion 

factor was based. Alternatlvely, when a constant Thd-to-abundance 

factor Is used, then the relative importance of cell-specifie 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 ln the largest bacteria, so 

that adjustments must be made that would decrease the volume growth 

rate even further. On the basis of these observations, 'we tentati vely 

conclude that a large portion of the cell-specific growth-rate (s) 

occurred in response to filtration, dilution, or confinement, and as a 

, 
r,ul t, the Thd-to-biomass con vers ion factor overestimates ln situ 

growth rate. 

Our caIculations show that the population growth rate found in , 

the growth exp~riment (O.034.h- 1) would have ~een expected if an 

extrapolation factor of 2 x 1018 cell-mol- 1 had been used (3 x 10 18 



( 

- 149 -

cell.mol- I thymidine incorporated into DNA alone). This factor is 

similar to the standard one advocated in the literature (2 x 10 18 

celPmol- l ) (Bell et al 1983; Moriarty 1986). The population growth 

rate wou Id then be accompanied by a ce Il-specifie volume growth rate 

of O.OlS-h- l • 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, tlre population of 

bacterioplankton in Lake Waterloo was turning over slightly more than 

tw!ce daily"(2.2 tlmes), whlle producing new baeterial biomass equal 

to 3.2 tiÙles baeterlal standing stock. 

Grazing s tudies 

There were 3940 +/- 520 phagotrophie flagellates per ml in 

Waterloo on the date of the produc~ion experiment (10 May). Average 

elea,rance rate was 0.16 u!-eell-l-d- 1 on 0.6 um beads and 0.18 

uPcell- l ·d- 1 on 1 um beads. Clearance rate on 0.27 um partlcles was 
Q 

not sufficlently large to be quantifiable with precision, but was no 

c 
greater than 10% of the(rate on the larger beads, and probably was 

,.----~ 
less. Measured average clearance rate (0.6 um beads) for particular ..... 

f lagellate types r'anged from zero for bodonids, to 0.04 ul·cell-1·d-1 

for unidentified organisms 2 um in diameter, to 0.29 u!-cell-1·d-l for' 

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

of the water column of large particles per day. 

The rot1fer population was Qot yet abundant in the lake (about 

200·l-1) and consisted of genera that are not adept at bacteria

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

ci 1 iates had h1gh clearance rates (e.g. Vorticella, 6.7 ul-ind-1·d- l 

(0.6 um beads), equiva.lent to 200,OOQ body 'volumes d- l ; unidentif1ed 

, 

• 
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Table 4. Application of different extrapolation factors to thymidine incorporation data, 
, d 

Lake Waterloo, spring 1987. The first ls the Thd-to-blomas8 factor derived from 
1 

dilution assay~ the second is the standard Th'd-to-abundance factor from the 

literature, the third 18 the standard factor, corrected for estimated DNA content per 

celle ~ 

Factor - 5.92 x 1017 pm3·mol-1 2 x 1018 cell·mol-1 2 x 1018 cell·mol-1 adjusted 

o 

----------------- ----------------------- ----------------------
interval 

(pm) 
biov~lume 

(pm ) 
abundance 
(l04·ml-1 ) 

blovolume 
()lm3 ) 

abundance 
(lOz.·ml-1 ) 

biovolume 
(pm3 ) 

abundance 
(l04·ml-l) 

)l 
(h-1) 

-------- ------------------ ---------------------- ------------------------
0.2 - 0.4 

0.4 - 0.6 

0.6 - 1.0 

1.0 - 5.0 

) 5.0 

)l (h-1 ) 

s Ch -1) 

6620 

10200 

4360 
(. 

11000 

9800 

64.2 230 2.2 

47.1 750 3.4 

7.4 870 1.5 

14.4 2900 3.7 

8.9 3700 3.3 
------- -------------

0.26 0.029, 

-0.03 0.021 

<1 

380 3.7 0.017 

1040 4.8 0.039 

f 
870 1.5 0.043 

2700 3.S 0.039 

3200 2.9 0.098 

0.033 

0.015 

.... 
VI o 

t. 
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-1 
Table 5. Clearance rate, of monitored bacteriai grazers in Eastern 

" 
Tdwnship lakes, on fluorescent microspheres of three sizes. 

Clearance rate (pl·cell-1·d-1) Abundance (ml- l ) 

Bead diameter (um) 

Lake GIlbert (30/7/85) 

Keratella 
choanoflagellates 
a11 flagellates 

Lake Trousser (30/7/85) 
G 

Halteria 
aIl cil1ates 
choanoflagellates 
aU flagellates 

Lake Brome (27/7/85) 

aIl ciliates 
aIl flagellates 

Lake Stukely (9/9/85) 

heterotrophic 
flagella tes 

Ochromonas 
Dinobryon 
epiphytes on 

Dinobryon 
a11 flagellates 

Lak:~er (9/9/85) 

heterot rophie 
mleroflag~llates 

Dinobryon ... 
other chrysomonads 
a11 flagellates 

0.27 

0.07 
0.04 
0.025 

0.02 
0.09 
0.34 
0.01 

0.004 
0.04 

0.007 
0.007 
0.014 

1.0 J 
0.ôf3 

0.02 
0.017 
0~009 
0.016 

0.57 

1.3 
o 

~~ 0.13 

6.8 
2.7 
o 
0.15 

3.1 
0.19 

0.16 
0.34 
0.29 

0.2 
0.24 

0.14 
0.59 
0.31 
0.32 

1.0 

81 
o 
0.05 

13 
4.9 
o 
0.36 

5.4 ' 
0.1 

0.24 
0.54 
0.14 

0.08 
0.36 

g.54 
0.29 
0.87 
0.62 

280 
1180 

13 

850 

6 
510 

370 
270 

25 

4 
670 

200 
130 
240 
580 

r 
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r 
small ciliate (335 pm3), 7.5 pl·ind- 1·d- 1 (Lpm beads)., 20 million 

