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ABSTRACT 

The hypothesis that aquatic biomass is uniformly distributed 

over logarithmic slze classes was evaluated with samples from 

epilimnetic plankton cowmunities. Although the hypothesis is 

upheld for oligotrophic lakes, biomass increases betw0en 

successive size classes in mesotrophic and eutrophie J dKl'!;. 

The abundance of organisms in logarithmic size :intervdls is 

strongly negatively correlated with size. The relatlon~;hjp 

between organism size and physiological performllnce in mi xed 

communi ties was examined by testing the hypothesis thclt 

limnoplankton respiration rates are predictable functiom; of 

mean body size. The equation describing this relationship WilS 

found to be similar to those obtalned with labordtory culture~--;. 

The total epillmnetic phosphorus concentration is correléltpd 

wi th both biovolume and respiration rate. Many l:i rnno] oq ic,d 

relationships, Including those established ln th:is thesis, an' 

based on linear regressions between log-transformed varIables. 

The rules for the correct use of backtransforrned predictions 

are el ucidatp.d. A theorem is proven, which sets 1 j mi ts to the 

relationship between the coefficients of deterrnination on the 

original and transforrned scales. Simulated data and empirierll 

results are used to illustrate the applications and Ilmitatjon~; 

of the theoretical results. 
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RÉSUMÉ 

L'hypothèse que la biomasse aquatique est distribuée 

uniformément parmi des groupes de taille logarithmiques a été 

évaluée à partir d'échantillons dE:S communautés du plancton 

épil imnétique. L' hypothèse est fondée dans les lacs 

01 igotrophes. Par ailleurs, dans les lacs eutrophes et 

mésotrophes, la biomasse augmente entre les classes 

success ives. L'abondance des organismes dans ces intervalles 

de taille logarithmiques a une corrélation inverse très forte 

avec la taille. La relation entre la taille et le comportement 

physiologique du plancton en communautés mixtes a été étudiée 

en évaluant l' hypothèse que le taux de respiration est une 

fonction predictive de la taille des organismes. L'équation 

de cette relation s'est avérée semblable a celle obtenue avec 

les organismes cul ti ves en laboratoire. La concentration 

épilimnétique totale en phosphore est en corrélation avec la 

biovolume et le taux respiratoire. Plusieurs relations en 

limnologie, y compris celles de cette thèse, sont fondées sur 

des regressions linea lres apres transformations logarithmiques. 

Les regles qui gouvernent l'utilisation pxacte des prédictions 

sont elucidees. Un théorème est pr0uvé, qui établit les 

limites à la relation entre les coeffic~ents de détermination 

avant et après trans formation. Des données de simulation et 

des resul tats empir iques sont utilisés pour illustrer les 

1 applications et les limites des résultats théoriques. 
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PREFACE 

Remarks on style and authorship 

As required by the Guidelines Concerning Thesis Preparation, 

the fOllowing article is quoted: 

"The Candidate has the option, subject to the 

approval of the Department, of including as part of 

the thesis the text., or duplicated published text 

(see below), of an original paper, or papers. In 

this case the thesis must still conforrn to aIl other 

requirements explained in Guidelines concerning 

Thesis Preparation. Additional material (procedural 

and design data as weIl as descriptions of equipment) 

must De provided in sufficient detail (e.g. in 

appendices) to allow a clear and precise judgrnent to 

be made of the importance and originality of the 

research reported. The thesis should be more than 

a mere collection of manuscripts published or to be 

published. Tt must include a General abstract« a full 

introduction and literature review and a final 

overall conclusion. Connecting texts which provide 

logical bridges between different manuscripts are 

usually desirable in the interests of cohesion. 

"It is acceptable for theses to include as 

chapters authentic copies of papers already 



published, provided these are duplicated clearly on 

regulation thesis statione.cy and bound as an integral 

part of the thesis. Photographs or other materials 

which do not duplicate weIl must be included in their 

original forme In such instances, connecting texts 

are mandatory and supplementary explanatory material 

is almost always necessary. 

"The inclusion of manuscripts co-authored by the 

candidate and others is acceptable, but the candidate 

is required to make an explici t statement on who 

contributed to such work and to what extent, and 

supervisors must attest ta the accuracy of the 

claims, e.g. before the Oral Committee. Since the 

task of the Examiners is made more difficul t in these 

cases, it is in the candidate's interest ta make the 

responsibilities of authors perfectly clear. 

Candidates following this option must inform the 

Department before i t submi ts the thesis for rev iew. " 

xiii 

Each chapter of this thesis is based on the text of manuscripts 

which have been submitted to learned journals for publication. 

This format has produced sorne redundancy, for which l apologize 

to the reader. 

Chapters I and II are based on Ahrens and Peters (1989a and 

1989b) . Dr. Peters' contributions were limited ta the 
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xiv 

provision of financial resources and equipment for field and 

laboratory research, and editorial advice on the manuscripts. 

During the development of the research program, he of course 

prov ided the usual advice and guidance offered by a PhD 

supervisor. Chapter III is based on Ahrens (1.989), which is 

entirely rny own work. Diccon Bancroft provided sorne editorial 

advice on this chapter. Marika Kurer and Lesley Pope provided 

technical assistance with routine field and laboratory work. 

I developed the procedures and conventions for size 

distribution measùrements on the inverted microscope, which 

were done under rny supervision by Marika Kurer and Ashley 

Evans. AlI of the data analysis prograrns in Appendix 8 are 

entirely my own work. 

Contributions to original knowledge 

l bel ieve that each of the chapters of this thesis contributes 

to original knowledge. 

Chapter l shows that plankton biomass is uniformly distributed 

over logari thmic size classes in only the most oligotrophic 

lakes. As phosphorus concentrations increase, biornass per 

class tends to increase wi th size. Al though total blomass 

tends to be correlated with total phosphorus, phosphorus cannot 

be used as an index of biomùss without reference to the size 

of the organisms involved. This is because the rnean phosphorus 
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concentration per organism is size dependent. 

Chapter II shows that an allometric relationship between mean 

organism size and respiration rate holds in natural plankton 

communities. The total epilirnnetic phosphorus concentr.:ltion 

is correlated with the total comrnunity respiration rate. 

Gravi ty screening 1s an acceptable procedure for sapa ra t i ng 

size fractions of plankton for respiration rate determination, 

since the sum of rates measured on these fractions i5 not 

significantly different from the total comrnunity rate. 

In Chapter III a formula for the correlation between the 

logarithms 

developed. 

of multivariate 

This correlation 

normal random variables is 

is usually less, and never 

greater, than the correlation between the original variables. 

Data from Chapter II and a simulation are used to show that the 

formula does not apply when data are not multivariate normal. 

The correction factor for backtransformation, which has been 

inaccurately presented in the literature, is clarified here. 
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GENERAL INTRODUCTION 

The aquatic ecologist's mandate might be broadly described as 

the elaboration of models to predict the distribution of 

biomass, production, and kinds of aquatic organisms (Peters 

1980). Like most ecological models, this thesis is premised 

on the further assumption that the variables measured are 

important, due either to their predictive power or to their 

utility. When one refers to "kinds" of organisms, one often 

thinks of "species". However, the research presented here 

explores models in which organism size, rather than taxonorny, 

is of fundamental importance. This introduction explains this 

choice. 

Most previous research on plankton communities has focused on 

spatial and temporal patterns in the distribution of species 

(e.g. Hutchinson 1967). Ecological theorists have taken 

several approaches to the development of quantitative rnodels, 

founded upon the irnpressive body of accurnulated knowledge about 

plankton species. Cornrnunity models based on the environmental 

physiology of individual taxa have not been successfully 

applied to natural cornmunities, due to the great spatial and 

temporal diversity of the plankton. In an effort to overcorne 

this problern, predictive rnodels of cornmunity structure have 

been developed (e.g. Sommer et al. 1986). But such models are 

difficult to test, primarily qualitative, and difficult (or 
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impossible) to relate to quantitative variables, such dS 

biomass, uptake rates, and productivity. At a still higher 

level of generalization, species abundance, species-area 

relations, and the size distribution of species have rcceivcd 

attention (e.g. May 1975, 19(31). But the species concept 

remains largely qualitative and categorical, and so predictive 

relationships with quantitative variables are scarce. In 

particular, thp. biomass, uptake rates, and productivity of an 

indi v idual species vary cons iderably over space and t ime. 

Hence, the limited utility of the species concept has providcd 

impetus for the search for a more quant i tati ve understand i neJ 

of "kinds of organisms". 

This thesis contributes to a body of aquatic modelling which 

focuses on the distribution of organisms by size, deemphasiz i ng 

their traditional taxonomic categorization. In this spirit, 

Sheldon et al. (1972, 1977) sought and found regularitics in 

the size distribution of oceanic seston; Harris et al. (1981), 

Sprules et al. (1983, 1986), and Bailey-Watts (1986) extendcd 

this approach to the limnoplankton; Schwinghamer (1981, 1983) 

and Warwick (1984) studied the size distribution of marine 

benthos; and Strayer (1986) examined the size distribution of 

freshwater benthos. These empirical observat ions 0 f si ze 

distributions have lead to theoretical models of planr.ton 

community physiology (e.g. Kerr 1974; Platt & Denman 1978; 

Silvert & Platt 1980: Borgmann 1982; Griesbach et al. 1982) 
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founded upon apparent regularities in the size structure, as 

weIl as on the known size-dependence of production, 

respiration, and other physiological processes (e. g. Hemmingsen 

1960; Banse 1976; Banse & Mosher 1980; Blueweiss et al. 1978). 

The choice between species and size implies a choice in 

theoretical emphasis. A predictive model which emphasizes 

taxonomy implicitly attributes importance to the role played 

by phylogenetic determinism in structuring the communi ty. The 

current community composition is explained as a consequence of 

the evolutionary ecology of the populations present. Abiotic 

variables (e. g. geological history, wind, and water course 

alterations) are invoked when necessary, but the primary 

emphasis is on the physiological and ecological requirements 

of the component taxa. Predictions of future system behaviour 

would be founded upon the known characteristics of these taxa. 

On the other hand, size-based models emphasize effects which 

act independently of taxonomy. For example, the impact of 

hydrography through entrainment and sinking is primarily a 

function of surface area and volume of particles, hence of 

their size. Surface area and average radius alsa help 

determine potential uptake and excretion rates, and hence the 

organism' s reaction to a given nutrient environment. The total 

biomass and relative numbers of organisms at size are 

hypothesized to be constrained primarily by abiotic variables, 

and this is testable. The difference between the two types of 



1 models is a matter of choice in emphasis. Scientifically, one 

might justify a particular ehoiee by demonstrating th~t 

predictions satisfy pre-established criteria of stot ü;t iCi\ l 

aecuraey. 

Possibly a hybrid model would maximize predictivl' st t vnqth. 

In a given lake, taxonomie variations within size cl<l.)!:'~.·S ,11 C' 

due to recent phylogenetie history. Hence, such a model ,,/oul,} 

incorporate sorne rules allowing prediction of the S l ZC-(' 1.1:~!; 

specifie species structure for the system of intercst. 

there would be equations ta predict size distribution 

parameters from abiotic variables, and further equat 10n5 tn 

predict physiological variables from the size and specics 

composition. This type of model wou Id reeognize explicitly 

that not only do physiological variables depend upon size, but 

that predictive precision ipcreases with taxonomie homogeneity 

(Banse & Mosher 1980). Nevertheless, the hybr id mode l wou 1 d 

suffer from the major disadvantage of the species-based model: 

the enormous amount of information required ta predlct the 

species structure for agi ven system. Hence, we must hope th;) t 

size structure alone will furnish a sufficient basi::; for 

accurate prediction of physiological variables of interest. 

Chapter l first establishes that there are predictah18 

regularities in the size structure of the limnoplankton. Its 

antecedents include the work of Sheldon et al. (1972), who 
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found that pelagie oceanic waters had either a roughly constant 

total particle volume in successive logarithmic size classes 

(subtropical waters) or an approximately unimodal distribution 

(elsewhere). When Sprules et al. (1983) examined limnoplankton 

size spectra at a finer scale, they found evidence of bimodal 

distributions. In an effort to quantify the differences in 

distribut ions among lakes, l have attempted to estirnate the 

parameters of uni-, bi-, and trimodal models, as weIl as 

"normalized spectra" (Appendix 1). I have also dealt with the 

prediction of these system parameters from other easy-to

measure variables. 

It is weIl known thnt rnanv metabolic and physiological rates 

of both individuals and communities are size dependent (e.g. 

reviews in Calder 1984 and Peters 1983a). Examples include 

respiratior., production, longevity, growth, assimilation, and 

fecundity. It is thus reasonable to hypothesize that energetic 

and material flows within the plankton community may be 

predicted from the overall size composition. However, 

allometric relations for aquatic organisms have been founded 

upon laboratory studies of isolated taxa. So, before community 

size spectra can be used for physiological predictions, it must 

be shown that allometric relations also hold for natural 

communities composed of many taxa. Chapter II addresses this 

hypothesis, where respiration rate is used as the physiological 

"response" variable. Since respiration, or rnetabolic rate, and 
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other physiological rates have a known common size dependence, 

a demonstration of metabolic allometry in nature should provide 

support for the hypothesis that other rates of interest may be 

predicted from the size structure. Alternatively, measurement 

of the metabolic rate of size classes could be used to predict 

values of other variables. 

Several statistically significant relationships between 

logarithmically transformed variables are established in the 

first two chapters. In Chapter III, Ideal with the 

statistical problems of backtransforming the predictions from 

these models. 

coefficient of 

l present an original result concerning the 

deterrnination, and correct the existing 

ecological literature with respect to the "correction factor" 

for backtransformation. The impact of this work on ecological 

models is examined through a simulation exercise and through 

a discussion of two relationships establ ished in a prev ious 

chapter. 
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CHAPTER I 

LIMNOPLANKTON SIZE SPECTRA 

l 
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The hypothesis that aquatic biomass is uniformly distributed 

over logarithmic size classes was evaluated with samples from 

epilimnetic plankton communities at 15 temperate lake si tcs in 

southern Quebec. Over the size range from 0.2 ,um to 1600 J.Lm 

equivalent spherical diameter (ESD) , biomass tends to incrciJse 

between log size classes at a median rate of 7%, in a data set 

with a median total phosphorus concentration (TP) of 17 

mg -3 m • The slope of the normalized biomass spectrum 

(reflecting overall trends in the distribution) becomes 

significantly steeper with decreasing TP. /lonce more 

oligotrophic systems have a more uniform biomass distribution. 

Over ":.he observed size range, most samples were dominated by 

the phytoplankton mode between 20 and 50 J.Lm ESD. Total 

plankton biomass was positi vely correlated wi th TP. 'rhe 

abundance of organisms in logarithmic size intervals was 

strongly negatively correlated with size. Many sample 

distributions did not differ significantly from unimoda l 

lergnormal distributions. Efforts to fit birnodal and trimodal 

distributions met with lirnited success, since only 39 size 

classes were used. 
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Introduction 

As a result of their initial empirical observations with 

electronic particle counts in the ocean, Sheldon et al. (1972) 

hypothesized that aquatic biomass is roughly uniformly 

distributed ovP .... logarithmic size classes. Later evidence from 

both marine (Sheldon et al. 1972) and freshwater (Sprules et 

al. 1983, 1986; Mazumder et al. 1988) systems showed that this 

is appraximately true, especially in more oligatrophic env iron

ments. This work also showed that local modes occur, both in 

pelagie distributions and in those for benthos (Warwick 1984 ; 

Schwingharner 1981, 1983). These modes appear to correspond to 

the maj or ecophysiological groups (viz. protists, phyto

plankton, zooplankton ... ). 

These empirical observations of size distributions have lead 

to theoretical models of plankton community physiology (e.g. 

Platt and Denman 1978; Bargmann 1982; Griesbach et al. 1982) 

founded upon apparent regularities in the size structure, and 

the well-established size dependence of production, 

respirat ion, and other physiological processes (e. g. Hemmingsen 

1960; Banse 1976; Banse and Mosher 1980; Blueweiss et al. 

1978). Hmvever the development of practical sj ze-based models 

has been hampered by the paucity af data and the small nurnber 

of size classes enumerated. The "normalized spectrum" (Platt 

and Denman 1978; Sprules and Munawar 1986) uses only two 
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parameters to charac-terize size distributions. But substant 1 éd 

differences in the detailed size structure may by 

indistinguishable at this 

(1983b) and Mazurnder et al. 

level of generalization. PC'ters 

(1988) used cumulative phosphorlls 

concentration to 

measured system 

phosphorus is a 

develop l inear models based on an eas i l Y 

var iable. These ana lyses assume that 

good correlate of biornass at the level of 

indi vidual size classes. None of these authors has testC'd 

quanti tati ve models wi th more than two pardmeters. Marc 

detailed models rnay be required before size structure analysü; 

becomes a useful tool in applications such as the prediction 

of the fate of contaminants in aquatic systems, of fishcry 

yields, or of the impact of nutr ients on the abundancC' of 

organisms of a given size. 

In this paper, the uniform distribution hypothesis is tc~;t('d 

wi th limnoplankton samples from 15 Quebec lakes. The numbc r 1 

relative sizes, and positions of local modes are also exarnincd. 

In particular, the parameters of the distributions are tested 

for variability, since insufficient variability would obviatc 

the ability to use variations in size distribution to pree! ict 

variations in communi ty physiology. To the extent that 

parameters are variable, several predictive relationships arc 

exarnined. Predictive power is evaluated using an independcnt 

data set. 
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Methods 

Sampling -- Samples were collected during the day throughout 

the growing season in 1986 and 1987 from 15 temperate lake 

sites in southern Quebec. These si tes represent a broad range 

of trophic conditions, as evidenced by phosphorus and 

chlorophyll concentrations (Table 1. 1). Integrated epilirnnetic 

water samples (at least 20 L per site) were collected during 

the day through a 2.5 cm diameter tube connected to a piston 

pump. 

Although Pace (1986) found that this apparatus collects both 

phytoplankton and zooplankton effecti vely, six parallel sarnples 

were collected wi th both the tube and a vertical haul with a 

conical plankton net (25 cm diameter, 120 J..Lm mesh), for 

subsequent cornparison of their efficiencies of collection of 

zooplankton (Table 1.2). Five of the six counts were similar, 

and showed no consistent difference between the sampling 

dey ices w i th respect to the number of organisms, the total 

volume, or the mean size. The one discrepant count represents 

a dense concentration of small «500 J.1.m length) Daphnia, and 

is assumed to represent a swarm which was not otherwise 

sampled. 

Water samples were poured into 1 and 4 L bottles, and kept in 

the shade during transit ta the laboratory refrigerator 
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(maximum duration 1 h). Samples for microscopie examination 

were preserved with either Lugol's iodine (for the 

phytoplankton size range--1 to 100 ~m) or 5% formalin (for th~ 

baeteria--0.2 to 1.5 ~m, and zooplankton--SO to 1500 ~m). 

size Composition -- The size distribution of plankton throug

hout the range 0.2 to 1500 }..Lm equivalent spherical diamC'ter 

(ESD) was dctermined by direct microscopie examination. 

To test for eomparability with studies using electronic 

particle eounts, 7 samples were eompared over the sizc range 

4 to 31 }..Lm using both microscopie eounts and Coulter counts 

wi th a 200 j.1.m aperture (Table 1.3). Two of the scven 

distributions differed signifieantly (p. 0.05; Kolmogoroff

Srnirnoff test). However, total counts estimated by the Coultc..'r 

counter were mueh higher (1.7X to 18.6X) in 6 of 7 comparisoll~;. 

These differenees were primariIy due to the two srnallest sizc 

intervals, where abiotic particles are more abunddnt (L<1 1 

1977). Exeluding these two size classes, the counts werc 

similar, except in the case of a sample from Lake Wdter)oo, 

where the microscopie count was higher, and a sampI e from 

Baldwin Pond, where the Coulter count was higher. Since l~kc 

Waterloo has the highest phosphorus concentrations 

(>100 mg m- 3
) of aIl Iakes studied, while Baldwin Pond has one 

of the lowest «10 mg m- 3
), the microscopie counts arc 

consistent with the expected trophic response, whereas the 
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Table 1.1. Southern Quebec 1akes sampled in 1987, in arder of increasing 
total phosphorus. Concentrations are for total epilimnetic samp1es (mg 
m- 3 ,withSD). Dates are Julian dates. Central, North, South, and Newport 
are basins of Lake Memphremagog. 

Lake Lati tude Longitude No. of Range of Total Total 
samples dates phosphorus ch1orophy11 

Bowker 45° 25' 72° 15' 1 183 3.50 1. 39 
Stuke1y 45° 20' 72° 15' 2 193-230 5.53 (1.53) 1. 23 (1. 40) 
Orford 45° 15' 72° 20' 5 128-237 7.61 (2.90) 1.19 (0.50) 
Lyster 45° 04' 71° 55' 3 149-227 10.16 (5.01) 1.44 (0.91) 
Baldwin 45° 04' 71° 54' 3 149-227 14.23 (1. 57) 2.10 (0.73) 
O'Malley 45° 13' 72° 20' 1 177 14.41 4.01 
Centra 1 45° 10' 72° 15' 8 114- 228 14.46 (3.03) 1. 97 (0.89) 
Cerises 45° 18' 72° 15' 2 193-236 14.74 (2.59) 3.82 (3.56 ) 
t:orth 45° 15' 72° 15' 5 120- 226 15.03 (2.08) 2.18 (1. 32) 
Massawippi 45 0 15' 72° 05' 1 177 15.52 2.55 
Lovering l~5 0 10' 72° la' 2 128-177 16.14 (3.01) 1.42 (0.44 ) 
Argent 45° 15' 72° 25' 2 142-183 16.57 (0.71) 3.02 (2.01) 
Trousers 45° 10' 72° 25' 1 181 17.77 3.38 
South 45° 00' 72° 15' 6 114- 235 19.27 (2.19) 3.87 (0.74) 
Newport 44° 55' 72° 15' 4 128 - 204 20.70 (3.42 ) 3.16 (0.70 ) 
Brome 45° 15 ' 72° 30' 1 142 20.82 3.15 
Pond 45° 10' 72° 14' 3 183-224 24.59 (2.16) 2.54 (1. 80) 
Mdgoe 45° 20' 72° OS' 4 128-223 32.61 (6.87) 5.01 (2.98) 
Waterloo 45° 20' 72° 30' 4 142-229 81. 72 (35.1) 17.64 (11.0) 

.1 
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Table 1.2. The densities and total volumes of orgnnisms in the size rangl' 
from 125 to 1500 f..Lm ESD, sampled with a plankton net and cl pump <mu tulH' 
Samples are in order of increasing total phosphorus concpntrnt!oll 
(measured on the tube sample). 

Lake Date 

Stukely 230 
Orford 203 
South 188 
Newport 204 
Pond 193 
Magog 223 

Dens i ty (L- 1 ) 

Net Tube 

3 
2 

539 
54 
66 
91 

14 
3 

73 
86 
65 
94 

Va lume (ç.pm) 
Net Tube 

0.6 
0.1 

21. 0 
1.7 
2.5 
4.2 

0.3 
0.1 
1.0 
2.8 
2.7 
2.9 

Mean s ize (tLm3 x 1 0. 6
) 

Net Tube 

295 8 
38.5 
1,8.5 
71. 9 

115.2 
57.2 

37.8 
22.3 
14 0 
38.5 

101. 1 
60. 1 
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Table 1 3 Comparative counts (ml-1 ) from the electronic Gou1ter counter and 
inverted microscope. Interva1 headings are the base 2 logari thms of particle 
volume (J.1.m 3

). Note the differing tota1s (7-l3) from the two methods for 1akes 
BaldwiT1 and Waterloo. 

Lake 5 6 7 8 9 10 Il 12 13 Totals 

5-l3 7 -13 

Goult.er counter 

Baldwin 16208 10419 4168 1033 368 138 56 16 3 32409 5782 
Dlnai ley 5062 3221 1134 431 183 64 20 4 1 10120 1837 
Argent 3730 1750 1156 551 191 59 13 4 1 7455 1975 
Waterloo 3056 1083 835 519 247 223 95 40 6 6104 1965 
Bowker 2632 1640 629 236 84 28 8 3 1 5261 989 
Cl'ntra l 1663 735 462 260 132 47 18 4 1 3322 924 
Central 1294 574 355 202 88 43 20 5 1 2582 714 

Hicroscopp 

Wdrer 100 870 1739 1217 1044 1261 739 1174 478 130 8652 6043 
Dma l1ev 291 558 655 485 218 279 146 121 73 2826 1977 
Bowke r 364 625 523 352 239 205 80 46 57 2491 1502 
Argent 225 556 460 182 193 267 246 150 75 2354 1573 
Gl'nt.ra l 396 499 484 132 103 176 103 29 29 1951 1056 
Ba Idw i Il 242 339 339 194 194 230 121 49 36 1744 1163 
Cl'ntral 182 148 159 114 114 136 46 23 23 945 615 
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Coulter counts are not. 

16 

Hence the Coul ter counter is not 

recommended for the enumeration of natural sarnples of small 

freshwater plankton (less than 50 /.Lm ESD), where abiot ic 

particles may be numerous. 

The abundance and approximate diameters of bacter itl wcn~ 

determined by epifluorescence microscopy with DAPI sta in 

(Porter and Feig 1980) of samples preserved in 2% forma Idchydc. 

Larger organismsin the picoplankton fraction were measurcd at 

1250X on an inverted microscope, using samples prescrvcù ln 

Lugol 's iodine solution. Nannoplankton were measurcd at lOOOX 

and 400X (Lund et al. 1958). Zooplankton were measured i1t lOOX 

on the inverted microscope and at 40X under a d isscct inq 

microscope, using both Lugol' s samples and others preserved in 

2% formalin. Individual volumes of organisms larger than 5 {Lm 

greatest axial linear dimension (GALD) were estimated by 

measuring length and width and taking the volume of similar 

regular geometric shapes as approximations. Sma 11er organi sms 

were counted in nine diameter intervals between 0.2 and 5 J.l.m. 

Chemical analyses -- Epilimnetic chlorophyll and phosphorus 

concentrations are easily measured variables knolt/n to be 

correlates of the abundance and activity of sorne planktonic 

organisms (e.g. Smith 1979; Eiser et al. 1986). Hence these 

were measured, along with epilimnetic dry weight, as potential 
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predictors of biomass. The total phosphorus concentrations 

were measured in triplicate in several size fractions, 

separated by stainless steel screens (130, 80, 40 j.:.m porosity) 

and Nuclepore membrane filters (5 and 0.4 ~m porosity) , using 

the ascorbic acid modification of the molybdenurn blue technique 

(Strickland and Parsons 1968) after digestion with potassium 

persulfate under pressure (Menzel and Corwin 1965). Whole 

sarnple chlorophyll a concentrations were also rneasured in 

triplicate (Strickland and Parsons 1968). Epil irnnetic dry 

weights were determined by pouring a known volume of lake water 

through predried (60· C) weighed GFC filters, and reweighing 

the fil ters after they had dried for 24 h to determine the 

weight difference due to seston particles and plankton. 

Data analyses: Size structure - At any rnagnification, there 

are maximum and minimum size limits to the organisrns which can 

be measured. Larger organisms are too big for the visual field 

of the microscope, or rnay be substantially out of focus if the 

field depth is too shallow. As organism size decreases, and 

weIl before it is as srnall as the theoretical detection limits 

at a given magnification, the probability of detection 

decreases. Small organisms rnay be hidden by larger ones, 

confused with debris, or simply overlooked in a busy visual 

field. Thus one might expect an approximately bell-shaped 

curve of visual selectivity with a microscope, just as there 

is a size selection curve for a plankton net. The five mag-
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nifications used in this study allowed sufficient overlùp 

between successive selection curves that, for many sizes, a 

choice was required between the counts at the two magni f ica

tions. In every case, the highest count was selected, on the 

assumption that lower counts were the resul t of partial selcc

tivity. Computer programs were written to take length, width 

and shape data, rnagnifications, and water volumes to compute 

individua1 organism volumes, and total counts and total volumes 

in intervals of volume doubling. 

The geometric mean volume of organisms in the smallest interval 

was 0.0055 J.Lrn3
, corresponding to equiva1ent spherical diameters 

from 0.2 to 0.25 J..Lm. The mean for the next interval was 0.0110 

J.Lm3
, corresponding to ESD 0.25 to 0.31 J..Lm. In the largest 

interval counted (the 39th), the mean volume of 1.5xl09 J.Lm3 

includes organisms with ESD between 1250 and 1600 ~m. 

