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ABSTRACT

Habitat characteristics (morphometry, physicochemistry,

temperature, oxygen, and biota) and fish species datâ were

extracted from reports of lake surveys on 330 lakes in

central and northern Saskatchewan. Differences in t.he

habitat of lakes, and criteria to predict lake trout presence

or absence, were examined using non-parametric statistical
methods. Habitat differed significantly between lakes wiÈh

and without Lake trout, and several variables predicted lake

trout status at 90 ? or better accuracy.

In Precanbrian shield lakes,.. lake troub need a minimum of -

2 hm3 water belor., Isoc and above 6 mg.t-I oxygen (96 t
accuracy) or I0 h¡n3 water between 60 and l5oC, during early

to late summer. These threshold volumes appear to determine

population survival during a critical period, which may be

relatively bríef. This may be related to observed densities

of lake troub and to the presumed ¡ninimum number oÊ mature

lake trout in each lake.

The importance of maximum depth is believed to be due to

its effects on temperature, oxygen, and/or sediment

conditions. Clearing of spa\.rning areas by wave action is
predictable from simple wave models using depth and fetch.

l.lean sunune r Secchi transparency oE 4.2 m or greater

predicts Lake trout presence with 88 t accuracy. Lake trout
populations nay require that light sufficient for vision or
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sensible t.o lake trouC visual pigrnents (i.e. 5I0-540 nm

r,ravelength) extends into t.he zone oÊ suitable temperature.

The bheorehical lower depth of daylight-type vision by lake

trout is predictable from the Secchi transparency of the

water. MuItiple discriminant analysis showed that Secchi

transparency and the minimum volume of 6 to I5oC water

conbributed consistently to multivariate predictions of lake

trout status.

Non-shield lakes apparently must have much greater volumes

of vJater of suitable temperature and oxygen during sunner

than shield lakes, The effects of shallower morphometry and -

greater reaterlevel variations in non-shield lakes are only

part of the reason. Post-glacía1 immigration routes and,/or

climatíc conditions are believed to have restricted lake

trout to larger lakes in the non-shield region.

Lake surveys are not completely represenbative of

Saskatchewan lakes, particularly very small (<I0 kn2) Lakes.

Correccions for preferential surveying of larger Iakes and

lakes with lake trout present are essential for neaningful

extrapolation of predicbions. Several good criteria of lake

trouÈ status (e.9. maximum depth, stratification, minirnum

volume of 6 to Isoc water) can be reliably estimaLed from

easily obtained surVê!r topographic, or obher data. This

allows the estimabion of the total number of lake lrout lakes

in the shield region of Saskatchewan.
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INTRODUCT]ON

Management of fisheries resources in Saskatchewan and

nost other provinces requires an understanding of the number

of lakes containing each fish species and Lhe sustainable

supply which is available for perceived demands. Recent and

fubure increases in accessibility of northern Saskatchewan

1akes, srhich are within the natural range of lake troub
(Salvelinus namaycush), mean that this species faces

increased exploitation. Studies on a few specific fisheries
annually do not provide a satisfactory basis for mânagement

(Wallace f984). Only relatively large Lakes are âmenable bo_

management based on rnonitoring of t.rends and the accompanying

evolution of suitable regulation.

Resource managers require methods to predict the

occurrence and sustainable yield of lake trout, particularly
in numerous small lakes and preferably without a survey of
each lake. Central and northern Saskatchewan has an

estimated 9L,700 1akes, of which about 83,200 are on the

Precambrian shield. Management of fisheries in these smaller

lakes requires that an understanding of the resource has been

established. Very small lake trout lakes may, in fact, be

depleted in a single r,¡eekend of fishing (Ryder and Johnson

1972). The pace of exploitation of new resources Ear

outstrips the acquisition of detailed information on

preferred species.
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The first objective of the present study was to develop

and validate predictions for the presence or absence of lake

trout in Saskatchewan Lakes. Hâbitat variables from surveys

of 330 lakes north of 53oN were evaluated. Some variables
were reconmended by other fíeld or laboratory studies (see

Background studies), while some were created to assess

presumed critical requirements.

The second object.ive \,ras to estimate good criteria of lake

trout status, using variables which are most easily obÈained

during surveys or âre available from other sources (e.g.

topographic maps, remote sensors, or climatic records)

The third objective was to assess and correct any bias in
predictive criteria due to non-random seLecLion of lakes for
surveying, and to est.inate the total number of lake trout
lakes in Saskatchewan.

This study was based on data from the provincial lake

survey program begun in the 1930's, as were many earlier
Iinnological and. fisheries studies. The development, of
morphoedaphic indices of fish productivity relied on these

surveys ând data on fish harvests (Ra\rson 1952, Ryder 1965,

Ryder eL aI . I974, Oglesby 1977r Matuszek t97g). Other

studies examined rnorphometry of shield lakes (Koshinsky

I970'), inverLebrates in relation to habitat (Murray IgTA) |

and general linnology oÊ i.arge lakes (Raerson 1960).

Potential uses of these surveys inctude seasonaL thermal

Èrends (e.9. Rawson 1936, Atton 1953, Shuter et al. l9g3),
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lake survey opt.imization (Hakanson I978), net saturation

(e,9. Kennedy 195f), and v¡ater chemistry variability,
particufarly in recent consultant studies (e.9. Beak L979),

The emphasis on the effects of present habitat conditions

on present-day lake trout distribution in Saskatchewan

resuLbs f ro¡n an assumption about post-glacial access. That

is, that. lake trout irunigrabed primariJ.y from a I'tississippi

refugium via early Glacial Lake Agassiz (McPhaiI and Lindsey

1970, Black 1983), thereby gaining access to all of the sbudy

area.



BACKGROUND STUDTES

L,ake morphometry has frequently been cited as important to

Iake trout biology. In temperate regionsf lakes with greater

mean or maximum depths contain lake trout populations (Scott

and Crossman 1973) more frequently than other lakes. The fei,,

Iakes south oÊ the Precambrian shield in Saskatchewân in

which lake trout occur naturally have meân depths of 13 m or

more and maximum depths of at Least 30 m (!,larshall and

Johnson 197f). Surveys of about 5,000 lakes in Onbario

showed that lake trout occurred in only 14 t of lakes with

mean depth t2 m or less and in only l1 t with maxinum depth _

of 30 m or less (Martin and Olver 1976).

As mean depth is significantly related to water area of

lakes worldwide and in northern SaskaLchewan (Neumann 1959,

Liaw and Atton t98lb), alea may be a general predictor of

lake trout occurrence. On the shield, the ratio oÊ mean to

maximum depth depends on lake areâ (Koshinsky I970). Vofume

of lakes may be more important to lake trout than depth or

v¡ater area, particulally the volume of the hypolimnion due to

the narro!, thermal tolerances oÊ lake trout.
Temperature preferences of about 12oc (Ferguson I958,

MccauLey and Tait 1970) and oxygen requiremenbs of 3 to 6

mg.¡-1 (cibson and Fry 1954, Davis 1975) are well known for

lake trout. The presence of Iake tlout in shallow, northern

lakes suggests that temperature conditíons override depth per
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se (McPhâil and Lindsey 1970). The minimum volume of r,raber

betow 12 to 15oC and above 4 to 6 m9.¡-1 oxygen in early to

late suÍuner nay be a reasonable index of crit.ical conditions.

In bemperate lakes, mid-summer surface temperatures are

frequently unsuiEable and the degree of stratification

becones important. Thermocline behaviour may be predictab).e

from area, Eetch, and other habitat variables (Shuter et a1.

1983, Ragotzkie r978). Hypol,imnetic oxygen behaviour is more

complex (Cornett and RigIer 1979, Patterson et aI. r985).

Physical and chemicaL characterisbics of Iakes are

important to lake trout. water transparency as measured by

Secchi disk depbh was dominant (along vrith mean depth) in

discrininating lake trout lakes from others in Ontario

(Johnson et aI. l-9771. OnIy I0 I of Ontario Iakes with

Secchi depth less t.han 5 m have lake trout populations

(t'fartin ând O1ver 1976). L,ake trout are found in fewer than

5 t of ontario Iakes with total dissolved solids (TDS) over

100 mg.L-l (Martin and olver 1976) ' and have been termed an

"index species" of oligotrophy (Ryder 1972), TDS ranges

widely in Saskatchenan lakes from less than 10 to more than

300,000 mg.¡-1 (Liar,¡ and Atton I980), and Iimit.s natural

populations oÊ several fish species in some lakes (Rawson and

!.loore 1944). The upper osmoregulatory limit for lake trout

is about 12,000 mg,¡-I NacI (Boulva and Simard 1968 cited in

Fargher 197 7 ', .



METHODS

Description of studv area

All of Saskatchewan, except the extreme southwest, was

covered by Wisconsinan glaciation. The southern part of the

study area shows the predominantly flat bo genble topography

of lacustrine plains, v¡ith some rolling uplands of ground

moraine (Richards and Fung f969), The northern part is
Precanbrian shield and Athabascan sandstone p1ain, with
gentle bo strongly rolling topography (Koshinsky 1970) and

some rugged bedrock. The climate is a cold continental type,

with prevailing westerly t,o northerly winds and semi-arid to

sub-humid moisture conditions. Mean annual air temperatures

aye 2.5 to -5oC; frost-free periods are 100 to f eerer than 60

days. l,tost climatic and vegetationaL zones change from

southr,rest to northeasL (see maps in nichards and Fung 1969).

Lakes cover about I0 t of Saskatchewan. Watersheds

include the culf of Mexico (Missouri river system), Hudson

Bay (0urAppe1Ie, Winnipegosis, SaskaLchewan, Churchill, and

Kazan), Arctic (Mackenzie), and Iarge internal drainages in

south-cent.ra1 and southwestern areas (Atton and Merkowsky

1983). FalI freeze-up of small to large lakes coincides with

the 3-day to 40-day average air temperature reaching OoC,

respectively (Ragotzkie I978). Spring break-up is more

conplex as it depends on snow and ice conditions, spring

temperature and wind patterns, and river inflows, but
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generally coincides with an average temperalure of 5oC.

Lake su r veys

All Saskatchewan lakes located betvreen 53oN and 6OoN

latitude which were surveyed betvieen 1930 and 1982 were used

in bhe analysis. Using only known l-ake trout lakes would

have prevented any effective prediction of suitable and

unsuitable conditions for this species.

Published and manuscript reports provided infor¡nation on

330 lakes which were surveyed by the provincial Department of

Parks and Renewable Resources (fornerly Departnent of Tourisn_

and Renewable Resources and Department of Natural Resources),

the federal Canadian Wildlife Service, and several

environmental consulting firms (Appendix A).

Adherence to sbandardized net.hods in most studies meant

that available data were fairly consistent from the 1930's

onward. Lakes which lacked one or more habitat vãriables

lrere nonetheless included, as correlations among variables

allowed for the estimation of some missing data. Inclusion

of these incomplete lake surveys was intended t.o reduce

bias, as surveys were more Likely, more intensive, and more

often repeated on larger lakes and in more accessible areas

(Liaw and Att.on 1981) .

Almost aIl variables available from lâke surveys were

considered, with closer scrutiny given to more probable

predictors. Survey daÈa were usuafly from the earliest lake
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survey reported. About I å of data were randomly selected

and checked Êor errors of interprebaLion and t.ranscription

during extraction from the reports. A1l data were checked

following entry into the computerized data base for errors of
transcription. Later, correlatíons between many pairs of
variables revealed severâL outliers which were re-checked

agâinst the source reports. To minimize systematic

subjectivity on my part, variables were amended only if they

had been misquoted (e.9. lransposed) or deleted only if the

original author had noted unusual condit.ions (e.g. non-

filtered turbid water samples) or technical problems (e.g.

faulty oxygen meter ) ,

Survey variables were assigned to six arbitrary cat.egories

in the data base: location, norphometry, physicochemistry,

tempe r atu r e-oxygen, biota, and winter chenistry (Table I).
Lake survey methods and descriptions of basic and derived

habitat variâbles are shown in Appendix B. Fish species

collection methods and nomenclature are given in Appendix C.

Habibab data from a randomly selected 20 ? of the lakes

r.rere set aside for later validation of predictions. These

data were assiduously ignored and alI predictive criteria
!¡ere esbablished on the basis of the renaining 262 lakes.
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Table 1. List of names and brief descriptions of most

habitat variables which were used in the present study.