Microflagellate clearance rates in the other five lakes studied 

• were alsb-greatest on the two largest sized partiel es (Table 5). Only 

free choanoiragellates were consistently found to be consuming 0.2 pm 

partiel es at a rate elosel~ proportional to abundance.' Ot'*ter cella, 

partieularly the mixotrophic chrysomonads, concentrated heavily on 

larger partieles. These large-partie le feeders were always numerically 

dominant, partieularly in the richer lakes. In those lakes where , 
sufficient eiliates were examined to make counts reliable, a more 

exaggerated disparity in feeding rates on partleles of dlfferent sizes 

yas found (Table 5). On top of this, rotifera canno~ graze effectively 

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

the crustaceans show a similar grazing preference for the largeat 

bacteria (not shown). 

Discussion 

AlI other factors equal, smaller organisms have the potential for 

greater mass-specific metabolic 0 and growth ra tes, and shorter 

generation times than do larger one (Fenchel 1974; Banse 1982; Fenchel 

and Finlay 198~; Petera 1984). Slnce the bactetial size- growth 

relationships we inferred and observed in Lakes Memphremagog and 

Waterloo do not follow this pattern, however, we must eonclude that 

other factors aTe not equal. The smallest cella were less active in 

both metabollsm and growth than the largest cells, con;rary to the 

predictions of allometric relationships, and unless this ls unique to 

free-living bacteria, then it provides further circumstantlal evldence 

for metabollc dormancy of some fraction of the bacterioplankto~ 
.,. 
-' 
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No size fraction was dormant as a elass, however. A decline 1~ 

growth rate with a decreasing average size eould have been due to a 

unlform deerease in specifie growt:h rate with decreasing average size. 

or an increased proportion of completely inactive cells in the smaller 

classes. Whiehever effect is]" responsible. these resul ta do not support 

an earUer claim chat the smal1est bacterial cella are most aet! ve per , 
ce Il and per unit biomass (Fuhrman 1980. The size data and aet! vit y 

data supporting the earlier claim were preliminary only (collected on 

sepa,rate dates in dif ferent locations by different methods; cf. 

Fuhrman 1981). We therefore tentatively suggest that the contrary Is 

the generai rule, that the smallest aquatle bacteria are less 

metabolically active than larger cells. 

There Is evidenee of another sort in the literature that makes 

this suggestion more credible. Fenchel and Finlay (1983) developed the 

argument that the abillty to reduce mass-specifie respiratory rate ln 

response to starvation is more pronounced in smalier thpn in larger 

cells among the Protozoà. This capabi1ity. was suggested to be a 

necessary adaptation to the rigors of the very high 'specifie rates 

assoc1ated with small size, that would mean rapid starvation and death 

upon removal from nutrients if no m~erat1ng mechanism were 

available. Laboratory data provided by the authors can be used to, make 

this argument more quantitative. Recalculation of the data presented 
e... 

in Fenchel and Finlay, Fig. 4, ylelds the equation: 

Log lO resp. rate (nI' 02'cell-1'h-l) • -3.9 

+ 0.67 log sizemax 

CI' + 2.91 sizediff 

~ - 0.31 (log sizemax * sizedtff)' 

F • 663, R2 - 0.97. 

;.....------.....;..-----------~----- ~---

( 
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where sizemax is maximum cell volume (pm3 ) and sizediff ie the 

d~fference between observed 10g10 ce11 volume and maximum 10g10 cell 

volume. AlI coefficients were highly significant (p < 0.001) and the 

model can be interpreted as fol10ws. Since the positive coefficient of 
~ 

the sizemax term is signif1cant1y less than unit y, respiration rate 
~ -

per cell does not increasEt at the same r'--~te as cel1 volume among 

species. The positive coefficient of the sizediff term means that 

sma11er cells (i.e. more starved, in the context of the experiments) 

had lowered respiration rates. The negati ve coefficient of the 

interaction term mean~/~hat the starvation effect grew more pronounced 

as maximum cell size of a species of protozoan decreased, strongly 

di verging from the standard al10metric trend once maximum cell size 

fell below abo'!t 100,000 }lm3• <1Q",tlle basis of this equation, we can 
III 

calculate that an organism of the dimensions of Escherichia E.2.ll is 

expected to be able to alter its growth and respiratory rate over an 

SOO-fold range in respoq,se to altered nutrient conditions. lndeed, 

this is close t~ the reduction in respiration rate observed in the 

study, by Novitsky and Morita (cf; review by Morita 1982). ln light of 

this theoretical potential, the fact that the a~erage growth rate of 

different shed cells in the present study had only a 2 to lO-fold 

range, a minor fraction of the model-based range, suggests that 

nutrlent starvation was perhaps a contributing but Dot dominant factor 

determining the ba~al size - activity spectrum. That ls, the cells 
~ 

in the smallest size clase weré one-tenth the volume of the largest 

cells., but wetEr no't one eight-hundredth 8S active, such'ss would be 

expec~ed if the tiny ~ells were merely starved versions of the 

largeat,. according to the mode~ 
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50 far we have treated the abundance measures as if they could be 

determined without uncertainty. An al ternati ve that cannot be 

discounted i8 that at least some of the smallest DAPI·staining 
. 