Curve fitting - Size distributions can only be effectively 

mode11ed when there are counts in most of the 39 size 

interva1s. In the case of these collections, 25 of the 58 

samples analyzed were amenab1e te formaI curve fitting 

procedures. Sorne samples could not be fully counted due ta the 

presence of excessive abiotic particles. others presented 

high1y "accidented" distributions with empty interva 15 followed 

by large single interval peaks, due to the periodic abundance 

of single phyla. Finally, sorne oligotrophic lakes yielded too 
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rnany zero counts in the zooplankton range. 
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Sorne of these 

problems could be addressed: for examplp., rare organisms would 

be discovered if sampl ing were sufficiently intensive. But 

rnany of the se problems cannot be dealt with after the facto 

For the purpose of curve fitting, a total of 25 samples with 

IIgood coverag r..!" were identified, where good coverage is defined 

as non-zero counts in at least 90% of the s ize classes, 

including at least sorne size classes above 600 )J.m ESD. Only 

samples meeting these criteria were used to estimate the 

parameters of size distribution models, described in the 

following paragraphs. 

The spectrum of volume concentrations in base 2 logarithmic 

size intervals was used to compute the "normalized spectrum" 

(Platt and Denman 1978; Sprules and Munawar 1986; Figure 1. 1) 

for each sample. Such spectra plot log size on the abscissa, 

and the ordinate is the log of the standardized abundances per 

interval. The latter is calculated as the volume concentration 

in the interval divided by the change in modal volume between 

intervals. The parameters of the straight line fitted to these 

points rnay be used to compare samples. Integration over any 

range of si zes provides a smoothed estima te of biovol ume or 

biomass over that ra lige . The intercept of the line provides 

an estimate of relative abundance at one mass (or volume) unit. 

The slope reflects the overall trend in mass or volume change 

from interva 1 to interval. In particular, a slope of -1 would 
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FIGURE 1.1. An exarnple of a normalized spectrum (Lake Orford, 

July 22, 1987). The logarithms of organism size (on the 

abscissa) are plotted against the normalized density (011 the 

ordinate). The latter is the logarithm of the ratio b~tween 

the total volume in the interval and the di fference in organism 

size between tha t and the subsequent interva l hence, cl 

dens i ty est imate. The stra ight l ine is the least squares 

regression fitted to these data. See Appendix 1 for further 

information. 
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indicate an approximately even distribution of mass over size 

classes. steeper slopes (with larger absolute values) would 

reflect declining biornass with increasing size, whereas 

shallower slopes would reflect the reverse. The existence of 

any s ignificant slope would confirm that there is an overa Il 

trend with size, in spi te of the existence of one or more loca l 

peaks or troughs in the size spectrulil. 

provided in Appendix 1. 

Further details are 

There are usually patterns in the residuals from a fitted 

normalized spectrum, and hence the diagnostic statistics 

associated with the regression (r2
, F, SEE) will probably not 

be accurate. Nevertheless, if the spectra to be compared are 

computed over similar size ranges and have similar rcsidual 

patterns, then the pararneters may provide a basis for corn

parison of general trends in biornass distribution. If the 

normalized spectrurn is an accu rate representation of the data, 

then numerical integration under the fitted curve (multiplying 

together back-transforrned ordinates and abscissas and summing) 

should provide an estimate of biomass similar to that observcd 

over the sarne range. To test this hypothesis, the predi cted 

integrated biovolurnes from normalized spectra viere regressed 

against observed total biovolumes. Furthermore, the median 

computed total bio·vo.' ume from all samples was compared Wl th 

the observed median value using the rnodified t test for samples 

with unequal variances (Snedecor and Cochran 1967). These 
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tests provided a measure of confidence in the normalized fits, 

as weIl as a basis of adjustrnent between predicted and observed 

values. The results were also cornpared with those of Sprules 

and Munawar (1986) for ontario lakes. 

The finer structure of distributions was exarnined in three 

stages. We first exarnined the possibili ty that plankton vol ume 

might be lognorrnally distributed over size. Since our size 

distributions are grouped by logarithrnic (base 2) volume 

intervals, they should look like a norrnal distribution when 

graphed (log si ze on the x axis and 1 inear volume on the y 

axis). A Kolmogoroff-Smirnoff test (Hollander & Wolfe 1973) 

was used to test an overall lognorrnal (unimodal) fit to these 

daté'l. We then tested the hypothesis that the distributions 

wcre bimodal, corresponding to 2 lognorrnal curves. If this 

hypothcsis were true, then each distribution would be 

characterized by 5 independent pararneters: 2 means, 2 

va r iances, and a parameter between 0 and 1 descr ibing the 

proportion of the total distribution in one of the modes. 

These parameters of the mixture density function were sought 

by a maximum likelihood method (Append~x 1; Clarke 1984). 

Finally, a linearization technique for estirnating the 

parameters of a non-l inear system (Appendix 1; Draper and Srni th 

1981) was used to estimate the 8 independent pararneters of 

trirnodal fits. 
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Variabil i ty of parameters - The heterogenei ty among cstimated 

parameters was evaluated in several ways. AlI pairwis~ com

parisons were made with the Least Significant Dlfference (95~ 

criterion) using Tukey's test based on the Studentized rang~ 

rather than the t distribution. Use of thE' latter would 

increase the chance of flnding more significant differences 

than is warranted (Type l error; John 1971). Joint confidence 

regions for the two parameters of the normalized spectra wcrc 

compared graphically (Appendix 1). When it was necess~ry to 

compute statistics for comparing pararneter sets with two 

parameters, the models were first tested for homogencity of 

variance by Bartlett's test, and if they passed this test, they 

were compared using an F test for the coincidence of two or 

more straight line regressions (Seber 1977). 

Predictions - Predictive linear regression models werc usrd ta 

test the abil i ty of var ious chemica 1 and rnorphornetri c var i ab 1 ~s 

to predict the parameters of size distributions, to cVd]uatc 

the correspondence between predictions and obscrvat l ons, and 

to identify trends between predictions and residuals. ModcJ~ 

were evaluated using a data set (1986) independent from thi"lt 

used for their development (1987). In order to evaluate the 

potential use of phosphorus concentration as an index of sizc 

specifie biovolurne, the phosphorus:volurne ratio was comparcd 

among size classes by analysis of variance (Seber 1911). 
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Results and Discussion 

1. Detailed Size structure 

The distribution of organisrn density over logarithrnic size 

classes showed a fairly uniform decline with increasing size 

(Figure 1. 2A). The "rnedian distribution of biornass", composed 

of the medians of aIl observed values for each size interval 

(Figures 1.2 B & 1. 2C), shows a rapid increase to about 1 ].Lm 

ESD, a more graduaI increase to about 30 /-Lm, and an erratic 

distribution beyond that point. On average, 50% of the 

cornmuni ty biomass is less than 45 ].Lm ESD, and 90% less than 700 

/-Lm (Figure 1. 2D). The summed biomass in this rnedian distribu-

" -1 tl0n IS 14.1 mg L • In contrast, the 12 samples with lowest 

phosphorus concentrations (rnedian = 6.6 -1 /-Lg L , versus an 

-1 overall median of 17.4) provide a rnean biomass of 6.2 mg L . 

The peak in the distribution for the se oligotrophic lakes 

occurs at 30 ].Lm (Figure 1. 2E), and 50% of the biomass lS in 

particles smaller than this. 90% of the biomass is attained 

by 175 ].Lm. Hence these 01 igotrophic lakes are clearly 

dorninated by srnaller organisrns and have lower total plankton 

bi omass concentrations than do lakes wi th more phosphorus in 

the epilimnion. 

Two lakes were sarnpled often enough throughout the season to 

examine temporal trends in the phytoplanktonjzooplankton ratio 
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FIGURE 1.2. The median distributions (n=58) over logarithmic 

si ze classes of (A) organlsrn densi ty, (B) tota 1 organism vol ume 

on a logarithrnic scale, (C) total organism volume on a linear 

scale, (D) cumulat ive total organism vol ume, and (E) low 

phosphorus total organism vol ume. The 95% conf idencc- i ntc-rvill s 

are shown on the first two panels. Parts per million (ppm) = 

J1.rn3 L"' x 10"9. The rnean distribution obtained by Sprules et 

al. (1983) for low phosphorus Ontario lakes (-------) is 

included in panel (E). 
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1 
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(Table 1.4). There is sorne indication of increasing biomass, 

and in the more eutrophie lake, an increasing proportion of the 

total biomass is in the zooplankton size range. Using aIl 

samples with good coverage of the size spectrurn from all lakes, 

a regression on Julian dates to predict the proportion of tota l 

biornass below 80 ~m shows a significant (P<O.OOl) decreasing 

trend (slope = -.00299), explaining 33% of the variation. Thus 

there is a general trend to increasing size during the period 

from April to September in these lakes. 

Trophic response rnodels, using the total phosphorus 

concentration as a trophic index, provide a crude basis of 

comparison for our total biornass resul ts. Peters (1986) 

sumrnarized several power equations to predict components of 

plankton biomass from phosphorus. Using these equations, the 

predicted biomasses at 7 and 17 J1.g phosphorus L- 1 are 1.9 and 

4.4 mg L- 1 respectively. These predictions are somewhat lower 

than our observed median values of 6.2 and 14.0 mq L 1. 

However, the predictions are based on backtransformcd 

logarithmic regressions, and must therefore be increased by a 

correction factor (Sprugel 1983). Neither Peters (1986) nor 

the original references provided sufficient statistical 

information ta estimate this factor accuratcly, but an increase 

of 25% would not be atypical. Considering that the pred iet ions 

are based on 5 independent data sets in a variety of lakes, our 

results are perhaps not too unusual. 
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Table 1.4. Temporal trends in planktonic biomass distribution in 2 lakes in 
1987. The fir~t data column shows the approximate size of an organism (f.Lm ESD) 
at the 50% point in the distribution. The second column shows the percentage 
of the total biomass which is due to organisms smaller than 80 f.Lm. The third 
column shows the total biomass concentration (p~m). 

Lake Magog 

Julian date 

128 
181 
193 
223 

Lake Or[ord 

128 
177 
199 
203 
237 

Size at 

8 
14 
28 
50 

/~ 

28 
10 
18 
40 

50% Percentage 

97 
97 
74 
58 

98 
92 
93 
94 
65 

at 80 f.Lm Total 

3477 
18072 
18328 
18854 

2086 
6958 
6466 
8285 

20140 
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Sprules et al. (1983) determined the planktonic size dis

trihution in several small ontario lakes, with lower phospho

rus concentrations than J[lf·st of ours (Tables 1. land 1.5). 

Whereas their mean distribution shows a phytoplankton peak nt 

about 8 ~m, our low phosphorus median distribution peaks at 

about 30 ~m (Figure 1.2E). About half of the total volume is 

in each of their two modes, whereas usually less than 10% of 

ours is in the second mode. Over the same size range 

(I<ESD<1500 ~m), their integrated biomass of 1.5 mg C' is 

substantially lower than our 6.2. Al though our lakes arc 

larger, deeper, and richer in phosphorus (Tabl e 1.5), the 

diffeyences in observed biomasses may be due to methodology. 

The lower end of the observable size distribution depends upon 

the magnification used. Although they do not speclfy 

magnification, detection rates normally decline as size dec

reases. We consistently found that, when magni f icati on Wél~_; 

increased, counts of organisms in the smallest size ranges 

detected by the previous magnification were considerably high0r 

under the neW power (Figure 1. 3) . Our higher picoplankton 

counts rnay be due to our use of 1250X magnification for aIl 

organisrns srnaller than 5 ~rn ESD, and epi fluorescence mi croscopy 

for bacterial sizes «1.5 /-Lm). Our bacterial counts arC' 

similar to those obtained by other authors using simi 1 ar 

methods (Hobbie et al. 1977). Hence we are confident that our 

higher biornasses of bacteria and picoplankton are not a 

methodological artefact. 
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Table 1 5 
(981) 

Comparisons bp'_-.Jcen our lakes and those studied hy Spru1es et al. 
The ranee ana '!',edian are shown, 

']'0 ta1 pho~,pho rus 
(mg 111- 3 ) 

I..lke .î rpa 
(ha) 

t1pan <!r'pth 
(m) 

All samp1es Low phosphorus 

3 - 130 (17) 3 - 12 (7) 

20 - (IOOO (200) 120 - 4000 (1/0) 

1 - 70 (10) 14 - 70 (23) 

Sprules et al. 

0.5 - 27 (4) 

29 - 1142 (149) 

1 - 20 (8) 
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FIGURE 1. 3. Examples of the impact of magnifiea tian used in 

microscopie analyses on observed densities. Samples are from 

South (A) and Central (8) basins and Lake Magog (C). 

1 
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The large difference between our results and those of Sprules 

et al. is prirnarily due to the higher biomasses we observed in 

the 25 to 125 tJ,m size range. The low abundance of larger 

phytoplankton in their samples could also reflect shallowcr 

sampling with a small diametli!r sampling tube. We uscd a deeper 

range of depth integration (8 metres as opposed to 4), and our 

sampling tube has 32 times the cross-sectional area ot theirs. 

Counts from this tube were used for aIl size classes up to 130 

tJ,m ESD. Nevertheless the basis of the differences in the 

distributions will rernain speculation until para lle1 samp1es 

from both sarnpling protocols in both environrnents have been 

cornpared. 

Kolmogoroff-Smirnoff tests showed that 46 of 58 volume 

distributions did not di ffer signi f icantly from é.l un i rnodé.l l 

lognormal distribution (P<O.05i Table 1.6; Figure 1.4). Modes 

ranged from 19 to 75 tJ,rn ESD, with a median value of 48 ~rn [or 

the 17 sarnples with both good coverage of the size range and 

significant fits. A unimodal distribution is a good f irst 

approximation to the plankton community size distribution, 

apparently because the phytoplankton mode sa dominates the 

communi ty. 

Bimodal and trimodal distributions were fit to the data, but 

met wi th limi ted success (Table 1. 7) . Only 7 samples out 0 f 

25 with good coverage did not differ significantly from a 
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Table 1.6. Parameters of all unimodal distributions successfully fitted to 
!,amp le,> w 1 th good coverage of the s ize range. The mean is the mean base 2 
logartthm of organism volume U.Lm 3 ) Samples are in order of decreasing total 
phosphorus concC'ntratlon The volume in a given size interval (on a base 2 log 
',cale) may be e!>timated by mu1tiplying the corresponding normal density" by the 
total volume. 

Lake Jul ian da te Mean SO Total volume 
(/.1. ) (0) (ppm) 

Waterloo 229 16.45 4.20 192.7 
MagoE 223 15 77 6.56 29.5 
Magog 193 15.92 6.93 18.3 
Pond 193 15.96 6 48 17.3 
Newport: 20L, 17.04 7.13 14.7 
South 235 15 49 5.40 29 9 
CerlSPS 236 12.45 5 31 12.0 
Cent r.II 228 17.53 7.64 35.9 
(;('ntr.ll 197a 17 66 8.22 19.6 
Cl'Iltr.ll 197b 17 78 8.13 19.4 
North /26 12.51 5.18 9.4 
Stukely 193 15.83 7.29 6.9 
Orforcl 199 12 58 6.21 6 4 
J.v~,t('r .J ,J 7 13 62 5.43 Il 9 
Ch- f 0 rel 203 11. 82 4.31 8.3 
Srukf']v 730 12 90 5.20 11.3 
() ri onl 237 13.62 3.89 19 5 

!ln l'In.! 1 dl'Il'>ltv ( J'Troo:.) 1 f 2 CXPl-I/2«x-/J.)/0)2 1 
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FIGURE 1.4. Examples of (A) unimodal and (B) bimodal fits to 

the volume distribution. Note the apparent third mode below 

about three /lm ESO in bath panels. 

• 
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Table 1.7. Parameters of bimoda1 and trimodal curves fitted to the 
distributions of plankton biovolume. Units are base 2 logarithms of volume 
(J..Lm 3

). Samples are listed in order of decreasing total phosphorus 
concentration. To estimate the volume in a given interval, the contributions 
of each mode must be weighted by the proportion in that mode and summed. The 
contribution is itself estimated as in the unimodal case (Table 1.6). 

(a) B imoda 1 : 

Lake Date 

Magog 193 
Pond 224 
South 235 
Cerises 236 
Nonh 226 
Billdwln 225 
Orfard 203 

(h) Tr lrTIodal 

Lake 

Mdgag 
['olld 

Npwport 
l'IOrTIl' 
S'Hltll 
Il.! l dwi n 
North 
C"lltra1 
L\". r f' r 
(lI ton! 

~t llk.e l v 
()rfon! 

Date 

193 
193 
204 
1I~4 

186 
225 
226 
130 
227 
203 
230 
1q9 

First mode 

Mean 

13.5 
17.2 

7.4 
12.5 
7.1 

Il.1 
8.8 

SD 

5.39 
7.47 
8.21 
5.19 
4.57 
5.81 
6.85 

First mode 

Second mode 

Mean 

26.1 
22.5 
16.2 
18.8 
14.3 
28.3 
12.8 

SD 

1.04 
0.98 
4.41 
2.47 
3.23 
0.88 
2.28 

Second mode 

Mean SD Prop Mean SD Prop 

2.7 
6 0 
l 9 
3 1 

-1. 2 
2 5 

-4.3 
1.7 
9 1 
2.2 
3.8 
6 0 

6 29 
8.71 
2.27 
3 41 
1. 00 
3 20 
1. 59 
3 76 
5 18 
2 65 
6.13 
4 25 

0.13 
0.13 
0.11 
0.49 
0.33 
0.07 
o 02 
0.51 
0.25 
0.09 
0.14 
0.19 

14.3 
15.8 
13 .9 
1l.1 
15.1 
13.2 
11.5 
12.8 
14 2 
12.7 
12 3 
13 .0 

2.51 
2.65 
4.74 
l. 00 
1.00 
2.37 
3.55 
5.58 
1. 99 
2.63 
2.23 
1. 95 

0.63 
0.71 
0.53 
0.29 
0.14 
0.41 
0.51 
0.30 
0.66 
0.90 
0.76 
0.66 

Proportion of 

total in first mode 

0.81 
a 46 
0.08 
l.00 
0.22 
0.61 
0.25 

Third mode 

Mean 

26.0 
28.6 
20.4 
2l. 7 
25.4 
29.0 
15.2 
15.3 
27.2 
25.5 
22.1 
28.9 

SD 

l. 30 
3.18 
l.00 
2.75 
2.19 
l.11 
l.00 
l. 64 
l.00 
l. 32 
l.00 
l.12 

Prop 

0.24 
0.16 
0.36 
0.22 
0.53 
0.52 
0.47 
0.19 
0.09 
0.01 
0.10 
0.15 

1 

j 
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Ten samples did not 

differ significantly from trirnodal distributions. 

The poor success rate with the bimodal and trimodal fits may 

not be entirely due to the underlying structure of the 

community. These models have more parameters to estimate than 

the sirnpler unimodal case, and hence require either more data 

points (size intervals) or more "perfec.:t" data. For examplc, 

a trimodal model requires the estimation of 8 indepcndcnt 

parameters, and our data are grouped into only 39 intervals. 

Using narrower, and hence more numerous, intervals would 5 imply 

generate more noise due to sampling variability. It is also 

possible that the iterative algorithms used for estimation led 

to a "dead-end" in the parameter space which is not necessarily 

the optimal solution. Even when the parameters cannot be 

estimated analytically, two or three modes are sometimcs 

evident in the distribution (Figure 1.4). 

2. Normalized Spectrum 

Normalized spectra (Sprules & Munawar 1986) for the 25 samples 

with good coverage of the size range were computed using base 

2 logarithms on both axes (Table 1.8, Figure 1.5). Intercepts 

varied from 5.16 to 7.98, with a mean of 6.05 (95% C.I. of mean 

= 5.80 ta 6.10). Since aIl of the regression slopes were 

highly significant (P<.OOl), there is indeed a constant trend 
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Tablc ] 8 Parameters of the normalized spectra for samp1es with good coverage 
at the .slrc r.1nge • il rranged in order of declining intercept. The independent 
'/ariah l e J', the base 2 logarithm of organism volume (,LLm 3 

) The dependent 
variable 1 ~ the base 2 10garithm of the normalized density (xl0- 6 L- 1). 

Lake Date Intercept SE Slope SE F R2 SEE 

Waterloo 229 7.981 0.430 -0.752 0.033 516 0.94 l. 90 
I.overing 177 7.066 o 910 -1. 002 0.069 214 0.88 3.91 
South 235 6.679 0.734 -0 951 0.048 387 0.92 3.27 
South 186 6.499 o 532 -0 829 0.036 520 0.94 2.36 
Central 228 6 327 0.458 -0 870 0.031 783 0.96 2.03 
(J'Malll'v 177 6 304 o 73/~ -0 rn 0 065 152 o 84 3 22 
Ce r ifl(l!") 136 6 272 a 521 -() 904 0 043 (41+3 o 94 2.29 
Magog 193 6 247 1).516 -0.877 o 035 618 0.95 2.29 
Pond 193 6 216 o 578 -0.915 o 037 622 o 94 2.58 
C2ntral 197a 6.079 0.425 -0.867 0.029 903 0.97 l. 89 
Mar,og 223 6 068 o 384 -0 853 0.027 1011 o 97 l. 70 
Pond 22/. 6.020 0.520 -0.872 o 034 649 o 95 2.31 
CentLil 197h 5 960 0.429 -0 862 o 029 878 o 97 l. 90 
Central 166 5 957 0.533 -0 764 0.047 265 o 90 2.34 
CP 1- i ',f' <, 193 5 952 0 532 -0 760 0 047 263 a 90 2.33 
~nn Il ')26 5 870 () 588 -0 938 () 045 Iii! 1 0 93 2.60 
Bd Idwlll 225 5 827 0 599 -0 944 o 040 552 0 94 2 67 
Stukt:>lv 730 5.700 0 655 -0 942 0 047 410 o 92 2.90 
Cl'ntr.11 186 ) 636 () 703 -1) 894 o 057 250 o 89 3.09 
Lvs tl't" 727 5 608 0.734 -0.941 o 052 326 o 91 3.25 
(lI-tord .' 3 7 c) St,2 o 650 -0 837 o 055 236 0.89 2.86 
Ol-fonl ,:03 ) 483 o 800 -1 005 0.057 312 o 90 3.54 
NpWpOl t :'Oh [d6 0 460 -0 866 o 033 682 0.95 2.04 
Ot-ford 199 5 373 o 627 -0 961 o 044 1.83 o 94 2.78 
Srukplv 193 ') 162 o 683 -0 975 o 043 504 0.93 3.05 

1 
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FIGURE 1.5. The mean normalized curve and the two extremes in 

this data set (n = 25). 
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in biomass distribution over logarithmic size classes. The 

slopes varied from -0.75 to -1. 0 l, wi th a mean of -0.89 (<)5~ 

C.I. of mean = -0.87 to -0.91), which is highly significantly 

shallower (P<.001) than the slope of a spectrum w i t.h 

approximately equal biomass per class. Thus the distribution 

is not uniform , but shows a small increase 1n biomass betwecn 

successive size classes. The mean slope corresponds ta ,1 

spectrum in which biomass tends to increase by about 7"0 betw(lcn 

successive base 2 logarithmic size classes. 

Over the range of sizes from 10-6 to 103 l.Lg, the approximùtc 

median parameters (6 and -0.9) generated an integra ted b 10mi1~;G 

estimate of 7.6 mg L- 1
, after correction for backtransf ormatlOn 

from a logar i thm1c sca le (Sprugel 1983). Th l 'j \vil s not 

significantly different from the median (14.1 mg 1,-1) of 

observed biomasses. Observed biomasses varied from G.4 ta 101 

mg L-1, whereas integrated estimates varied from 0.8 ta 1-17. rnq 

- 1 . L. The integra ted estimates were ,lI 50 '~l.gn 111 cilntl y 

correlated (P<.001, F = 31, r 2 = 0.57) with the obscrvcd totlll 

biomasses, where all values were log transformed (base 10) ta 

stabilize variance (Figure 1. 6) . Although the parameters of 

this relationship (-3.36, 1.83) were signlficantly diffcrcnt 

from 0 and 1 respectlvely (P<.025), this regrcssion r:?!~;tFlbli~;h(>'; 

thë\t the spectrum rnay be used as a basis for compd r j ~.;on () f 

samples. 
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FIGURE 1.6. The relationship between observed total planktonic 

biomasses and the estimates obtained from integration of the 

normalized curves fitted to these data. The 1:1 line is shown. 

1 
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Sprules and Hunawar (1986) reported normalized spectra for 

several ontario lakes (Table 1.9). Their median slope values 

from replicated observations on individual lakes tended to be 

closer to -1 than ours. Their median intercepts (reported in 

base 10 Iogarithms) were smaller. Those authors did not 

provide sufficient information about the distribution of their 

values to undertake a parametric comparison, but numeric 

integration of their curves over the same range as ours yielded 

values in the range 0.7 to 0.8 mg L-', compared to 0.8 to 172 

mg L- I (median = 7.6) for our integrated totals. Their resul ts 

spanned a srnaller range since each spectrum was based on 

several sampIes, whereas we have computed one spectrum per 

sample. Sorne of our samples had much higher phosphorus 

concentrations than those of Sprules and Munawar. Nevertheless 

our norrnalized spectra usually reflect higher total plankton 

biovolumes than do theirs. 

J. Variability of parameters 

The elliptic confidence regions about the parameters of 

normLllized spectra from 4 samples are illustrated in Figure 

1.7. The figure shows the variabil i ty in the size of the 

confidence reglons, as well as the extent to which different 

spectra may correspond. Thus ellipses with substantial overlap 

correspond ta spectra which do not differ significantly, 

whereas disconnected ellipses are significantly different. The 

~------------ ------
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Table 1.9. Pararneters (range and medl.1n) 
computed by Spru les and Hunawar (198&) 
for our spectra ('omputed o\'('r a sllnllar 
conversion ta base 10 logcll"lthms 

Lake Slop' 

of normall:.:C'd spC'l't 1".1 tOI Ont.l1"lO 1.lk(". 
l'or purposC's of COlllptlll',OIl. tlH' v.l1ul". 

<,1:.:e r.ll1/'.C' ~n " .~'») <ln' Illclud(·d .. tt tl'I 

IntC'rcppr 

lnland lakes -0.92 to - l 05 ( - 0 98) 0 92 t 0 f) 3 (l Hl) 

St. Clall" -0.76 to - l 05 ( - 0 90) 1.11 ta 81 ( 1 I,h) 

Erie -0.77 ta - 1 ) , 
-"' ( -() 99) 1 79 ro 2 Id t 1 Illl) 

Ontario -0.90 to - 1 04 ( - d 97) 1 35 ro , ) 16 ( 1 Sl) 

Huron ·0 90 t 0 - 1 18 ( - 1 On () 6!, t () (l') ( (1 'l() ) 

Superior -1 00 ln - l 15 ( - 1 10) () 41 ro () 71 (0 r,[ 1 

This studv -0 7'J La - 1 01 (-O.<J(l) 70 1 () Bq ( . , d) 



42 

FleURE 1.7, 95% confidence regions around the parameters of 

sorne norrnùlized curves. The total phosphorus concentrations 

are ::;hawn, ln arder ta illustrate the general trend ta 

decreas l ng s lape and increasing intercept w i th increas ing 

phosphorus concentra. t ion. Larger ell ipses re f l ect l ess precise 

pa rLlmete r '?st l ma tes. Greater overlap between b/o elllpses 

reflects less significant dlfference between the distributions. 

1 

1 
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mean squared errors (variance estimates) of the 25 best spectra 

were compared using Bartlett' s test. The test statistic showed 

very s~g!'li f icant variabi li ty (P<O. 005) arnong the residuals. 

This varlability is reflected in the relative sizes of the 

conf idencc cil ipses. 

The variabilIty (among the spectral of each of the parameters 

was testcd wi th two pa irwise tests. At-test showed a 

signit~cant difference (P<O.Ol) between the smallest and 

] a rgest 1 ntercepts of the 25 normal ized spectra. The first and 

the 24th intercepts werb stll] dIfferent (P<O.05). The second 

and thlrd were a]so dIfferent from the 25th. Otherwise, there 

were no slgl1i f icant di fferences arnong the intercepts. However 1 

blvdridte comparisons like this generally increase the number 

01 Type> 1 en-ors among aIl poss ibl e compar i sons in a parameter 

~;('t. Tu~:('y's LSD test, WhlCh is more approprlate, sho'v,;ed no 

~~ 1 Cll1l t 1 ceint dIt fcrences v.'hatsoever among slopes or among 

1 m:.C'tTC'pt S oi the normal i zed spectra. When Tukey' 5 test was 

dppJ icd to the unimoda] fits, four overlapping homogeneous 

sct~, ot mcans were identl f ied: 1 to 7, 5 ta 10, 6 to 12, and 

R to 17 (where the numbers retlect the sequential order of the 

mC'ans trom lowest to highest). 