Variable Units Description

Locat ion
LKNAI.IE lake name

LKNO lake number

LATD oN latitude (decirnal- equivalent )

LONGD oW longitude (decimal equivaLent)
NORD nordicity (see Appendix B)

GEOZONE five bedrock zones

WSHED wate r shed

ALT n al t i tude
RANDOM random subset of lakes
REFI primary lake survey report
REF2 secondary lake survey report

Morphomet ry
WAREA km2 water area
VOLUME hm3 water volume (millíon m3)

ZBAR m mean depth
ZIIAX m maximum depth
SHOLEN km shoreline length (including islands)
SHODEV shoreline development
FETCH kn fetch l eng th
ORIENT o orientation of fetch
FLUSH yr theoretical flushing time
SAn * area strata (see Appendix B)

DAn rn area strata contours
SVn I volume strata (see Appendix B)

DVn m volume strata contours

cont i nued
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TabIe I. continued.

variable Units Descr ipt ion

Physicochemist ry
SECCHI

PHOTOZ

COLOUR

PHÀ{INS

PHITTINB

TDS

TOTAI,K

SPCON

I,OSSTG

CA

¡,tG

NA

m

m

Pt

mg. L -
_,1

mg. L '

uS
_1

mg. L ',
-tmg. L -
-1mg.L '
-lmg. L -
_1

mg. L t

Secchi depth (Iess than z¡,lAX )

photogenic depth
summer su r face sample
minimum s ufnme r surface pH

minimum s urnme r bottom pH

total dissolved solids, mid-summer
total alkalinity, methyl o range

as CaCO3 r suflNrê [
specific conductivityr sufiüllÊr su r face
loss on ignition, surnrne r surface
calcium, summer su r face
magnesium, sunmer su r face
sodium, sunmer su r face
alI others are named similarly

maxi¡num summer surface tempe ratu r e
maximum surrune r bottom temperature
degree of stratif ication
minimum summer surface oxygen
minimum sunrne r bottom oxygen
depth of shallowest 6 mg.L-I oxygen,

deepest station (see Appendix B)

minimum volume with > 6mg,l,-I oxygen
upper and loirer depths of deepest

15oC and same-day 6oC, resp.
minimum volume of 6 to 15oC

upper and lower depths of deepest
15oc and 6 mg.t-I oxygen' resp.

cont i nued

Tempe ra tu r e-Oxygen
T¡¡tAXS

Tl¿tAXB

STRAFN

Of¿tINS

Ot¿tINB

HIGH6¡.fG

VOL6MG

T15T6U

T15T6r.,

VOLTl5T6

r1506U
T]506L

oc
oc

_1mg.L -

mg. L '
m

hm3

m

m

hm3

m

m
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Table L cont i nued .

Vâr iable Uni ts Descr ipt ion

voLT1506

T1504U

T1504L

voLT1504

TI206U
TI206L
voLT1206

Biota
NETDRY

NETORG

BENNOA

BCn

BCnt

BENDRY

WI NDATE

OWINS

OW] NB

PHWINS

hm3

m

m

hm3

m

m

hm3

month
-ìmq. L -
_1mg.L '

minimum volume < IsoC and > 6 mg.¡-1
upper and lor,ier depths of deepest

I5oC and 4 mg.l,-1 oxygen, resp.
minimum volume < t5oC and > 4 mg.¡-1
upper and lower depths of deepest

I2oC and 6 mg.t-f oxygen, resp.
minimum volume < IzoC and > 6 mg.L-l

kg.ha-I net plankton, average q:y \reight
kg.ha-t net plankton, average organic weighb
number/ benthic fauna, surnmer average
m2 weighted by area strata
taxon faunal identificat ion categories
t Êauna1 composition by numbers
kg.ha-l benthic fauna, dry weight, sunmer

average weighted by area strata

Winter phys i cochemi s t ry
winter sample da te
surface oxygen nea r
bottom oxygen
surface pH near ice
all others are named

ice cover

cove r
similarly

a ,llAAn designates a multiple variable name using different
suf f ixes.
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The representation of aIl Saskatcher,ran lakes by the set of

Iakes which were surveyed was assessed by comparing the

distributions of (i) fish species in surveyed lakes with more

extensive species Iists, and (ii) several habitat va¡iables

with larger (presumably less biased) lake sets. The relative

frequency of lake trout and others in surveyed lakes and in

lakes reported by Atton and Merkowsky (1983) was assumed to

reflect intensities of collection and/or species biases in

bhe study. T\,ro habítat variables (water area and TDS, see

Table 1) were available in lake sets which nominally covered

bhe entire province. Furthermore, wâter areas in two

studies of snall lakes (Koshinsky I968, Beak I979) were

compared to those of nearby lakes in surrounding I0 x I0 km

or 5 x 10 km area. These two studies r,rere intuitively more

representative of water areas than other surveys.

Prediction of lake trouh presence

Univariate criLeria
A1l habitât variables available for 100 or more lakes (and

also COL.,OUR ) were examined for potential as univaríate

predictors of lake trout presence. Median differences

between lakes r,¡iLh and ç¡ithout lake trout \,rere tested by the

non-pararnetric, two-tailed Mann-whitney procedure (SAS 1982

p.206¡ Conover I97I). This tested whether a habitat variable

tended to differ (i.e. Iarger or smaller) betçreen these t.wo

classes of lakes. The statistical assumptions are: Lakes
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are randomLy and independently selected from each class

population, and habitat. variables are continuous so that

tied values were infrequent (conover l97f). The univariate

criteria for predicting lake trout status in individual lâkes

were determined by rânking variable values in descending

order, interpolating criteria which misclassified

(approximately) equal numbers of lakes belonging to each

class, and comparing known and predicted status to obtain the

error rate of prediction. This method is non-parametric' but

assumes that lakes are randomly selected at least in the

region of overlap of the tero classes along a variable axis

(Conover 197t, Knoke 1982). If this is not true, then the

resultant criteria wiIl over-estimate the numbers of over-

represented lakes in fuLure samples. The restriction of

equal numbers of misclassifications has advantages over some

al-ternatives (Lachenbruch I975 p.f5 and 87). Minimizing the

total number of misclassifications can result in criteria

which will noL predict any lake trout in future samples, if

lake trout lakes are relatively few. Minimizing the

seriousness or cost of errors, which rnighb be an objective of

management, requires an estimate of social or economic costs

of false posiCive or negative errors.

Variables were considered to be useful if they had

significant nedian differences and error rates less than

25 Z. These init j.al error rates are usually opLimistic as
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the same sample of lakes is used to create and test the

criberia (Lachenbruch I975, Dil-Ion L979).

Shield and non-shield criteria

Water area, volume, and temperature-and-oxygen criteria

were examined for differences in lake trout requile¡nents in

shield and non-shield lakes. Three issues ç¡ere exa¡nined:

(1) Anomâlies in the set of lakes available may lead to

spurious differences. (2) Morphometry and recent eraterlevel

fluctuations may differ between non-shield and shield lakes.

(3) Post-glacial access routes and/or warmer and drier

climatic conditions may have affected lake trout populations

in pârt of the study area, according to literature sources

(e.9. Steerart and Lindsey I983, Christiansen 1979' Ritchie

1976, Wilson 198I ) .

(I) AnomaI i es

The representaÈion of shield and non-shield lakes in

surveys was compared to the estimated total number of lakes

in each region.

Random subsets of shieLd lakes were examined to best the

probabiliby of similar differences for approximately equal

numbers of shield and non-shield lakes. Enlarging the

smaller non-shield subset oÊ lakes for this comparison was

impossible, except by the replication of data using the

"bootstrap method" (Diaconis and Efron 1983).



I5

cradients within the shield area were examined by dividing
these lakes into three groups (i.e. south of 56oN, 56 - 5goN,

and north of 58oN). Separate univariate criteria for each

group were compared to each other and to non-shield

criteria.
Trends between \dater area, volume, and temperature-oxygen

volunes in shield and non-shield lakes were compared.

(2) Recent conditions

Waterlevels Analysis of recent area, volume, and other
variations were necessarily indirect for several reasons.

Long-term trends were available only from federal-provincial
records of lake waterlevels. Variability in surveyed lakes

was largeJ.y unavaj-Iable as few lakes had both lake surveys

and waterlevel records available. Furthermore, many lake

surveys were based on arbitrary or estimated elevations so

equivalence betçJeen data sets could not be established.

Waterlevels were analyzed for atI lakes¡ (i) situated
north of 52oN in Saskatchewan or neighbouring areas of
Alberta or Maniboba; (ii) with at Least IO years of daily
surnmer waterlevel records (based on a cornmon elevation or
I'hydrological datum"); and (iií) with no significant man-made

regulation of flows, or for years prior to this regulation.
The summer minimum for each year and each lake was defined

by the lo¡.¡er of the JuIy or August minimum daily waterlevel.
Lor,, leaterlevel-s in typical and extreme years $rere predicted
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from polynomial regressions of observed waterlevels versus

cumulative probability. Recent waterlevel variatj.ons s¡ere

defined as the difference between predicted low summer

waberlevels for typical years (i.e. cumulative 50t

probability, or median) and extreme years (i.e. cumulative lt
probability, or nominally 1 in 100 years). The effects of
bedrock geology and water area were tested by the step-down

method of linear regression and analysis of co-variance

(Freund and Minton l-979 p.224).

Itlorphometry Changes in water volume due to waterlevel

variations required the interpolation of- volume-at-depth Êor-

avail-able lakes. AII lakes with volumetric datå of +20t

precision were used (see VOLTI5T6' in Appendix B). Both

relative volurne (?) and absolute volume thm3¡ were examined

for arbj.trary depths.

ResÍdual Volumes Relative and absolute residual volunes

were estimated for eraterlevel variations predicted from water

area and relative and absolute volumes-a t -depth, with or

without the effects of bedrock geology.

I{uItivariate criteria
TriaI transformations (i.e. logarithmic, logarithmic2,

inverse, square root, and inverse hyperbolic sine) were

applied to useful variables which were non-norma1ly

distributed within the classes ( Kolmogo rov-Smi r nov test of

GoId in SAS 1983). Transfornat.ions which yielded normality,
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or aL least near-synmetry, in both classes r,rere used in
multivariate analyses. Several pairs of variables were

ploLted and Linear criterÍa of lake trout status çrere

determined, again by misctassifying equal numbers of each

class. With the exception of depth versus water area, most

pairs were used only to assess marginal habitat (see belov¡).

Multiple discriminant analysis (MDA) was used to improve

the prediction of lake trout status. Basical]y, MDA

separates or discriminates between classes (e.g. lake trout
and non-Iake-trout lakes) by compounding t$ro or nore

variables, neither of r,rhich is able to effect this alone,

into a single criterion (Solberg I978, Lachenbruch I975).

Different versions of MDA were used: (L) Stepwise MDA

assessed the relative discriminatory potential of variables
which were good univariate predictors, and selected variables
for inclusion or deletion according to sequential F-tesLs

(STEPDISC in SAS 1982). (2) Classification MDA assessed the

accuracy of classification by Iinear MDA and by nearest-

neighbour MDA (DISCRIM in SAS 1987). Error rates were

determined by resubstitution and cross-validation (i.e.

'rapparent error rates" and "leaving-one-out method",

respectively, of Lachenbruch 1975) ín the initial set of
lakes, and by use of the reserved set of lakes (Hocking 1976¡

Dillon 1979). (3) Canonical MDA created a canonical variate
or axis of lake trout status in Saskatcher,ran lakes for
description and comparison with other studies (CANDISC in SAS
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1982). Canonical MDA maximizes between-class variations in

habitat, relative to within-classes, using k-I axes for k

cLasses (L,achenbruch 1975 ) .

The assumptions oÊ MDA for optimal resuLts are! (i) the

Êrequency distribution of alI variables is multivariate

normal in each classi (ii) the variance-covariance or

dispersion is Lhe same in both classes; (iii) the class is
correctly assigned in al} observations; and (iv) observations

are randomly selected from the population and there are Êew,

if any, missing variables (Lachenbruch 1975, Solberg L9'18¡

Knoke 1982 )

If variables are not mul-tivariate normal, then selection

of variables in stepwise MDA and error rates in
classification MDA may be seriously biased (Dillon L979).

Approximately normal variabl.es provide lower and more equal

error rabes in classes (Lachenbruch, Sneeringer, ând Revo

1973). If necessâry, normality was assumed, for rrif the

normality assumption is violabed, the practitioner is faced

with lhe most difficult task of specifying the appropriate

joint probability distribution" (Di11on ]-979 p.372).

Canonical MDA expLicitly does not depend on normality of

variables to create an axis, but does if optimal

classification is expected (Lachenbruch I975 p.10, Solberg

1978 p.2I2 and 220).

The requirernenh of equal variance-covariance is "unlikely
to be satisfied r¡ith ecological data" (Green and Vascotto
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1978) and is frequently j-gnored (Johnson et aI. I977'). This

affects the tests of significance, error rates, and the

optimal classification rules in linear MDA (Dillon L979).

One efÉect of Iinear MDA is to preferentially classify
observations int.o the class srith the greater dispersion

(So1berg 1978). Nonetheless, the quadratic l4DA which \,ras

developed for unequal. dispersions is more sensitive to non-

nornality and small sample sizes, and is not always

recommended in practice.

If the status of sone lakes is incorrect, then classes

appear nore alike and discrimination is more difficult
(Solberg 1978), These errors frequently tend to occur near

the borderline between classes, in which case the apparent

error rates are not at all reliable (Lachenbruch I975).