particles were not bacteria at aIl, ~ut large viruses (cf. also 

Sleracki et al. 1985). If this were the case, it would explain the 1 

apparently low specific metabolic activity of particles in the 

smallest fraction. lt might al80 explain our finding (unpublished) 

that 50% of DAPI-staining particles (> 0.1. )lm) in Lake Memphre.magog, 

July 1985, passed through "a 0.2 pm fil ter. These. particles, when 

lsolated, 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 aIl of the thymidine dilution. If we 

adjust the dilution attributable to bacteria on the 5 pm Ulter for 

the effect of free-li ving cells trapped there, by assuming that the 

free cells have the same characterisics as those in the 1 to 5 pm size 

c1ass, then the 4 to 5% of the bacterioplankton attached to partic'l~s 

appeared to be associated with 51% of the isotope dilution. This 

positive relation between dilution and size (and hence growth rate) i8 

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 re80urce8 and m~chinery to synthesize a portion of 

their own thymidine. Small cells, on the other hand, with ~urface-to-

volume characteristics favoring uptake but )ossessing ni stored 

energy, de pend heavily on exogenously supplièd substrates for growth. 

On the other hand, isotope dJ.luUon in the largest cells may have been 

due aimply to the inadequacy of e~ternal supply to meet the demands of , 

------~-\ 

\ 
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(Mor1arty li), , 
The smallest cells grew most slowly in both lakes, but were 

severa! times more abundant than larger cells. If cells do not change 

size classes during their development, then 10ss 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 tnan bacterial cells, but the slmilarity 

of the rates we measured to those in the 1 i terature, measured U8 lng 

bacteria (Fenchel 1986), lends our estlmates credibility. Furthermore, 

if anything, the grazing rates we measured are unexpectedly high, 

being as they are average rates for a het~rogeneous assemblage of 

protozoa that feed by different mechan1sms, including the bodonids 
\ 

that apparent 1 y special ize -s lmost «=:xclusi vely on attached bacteria 

(Caron 1987), as weIl as protozoans that seem to feed on bacteria 

trapped by extrscellular 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 

adsorbèd beads 'as ingested ones. As a result, our measured clearance 

rates are probablr somewhat lower than true rat~s. 

The disparity in feeding rates on particles of different size may 

allowa 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 

implicated .in the obser.ved size-act~vity structure ls not unique to 

this paper. Several authors have alluded to the possible influence of 

, , 
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grazing 0.1 bacterial size distribution (lUrd and Kalff 1987; Ammerman 

~ et al. 1984; Hagstrom 1984; Kjelleberg 1984; Wright and Coffin 1983). 

The concept is a natural extension of t~e known influence 'Of algal 

size on vulnerabllity to gi"azing (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 aIl l,akes examined, ranging on1y two-fold among lakes. 

Other studies have shown that flagellate specifie clearance varies 

only 25% over the course of the growing season in both Waterloo and 

Memphremagog (unpublished data). This suggests' that the 

microflagellat~s are food-1imited, cleariog as much water as is 

physically possible, independent1y of bacterial and picoplanktonic 

abundances. Variability in community clearance rate among 1akes at the 

sam~ temperature wou1d thereby depend s01e1y on microf 1age1late 

abundances. The. marked tendency of zooplankton to concentrate grazing 

on the largest particles is suggested to result in increased overall 

quantity of food consumed, given the ~nevitable 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 celle Therefore the picophytoplankton representéd 

about 75% of the picoplanktonic biomass, and the loss of available , 
biomass to protozoan grazers with higher clearance rates on larger 

cells, but with a concomitant ,inability to consume the smallest 

bacterla, would be minor indeed. 

Food limitation ~,s consistent wlth the importance of mixotrophs 
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in oligotrophic lakes. Though Ochromonas was present in aIl lakes 

examlned in this studYt its relative and absolute importance WBB 

greatest in oligotrophic Lake Bowker, where chrysomonad mixotrophs 

made up 65% of the phagotrophic microflagellate communlty. Follow1ng 

this logic, the majority of grazers in the oligotrophic ocean should 

also be mixotrophs but this remains to be determined (Estep et al. 

1986). 

Finally, lt is important that future experimenta~ designs take 

into account the 8trong size-dependence of growth and grazing rates 

within the picoplankton. The present results verify and under.score the 

importance of the suggest,on of Fenche l (l982b) that large variations 

in clearance rate betweeri ~ozoans can be explained as a consequeqce 

of variable capabilities of capturing particles of different sizes. A 

consequence of this varlability ls that attempts to demonstrate a 

protozoan feeding preference for bacteria over latex particles are of 

reduced vàlue in the abs~nce of evidence for a plose correspondencè in 

size between the two food items (e.g. 'Bird and Kalff 1986; Sheq' et 

al. 1987). The apparent increase' in growth rate with cell size means 

that a simple Thd~to-abundance extrapolation factor will underest1mate 

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 of bacterial 
" \ 

growth and loss rates are the following. First of al~, the tiny 

bacterial cells that dominate the bacteria! community numerically are 

apparently the slowest growing, both per cell and per unit biomaSSe 

This contradicts standard al10metric Telat lonships. The reBul t ' 

provides circumstantia1 evidence for the existence of reduced 
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metabol1sm as ~ response to unfavorab1e conditions by some members of , .-

natural bacter1al commun1ties. Secondly, curren't pract1ces for 

deriving bacterial growth rates based on the incorporation of labelled 

précursors into DNA mey give biased, o~ at least inaccurate, results. 

P leomorph~c growt,h by' bacteria inf lates the incorporation rate, 

thereby in.f lating the growth rate extrapolation factor. 

Heteroscedast1city in isotope dilution data compromises the accuracy 

of "degree of participation" calculations (Appendix 1). Finally, it is 

like ly that the dominance of smaller bacterial celi s in lakes 18 a 

result of their inaccessibi11ty to grazers, because growth rate among 

the bacteria i~ I1mnetic communit1es increases '~ith size • 
. ' . 