The la ... · variability of the parameters of these two rnodels 

reflects the underlying similarity of size spectra arnong lakes 

studied (FIgure 1.5). This presents a problern for cornparisons 
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among lakes, and for the development of models to predict 

parameter differences between lakes. The sampling distribution 

from a single lake necessarily shows variability, due to short 

terrn changes and sampling error. But if the "true" di f ference 

between the parameters of two different systems is low, as we 

have found, th en efforts to predict this difference will be 

confounded with sampling variation. 

4. Predictions 

These data are the largest available set describinq the size 

distribution of plankton communities in lakes of di ffering 

trophy. This section develops correlat ions betwccn the 

parameters of size distributions and ot.her lake 

characteristics, using data collected in 1987 ('f\üJ 1 C 1. 10) • 

Where possible, the predictive power of these rcldtinn~; W<lS 

tested with data collected in 1986. None of the rcldtl()Il~,hips 

were significantly improved when the following morphomctr le 

variables were tested as addi tional regressors: 

lake volume, mean depth, mclximum depth, and a Cd tr·qor i ("" l 

variable depending upon whether or not the lakc ~. t r.1 t 1 ! J (", 1 n 

summer. 

As a partial check on the validity of sorne of the.> rj'l".<1 ,.rd 

lected, and for a compar ison wi th other publlShr. d '''(~ r' Ir, 1- he· 

relationship between mean summer chlorophyll concon t r'l t l r ,w, 'InrJ 



:1 

1 

Jable 1 10 Predictive regre~~lon~ for planktonlc slze distributions 
var lat Ion ln the~e 8naly~e~ I~ moderate relative to other models (e.g 
u~e point est lmates, rather than sea~onal means. The F stat IStlCS 
o O)'P,O.01, *. = 001,P. Abbrevlatlons are deflncd ln the footnotes 

ln general, the amount of explalned 
Pet ers 1986>, because the regresslons 
do not Include the Intercept • 

, 
..il 



1 
Table 1.10 footnotes: 

TVOL 
PICOVOL 
NANNOVOL 
NETVOL 
TP 
DATE 
DW 
PNET 
ZOOOlol 
CHL 
N 
SIZE 
UNIMODE 
NSLOPE 
NINT 
STP 

volume density of plankton (J,.Lm 3 x 10-6 L- 1 ) 

volume density of plankton of ESD < 5 J,.Lm (,/.Lm} x lO-n L- 1
) 

... volume density of plankton of 5 fJ.m < ESD < 80 fJ.m 
- volume density of plankton of ESD > 80 J.1.m 

total epilimnetic phosphorus concentration (mg m- 3
) 

Julian date 
epilimnetic dry mass concentration (J,.Lg L- 1

) 

- phosphorus concentratlon re tatned on 80 fJ.rn fi l te r (mg 111-
1

) 

- zooplankton dry mass concentration (J,.Lg L- 1
) 

- chlorophyll-a concentration (mg m- 3 ) 

numeric density of plankton in a sizc lnterv<il (xlW h L- 1
) 

- volume of a single organism (J..Lm 3
) 

=- mean of normal distribution of volume ov<>t" log2 SIZf>!> 

... slope of the normalized spectrum 
- intercept of the normalized spectrum 
- total spring epilimnetic phosphorus concentration (m~ m 1) 

Mi 
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spring total phosphorus concentration was calcuJ ated. The 

relationship explained 53% (n = 15) of the variation in the 

base 10 log chlorophyll. Our parameters (-1.22, 1.29) were 

similar to those computed by Dillon and Rigler (1974) using a 

mu ch larger data set (-1.14, 1.45), and the predictions from 

the two models were very highly correlated. Hence, there is 

reason to hypothesize that the relations buil t on data from 

thesc lakes may reflect more general regularities. 

The> total epi l imnetic phosphorus concentration (TP) is the rnost 

usoful and reliable predictor of size distribution parameters. 

AG 'rP Increases, the mean of the unimodal distribution 

Increascs, indicating the relatively greater number of larger 

orgnnisms. This is further reflected in the shallower slope 

dnd highcr intercept of the normalized spectrurn. The unimodal 

meeln 15 bcst predIcted from the logs of the concentrations of 

Tl', chlorophyll, and ::..cc,:onic dry weight (R2 ~ 0.58). The most 

reliable predIctions of the normalized slope and intercept are 

bdscd on TP alone (R2 = 0.38 and 0.32 respectively). 

Plankton abundance was very negatively correlated with size. 

'l'hus 94% of the base 2 log of the numerical density in a size 

interval was explalned by a regressioD on the log of rnean size 

ln that interval (Table 1.10). Furthermore, this model based 

on 1987 data explained 82% of the variation in the independent 

1986 abundance data. Incorporation of log TP as a predictor 
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slightly increased the variation explained in the original 

data. This augmented model explained 87% of the variation in 

the independent data set. 

Al though only 55% of the variation in the logar i t.1ID 0 f the 

total planktonic biovolume is explained by a regression on the 

logarithm of the total phosphorus concentratiul1, thi::> 

relationship is not significantly improved by the inclusion of 

other likely regressors (e.g. chlorophyll) in the model. When 

applied to an independent 1986 data set, there was ,1 

significant correlation between predictions and observations. 

A separate regression between total volume and total phospho

rus was fitted to the 1986 data. The mean squared errors of 

the two models were sufficiently similar (Bartlctt 1 s test, 

P>O. 25) to allow a direct F test comparison of the two param

eter sets, which were not significantly different from one 

another (Figure 1.8). 

Regressions to predict the biornass of dlffcrent functlonéll 

groups of plankton explained less than half ot the obscrvcd 

variation in the total volume of picoplankton, nannoplankton, 

and zooplankton as functions of Julian date and sorne index of 

trophy. Netplankton volume was more effectively dcscrjbcd CR? 

= 0.96) by a seven parameter model, but because aIl terms ln 

this relationship explained similar amounts of vi1rlation, d 11 

sirnpler rnodels were less effective. For each of these models, 
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FIGUHE 1.8. The relationship between observed total plankton 

biomass and total phosphorus concentration in 1986 and 1987. 

There \:::; no significant difference between the two 

i ndcpcndcntl y fi tted rcla t ionsh ips. 

1 

r 
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the trend between model predictions and the original data did 

not differ significantly from a 1: 1 relationship. However, in 

those cases (nannoplankton and zooplankton) where the 

pred ictions of relationships buil t on 1987 data were compared 

with data collected in 1986, there was significant deviation 

from al: l trend. 

The ri1tlo nannoplanktonjnetplankton decreases as phosphorus and 

chlorophyll concentrations increase. This is consistent wi th 

the observed increase in average size as these trophic 

vari ables increase. 

,). U:;e of Phosphorus as an Index of Biomass 

l't -te rs (1 <J 8 3b) f ound a rough ly l inear increase in particula te 

phosphorus concentration per logarithmic size class over 6 

cl,lsses spanning roughly the range from 1 to 100 /.Lm ESD. The 

~:;lopes of these relationships increased with total phosphorus 

concentrat ion. If the relationships are in fact linear 1 then 

the Impl ication is that the phosphorus concentratio.: per size 

cldS~-; 1:3 constant among classes in the same lake. Increases 

in sI opes and Intercepts wi th total phosphorus imply that each 

size clùss conta lns more phosphorus. Peters' interpretation 

of these phosphorus d; stributions as biomass distributions 

relies upon the assumption that the ratio of phosphorus to 

biomass does not change with either size or total phosphorus 



concentration. In arder ta test thi s assumption, wc condul't ed 

a two-way analysis of variance of the log-transformed mp,ll1 

phosphorusjbiomass ratios for 3 size classes (0.4-5, 5-80, 'HO 

J,.Lm) in 4 ranges of total phosphorus concentrations (',9, 'J-;' l , 

21-52, >52 mg m'3). These intervals correspond ta intcrv(\l~~ ot 

equal range in log-transformed phosphorus concent ration vdl u('!;. 

The model explained 71% of the vana tian in the da tel (n -- 1 ;'1 , 

F = 39.2, P<O.OOl, SEE 0.1584). The pre>dictcd mc'an vll1ll('~~ 

(Tabl e 1. 11) show a trend to decreas l ng ra t lOS W i th j ne r(,d~, 1 nq 

size (P<O.Ol) and Increasing ratIos with incredslnq tut.ll 

phosphorus concentrLltion 

the table suggest that 

(P>O.O~; n.s.). The mCdn v<.dw"; III 

the phosphorus concentrdt Ion ln 

picoplankton is about 8 tlmes hlgher thiln thtlt in notpl ëlnUCl/I. 

Assumi ng tha t dry weight is about 30% of wct wc 1 ght (Pl.'t ('r~. & 

DownIng 1983), the mean P content of algac from Vinogrdd(Jv'~. 

(1953) data (0.69% of dry mass) convorts ta il w('t 

phosphorusjbiomass ratio of 0.0023. ThIS value 15 intcrITl('dldtC' 

between those of the small and med l um s 120 C l dS~.0~; ,lt cl 1 1 

phosphorus levels predicted from our analy~;js. Potors (l'JiJ!h) 

noted that Vjnogradov's (19~3) datd snowecJ somr' ten(h'fî< y t (J 

decl i n ing phosphorus concent ration wlth lncrOaSlnrj orqdlll~;rn 

size, and Shuter (1978) showed that the 

concentrati on in phytopl ankton cell s decll ne~; w l th ce l l SI i'f-' • 

Our analysis shows a similar trend. 

content of a size class is at best an apprOlnmate l ndc:x 0 f 

biomass, which should be adjusted by a size-spec l f le cor rcct 1 CJn 
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Tab1e l 11 Results of the two-way analysis of variance of the phospho
rus/hiomass ratio. Co1umns represent three size classes, and rows represent 
four levels of total phosphorus concentration. The four values in each cell 
are the numher of observations, the mean predicted log10 ratio, the stand,nd 
error of this estimate, and the back-transformed ratio corrected 10C' 

trnn'.forrnat"lonal bias (Spruge1 1983) 

Picop1ankton Nannoplankton Netp1ankton 

TP<9 8 7 ) 

- 2 77 -3.63 -3 68 
0.0992 0.1020 0.1140 
0.0026 0.0004 0.0003 

9<TP<21 35 24 11 
-2.63 -3.49 -3 54 

0.0599 0.0693 0 0925 
o 0036 0.0005 0 0004 

21<TP<52 12 9 5 
-2.45 -3.30 -3 36 

0.0873 0.0927 a Ioor: 
O. 0054 o 0008 0.000/ 

TP>52 3 1 1 
-2.39 -3.25 "1 30 -.J 

o 1800 0.1880 0 1940 
o 0062 o 0009 o OOOR 
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factor. 

The size dependence of the phosphorus/biomass ratIo h~s 

important impl ications for the use of phosphorlls as an index 

of biomass. First, differences in total phosphorlls con

centration tend to be greater than di fferences in biomd~;~-;. 

This is reflected by the fractional exponent (0.85) of tlw 

regression between total biovolume and total phosphorus ('l'ilb! .. 

1.10). Second, the high concentration in the sm .. llest si ze 

class overestimates small organisrn biomass compared ta that ot 

larger organisms. Hence, the linear trends ln the n~) ,1t ion~;h ip 

between cumulative phosphorus and organ ism SI ze rerortl'd hy 

Peters and the decl ine in phosphorus concent rat Ion W 1 th ~; i /.l' 

imply an increase in biomass with size. ThiS contirm~ th .. 

tendency indicated by our resul ts from the normall Zl'd ~;p(lctrum. 

6. Extrapolations 

The mean slope and intercept of the normalized spcct.rtlfTl mély be 

used to predict the abundance of organjsrns at IdrrJ~r ~~11.(~~,. 

The projected 7% increase in biomass per log 2 SI.:" cl<1~;~j 1:; 

necessarily constra ined by the more rapid inc r~ .Ise ln onJéln L~rn 

size (doubling between classes) and the maXlmum SIle of the' 

habitat. Our largest lake (Mernphrernagog) has a volume of élhout 

1.5 km3
• If at least 500 indlviduals are required for a 

subsistence population, th en the rarest species in Lake 
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Memphremagog might have as few as 330 km- 3 • 'l'he model proj eets 

an abundanee th";'s low for the interval cont :iin ing organisms of 

about 4 metres ESD (18 t). If we apply the additional con-

straint that the rarest organism has a mass lower than 30 kg 

(corresponding to a large lake sturgeon), then the largest size 

interval spans the range 18 ta 36 kg. The geometric mean 

weight of fish in this size range is 25 kg. Using our mean 

parameters from the normal i zed spectrum, we predict a total 

abundance of about 150, 000 organisms of this si ze km -], or over 

200,Oel) in a lake the size of Lake Memphremagog. This seens 

unreasonùble, but the 95% confidence interval is very broad 

(between 12, 000 and 1,880, 000). In light cf these unrealistic 

predictions of the abundanee of larger organisms, it is 

convenient ta invoke the rule that predictions beyond the range 

ot the varlables used to build a regression are statistically 

Un)Ustlt led. Nevertheless, the implication that the size 

c.>(wct rum does not have a constant trend throughout the range 

ot .:\11 aquatic orgdnlsms needs ta be examined. Current 

theorles of energy balance in size-structured aquatic systems 

(e.g. Platt and Denman 1978; Platt and Silvert 1981) rely 

cssentl<111y upon pelagie analyses. However, beyond the si ze 

range ot organisms included in our models, interactions with 

the hypol imnlon and the benthos become important. For example, 

Luger zooplankton and fish may conduct diurnal vertical 

migrations, and sorne fish spend part of their life cycle near 

the bottom and part as pelagie feeders. In oceanic systems, 

----------- ------------------------------------ -------
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the epilimnion and the benthos are relatively isolated. But. 

in most lakes, the much smaller spatial scales produce more 

frequent interactions, at least for larger organisms. Bence 1 

accurate predict1. ve models for fish abundance and product ion 

may need to build upon the size distr1butions of both the 

benthos and the plankton (cf. Sprules & Munawar 1986). 
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CHAPTER II 

PLANKTON COMMUNITY RESPIRATION: RELATIONSHIPS WITH SIZE 

DISTRIBUTION AND LAKE TROPHY 
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ABSTRACT 

We tested the hypothesis that limnoplankton community 

respiration rates are predictable functions of mean body si ze, 

wi thout reference to taxonomie composition. Over a broad range 

of trophic conditions (6.5 :::; [TP] :::; 130 J.1.g Cl ; 1. 2 ~ [chl-a] 

:::; 29 fJ.g L"') 1 the mean respiration rate per organism for 

picoplankton, nannoplankton, and netpldnkton assernblaqcs lS ,1 

power function of mean organism Sl.ze, wlth an exponent of 0.73. 

The total epilimnetic phosphorus concentratlon is correlatcù 

with both the biovolurne and respiration rate of the plankton 

communi ty, as weIl as with the respiration rates 0 f the thrce 

plankton size classes. The surnrned respirat lon ra tes 0 f the 

three screened fractions are not significantly dl t ferent from 

the mean total cornmuni ty rate. When resp i rat lon (R) and 

biovolurne (B) are standardi zed ta equi valent carbon uni ts, the 

RIB ratio is a power function of mean organism size, with an 

exponent of -0.30. These results provide empirical support for 

the contention that size dl.stributions may be used ta constrllct 

comprehensive models of comrnunity physlolog'f. 
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1 Introduction 

The respiration rate is a fundamental measure of biological 

activity for aIl organisms. It is correlated w i th other 

physiological rates, such as glowth rate (Banse 1976), and the 

rates of excretion of ammonia and phosphorus (Ikeda 1985). 

since longterm production is proportional to respir ation for 

a wide range of populations (Humphreys 1979), the respiration 

rate of an entlre community might weIl provide an easily-

measured index of production in the community. Furthermore, 

the bioaccumulation of contaminants by aquatic organisms is 

affectcd by the metabolic rate (Neely 1979), and contaminant 

fluxes show size effects (Jorgensen 1979). 

Direct mcasurement of plankton community respiration rates must 

be donc in Situ or very rapidly after rernoval of the sample 

from the lake (Lampert 1984). In addition to being time-

consuming, th8 procedures thernselves rnay introduce bias into 

the measurements. Not aIl procedures measure the same thing: 

whercas me~surement of the activity of the electron transport 

system (ETS) rcpresents the maximum potential oxygen dernand of 

the community, the rneasurement of oxygen uptake represents the 

extent to which this potential is being realized (Packard 1971, 

1985; Oevol 1975). In spite of these methodological biases and 

inconsistencies, sorne general trends rnay be identified: 

Plankton communi ty respiration rates tend to increase wi th 



biomass, al though assemblages of larger orgimisms n>spi rc .1 t 

a lower rate than s l.mi lar biomasses 0 f sma 11 cr organ 1 ~;m!, 

(Williams 1984). But at present there are no models to prcd let 

the respiration rate of planktonic communitics, .llthough two 

approaches hold promise. 

One approach would extend the existing knowlcdge of communlty 

responses to trophic variables. l\. number of n:-l.lt 1 on,,111 P!; 

exist, descrlbing both the static ùnd dynélmlc propcrtles (lI 

plankton communi tics as functions of the toti1 L pho!-;phonl!; 

• concentration (see Peters 1986 for él revlcw). l'or ox.1mfîlc·, t Ill' .. 
relationships between phosphorus concentratlon 

photosynthetic production (Smith 1979; Gelin êlnd Rlpl 1')/n; 

Elser et al. 1986), zooplankton abundilncc (Pace l'JBn), .Ind 

relative abundances of netplankton and nannoplùnkton (K'll f f d nd 

Knoechel 1978) are known. If the trophic responsc (J t 

respiration rate were }:nown, then one cou] d pred 1 ct totd 1 

communi ty respira tian from the phosphorus com:ent r,lt 1 on. 'l'hr> 

second approach 1S an extension of the known S lze-depcnden('(' 

of respiration rates of individual taxa, observcd ln 1 dboratur'l 

studies. Tt "IOU Id prov j de a test a t the d ';~;umpt 1 un (( .. r J • 

Griesbach et al. ] 982) that relationshlps obscr'/c!d r.Jll 1 :~oldt('rJ 

taxa also apply ln the field. Rather than concr.!ntr,ltlnrJ on t tir. 

allometric response of indiv1.dual organ l::;m~, one cou 1 cl ',f!f!1r 

size-based trends within whole communlties. Thus 'Jne coul,j 

measure the resp1. ration rate of p lankton assembl ilqC:; ,je l J ml t,·rj 



1 

r 

60 

Ly ~~lZC (rather than by taxon), in an effort to determine the 

,; l zc dcpendencc of the community rate. 

t~xonomic~l]y-speclfic relationships 

since the exponents of 

tend t.o be sirnilar 

( L,IV lfJnc 1982; Bùnse :'379), one r.nght hypotheslze that 

commun 1 t i' reg rcss lons ',IOU 1 d fol1ow a S lInilar trend. 

In thlS parer, \Je contribute to models of cornrnunity physiology 

ba::>ed upon the community Slze structure and a trophlc varIable 

(t.he tota l phasphorus eoncentrat ion) . He examine the hypo-

t hc~;(~~; that rcspi rclt lon ré1tes are predictable fun-::tlons 0 f the 

t OLll '>plllmnctlc phosphorus concen tration 1 é1nd of the 

,1bund,lncc ,lnd S l ze 0 f plankton. 

:;,lmpllnCJ -- :;dmpll'L"; h'erc~ callected durlng July and August, 1987 

t '-(lIn 1 \ 1,1 ke ~; 1 te~:; 1 n southern Quebec. These sites representcd 

.\ h r-{),Id L1 nqc a f troph ie candi tions 1 ùs ev idenced by phosphorus 

,Inn chlorophyll concentrations (Table 2.1). I!1tegrated epilim

netIr~ ",lmples \vero collected during the day throuqh a 2.5 cm. 

li l ,1\110tC t- tube ,.:onnC'ctcd to a piston pump. Th is apparatus hùs 

\'l'l'n !;ho\vn t 0 coll cct both phytop13nkton and zooplankton 

\\1ater samples were stored in dark 

brawn N,llqenc bottlcs in d cooler containing ice packs during 

transit ta the Llboratory (maximum duration of one hour). 
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Table 2.1. Concentrations of pho::.phorus (mg 1 3) and chlorophyll (m9 m 3) ln Intl'gr:Jted cp Il In_will ","1.'1., 
used for respiration ob~ervatlons. Newport, N\lrth, Central, and South are bn~ln .. DI lo~e MCII.lIH(·I1\lq,"1 

Concentrations refer to the total flltrate of thE' Indlcated fllt2'r, Includlng both the flltrnt!' und ((·t!'nt"lt' 
of smaller fIL ters, 

Poros 1 ty of sc reen or fil ter (/lm) 

0.4 S 40 TOTAL 
Lake & 

JuIl an date P P ChI P ChI P ChI 

-------
Orf ord 237 3.7 5.3 o 6 5 3 1.3 6 5 1.6 
Stukely 230 4.1 5.4 o 3 5.7 1.4 6 6 ?? 
Orford 203 3.7 5.7 6.6 7.9 
L yster 227 4.4 8.4 0.3 7.6 1.1 9.1 1.6 
North 226 7.9 9.7 0.5 10.3 0.8 12.2 1.6 
Bald\olln 225 7.2 '0.8 0.7 12.0 1.0 13.1 2.0 
Central 228 7.8 10.3 o 0 11.7 0.2 13 5 1.2 
Cer 1 ~e5 236 8.0 12.? 15.5 4.2 16.6 6.3 
South 235 6.9 11.9 1 0 12.8 1.8 18 6 3.5 
Newport 20 .. 11.7 16.5 17.9 22 7 4 1 
Pol1d 224 15.8 20.1 1 4 21.8 1.6 22 9 3.8 
Magog 223 14.5 ;>4. , o 8 29 5 5.5 39 3 Q (1 

\Jeter 100 '229 19.7 34 6 4 5 57 3 16 2 130 1 lB 9 
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Oxygen uptake -- For oxygen uptake experiments, sampI es wC'rc 

divided upon arrivaI at the lakeside laboratory into 

picoplankton, nannoplankton, and netplankton, using 40 }..Lm 

square mesh stainless steel screens and 5 J..Lm Nllclepore fi lters. 

In order to obtain measurable and reliable rates from 

indi v idual size fractions, the subsamples were thC'n 

concentrated on glass fibre filters (0.45 J..Lm nominal porosity) . 

Cornett and Rigler (1986) have shown that this concentrati on 

procedure does not significantly al ter the rate of oxygcn 

consumption of seston samples _ For each subsample except one, 

a total of one litre of water was used (895 ml fil tered throllgh 

the glass fibre filter and 105 ml added to the incubdtion 

bottle). The remaining sarnple, from a highly eutrophie 1ake, 

received only 400 ml of source water. 'l'he fractionated 

subsamples, along with whole communi ty sampI es, were then 

incubated in the dark for twenty four hours at in si tu 

temperatures (18 - 22°C). The whole comrnunity sample provided 

a check on the accuracy of the fractionation procedure'. 

Initial and final oxygen concentrations were deterrnined using 

the sodium azide modification of the Winkler technique (APHA 

1971) • 

Size Composition 

throughout the range 

diarneter (ESD) was 

The size distribution of plankton 

0.2 to 1500 J.Lm equivalent spherical 

df!terrnined by direct rnicroscopi c 

examination. The abundance and approxirnate diameters of 
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bacteria were determined by epifiuorescence microscopy with 

DAPI stain (Porter and Feig 1980) of sample:: preserved in 2% 

formaldehyde. Larger organisms in the picoplankton fraction 

were measured at 1250X on an inverted microscope, using samples 

preserved in Lugol' s iodine solution. Nannoplankton were 

measured at 1000X and 400X (Lund et al. 1958). Netplankton 

were measured at 100X on the inverted microscope and at 40X 

under a dissecting mlcroscope, using both Lugol 's samples and 

others preserved in 2% formaI in. Individual volumes of 

orgnnisffis larger than 5 J...Lm greatest axial l inear dimension 

(GALD) were estimated by measuring length and width and taking 

the volume of s imilar regular geometric shapes as 

approximations. Smaller organisms were counted in nine 

diametcr intervals between 0.2 and 5 ,um. In each of the three 

si ze fractions (pico-, nanno-, and netplankton), at least 400 

organisms were counted and measured. 

Chemical analyses -- Epilimnetic phosphorus concentrations were 

measurcd as an indicator of lake trophic state. The total 

phosphorus concentrations in each size fraction and in the 

total sample were determined in triplicate, using the ascorbic 

~cid modi fication of the molybdenum blue technique (strickland 

<lnd Parsons 1968) after digestion \Vith potassium persulfate 

under pressure (Menzel and Corwin 1965) • As further 

confirmatlon of trophic differences between lakes, chlorophyll 

il concentrations \oJere also measured in triplicate (strickland 
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and Parsons 1968), and corrected for phaeophytin. 

Data analyses -- The biovolume (ppm) in each size class was 

defined as the sum of the volumes of aIl organisms ln the sizc 

interval (1 ppm = 109 ,l.Lm3 L-'). Individual organism volumes arc 

expressed in ,l.Lm
3

• When conversions among uni ts werc requ i red, 

aIl organisms were assumed to have a densi ty of - ~ 
1 g.cm , 

implying that 106 f.Lm3 of biovolurne (.001 ppm) is equ i valent to 

1 J.1-g of biomass; 1 f.Lg of oxygen respired is equivalent to 0.375 

/-Lg of carbon (Parsons et al. 1984); picoplankton were ùssumcd 

to contain 0.0963 pg j.Lm-
3 of carbon (Simon 1987) ; nimnoplùnkton 

and netplankton volumes were converted to carbon equivalents 

using the empirical formula for phytoplankton from Mull in ct 

al. (1966): log,o C = -0.29 + 0.76 loglO V. 

Resul ts and discussion 

Respiration rates ranged from 94 mg to 1.3 9 02 m 3 d 1 (Table 

2.2) • The highest rate is similar to the 1.2 q o? m- ~ d 1 

measured in natural Anabaena collections (Ges3ner & Pdnnier 

1958), but lower than the 6.8 9 in a fertilizcd 

Georgia pond (Welch 1968). In mesotrophic Lake Washington 

(sumrner chlorophyll 5 mg m- 3
), Oevol and Packard (l~78) found 

a surnmer average respiration rate of 180 mg 02 m- 3 d-', slmilar 

to our intermediate values. In Findlay Lake (Oevol 1979), the 
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l 
Table 2.2 Rates of oxygen uptake (mg Oz m- 3 d- 1 ) in dark-bottle incubated 
samples. SE = standard error of mean (n = 3) . 

Lake & Size FractlOn SUffi of Measured 
Julian date <0.5 J.Lrn 5-40 J.1.m >40 J.Lm Fractions Total 

IOpan SE mean SE mean SE mean SE 

Orford 237 7/~ 5.3 1 0.5 20 2.0 95 109 5.1 
Stuke 1y 230 18 3.5 88 21.5 1 0.9 106 94 9.4 
Orford .J03 112 12.2 1 o 5 7 1 6 50 59 J.8 
Lyster 227 105 ~ 6 7 2.6 70 4 4 182 157 13.0 
North n6 126 ; f) 8 21 5.2 32 3.0 179 194 8.4 
Baldwin 225 fia 13.8 14 7.0 126 8.6 200 187 6.3 
r.entra 1 228 207 13.8 14 3.5 60 4.7 280 295 24.4 
Censes 236 130 5 6 53 15.7 11 1.6 193 183 15.0 
South 235 117 ') 8 40 7.7 42 13.8 130 155 12.2 
Newport :04 182 9 3 70 11.1 14 3.2 266 234 10.4 
Pond 221~ 228 ~3.4 35 16.1 98 9.7 361 320 20.8 
Magog 223 123 3.9 70 6.8 189 10.8 382 408 16.9 
Water 100 229 SIg 19 2 459 37.7 158 10.1 1435 1287 124.7 

l 
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depth-averaged maximum annual respiration rate of 20 mg 02 m· 3 

., 
d was lower than our measuremE"l1ts. But this lake was more 

o1igotrophic (summer P0
4
-P = l mg m· 3

) than any of ourf: (Table 

2.1). Hence our respiration measurements are consistent with 

previous results. 