"In practice, the robustness problems just discussed nay

be secondary to the problem of missing values" (Lachenbruch

19?5 p.49). In addition, non-biased sampling of lakes is a

fundanental assumption (Solberg I978, Knoke l-983), as it is

in most statistical methods. These latter concerns were

assessed and mininized as far as practicable (see Estimation

of missing daca and Validation and exbrapolation).

Using non-parametric nea r es t - ne i ghbou r MDA, each

observation is classified into the class with the highest

probâbility density according to clâss frequencies anong the

k neighbouring observat,ions (Lachenbruch 1975, SAS f987).

Five neighbours erere used, large1y due bo available sanple
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sizes and the lack of cLear rules Êor optimal k (SAS 1987).

The need for multivariate normality and equal dispersion is

obviated, but that for correct status, complete surveys' and

random sampling is presumed.

l.futticollinearity, which is a high degree of linear

correlation among independenb variables (Freund and Minton

1979), r,ra s expected in this study. For example, the area,

volume, maximum depth, and shoreline length of lakes are

intuitively correlabed. The absence of multicollinearity is

not an assunptíon, yeh its presence complicates MDA

(Lachenbruch 1975). l'lulticollinearity of continuous

variabl-es may reduce the usefulness of additional variables:

each improves discrimination only if its correlation with bhe

presenb variable(s) is quite large and positive or is

negative (Lachenbruch I975). It produces large variances of

aII coefficients, so that selected subsets of variables can

change easily with neçr observations (SAS 1987). It presumably

makes predictions unreliable for individual observãtions

which Iie outside the multivariate dispersion of data (even

if not oubside the ranges of separate variables), as in

multiple regressions (Freund and Minton I979 p.f18).

Estimation of missing data

Estimation of missing habitat data $¡as necessary, since

very few lakes had the Êull set of useful variables

available. Missing data were estimated for the more
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promising variables from (more or less redundant ) correlated
variables (Frane I976). Datâ from â1I available lakes were

used, rather than only the random subset. Estimation of
total dissolved solids (TDS) from specific conductivity
(SPCON) or alkalinity (TOTALK) is a common example of this
approach (Ryder I965, Liaw and Atton I9g0).

Statistical compLications are conmon âmong the Iarge
number of variables available in large data sets (Frane 1976,

Hocking 1976). Judicious selection is necessary bo prevent

unwieldy regressions, mis-specification of regressors, and

imprecision of coefficients (Freund and MinÈon t9?9).
In this study, all-subset and stepwise regressions preceded

multiple linear regressions, which included analysis of
residuals and multicollinearity (SAS 1982, Freund and !,tinton

L9791. Al-1-subset regression (SAS I9B2) yietds alternative
regressions with similar predictive ability, but using

variables that are sometimes easier to obLain and/or to
interpret. Subsets were selected by the Cp-stabistic to
ensure that unused variables were non-essential (Hocking

1976), although the test itself is less retiable in the
presence of multicollinearity (Freund and Minton I9Z9 p.120).
Multicollinearity affects stepwise regressions by biasing the

entry or deletion of all but bhe first variables (Freund and

l.li nton 1979 ) .

Supplementary data and analyses were required to predict
non-strat,ification in lakes with high flushing rates, and to
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assess the influence of surficial geology in a l_ake basin on

maximum lake deplh (see Appendix c).

Marginal habi tat
MisclassiÊications were assessed to determine whether

intuitive definitions of "marginal habiLat', apply to the

presence and absence of lake trout. Relative abundances were

not available in this study. In the first method, the

frequency of major classification errors for each lake

estimated its marginality. Misclassifications of shield
lakes within + I0 t of the criterion of lake Lrout presence -_

were considered minor, while those oubside this zone were

considered major. The second method analysed trends in
specific lakes between the better predictors (i,e. single
and paired variables) and other variables.

Validation and extrapolation
The criteria of lake trout presence h'ere validated using

the actual and predicted sbatus in the 20 t of lakes ç¡hich

vrere reserved for this purpose. Univariate criteria were

designed to predict the status of individuaL lakes,

Extrapolation to all lakes was based on the probability of
lake trout presence at each habitât value, using logistic,
actual, and polynomial probabiJ.ity curves. IJogistic

regressì.on ( CATMOD in SAS I987) produces anti-synmebric
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probabilities of presence in habitat x of:
B0 + B1(x )p = L / (1 + e )

where 81 (x) can be one or more coefficients and variables.
In its ¡nultivariabe form it is an alternative to MDA

(Lâchenbruch 1975, Solberg L97Br Efron I975), but no stepwise
mebhod was availabte (SAS 1987). The requirement for
normality of variables is more relaxed than in MDA (Solberg

]-9781 , but anbi-syrunetry and random sampling are necessary.

ff classes of lakes are sampled non-randomly, the logistic
intercept (i,e. B0) at Ieast is affected (Lachenbruch I975).__

Actual asynunetric probabilities were calculated from the
proportion of lake trout lakes in running subsets of 5 to l0
Iakes. These points were fitLed using stepwise polynomial

regressions:

2
P = A + A x + A x + .,. + A x

0r25
( see Appendix F).

The effects of variables missing from incomplete surveys

(see Representâtive lakes) and/or preferential surveying of
lake troub lakes were assessed. The preference toward Lake

trout lakes was judged to be severat-fold higher than non-

lake-brout Iakes (l'tinns t9g6). To avoid exaggerating this
factor, 6-fotd was assumed for very small lakes (< 10 km2),

4-fo1d for s¡nal1 lakes (I0 - 50 km2¡, and z-fo1d for medium

lakes (50 - 100 km2¡; no preference was used for larger
lakes. Data for randomly selected Lakes were deleted fron
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the set (i.e. 5/6 of. very sma1I, 3/4 of smal-I, and L/2 of
mediu¡n lake trout lakes) to give a more representative set,

Extrapolation to determine the total numbers of rake trout
lakes in the shield region of Saskatchewan was based on: (i)
the probabirity of lake trout presence in habitat interval x;
and (ii) the distribution of habiLat intervar x in the g3,24!
shield lakes. !{ater area (WAREA) and bhe minimum voLume of
suitable temperature (VOLTI5T6) were used in extrapol-ation.
The distribution of habitat values was estimated for Lakes
shown on randomly setected, topographic map sections (each 10

x 10 km, or 5 x t0 km weighted by a factor of 2 when l-akes
were numerous), stratified by latitude and bedrock geology.
L,akes were assigned â water area of 0.01 km2 if they were
estimated to be < 0.02 km2 by a "dot grid" on t:5000O_scale
maps. Since the distributions \,¡ere highly skewed and these
smaLL lakes were i¡nprecisely measured, onl-y the curnulative
probabilities 0,5, 0.75, 0.9, 0.95, and 0.99 of 1og WAREA and
Iog VOLT15T6 > x were fítted. The data at probabiLity 0.9965
of WAREA and the largest WAREA and VOLTI5T6 vrere added into
these distributions.
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Unless specifical-ly noted, results concern only the 262

lakes which were used to develop criteria (Figure I) and not

the lakes reserved for validation of these criteria.

Fish spec i es

Fish species compositions r,¡ere known in 228 lakes or about

87 ? of th.e 262 lakes. Species were unknown primarily in

very small lakes in the Key Lake area (I6 takes), Prince

Albert National Park (8 lakes), and other localized areas.

At Ieast 10 lakes in the Key Lake area were wholly or

partially drained for open-pit uranium mining before complete

species compositions $rere knor,Jn (P. Courtney' Environment

DepL., Key Lake Mining Corp., pers. conm. ).
About 37 native fish species were revealed in the lake

surveys. This is 80 t of the 46 native species known from

this area and 64 t of the provincial native species (from

maps in Atbon and I'lerkowsky 1983). In addítion' Iake surveys

revealed 2 of the 6 introduced and accidentaf species known

from north of 53oN. several reported coregonus species (e.g.

c. artedii, C. nigripinnis' and c. zenithicus) cannot

reliably be differentiated (Kooyman I970). They represent

onLy two species (i,e. C. artedii and c. zenithicus) (CIarke

1973) and were included in the C. artedii complex of McPhail

and Lindsey (r970 ) .

25
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Figure 1. L,ocations of 262 lakes used in the present

study to develop predictions of lake trout presence or

absence. The solid line marks the souLhern edge of

cornmon lake trout occurrencei the hatched l_ine marks the

southern boundary of sporadic l-ake trout occurrence.

The dotted line marks hhe southern edge of the

Precambrian shield region; solid circles represent

shieLd lakes and open círcles, non-shield lakes.

Nunbers in circles represent the numbers of lakes

coincident at â point.
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Table 2. Numbers of fish species present in each surveyed

northern Saskatchewan lake.

Number of spec i esa

Lake seC

Numbe r
of lakes 0-4 5_9 I0_14 I5-I9 20+ Mean

AI1
Bedrock geology:
Sh i eld
Non-shield
water areab:
Very Ia rge
IJarge

Med i um

Snâ11

ve ry srna 1l

BT
36.9 25.7

29.L 25,6

44.2 26.L

0 9.]
00
0 lr.7

14 ,6 22.9

55.6 33.r

224

tttt
19. r r5.7 2,6 8.0

20.5 22,2 2.6 9 .2

r8.0 9.0 2,7 7 .0

18.2 72.7 0 t4.1
43,7 37 ,5 r8,I 16.1
35.3 47 .L 5.9 14.6
35 .4 22 .9 4.2 9 .8

9.0 2.3 0 4.9

LL7

Ill

I1
I6
I7
48

r33

a "Regular species[ only (see Appendix c).
b VL is >250 km2, L is >100-250 km2, M is >50-100 km2, s is
>10-50 km2, and VS is <10 km2. Data are missing in 3lakes'

litost lakes which were surveyed (i.e. 63 t) conbained fewer

than 10 fish species. More species tended to occur in shield

lakes ând in larger lakes (Table 2)' Shield lakes which were

surveyed were generally Iarger than non-shield lakes. Lakes

over 50 km2 water area averaged about 15 species each, while

small lakes of 10-50 km2 averaged 10 species, and very srnall

lakes under t0 km2 averaged 5 species.
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of preferred Êish species ín 228

lakes north of 5 3oN.

Number of lak es

Bedrock geology Water areab

Speciesa AII ShieId Non-shield VL

L.,ake trout 46

Lake \^rh i te f i sh I3 8

Northern pike I96
Wal-Ieye 100

36

87

1r. 3

50

IO

51

83

50

584rrr8
rl 16 17 37 56

1r 16 L7 44 I05
10 14 13 32 3r

a L,ake trout, lake qrhitef ish, walleye, and northern pike
preferred by sport and commercial fisheries.
b vL is >250 km2, L is >100-250 km2, M is >50-100 km2, s

>10-50 km2, and VS is <10 km2.

are

Lake trout occurred in 46 or 20 Z of the Lakes and were

âbsent from l-82 lakes (Table 3). This species occurred in 4

of the l1 different associations of major species (i.e. Iake

trout,, lâke whiteÊish Coregonus clupeaformis, northern pike

Esox lucius, and walleye Stizosbedion vitreum). Lake trout
vrere found most corunonly with both lake çrhitefish and

northern pike, and less frequentty with r.ralleye as the fourth

species. They were rarely found as the sole major species

and only rarely in other associations (Table 4). In very

small lakes 10 km2 o! less, lake trout lJere seldom associated

with walleye. Only one very small lake conhained both

species (Table 4), although lake trout occurred in 18 of
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TabIe 4. Associations of preferred
northern Saskatchewan 1akes.

fish species in surveyed

Bedrock geoJ.ogy Water areab
Species All

associationa lak es Shield Non-shield VL VS

LT WF NP WA

LT WF' NP X

LT WF X X

LT XNP X

XWFNPWA
XWFNP X

XWF X X

X XNPWA
X XNP X

X X XWA

xxxx
TotaI

4625r
L 2 2 6 15

00001
00001
6811 2524
002r]-4
00001
00025
000546
00001
000424

1l 16 L7 48 133

I8
26

I
I

74

t8
I
7

52

I
29

228

1I
23

1

I
'11

Lt)

I
1

25

0

z

117

7

3

0

0

37

4

0

5

I
27

LII

a LT=lake trout, WF=Iake whitefish, Np=northern pike,
WA=wa11eye, X=absence.
b Missing for 31akes. VL is >250 km2, L is >100-250 km2,
is >50-100 km2, S is >10-50 km2, and vS is <10 km2.

these lakes and walleye in 3t lakes. Independently

distributed species would be expected to co-occur in about

four lakes, if species competition and,/or habitab selection
were not operating. By comparison, lake trout and lake

whitefish co-existed in 17 very smaLl 1akes, aboub tr,rice as
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many as expected for independently distributed species. Most

medium and larger lakes over 50 km l-acked only lake trout (57

8) or r,¡alleye (ll 3) and seldom any other preferred species.

About 31 t of surveyed lakes on the Precambrian shield

contained lake troul, in contrast. to only 9 t in non-shield

lakes (Table 5).