, .. 

.' 

. 
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Conclusions 

~ 

The objectives of this thesis were, 

1) to build a predictive model of bacterial abundance in lakes, 
.. 

estuaries, and oceans, that could be used to'narrow the range of 

\ 
probable planktonic interactions and to generate further,hypotheses 

r~latlng to microbial activity ln thos~ systems, 

2) to quant if y the impact of predators, in particular the 

mixotrophic phytoplan~ton, on bacteria in situ, 

3) to detetmine the importance of bacterial prey to the 
t 

mixotrophic flagellates, relative to photosynthetic rates in situ, 

4) from a larger perspective, ta rec"'bnc1le the conflicting 

pressures of bacterial population growth and size-dependent grazing 

as a way of explainifig the numerical dominance of the slowest-grow~ng 

fraction, those passing through 0.4 pm Nuclepore filters. 

l conclude by summarizing the more important contributions to 

microbial ecology. 

In Chapter l, a strQng, positive relationship was foupd betwéen 

bacterial abundance and chlorophyll concentration in fresh and marine 

waters. The relationship to total phosphorus concentration, another 
... 

indicator of nutrient avaflabllity, was stronger than to chlorophyll 

concentration in Quebec lakes. There was no evide!1ce to support the 

claim that bacteria increase in size in richer l~kes. The suggestion 
'\ 
\ , 

was made (on the basls of data not in the thesls) th~t prpd~ction per 
.h ,'iS ~ , \. '--" 

unit· bactèrial biomass might increase along a trophic gradient, so 

that the disproportionately lower increase in abundance need not 

~,' 
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entail reduced bacterial community metabol1sm in eutrophie aquatie . 
systems. 

Chapter 2 reported that e~mmon members of the phytoplankton could 

be major grazers of bacteTia in lakes. ln particular, species of the 

genus Dinobryon consumed bacteria at a rate simi lar to that, of 

obligate heterot rophs, and consumed more bacteria f rom mesot rophic 

Lake Memphremagog on the date studied than did the crustacean, 

rotifer, and ciliate communities eombined. 
, 

TQe foeus shifted in Chapter 3 from the impact on the bacteria, 

to t,he importance of phagotrophy to the phytoplankton themsel ves. It 

was shown that under the low light conditions in which it was most 

abundant, Dinobryon eould rely more on phagotrophy t~n photosynthesis 

for subsistence. The total number of chrysomonad speeies observed to 

ingest partieles was inereased to 13. Particle ingestion rate depended 

on tempe rature and not on light, so that day and night grazlng rates 

were usually indistinguishable. Dinobryon consumed the larger 

a picoplankton many times faster than it did the tinlest bacterlal . 
cells. In an oligotrophie lake, the phytoplankton (Oehromonas, 

Dinobryon) were responsible for more baeterial gradng 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 eommunity 

forming a large peak in phytoplankton biomas8 in the metalimnion of.a 

small mesotrophic lake derived more fixed carbon from mixotrophic 
, 

particle i'ngestion, than from photosynthesis. lt was suggested that 
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partlele-feeding by Uroglena might be a fJetor in allowing this alga 

to form toxie blooms in Japanese lakes, and' that phago~ophie 

supplementatlon of photosynthesi8 by deep-living algae 18 responsible 

for the maintenance of some deep phytoplankton péak8. 

Finally, sn in depth look st the relstionship between size-

fractionated growth rate, bacterial abundance, and protozoan grazing 

showed that the smallest. bacteria were gr?wing most slowly, cont,rary 
-1)' 

both to earl ier c1aims in the literature and to standard allometric 

relationshlps. The larges.t. cells grew most quickly and were 

responsible for the majorlty of thymidine isotope dilution. These 

large bacteria, along with the picophytoplankton, were subject tO,2 to 

40 times greater grazlng pressure by unicellular grazers than were the 

small cells. lt was shown that assumptions behind current procedure's 

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 thymid1ne-to-

gtowth ext rapolation factor. Se cond, the acc e pted me t hod 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 • 

. ( 



- 171 -

o 

.., Append).x 1 

An investigation into the statistics of isotope dilution experlments 

) 

r 

o 
'. 



c 

l. 

- 172 -

While analyzing the resu l ts of the isotope di 1 ution procedure 

described in the second growth study of Chapter 5, we became doubtful 

of the appropriatenes8 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 labelled thymidine , 

will be incorporated into DNA in proportion to its abundance relative 

to unlabelled sources. That Is (using tha notation of Findlay et al. 

(1984» : 

Cobs/Cmax - L/(L + P + A) (l) 

~ 

where Cobs ia observed radioactivity incorporated in a sample, Cmax is 

the quantlty of radioacti vit y that would be incorporated if labelJed 

, thymid~ne were the only source available to the -bacteria, L ia the 
, \ 

constant conce'ntratipn of labelled 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 equatiort is 

inverted and rearranged to yield a mathematically more tractable form: 

l/Cobs - (L + P)/(L • Cmax) + (l/(L • Cmax» • A (2) 

In this form, the -:quation ia analysed by l inear regression. The X

intercept yields the total thymidine concentration Fhat Is 

incorporated Into~NA (L + p). The degree of participation of labelled 

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

mast efficient estimator of radioactivity incorporated in the absence 

of added cold thymidine. Together, the X- and Y-intercepts provide the 

eatlmate of total thymidine incorporation during" the incubation r,\ -. 
\ periode 

Once stathttca! analys1s beglns af a relat1oDsh!p der! ved 

, . 
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mathematically, however, the procedural rules change, and the 

assumptions of the statistical tool used must be met ln order that 

trustworthy results be obtained. In particular it appeared likely to 

us that simple dilution with cold thymidine would not alter th~ 

relative variability in incorporation rate among 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 glas8 

scintillation vials. Seven vials received 4 nM 3H-Thd, seven vials 

received 4 nM 3H-Thd plus 20 nM cold Thd, and three vials were Lugol'"s 

solution-preserved blanks. Incubations lssted 1 h and were stopped 

with Lugol's solution, then collected-on 0.2 pm Nuclepore filters for 

TCA extraction as descrlbed in Chapter 5. 