Relationships with phosphorus: 

Over 85% of the variation in the log transformed total epi-

limnetic respiration rate is explained by variation in the 

total phosphorus concentration. Potential bias due to the high 

value for Lake Waterloo was verified by calculating a separate 

relationship for the remaining points. The resul ting 

parameters (3.017, 0.824) viere not significantly diffcrent 

(P<O.Ol) from those for all thirteen points (Figure 2.1). 

Total phosphorus (Table 2.1) also predicts a signif icant 

portion of the variation in individual size class respiration 

rates (Table 2.2; Figure 2.2). 

Phosphorus is strongly correlated with the chlorophyll 

concentration, an indicator of algal biomass (Table 2.3). The 

par~meters of this relationship between base 10 logarithms 

(-0.72, 1. 00) describe a l ine intermed iate between those for 

Florida lakes (-0.15, 0.74; Canfield 1983) and for spr ing 

turnover phosphorus versus summer mean chlorophyll (-1. H, 

1.45: Dillon & Rigler 1974). Our parameters are individually 
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FIGURE 2.1. The relationship between the total epilimnetic 

phosphorus concentration and the plankton communi ty metabolic 

rate. The regression lines with and without Lake Waterloo 

(n = 12 and 13) are not statistically di fferent from one 

another (P>O. 05) . 

FIGURE 2.2. The re1ationships between the total epilimnetic 

phosphorus concentration and the respiration rates of three 

plankton size classes. In each case, n = 13. 

1 

1 
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Table 2.3. Parameters of the Mode 1 1 predIctIve regressl0ns between logonthrm. of the vOrlobleo, IlK'HWff'lf 

Natural logs were used ln every case, except #II., where base 2 wo~ useel. In every cose p ... OO~, exc('>pt _10. 
where P<.05. Abbrevlstlons are deflned ln the footnotes. 

Van ables 1 ntercept SEbO Slope SEbl SEest R2 n 
Oep. Ind. bo b, 

1. SR TR . 0.31 o 242 1 059 0.045 0.119 o 980 S'il 13 
2. loiR HV '16.50 o 324 o 728 0.041 1.37 0.894 313 39 
3. TR SV 3.34 0.529 o 754 0.194 0.515 o 579 15 13 
4. N MV 5 756 o 058 ·0 793 0.005 1.900 o 937 24624 1647 
5. RIB MC ·1.871 0.262 '0.295 0.041 1.364 0.589 53 39 
6. TR TP 2 932 0.310 o 8~8 0.107 0.304 o 8'>4 64 13 
7. SV TP o 700 o 553 o 692 0.191 0.541 o 544 13 13 
8. Rs TP 2.133 o 629 0.909 0.217 0.616 o 614 18 13 
9. Rm TP '1.278 1 230 1 579 0.425 1.204 0.557 14 13 
10. Rl TP 0.423 1.260 , 095 0.435 1.233 0.365 6 13 
11. HP MC ·4 269 0.194 0.795 o 030 1.010 0.950 703 39 
12. CH TP ·1.650 o 447 , 003 0.151 0.171 0.815 44 12 
13. PR TP '0.729 0.287 1.694 0.08'. 0.665 0.863 410 67 
14. PR TR '2.687 1.196 1 537 0.222 0.626 0.81 48 13 

"3 ~t----
SR : slSTll1ed respl ratIon rate of all three slze,3Ia~1e~ (mg Oz m d ) 
TR = total l-omllun 1 ty resp~ rat 1 on rate (mg 02 m d ) 

Rs, Rm' R l : re~pl rat IOn rates of 5ma ll, IOC'd 1l.JT1 , and 1 erge <; 1 ~3 c ~ f><,e~ 
(mg 02 m d ) 

SV : slXTTTlCd vo 1 ume of a Il three sne cla~ses (ppm) 

Oz d'l) MR : mean resplratlon rate of an lndlvldual or~anlsm (jlg 

MV : mean vC'IlJT1(' of an lndl vldual organl~m (jlm ) .3 
TP : total epllHnnetlc phosphorus con(entretl0r:3(mg,~ ) 
N : denslty of organlsms ln a SIle cla~s (xl0 ml ) 
MP : mean phosphorus content pcr organlsm (pg) 
MC : mean carbon c.ontent per organl sm (pg) . 1 
RIB: ratIo bctween sile class re~p1fatlon and slle.

3
Iasr, bl oma~~ (d ) 

CH epllllTnetlc chlorophyll'a concentrat~~n ~'f? m ) 
PR : estlmated prlmary productIon (mg Cm d ) 
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not significantly different from those calculated for the same 

lakes by Pace (-0.53, 1.05; 1984), although their joint 

distribution is significantly different (P<O. 01). 

The total phosphorus concentration and the total biovolume are 

also highly significantly correlated, as are total respiration 

and tota l biovolurne (Table 2.3). Sorne coeff icients of 

dctermination in Table 2.3 are lower than those reported 

el sewhere for s imilar relationships (e. g. Peters 1986) because 

they are based on point values rather than seasonal me3ns. 

The trophic response of total respiration may be compared with 

that of total production. It is weIl known that production is 

higher in lakes with higher phosphorus concentrations (e.g. 

Gelin and Ripl 1978, Elser et al. 1986). smith (1979) showed 

that growing season rnean prirnary production (mg C m'3 d") is 

linearly related to the total phosphorus concentration. 

Transforming his data for a direct cornpar ison w i th our resul ts, 

we found the following relationship between rnean production and 

total phosphorus concentration: 

ln PROD = -0.729 + 1.694 ln TP 

The parameters of this relationship may be compared with those 

(1.951, 0.858) for the trophic response of respiration (mg C 

m'3 d"). At the lowest observed level of phosphorus (4 mg m' 3 ) , 

production is 5 mg C m'3 d", whereas the predicted respiration 

rate is 23 mg C m' 3 d". But as phosphorus increases, 
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production increases faster than respiration. Production 

equals respiration at about 25 mg TP m- 3
• In eutrophie systems 

beyond this point production exceeds respiration. Only J ot 

our 13 lakes exceeded this threshold. 

The ratio between production and respiration is 

characteristic of the ecosystem, and is not size-dependent 

(Humphreys 1979; Banse & Mosher 1980; Schwinghamer ct ill. 

1986) . Hence a regression of production vs respi rLition ovcr 

systems with roughly the same ratio should have ,1 slopc not 

significantly different from unity. A steeper slope woulù 

indicate a trend to an increasing ratio within the samplc. The 

comparison in the preceding paragraph ~L'ggests that the 

productionjrespj ration ratio is not constant in our délta sct.. 

A regression between respiration and estimatcd product ion 

reveals an increasing trend in the P:R ratio: 

ln PROD = -2.687 + 1.537 ln RESP 

The slope is slgnificantly greater than unit y (P>O. (5). 

Because these comparisons invol ve average trends f rom qu i te 

different water bodies, the discrepancy between production ~nd 

respiration cannot be interpreted very closely. tleverthelcsG, 

the magnitude of the P:R ratio in oligotrophy (0.22) requin~:j 

sorne explanation. Because the respiration rates are consistent 

wi th other estimates for plankton respiration and vIi th 

allometric estimates of respiration for the different sizc 
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classes (see below), one cannot easily dismiss the low P: R 

ratios as an artefact. Instead, the low ratio suggests sorne 

source of fixed carbon other than primary production. In 

oligotrophic Lake Alrnind, Denrnark, bacterial uptake of 

dissolved organic carbon (DOC) accounted for 75% of daily 

carbon fixation (Sondergaard et al. 1988). A similar 

supplement would restore the carbon balance in our oligotrophic 

lakes. 

The DOC pool ln these lakes, calculated from lake colour, 

varies between 2 and 4 mg C L-' (Rasmussen, unpublished). 

These levels are larger than those estimated for Lake Alrnind, 

and if similar mechanisms are at work, they would be sufficient 

to explain the excess of respiration over production in sorne 

of our lakes. 

If we are correct in suggesting that DOC plays so important a 

role in oxygen metabolism in the surface waters of oligotrophic 

lakes, then these Iakes are dependent upon energy subsidies 

from the watershed. As lakes become progressively more 

eutrophie, this subsidy becornes less important. As a resul t, 

metabolism rises more slowly than primary production with 

eutrophy. In eutrophie lakes, here as elsewhere, production 

exceeds respiration. 
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Allometric relationships: 

In order to test the appl icabil i ty of allometric relationships 

based upon 1 aboratory studies to our field sampl es, we needcd 

to estimate mean organism size and eorresponding mean 

individual respiration rates. The mean organism size in each 

size fraction was estimated by dividing the class biovolume by 

the number of organisms (Table 2.4). The individual 

respiration rates were similarly calculated by dividing the 

respiration rate of the size elass by the number of or-gélnisms 

in the class. This procedure is val id only if the SUffi of the 

size class rates approximéites the observed community totdl. 

Table 2.2 shows that this is sa. A regression between the mCi:ln 

sizes and the mean respiration rates per organism measures the 

allometric response of respiration ta body si ze in mi xed 

natural plankton communi ties. This relationship (Figure /.. J) 

is highly signifieant (R2 = 0.89, P<.005), and has i1 slope of 

0.73. 

Several relationships between metabolic rate and body size hi1ve 

been determined for planktonic organisms (Table 2.5, Fiqure 

2.4) . These relationships differ methodologically from the 

regression ealculated in this paper in that eultured or-ganj r;ms 

from specifie taxa VIere used. We used natural communitics 

divided into three size classes, measuring the true mean size 

of the organisms in each class for each sample. The 
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Table 2.4. Numbers, me an slzes, and total volunes of organlsms ln the three slze 
classes. MV = mean volune (J..Lm3). Volune in ppm = J.Lm3 x10,6 ml,l. 

<0.5 1.Lm ESD 5 , 40 /..Lm ESD >40 /..Lm ESD 

Lake & Total 
.lul ian date N ml'l MV Va 1 une N ml" MV Volll!le N ml" MV Vo 1 \.Ille 

(xl0·3 
) (ppm) (pem) (ppm) (ppm) 

Orford 237 15U 0.46 0.70 5220 1460 7.62 70 89282 6.25 14.6 
Stukely 230 2030 0.33 0.66 5520 1295 7.15 12 115737 1.39 9.2 
Orford 203 1516 0.46 0.70 3000 1550 4.65 18 95544 1. 72 7.1 
L ys ter 227 1434 0.64 0.91 3840 1456 5.59 57 84006 4.79 11.3 
North 226 2615 0.33 0.85 5350 813 4.35 60 64145 3 85 9.1 
BaldwIn 225 3302 0.30 0.97 2710 1022 2.77 15 324450 4.87 8.6 
Central 228 5858 0.17 1.00 4260 1822 7.76 129 110870 14.31 23.1 
Cerl Ses 236 3474 0.37 1.30 5680 711 4.04 49 103040 5.05 10.4 
South 235 5794 0.19 1.08 9300 887 8.25 125 89884 11.24 20.6 
Newport 204 2764 0.29 0.81 1780 860 1.53 29 234445 6.82 9.2 
Pond 224 4063 0.22 0.89 9360 255 2.39 29 258342 7.51 10.8 
Magog 223 3438 0.25 0.87 7000 641 4.49 52 136687 7.12 12.5 
\!aterloo 229 9143 0.48 4.43 18890 1589 30.02 1259 81541 102.7 137.' 

l 
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FIGURE 2.3. The relationship between the mean size of plankton 

in screen-separated assemblages and the mean metabolic rate per 

organisme 

FIGURE 2.4. A cornparison of f ive regressions between body si ze 

and rnetabolic rate for planktonic organisms. Only regrcssion 

#4 (this study) is based on natural community samples separated 

by size only. 
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Table 2.5. Pdrameter~ of II near regress Ions between natura l 

and body 

uni t5. 

1 ogarl thms of 

met aboI 1 c 

relatlonshlps 

r,1te (pg 

had 

preCISIon of these 

02 d·') of Indlvldual organlsms 

ta be transformed to these common 

t rans format Ions precludes the settlng 

size ( J.1.m3 ). Most 

The unknown 

of confidence 11mits 

on the 1 ntercept • Al though the slope parameter does not change under 

t rans format Ion of Un! ts, Its standard 

"hown here rnily be tao narrow. The 

from the log "cale ta the metabollc 

Organ! ',ms 

Algae 

Unlcclls 

Unlcells 

Protozoil 

Euk. uni cclI" 

Rot 1 fer<; 

200pl ûnk ton 

Crus tilceans 

POlkllothcrm<; 

Plilnkton 

,lMed1 iln <; 1 ze,; 

S 1 zc range 

Backtransformed 

1 ntercept 

(ESD, !-Lili) 

3 40 0.242 

0.6 60 0.045 

1.2 125 0.507 

12 270 6.596 

130 250 0.628 
100 230 '9_936 

300 14.4x103 0.979 

250 17x103 2.943 

780 5 7)(105 1.623 

o 7 BS il 0.068 

pc r clilSS. 

error may be affected. 50, the CI 

1 ntercepts shown have 

rate scale. 

Slope 95% CI 

of 5 lape 

0.90 0.79 1.02 

0.83 0.72 0.94 

0.76 0.72 - 0.80 

0.68 

0.74 0.66 - 0.82 

0.52 0.21 - 0.82 

0.84 0.82 0.85 

0.78 0.77 0.80 

0.74 0.72 0.76 

0.73 0.65 - 0.81 

been backtransformed 

Source 

Banse (1976) 

RobInson et al (1983) 

HeITl111 ngsen (1960) 

K l ekowsk 1 (1981 ) 

Banse ( 1982) 

Banse (1982) 

1 keda (1985 ) 

1 vleva (1980) 

Hemnlngsen ( 1960) 

ThiS paper 
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transformations required to standardize the units and permit 

comparisons wou1d affect the confidence limits on the pùrame

ters to an unknown and variable degree. However we were able 

to compute 95% confidence limits for our own parameters. Five 

of the nine slope estirnates in Table 2.5 are not significantly 

different from ours. Furthermore, the intercepts (at a body 

size of 1 J.Lm3
) frorn those three regressions which include 

organisms as small as the picoplankton are s imilar to ours. 

Finally, our predicted respiration rates for picoplankton ùre 

only about 50% higher than those predicted by the Robinson et 

al (1983) unicell regression, and about 50% lower in the upper 

size range of their data set. The mean respiration: biornass 

ratios (R:B) for picoplankton, nannoplankton, and netplankton 

respectively were 0.727, 0.038, and 0.027 per day. The ratio 

declined as a power function of rnean organisrn size, with <In 

exponent of -0.30 (Figure 2.5). The slopes of the 

relationships of both P: Band R: B to body size tend to decrcase 

with increasing ranges of body sizes in taxonomically 

homogeneous laboratory samples (Banse and Mosher 1980, Dickie 

et al. 1987). This is also true for at least sorne field 

samples from rnixed cornmunities: 

al. (1986) fitted slopes of 

for example Schwinghamer et 

-.304 and -.337 to the 

relationships between R:B and size of marine bcnthic meio1aun~ 

and macrofauna respectively, whereas the slope of the 

regression for both size groups combined was only -.21. Both 

Banse and Mosher (1980) and Dickie et al. (1987) have 
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FIGURE 2.5. The relationship between the respirationjbiornass 

ratio and the mean size of plankton in screen-separated 

assemblages from natural plankton comrnunities. 
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speculated that the steeper slope within more homogeneous 

groups (e.g. meiofauna, fish) reflects an ecological scaling 

factor, cornpounding the overall general power relationship 

between metabolic rate and body mass. Our R: B versus body size 

regression has a slope (-0.30) which is intermediate between 

the two extremes (-0.21 for the large scale regression, -0.37 

for more hornogeneous groups). This might be expected, since 

our size range is relatively srnall (compared to the range from 

bactcria to whales), yet we have a mixture of taxonomie and 

ccological types (prokaryotes and eukaryotes; autotrophs and 

heterotrophs; unicells and small rnetazoans, etc.). However, 

there is the alternate possibility that the proposed ecological 

scaling factor is in part a statistical artefact, since the 

probability of obtaining a steeper regression slope increases 

as the range of the independent variable decreases (Peters 

1988) . 

Dickie et <1.1. ( 1987) argued that the ecolog ically-realized 

respiration rate for individual organisms, termed an 

"ecological food requirement", should be proportional to the 

0.67 power of body size. Because we did not rneasure individual 

ratE's, but have estimated them by calculating means, our 

regression is a crude test of this hypothesis with respect to 

natural plankton communities. However, our exponent 0 f O. 73 

is not significantly different from 0.67. These authors based 

their conclusion on parameter estimates for herbivorous 
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mammals. They noted that density was proportional to the -0.75 

power of body mass, and that the ratio B:R is proportional to 

the 0.33 power. We tested these hypotheses with respect to the 

plankton. Using a large set of size distribution data (n = 

1647) collected in our lakes throughout the summer of 1987, we 

found that density was proportional to the -0.79 power of body 

mass (Figure 2.6), which does not differ significantly from 

the mammalian result. B:R was proportional to the 0.30 power 

of body mass, which is not significantly different from 0.33. 

Our resul ts confirm that the mean respiration rate per organism 

in lakes, as weIl as in fields, scales to the 2/3 to 3/4 pow~r 

of body size. Our value is intermediate in this range. Of 

course, even if sorne particular data set were to yield values 

signif icantly different from one extreme or the other t this 

statistlcal observation in i tself could not establ i sh the 

conclusion that specific ecological or physiological mechanisms 

are at work. But our allornetric relation for field metabolism 

is particularly significant for its dernonstration that 

laboratory-based respiration rates and allornetric relations can 

be extrapolated to the field. This is often assumed in 

limnology, but rarely dernonstrated. 

It has often been noted (Hemmingsen 1960; Banse 1976) that the 

common size dependence of growth, respiration, and 

photosynthesis would suggest that numerous underlying 

physiological processes are size dependent. In the last ten 
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FIGURE 2.6. The relationship between body size and density in 

natural plankton cornmunities. Estimated densities were based 

on microscopie counting of abundance in as many as 39 size 

intervals in 58 plankton samples collected throughout the 

summer of 1987 at 15 lake sites in southern Quebee. Or)anism 

sizG doubles from one interval to the next (log two scale). 
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years new data and re-analyses of existing data have borne out 

this contention (e.g. Blueweiss et al. 1978, Schlesinger et al 

1981, Knoechel and Hol tby 1986, Ikeda 1985, Penchel 1974, 

Peters 1983, Calder 1984). The exponents of the allometric 

dependences of production, growth, and turnover rates on body 

size may be predicted from the exponent of the equation for 

respiration rate (e.g. Dickie et al. 1987). For example, if 

growth and respiration rate are related to body size by a 

common Gxponent of O. 75, then the instantaneous rate of 

incrcase (r) is a power function of body size with an exponent 

of -0.25. Platt and Sil vert (1981) have proposed that the 

respiration rate exponent for aquatic organisms 

that it is 0.75 for terrestrial organisms. 

is 0.67, and 

Confidence 

intcrvals about the exponents found in most studies do not 

permit a test of this hypothesis (Table 2.5), but sorne aquatic 

results are significantly higher than 0.67 (e.g. Banse 1976), 

~nd others ~re even higher than 0.75 (e.g. Ivleva 1980, Ikeda 

1985). l'erhùps more remarkable than the question as to whether 

~ partlcular rate has an exponent cl oser to 0.67 or to 0.75 is 

the observùtion that many studies using different methodolo

g ies, "ery different organisms, and different environments 

yield fairl y similar results. We have shown that the rela

tionship between metabolic rate and body size in field com

munities is not different from that which would he predicted 

from more restricted laboratory relationships. 
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CHAPTER III 

LOGARITHMIC TRANSFORMATION IN 

PREDICTIVE ECOLOGY 
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ABSTRACT 

Ecolagical data are frequently log transfarmed prior to the 

development of linear regression models, which are then used 

for prediction on the original untransformed scale. In this 

paper, the rules for backtransformatlon are elucidated. A 

theorcm lS presented, which sets limits ta the relationship 

betwcen the coefficients of determination on the original and 

transformed scales. Simulated data and empirical results from 

limnology are used to illustrate the applications and 

limitations of the theoretical part of the paper. 
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Introduction 

Predictive ecologists use regression analyses of log 

transforrned data extensively (e.g. Peters 1986). Regression 

establishes quantitative relationships between variables, 

wi thout addressing issues of mechanism or causal i ty. Each 

regression is in itself a predictive model appl icnbl c ta new 

data drawn from the same populations as the original ~;i1mple 

data used in the regression. S ince i ts proponcnts cschcw 

questions of mechanism (Peters 1983), predictive ecology oLten 

resembles a speciali z ed branch of appl ied regression anal ys b. 

At present, the theory and techniques of linear regression are 

far more advanced than those of non-linear models (e. g. Draper 

& Smith 1981; Seber 1977). Hence ecologists élre frcqucntly 

obI iged ta transform non-l inear phenomena for ana l ysis in êl 

linear framework. 

The conventional linear regression model requirc~s that the 

variance of the response variable be constùnt at <111 levels 01 

the regressor variable(s), that the deviations ol repedt 

observations of the response at a given value 01 the 

regressor (s) have an expected value of zero, and that these 

deviations be uncorrelated (Draper & smith 1981). Logari thmic 

transformation of original data following a "power" or 

exponential curve will often generate new variables vlhich 

1 satisfy these requirements. The further requ i rement thù t the 

f 
• 
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above deviations be normally distributed about zero is not 

essential to regression analysis, but it is essential ta the 

use of the t and F distributions. If the data are normal, then 

these distributions may be used ta establish confidence limits, 

test the significance of the regression results, and evaluate 

the precision of predictions, using the original or other 

suitable data. In practice, if the other conditions of 

regression analysis are met, then ecalogists usually assume 

that the normal i ty assumption is aiso met. In ma st cases the 

data are not remarkably deviant, and this assumption is a minor 

source of error. If the resui ts of the regression analysis are 

satis factory (high R2 and low MSE relative ta the mean value of 

the response), then one can draw descriptive conclusions about 

the relationship between the variables. 

This paper addresses the prablems which arise when a regression 

on log trans formed data is intended for predictions, beyond the 

simple description of a trend. These problems concern the 

correct computation of statistics and predictions for the 

origi nai variùbles, when the regression was performed on 

transformcd data. Rules for backtransformation will be 

elucidated, since these have been ambiguously represented in 

the ccolog ical li terature (Sprugel 1983). The variance and 

confidence limits on predictions will be related ta the braader 

question of what it is we want to predict. The coefficient of 

detormination (R2
) expresses the proportion of variation in the 
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dependent variable explained by the regress ion on the 

independent variable(s), but this value does not apply ta 

backtransfarmed values, if the regression was performed on log 

transformed data. A formula for the calculation of the 

backtransformed R2 appropriate in many cases is presented in a 

theorem. other, less ideal ized cases, are treated in a 

simulation exercise. Finally, these statistical resul ts are 

compared with the analysis of sorne results in predictive 

limnology, relating plankton respiration rates to body size and 

phosphorus concentrations. 

Problems of Backtransformation 

l. The Correction Factor: 

The regression betw€'en two log transformed variables produces 

a series of predicted mean values y" each wlth its own 

standard error 

Si = SEE[ljn + (X, - IJ.}2 I~(x - IJ.,z ] 

where SEE is the standard error of the estimate, or square root 

of the mean squared error (MSE) of the regression, Ji. is the 

mean value of the independent variable 1 and x, is the va l ue of 

x yielding the prediction y, (Draper and smith 1981). This 

formula is simply the straight line case of the more general 

multiple regression formula 

s, = SEE [X, (X' X) -'x, , ] 

where Xi is the vector of values of the independent variables 
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y ie1ding the prediction YI' and X is the rnatrix of observations 

(Seber 1977). Each such prediction is expected to be normally 

distributed, but it is sufficient that it be unimodal and free 

from skewness and kurtosis. The anti10garithrn of each 

prediction YI corresponds to a prediction on the sca1e of the 

original data, prior to the logari thmic transformation. 

However, on this scale, the errors are lognorma11y distributed 1 

skewed to the right. Hence the antilogari thrn of the mean YI 

yie1ds the median on the original scale, but not the mean of 

the antilogs. 

The correction factor required to estimate the rnean of a 

backtrans formed prediction may be deri ved as follows. For 

sirnplicity, and without 10ss of generality, we may assume that 

natura! logari thms were used in our regression. Now the moment 

generating function (Hogg and Craig 1978) of a normally 

distributed random variable y with mean ~ and variance 0
2 is 

E[e ty
] = exp[~t + a 2t 2/2] , for ail real t. 

lIencc, the mean prediction of exp [y] at XI is 

E [ e YI] = exp [ YI + SI 2/ 2] , 

which yields the correction factor exp[si2/2]. 

ThlS correction factor has been presented several tirnes in the 

recent ecological literature (Baskerville 1972; Spruge1 1983; 

Lehman 1988; Welsh et al. 1988). However, none of these 

references make clear what formula is to be used for the 
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standard error, when regression estimates are backtrans formed. 

In fact, Sprugel (1983) incorrectly states that the regression 

SEE should be used in computing the above correction factor. 

But it is essential to use the standard error of the prediction 

Y1 here, rather than the overall regression standard error, as 

was incorrectly recommended by Sprugel. Hence the correction 

factor is not constant for all predictions from a sing le 

regression, but increases wi th distance from the overa Il mcan 

of the logged observations. 

2. Confidence and Predictions: 

The variance of the predictions on the scale of the original 

data may be calculated from the variance of the pred icti ons 

from the regression using the formula 

Var(exp[y]) = exp[2Y1 + S1 2
] (exp[S1 2

]-1) 

However, this result cannot be used to calculate confidence 

limi ts in the usual fashion, based on the t distribution, si nce 

this assumes normality. The simplest procedure to calculate 

confidence limits on a corrected bé1cktransformed mean 

prediction is to calculate the confidence limits on the 

regression prediction (still on a natural log scale), [ollo'ûcd 

by backtransformation and correction using the same correct ion 

factor as \tlas used for the mean. This results ln dn 

appropriately asymmetric confidence interval. 

This resul t is pertinent to the choice of \t/hat vie V1ant ta 
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If we choose to predict the mean, then this will 

correspond to the average of a long run of observations. But 

this predicted value will be higher than most individual 

observati ons. A srnaller nurnber of very large values will 

account for the expectation of eventually attaining the rnean. 

If a correction factor is not used, then we have chosen the 

rnedian by defaul t. Our predictor will be lower than the long 

terrn average. These f acts, cornbined wi th the asyrnrnetry of the 

conf idence interval, justify the choice of the median (no 

correction factor) to predict an individual value. A greater 

proportion of the observations will be closer to this value 

than to the corrected rnean. 

to predict the average of 

dependent variable. 

However, the rnean should be used 

a set of observations of the 

3. The Coe f f icient of Determination: 

The coefficient of deterrnination, equal to the square of the 

correlation coefficient, is the proportion of the variation in 

the observed values of the dependent variable which is 

accounted for by the regression model. But if the data undergo 

a logarithmic transformation prior to analysis, then the 

coef f icient of determination does not de scribe the variation 

of the orig inal observations accounted for. It appl ies only 

to the log transforrned values. Appendix 2 shows that if the 

two variables, y, and yz , in a straight line regression have 

a bivariate normal distribution, then the coefficient of 
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coefficient of determination between exp [YI] and exp [Y2] is 

(exp[ro lo2 ] _1)2 

(exp[a,2J - 1) (exp[o/ - 1) 

and this value is less than or equal to r 2 between YI and Y2 ' 

with equal i ty occurring only at r = 1 or 0 (Appendix 2). As 

Figure 3.1 shows, negative correlations are reduced more by 

exponentiation than are positive ones, and the difference 

between coefficients of correlation on the logarithmic and 

exponential scales increases rapidly with increasing va riance. 

In order to meet the requirements for linear regression, a set 

of data does not have to have a bivariate or multivariate 

normal distribution. This is the "ideal" regression situation, 

where an elliptical cloud of points has a maj or axis 

corresponding to the regression line. But even wh en the 

predictor(s) and response are normally distributed, they arc 

not necessarily bi- or multivariate normal. For example, there 

might be two or more clusters of data align2d on the regression 

line. Under these circumstances, the above formula for the 

coeff icient of determination between the exponentiated 

variables does not apply, and the correlation on the log sea le 

may sometimes be lower than that on the exponential seale. 