Survev habitat variabl

Only I variables were available for 200 or more lakes:

LAT, LONG, NORD, and WAREA which were available from

independenL sources (e.9. topographic maps) and VOLUME, ZBAR,

Zl,lAX, and T¡ÍAX S which required specific fieldwor. (Tabte 1).

Another 27 vâriables were available for I00 to 199 1akes,

while 9 (a]I winter physicochemistry variables) were

available for fewer than 50 lakes each (see Appendix D).

Combinations of several habitat variables were available

for more lakes than would be expected if each variable had

been collected independently of ohhers. Subsets of six

variables were available for I.7 to 3,6 times more lakes than

expected (Tab1e 6).



3I

Table 5. Number of surveyed norbhern Saskatchewan lakes viith
lake trout present.

Numbe r
Lake of
trout Iakes

Shield lakes Non-shield lakes

Athabasca Boundary Shield Boundary Sedimentary
A1 BA SH BD SE

Present 46

Absent L82

6

252

l8
752

52537
100? 282 9Z 9t
31t ...... ,.. 9t .,.

0633170
0å 722 9lt 9rt

699 ...... ,. 918 ...

A composite description showed that the median 50t of

surveyed lakes were betr,¡een:

54o04' and 56042' N latitude (LAT, n=262),

0.6 and 29.7 kn2 wãter area (WAREA, n=248),

2.6 and 8,8 n mean depth (ZBAR, n=215),

2.1 and 4. 4 m Secchi depth (SECCHI , n=176 ) ,

40 and 2I3 mg.L-I TDS (n=I97),

19.0 and 22.}oC maximum surface temperature (TMAXS, n=208),

and 0.0 aîd 24.0 hm3 (i.e. million *3¡ ,nini*um volume of

water betvreen 6 and 15oC (VOLTI5T6, n=I5?, see Appendix D)i
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Table 6. Number of lakes with combinations of habitat
variables avaiLable in retation to the number expeceed for
independent collections of variables.

Number of lak es

Avâilable Expected Habitat va r iabl. esa

AIl lakes !

I23 .] O WAREA TDS Z¡.lÀX TMAXS FETCH SECCHI

78 22 VOLUME SHODEV BENDRY OMINB VOLT15T6 TOTALK
IO2 42 ZBAR TDS TI.ÍAXB SECCHT VOLTI5O6 NORD

Shield lakes 3

7 5 44 I¡¡AREA TDS ZI4AX TMAXS F.ETCH sEccHT
68 29 VOLUME SHODEV BENDRY OMINB VOLTI5T6 ÎOTALK
62 36 ZBAR TDS TI,IAXB SECCHT VOLTI5O6 NORD

Non-shield lakes:
48 26 WAREA TDS ZI,IAX TMAXS F'ETCH SECCHT

IO 3 VOLUI.TE SHODEV BENDRY OMINB VOLT15T6 TOTALK
40 1I ZBAR TDS T¡IAXB SECCH] VOLÎI5O6 NORD

a See Table I for vari.able names.

Reoresentative lak es

Limitations of the surveyed lakes as representatives of
all northern Saskatchewan lakes were observed. These

necessitated nore complex approaches to prediction and

extrapoLabion to all lakes than originally foreseen,
particularly for extrapolation bo aII Lakes.
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Cornparisons of fish species composíEions in lakes which

nere surveyed and in lakes from other studies were

inconclusive. Only 239 lakes north of 53oN were available

for comparison (Atton and Merkowsky 1983), many of tthich çrere

the same lakes used in the present study. In general, the

present surveys were no nore biased towards hhe major species

than the broader lake set. In both sets 12 g of Iakes

contained no socio-economically preferred species (i.e. lake

trout, Iake r,rhitef ish, northern pike' or walleye) (Table 7).

In northern drainage basins, a higher proportion of lâkes

which were surveyed contained preferred species (i.e. l2 t

versus 0 t and 5 t), indicating bias to\,tards these species.

Disbributional records in the soubhern basin were sinilarly

biased (i.e.28 t versus 12 t). Nonebheless' surveyed lakes

showed no greater tendency than distributional records to

have lake trout present. rn comparison to distributional

records, surveys were biased towards lakes with northern pike

and Lake whitefish (Tab1e .7).
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Table 7. Occurrences of preferred fish species in northern
lakes in the present study and in Saskatcheç¡an lakes in oLher
distríbutional studi-es north of 53oN.

Species pr esen t

Lake set

Numbe r
of

Lakes

Prererred-
Others

on 1y

Arctic and Kazan bas i nsb:
Atlas lakesc 5I
Surveyed lakes 27

Churchill bas in:
Atlas lak es L22

Surveyed lakes 118

Saskatcheç¡an Bas i nd:
Atlas lakes 66

Surveyed lakes 83

AII bas i ns !

Atlas lakese 239

Surveyed lakes 228

59 65 35 82

56 78 30 96

30 70 64 76

23 74 55 93

7236 'l '¡

44

t

L2

0

L2

5

L2

28

L2

T2

a lrakes with other species are noted only if no preferred
species are present..

b Drainage basins as defined by Atton and Merkoç¡sky (1983)

c From lake f iles (J. t'lerkowsky, pers. comm. ),
d Basins 73-86 and 73-89 to 73-93 inctusive (Atton and
Merkowsky 1983) were used to approximate this region.

e Five surveyed lakes had no fish species present, which
r,Jould not occur in the atlas records.
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The distribution of water area (WAREA) in lake surveys

did not correspond to Lhe estímated totaL distribution of
either shield or non-shield lakes. Very smal1 lakes were

seriously under-represented and all others over-represented

(Tabfe 8, Figure 2). A set of 8,540 very s¡naLl lakes under

t0 km2 and 30 lakes over t0 km2 area would represent alt
shieLd lakes proportionally. Two other studies oÉ very snall
Iakes under t0 km2 in localized areas near Lac La Ronge and

Key Lake were more representative (Koshinsky 1969, Beak

f979) (Table 9). However, even these latber studies under-

represented lakes under 0.05 k¡n2 and over-represented lakes

over 0.2 km2 ( Kolmogor ov-Smi rnov one-tailed test p<0.05

(Conover 1971, Elderton and Johnson I969) ). Nonetheless,

further comparisons of lakes over 0.05 km2 and e¡ith knor,rn

fish species showed no conclusive differences beLr.reen Lakes

in these studies and nearby lakes ( Kol-nogorov-Smi r nov

P>0 . r0 ) .
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Table 8. Comparison of r,Jater areas of Lakes in the present
study to all Saskatche$¡an l-akes north of 53oN.

Water areaâ
Numbe r

Lake set of lakes VL

Shield lakes ¡

Surveyed L26
eLI lakesb g3,24r

Non-shield Iâk
Su r veyed
All Lakesb

6.35 r0 . 32 I7 , 46

0.02 0.04 0,28

t

3 ,97
0.01

4.92
0.14

t

6r.90
99.65

r22
8,477

6.56
0. r7

3.28 2r.31 63.93
0. r8 1.00 98. 51

a vL is >250 km2, L is >100-250 km2, ¡4 is >50-100 km2, s is
>10-50 kn2, and vS is <10 km2.

b Very small lakes were estimated by subsamples and other
l-akes were counted (4. R. Murray, Fisheries Branch, March
I984, pers. corun. ).



Figure 2, Number of lakes in each interval oÊ water

areâ. All- Saskatchewan lakes north of 53N and the

surveyed lakes used in the present study are shown for
the shield (panet A) and non-shield (panel B) regions.
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Table 9. Comparíson of water areas of
La Ronge and Key Lake to nearby fakes.

Iakes in studies nea r

Water
area
(tm2)

Number of lak es

La Ronge areaa Key Lake areab Combined areasc

Study Nea r by Study Nearby Study Nearby

<0.05
0. 05- 0. L

0.1 - 0.2
0.2 - 0,5
0.5 - 1.0
1.0 - 2.5
2.5 - 5.0
5.0 -r0.0
>r0.0
Numbe r

22.7 8r.5
9. r 8.2
3.6 4,4

21 .3 3.2
13.6 L.2
4.5 0.6
9.1 0.6
00
0 1.0
22 248

38.1 51.1
23,8 28.9
28.6 r3.3
9.5 4.4
0 2.2
2L 45

6

0

L8.2
6.I

2t .3
rg.2
I2,1
T2 .I
6.r

0

33

t
54.3
t2 .6
9.r
9.8
7.5
4,3
1.6
0.8

0

254

a Surveys by Koshinsky (1964, f968) regarding new Highway 2

route, compared to nearby lakes in 700 k¡n2 area.
b Surveys by Beak (1979, excluding Russell and Martin Lakes)
regarding a mine, compared to nearby lakes in 200 km2 area.
c Data r^¡ere further restricted to surveyed lakes with knosrn
fish species and takes over 0.5 km2 area.
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TDS distributions of surveyed Lakes were compared to TDS

in 419 lakes from an acid-rain study (Liaw and Atton lgBO)

and to the estimated TDS of all ]akes north of 53oN.

Surveyed lakes tended to be lower ín TDS Lhan lakes in the

acid-rain study (Table 10), although the Iatter study itself
was questionably representative (see Discussion). fn

comparison to all shieLd lakes, surveyed lakes tended to
under-represent TDS below 50 mg.¡-1 and over-represent TDS

above 100 mg.L-1. In non-shield areas, surveyed lakes over-

represented TDS below I00 and âbove 200 mg.¡-1 stightly
(Table 10). These discrepancies erere not statistically
significant by the Kolmogorov-Smi r nov test (P>0.]0 using

discrete classes) in either shield or non-shield lakes.

Furthermore, the highest TDS of any lake trout lake in I75

surveyed lakes was 186 mg.t-l lsee Appendix D), and lakes

r,ri t.h l-ower TDS were reasonably weII represented.



Table L0. Comparison of
surveyed lakes to othe r

40

total dissolved solids (TDS) in
Saskatchewan lakes north of 53oN.

Numbe r
Lake set of lak es

TDs (mg. L-1)

0-20 20-50 50-100 100-200 200-500 500+

ShieId:
Acid raina r5B 4 32

Surveyed 99 13 42

ALl lakesb 83,24r . , .75. . .
Non-shield:
Acid raina,c 261 0 0

Surveyed 98 0 2

All lakesb 8,477 0 0

t

54

30

24

3

I1
7

z

9

L4

1

1)

34

45

0

0

0

0

0

0

65 0

467
33 15

a From Figure 2 in Liaw and Atton (1980).
b Estinated by planimetry of TDS areas (Figure I in Liae¡ and
Atton 1980) and numbers of lakes in each 20 latihude (A. R.
llurray, I'farch I984, pers. comm. ).
c Region differs marginally from surveyed region (see zones
B and C in Liaç¡ and Atton 1980).
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Prediction of lake trout presence

Descriptions of lake trout lakes nere not useful in
predicting lake trout suitability, Nonetheless, certain
characteristics of Lhe lakes ín the present study were

noteworthy.

A1I 46 of the lake trout fakes were situated north of 54oN

latitude, extending from Manitoba to Alberta. No natural
lake trout populations exist south of this in Saskatcheçran

(Marshall and Johnson 1971). Most ìake trout lakes were

large, deep, clear, coId, and low in minerals and benthic

fauna (Appendix D), About 75t were:

greater than 7.05 km2 in area ot 92.8 hm3 in volume,

deeper than 8.0 m mean depth or 3I.l m maximum depth,

clearer than 4.4 m Secchi disk depth or ]1.5 pt colour units,
cooler than 90C maximum bottom temperature or with ab Least

21.7 hm3 water between 60c and t50c,

and belor,¡ 95 mg.t-1 TDS or 7.2 kg.ha-l dry weight of benthic
fauna.

The size of trout lakes also neant that shoreline lengths

and fetches were typically 1ong. Flushing time was avaitable
for only 9lake trout lakes, but was as short as 0.7 years.

Minimum summer oxygen concentrations at the bottom were below

about 3 mg.¡-1 for one-quarter of the lake trout lakes.
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Univariate criteria
Many rrariables revealed significant differences betçjeen

Ìakes with and without lake trout. In general, 42 of 50

variables examined differed signifÍcantly (p<0.05) in their
medians (Appendix E), Within the shield and non-shield
areas, 35 and 3I variabl,es (respectively) differed
significantly. The ranges of some variables across and

within these two major geological zones is important (see

Discussion).

Fewer variables showed acceptably low classification
error râtes for lake trout presence and absence. In general,
27 variables misclassified 25 t or fewer lakes and on]y 3

variables achieved I0 ? or fewer (i.e. VOLT1506,, VOLTI5O4 ',
and VOLT}2O6' in Table tl). (Recal-I that prined VOLTnnOn

variables denote acceptabLe precision of. +2OZ for volume

st.rata of lâke, see Appendix B). In the shield area, 11 of
the 17 acceptabte variables v¡ere tempe ra tu r e-oxygen indices
and 2 variables achieved I0 E or less ¡nisclassification
(i.e. VOLTI5O6' and VOLTIsO4' ). In the non-shiel-d area, ì-2

potential predictors related to location, morphometry, and

temperature-oxygen conditions; three variabl-es achieved I0 g

or Iess misclassification (i.e, ZBAR, zt4AX and T15T6L in
TabIe 1l), Several variables were oLherwise acceptable, buÈ

available in too few lake trout Lakes to be considered
reliable (see Appendix E).
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Table 1I. Univariate predictions of lake trout presence or
absence by habitat variables. OnIy variables which have
error rates of 25 \ or less and represent I0 or more lakes
reith lake trout present are shown.