Thd-results of this study showed that ordlnar~ l~ast squares 

regress~on was not appropriate for the analysis of isotope~dilution 

experiments. The coefficient of variation (CV) of isotope' 

incorporation in the undl'luted ssmples (9%) was slmoat identicsl to 

the CV for the diiuted samples 00%) (Fig. la). This means that the 

CVs for the reciprocals at each level are also ne~ly identical (9 and 

• 
10.5%) (Fig. lb), and therefore that the errora around the mean- at 

each point are not homogeneous as is necessary for maximum precision 

in determining the X and Y intercepts (Draper and Smith 1981. p. IfO). 

Th. appropriat. m~del to us. 1n this ca •• 1. we1ght.d l.a.t squares, 

weighting each pOint! by the reciprocal of lts variance. We did' this in 
\ " ~"\ 

• analyslng the experlment descr1bed in Chapter ~ by assum1ng the 

coefficient of variation at each point was 10%. , 
A closer consideration of standard isotope dilution lIetllodology 

/ s 
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Figure 1. 

Isotope dilution results show that ordinary least squares should not 

be used to find line oÎ best fit. a: Vari~ce ·of un~ransformed 

counts increases with the mean; b: Variance of count reciprocals 

al sa ine reases wi th the mean. The bar ill ust rates the effect of 

reciprocal transformation on symmetrically distributed values. 

Points are shifted perpendicularly to avoid superlmposition. 
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\ , 
reveals that there are several statistical ,~oblems associ8t,ed 

H, some ~ore seriouS than... oth~rs, some. mOte'-ea,ilY rem.ed1ed 
" 

with 
\. 

than 

others.. The pr:.ob;i~~ of het'erosce~ast1ctty 1s most sct..:-ious,_ but al,80 

, "' . ( . 
most eas~ly remedied. It requlres that ~f'fort be made "to detvmi"ne the 

t . ~ , 
variabil1ty of thY1D;idine. incorpora1:ipn measurements in the system of-. 

, . , 

Interest (8ee Draper and Smith 1981" pp. 35 & 38, on p'roper 
, f' • ) 

rep1ication}. Most statistics pa~kages (e.g. SAS, BMD, SPSS) will 

perform th,e~equir~d weighted least squares calculations if" est1mates 
• <. r . , 

~ .~~. 1 0-' ~ 

of t~ variance at each point are available. Note that pne should' 
~ . , .. 

construct..or' ~I?itmà.te ~ re~ationship be~we,n variance and X-, not Y-, 
" • .1 '. , , 

'va?ues, ta avold under- or overestlma~lon of the variance due to 
~ . -

res~d\1al. error ,ln Y. Coefficients of ,V~r1atlon in the li~er~ture range'\ 

from 8% (Bell 1986) to 40 to 6"0% (Mey-er et al. 1987). Unlees a '\ 

welghted ana1yMs ls done, literature c1aims" re~te~ to nonHnearity 

of ls.()top~ dilution pl,ots should ~e greeted with ske~,t1:~~m, in light 

of the likel,ihood of gr~at ly increa-8e,i~8idual errors at'"greater 

dilution levels. Such cfaims mu.st be backed by proper tests of lack of 

fit to a linear model, cast in a fra_work. of weighted lea.8t squares, , ' , 

and haviilg sufficient true réplication Bt, eàch dilutt& revel. Note .,.. 
that the nonlinear least squares approach adv~cated bY,Klrchman et al. -
(1986,) is 8S subject ta the 

If 
probîems Bssoc1ated with 

heteroscedasticity as Is the standard one • 

The weighted l~ast squares procedure does not, unfe>rtunately, 

.-
remove aIl statistical pr9ble~ with this technique. First,~he 

residu~ls around the regression Une t(;Ll~ not in gener~l belnormally 
~ 

dist;,ributed, tending 1nstead to be positivelx skewed (see F1g. 1). 
" -

" ThlE\ means that confidence limit Btatement, will be 1naccurate. This 

problem 18 relat1~ely mlnor g1ven .the more seriou8 concerna about the 

-------~----------------~----~~------

' A 

" . 

• 



.' 

\ 

177 

biologieal valldlty of the teèhnique (cf. Moriarty 1986). 

Neverthe lus, the problem should be kept ln àl'1.nd when constructing 

confidence statements - these are best made nonparametrlcally (cf. 
l 

'Efron and Gong 1983). Second, use of the simple reciprocal of the Y-

intercept will probably underestimate. th~ true mea~ value of' the 
\ 

""" 0 ; .. 
~ ., 

~ thymidine incorporation rate without added eold thymidine. This Is 

because the mean of the rec1procal of a pos:Ltive random ,var,i4le 
~ t7 r~. ~...i ~ .... ~ .~~~ ... "" () lJI' JI· .......... 0 .. 