However, if the response and the predictor (s) are j ointl y 

mul ti variate normal, then the regression predictions and the 

observed values of the response are expeeted to be samples from 
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FIGURE 3.1. Relationship between the correlation of bivariate 

normal variables and the correlation of their exponents. Trend 

l ines are shown for six different combinat ions of standard 

deviations. 
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a bivariate normal distribution, and the above formula will 

apply. In this case, s, and s 2 are the respective standard 

errors of the observed and predicted values of the response 

variable. caution must be exercised in interpreting the 

coefficient of determination. It always expresses the 

proportion of variation in the response variable explained by 

a regress ion on the predictor variable (s). When the condi tians 

of linear regression are met, and especially when aIl variables 

concerned have a multivariate normal distribution, the 

explained and residual variance are distributed randomly among 

the data. But when the data are exponentiated, distributions 

are lognormal, and the explained variation is systematically 

distributed, with unexplained variation due primarily to the 

skewed pattern in the data. Under these circumstances, the 

coefficient of determination when correctly calculated with the 

data on the exponential scale expresses the proportion of 

variation explained, but this may be an operationally useless 

observation. In the extreme case, with a cloud of data at one 

end of the graph and one point at the other, r 2 may depend 

entirely upon that one point, and provide no information about 

the rcst of the data. 

simulation 

~ . . 
In order to observe the behaviour of r~ under exponentlatlon 

when the requirements of multivariate normality were not met, 
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simulation data were generated: at 100 values of the 

independent variable (0.1 to 10, by intervals of 0.1) 1 the 

dependent variable values were calculated in the following 

rnanner. A vector of 500 "observations" was constructed, with 

5 values at each X spaced symrnetrically around the X value. 

Thus at X = 5 for example, the five Y values were 2, 4, 5, 6, 

and 8. The sarne deviations were set at each X value, to ensure 

homogeneity of variances. Then five different random samples 

were selected from this population (without replacement), with 

sarnple sizes of 10, 25, 50, 100, and 200. The coefficient of 

deterrnination (squared correlation coefficient) was calculated 

for each sample, as weIl as for the antilogs of both the X and 

the Y values. These transformed values are analagaus ta the 

skewed backtransformed estimates abta ined a fter l inea r 

regressian on data which has undergone il logarithmic 

transformation. This procedure was repeated 100 times. 

Alrnost aIl caeff icients of determination for the data w i th 

homogeneous variance (original samples = "logarithmic" sCille) 

were higher than those for the antilogged data (Figure 3.2A) . 

Median correlations on the log scale were invariably higher 

than on the antilogged ("exponential") scale (Figure 3.2B). 

Median coefficients for the original samples did not differ 

significantly with sample size. However, the coefficients of 

antilog data actually decreased with increasing sample size. 

This is due ta the increasing numbers of repeat observations 
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FIGURE 3.2. (A) comparison between the coefficients of 

determination for the simulation data before and after 

trans formation. The X-axis coefficient is for the original 

data, where the dependent variable has homogeneous variance 

throughout the range of the independent variable. The Y-axis 

g ives the coeffic ient for the relationship a fter both variables 

have been exponentiated. There are 500 points, 100 for each 

of five sample sizes. (B) The median correlations for each of 

the five sample sizes plotted in Figure 3.2A. The 1:1 line and 

95% confidence intervals are shawn. (C) standard deviations of 

the correlation coefficients calculated iTl the simulation. The 

f iducÏl:ll standard deviation is based on a formula which only 

appl ies if the underlying data are normally distributed. The 

"logarl.thms" are data with homogeneous variance of the 

dependent va r iable, whereas the third bar is for the exponents 

of these sa me data. 
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at individual X values. In any data set, when different repeat 

observations of the dependent variable are available at given 

values of the independent variable, then the maximum possible 

r 2 is less than one. The increasing number of repeat 

observations had a greater impact on the antilog data since the 

individual observations were not symmetrically distributed 

dbout the median values, and the total sum of squares is 

potentially greater. The resulting median values of the 

coefficient of determination are summarized in the following 

table. 

Sample size 

10 

25 

50 

100 

200 

Original data with 

stable variance 

r 2 

0.711 

0.677 

0.682 

0.674 

0.675 

Between 

exponents 

r Z 

0.699 

0.413 

0.288 

0.263 

0.242 

\h th a small sample si ze (10) and few repeats, a regression 

between these log transformed values would be expected to 

cxplain about 71% of the variation, corresponding to about 70% 

of the variation in the backtransformed data. At a larger 

sample size (200) with more repeats, the log:log regression 
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would explain about 68% of the variation, corresponding ta onl y 

24%-41% of the backtransformed values. 

Confidence limi ts on the correlation coeff icients wcrc 

calculated by first computing the empirical standard error of 

the z transformation of the coefficient, calculating the upper 

and lower 95% l imi ts on z, and then backtransforrning to the r 

scale. The empirical resul ts for the log data v.rere simi l ar to 

fiducial standard errors, equal to (n - 3) -0.5 (Sncdecor & 

Cochran 1967), which assume normality of the underlying data 

(Figure 3. 2C). AlI standard errors decreased wi th incrcasing 

sample size (Figure 3.2C). At aIl sample sizes, the 

correlation coefficients of the log data had substantiall y 

lower standard errors than those for the exponentiated data 

(Figure 3.2C), resulting in narrower confidence regions (Figure 

3.2B) . These limits express the conf.idence one has in the 

statement that variation in one variable accounts for a certa i n 

percentage of the variation in the other variable. This 

modelling exercise has shown that, for this data set at least, 

regression wi th homogeneous variance of the response accounts 

for a higher pu·centage of the total variation than regression 

between the antilogs of the same variables, and that our 

confidence in this proportion must be higher. 

As a general rUle, if the variables of interest have been log 

transforrned prior to the examination of predictive 
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relationships in linear regression, then statements of 

confidence should refer to backtransformed (real world) 

resul ts, using a correction factor if mean values are of 

interest. statements about the "percentage variation 

explained" should not be taken directly from the regression 

analysis at aIl. Rather, the squared correlation coefficient 

between the original observations and backtransformed 

predictions may be separately calculated. The validi ty of this 

statistic does not depend upon normality, and the result is a 

legitimate expression of the extent to which variability in the 

independent variable accounts for variability in the dependent 

variable. 

Examples in Limnology 

This section will follow up on two enpirical relationships in 

plankton communi ties, based on a sI'lall number of samples 

collected in Canadian lakes. The respiration rate of plankton 

assemblages (fLg 02 1;' dol) was found to be significantly related 

ta the phospharus concentration measur~'d in the same water 

samples (Chapter 2 above). After measurjng the abundance of 

organisms and total volume in these same samples, the 

calculated mean respiration rate of individual plankton was 

found to be significantly dependent upon the size of the 

organisms. In both cases, logari thmic transformation was 

required prior to regression analysis. 50 they 'i>Jill be treated 

j 
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as examples in which the implications of the first statistical 

section of this chapter are explored. 

1. Total phosphorus and plankton respiration 

The relationships between the total phosphorus concentration 

and the respiration rates of small «5 J.Lm), medium (5 - 40 /.Lm) , 

and large (>40 /.Lm) plankton are shown in Figure 3.3 and Table 

3.1. In the first two cases, r 2 is significùntly higher 

between the backtransformed values than between the log 

transformed data. The presence of an outlier at the high end 

of both log transformed scales makes it clear that these data 

do not correspond ta bivariate normal distributions (Figure 

3.3B). Hence the theorem in Appendix 1 does not apply. The 

regression lines are clearly strongly determined by one point 

which accounts for most of the variance in the data set. 

Hence, the "percentage variation explained" by the sc 

relationships is very high, even though it is not very relevant 

to variation among most of the points. In the third data set, 

the linear fit is poor (although significant), and on either 

scale only a small portion of the variation is explained by the 

regression on the independent variable. 

In Figure 3.4, the predicted log values are cornpared with the 

input log values. For ease of reference, the axes are labelled 

with backtransformed (median) units. The statistics of 



99 

FIGURE J.J. (A) The relationship between the total phosphorus 

concentration and plankton respiration rates, for assemblages 

of three sizes of organisms collected in Canadian lakes. The 

least squares regression lines between the logarithrns of the 

data are shown. For each line, n = 13. (B) The data and trend 

lines from Ja on a linear scale. 

1 



1 1 

i. 
1 
1 

1 
1 

1 

\ (:-
\ 
\ 
1 
1 
1 
1 
1 
\ 
1 
\ 

'. 1 
1 
\ 
\ 
\ 
\ 
\ 
1 
1 
1 

" 1 '. \ 
'. \ 
'.,1 • ,,1 _ 

',\ 

'~ 
i 
\ 
\. 

~, 
l" 

1" 1" 
1 ... 
1 .. 

o + \ '.+ 0 
\ " 
1 .. 
\ .. 

.~ ", 
\ .. 

• + 
\ 
\ 

o 
o 
Ct) 

• 
• 

o o ,... 

\ , 
• 

• 

" 

\ .... + 
1 
\+ 
\ 
\ 
\ 
\ 

\ 
\ 
\ 
\ 
\ 
\ 

\ 
\ 

• + 

E 
:::J 

co =0 
E Q) 

rn E 

.. T 

" 

, 

Q) 
0) 
'-co 

~ 

i 
I-
I 
la 
r O 

or-

a 
Ct) 

J~ 
,,) 

~----I--------~ 

-(1') 
1 

E 
0> 
E -
en 
::J 
~ 

0 
oC a. en 
0 

oC a. 
co ...., 
0 

1-



l 

[l 

\ J + 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

\ 

o 

\ 

\ 

\ 

~o 
~N 
I-r-

l 
!o ,;2 
1 

r 
10 
~CO 
1 

L: ~ .. (, + \ ,=,' ri 0 
.. [!} N 0'-. + \ 0 1;. , \ 

o § \,Gl _ 
o~'Çl \ ~ 

1 

----~------------T-~---,---,-------,--~ 
, 1 

o o 
r---. 

o o 
LO 

o o 
Ct) 

o 
o 
or-

-Ct) 
1 

E 
Cl 
E -



1 

1 

100 

Table 3.1. Statlstlcs of the regresslons between the base 10 logar1thm~ of the total phosphoru .. 
concel1tratlon OP) and the respl ratIon rates of small. med1lJll , and large !'.I ze plankton. ln NICh Cil"!', fi 

:: 13. The tlrst value of the coeffIcIent of determlnatlon l~ the proportIon of the varlotlon ln thr 
response variabLe expLalned by the predlctor varIable on a Log scale OP). The ~econd value 1010'

calcuLated between the orIgInaL varIabLes prlor to logarlthm,c tran,formatlon. The thlrd value WIl" 

caL culated between the observed response and the pl'edl ctl.'d response after correct IOn for 
backtransformatlon. The lower part of the tabLe present!> statlstlc~ of the reLI1t1on!>hlp~ bctw('cl1 thl' Il'Y 
transformed observatIons and the predIctIons of the regres"ons on TP 

Parameters MSE CoeffIcIents of dete,mlnatlon 
il b 1 2 :5 

Small .926 .909 .0715 17.5 .614 .906 .906 
Medllll! '.555 1.579 .2735 13.8 .557 .936 .9'i8 
Large .184 1.095 .2869 6.3 .365 .371 .313 

ObservatIons vs predIctions (log scaLe): 

• Parameters F 
a b 

Small .782 .614 3.5 P>.OS 
Medn.l11 .601 .557 4.4 P<.OS 
Large .958 .365 9.6 P<.01 

* ThIS F test cOl1l>ares the JOInt parameters wlth the paIr (0,1) 
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1 

FIGURE 3.4. The logarithms of measured respiration rates of 

plankton assemblages compared with the predicted log rates from 

the three size-specific linear regressions on the log of the 

total phosphorus concentration. The 1:1 line is shown. 
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regressions between these predicted and observed values are 

presented at the bottom of Table 3.1. Ideally, these lines 

would have intercepts of 0 and slopes of l, with egual 

distributions of points on either side of the line. Only the 

first fit (for sma!l plankton) is not sign~ficantly different 

from this ideal (P>.05). Nevertheless, one is usually more 

interested in the match between the model resul ts and empirical 

observations than in the match between log transformed numbers. 

In order to examine the success of these models at the scale 

of observable data, predictions were backtransformed and 

compared wi th observed input values (Table 3.2) . 

Backtransformed predictions were eval uated wi th and wi thout 

correction. Backtransformation without correction should 

prov ide an estimate of median values, whereas use of a 

correction factor based on the specifie standard error results 

in a mean estimate (as discussed in the first part of this 

paper) . A further estimate, based on a uniform correction 

using the MSE, was also computed. In general, the 

correspondence between predicted values and observations 

reflects the relative precision of these three regressions 

(Table 3.3, Figure 3.5). Hence, in the case of small plankton, 

aIl of the three sets of backtransformed estimates are similar 

to the observed val ues, and follow the same trend. In the 

cases of the other two regressions, aIl backtransformations 

deviate significantly from the observed values, both in 
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Table 3.2. Observed and predicted respiration rates U.Lg 0o! L- 1 dol) (or thrC't' 
plankton size classes. Predicted rates are backtransfot"l11cd frol11 1 inca\" 
regressions between logarithmic transformations of observecl r.ltes ilIul total 
phosphorus concentrations. Hedian predictions are ul1C'on"C'ctl'd HC'élll 
predictions are corrected for backtransformation wlth thC' standard C'tTOl' 
specific to each prediction. HSE-correctC'd predictions arC' corrC'ctcd wi th ,1 

single correction factor for all predictions from thC' S,lm€' rl'grC'ssion 

Observed rate Predicted ratcs 
Hedian Hean HSE-corrC'C'tC'c! 

Sma11 size class (organlsms sma11er than 5 /Jill ESD) 
73 46 /~8 56 
17 47 49 57 
42 55 57 66 

105 63 64 76 
126 82 83 99 

59 87 89 106 
206 90 91 108 
130 108 110 131 

l~ 7 ln 122 lM) 
182 144 147 175 
227 146 148 176 
123 238 246 288 
819 706 793 853 

Hedium size c1ass (organisms between 5 nnd 40 /JIn ES!) ) 
1 5 6 11 

88 5 6 11 
1 7 R 15 
7 «) 10 19 

21 ll~ 15 30 
14 16 17 '1'1 

J J 

V, 17 18 ~ t) 

53 23 25 Id~ 

40 28 30 ')H 
70 39 III HO 
35 39 l,2 Hl 
70 92 104 189 

459 606 9l,7 1251 

Large size c1ass ( organisms larger than (IO J.Lm ESD) 
20 12 11, 25 

1 12 14 26 
7 15 If) 31 

70 17 19 37 
32 2l~ 25 .JJ 

126 25 27 JI, 

59 26 28 ')1) 

11 33 35 71 
42 38 1,0 80 
14 l,7 ~O 100 
98 47 51 101 

189 85 97 182 
158 -H6 504 {J 75 
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Table l ') S ta t 1 <3 tics of the regress ions between observed and predicted ) • J • 

respJrdtion rates ('l'ab l e 3 2). The second F value refers ta a test of the 
hypothesJ S that the parame ter se t 1S equi valent to (0,1). Significant values 
correspond to biased fits between predictions and observations. 

Srna Il "Î ze class 

a b MSE r 2 F F (vs 0,1) 

/1edian - 0 088 1 .117 4633 900 100 0.96 
l1ean 10.038 0.990 11354 906 107 0.11 
11S E - carr - 0 088 O.92 l l 4633 .900 100 0.60 

Medium c,lze c1a~~ 

MedL1n 16.62 0 728 664 .958 254 17.8 P< Ql 

Mean 2l. 97 0.1162 666 .958 253 180.9 P<.Ol 
MSE-cort 16.62 0 352 664 .958 254 48'5.3 P<.Ol 

Large 'i lze class 

Median 39 29 0 453 2660 357 6 4.7 P<.05 
Mean 45 10 0 261 2840 313 5 20.3 P<.Ol 
MSE-corr 3') 29 0 212 2660 357 6 48.7 P<.Ol 

,1 
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FIGURE 3.5. Observed plankton respiration rates compared w i th 

the backtransforrned predictions from a 1 inear regress ion 

between the logs of observed rates and total phosphorus. The 

predictions are shown wi th and wi thout correction for 

backtrans formation. The 1: 1 line is a Iso shown. Separate 

panels are shawn for srnall, medium, and large plankton. 
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individual precision and in trend. Hence, for predictive 

purposes in these examples, it makes no signi ficant difference 

whether one chooses the mean or median predictions. This is 

clear from the examination of conf idence l imi ts on the 

predicted mean values. N inety- f ive percent conf idence 1 i mit::; 

were first calculated for regreE sion predictions. These were 

then backtrans formed and correcT '2d to producc the conf i dencc 

interva l s (Table 3. 4). At every point the mcd ion valucs ('1'.\0 Il' 

3.2) are weIl within the 95% confidence lntervi11 s tor the 

means. 

2. Plankton size and respiration 

There is a significant statistical relationship between thc 

mean size and respiration rate of plankton. If the r; izc 

distribution of a plankton community is known, then predictions 

from this relationship might be used to estimatc the communlty 

respiration rate. Using the same respiration data rlS ilbov0., 

the log of mean organism size explained 89% of the voriation 

in the log of the mean respiration rate, ilnd predictions did 

not differ significantly from observations (Table 1.5). vlhcn 

the predictions vIere backtransformed, and compared vIi th the 

observations, the median and HSE-correctcd '1i11ues pertormed 

about as well as the mean values, although the Vr1riation ln the 

predicted values explained only 53% of the variat ion in the 

observations (Table 3.5, F1.gure 3.6). Bence, lnthiscase the 
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Table 3 . I~ l'redictcd mean size c1ass respiration ra tes (j..Lg 02 L- l d- 1 ) , wlth 
Ilpper (U) and 1 owe r ( L) 95% confidence limits. 

TP Small Medium Large 

L Mean U L Mean U L Mean U 

fJ 52 27 I~ 8 85 2 6 19 4 14 43 
6.61 27 48 86 2 6 19 4 14 43 
7 85 V, 57 % 3 8 22 6 16 45 
1).12 1,0 (J4 103 I~ 10 25 7 19 48 

12 22 ')6 :13 125 7 15 34 11 25 56 
J'3 or) (JO 89 131 8 l7 37 12 27 S9 
1 ~ Id) () 2 'Il 134 8 18 38 13 28 61 
l(j 56 76 110 160 12 25 52 16 35 74 
18 (l2 g/.J L22 179 14 30 63 19 40 86 
22.70 (l8 )/,7 221 19 1-+ 1 92 22 50 113 
n 91 98 148 223 19 42 93 22 51 115 
19 36 1 I~O 2/,6 1133 34 104 315 31 97 302 

130 02 2 7 L~ 793 2299 ll8 947 7587 60 504 4247 

1 
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Table 3.5. Statistics of the relationship between thC' n.1tural lOp"ld r-hIM; nt 
plankton organism size and respiration rate (Il - 39) Ar th<, hottom of the 
table, the total observed respiration rate in thr('e si2<' dass('s in thirtpPIl 
different lakes (n = 39) is compared with predictcd rates l'~,tlmat:ed hy 
applying the results of the regression between sizp ,mtl l'Pspit·.ltion tn thl"' 
known detailed size composition of these samples 

a b MSE r 2 

ln(size) vs In(resp) -16.502 0.728 1. 8656 .894 

observed vs pred. -1.296 0.894 1. 6684 894 

Observed vs predicted (after backtransformatlOn) 

Median . 0000792 0.09l5 <0.0001 .527 
Mean .0000833 o 0974 <0.0001 .531 
MSE-corrected 000201 0.2325 <0.0001 527 

Size class respiration (predicted vs observed)' 

Median 
Mesn 

25.184 
26.221 

0.351 
o 369 

3264 
3449 

l,56 
/,67 

F Jo' (v~ \l . 1 ) 

313 

313 1 2 , 

/,1 7186 
1,2 !fJ)7 
Id no 

31 69 
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FIGURE 3.6. Observed mean respiration rates of individual 

plankton organisms compared with mean rates predicted from a 

linear regression between the logari thms of mean size and rnean 

rate. Observations were taken on three broad si ze intervals. 

Predicted rates are shawn with and without correction for 

backtransformation. This figure is shown on a logarithmic 

scale ta facllitate examination of the results. The 1:1 line 

is shown. 
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after 

If the log-transformed data had been 

bivariate normal, which they clearly are not (Figure 3.6), th en 

the theorem in Appendix 1 would predict a maximum r 2 after 

backtransformation of 15.1%, significantly lower (P<. 05) than 

the empirical result of 59%. 

The relationship examined in the previous paragraph was based 

on mean si ze a nd respira tian rneasurements on plankton 

comrnuni ties screened into three broad size classes. When this 

relationship between size and oxygen eonsurnption rates is 

appl ied to the known f iner size distribution of these same 

samples (39 size classes), and the finer size class predicted 

respiration is recombined ta generate predictions for the three 

coarser size intervals, the mean and the median predictions 

performed equally weIl, explaining about 47% of the variation 

in the observations (Table 3.5, Figure 3.7). This suggests 

that the relationship between size and oxygen consumption is 

<l rcal one, even at very fine scales of observation. 

Conel usions 

This paper h3.S discussed three related problems encountered in 

the i nterpretation of log-transformed predictive regressions. 

The Juxtaposition of theoretical results with a simulation and 

sorne empirical regressions from limnology justifies the 
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FIGURE 3.7. Observed respiration rates of 39 plankton 

assemblages (three size intervals trom each of 13 lakes), 

compared with predicted rates from a regression between mean 

size and mean individual rate, combined with detailed data on 

the size composition of each size interval. 
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following conclusions: 

1. If regression results are to be used to predict mean values 

of the response variable, then the appropriate correction 

factor must be used after backtrans formation. However, in 

actual use the magnitude of this adj ustment may be very small 

compared to the mean itself or the width ot the conf idcnce 

interval. 

2. If the purpose of the regression 1S prediction on the scale 

of the original observations, then it is essential ta CJlve 

statistics to estimate the conf idence interval on the 

backtransformed (observable) scale. When backtransformed ta 

the original scale, 95% confidence intervals f or predictions 

from quite strong regressions may still span a range as lt"lrge 

as the mean value. 

3. The theorem proved here states that, when laggcd random 

variables are multivarlate normal, the correlation in the 

original scale can be no greater than the correlation bctwccn 

the logs. As variance increases, the or i g ina] sca le 

correlation becomes substantially less. The homoscedastic 

simulation data analyzed here usually gave rl lower r ilftcr 

backtransformation. But this was not always true ot the small 

ernpirical data sets with less perfect distributions. In the 

latter case, there is no general formula for predicting the 
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backtransformed r from the regression r. Hence, the former 

should be computed d irectly, and the impl ication that the 

proportion of the variation explained by the regression is 

indicati ve of expectations for the backtransformed scale should 

be avoided. I1evertheless, confidence limits on both r and the 

predictions are often so broad with ecological survey data, 

that the pretention that one can predict individual values with 

a "practical" level 0 f precision should usually be avoided. 

One cùn be more conf ident in predictions of mean values. For 

example, one could predict the total oxygen consumption of 

small plankton from the measured phosphorus concentration 

wi th in a 95% confidence range from about one half the predicted 

mean to about 170% of the mean (near the mid-point of the data 

distribution used ta construct the regression). But 

predictions of the mean value in a series of lakes with that 

phosphorus level, or a series of samples from a single lake 

when the lcvel \Vas reasonably stable t or recurring), would be 

more precise (from 85% to 125% of the rnean prediction). 
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CONCLUSION 

This thesis has dealt with the distribution of biomass and 

oxygen uptake among planktonic organisms ranging in sizc (rom 

0.2 tLm to 1.5 mm ESD. Sorne general patterns were found. 'l'hus, 

the abundance of organisms in logarithmic size intervé11s is 

strongly negati vely corre1ated wi th size, and biomass per 

logarithmic size class tends to remain constant or incrcasc 

slightly as size increases. The normalized spectrum is 11 

standardized expression of the logarithmic decline in abundancc 

in a given lake. AlI lakes are dominated by él stronq 

phytoplankton mode, and 1esser modes for unice11ular pldnkton 

and zoop1ankton are usually observed. The mean respirùtion 

rate per organism and the ratio between respiration ,1nd 

biovolume are power functions of mean organism si ze. This 

collection of statements prov ides a general coherent 

description of part of the l imnetic ecosystem. 

However, this thesis deals more with predict ion than 'II i th 

description alone. To what extent can these gencra l izat ions 

be used for predictions of abundance, biomass, or oxyqen 

requirements of speci fic size intervals in speci f ic J akes'? 

There is a lot of "no :.se" around these genera l trends. The 

relationship between abundance and size applics ta (JIl lùkes, 

although sorne .iakes contain two orders of magnl tude morc~ 

plankton than otners. Seasonal variation within ore lake mily 
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be of the same order as variation among a large nurnber of 

lakes. It thus appears that use fuI predictive models buil t 

upon rnany lakes, but intended for single lake predictions, 

would need to incorporate an ancillary variable, such as the 

phosphorus concentration, which is correlated wi th both 

biovolume and respiration rates. This is fortunate because 

phosphorus is easy to measure. 

The broader promise of size-based models relies UpOI1 the 

J aboratory-based correlations among physiological variables. 

since this thesis shows that cornmunity respiration/size 

rcJationships are mu ch as would be expected from lab results, 

then other physiological rates should be sirnilarly predictable. 

For exampl e, there is reason here ta expect that one should be 

able to rneasure the phosphorus concentration a few tirnes 

throughout the grov.'ing season, and hence predict the production 

of zooplankton. 

'l'he t inal chapter stands as a caveat to aIl of the rest. 

Coefficients of determination should always be verified on the 

scale of the original data. Backtransforrnations for 

predictions within a restricted range of the data should be 

appropriately corrected, depending upon the type of prediction 

deslred. The operator should always be aware of both the 

assyrnetry and breadth of the con f idence reg ion about the 

backtransformed predictions. 
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APPEtlDIX 1. Ana 1 ytical procedures used in Chapter 1. 

This ilppend IX provldes supplementary technical information 

dbout the norma li zed spectrum, estimation procedures fOL"

blmodal ,md trimodal distrl.butions, and joint confidence 

ragIons. 

J. 'l'he lIorma l ized Spectrum 

'l'he normdJ ized spectrum is a straight line least squares 

ragression between the logarithrns of body size and normalized 

<1bundancc (P latt and Denman 1978). The latter is the biomass 

(or b iovolume) density in a size interval di vided by the 

nomin~ll ~~lze of organisms in the intervai. If l ogari thms are 

to b,l~~C .!, thon the size doubles bet,'I1een succeSSl.ve intervals, 

.lnd nomincll size is equal to the interval "\vidth". 

The !..~pcctrum 15 clear l y a transformation of a his togram 

l-cprcsentùtlon of biomass per log size class. \<Jhereas the 

biomass in the system is equal to the sum of histogram 

ord1natcs, l t may aiso be estimated by the integral of the 

norméll i zcd function over mass uni ts. This is evident from the 

t 0110\-1 l nq considerations: using N, B" and m ta rc.present 

the ùbundùnce, biomass, and size respectively of organisms in 

intcrval i, 
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or in the limit, N = dB/dm 

The norrnalized spectrum corresponds to the model 

and hence , approximately. 

Therefore, B 

estimate of the biomass dens1 ty over the rLlngc 0 t ~; 1.:e:-; 1 rom 

Hence, the two parameters of the norrna l izcd spect rum prov 1 ùe 

a standardized bùsis for comparing estimùted biomasses betwcen 

systems or between size ranges. Furthermore, ei1ch 01 these 

parameters may be interpreted in terms of observ<lbl c ~~ystcm 

characteristics. The intercept bo is ùn estimatc 0 t log 

abundance in the size class corresponding to one ~,lze \lnit 

(volume or mass) . In this paper, the spectra wcrc Il tted in 

volume units (Mm J
). So the intercept size c] ass corrcspond~. to 

organisrns of about l /-Lm) (ESD = 1.24 ILm). 

The slope b, is interpretable as a measurc of the rate ot 

abundance change ':.'ith S.1.ze. For cxampl c ,li the () rdered 

abscissas are represented by .TI I , then clcarly m . 

the normalized abundance in Slze class 1+1 is 

l log (B!.'; 2m.) = b~ + b. log (2m!) 
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!lence 

and 2"Otbltl 1>1+1 
mi 

r-j i m l li) r l y , 

Theretore, ln general B = 2b
1+

1 Bi 1+1 

[n particular, if b! = -l, th en Bit1 and biomass is 

unlformly distrlbuted over logarithmic size intervals. This 

i5 Sheldon' s hypothesis (Sheldon et al. 1972). Our slopes were 

,1lmo"t ,llways "shallower" than -l, and our modal slope of 0.9 

impliC's that B.t} cc 1.07 B In other words, over the range 

01 observcd s1zes, biomass jncreases by about 7% between 

succC'sslve log size Intervals. 