Lake trout Classification

Var iabl-ea Present Absent Criberion of presence er rors (t ) 
b

PHOTOZ 42

TDS 38

sPcoN 32

Locâtion:
LATD

NORD

¡lorphomet ry:
WAREA

VOLUME

Z BAR

zrfAx

Phys i cocherni s t r y :

SECCHT

OM] NS

HIGH6I.tG

T15T6L

voLT15T6'
T1506L

VOLTÌ506 I

> 56.5250N
> 7,042

> 46,7 kn2
> 430.01 hm3

> 9.65 m

> 32.65 m

> 4.54 m

> 4.54 m

< 40,5 mg.¡-l
< 41.0 uS.cn-l
< 4.30 mg.¡-1
< 1.55 mg.L-l
< I.28 m9.¡-1
< 21. 0 mg. ¡-I

< 7,45 C

> 8.35 mg.L-l
> 23.0 m

> 29.5 m

> 24.00 hm3

> 24.5 m

> 3.29 hm3

CA

MG

NÀ

46

46

46

44

44

46

A2

182

r82

L79

L57

r56
178

l3r
138

r37
r18
136

r36
131

I27

r39
I33
r30
139

116

r27
r10

JI

36

35

20

2L

24

2T

14

II

I4
l3
2L

2I
22

22

22

2r

I9
24

L7

I9
14

T7

7

HCO3 29

Tempera tu r e-Oxygen :

TI'IAXB 4 3

41

39

43

39

36

34

cont i nued



TabIe lI. continued

Lake trout Classification

Variable Present Absent Criterion of presence Errors(t)

TT 504L

voLTl 50 4 |

T1206L

voLTr 206 '

Biota:
BENNOA

BENDRY

vol,Tt506'
T1504 L

voLT1504'
TI2O6L
volTl.206 |

36 t25
34 106

36 L26

34 107

36 116

38 116

> 29.5 m

> 16.29 hm3

> 26.5 m

> t.04 hm3

< 720 m-2
< 4.65 kg. h¿-1

L4

10

L7

9

24

19

SHIELD LAKES

Morphomet ry:
ZBAR 34

Z¡,ÍAX 3 6

Phvsicochemistrv:
SECCHI 36

PHOTOZ 36

Tempe ¡atu r e-Oxygen !

TMAXB 10

OMINS 8

HIGH6À{G 8

T15T6r, 3 3

voLT]5T6 | 30

> 8.30 m

> 31.15 m

> 4.15 m

> 4.15 m

< 7,70 C

> 8.17 mg. ¡-I
> 26.5 m

> 28.5 m

> 10.33 hm3

> 26.5 m

> 2.15 hm3

> 29.5 m

> 7.39 hm3

> 28.5 m

> 0.84 hm3

T1506L 31

1'7

79

69

7L

62

59

57

74

62

72

6I
70

59

7L

60

I7
16

T2

I]

I9
24

r9
25

L2

20

4

2L

9

20

t1

29

31

29

3I
29

conhinued



TabIe 11. con t i nued

Lake t rout Classification

Variable Present Absent Criterion of presence Errors(t)

Biota ¡

BENNOA

BENDRY

NON-SHIELD LAKES:

LocaL ion ¡

LATD

I,ONGD

NORD

!,lorphome t ry :

VOLUME

ZBAR

TlIAXS

TI.IAXB

T15T6U

T15T6L

WAREA 10

IO

10

ZMAX l0
SHOLEN IO
Tempe râ tu r e-Oxygen :

< 758 m-2
< 4.65 kg. ha-l

> 54.9500N
< 102.1920w
> 0.958

> 20L,4 km2

> 1400.00 hm3

> 12.30 m

> 36.50 m

> 130.4 km

< 18,60 C

< 7,45 C

> 16.5 m

> 32.5 m

IO

10

IO

30
'). t

67

67
25

2L

14

t6c
14c

t6
16

9

7

23c

23c

I7
T7

5

r01
10r
r0l

r00
80

79

99

5I

78

62

65

65

t0
10

IO

10

a See Table I for variable names.
b Overall error rate for same lakes using criteria shos¡n.
c Some criteria shorled no significant difference in medians
in Mann-Whitney tests (p>0.05, see Appendix E).
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ShieId and non-shield criteria
l,lany of the better predictors oÊ lake trout presence were

related to size of the 1ake, encompassing both morphometric

and temperature-oxygen conditions. Comparisons of criteria
of lake trout presence showed that non-shield lakes must be

larger and deeper than shield lakes. For example, non-shield
lakes with WAREA greater than 201 km2 and shield Lakes

greater than 27 km2 1i.e. a 7.S-fold difference) were

predicted to have lake trout (Tab]e 12). This was initially
assumed to be indicative of generally shalLower morphometry,

warmer condibions, and perhaps more frequent wind-circulation
in non-shield lakes.

Inexplicably, non-shield lakes also required 10- to 43-

fold greater volumes of suitable temperature and oxygen

(e.g. VOLT15O6 of 69 versus Z nm3¡. No other criteria showed

differences of even 5-fold between shield and non-shield
1akes.

(1) Anomal ies

Non-shield lakes, particularly lake trout ones, were

represented better than their shield counterparts. The t0
non-shield Lâke trout lakes in this study were a high
proporÈion of the L4 known in Saskatchewan (Marshall and

Johnson 1971). fh.e I22 surveyed non-shield lakes were a

higher proportion of the estimated total of 8,4?7 lakes in
this region than the 126 surveyed shield lakes out of a total
of 83,241 shield lakes (see Tabte B).
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Table 12. Criteria of lake trout presence or absence in
shield and non-shield lakes.

Cr iter ia of presencea Errors (t )

Variable Shield Non-shield Units ¡'actorb Sti"td Non-shield

WAREA

VOLUME

Z BAR

ZMAX

vol6l'rc'
voLT15T6'
voLT1506 |

voLT1504 '

VOLTI206 I

26 ,8
2r'1 ,l

8.3
3r ,2

r50.9
r0.3
2,2
7.4
0.8

20]- 4

r400.0
12.3
36.5

1s83,5
204.2
69.0

202 .9
35.7

km2

hm3

m

m

hm3

hm3

h¡n 3

hm3

hn3

6,4
l-. 5
L.2

t0.5
19.8
32,L
27,5
42,6

3I
27

I7
16

29

I2
4

9

11

16

I6
9

7

I5
6

7

4

I

a See Tab]e LI or Appendix E.
b Defined as non-shield criterion divided by shield
cr i ter ion .

Random subsets of shietd lakes were examíned for VOLUME

and VOLTI5T6' only. VOLUME was one of the variables nost

anenable to assessment of recenC conditions (see below) and

VOLT15T6' represented an intermediate difference of lg-fold
betr,reen shield and non-shietd lakes. For these two

criteria, mean non-shield requirements remained 2,A to 7.4-
fold greater than for small samples of shield lakes. Tr.relve
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small-sample replicates showed VOLUME criteria of 55I Lo 772

hm3 compared to 1400 hm3 for non-shieLd lakes, ând VOLT15T6,

criteria of I8 to s5 hm3 compared Lo 204 nm3 1tabIe 13¡.
The mean smaLl-sanple shield criteria for VOLUME and

VOLTI-5T6' were both greater than the futl-sample shield
criteria (i.e. 59t to 2IB and 27 to 11, respectively). The

ratios of small-sample to fu]I-sample criteria were inversely
xelated to the ratios of small-sample to full-sample trout
incidence. That is, a subset of lakes of which 11 t had lake
trout showed a criterion abouL 3l/11 limes that of a set of
which 3I t had lake trout (see VOLUuE above).

Shield criteria showed Iittle evidence of a gradient with
Iatitude, Only WAREA shov¡ed an orderly sequence t.o smaller
criteria in more northerly lakes (Table L4). Mosb other
variables showed minimal criteria for lakes bet\,Jeen 560 and

580N, which may reflect some aspect of Lake-size bias or
snalL sample sizes. OveralI there was Iitble indication of
differences within the shield area comparable to those

beLr.reen shield and non-shield areas.
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Table l-3. Small-sample criteria of
absence in shield lakes.

Iake trout presence or

Replicate

CIassiÉication

Criterion of pr esence Errors (t)

VOLUMEA
I
2
?

4
5
6
7
I
9

10
I1
I2

Mean

VOLTI5T6'b
I
2
3
4
5
6
7
I
9

10
1I
L2

Mean

571.45 hm3
605. r6
571.45
51L , 45
57L.45
614.86
57r.45
57r.45
57r.45
5s0.82
550.82
77L.92
591.r4

33.12 hm3
17.8I
23.79
34.60
22.39
23.36
23,79
22.64
55.28
23,79
23.79
25.38
27 ,48

14
1I
I4
I4
I4
11

I4
I4
16
16

9
13

10
16
10

6
I6
10
I3
l0

6
I3
10
13
I1

a Ten trout ând 77 non-trout Lakes, compared to 10 and g0
(respectively) for non-shield VOLUME sample.
b Nine trout and 54 non-trout lakes, as for non-shield
VOLT15T6' sample.
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Table 14. Univariate predictions of lake trout presence or
absence in- subareas of the shield region.

Va r iable

subarea

Number or IaK es
with lake trout

PresenE-TEsent

Classificationa

crrterlon ot presence ¡irrors ( t )

WAREA!
Shield

N of 580
56-580
S of 560

Non-shield

VOLUI,IE:
ShieId

N of 58o
56-580
S of 560

Non-shield

VOI,6MG' ¡

ShieId
N of 58o
5 6- 580
S of 560

Non-shield

VOLT}5T6' :
Shield

N of 58o
56-580
S of 560

Non-shield

vol,Tl506 , b :
Shi eld

N of 580
56-580
S of 560

Non-shield

> 26.8 km2
7.7
9.5

52,8
20L.4

> 2I7 ,6 8 hrn3
2r9,95

82 ,62
3r7.65

r400.00

> 150.90 hm3
2r8.90
82,54

2L5,45
r583.50

> 10.33 hm3
24.65

2 ,0L
10.46

204.2L

> 2 .15 h¡n3
2.2-40.gc

0 ,62
2 ,25

69.05

36
II
I3
L2
IO

34
9

I3
L2
10

29
1

II
1I

7

30
I

II
I1

9

79
]0
13
56

r00

31
r9
38
26
I6

71
r-0
I3

80

27
IÌ
I5
27
16

62
6

ll-
45
48

62
6

L1
45
54

6r
c

I1
45
49

29
l5
l8
29
r5

L2
I4

5
l1

6

29
7

II
II

5

4

9
4

a Approxinately equal numbers of presence and absence are
misclassified.

b voLTL5o4' and VoLTI206' show similar differences.

c Delj.neation is too broad to give reliable criterion.
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Shield and non-shield lakes shor,¡ed similar declines in
volume re-quirements as temperature-oxygen conditions became

more restrictive (TabIe l5). For example, restricting
VOLUI.IE to volume of 6 to l50C temperature (i.e. VOLTI6T6')

caused decreases of 95 t in shield and g5 ? in non-shield
criteri-a. Parar-rer tendencies suggested sinilar limnological
and physiological mechanisns in lakes and lake trout in the
two regi.ons. NoneLheless, some irregularities occurred in
these trends. Restricting VOLUME to VOL6MG' in non-shíeld
lakes caused the requirement to increase 13 t, in contrast to
a decrease of 3t t in shield lakes. This suggested a greater
need for suitabLe summer oxygen and/ot greater seasonal or
annual variability in non-shieLd lakes. In non-shield 1akes,

cooJ.er çJater was relatively less important than higher oxygen

levels as criterÍa decreased 48 t and 66 t, respectively. fn
shield lakes, cooler waber çjas alrnost as important as higher
oxygen.

(2) Recent conditions

Drought conditions which nay have caused differences
between shield and non-shield 1akes for lake trout, were

expected to show: (I) volumes under extreme low waterlevels
which were notably 1ess than under typical conditions, and

(2) significant differences in this effect betr,reen shield and

non-shield lakes ( Figure 3).
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Table 15, Changes in criteria
absence as temperatu re-oxygen
restrictive.

of lake trout presence or
condítions became more

Chânge in criteria (t )

Restriction Shi e1d Non-shield

VOLUME to
VOLUME TO

voLTI5T6'
voLTl506'
voLT1504 |

VOLTI5T6 '

VOL6MG I

to VOLTI506'
to VOLTl206 l

to VOLTL506'

- 95

-31
-79
-6r
- 7r

- 85

+ i.3
- 66

-48
- 66

WaterleveLs Summer waterlevels were available for I0 or
more years for 33 lakes (Figure 4 and Appendix F). One

third were shield lakes, çrhich çrere predominantly over 100

km2. Non-shield lakes represented $¡ater areas both 1arger
and smaller than the criterion of lake trout presence (Table
16). Step-wise polynomial regression produced relatively
simple predictive equations (Appendix F). Some exâmples of
the varieLy of $raLerlevel fluctuabions are shown in Figure 5.