(1ncorl>ôrated radioaé~i "Hy,' i~ ibis -case~ i~- # always greater tha~ ~he 
t) ,) 

r'eéiprocal of Its mean (Chiang 1;66). In the standard c,ase where t~e 

ç resldual errors are normally dlstribt(l:e~, the undere~timation could be 

compensated for by applying the following equation 'Miller 1984): . , - ' 

Corrected DPM ~ (l/YoHl + s2/y } 
. 0 

~here Yo Is the Y-intercept of the regression f'<luation and s2 18 the 

~ . 
residual mean square. Because the error. distribution llound the Y-

o 

intercept ,ls poslt1ve1y"'skewed, however, this correction is likely ~o,. .. 
overcompensate, s'o that .the desi~ed value Iles somewhere between the" 

• 
simple reclproeàl and the correc:ted value. Th~s problem was not of~ 

concern in the s~udy described in Chapter 5 beeaus~the residual error 

" . at the intercept of thè weighted equations was 80 small that.correctèd 

and uncorrected estimate~ differed by only '1%. In cases where such a , . , . 
. f~lic1tous lack of error does not hold, we reeomm~np 

~.. ~ A 
of Miller"s equation, s.ince the ~ransformation b{as 

<' , ~ ,. 

the apPl1cat-r 

i8 likely to be 
, J ' ,.~ 

the more important of the two conf~lcting Influence~ • 
•• 

f 

7 
\-( 

\ 

.. . ' . . 

-. 

\ 
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Tele 2. Data used in cell size- - cell abundance reg1;'e.sion. Volume per eell' is ..e.sured in ~.;l. 
, .. 1 • • • 1 . 

p • 0 

. Hethod. uled vere A9-acridin~ oran~e-~pifluore~ce~ce and SEM-.cann~ng ~leetron .iero.è~py. .AODC ~efer. .~ 
'to batterial abundance (million. of cella.. mL-1). , . .; "\" 

.~ .,' 
'\ 

• FW source ,Volume cell-1." . Metbod' AODC Reference 
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- ------ -~----- ---- - ------------ ~_._._- ----- ----
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. " /1 

0.088 AO 1.63 Jord~n & Likens 1980 .. ... 

~e~dota 
'\,. .' . 
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'. 
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~ 

0.019 SEM 31 

'", ";v.c 
Krambeck et al. 1981 '" 
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..... 
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. ~ " 1 
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-~,- ~:::::::=::~ . -- . .. Krambeek'et al. l~Bl . , 
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Krambeck et al. 1981 
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6.015 SEM 34 

, 
Krambeck et al. i981 J c 
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Scripps Pier ~.1'" AO 3.26 Fuhrman 1981 
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~pter 2, Figure 2a. 

Incubation ttme -(lIl1.n) 

0.9 
3.9 
7.6 

.10.1 
13 .1 
17 .t, . 

Chap~er ,2, ~igUre 2b. 

Incubation time (min) 

~------------------------( 

0.5 
3.0 
6.3 
6.3 
6.3 
9.7 

11.5 
16.7 
21 • .5 
27,2 
28.8 

control 1 
control 2. 

• 

- 191 ... 

bea(. content per c"ell 
, . ------------------------

DPM 

0.13 
0.65 ' 
0.95 
1.25-
1.64 
2.28 

beatls 

-------'---- -----------
226.5' 

'l0 
246: 
246 

55 
91 
62 

927 
1444 
1384 
1820 

14403 1 
6189.,. 

1787 
. 953 
4438 
3305 
1078 
1270 
1265 

13501 
253]0 
22479 
29397 

315200 
118200 

-There were 365 bacteria per DPM~ 

Chapter 3, Figure ~. 

" . .. 
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" 
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Î 

D,epth(m), Temperature (OC) Dinobryon ,(cell/ml) Bacteria (cell/nl) 

" .. 

"\ 

~ 

~-------------------- ---------~-----------~ o 
1 
2 
3 
4 

, 5 
6 
7 
8 

." , .' 

21.8.. 
21.5 
19.3 
12.1 
8.7 
7.0 
6.1 
5.6 
5.4 

<1 2.2 
<1 2.5 
<1 3.0 

176 2.0 
184 \0.6 
10 2.0 
<1 2.3 

2.7 
3'.4 
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,'-----, ," .. , , .- ' ... 
.(. ..... - Il, ,_ 
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Çhapter 3, Figure 2. 

Dt!pth (m) ----7-- Carbon uptake ,(pg/cep/day) ~~~got~ophic] 
-----------------------~----

o 
1 
3 
5 

29.4 
18.6 
. 2.45 
~ 0 

Chapter 3, Figure 3~ 

, 
[8.6] 

'Lake Temperat~reO Oc 
J 

Ingestion raa 
---------------- --------------------

Memphremagog 
Mempl\f.emagog 
Orfora 
Bowker 
Magog 
Croche • 
Orford 
Memphremagog 
Memphremagog 
Cromwell 
Bowker 

o 
o 

20.6 
21.5 
21.9 
11 
12.9 
8 

17.7 
12.1 
23.9 

(see a180 Figure 5 data) 

Chapt$,r 3, Figure 4. 

: 

Lake Dayti.me clearance 

3.3 
1.2 

37 
51.6 
95.4 
8.5 

17.0 
17 .6 
30 ' 

'36.1 
10.8 

Night 

\ 
'\ .... 

clearance 

---~--------- ------------------- ------------------• 
~emphremago~ 8.64 8.89 \ 

Orford (.72 7.72 
Bowker .t .62 9.46 
,Croche 3.80 3.82-
Magog 1 i. 96· 13.75 

~'-
<t' 

) 

.~ .. 

) '" 

. " 
/' \l, " 

, . . ..... , ' .. '. >. 

(nl/cell/h) 

~ 

,.J 

.. 

~ 

'" .~ . 

~!,.t 

\' 

1 

\ 

D 
,. 