Our parametcr estimates (Table 1.8) are based on calculations 

\ 

1 Il ILm • 1 f Ive assume <:ln organism rnass densi ty of 1 g cm- 3 

then 1 WJ == lOb ILm'. Hence our volumetrie range from 2- A to 2 JO 

ILm' corresponds to a mass range from 2- 28 to 2)0 Mg. The slope 

does not change between scales. But if b o' is the volumetrie 

intercept (Table 1.8), then the corresponding mass scale 

Intcrccpt 1S b o = br" + 19.932 (1+b, ), and the estimated 

blomi1SS over the full range of observed sizes is 

B 



2. Bimodal Parameter Estimates 

Clarke (1984) presented algorithms for maximum lik01ihooù 

estimation of the five independent parameters of the mixcd 

normal density function 4> (x) = Pl4>J (x) + P!4>.' (x) 

where 4>i is distributed N(J..LUaI2) 

134 

and P2 = Il-Pli is clearly not independent of 0 ~ PI ~ 1. 

The vector V = (J..LlfJ..L2,a ll a 2,pd is estimated by rnaximizinq the 

log-likelihood function L(V) = L: l fi log[ (27T) 1/."1> (Xl) 1 

where f l represents the observed biornass at Slze XI' ëlnd the 

summation is over all size classes. After ëln initllll L'stlm,lte 

is obtained by inspection, it is improved by iterllting the 

equation 

where LI (V) is the 5xl vector of first derivatives 01 1. wlth 

respect to V, and L" (V) is the 5x5 rnatr ix 0 f second 

derivatives. The dIstribution corresponding to the tinal 

parameter estimates may be compared with the observed 

distribution by a non-parametric test, such as the 

Kolmogoroff-Smirnoff, which we used. 

3. Trimodal Parameter Estimates 

The distribution of organism volume over log Slze clûsse~ '''d~, 

used to esti~ate the eight independent parameters of the 

trimodal mixed normal density function 
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where y. = log2 (size) is the abscissa, 

and 4)(:1.) is distributed N(I-'J,a/). 

Aga~n, Pl = Il - (P\+P2) 1 is not independent of 0 $ Pl+P2 $ 1. 

This function is nonlinear in the parameters J-1.j and a], and 

hence a linearization technique for nonlinear systems was used 

(Draper & Smith 1981) 

y = (YI"" 'YI')) 1 is the vector of observed biomasses at the 39 

] og sizcs X 

Sy <lnlllogy ta the typical linear model, the error sum of 

squares is 

If Vfl is (ln cstimate of V close to v o , then the Taylor series 

cxpùnsion of f, truncated after the first derivative term, 

,lll'Jws the tollowing approximation 

Dcflning Z as the 39x8 matrix of partial derivatives and 

Then the 1 cast squares estimate of {3 is 

f3 = (Z' Z) I Z ' (Y-f(X, Vo)) 

The solution ta this equation resul ts in a new improved 

cstimate V = b + "l" which may be substituted for Va in f(X,Vo) 

and the \"ho1 e process i s repeated until S converges to an 



1 

.. 

136 

acceptal::ly low asymptotic level. 

Most of the data sets tested in this paper did not support 

stable asymptotic convergence. This may have been due to one 

or more of high error SUffiS of squares, insufficient datù, or 

lack of true correspondence to a trimodal mixcd normal 

distribution in the underlying population. 

4. Joint Confidence Regions 

The joint 100(1-0:)% confidence region for the cstlmi1ted 

parameters f3 of a linear model is detined by 

({3-b) 'X'X(,(3-b) S PS2Fp,n_p,1.a 

where n = number of observations 

p = number of pa rameters in f3 

S2 = estima ted rnean squared error 

x = matrix of regressors 

Any vector bsatlsfying this equat.iondefines.t pOInt "Jlthln 

the p-dimensiona l conf idence ellipsoid. 

If the model has only two parameters (i1 slopc élnd an 

intercept}, then the conf idence reg ion is an cil i pse. lnthl~, 

case, a simple algebralc solution is available: 

Given 

and L 
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1 
conf idencc reg ion. Substituting values of Cl. falling within 

t.he single parameter confidence region for C~ 1 we may solve the 

resul t ing quadratic equation for the two corresponding values 

of CJ (ij=j) 1 located on the confidence contour. 

More generally 1 the dimensions and orientation of the p-

d imcns l anal confidence ell ipso id may be estimated from the 

eigenvalucs EL of the positive definite matrix A = XIX, where 

p 

Z El = trA 
1 ~ 1 

and Prad € l 

'l'he C igenvlll ues dctermine the lengths of the hal f -axes 1 

11 --= f. l '1.' 1 whereas the dl.recticn of these axes is determined 
by 

the corrcsponding eigenvectors. For a given eigenvalue E.I the 

C 19cnvector x. 15 a solution to the equations A'"X = 0 
• 1 

wherc A· is cqu i valent ta A wi th E. subtracted from each value 

on the mùin diagonal. This method was used ta estimate the 

contours ot the confidence ellipsoids in this paper. 

1 
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APPENDIX 2. The correlation between the exponents of biva riatc. 
normal variables. 

Theorem: Let (XlI X2 ) 1 be bivariêite normal N(#,L,I:) where 

= ] 
Then the correlation coefficient between Zl = exp(X1l ,1nd 

and 

Proof: 

The moment generating function of X is 

E(e
t

'
x

) = exp[t'j.L + ~t':EtJ 

sa that E(Z') = (exp[J.Ll + 012/2J, exp[1-L7 + 0,-'/21) 

y = Xl + X2 is univariate normal since it is a lincar 

combination of the elements of a bivariate normal vi1rii.lblc, dlld 

the variance of Y is 

l' :E1 

Hence 

Therefore Cov(Z),Z?) 

o 2 
2 

= exp[1-L1 + /.1.. 2 + (0/ ' (J,')/'? t ro,IJ,] 

E(Z;Z,) - E(Z;)E(Z,) 



139 

:1 = E{Z,Z2) - exp [1-', + 1-'2 + (0,2 + 02
2
)/2) 

= exp(/-L, + /-L2 + (0,2 + 0/}/2] (exp[ro,02] - 1) 

and Var{ZI) :: exp[21-'1 + 0 1
2

] (exp[o/] - 1) 

Hence the correlation between Z, and Z2 is 

(exp [ 0, 2 J -1) y, (exp [ a/ J -1) 9î 

exp[ra,a2J - 1 exp [ a, 02 ] - l 

(exp [0/ J -1) 9, (exp [0/] _] ) 'I, 

The last factor is the correlation when r = 1, and sa this last 

factor lies between 0 and 1. Hence, rz is less than or equal 

ta the first factor. So, ta show that 1 r z 1 :::; 1 ri , let a = 

v, 
(o,oz) • 

Then 

exp[r02] - 1 
rz S --

exp[a2] - 1 

Con~; ider the Taylor series expansions 

r 20 4 r 3a6 

exp[ro z] - 1 = raz + + + .•.. 
2 ! 3 ! 

r 0 4 r 06 

(exp ( oZ J - 1) r = r 0 2 + + + .... 
2 ! 3 ! 

But 1 ri> rI i ~ 1. 

Bence for r :::; 1 

and Irzl siri 
QED 

1 
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APPENDIX 3 . Morphometr ic information on the lakes samplcd in 
southern Quebec, in order of increasing total phosphorus. 
Central, North, South, and Newport are basins of Lake Memph-
remagog. 

Area Mean Maximum 
Lake Latitude Longitude Depth Depth 

km2 m In 

Bowker 45· 25' 72° 15' 2.3 24.0 59. a 
Stukely 45· 20' 72° 15' 3.9 13.6 J 2. 2 
Orford 45· 15' 72° 20' 1.3 17.9 48. a 
Lyster 45· 04' 71° 55' 1.7 20.0 50. a 
Baldwin 45· 04' 71° 54' 0.3 3.0 7.6 
O'Malley 45· 13' 72° 20' 0.2 4.0 10.4 
Central 45· la' 72° 15' 24.6 44.3 117.0 
Cerises 45' 1°' 72° 15' 2.0 2.0 3.0 
North 45· 15' 72° 15' 20.4 14.7 J 3. 5 
Massawippi 45· 15' 72° 05' 17.9 40.2 85.7 
Lovering 45· la' 72° ] 0 ' 4.6 9.7 24.9 
Argent 45· 15' 72° 25' 1.0 4.6 15. 5 
Trousers 45· la' 72° 25' 2.0 5.2 la. 1 
South 45· 00' 72° 15' 56.1 6.2 ] 2.8 
Newport 44· 55' 72° 15' 2.0 3.4 9.5 
Brome 45" 15' 72° 30' 14.5 5.8 12.8 
Pond 45° la' 72° 14 ' 0.2 0.9 1. 5 
Magog 45· 20' 72° 0..)' 10.8 9.8 19.2 
Waterloo 45· 20' 72° 30' 1.5 2.9 4.9 

J 
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Append1.x 4. Chernical data for th~ samples collected in 1986. 

Chlorophyll and phosphorus data are in mg m- 3
• Dry weight is 

Ln mg L-
1

• Phosphorus fractions refer to aIl phosphorus 

passing through a screen or fil t.er of the stated porosi ty 

(microns) . 
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APPENDIX 5. Chemical data for Lhe '"lInple~ collectC'd in j'lili 

and phosphorus data are in mg m- 3 Dry wClght l', 111 mg 1. 1 

fractions refer ta ,,11 phosphorus passlng through ,1 t,cl·l'c·n (lI i 1 1 l' 1 () f 1 Ill' 

stated poroslty (1-Lm) 

J 
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Lake Date Ch10t" . Phosphot'u<; 

D\~ SEnw Total <120 <80 <l,n .... ", • (l :, 

Central 197 3.002 1 90 0 15 12. L,l 10.46 10.16 <1.66 H.61 
North 197 1.841 1 33 0 22 14.91 12.66 12.21 Il 8b 10 H, 
Central 198 2 472 2.03 0 13 13 51 q .76 ~) 36 q 16 Il '11) 
Orford 199 0.796 2 15 0.33 S 31 :, 95 L, l, ') " t) \ h', 
Orford 203 2 97 0 23 7 86 7 t,6 6 76 (, 'J(, " li \ 
Newport 204 4 056 3 83 0 t,O 6~ 2 72 1 C) .02 18 JI 1,' il 1 Il' 1 / Il 
Magog 223 9.039 L, . 78 0 21 )9 31, 36.6t, 15 (V, .H) " ) " , , 1.' l', " 
Pond 224 3.834 1. 08 0.19 ,~ 2 92 n 02 ~l l, / .~ 1 H.) 'U l' l', H 
Baldwin 225 1. 976 2.30 0.41 l3.06 13.71 12. ') 1 l}.Ol 1\\ Ih ! , 
North 226 1 568 4 17 0.21 12.21 12.26 10 81 10 :>(, Il Il 1 q 

Lyster 227 1 592 3.33 0 29 9.11 q 01 7 21 7 hl Il Id l, 

Central 228 l 195 l . t,7 0 12 13 46 13 06 12 c)J Il ilf, III \ 1 1 H 
\Jaterloo 229 .~S. 862 'JI) 96 o . 2!, 130 13 100 00 Cl l, OC) 1\ / II )' il \ 1" 1 JL ,'1 

Stuke ly 230 2.216 3 70 0 10 r) 61 li 76 () 16 " Il " 1,1 , 
l 

South 235 3 515 2 30 0.15 18 62 13 21 12 91 1 :' fi 1 II 'lI (, q 

CerJ.ses 236 1i.343 2 50 () 32 16 57 16 27 15 Il Î 1', l, 1 \.' n il () 
Orford 237 l 623 ') 57 () 12 i) 51 ') . 86 ') :l () " \ 1 \ 1 / 
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',iz(' di'.lrlbutlons of the samples co11ected in 1986. The values 

in IIH' fll~,t «()]ullln ;Ire thC' bilse 2 logarlthms of organism volume (jJ.m 3
) , at the 

Samples are identified by the name of the 

]dkl' ,1I1d rll" JIllld!) d,Ile (l = abundancc (m1- J
) 

A zero value 1S an approXimatlon, 

1',iVf'll th., Il\IInhf'l- of <,Il;niticnnt diglts shown, Samp1ing andmeasuring procedures 

drp !Il",l'l Ihl'd III Ih(' l1cthods sectlon of Chapter 1. 

1 . 1 kt ", , 1 1 l' 1 Il ,1 1 plI, 11 ll' t 1 ('.1 l 0 nI p r The baslns of Lake Hemphremagog are grouped 

'111dl'l t Ill' 11.11Il1' () t 1 hl> Ld·((' 
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j Lac d'Argent Baldw~n Pond Lake Bowk(,1- L,1kl' l~tOI1H' 

214 _212 no " 1 :, 

N V N V :-J V N V 

6 556 53869 )39 ll837 6~) ') f) H/.J() ') . " () , ,"IBB 
7 ..';60 81957 33'1 b1849 ~23 'U63H Il 1 () 1 1 H/,I \ 
8 182 66232 1% 64496 352 1199 '1/, IH? tll JI (, 
9 193 11.3034 1% 130179 739 1562% ,'0', 1 /,1J;'1 0 

10 267 :;'93205 230 13792':> 205 "q()~V,l) 1 H.' ,"lI \ 1 \ 
11 246 647847 121 199587 80 If)8391 'l} .' '1 J IJOI) 
12 86 467857 71 /,45031 39 n7827 1 H 1 1 1 OC) " 
13 27 3/,6277 67 802301 32 196%0 q 1 1 () " 1'1 
14 18 ,,18938 22 515682 CJ ?2258(, 1/, ,'(,!ll/II 
15 14 579108 q t,21568 11 ')1,0257 C) 1 H(>! fi(, 
16 5 556835 ') 328135 q \)303/1 .' , ,'()')!,I 'IH 
17 5 773381 0 0 1 1 3 (, l CI '1 (, " ' 1 Il 1 0.' (, 
18 '1 1038095 il () 1 .':' 1?,1 I, H.") ,',1 J 

19 1 1073981 l 36889/, II () l '1 / l ,)BO 
20 1 986892 0 325375 () () I, H,/I'II) 
:1 2 7815208 0 i, 1156253 (\ Il (,<)<)', l'lB 
22 0 0 o 5 3927336 Cl () () (, /, Hl') 10 1 
23 0 0 0 0 0 () () 1 1 'l () \ 

24 0 0 0 78656 0 50CJ(,I) () l, '! IJ/,/, 
25 0 317891 0 137725 0 J637'i () () 

26 0 0 Cl 0 () 0 0 " ')()o'/ IJ 
27 0 0 0 () 0 ) 1) (1 Id) 'j Il 1) 'l 1 HO IJ 
28 0 0 () 0 () (,f) 1 'jO/, Il 1) 
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1 11l1\!: :1! ,:1!'lIH Ul1\(,fJG 

~jorth BasIn (~entral BaSln Central Basin Central Basin 

l'JI 188 209 225 

l' · ~ I} " l< V N V N V 

(1 ') ') 7 'JI) ')22 568 5/~ 11 5 148 13834 499 48703 

/ '~ / ') / ') (J 7 (J ! rJ 17924 159 28815 484 81955 

H l ') ') ') )')55 189 85530 114 !~1798 132 53423 
r) 1111 /11/19il 1111 74337 11/~ 78379 103 77808 

IO (,8 'J8/d6 38 52796 136 202579 176 240216 

l ] VI /9931 38 118791 46 l'nS69 ]03 276184 

1 ;:> IdJ ï72 l171 141 828290 27 167446 46 260632 
1 ] q 101616 101 1287212 32 346673 (j4 730273 

III 'J') 
• J 

Il ')<J 1l!~ 172 4606913 32 749496 9 l88086 

l 'J 
) J !OO2261 131 (JOOOY36 23 %1369 32 1572509 

• J 

1 (J 1 Il 1335138 71 74911111 18 2195129 14 134219/1 

1 / ') ! 18688 () 0 27 4948923 0 0 

1 H ]/, IJ 18'3 Ci 'l8 1 11 ',2. 8 '3517 g 14 1171301.8 () 0 

1 rj ]fI 8 25 /18 7 5/ .. 01857 5 3459616 4 2738711 

.' () (d22 l3 2 3010000 0 0 1 919566 
~) 1 () () 1 2810487 l 1737128 0 0 
,) ) () 3 '>267697 7 4L1 454l!58 0 0 0.3 1970698 
') l () 170)51 0 2325864 0 73855 0 0 . -) 

,)/, () j(J 7082 (J 217635 0 102712 0 0 
.) r) () FJ2067 0 0 0 0 0 147660 
.) () (l II (l (l 7.) Il 0 0 0 0 741918 
J ,7 Cl 1) () 0 0 () () 508938 
'g Il Il () 0 0 Cl 0 () 

l 



1 ~,o 

l' LAKE HE!'-tPHREHAGOG (contll1upd) 

l 
South BaSIn S ou th 8,15 ln 'll'\~PO 1 r- 1\,} <,111 ~l'Wl'(\l t 1',,1', 1 1\ 

1;,9 1(]5 .?.?5 .ll} ï} 

N V ~ V N V N \' 

6 1193 115171 :,8 j !.7010 l "oc, 1 JI,8ô') Il) / I.'/(l/,ll 
7 653 127954 ,'dl, 72021 !J70 1 il 788(, 1.'/, H " Il h (, \ 
8 256 89611 Dl 1 1387<) r)H/. '1 II ) 1 H 1 ... 1 '~,q ,'q 1 
9 426 315528 268 190882 ')bh ,1 Il H " . " q 1 ) l.'H/.'ill 

10 199 317975 203 ,~ 7 5098 1% ') ')()/dJH " ~ ') ",1 H \(l 
11 85 24 n!d 162 :~73217 ,118 1) 1811l 1 ,)8 ! Il.'/Ill/ 
12 55 320019 18 105717 !J1 ') ',18N) 1 () ') Id)()(l(}ll 

13 77 942942 9 1 15288 ~)() (d/, l'lI, 3} Ifll/qq 
14 109 21,72189 17 L.18610 Il, il 831 1 q 187BB" 
15 32 1535428 q 396909 \l, "17') 11 1.', ',n ,101 
16 59 5700159 IJ 0/-1218/, 18 1 ;;)()()<)() '1 j () l'd 1'1 
17 50 8790735 2 305512 CI l ,l, r) 18 () " ! ',.' /(,(,'1 " 

18 27 11354493 320216 () () ') " 1/ rI H.' / 
19 15 11613661 () () }) h \,' 10', '. ,'01H,1, ',f, 
20 4 5101328 0 () ',(,;> (,,> r, 1 1,1) l, ~ /, (1 

21 1 1649021 0 1279923 Il IJ Il () 

22 4 26778838 ~ 195017(J7 () (l () Il > 

23 0 0 () 6 S(J82860 1 () ') 2 li, Il I, 1) H1)H) 

24 0 289529 0 2 ~ 7ldn () fi'!, l, Id, (1 (l 

25 0 0 0 ~ 8 3738 () j(,(,/,/'i Il \ (, ri 'J l, 

26 0 0 0 () Il () (1 (l 

27 0 1227711, () () (J () () Il 

28 0 0 (J () () l, (1 Il 
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1 l db l (J"f' ri ni'. ' .1 kc> l:;s te r Lake l'Ingog Lake i'lagog 

170 " 12 167 185 

. 'J 
" '1 N V N V 

(, ,'l, 1 " ;fJ2 ~ ,'ri 1 73777 1165 108234 398 37788 
; (J/~ 10162 .'39 1,2228 767 135354 455 85885 

il l 'J{J ',)1,22 .'16 83036 256 82017 199 71041 
'1 ~ () ,'il HI, ') 11 G ]5L,761 199 155043 341 2/,1317 

]0 'U 
1" rI 73 73 ]!)2 12131, S 3 lL.2 204935 1,83 700709 

1] (, ') ]l%'~ 1 102 285709 85 204915 114 292422 
1) (,H " (JI, 1 () ) 1,8 273379 171 103218j 62 364969 
Il ]/, 168783 )!~ 1,11844 159 1904950 20 245946 
]/, ]/, 173958 n ']32725 141 3309124 58 1/~12733 
] , 'J l, il 2() 3 7 5 l89819 77 3513377 34 1L,980' . 
] (, ] /, I /dJlH98 '1 1113669 25 2372738 12 1064200 
1 ! \' ~il'I~H()6 i P, l/12 3287 )~ 3723574 l, ()61002 ' , _J 

1\1 
" ,l,) 85 31 ') 653904 16 542323L, 12 4417833 

]'1 .lf) 1 !%O/,7 P, '1 7335495 20 13370695 3 2517898 J 

,'0 )() J mHL' () YI 76(~ 7 3 50491/,7 1 531590 
'] ~ il () Il) II () 0 3 11197149 0 0 
',1 1) () () 1) 0 0 0 0 , , 

Il Il () 0 0 %412 0 5L. 733 1 

,. 
() 1 Il] O()() IJ 0 0 1) 0 0 " 

" l (1 ''l(j(](,R I} 0 0 0 0 0 
,'l, 1) ",(,6)H () 0 () () 0 0 
" 1 (J 1 .' 17 (1 il 1 () 0 0 0 0 0 
'Il IJ Il 1) 0 0 () () 0 



l ~) 2 

1 
Lake ~1.J S S il\oJl pp 1 Llkt' l) • ~I il Il (' v Llkc> Prlold l,d,l' \.'.1 t ,'\ l,,,, 

2~6 .' l" \ H ') '\ , 

~j V \' V N V N \' • 

6 909 86327 ~l 5 8 ~) 2331 301 Hll/<l \ l lI) l " 1',(1 , 
7 568 105684 1) 5 5 123560 .")0 ,')1, Il .' \ .' 11 '(1f).'I.jH 

8 308 109828 ,',85 181205 .~ 0 ~l .' l 'l(,., 1 (lI, '1 \ ',tl.' 1 .' 
9 308 211595 .' 18 157932 102 h()!,,'H \ .' () \ 'l1,1',,,,', 

10 260 364268 ) ?Cl 171168 1.'') 1 S 1')1>1) , \11 JI) 'l.' ,'n.' 
11 132 :,21821 1 ,', (, ,09082 tll ... ~ }V, /~! 1 1 ,'.', l ',Ill / H \ 
12 64 3721% 55 \36]80 '1) \ 1 il 1 h \ \ 1 Il 1 1 \ \ 1 " li 
13 91 11256 RI, d ') 1 59 51 3CJ , l ')(>1 Il \.' 1 " I()'", 
14 32 779049 59 \300775 1 il ,',11 l') \.' ' 'OH \" 
15 5 250558 n 1007598 ') jC)(l')l!l " ',0 .' HbSClhll,' 
16 ll, 1!,0691S q 7S23l,S 1 l, \ ',1 H',,',I, Il 1) 

17 0 () Cl .)or,8708 ,) 1 l LH1/,'I1) 1) Il 
~8 J j/d5 71):2 -' 1:)2795/, ' II Il 1/1) Il l '1 /" \ 1" 

19 19 12511881 2202122 "H'),)lO '1 B.)f)/,/HfI 
20 0 0 () 759843 Cl 1 11 bHII ,'il l, 1 t, /, /, ·1 f t/, 

21 1 151J7()12 () 706327 1) Il () () 

22 1 3934) n Il 1 J,n 30/, Il Il CI Il 
23 () () 1) () 0 il Il H ~ (J t) ~ 

2/, () () n 0 1) Il Il '1 \ (, /1) 

25 0 () () I01CJ6S () 1) CI 1 / il / l, ' 

26 () n 1) 172366 n 1) Il '~\')HF.', 

27 () () ~ ) n () ~'I H'!'IIII) 1) ",.'1,/\ 
28 1) C) 1) (J () 1) Il 1) 

:.. 



1 

., 
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:.1' l' 1 i: 1> 1;': . ',l.f' dl',[rl),lltLOll', ()J th!.' samplc!:' collected in lelS7 

11i(· t II".! (Ollllnll l', the b,I',P ,l lO!jdrlthrn of organism size (/.Lm 3 ) , WhlCh defines 

rht' ]"WI'I' ),"\llH! of f'dClt <,I:::C lntcrval Each sample is idcntifled bv rhe name 

" ., abuncbnce (ml'l) 'J = ln ovolumc (,lLm 3 ml' 

1) 1\ ,1'10 ,'ntn' lé. :Ill .. ppro:nmate value, [,lven the nurnber of slgnificant 

,\ h l,mv 1 lIt J",' l11c:\1 cates \ ha t no organisms of this S lze \~eH' 

, 01111 t I·t! 
', .. lIIplll1l' ,Ind (,Ollllt-ll:l~ procedures .ire> descrlbed in lhe Nethods section 

<lI (h.lpl"l 

: .tL.", 011.' 1: .".t 111 ,tl plhl),"! Je,Il order :\11 h,lSll1S ol Lah(' :Iemphrem.:lgog arc 



11) ,1 

Lac ci' ArgC'llt Lie li' .\I-SPllt L,lkp I\O\"\-('\" Llkl' !\ 1 0111\' 

À 
144 183 183 \ l,l', 

N V N V N V N V 

-8 102663 565 ]]6328 1850 1i~623~ HO/, ·,h7bl) 1 .) ')1. '-, 
-7 102663 1129 336328 3700 l!16232 1609 i'b/h<l7 ',O'H1 
-6 102663 2259 3363.?8 7'399 146232 3717 :,1126<) 7 1017Q 
-5 82960 3650 298958 1315L, CJ7/ .. 88 /,289 J(,')5H 1 16086 
-l, 82960 7300 ~98C) 58 .2 6308 q 7488 8')7CJ !(,)'i!l 1 l? 1 1:' 
- 3 1,9257 8718 11,2005 .25135 5788/, 1021, C, .H1H/j f, S ',2 8 ~~ 1) 
-2 49257 17437 1/,2005 :J0270 c) 7884 201,l) l ,HI811f, H 1 (l,)6 ') H 
-1 25925 18329 9342/, 66051 J 3850 23932 1!,lHOH 1 (JO') () I, 
0 152954 215665 150404 212070 70782 99803 1 )!JO l 1 nI,? O() 
1 117076 331325 86343 244351 27089 16662 (,08') () 17n:':' 
2 64203 363389 (,5105 368491. 18569 105101 1,7 r,l, l, .' 1 ~'/,qq 
3 22660 256375 37601 i, ~ 5418 H8/'1l 10010() .' .'OH ') ,'I,(JH JO 
l, 15107 J 'd871 1192() ~ 1 511,5 i,369 "HH/O \II/il 1 .'1,1, ~ H) 
5 5665 ~5r;398 7659 ~ ',G6/,6 l 7/,H l'JI ]l, JI')') • J /,/, 3', '1 
6 2242 4 203108 2818 () )',3567 (,1)2 0 fJOB7b /)1)1 1) ',B J ')() 
7 1030 3 1762/,1, lOOO () '16228 ,!C, 7 () 1 1 Z 18.' ~ ~ .) 1 ~ Il 1.' " \ H \ 
8 1151 5 :;l53t, 2 1727 Il ') -) 99 51 b(JO II ,> ?1,O ]/, ,11)!) () '1')/, ')(, 
9 582 0 ',12960 /? 7 () ,,"1702 1" 0 () ,li) 1 Hr, ) 1\ ') Il ' 1(, \1, 1 

10 1,24 2 589231 'JI) 3 6 ,'la () 3/, f)', 1.' .' JO () l) ')H')I, 
11 145 0 (,08221 <',72 / L20 () ~ 171dl! l ',B () Il')Ol \ B 
12 91. a :130000 lOf) 1 1 (~O () 1070/11 li 1 () \.> 1 (,lI 
13 53.3 589683 (JO 9 1389739 30.0 ~ l6r.t, ~ 1(, () IdJï')01 
14 25 5 62/~101) 8/ ') 1836088 31 0 (>335(,/, \) () lO]] J() 
15 15.8 75500{~ (,7 , 

27 97/~ 77 12 /1 '.l7270 l) 1 1 1? l ') ') L 

16 2 4 2l ,5666 3t, 5 2968781 20 () 1 (J 87.l VI o () 1) 
17 l.2 306138 10 ') 189326 l 7 ? ()SOB? f) () Cl ..J 