Figure 3. The hypothetical effect of r,¡aterlevel

variations and/or morphometry on the apparent volume

required by lake trout. If shield and non-shield Lakes

differ as shown, the same actual requiremenb for volurne

during years of low r,¡ater would give rise to different
apparent requirements during typical years.
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Figure 4. Lakes with su¡nmer waterlevel data avaitable
for 10 or more years. Solid circtes represent shield
Iakes and open circles, non-shield lakes.
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Tab1e 16. Number of lakes \,rhich have ten or more years of
July-Augush waterlevel data available.

Water areaâ

Bedrock Numbe r

geology of lakes VL L M S VS

shietdr044o2b0
Non-shield23g2b660

a vL is >250 km2, I-., is >r0o-250 km2, l,t is >50-r00 km2, s is
>10-50 km2, and VS is <10 km2.

b criterion of lake trout presence lies in this area

category.

waterlevel variations (i.e. Cypical year minus the lowest

I in 100 years) çihich were based on extrapolations of

observed waterlevels (see Appendix F), ranged fron 0.070 Lo

1.862 m but seldon exceeded I m. Shield and non-shield lakes

showed increasing waterlevel variations with larger lake area

(Figure 6). Although overlâp of daba r¡as considerable,

separate regressions for shield and non-shield lakes çiere

statistically better than paralleI lines or a single

regression 1i ne (Appendix F).
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Morphometrv The 209 lakes avâilable for volume-at-depth

analysis represented all categories of bedrock geology and

lake area (Table 17). This set included the subset of lakes

which were otherr,Jise reserved for Later testing of predictive
models.

Relative water volume changes caused by waterlevel declines
of 0.5 to 2.0 m were considerabty greater in smatl lakes than

larger lakes, as expected. A single regression was suitable
for 0.5 m, but separate regressions for shield and non-shield
lakes were required for 2.0 m (Figure 7 and Appendix F).
Absolute volume below 2.0 m vras greater in larger lakes than

smalLer, as expected. The relationship to water area was

again significantly difÊerenL for shield and non-shield lakes
(Appendix F). Shield lakes of 100 km2 had volumes below 2 m

depth which were L5 x greater than non-shield lakes of
s irni la r area (Appendix F),



Figure 5. Variety of observed and predicted low JuIy-

_--\._. August waterlevels. OnIy observâtions v¡hich do not lie
on the line are shown.
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Figure 6. !,]aterlevel variations (i'e' typical year

rninus lowest I in I00 years) in relation to water area'

Circles represent variations as extrapolated fron

observedwaterlevels;linesrepresentregressionsof
these variations on water area'
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Table 17. Number of
have volume-a t -dept h

59

lakes used in the present study whích
data available.

Water areaâ
Bedrock
geology

Numbe r
of lak es VSVL

Shield
Non-shi eld

124

85

6

r0
9

t2
I1

a

24

2I
74

34

a vL is >250 kn?, L is >100-250 km2, M is >50-100 km2, s Ís
>10-50 km2, and VS is <10 km2,

Residual volumes Residual water vol"ume (i.e. the volume

below the predicted I in 100 year low surnmer waterleveL)

increased with increasing water area, in spite of

concurrently greater waterlevel variations. Shie]d and non-

shield lakes differed significantly in regressions of bobh

(l) residual volume against expected waterLeveL variation
(Figure 8) and (2) residual volume against water area.

.The combined effects of waterLeveL variation and

morphometry suggest that shield lakes of 10 to I00 km2 lost 2

to 3I of volume and similar non-shield lakes 3 to 6 t of
volume during extreme low s urnrne r waterlevels in the last 100

years (Table I8). (Recall that this loss is from a typicaL

sunmer low, rather than from any seasonal high waterlevel).



Figure 7. Regressions of relative volume above 2 m

depth on nater area, separãtely for shield and

non-shield lakes (see Appendix F),
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Figure 8. Regressions of residuâI volume on predicted
waterlevel variatíons, separately for shiel-d and

non-shield lakes (see Appendix F).



12=O.90

d
¿QOa o_

r¿=O.76

o
I
Ec

)ul-
f,
J
o

J
f,
o
õo
UJ
É,

o
!-r

o
oo(Þ
t9'ae
o¿t æ

o.5

LOG PREDICTED VARIATION

o
Oa

oaa
d'.lr

¡
o
o

o0

1.0

(m)



62

TabLe L8. Expected l-oss of water volume from the combined
effects of wâterlevel variations and morphometry.

VoIume

Lake set
Area
( x¡n2 )

Res idual
(hm3)

TotâI
(hm3)

Loss
(t)

ShieLd 10

100

Non-shield 10

100

67.24
9r0. r2
56.60

637,24

68 ,82
9 42 .54
58.33

679.36

2

3

3

6

!4ultivariate criLeria
Depth and water area A model of the influence of depth

and lake area on sedi¡nentation (Hilton t985) correctl-y
predicted the lake trout status in g6 å of shietd 1akes.

The regions and boundaries were adopted from Hilton (1995):

the peripheral wave action (pWA) boundaries were a minimum

voLume of 23.6 nm3 11ine b) and a minimum depth of one

vravelength at r,¡ind speeds of 20 m.s-I (1ine a, modified from

Smith 1979); the intermittent compJ.ete mixing (ICl,t) boundary

was a maximum volune of 23.6 hm3; and the random

redistribution (RR) boundary was a maximum depth of one

wavelength, as above (Figure 9).
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wave action in large deep lakes creates turbulence and

resuspends sediments from near the shore, which are

redeposit.ed in off-shore areas (model pWA of HiIton 19g5,

Hakanson 1"977 cited in Hilton I9g5). Autumn overturn in
small deep lakes resuspends sediments from the entire lake
bed, which are redeposited in proportion to the depth of
overlying \rater (model ICM). Both mechanisms result in a net
transport of sediments from shallow to deeper areas. By

contrast, shallow lakes are susceptible to periodic open-

water resuspensions and redepositions over the entire lake.
These do not lransfer sedimenLs from shal-Low into deeper

zones (model RR).

l,lultiple discriminant analysis Steprrise rankings of
variables in discrimÍnant anaryses showed that some variabr.es
were consistently ranked highly, particularly SECCHI and

VOLTI5T6 (Table 19). When both SECCHI AND VOLTI5T6, were

available, ZBAR, ZMAX, VOLUÌiE, VOL6MG, I and VOLTI506' were

left aside. Oni-y when one was not available (e.9. subsets 2

and 3, see Table 19) did other variables contribute
significantty. VOLT15T6 was ranked more highly than volumes

of suitable oxygen or temperature-oxygen in direct
comparisons (e.9. subset 3),



Figure 9. Lake trout presence and absence in
Saskabcheeran lakes in relation to predicted sediment

distribution. The model by Hitton (1985) impties
clearing of spawning sites âbove and to the right of the
solid line (see text). Numbers in circles represent Èhe

number of lakes coincident at a point.
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Classification errors of lake trout status using !,tDA

ranged from 2 to L2 ? for 3 subsels of variables and 4 MDA

methods (Table 20). These apparent error rates (from re-
testing the initial set of lakes) are cotnparable to those of
univariate criteria. The cross-valídation rates of 6 to 16 t
are more reliable as each lake was classified using the rule
determined from Lhe other n - 1 lakes (Lachenbruch 1925,

DilLon I9?9). Sone error rates for the reserved set of lakes
were very 1ow, but the snalt sample sizes of 3 to 27 lakes

suggest these rates should be viewed with caution.
The non-parametric nearest-neighbour MDA was compârab1e in

accuracy to the linear MDA, Both mebhods showed sLÍghtly
l-ower cross-validated error rates when prior probabilities of
each class ç¡ere assumed to be equat (Table 20),

The canonical standardized coefficients sho\,red that the
reLative importance (SAS I9g7) of tog SECCHI \ras similar to
Iog VOL,TI5T6, (see coefficients 0.695 and O,7Lg,

respectively) and greater than 1og I,IAREA, after adjusting for
the dispersion of each variable. Altitude (ALT) was also
relatively influential in the smallest set of 32 lakes. The

raw coefficients were applicabLe to unadjusted habitat data
of lakes in the shield region of Saskatchewan.
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Estimation of missing da ta
TDS from SPCON Correlation of TDS with SPCON was weLl

defined (Figure I0). Separate regressions were indicated for
shield and non-shield lakes (Table 2f). Two studies by

consurtants were excruded because methods used were different
than in all other surveys of shield takes (see Appendix G).

SHODEV and RLOGSHOD SHODEV and RLOGSHOÐ were potential
indicators of depth, wind-protection, and oLher conditions.
SHODEV is the ratio of actual shoreline length to the

circumference of a circle of equal area. Separate

regressions of 1og SHODEV on log WAREA r,¡ere indicated for
shield and non-shield lakes (Tabte 2I). RLOGSHOD, or the
deviation of actual SHODEV of any Lake from that predicted by

its water area, is an alternative index to SHODEV itself
(Koshinsky 1970). The predicted SHODEV was derived
separately for shield and non-shield lakes. The ratio of
actual to predict.ed minimized the correlaLion of RITOGSHOD

erith log SHODEV (see Appendix c). RLOGSHOD was a frequent
predictor in stepwise regressions, typically after WAREA and

concurrent with FETCH (Appendix G).

Z¡,IAX and ZBAR Regressions of Z¡,ÍAX on subsets of
norphometric variables showed that 1og WAREA and tog FETCH



Figure 10. Relationship between log TDS and Io9

specific conductivity (SPCON) in central and northern
Saskatchev¡an lakes (soIid círcIes). Open circles
represent l-akes in the Key Lake and Midwest. Lake areas

r,¡hich were excluded ( see Appendix c ) .
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were important, explainÍng 39 E of total variation in aII
lakes (Table 2I). Separate regressions explained about 50

and 32 t of variation in shield and non-shield lakes,
respectively. Lakes oriented more northeasterLy had great.er

¡naxi¡num depth, the increase in correlation due to orientation
was minor (Appendix G). Simi]arIy, indices based on

surficíal geology (e.g. rocks, morainal, glaciofluvial, and

organic naterial prevalence) did not improve estimation
significantJ.y in shield lakes (see Appendix c). ZBAR or nean

depth was less predictabte than maximum depth. The best
predictions explained only 32 and 24 g of variaLion in shield
and non-shiel,d lakes, respectively (Tabte 2I).

VOLUME Lake volume nâs ctearly related to water area

alone. This single predictor explained 96 and 90 t of
variation in shield and non-shield lakes, respectively (Table

2I). Other variables r.rere not explored although FETCH,

FETDEV, and ORINW may be useful

STRAFN The presence of stratification in lakes is well
predicted from Z¡,jAX and WAREA and oLher morphometric indices.
The degree of stratification was simptified to ,'no,' (none or
weak) or rryes,' (moderate, strong, very strong). The boundary

condition based on I,JAREA (Gorham 1980 cited in Cruikshank
1984) corrcetly cJ-assif ied 77 ï ot 225 lakcs. An empirical
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boundary condition derived in the present study using FETCH:

log zMAx (m) > 0.78 + 0.42 Iog FETCH (km)

correctly classified 82 Z of 199 lakes (see Appendix c).
These predictions are based on morphonetry and the effects of
wind-generahed turbulence.

Stratification can also be prevented or disrupted by rapid
water exchange in ',riverine" situations. The Froud index of
relative flow-through (Orlob I9B3) explained the observed

non-stratification of several lakes lrhich according to
morphometric criteria alone ought to stratify. The Froud

criteria appeared to be:

F in non-stratified lakes > 0.03

F in stratified lakes < 0.03 (see Appendix c).
When riverine lakes were excluded using the Froud index, the

alternate boundary condition for FETCH r\ras:

l-og zr'tAx (m) ì 0.82 + 0.50 log FETCH (km).

This correctly classified stratification in g6 ã of Ig5 lakes
(Figure 11). Attempts to use estimated maximum depth in
boundary conditions $rere unsuccessful, as stratified and non-

stratified lakes overlapped in p1obs.