) 
• 

" 

C~ 
'" " , 

". 

yQ 

(, 

-0 "1 

(JP .. 

.. 
, •. 'e 

, ;. i{"' 

193 
,. 

Chapur 3, Figure s. 
Depth (II) 
----------

0 
1 
2 
3 
4 
5 

'-
6 
7 
8 
9 

10 

,., 

Chapter 4. 

Time (h), ' 
-----------

o ~ 
\0.28~ 

0.283 
. 0.9 
'1.367 
2.033 . 
2.75 
3.317 
3.483 
4.1 
4.867 
5.{) , . 
7.117 
7.483 

'~ 

. ,-
Irradiance Tellperature Clearance ~Abundaqcè 

... -----.. ------ ------------- ------------ --------~--

~ 310 
201 
120 

r~ 
30 
18 ,.-/ 

. 10;5 
5.7 
3 .. 2 

~ 
. 

1.5 

Figu~e 1. 
, 

cells on filtèr 
-----------~-~----, 

Il> 37126 
48750 
35329 
34019 
30774 
18414 ... 
27260 

. 
14337 
23600 
20219 
25890 

, 16050 
28767 . 
1~624 

" 

~ 

~ 

. .. 
\.0 

21.9 , 
21.85 
21.35 
19.75 
18.2 
16.8 
12.6 
9.7 
7.65 . 
6.3 
5.65 

9.5 
8.6 
7.9 
7.4 
7.4 
4.8 ( 
2.7 \( 1.6 
0.67 
0.51 ' 

v 72.5 
250 , 
145 
330 
165 
40 

, 300 
1575 

37 , 
10 

DPM «100 cells)-l) used for 
, 

----------~--------------- ---------

t- ' 

0.025 
0.250 
0.216 

.0.423-
0.638 
0.980 
1.260 
1.447 
1.382 A 

1.421 
2.006 
1.410 
2.132 
1.620 

\ 

~ 

.. ) 

" ' uptake 
uptake 
uptake 
inéorp 
incorp 
incorp 
incorp 
10s8 f" 
inc.orp 
108s . 
incorp 
108s ~ 

Dot used 
loss 

\. 

• 1" 

" ' ~ '. 

" 

1 •• 

, 
\' 
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Chapter 4, F1g~e 2. 

Depth <m) Light (uW/cm2) Temp' °d' . 92 (ppm' 
---------- ---------------- ---------- --------- 'biomalS ~PPll)-' chl. (ppb) 

--------~----~-- ---~~--~--~ 

0 6300 18.7 9.1 0.5 , 

1 3200 18.7 cJ.5 
2 1900 18:7 9.7 0.53 2.5 Q "-

3 1050 18.7 9.9 
4 556 18.6. 10.1 
5 320 17.2 11.5 0.52 4,55 
6~ 160 12.7 15.4 0.78 4.8 
7 90· 9.5 15.6 1.12 16.9, 
8 40 7.8 12.8 0.52 12.25 
9 15 6.1 0.7 1.14 14.7 

10 7 5.7 0.1 1.80 16.8 

1 1 -
~ 

_Y' () 

Chapter 4, Figure 3. 
't 

.. 
'~ Depth (ID) Photo8ynthes 18 (ppb/d) PhagDtrophy (ppb/day) 

----------~ ------------------------ -------~----------)f~--

'" 35.5 ,,( 0 
1 69.8 
2 61.0 , 

O· 3 38.7 
4 . 23.0 
5 28.4 
6 19.0 0.85 
7 12.0 44 
8 7.6 

"-
7.8 

9 7.5 \ 
10 9.8. 

Chapter 4, 

Depth (m) 

0 .. 5.5 0.620 Ô.O:t. 
1 5.4 0.643 0.05 

0.28 r 2 5.35 0.700 0.13 
3 5.2 0.506 0.20 
4 5.15 0.540 .,. 0.22 0.23 
5 ?'! 5.64 0.737 0.25 0.42 • ti" 

6 330 4.65 0.965 0.44 0.59 
7- 9139 2.55 0.280 = 

.. 1 1.16 't« 8 1977 5.02 0.389 • 1.80 
'" 

,0 
9 100 , 110

•
16 6.202 3.28 L.43~ 

10 9.97 0.751 a 0.32 1.56, 
11 13.43 0.427 , 0.3~ 1.65 

. -'\ 

, , 
-~, .;;{ 

}:~- '< - -~~. ~. . . 
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Chapter 5, Figure 1. 

a Time (ain) '(J1yllidlne incorporation (pmol/l) ~ '-' ----------- ------------.----------------------
"-

>0.2 uil f.lltets 

16.3 1.81 1 
27.1 4.54 
54.9 7.22 • 

./ 1O'5.~ 
. 

14.36 
148.3 20.42 

c. 
>0.4 um fUters . ' 

" '1.43 16.5 
\ 27.3 . r 1.74 J 

·55.0 4~26 
105.4 9.70 . 
148.4 13.90 , 

c 

~1.0 um fUters 
t 

- 16.6 0.44 

~ " 27.5 0.48 
. 55.2 2.63 
lQ5.6 3.931 t 

'C· 148.6 5.26 c-
\ 

Chapter 5, Figure '2 ~ 
Size. interval:, 0.2-0 .. 4 0.4-1.0 >1 

---------- ---------- ----------
abundance .' 3.16 1.'57 0.28 .- , e 'biovolume ' 5.93 9.46 3.88 
incorporation 2.35 3.61 2..25 
eell-specific 0.74 2.30 8.14 C 
volulle-apee1f1c 39.6 38.2 57.9 f( DNA-.peciflc 0.72 1.61 4.~6 

'\ 

\ 
~ ~ 

~ 

{", .." 
" "- « ,\ 

"------
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l ' -l 
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~- .... 
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Chapter St Figure 3.. 