18 1 2 .'d,7710 ') 2 1:171517 (J H .l ilonB Il '/ 1'/ldL' 1 
19 n.800 ',67227 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
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~ BaJ(h/lll J'(,nrl [~ald'_;in Pond Baldwin Pond Lake Hertel 

i 
277 1 JO l r31 225 

N \j Il V N V N V 

-H ? J Id 51 1508 Jh23 /lIJ 2983 5/â349 2983 447909 2463 
- 1 2//4151 3016 )/\231\9 5966 )/~2349 5966 447909 4927 
-6 21 ld51 G031 )/~231~ 9 11932 542349 11932 447909 9854 
-') 1827liR 8042 1128523 18855 428523 18855 364963 16058 
./1 lR2U,P, 1 (lORII 1128523 37710 1,28523 37710 364963 32117 
- \ 120576 ? 131\2 254436 /15035 254436 45035 236397 41842 
- ï 120576 1,268/, 25/,436 90070 254436 90070 236397 83685 
-1 (11461 M,S67 167392 118346 167392 118346 103683 73304 
0 8 7 l, fJ 1 1 23365 113819 160485 69770 98376 
1 1,/,0 /17 125151 (l ,)31,0 184912 32043 90682 

'1 1(16 ') l 'J051.I, 15832 202809 21965 124322 
1 J8/1 ,'()16/1rJ 111221 160964 11628 131559 

Il r,/lill 1 -'d, (d, ') 7026 158998 1,651 105252 
LlIl() 1 :d)()111 '1216 190816 2067 93552 

() 7/,28 6 207729 921.0 77977 2400 0 219914 
1 1 (j/, Î '1 ;>83363 579 0 101822 1~66 7 245191 
H fJï8 6 325071 1147.0 154312 1181 8 403643 
') J 71 :1 /1013 5 7 790,0 20031(~ 654 5 423309 

III III. 'J 3 615690 233.3 317207 509.1 667431 
Il %2 3 ~)590~0 94.4 253003 345 " 972408 
1 ? .li> , ) , 15') 10 ,'()O. <) 11421031 116.7 655920 218.2 1133867 
1 3 1/ () r: 32/37 159 l, 1726508 78.9 850470 133 3 1469806 
1/1 H/I '> 1 H 3%00 117.8 1042597 22 _ 2 514197 70 1 1597378 
1 ') 16 ;> l (,21/136 26 6 1132282 8.9 402465 50 6 2325701 
16 '(l 1 ()R0137 'J 1 811071 2.9 240060 54.5 5488377 
1 1 ' ') ) ,. '1 <lOnD 1 6 ')69959 1.7 304172 18.2 3181476 
1 S t) 2 l '-: l'i03 1 2 ',02936 1.0 336010 19.5 6259897 
1 q () 000 0 3,900 2200364 
'0 1) (lon 0 :2 .600 3893809 
') () GO() .':133213 () 001 3116 L 300 2620852 , , 

0,003 15580 
, 1 0.000 0 

."i'i o 000 0 
") 0.001 49855 
,'6 o 001 11217t, 

, " 0.004 715109 
.' H 0.002 810925 
'Il LJ 002 1885146 
\(l 

1 



1~6 

l Lac Cerises Lac CP r lS('S Lake Lovrt"l.ng L.lkp I.O\'l' 1- Ill!; 

193 236 1 29 III 

N V N V N V N V 

-8 398348 2191 521762 2870 275393 1515 111.766 'j h J 17 
-7 398348 4382 521762 5739 275393 3029 ll.'.76f)') 1 :)62/, 
-6 398348 876l~ 521762 11479 275393 6059 tU.7(6) .' 52/\'1 
-5 295073 12983 463789 20407 2/,4794 10771 7/,192'> 326/, ') 
-4 295073 25966 463789 1,0813 2/,479/-1 215/'1 71, 19Î~) (, 'J;'gll 
-3 192719 34111 309796 54834 ll8920 210/-lQ /,',05111 nf/I( 
- 2 192719 68223 309796 109668 ll8920 1,2098 1,{,O~IB l ')~) 91, 1 
-1 92210 65192 181167 128085 69544 1.j9168 ~) H q 8]/, :J()I,!{!IH 
0 99022 139621 83479 117705 131229 185033 :'071/j{l :,> 1) /. or) 7 
1 71057 201091 l,2598 120552 5022/. 11,213/, 1189]1, 3365:>1 
2 46760 264662 26281 ll,8750 37870 214344 1 ()JO) /, '>111 1 
3 22692 256737 17005 192395 20049 226834 1,60 Il ') l () 'f) ') 
4 7335 165991 7558 171038 <l721 :>l99H(, 1 H,l'I )OH()') 1 
5 4584 207472 3779 171038 /,860 :11 <J 9 6/, H '17/, IH')II)(, 
6 2214 0 196656 2313.0 199523 15/'.0 153')1, 
7 1429 0 232603 1375 0 222271 ')59.0 619/'1 
8 1071 0 322158 688.0 225859 177 0 (,7"17 l 1:' J () () l'}HM,/, 
9 643 0 406258 531.0 \66019 .'7 0 ') 'J 1 H ') ,,(JO () l '1/'1 l', 

10 347 8 451782 250.0 3392/,8 91. 0 13971 () ',') 1 () (, () fi ')1, '1 
II 289.9 738683 281. 0 738622 50.0 1/,65HO ,l ') '.> () n()H/'!1 
12 173.9 845528 166 7 823795 18 0 tll7l .~ 1 ()I, () /7(lBïlj 
13 71.4 1) 7398L 52 1 593761 lI. .::; 61871 J 6 l, 1,16 Il,r, 
14 89.1 1837695 67.5 1l,07088 0.7 un'.; ') 1. () II ()I, II l 
15 32.5 1423617 29.9 1235964 II. 5 250328 3 r) l, 1 ()~H)') II 
16 24.7 2098722 10.4 788928 0.7 6541/, 1 B 7 121H')'J() 
17 9.1 1726868 6.5 1036121 (, . 1 lO()7111 
18 3.6 1I~62267 1.3 5/,5913 1 1) ',,! ') 1 1'1 
19 2.600 1699015 l 300 696318 
20 1.300 1782574 () HOI) 1 1 III 10'1 
21 a 003 1"179 
22 1.300 8703872 o 002 11875 
23 0.002 2205/, 
24 o 001 )0536 
25 

() P.O/) I,O)/I'Jï() 
26 
27 
28 
29 
30 
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',' La ke r. j'. Le' r Lake L:/5 ter Lake Lyster Lake Massawippi 

i 
1 ';G ln 227 177 

tJ v ti V N V N V 

-?, 7?,SSO/ 1570 292969 1611 208798 1148 872428 4798 
- 7 78550/ 3] I~ 1 292969 3223 208798 2'297 872428 9597 
-6 785507 6281 292969 6445 208798 4594 872428 19193 
- 5 30/~ 51~O 13il 00 358073 15755 185598 8166 704992 31020 
-II 10/1 5/10 7-G800 3 S8073 31510 185598 1633'3 704992 62039 
-) 180821 12005 193278 34210 110199 19505 334871 59272 
- 2 J 80821 ()/IO II 193278 68420 110199 39010 334871 118544 
- 1 /9307 SG070 101725 71920 LI8333 34171 220310 155759 

() 12762 /1 179950 81409 114787 295667 416890 
) ?,7919 2/18811 41542 117564 190952 540394 
') lli 1 60 )0/1666 22781 128940 93080 526833 
") ) 1017 ) (}2')30 12061 136458 G7757 766603 ) 

" 7J63 ) 71151 6700 151621 21901 495620 
') /, ') 511 J ')2')36 3015 136459 13688 619519 
() J 273 () 10255(, ] 344 8 113864 758 0 68504 2818.0 247857 

')'1-", 
• i ( J (J 3116700 P,27,G 1I147 l .6 727 0 122700 1273 0 223616 

H J 177 () 3864('(, 1034,5 350097 818.0 289302 1732.0 547602 
q l, ') ') (] .~ 762/0 ')(15,5 364361 505.6 350175 455.0 304490 

l () IB2 () ',)] 73!)() ') 15 2 6986..113 359,6 493598 659.0 949785 
1 ) lB:? 0 /,52778 7',2 4 677187 292.1 755299 268.0 705350 
U 182.0 1 Ofl 7 ()Cl 8 1 J 7 9 835677 179.8 973304 97 6 ( .. 29095 
1 1 182.0 181â/. ') 7 10 3 273160 151. 5 1609794 48.8 510828 
li, :Ii~ 1 101111; 76 ',7.0 257282 73.0 1515424 81. 0 1647300 
) , 18 '2 75980') 1)9.0 1126025 36.5 1619764 47.6 2157866 
l ) 16 1 137013fJ (, 2 VI6070 17.4 1422934 6 3 1 .. 74242 

1 / l 3 .)67381i l 2 162799 2.6 417742 2.8 459534 
IR 0.9 233115 l 4 406003 
Iq 1. 600 980415 
, ) 

, 1 0.002 6786 
.) 4'~ o 006 33929 

) ~ 0.004 44108 
) " o 008 173039 
,.) 0 000 0 
'h ° 000 0 

0 001 l62860 
'" . ,) a 000 0 
lI) 0.001 678583 
) \) 

1 



l ~J 8 

Lake ~Iagog LakE.' HLlgOg Lake H,lgog Llkl' ~1.1g0!'. 

A 
129 181 193 .' .' ~ 

N V N V N V N \' 

-8 348520 1917 597571, 3287 670]60 36H6 :,', 1 <J ',.' .) (1 q 1 
-7 348520 3834 597574 6573 670160 iJ7:. ,') \ 1) ').' ',I)\) \ 

-6 348520 7667 597574 13147 670160 147L~4 :, ') 3 <) 'l ï qq!\f 
-5 309796 13631 482888 21247 536128 23590 hO) ;'(,'l .'663;' 
-4 309796 27262 1.82888 112494 536128 4717C) hO'l}(,'1 ') L' (,II 
-3 183941 32558 229372 40599 353696 (,260/, :'Iq/d'.l ') 300!! 
-2 183941 65115 229372 81198 353696 12520R }l]C)(dL' \06\)\/ 
-1 121014 85557 150903 106688 186156 1116L' l ') ; li ? :~ 1 1 ]/11<) 

0 115338 162627 133850 188729 8597/1 121721 :lfnll hl H Il 
1 49659 140535 51226 144970 119355 13%/') WIHl H ',</ III 
2 36310 205515 31603 178873 2h359 1378/:> 1 il 1 l " 10:) Il Il 
3 12815 144989 14872 168262 11463 12CJ6tJ;> (,I, l ') 1:' ') 1" 
4 7832 177238 7Ld6 168277 ')732 12971') i,) Î 1 '1(,Ii!,1 

5 3560 161126 !. 9 5 7 224354 2866 12971') 1 ()(J/, / ,> ') ') 1 
6 614.6 56259 221L, 0 187508 nI 6 80n r

) niJ () l') 3/,') l 
7 593 7 105751 1929.0 329739 705. (J 1277CJ! l ') () ') () :' J(, \(}} 

8 312.5 108630 18CJ6.v 605532 1236.l, 1,0/,7 'j ') 1 17 ') . () I,(,OH H, 
9 156.3 108673 792 0 557895 890.9 (dL,O?1 1')0 () ',:> III 'l 

10 104.2 146026 I~ 17.0 ')68101, I,l? 7 (,I 39()'l I, () l () H', H(, 1 ') 
11 27.0 91515 214 0 582121 236.1, (IJ200H H)() () ill') 1'10 
12 15.2 f) 3626 125 0 5 /11052 /18 2 11812/,') 1 Hl l, (, H 3 HOI, 
13 24.2 299747 71.0 885438 127.3 1199658 ,i'} () 1 W?ld, 
14 22.7 528840 85.) 1848361 51 • . 5 IMn]J3 l,l, l ')1, J(l/, (} 

15 4 5 1977l!, 187.5 7206531, 6l. 7 29/11 OB '3 Hl ') l ') cJ ;> (H) (, 
16 0.0 0 20 0 l639305 18.2 1 n8JiV, (1 ! '1!(J'lBO 
17 0.0 0 7 3 1123021 2 6 18790J l, Il ()l'lO 
18 1.5 510230 1 8 609278 0.0 () Il, ') I,MliWII} 
19 0.870 ')l28,)] 
20 0.870 1 ï08 /16 Cj 

21 0.005 )/,67 P, fi OL) (J')I,I'I 
22 0 Oltl 18']1)] 1) (J 1 1 1 1 1 l, CJ 

23 0 018 :J(J70/,1 I} ();> 1 /~/(J?'J 

24 0 018 1,286 HO 1) 01 \ IlgMJ/, 
25 0 0]/1 /11] IW I} 01 3 (, 3 H ') / l, 
26 0 016 1')23'3 n q on \ ,1f)(J 1 ïfJ 

27 () ous g(,(J/H(J 1) (J() 3 !.ilH')HI) 

28 0 001 l!l ':J lI, 1 1) (JO J ;~/,I,;> C C 
29 
30 

l 
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1 lAKE :,1I·.11PIIREI1/iGO(; 

C~nLra] Bile; 1 n r:entral Basin Central Basin Central Basin 

]30 1/+ 3 166 186 

N V ~l V N V N V 

-8 l+ol+850 2557 254136 1398 433101 2382 462903 2546 
- 7 M>4850 5113 25/+136 2795 433101 4764 462903 5092 
-0 /+0/+8~O 10227 ;J ')1+ 1 '36 5591 433101 9528 462903 10184 
-) '))0933 21+241 301198 l3253 279984 12319 336657 14813 
- l, 550933 1,8482 301198 26505 279984 24639 336657 29626 
- 3 218078 38600 163933 29016 249361 44137 244310 43243 
-2 718078 77200 163933 58032 249361 88274 244310 86486 
- 1 ]/+31,77. 1011,35 78437 55455 109369 77324 116895 82645 

() ~J8833 82CJ55 !,'J304 69519 107541 151633 59118 83356 
1 3:' 77'.; 'J55fn 1830/, 80100 67349 190598 38180 108049 

,JOïO') 1 1/,360 1 ()!+ 02 109815 36933 209041 20938 118509 
B023 '1() 17? 12326 13%56 1792/~ 202792 13548 153282 

l, (1358 08622 5/,78 123967 8690 196655 5474 123877 
') 1783 8069CJ 2511 113648 4345 196655 3011 136278 
() 327 () W523 ()60.0 60602 1240.0 104313 889.0 75935 
1 316. () 58247 1,00.0 74192 727 0 121097 389.0 71726 
8 150 0 J 7718 320 0 121888 1255.0 416210 383.0 130198 
C) 8/, 0 (JOI+ 9 <J 186 7 137141 436.0 309464 176.0 127834 

10 ') 1.0 81511 166 7 256387 418.0 556118 124,0 160389 
Il ':i'J Cl 150623 106.7 290996 291. 0 730720 83.3 261768 
12 17 6 68123 26 7 175053 164 0 874923 52 0 258359 
Il 17 l, ,)06705 6 7 109 0 1390982 30 4 347835 
JI, ') ':i 119Q7 8 8 4 19/+389 83 1 1731546 39 2 816267 
1') l , () 16/,11 7 0 340480 32 5 1423617 22,3 956611 
1 (, 1, (i 1/,7WJ1 2 8 :~068 72 2/-1-.7 2098722 10.1 866189 
1 1 9 1 1726868 1.4 259841 
1 B 2.6 1155888 1.4 597751 
II) 2.600 1699015 0 700 365172 
.' () 1.300 1782574 
.'1 o 000 0 () 700 1.-.94486 
"1 1.300 8703972 

" \ 
, ' 1 400 21d4477 5 " 

") 

'(l 
, , , 
'H 
'(] 

),(1 

., 
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lbO 

LAKE HEHPHREHAGOG (continued) 

A. 
Central BaSln Central BaSln Centr.d B,!Slll l :t' Il t \' ,Il I\,I~, \11 

197a 197b 198 ,1 ~18 

N V N V N V N V 

-8 587467 3231 675836 3717 691572 1801, qq Uî')n ')/, ')/, 

-7 587467 6462 675836 7434 691572 7607 !)C)1650 I090S 
-6 587467 12924 675836 14868 691572 15215 qq lô')() " 1111 (, 
-5 580215 25529 5339% 23496 558846 .U~589 S811,6() IS IS'l 
-4 580215 51059 5339% 46991 558846 49178 HH 11,6(1 17 ')()!) 

-3 275602 48782 317059 56119 331815 58731 380613 Il / li:' 
-2 275602 97563 317059 112239 331815 1 17 llii '3 180611 1 V, lM, 
-1 181317 128191 208591 1l,7474 174639 t 2 3/, 70 :' '.JO/, 1 7 1 / 7(ll, 'l 

0 60945 85932 ',i>710 68681 66837 1)/,2/dl ')THl'.J BOHOO 
1 29156 82511 Y,951, <)8920 28777 Il Udf) .' l, fJ 1 1 (,(lB;> 'l 

2 15989 '10498 1'Jl68 ] 08491 l5781 Bq 1)0 1 3', III ; (, ')g() 

3 8465 ~15773 10148 114814 8155 Ill, 'liB l'l',!) '1 (J()lill 

4 3010 68116 3608 B1649 1,126 qn71 l') 3 / g (l()/, .' 

5 1505 G8116 ,~I(fll Il2290 21,7,) 1 1 ;J 0] <) 1 l, ] ') (,/iCl/, \ 

6 1484 8 l30046 1131 6 <lB 76') 'l ')/, ') /(1Il(,B 

7 727 3 119329 1,21.1 /0701 ]()()O () Inlll'I 
8 1,84 8 166243 3/â 1 11 Id 7 ') Il l, 'l ') .' 10')1 '1 

9 l,54 5 110732 236 8 1 fi 710() 'l II J 'l l'}O 1 H 
10 1,63 6 635495 236.8 n2871 l, l') ') ')1,'}2/1 

11 242 /, 651976 1 8L, . 2 ')/,92')H l'n ') liI\ Il (J(, 1 

12 118 2 '176922 5/4 5 3212/1 n'J B 110'111/ 
13 Hl. 8 1005047 36 4 l')) 7ar) 1 1') q 1 ;> l, 1 1 1 l, 
14 121. 1 ~~970684 .n 5 ') 17901 }(,] ~')1CJI/() 

15 ')(, 9 22L,0907 1 1 . l, j Cl 11 M, '1 (, Il l, 1111, n 
16 7 0 598088 ') 0 "(J)20B Il:> .' " II ')" l, J 

17 
18 
19 
20 
21 0.004 11572 f) (JO/, 1 ïï l') 

22 o 011 67010 0 01/, 'JOOK; 

23 o 004 :,368l, fi 011 J ') ') 1 ,) 'J 
2/, 0.008 192972 (1 (J J l, ~/, ')(jl)!) 

25 o 007 ~17G62 f) (JO; (,H/fJ/ 

26 0.007 760438 {J (JO/, ~ 70(,'11 

27 0 011 .: J 76556 () (J 10 1 '1 1 ï ')1, " 

28 0 002 1017875 f) (j(JH ! / l, H ï () 1 

29 0 002 1587885 {J (JO; 1 / ')KBHH 

30 
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JAKE :1f'.:'11'IIRU1N,()C; (conttnued) 

Newport Ba,> l Tl :Jewport Basin Newport Bas in Ne\vport BaSin 

110 166 186 204 

N V N V N V N V 

-H (J]2629 3369 7/~ 1272 4077 309727 1703 458658 2523 
- 7 612629 6739 7!~ 1272 8154 30972 7 3407 458658 5045 
- () 6]2629 13478 7/,1272 16308 309727 6814 458658 10090 
- J 11356!~7 19168 658908 28992 250285 11013 339747 14949 
- l, 1,356/,7 38337 658908 57984 250285 22025 339747 29898 
- '3 387998 fJ8676 391227 69247 133746 23673 242070 42846 
- 2 387998 13735] 391227 138494 133746 47346 242070 85693 
- 1 110175 1203]/, 228788 161753 78214 55297 106171 75063 

() 11,3991 703027 1 !, 719 7 2075l,8 123540 174191 54793 77258 
1 'I? 99/, ~!631 n (13376 179354 59101 167256 28310 80117 

(».32 n ~ ')77S: 3!, 7 ') 5 196713 29169 165097 .20700 117162 ) () r) r) P, lf)S/,55 nl,S8 ::54429 13727 155307 8219 rJ2990 
l, 1/,66() ;31892 H178 185068 8388 189820 4059 91855 
') !(JCJ9 ~()20 3r) l, 'i/,3 205616 3050 138043 1826 82645 
() " (JO () 3 S 3 5~) (>36 0 54495 1818,0 166992 390 0 34436 
! I,()f) () /B09<J /27 0 122635 2000,0 379277 377 0 62840 
H ,112 () il,76'> BIll ,0 276336 G091.0 2057934 416,0 158462 
Ci IJO () 1 n/,2n G96,O 501077 3727 0 2715168 371,0 242591 

10 II!} () 1 H 119 'î ',35 0 586215 2455 0 3124900 208,0 303490 
1 1 1(J () 'I() 1 06 ~03 0 499498 ]455,0 3636746 66 7 175511 
1 ? 1 (\ 'ir) 777 58,0 296251 546.0 3149966 52.4 282524 
13 ') R ,':1] 31 :13,2 tS!~4681 1.54 5 4109579 29.0 338683 1 l, ') () 1]2231i 1 57, l, 3316806 272,7 7491832 25.6 597685 
l ') ') () 1151))(, 71i 6 3525593 181. 8 8270950 14.8 672945 
1 f> 1 Il 1 q 111 'J Hl 0 '018585 f)0 9 G692919 8 8 796675 
1 i ) Il:lil().', 111 ,1 3175920 0.7 1(;7978 .J 

1 B (l (, ':\',7.1 b ,1 1 739223 
1 Il U,OOO 0 4 000 2456388 
" () 2,100 3212425 
.' 1 o 008 24241 

) ) 

0013 74602 , ~ 
0,021 218232 , ' 
o 015 339688 

. , 
~' 1) o 018 C/4584l 
~' h 

0 008 803652 , . 
't\ 

() 003 ~80529 

, il 

'() 

1 



il' ,1 

LAKE NEMPllREHAGOG (cont 11111C'd) 

South Basin South 1),15111 Soutb g,l'i U1 Sputh 1\,1~;11l 

130 1/13 1') 1 166 

N V N V N \' N \' 

-8 450066 2475 198609 1092 )î901â } 1)(,') :os:n \ ~Hqh 
-7 450066 4951 198609 2185 539042 ')C)7<J ,00H37 j ,'/<)/ 
-6 450066 9901 198609 Il '369 5390Ll2 1 18 'ïl) ,'(lSJ n l ',') Hi, 
-5 327320 14402 215773 qll94 522708 )2Q91) h,1 CJ (, (, ') .' 1 10') 
-4 327320 28804 215773 18988 522708 " ')C)!)R t,,)!)()6') ') ') l, 1 1 
-3 237535 42044 93175 10492 258631 .',577H l, 'lCJ9/,1, H08/1) 
-2 237535 84087 93175 32984 258631 9155'j i, '1 (, 9/1/, 1 () 1 7 ') il 
-1 113653 80353 61299 43338 136122 q()238 ') 1R() 31, 1 rJ/, 'l Il, 
0 117400 165534 H3125 117206 69398 ()7 8 '} 1 1 lI,7 n l 'lO() q 
1 67396 190731 !,7720 1350L,g 32596 q ,):) l, / q ) IV, \ ) il~) II, () 
2 36959 ::09188 )3790 l l/lii ') 1 118H') ;;q() ~:) ,hf) Il .' (,/, l ')B 
3 217ld 245978 13 8 5/~ 1 5 G 7/1/1 ClMi ~ 1 III () () " 1 ():'" 1 (, ) .'8 J.>I, 
4 11595 262395 5038 1114010 ')608 l ,) (l ')O'! 1 (l'II{ 1 "',1{ ')()() 
5 3865 17L4 930 n99 126633 ,)570 IIi, ) 1 g ,'II) ) 1 )','1 IH 
6 786.0 ()9577 2163 () 18()f,H/ 
7 /152 0 81657 1 (, 'jl, ~) ,1 1 12 (lO 
8 '371 0 138321 11115.) 17281 ') 
9 2t12.0 166906 654.5 l, Cl22'} 1 

10 210 0 347999 690.9 'ln BO') 
11 56.0 164304 90.9 (228/, l 
12 56 0 294536 90.9 ') '311 CJ C) ') 
13 32.0 1117928 72 7 fl9381 1 
ll~ 7.6 1118817 90 9 1')1, I)() ')() 
15 8 0 1,91771 l, 5 ~()f) ') () ï 
16 l, 5 ',/,4022 () 0 fi 
17 0 0 (1 

18 18 2 {,()'i;) / ,'11 
19 (l 000 1) 
20 ? 271 ïlRP,~/() 
21 
22 
23 
24 
25 
26 
27 
28 
~9 

20 
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,( l.AJŒ !1 r'1!'lIln.:1/\(,(;(, (':ontl nucd) 

1 
SfJUlh Bd f

)] Tl ~>oulh BdSin North BaSin North BaSin 

186 235 143 166 

N V N V N V N V 

-8 nS158 L,26~ 1 (J006 58 5504 515098 2833 311147 1711 
- 1 17515B il527 ]000658 11007 515098 5666 311147 3423 
- () //5]58 1705 '3 ]O()O658 22014 515098 11332 311147 6845 
- ') () 12/, Il )(,9/, fJ 71,1228 32614 1,16241 18315 345718 15212 
.1, 61?1,7] ')3897 /1,1228 65228 1,162/,1 36629 345718 30423 
-1 3636')/, r,/d67 1,8/4 111, 85688 271857 48119 225797 39966 
-7 36365/, 12873/, t,ill,ll1, 171376 271857 96237 225797 79932 
- 1 nnl,6 ]()91 l, 7 231634 163765 130075 91963 108037 76382 

() ]/,9958 ) 1144 1 52376 73850 7 %10 103508 56640 79862 
1 ()H8G!) l ')/,R!)!) n061 76583 30649 86737 35767 101221 
,) 'Jl930 lfJ 3 f);l l, ]()1,89 '13328 18909 107025 14265 80740 

;) ! l, fn 1110/,!, 6983 79006 12235 138427 8496 ')6124 
l, 11108 .' J 137/, 1,268 %585 4943 111860 4196 94955 
') ') 'J 51, .' ') 1 J 1 l, .~ 128 105365 1977 89479 2308 104460 
1) ] J] J 8 1 08 '.J (J! ,ll50 0 ;1,22l6 513 0 52785 1357 0 120639 
/ 1 10') 1 g IR /7 1750.0 304442 333 ° 53059 893 0 1556/,1 
il 1 31, 'j ') .', ')000 ') 1188.0 1,05209 205 0 63376 691 0 233228 
q (Hl C) l, ')6 7l / 1')37 0 IU55269 128 0 88351 250 0 186662 

1 () i,5/, ') ')8323,] 1768 0 1727005 72 0 116653 200.0 260629 
Il ;) (JO () ') 13671 ')61.0 1I,43803 42.0 133315 250.0 667219 
];> .172 1 I.~ 3 561 7 125.0 611630 19.3 95978 54.5 297937 
11 lOS l IOS6fJl8 /3.2 772371 21 6 265833 63.6 645225 
1 l, ') () <) l ,'2/,1, l f) 73.2 1818547 17.0 385070 18.2 505092 
1 r) ~l:) l, ',g7R1SI) (>6. 7 1254750 3.4 It,4034 27.3 1264861 
Il> lS ') l ',S'ln' ',7 3 180273/, 2 3 164712 4 7 '.11285 
1 / / 1 1 \il31 l» q 7 1',03829 3.Q 576150 
IS 1 l ~~'Iq() " , f, 1)1,<)4038 () 8 3180()4 
1'1 1) (l() l 1 lb 7 1) 001 660 0 1,00 327151 
.' () Il 0(1) 1 (,71)S 1) OO(l 0 
, 1 1) ().' l ,1 'lS Il 003 11482 , , 

.' 00 'I,])lll,' Il.008 50690 
, J () ] II l ',1 CJ 7 5.) o 012 151777 
", (1 }l, :' l, dl618() 1) OOS 181092 
") 1) O/() ',.' /l, SIl) 1) ()O~) 1()3127 

.'1, 1) ()" ;' t,IJCJ6R.' " il 003 .'85819 , , 
1) ().' 1 ~ H '.J () () " " il 000 0 , 