The maximum depth of tsoc during open water (TI5T6U) vras

assessed as a potential contributor to VOLT]5T6. Regressions

of 1og T15T6U on subsets of variables showed that 1og WAREA

and 1og FETCH were important, explaining about 46 B of total
varÍêtion in aII lakes (TâbIe 21). In strabified takes, Iog

WAREA and 1og FETCH explained 7A \ ot variabion in log TI5T6U
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(Table 2t). ln this respect, the maximum depth of 150C

behaved similarly to the thermocline in other studies (see
Discussion). Nonethelessr the use of T¡,IAXS was necessary for
predictive-gualiLy equations and explained 7B B of total
variationt nost other regressions rrere only marginally
acceptable (Hocking r.976) (Appendix G). The Nw-component of
fetch (ORIFET) or elongation (FETDEV) was necessary for
predictions, presurnably to represent wind_driven mixing.

vOLTl5T6 Two distinct classes of takes occurred: those
with sone VOLT15T6, which was apparently related to WAREA and
FETCH, ând those vrith none (Figure t2). Regressions of log
VOL,TI5T6 on norphometry and climate reveal-ed strong
correlations only for certain types of lakes. In non_
riverine lakes with non-zero volume of 6 to l50C water,
VOLTl5T6 r,¡as estimable at R2=0.91 (TabLe 2t). Regressions
using I{AREA, SECCHI , RLOGSHOD, and/or TMAXS rrere marginally
acceptabl-e for predictioni estimations using onLy WAREA and
FETCH were not acceptable statisticatly by comparison to
other regressions using more more varÍables (see Appendix
G). Furthermore, non-zero VOLTl5T6 was estimable at R2=0.gg
in all lakes (TabLe 2t). This class does not require
knowledge of ZMAX or discharge and regressions âre similar,
though less precise. Estima!ion was achj.eved in I52 shield
lakes using area and fetch (and any others with these simple
data), compared to 109 l_akes r,rith measured VOLTI5T6.



Figure 11. Delineation of
lakes using rnaximum depth

Lakes ¡¿hi ch were riverine
were excluded (see text).

stratified and non-stratified
and fetch (hatched tine).
according to the Froud index
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Figure 12. two distinct relationships of Iog VOLTI5T6

to fog e¡ater area in Saskatchev¡an shield and non_shield
lakes. Lakes \,rith non-zero VOLTI5T6 have a logarithm
greater than -6,
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By comparison, the best correlations for stratified and

non-stratified lakes were R2=0.37 and 0.lg, respectively
(Table 2I, Appendix G), Similarly, regressions expJ-ained

only 15 and 54 å of variation in lakes predicbed Co stratify
and not to stratify by the fetch-boundary condition.

VOLTI5O6 The Secchi depth criterion of 4 m predícted

suiEable conditÍons with B4 å accuracy in 86 shield lakes
(Appendix c), Transparency was a good predictor of the

existence of a minimum volume of water having temperature

belo\r lsoC and oxygen above 6 mg.L-I.

Marginal habitat
The occurrence of major misclassifications increased

fairly regularly as the accuracy of the criteria declined.
VOLTI6T6' correctJ.y classified 96 ? and definitely
misclassified 3 å.of shield lakes, and VOLUME 7! Z and 28 Z,

respectively (Table 22). Minor errors were 1ower at 0 to 6t,
but not regular in occurrence. In addition, lakes in which

Iake trout were considered to be transient or extinct, or
were unverified by surveys (i.e. presumabJ-y of Iower

abundance) had onJ.y sIight.Iy lower occurrences in these

zones. Analyses were not suitable for non-shield lakes since
post-glacial immi.grat.ion and/or climate (raLher than present
habitat) may be dominant influences in this region.



'Iable 22, Minor and
presence or a bsence

78

major misclassifications of lake trout
in shield lakes by selected variables,

Misclassifications (?)

Va r i ablea
Numbe r
of lakes ¡.1i no r MajorNone

voI,Tr 506 '

voLT1504 '

PHOTOZ

ZÀ,fAX

TMAXB

BENDRY

COLOUR

VOLUME

90

88

r07
115

Il0
99

50

11r

oÃ

9t
88

84

8l
19

72

3

9

I
t0
I6
19

22

28

t
0

4

6

3

2

6

I

See Table L for variable names.

Specific shield lakes which were misclassified by rnore

accurate variables had a clear tendency to be misclassified
rnore Érequently by other variables (Table 23). Since this is
based on specific Iakes, it is not mere.Iy a generality over

aI1 lakes. civen this tendency, about 72 È oE 1akes for
which any criterion was perfect rvoutd be misctassified by

other variables (Figure t3). Some lakes were definitely
misclassified by very many or very few variables (e.g. Middle
Foster and Riou lakes, respectively), bub it vras not conmon.
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TabIe 23. Misclassifications of lake trout presence or
absence in particular shield lakes by selected variables.

Variable or paira

Lake 2 3 4 5 6 7 8 9 10 tt

Dickens
Middle Foster
Mi rond
Sandy

Contact
Haugen

UcDonald
Wapata

Wâthaman

Bartlett
Karl Ernst
Mackay

Mu 1l-ock

Richter
Wood

Hatchet
Upper Foster
Riou
Wildnest
Hebden

Key

Iqek ewap

Trout
Wierzycki
Hourglass
Mclntosh
McMahon

XX
XXXX

X

XXX

X

XX
X

x

X

X

It

X

XXX

X

XX
XX
XX

X

X

X

X

X

X

XX
XX

XX
X

XX

X

X

Ã

Ä

Ã

X

Ã

X

XX

XX
XX
x

XX
XX

X

X

XX

XX

YY

XX
XX
X

XX
X

Ã

XX

x.. x ..
XXX
X

X

XX
XXXX

con t i nued



TabIe 23. continued.

Va r iable or pair

Lake 9 l0 tr

CLuff
I'afard
Giles
Jan
Mountain
Ou rom

Baldhead
CarsweIl
Five ringers
Hunter Bay

Lower Foster
Pechey

Reindeer
Sim

Upper Seaho r se

x

X

x.,
X

X

X

X

J(

X

X

x

X

X

Accuracy (? )

Errors (?)b
96 91 90 89 89 88 88 87 84 84 8l
65 49 49 4g 47 37 46 40 40 42 24

a X are misclassifications, blanks are correct, and .. are
missing data. Variables and pairs are: I = VOLTI5O6', 2 =
VOLTI5O4', 3 = VOLTI5O6' and TIIIAXB, 4 = ZÀíAX and TMAXB, 5 =
ZItfAX and PHOTOZ, 6 = pHOTOZ, 7 = Z,I4AX and BENDRy, g =
VOLTÌ5O6| and PHOTOZ, ! = ZttLAX, l0 = VOLTI5O6, and ZMAX, and
1l = TMAXB,

b Errors are overall misclassificaEions by remaining
variables of lakes which have been misclassified by narned
variable.



Figure 13, Trend of the error rate of ten variables
(vertical axis) and of a single variabLe (horizontal
axis). The hatched line extrapolates Lo an intercept of
72 Z of lakes.
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Validation and extrapolation
The accuracy of most criteria was similar for the 6g

reserved lakes and the preliminary 262 lakes (Figure I4).
Notable differences were observed for SECCHI in shield lakes
and Zf.lAX in non-shield lakes (i.e. greater accuracy), and

VOLTI5O6' in shieLd lakes and VOLUME in atl Lakes (i.e.
lesser accuracy), The numbers of reserved Lakes with known

species and habitat ranged from 28 to 65, correspondingly
less in separate shield and non-shield cLasses. FinaL

criteria based on all available 330 lakes were rr¡ithin + 10 t
of prelininary crit.eria with some exceptions (Table 24).
These were WAREA, VOLUME, VOLT]5T6', VOLTI5O6', VOLT15O4,,

and VOLTI206, .

Usíng log VOLTl5T6, the probability of trout presence ât
habitat x decreased when corrections for incomplete surveys
in some lakes and for preferential surveying of lake trout
l-akes were made (Tab1e 25). As an example, the probability
iras I0 t at log VOLTI-5T6=-0.4 (i,e. 0.4 hm3) for the biased
set of lakes and log VOLTI5T6=0.6 (i.e. 4.0 nm3¡ for the
doubly corrected set (Figure l5), Actual asymmetric,
logistic, and poJ.ynomial trends behaved similarly,

The distribution of estimated tog VOLTI5T6 in 1450

randomly selected shield lakes showed a median about 0.014
hm3. The proportion of Iakes with log VOLT]5T6 > x was weII
described by the exponential curve:

P = 0.030344 e
-1,668805 x

1n=6, 12=0.997 )



Figure l-4. Relationship betv¡een errors of univariate
criberia in preliminary and validation sets of lakes.
The Iine indicates perfect agreement betr,reen these trro
sets,
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Table 24. Validation and final univariate criteria of Lake
trout presence and absence in surveyed Saskatchewan lakes.

Final classif icati.on

Variables
Validation Number

errors (T)a of takes
CriLerion

of presence Errors ( E )

À{orÞhonetry:
t{AREAb zg
VOLUMEb 30

ZBAR 12

ZMAX 5

Phvsicochemistry:
SECCHI

TDS

SPCON

Tempe rat u r e-Oxvoen :

TMÀXB 24

Locat ion ¡

LATD

NORD

voLÎI5T6 ' 
b

vor,Tt 506 ' b

vol,Tr 504 ' 
b

voLTI206 ' 
b

Biota:
BENDRY

SHIELD LAKES

Morphonet ry:
Z BAR

ZMAX

> 56.58 19
> 6.86 l-9

> 52 .9 25
> 490.13 23
> 9.70 14
> 32.65 9

> 4,35 12
< 40.0 19
< 39.65 2L

< 7.80 20
> 31.80 17
> 3,29 9

> 19.80 11
> 0,47 12

< 4.60 17

> 8.10 19
> 31.15 15

< 4.10 L2

cont i nued

t7
I5

293

293

289

257

257

287

226

226

L95

237

r68
r59
152

155

t99

r38
L42

r32

t1
T4

20

I9
I3
t4
I7

20

22

11

Phys i cochem i st rv r

sEccHr 4



Table 24. continued

Fi na l- classification

Variables
Val idat ion Nunber
errors (t )a of lakes

Criterion
of presence Errors (t )

TemperaLure-Oxvoen:
TMAXB

VOLTI5T6'b
voLTI506 'b
volTl504 '

vol,Tt 206 ' 
b

Biota:
BENDRY

NON-SHIELD LAKES

Location:
LATD

NORD

l.lorphomet ry !

WAREA

voLUtfEb

Z BAR

zl'1Ax

< 8.25 2r
> 11.63 13
> 2.15 6

> 7.40 10
> 0,47 L2

< 4.60 23

> 54.88 15
> 0.96 L4

> 2r9, r 14
> 1661.0 13
> r2.3 7

> 39.0 7

> 195.86 10
> 37.77 7

> 166,4r I
> 4,06 12

24

19

t3
19

26

t4
1l

1I
l?

0

3

I35
r07
105

r02
104

r22

L47

I47

L46

Lr9
119

145

61

54

5l

Tenperature-Oxvoen:
VOLTI5T6 ' C

UO"rrUO6,brc
y6¡115¿4'b'c
UO"tt2O5'b,c

IJ

7

I
t4

a Errors from use of preliminary criteria (Table tI) on 20 g
of lakes which were reserved.
b Final criterion differs by > + t0 g from preliminary.
c See Table l2 for pretiminary criteria.
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Tab1e 25. Effects of incomplete surveys on some lakes and
preferential surveying of lake trout lakes on the probabilily
of trout presence according to 1og VOLTI5T6.

Preference towards lake trout

Set of lakes None 6 , 4 ,2-foId

Loq VoLTl5T6 known:

Univar iate
(t errors, n)

LogisLic B0
B1

P=0.I
P=0.5
P=0.9

(t er rors, n )

Polynomial A0
Al.
A2
A3

.44
(R", n )

1.023
(1rt,91)

r.9099
-1.8610
0.19r
0.782
r,372
(r18,91)

0 ,2237 2
0,30921

-0.007s6

iô'.ga,gzt

r.235
(14t,I13)

2,3779
-r.9576
0.092
1.2I5
2.7
(r3å,1t3)

0.08346
0.34611
0.10290

-0.05940

0,00187
(0.95,1r4)

L .529
(82,7 4)

3. r844
-1.7s63

0. 562
I.813
3.064
(e\,7 4)

0.06097
0,12524
0.04846

-0,00081-
(0.98,75)

t.728
(9t,9r)

3.8883
-1.9499
0.867
L.994

3.121
(5å,91)

0.02605
0.08822
0.0s240
0.00268

-0.00062

(0,99 ,92)

Iqi ss i ng 1og VOLTI5T6 estimated:

Univa r iate
(g errors,n)

Logistic B0
Bl-

P=0.1
P=0.5
P=0. 9

(t errors,n)

Polynomial A0
A1
A2
A3
A4

^ A5
(Rz,n)



Figure 15, The probability of 1ake trout presence

according to log VOLT15T6r (A) using onl-y known habitat
data and assuming no preferential surveying of lake
trout lakes, and (B) correcting for missing habitat data
and for assumed preference towards lake trout l-akes.