Tritium dislntesrations R!! minute 

2.83 C~d thymidine added ~~): ___ ~~ ___ 
--------

:~::~:-!~:~-~~~~~(~m~ -
0.2 24777 

0.4 21071 
" . 

(0.6 12112 

1.0 821-8 

5.0 3702 

~ 

Chapter ~, Figure 4. 

Time (h) 
--~-----

o 
9 
20 

Thd incorporation 
-----------------

3.05, .. 
" 4.52' 

22.23 

• 
12389 

9514 

6599 

5615 

2p4 

Aqundance 
---------

5.74 
6.94 

-11.28 

.. 

"-

~ 
19.22 30.04 

-------- --------
"' 

4853 4010 
) , , 

5119 3241 

2946 2271 

2506 1121 

1234 867 

Cell volume 

.. 

1:-

., 

• 

.. 
> 

.--1 ,~-,~ 

/ 

, .. 
\ ' ' , 

• J ~, . , 
f ~ ... 

,\ • 0 
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App.endix 4 ,-

A8say~ng tritium ~y 1~4uid scintillation cou~ng 
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Tritium is used i~ b(ologieai ~ork pri'a~1Iy beeaua. it provlde. 

ehemlealli vith very high specifie ae't1v:lty. Hovever, the reIat1vely 
. 

wealt ellisslons produeed by trit1um deeay malte th!s isotope the mOlt 

difficul t t'o count of those commonly used ln 11mnology. Hy procedurel ... 
1 

for triti~m counting were baa~d on Kobayash1 and~Harr18 (1978). In, 

particular, the following ~ccount ls taken from Notes 1, 3, 16, 17, 19, 

'and '21. 
• 

Filterdis80iutlon 
;:;, . 

1 Two thin'gs must be maximlzed for rellable' counting of trltium: 

isotope reeovery and counting efflciency. Recovery ia most important, . 
an~ requires that a homogeneous samp~e ,be lepare~, to minimbe ae1f

a<b~orPtlon,and maintain proper 3~D scintll1atiofl detection. ,ThiS ie 

ach1eved by dissol vlng the f1~ ters and hydroly~ing the labelled organ!c 

molecules. 

i. Nuclepore fil ters 

Polycar~onate filters cari be dissolved 1n'l ml Protosol (HEN). Be 

surë to use a vial wi~h a plfstic-lined lid. Heat the vial at 55 oc in 
~ 

a vater bath for 10 minutes (~cromolecules) or overnight (large-bod1ed 
j -

crustaceans). Cool to room'temperature and add 50 ul of glacial aeetic 
" . 

acid. The 'aéld' counteracts the basic! ty of the Proto8o! to restore a 

low pH,~o the 'fluor, thereby discouraging cheml1umlnè8cence. Add 10-13 

,ml ,Econofluor~ shalte w~ll' and count. M~nito\.for chemilumlnescence Qn 

,~Chin •• that do fot subtraet thes. eounts~tleally. Sometl". the 

-acidificati'on, step is ~not a sufficient preventative, and sa.pl~s must, 
, l , 

be beated overnight at 55 oC to speed up the 8low natural subsidence of 

chemilumine8cent events. 

f. 

... 
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11. Millipore fllter., 

CI cannot be dissol ved with Protosol ... the salDple 

o 

1 
wlll turn ark )'ellow and be stro~gly qu~nched. The 1D0st accurate ' 

relu 1 ts ar ob~~lned by adding 0.5 'DIl, of 0.5 N Hé 1 to the fil ter ln a 

"20 ml vial. Cap the vial (cap m'st be 'plastie"), and place i,t i~ a 
! 

"bath for 15-20 lDinutes (do not submerse capl): Cool' and 

.. k' , 
add acetate, which wly dissolve the filter in h15 minutes. 

Add 10 ml Aqua 01 (Universol) and shake vigorously 'befo.re countin~. . ;" 

rnatlve whlch yields only slightly lowe~ recoyér~es 
#' 

~ ~. ~4 ~ • 

18 to add 1 1D1 of 2-methoxy- or 2-ethoxy-ethanol-l to, the ,fil tel" in a ' 
1, 

20 ml vial. The filter dissolves in 15 minutes. Add,lO ml Aquasol and , 
r 

count. / 

'II- , Quenchins IDUSt be determlned for eac~ \samPle. This hO most e&si1y 
, ,\ 

l • 
a,nd accurately done I\1s1ng the tJhe, externat standard channels ratio. 

This is in turn calibrated us-lng a series Cf! varlably que,ncbed-

'" trit1ated water stan,dards. Be su:re id use s'relationship dev~loped with- . fil ~ 

the vial-sample-fluor ~olDbinatlon that was e~ployed for the 

" 

experimental samples. 

References 

K~bayashi, Y. 'and W.G. 'Har~ls. 1978. Lsl appl~ations 
(, ' , . 

... 1 ...-~ 

Bngland Nuclear. 

C 
l " 

, " 
" ..... 

l' 

, ' , . ... 
1 • 

, .' 
~t1.>..."!< ... ~,:,. ~_;:'.:~ .• :~J\'~"':!-~.:.-;:;~~: .. ~~_.~., T .• 

.d-

. 1 ~ .. 

.. 
( ~ 

-. 

~. ,-

<-

notes 11-30. New 
) 

" " 

.-
r.l \ 

.. ~~./~.r , 
, 

.-:-·1 .. .' 

-,\ 

, 

, . 

·:""t"iI , , 

, , 

.' 

., 
''"" 't·· . ., 