'H () (JO 'i 1 d,OI', l (\ 002 H27533 
'Ij 1\ nn 1 ',8018<) 
li) 



l b,l 

LAKE NEMPHREHAGOG (contlnucd) Llkp l)' :-1,11 1,'\' 
l 

North Basin North Basin North Bd~lll 

186 1<)7 226 1 77 

N V N V N V N V 

-8 763584 4200 816585 1+491 379652 ~O88 :,/,31, <) t ',1/, ~ 1) 
-7 763584 8399 R16585 8982 379652 :,176 q /, lI,l) 1 'II17B 
-6 763584 16799 816585 17965 37965;) H15Î :,.', II, q 1 q l ') 1 
-5 848427 37331 96780l, 42583 337468 lt18 /1C) l? 8 ') I.? 1 /1 11 ')', 
-4 848427 7/~662 %7804 85167 '337468 ,) %9 7 1:18) 1.1 , W)()q 

-3 403003 71332 Id0975 76283 275511 '1i176~) 1/')5 /18 \ 10 l ,1 

-2 403003 142663 430975 152565 275511 fi 7') J l l I~) ')/1 8 l,,' 1 III, 
-1 265133 187449 252032 178187 131823 l)31<)9 1026(,0 ;:>')81 
0 86282 121658 70508 <)9416 ()0273 g/19H c, 1 {,17/,/, 1 qq l'lI, 
1 45029 127432 44975 12727<) .' SIG/I :'l21/1 H'll q 1 " '):l /, l l, 
2 19755 111813 .'1130 1535')6 1 7250 1 ! () l') d)() 1 Il ',1(, ',Oi! 
'3 15688 177t,9/, 15669 17727q q 132 1 () 111 f) .' 'ïSII', "1:' 1) 1 (, 
4 5810 131480 )223 118196 1 () 5 3 :12661 Sl/O 1 B ')1, 1 1 
5 2<)05 13lt,80 3192 1(14470 .'.', ") ') 111l2ml ') 7 ',l, .' l ,ll/, .' (, 
6 1136.4 <)8005 iJ 3il . 1 511+9') 1591 0 13)201 'l, ï ') () .' ln 1 \ 
7 590.9 109475 292 7 1,90L,0 1',5,) () .",j<)() 1 .' 1 :") 1) /, 1 1 1 l', 
8 831. 3 276558 878 0 289535 1136 0 ',!6()I,1 WO() 1) 1()/lll/dl 
9 21+1.0 171028 1/,14 () 03545/, l, (, 3 l, 1 Î III) 'J 8 129/1 () 1 O()% / l, 

10 227.3 283095 (,58.5 Q10956 \53 ')00 l 7 ') ',:)() () /OI)!!/', 
11 325 3 <)01750 ',73 7 1335559 158 5 " 1 1 2 1 () 11100 () N,I()IIlB 
12 144.6 7',0860 (,14 6 2312210 122 () (,0727:' 1()()O 0 ')BHJ'JO \ 
13 24.1 189077 210 5 1914051 61 0 (,} 0 l '3 ï il(, Il 'I/OlïH 
14 47.3 1108321 76.8 161560{~ ()l.O 1171350 11 J " / VI(,') 1 () 
15 78 5 3752953 11 2 7 1806752 ?''J 1 175Bl(l') (, ï IB~ïK\/ 
16 29 0 ;~ ',B 3 90 7 :'1 1) 1785258 lO () 1 IJ HI, l'JO )1, '//, l, ;1/, Il 
17 3 2 (,27255 l, 9 7'J509J () ') 1 11) \ ') ') 10 , , 1 W)(, \ Il) 
18 1 1 V,5913 , , l ',I,H'11l / 
19 
20 (J 00') )//1 ) (,Oi) :J ~~/,I,I.'jl} 
21 () () 1) 1 / \ 11, 
22 () 001 l, lon 1 (,1 JI) l " l') 'l') 1 l, 
23 Il onl ,) (,l, 1 
24 () () 0/, Hl;> y) 
25 1) OOl l ') 1 1 J 1 
26 f) 001 '1') ') 1\ 
27 
28 
29 
30 

1 
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165 

La kr! (JI f () rd l..ike () 1- f nrd Lake Orfard Lake Grford 
1 
iL 

Jï'J 117 199 203 

11 'J " '. V N V N V 

-R ? () 28/, IJ 1116 '~O332 167 234617 1290 234617 1290 
- / L(28/1 1) 2231 30332 334 234617 2581 234617 2581 
-6 /028/,<) 1,463 30332 667 234617 5162 234617 5162 
- 'i 160276 7052 26962 1186 208549 9176 208549 9176 
-Il J fiOn 6 1/, H)!, )6962 2373 208549 18352 208549 18352 
- 1 1/,27Ml 25266 18010 3188 103188 18264 103188 18264 
- ï i /,2 7/,6 50532 18010 6376 103H~8 36529 103188 36529 
- 1 h2601l 1,/~Î6/, 10532 7446 54310 38397 J4310 38397 

() Il 1 121 IlId81 ')6730 136389 (,6981 66243 66508 93776 
1 l72:,') J 05/d7 (lFi636 188580 3296L, 93288 34999 99047 
:> ) ') '] '3R 1 l,l, ')/,') ~ (l ')/,2 206828 14790 83711 17448 08756 

IOR1(l J :~n77 1 773/, ,:00642 10440 118118 10161 114962 
" ') l, OH 122383 )732 129715 3867 ~7510 3695 83618 
') 330:) 1/,95H/, 322/, 1 1,5918 1547 70017 1847 33595 
(l 312 () ~fl38() 1 167 0 53920 1090 9 95796 1318.0 121470 

l ') r: 
" ) 

() 17H05 'll)2 () 101855 757 6 132528 772 7 126303 
il 113 0 fJ 1,2 () 7 H29 0 n9737 606 1 209802 590 9 229900 
<) (l 1 0 l, il 5 71, :, ï 1 0 292/,1)9 292 9 207914 363 6 26169t, 

10 (,1 0 q36Ml /21,,0 312090 285 7 378618 ',67 8 732688 
1 1 17 () ',/732 158, ° (,23 729 192 9 513666 455 () 1254001 
1,> h () " '3957 1 no () 507569 185.7 967932 136 4 854803 
1 l Cl q 1 :? 21 0[) :l () 0 269176 57.1 599595 90 9 919201 
li, 1.) fi .)()21 Cl'l 31, 6 (l88387 50.0 981433 45 5 1425496 
15 ) ') 

, • .J J25Gl'.J J 1 219978 8 4 403659 
1 (l () (, (,1870 3 2/,3278 10 4 693310 
l 7 () () () 13.0 .!031782 1.4 252171 
1 ,q () (, 1 7',1 :) ') il q '53551 0 7 1%2/,2 
1 q il 5 250544 0 000 1 " ~J 

'0 

.' l o 001 '3393 0 000 555 
l') 0.002 13572 1) 001 3573 
) 3 o 002 .: 3750 1) 002 
, o 002 :,0715 (J.OOl 25847 . " 

.lr) 0.000 0 ° 001 

.' fi o 002 169646 () 000 36151 
1 • 0,000 0 0.000 16029 , 
.'H 0.001 343533 
'n 

Hl 



Il' (> 

1 Lake Orford Pond Pond l'ond 

237 183 l'q .") }/. 

N V N V N V N V 

-8 246793 1357 S3h275 2939 ')[}3210 l~) 6 3 ')1))210 L) () ~ 

- 7 246793 2715 5'34275 5877 ~93210 6')2~ ')1)1210 h ')~) IJ 

-6 246793 5429 534275 11754 593210 13051 ~)1)3210 1 30') 1 
- 5 219372 9652 522402 22986 632757 27841 ()32757 .)7IV.l 
-4 219372 19305 522/.02 '.5971 632757 'i5683 h327')7 ')')bH ~ 

-3 86835 15370 2)3780 44919 375700 b 6/,9~) IlSlOO h(,l,llq 
-2 86835 307/.0 253780 89838 375700 1329~}H 115700 1 Llt}i)H 
- 1 57128 :.0389 1118410 104926 164781 ll650n 16 /.1H 1 II (J')OO 

0 5052/~ 71239 72031 101564 59928 IV./dB JI ln')B hO/I;) 
1 29005 8208/. 27567 78015 51605 1!,60/.ï W211 }l') l, q 1 
2 15906 '10028 15118 R5S68 21225 120131, 1 f, ') () B q \ Il') 
'l 9/.73 11)71 78 1 noo/, 113185 1 1231 1 )71 3') Il 1 () ~: lIB" J 

~ (.1678 IU5R63 ',891 1 10683 1,99/. 1 1 3 () II, ~ ')/J /. ~:()/() 1 
5 2573 116454 2/,45 110661 3052 1 lB 131, 1')1) ') ! .' l 'I() 

6 678 6 ')7169 1393 9 117593 ')90 () ~) 1 li [) ') l, / ')0 () \B~) 1 il:' 
7 975 6 11)92/,5 ') 39. L, 160021 l, H 7 () g 771() \ 1')0 () 'lfHJ(,(,(, 
8 LL,39 0 /,73278 1 167 0 35412/1 l, li 1 . ') 1')5571 'J 00 () l') /')/dl 
9 878 0 G22393 ]/.5 8 n019 IdJ9 .")fJ()I,1 I/d) ') 1 () 1 1 \ ï 

10 1,63 4 ()51202 114.6 156337 1,09 ',171, l, 3 B() ') III il 'JI 
Il 341 :; 873709 GO 6 133878 307 7 il 1 (, 5(J ') ')/. II, (,1)/, 1 
12 195. 1 '1750(18 (,0.6 329498 109 1 ')')<)') ~() , ,Ii '.() l') 1 () 
1: 122 0 ] ~3!dr)o 17 8 195066 16 Y 1797"11, )1, \ 1 111 1'1 
14 L24 2 :.> 5605fJ3 30 2 604867 )5 5 l)lrJ 60/ l') / ',(j(,{,/') • I-

lS 73 2 2697170 5 5 203255 ') 1 H ) I/d 111\1 lU fi l, ')')'1:' 1 
16 27 3 2116/.26 1 1 '112/.5 29 .' l, l, fJ H 6 ) H ',B 1/,1, '/ 
17 3.0 1,67926 0 0 0 8.2 Iid 10 7ï 1 1 ï H'J 'J(} 'J 

18 /. 5 1/28305 0 l, 16131,53 l 6 11 'J321 (J l, 'J l ','JOIlH'l 
19 1. 500 ')35851 n.ooo (j (J()() I)')(,{,() 

20 () 900 1 :l/llfJï () 'J (J 1) ',(JI, 1) ï ï 
21 () 01 l, 1,\8':)H ) (JI)I) ',I(,H/IO 
22 () 000 l ') H <) () ()O l l '1 p,l, '1 
23 0 002 18044 () () 21) '(,l, ï )/, 1 1 JO () 1 l ',,1 l, l '(1) 

2'+ 0 000 0 () on ,/,'/IPJJ () (J17 / Il 1 " 'J 1 
25 0 001 " n7S () 007 1 l, '/ ~ ) Il ()I 1 'I 1,IïW,I 
26 1) (0) 1 1 l') / 1 
27 (J 000 ;l ï 'III) r) (J ( )1, (~,' 1/,1', 
28 () 001 " Il l, Il 'l li () IJ ) .' " Il / 1 ,) 
29 () 001 ,1)') Ill) 1/ (J() 1 III, ',l, il 
30 0 oon \')2/!1) 1 
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Ldh· ',: Ilkr j .. Lake ') t '1 k (~ l '1 Lake Trousers 

i. 
1 ') ~ no 181 

" " ') ~ IJ . , 

- H ~lf))(Jc) 7071 176595 2071 134083 737 
- / ur)')') ') 11143 J!()595 4143 134083 1475 
- () l/6')(i') H285 ~7659S 8285 134083 2950 
, 

) ï731 ()S 'IR 1 r; 7231G8 9819 1430?2 6293 
- ,'1 ')2)1 r)B l'il) 3f) n311i8 19639 1/d022 12586 

- ~ 1 ~2')O() ,> Yl')!l 132506 23454 63689 ll273 
- ,> 132S()6 'd, fJ ()] 1 32506 M;907 63689 22546 

- 1 Il Il ;r) r, 1 ~ 3 l S 711) G 1633 -372 /15 26332 
(J ')'i7 Sil ,%29') /17423 66866 1/16482 206540 

1 )/8S0 f,I,7,)() :J 1 780 61637 7708 11 ::: 181/~8 
, lP.P,}l 1 ()() '),' ! 1 l'J 1 S lO1399 "0743 '.74005 

,,()1,1 -, 1 c) (/ '1/.8 S 11)7313 203(15 ,'30183 
, ,)Il 1 r JO i' 1 JI, )]62 "1556 8138 ; 8(1163 

1 HI,', '~: ~) (1 r) l ; sr) ; fJ/I 77 /1521 ,'04620 
1) \'J3 '1 ; J 7 '1 () ,';, 7 0 /]5803 336l! 0 ,288827 

i " " 1 l, ,') r, ') " ) 7 () 138120 }'JOl) 0 ',77529 

Il \113 (, l " " 1,:1 ') 1 :.,',Ô 0 ')<]1277 ,2/129. () -;85112 

'/ 
), l 

'l 1()')Sl!J 1102 () ;' 13M)O 1 ,~29, 0 1114668 , J 

J() 1 " 1 l(}O/I!() ')lO () /33122 1071 0 1451974 

Il 'n (, J '/(1 Sh8 l.'\ () q q28675 727 0 22'j0974 

1.J ',l () 1fISOH8 ',()H 2 ,) ::!~6 216 ~<)3,O IfJ86682 

11 , ! l ',OO7sq 81 6 712606 21/j 0 ::: 365l,42 
1 l, \// l, ,'O(j9'}Q '}O, ') 1924279 138 8 2955203 
l') 1 'l 0 (,95/,qc) h 1 259875 59.2 :2 Q 39428 
Ir, " l ',', n 11 3 6 304832 35.7 2393593 

1 7 1 
, 1 iJ')8'1) () 9 175472 2.0 ,~80119 

18 1) (1 1) Il 6 18115° 
1'1 1) ()()() 1) Il 20() l ',89/\ 5 
'Il ,) (\()() ~:q 1) non () 

, 1 Il (J ()( l 1()':l7 Il 001 3::: 11, 
, , 

(1 !d)( l 1 ~' ,") 1 I} 1 Il 200 1169811, 
, \ Il (II) 1 ] rH) ')S Il n()') , " ii44 

1) (I( li l ~; () 1 H 1) nO) )!,6L,/, 

" ) \1 \llH) '1 S ') Il 0111 >3394 

'" 1) (J()!) l '. l .J (, () uoo 0 
, , 

Il (J() l il 11/6 J ) 1) 001 ! -,/~6LI5 
.'8 Il 000 l "1"7 q 1 
'q Il O()O ~ ~S3Hn 

ÎO \1 lIOO 1 %0(,1, 

1 
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U+4 183 Il) ') .",t] 

N V N V N V N \' 

-8 373291 2053 (,62835 3646 368092 .)025 1 .',ù q () 1 q H()~ ~ 

- 7 373291 :~ 106 662835 7291 368092 f,O/,'.) 1.',59(, l '1 1 (, 1 (, Il 
-6 373291 8212 662835 14582 368092 80Q8 U,6961 q L'LL' 
-5 368683 16222 707024 31109 392632 17276 117569') '1\ 73\ 
-4 368683 32/,44 707021, 62218 1q2632 31, '1 'J} \ \ 1~) (, Il ') \ 01/11, \ 
-3 262686 '~6495 ]/,9830 61920 1')4271 31138(, !,/O',()(, 1 ()')/1 Hl 
-2 262686 ')2991 11,9830 1238/,0 1 <)112 71 1>877:' !,20')()(, '1 'l(, ',I) 
-1 115211 31456 13l,121 130174 10221,8 " ) 2 fi ') Il)/1?.' 8 'BS/' 1 / 
0 205677 2110005 ,'15027 303188 33233H .(,/1 'JI) 1 1.' '} 1,',/, l, ',l,,, (" 1 
1 177111 )01224 100997 285822 1S262Q " 311)/11) '() 'JI) H \ ',g;'() / ;' 
2 80938 , ')SlOC) f,7694 ~831l18 81700 , ! }7 h,' 1 1 :' " '1 1 " IH.'dl.': 
3 51419 -,81755 \2580 168610 l, 'J 8) \ II, Id) 1:, li JI \ " ',Il/dl\ , 
"~ 22853 :d7UJ3 1)928 160/,51 1')6911 , ,') (, l " "1\ '1 \ l ",(lh n: 
5 9522 :,3096 6 ') 792 :2 6 211d) 1230') } " 71 () ') l ') ,)'} l, .'0/.'0 
6 2667 0 238802 1636 0 (,66218 'l091 () H 30 Il') ','lOf) Il " l "(,(J() 

7 It,24 0 2585')6 ',318 0 611,341, ')/,55 () 'l"(,')Of, , ,,' .' 7 () ~',(, 1!l'lB 
8 1000.0 372875 2909 0 lJ57687 3263 () 1 () 1)) )Idl ',',Id, () l') 1)',1.', 
9 576.0 Id 5905 ,)364 0 16/,51/,7 :>579,() l'IO/8S/, ", / 1 Il 1/',11WI 

10 518.0 7811656 1273 0 1696035 1842 0 ) ï' 1,1) 10 '1 Il () \!J\I/"'I 
11 82,0 ,!5077) rI() 9 0 2510420 1212 () ~ i ,l, R (, () (, 1 Il',, 

l Ji J ') l, (,l, ')() 1 (, 
12 82 0 '157492 182.0 1111641B ,110 ') '11')~)(, ' 1/, 1 " ','1'1(, \ 1 .' 
13 1,7.0 510832 1,0 0 347/,35 1 57 'J l ') l, 1 (,l, (, ')}IJ (, ') 'l'JIll Il 'J 
14 35 0 870656 235 '11203/1 'dl Il 1 () 1 1 (, " 1 (, 
15 2t, 0 1152975 1 :, 7 Il ')(, !2()'îH ,t.:) 3 " llJ 1 lB 1 1 
16 12.0 14592 3', 28 () ,) l '36fJlJfJ r) ~) IJ (, 1,')/11,1/1, 
17 7 172s')\rJ ')8 B f',l, }(,H', 1 
18 10 () ,)(,H()B~'/. 

19 , ()(Jf) (, / () l', 1 1 
20 , 1 JI li) l, 1 1 (, r, 1 / 
21 Il) O(JfI " /, (, (, l', / l, 
22 1 flO() .' 1 l, 1 f\ 1 (, ( ) 
23 1) (Pl/ '1,»11\ 11 
21, 'J (li 1 1 /)~ 1 .' i~ .' 
25 'J (J 1 1 1 1 ~ ~ 1 1 
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(·l'l'f·:::[J!l;~ l'rll,( Ip,il ',np,Jl1iJL /,1'1. iunctions USE'd 

·j(if.U:1! ~; 

[)'JOJ " 

',llbUIII t" 

'.lIbUIlI t '. 

Input dat.a lnclude the shape, 

""npll:!", : il<' "oluInC'!> of particles composed of several identical 

11l[)\!t r!"la Illclude the shapC' , length, · ..... ldth, height, and number of 

, (lIPput t", : IIp f J'(''llH'ncv dl:,trlbutlon of the output from the t\.;o 

l' J {'c'{,t! Jill', t'Ille t 1 (JlI', r!Il' lI',l'r IPd',' "pec 1 fv whether logarlthmlC or 1 inear uni ts 

Output Includes both number and total 

"cl! \11111' t Cl r "l' l, ,lIll' r".11 

l"'! t'lllll'. " ',l'l'il':. l)f Kolmogoroff-Smlrno[f tpsts on batch input 

'1 [ Xli 1',1 t ()l1lpt 1 r l th!' 1'.Ir.lllll'tl'!·'<' of tho lll'st hlll10dal fIt, 

m l ~\( l[1,\!, "j)1ll1'1l: ,", t hl' l',Hilll1plers of the lwst trimodal fit 

, (I~Jlï 1.1 1 l'SI' 'l1l"lt'lItl", Itl() l'0ln:.s on the contour of a two parameter confidence 

11'1',1011, \1'.1111', th" ',(.ltl';tIC<, ot the regression llsed ta estimate the parameters 

'Il 1 :;IU l, ','1',,: '" ::lh'.lr 1"I~rCS!::>lon functloll. '.;ith cletalled diagnostic 

'.t.lt 1',t l,", Illl!!: ppth,,,,l .... (,':,tlnr; Suit.1ble for cill multiple linear models, 

'i~l~lll~:-,t"1 - ","l,''' .. 1 1,1\1t 1 nt' c,il it'd up by NLINREG, hen repeat observatlons are 

1 \' ,II I ,lh Il' , ,1 ,,'" t' Il t l' : 1; l' l' 1.1 t lof 0 r l cl C k 0 f f 1 t 
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S MllHREG T ;P;RSSjOF j TSSj SSRfG;R2 jSSB; TSj F 1 JANSj EST jV1ljVSD; AjGjC; 
DreFf 
Q~e ((~S) +. xS) 
B~~(Q+.x(~S)+.~T} 
N~P'fS <:- p .. r1)~fS 
VHA1~S+.xB 

fWECTOR OF RlGRESSION COUFIClfNTS 

RESIOUALSof- T-YHAT 
RSS* ,RSS* (&R[S IDUAlS) +. )(RE$ JOllAl S 
S2of-RSS-DF~N-P 
TSS*"+I, TSSof- (T-Yl1o:- (+1, T)-N)*? 
SSREG+ TSS-RSS 
R2<1-SSREG-TSS 
TS+ TSS+SSB+NxVlfx'{M 
Fl"-SSREG-{ (P-1)x,s:n 
'00 vou WANT TO nST FOR lACK OF Fln' 
ANSfc( 
~ (ANS= 'Y' ) /LOF 
NOR~1AL: OTCFF 
1 ANOUf-l 1 

1 SOURGE OF 

04; 'REGRESSlor; " (5 O~(P-1)).(l5 4~SSRFr,) 

f RflTHl' 

0* 'RESWlIAl ',(5 Bc;[JF} ,(15 4oRS;:i) ,ID 4Q\2),(18 ?~,I1) 
'- - ------ - - - ------- ------ - ------ - - ---

~ (fiNSt' Y' ) /1AP,2 
[J+'LACK OF FIT ',(5 Bi5 lOV),(1S 4èlS~),(13 4oli) 
n·'PURE ERRuR ',(5 BëTDTuF),(lS 4~JT),(n 4QHt'!;,),(H) 20;,1) 
,_ .. _--------------------_ .. _-- ------_ ..... _- . -_._- .-

TP,B2: 
0 ... 'TüT~L (CORR.) 
0+' INTfRCEP1 
0'" 'TOTAL 
OTeu 

" {5 Oo{DH1)L (15 4qS~) 
, ,(5 B~1) ,(15 4~SSB) 
',(5 B;:;(DF+2)),(1:" 4è lS} 

{J+'HEAN RE:SPONSE = ',(wm),' R;! = ',(~! 3è,R:n 
OTClF 
[}+- 'REGRESS ION PARAtI[f[RS: 1 <) OTCU 
0"" '1 (o,~) V DTCLF 
'mi'l' tJ'y' TD COîiTINtJE' V Rf'iS(~ 

DTCFF 
[}I-'COIJARHIIiLE IIAH,IX m PARnmTERS: 1 <1 Il1CLf
D~ (i2 6"9Cno:-u xS2, 
DTCLF 
O~ 'CORRELAT ION HATR IX:' <) O1GlF 
X+ (-Gr (+fAl'!"2 })I(, 5) xA+S- (G" N J P-l)f'+ 1 (~f S [j If \ (p.t)] ) -N 
X'""X,[2]n-{~,1)f'fU) -TSSxu.5 
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o-a 39CORRMAT~(~X)t.xX 
Olel F 

A X IS CENTRED/SCAlED REGRESSORS AND 
ft RESPONSE. 

U· lVfH<IANcr ItH lATIOHAR'Y FACTOR~ (DIAG or 8CORR~jAT): 1 

orel f 
[Jo R 301 11'ECORRI1Al 

ClfCI f <> 'ANY K['Y TO CONT fNLlf' <> ANS~~ 
OTCf r 
'TYN A ~J[CTOR OF VALUES fOR THE PREDICTOR VAR HIBlfS, 
'SIA~:l Hir; ~ITH 1/ TO OETAIN THE fSTIHFlTED RrSPONSE ' 
'WI1H I1S STANDARO OEVIATIOh. TVP[ 999 iO BYPASS .. 
[~1IHATE: [Sr~[] 
-~ (lSf::999) /COHT 
l'H. \~./!.S T j1, x~ 
'/SDI ( (l<~ [ ST) t. )',1} 1 • xfS T >:S2) *fj . 5 
0<' [ST. If:: ',("QYH),' SO 0" " ("QYS[t) 
'RfPHl1 FOR ANOTHER fSTHlAH. 1 <> ~ESTII1Hr 

COKl : 
'DO vou J.iAr-:l 10 TEST toR SIGNlrICANCE OF PARAr1fHRS (VIN)?' 

t ( UN~."- 'N 1 J 1 r 1 fi 
AGOlfi: 'lNffR SEt ECT/mi IJfCTDR DR HRTRI;;' 
A--fj 
A't i G· ( ((' ri ) -P) 1 r ) f A 
'[liTER HYPDTHf 1 leM VAlUE~" 
C~O 
C· ((:.[;[ 1 J ,l)pC 
f 2- ({J ( (Il t . xE) G)} t . ' (~ (fl t • xQ t • ~~A) ) + . )( ( (A t . xB) _or: ) - (S2 xG [1 ] } 
'F IOP HVPOTfH~:I~ 0 'J(~,F2) ~ DTClF 
'ANU1Hfk PItRHMnf~ nn (YIN)?' 
M1S·~ 
.. (ANS 1 Y • }lnGR 1 N 
-.r IN 
LOf: ERRURSlII1 
+NORWH 
f 1 ~. 



l [RRltRSUI1 
1 1 

'THE FUNCllOK 'ERr~O~SUI'!>, CAlLEO UI' fRm! tnIN~,:tG, eOt/PUILS Ull ' 
1 fR~ÛF~ SUn OF SQUARlS FROtI REPlAT OBSlRt'A1IONS J ANO HUiCl tHE ' 
1 F RAlIO FOR LACK OF FIl. DRAPER AND SMITH 1 P. 3] 1 
1 1 

x~s ô Y<f1 
D~IPERC~NTAGF TO![RANCF (tj-) FOR H INHRunlS'll 0 PCI .. O 
11 f OOO-PCT)-1(lü 0 12t- (10GtPC1) -100 
1#-1 <; R+Jf-2 <; SIG~Y[l;1] 
SS+SIG)I.(2 v TOr'-1 0 TOTOF+ lOHRRSQf-O <; VLC+10 
NfXT: +((Xill;R]~(X{l;R]xli))A(HlJ;R)~"(X{IjRlxl?)}}/AlJl; 
l+(~UPTO~N-(f'U[C)),' REI1~INIHG' 
R~2 
S~ IP: lÎt-LI+l 

+ iJ€VECj ISK1P 
.~ lJ~N} INEXl 
+COMPUTE 
INe: 1.-1+1 
+ (!.:V[G) !1~C 
~(l~Ni/f INALE 
Jt:-!H 
SIG+Y[I;1~ 
S~; ... VII • 1 j )'(2 
TOT\ 1 
~~J~N; !N=~l 
--F1NrlU 
Ali[;: R+j\'d 
-.\\P~Pj/N~;:i 
t) r ~ 'i- 'v' l C 1 LI 

S jl} ~ i G -l" [,./ ~ }) 
~~~\ ~}\S -f l,' [l; ; 1 j ~~ 
TOT(101~1 ': R·~' ... snp 
C :JID[j"~I:'· PI~'\~IEI"'Dr~,"(1f' (<:'G"') T(ll U Ir r • 11~, r"',\J~ il0 - w 1 )'I.e -, ' 
TT- TOTERRSQ~ TCTERRSQ~PARTERRSC 
lDTfJF+ TOTN t TO T-1 
-+ 1 NC 
FHiAlE: ' , 
~(TOTDr::O}fFlN1 
PŒS~ TOTfRRSO- TOTDF 

LF"" (( LSS~RSS- TG1ERf{30) -l DFtDI- T010r;. 
rtLF-PEtl~ 

FINi: 'NO REPUn OBSfRUATIni(; AUflIlABI f 1 