I

r o oo o r -¡ (¡
'

-{ o ^ 
I\)

J 3

u.
t

o N
)

P
R

O
B

A
B

IL
IT

Y
 O

F
 L

A
K

E
 T

R
O

U
T

 P
R

E
S

E
N

C
E

oo
o

x;
 

Ë
 b

 
3 

î 
3



88

The estimated number of take trout ]akes in Saskatcher,ran

ranged from \ZTB using the biased criteria to 333 using the
doubly corrected criteria of lake trout proportions (Tab]e
26). I'lost of the difference in numbers occurred among the
very numerous, very small 1akes. The biased probability
predicted 319 1akes over L0 hm3 lequivaJ.ent to about 6.0 km2¡

and the corrected, I55 lakes of this size. Use of smaller
habitat intervals would change both biased and corrected
estimates, particularly for very smaLl lakes, as the
probability of lake trout presence and the number of lakes is
changing rapidty within each Ínterval,
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Table 26. Estimates of the total number of lake trout lakes
in bhe shield region of Saskatche\ran. predictions are based
on log VOLT15T6 under conditions of (A) no preference, or (B)
assumed preference towards lake trout lakes (see text).

Proportion with Number of lake
Iake trout present trout lakes

Proportion Number A B A B

-I
0.09rr0 7583.3 0.03503 o 265.6 0

Log

voLTl5T6
(hm3)

-0. 5

U

0.5

I

I.5

Shield Lak es

0.03955 3292.2 0.14689 0.00652 483,6 2r. 5

0,01717 L429.2 0,30055 0,05481 42g,5 78.3

0.00745 620.r 0.45t38 0.126r5 27g,g 78.2

0 .00324 269 ,7 0, 59370 0.22546 160. L 60.8
0.00140 116.5 0.72184 0.35290 84.1 41.1

2

¿,5

3

3.5

4

Total

0.00061

0.00026

0.000rr

0.00005 4,2 1.00

50.8 0.83014 0.50769 42,2 25.8

2r .6 0.91293 0.6881r rg ,7 :-4.g

9 ,2 0 .96452 0. 8 9I5 2 8.9 8.2

4.2 4.21.00

0 .99994 83236,0 . . . 1777 .8 333.0



DI SCUSSION

The lake surveys initiated in the 1920's in prínce A1bert
National Park (Rawson 1936) and continued by the province
since 1950 (Saskatchewan 1942) comprise invaluable baseline
data for this and other studies. Due to adherence to
standardized methods in provincial and many consultant
surveys, available data r,¡ere remarkably consistent from the
1930 's wel,I into the l9Z0 ,s (see Rar,rson 1936, Reed 1959,

Koshinsky I968, Tones 1979, Dean Iggf). Undoubtedly this
restricted innovative methods (e.g. Rawson 1953, Koshinsky
1968 p.245 and 271) and reduced attention to factors in
fisheries management other than habitat (KalLerneyn 1969).
Nonetheless, the consistency and length of surveys were

valuable in this study.

As a direct result of consistent methodology over 30

years, subsets of habitat variables were availabl-e for
several times as many lakes as statistically expected.
fnter-relationships among variables allor¿ed the estimation of
nÍssing variables to further augment the dataset. This
consistency largely overcame the 1ack of comparability of
non-standard surveys (e.g. Beak LgTg). Likewise, the fact
that most surveys extended from late spring-early sum¡ner to
late summer-early fatl allowed fairly detaited coverage.
This provided seasonal trends in temperâture and oxygen
prof il-es, TDS during the optimal mid-July to mid_August
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period, and seasonaL averâges of benthos, plankton, and fish
abundance (Ravrson I936, Shuter et a1. I9g3, Ryder 1965,

Matuszek 1978). These ínportant facets are often
unavailable from more cursory surveys (e.g. Mayhood et al.
1973, Falk r979 ) .

RepresenEative lak es

A major concern of this sludy was whether lakes which have

been surveyed are representative of aL1 Saskatchewan lakes,
and to mitigate bias if this was not so. This alloered the
identification of the importânt biological factors and the
use of classification criteria on other sets of lakes. In a

study of species associations in 2500 Ontario Lakes, Johnson

et al. (1977) noted that using only lakes with at least one

species present "tended to give a distorted sample of the
conditions that determine presence/absence of any one of the
... species". Even with both lake trout and non_Iake_trout
lakes included, the magnitudes of univariate or multivariate
criteria depend on the density of lake trout and non_Iake_

trouL lakes in the sample. For that reason, formal ruLes of
nul-tiple discriminant analysis require randomness across
classes (Knoke f 9B2 ) ,

The most direct definition of ,'representative" is in terms
of fish species compositions, Nonethel-ess, comparisons of
species in Lhese surveyed lakes and in other sets of .Lakes
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$rere inconclusive. Both the lakes used in this study and 239

l-akes in an at1ås of fish distribution (Atton and Merkorrsky
1983) lacked preferred species in r2 B of cases. rn northern
drainage basins, surveys were relativery biased tov¡ard lakes
with preferred species (i.e. Arctic, Kazant and ChurchiII
basíns, see Table 7), presurnably because greater togistical
difficulties led to more criticat selection of lakes for
surveys. fn southern areas, distributional records were
relatively biased in favour of lakes with preferred species
(í.e. Saskatchewan River basin, see Table Z)r presumably due
to greater interest and easier access to lakes with socio_
econonical-Iy preferred species. This reasoning suggests
intuitively that the surveyed lakes had no greater tendency
to have lake trout than those lakes r,¡ith distributional
records, which themselves were biased. Other studies have
seldom accomplíshed more objective species comparisons,
Although only 2 g of Ontario lakes were surveyed, Martin and
OLver (1976) noted that about 50 E of the estimated totat
number of lake trout lakes were included. Obviously, studies
can avoid this problèm by surveying aÌI or almost all lakes
in an area (e.g. Beamish et aI. 1976, Harvey I97B).

The comparison of surveyed lakes with respect to l-ake

areas was more conclusive. Generall-y, Iarger l-akes were

over-represented in surveys by comparison to aIl Saskatchev¡an
lakes or even nearby 1akes. "Very srnall', lakes were under_
represented in surveys, sometimes exceedingly so, even in
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studies concerned primarily with very small lakes (?able 9).
The reasons are ]ogistic and socio-economic. True

representation of shield lâkes by a set of g,540 very srnall
lakes and 30 lakes over I0 km2 woutd involve considerable
problens of access and greater effort to attain minimum

samples in each lake. Given the large-scate fisherÍes in
many larger lakes and the trend of nore species in each

larger lake, demands for surveys on larger Lakes are more
justifiable and have taken precedence (tfinns I9g6).

Studies aimed specifically at very smaLl lakes çrere

satisfactorily representative of 1akes over 50 ha (Table 9).
The smallesL l-ake trout l-âke among 225 takes was 91 ha (see

Appendix D), implying that lakes over 50 ha include the
region of transition from absence to presence. Thus,

criteria of area and correlated variabl-es based on these
study lakes should be more reliable than críteria from the
larger set.

The conparison of TDS ç¡ith a J-arger data set was more

compLex. Surveyed lakes did not appear comparable to lakes
in Liaw and Atton (1990), even though most were included in
the latter study. Since the latter reguired only single
r,¡ater chenistry samples, it was potentialty more

representative. Nonetheless, Liaw and AtLon (I9gI) later
noted a bias in their set towards larger, higher_TDS lakes.
Only 36 I of their shield lakes had TDS of 50 mg.L-I or
lov¡er, yet 75 t of the shield region is in this category.
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The present study appears to be more representative of TDS in
shield lakes than was Liaw and Atton (1990). CorreLated

variables such as aì,kalinity (TOTALK), calcium (CA), and

rnagnesium (MG) (Lían and Atton t9B1) are presurnab)-y sirnilar.

prediction of lake trout presence

Descriptions of lake trout lakes in Saskatcherran rnây not
be comparable to those for other regions. The lowest or
highest value of any habitat variable is too dependent on

numbers of lakes examined and regional. variability in lakes
for all but anecdotaL purposes. ¡,tartin and OLver (1976)

reported the smâlIest lake trout lake of about 5,100 Ontario
Lakes was 4.4 l¡a, in contrast to 91.I ha in the present study
of 225 lakes. yet samples of 225 lakes fron their larger set
would undoubtedly show a higher minimum on average, just as

some of the thousands of unsurveyed Saskatchewan takes less
than 91 ha presumably have lake trout.

Furthermore, descriptions of lake trout Lakes are counter_
productive for predicting the suitability of other lakes.
Firstly, there is no objective way to choose among the
ninimum, median, maximum, or other quantile of any variable
as a reasonable descriptor. Second1y, any such descriptor
would only be predictive if it were erroneousì-y inferred that
lake trout were present in similar Iakes. For exanple, a1L

lake trout Lakes in the present study were over 13.5 m
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¡naximum depth and 25 t were over 3I.l m (Appendix D).
Neither descriptor is íntrinsicâlIy better and neither
predicts lake tlout in a1I lakes over 13.5 n or even in 25 t
of Lakes over 31.1 m deep,

The significant differences for rnany habitat variables
betvreen lake trout and non-Iake-trout lakes have various
expJ.anations. Some of the 42 variables r¿hich differed
significantly are undoubtedty important per se, while others
are nore 1ikeIy important due to correlations with other
variables. For example, given the st.enothermal nature of
this species, the naximum temperature in the hypolimnion of a

lake is a tikely proxinate cause of lake trout absence or
presence (see belo\.r). However, greaLer maximum depth of a

lake is believed to be indirectly important (r,tcphait and

Lindsey 1970) only insofar as it increases the probabit-ity of
a thernocline and suitable hypolimnetic temperatures. Other
variables (such as total alkalinity) differed significantly
between lake trouL and non-lake-trout lakes over the survey
region, but noL within the shield and non-shield areas
separately (Appendix E). This may reflect trends in
alkalinity Êrom an area of infrequent l-ake trout presence to
one of greater frequency, rather than suitability of
individual lakes themselves. An analogous argument

by Prepas (1983) disputed the predictive usefulness of TDS

for fish productivity.
As post-gracial dispersal and crimatic conditions confound
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the prediction of lake trout presence in non-shield lakes,
the following discussion will focus on useful criteria of
shield lakes (TabIe tl).

Temperature

The temperature preference of 1ake brout is an important
factor in their presence or absence. The existence of water
below 7.7oC at the lake bottom (TI4AXB) or wâter of 6oC at
28.5 m depLh (TI5T6L) both imply hypolimnetic temperatures in
the preferred rânge of 12 to rsoc. (Maxinum surface
temperatures were above 13oC in all 20g Lakes examined and

above 19oc in 75 A of lakes,).
Yearling lake trout have upper Lethal temperatures of 22

to 23.5oC r¡hen accli¡nated at g to 20oC in laboratory studies
(Gibson and Fry 1954). yearling lake trout have a ,,f inal
preferendum't of lI.7oC (Mccauley and Tait 1970), r,rhich is the
temperature around which all individuals wiIì. ultimabely

congregate, regardless of Lheir thermal experience before
being placed in the gradient,' (Fry 194?). Some salmonids
show changes of + 2 to 4oC in preferred temperaLures caused

by starvation (Javaid and Anderson 1967), yearling lake
trout preferred temperatures of 0 and 3oC belo¡ir this
preferendum v¡hen fed ad libitum and below maintenance

râtions, respectively (Mac I9B5). Otherwise, ',the Iake trout
... not only shows no seasonal differences in therrnal
preference, but it is even more extreme in thaL its acuÈe
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ther¡nal preferenda apparently are unaffected even by

acclimation temperature" (Mccauley and Huggins IgTg).
Lake trout and other salmonids show close agreement

between laboraLory and field observations (Ferguson 195S).

Summer concentrations of lake trout occur within +3oC of this
preferendumr general_Iy 2oC cool-er3 g-I0oC in Lake Louisa
(Onbario), ?-13oC in Cayuga Lake (New york), g-11oc in Lac La

Ronge (Saskatchewan), g-t0oc in Redrock Lake (Ontario), and

1loc in Mooseland Lake (Maine) (ì,tccautey and Tait I970,
Ferguson I958 ) .

The minimum volume of water between 6 and t5oc (VOLT15T6, )

quant!.f ies the critical habitat, rather than simply implying
it exists, as do the other criteria. Accordingly, the error
in prediction was reduced from 19 or 25 å to only f2 t of
lakes. Furthermore, this criterion can be estimated from
readily available dâta on nater area and fetch (Table 2I).
The lower boundary of 6oC in vOLTl5T6 reflects the indirect
effects of optimal growth at 6 to BoC and I0 to I2oC in
yearling trout fed above maintenance ration and ad 1ibitun,
respectively (O'Connor et al,. IggI). The excluded volume

betow 6oC is assumed to represent a small proportion of total
volume in rnos t Iakes.

Oxyge n

Oxygen is another important factor in lake trout presence
or absence in shield 1akes, In taboratory studies, yearling
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trout required at least 3 mg.¡-l oxygen aL 9.5 to 16oC for
standard metabolic respiration (i.e. towest râte for
quiescent fish) (Gibson and Fry 1954). The sane trout shor,¡ed

thaL active respiration during swimming ç¡as restricbed by

oxygen levels below about 6 Lo 7 mg.¡-Ì at 9 to Lgoc. f,ield
studies found similarly that lake trout in L,ac IJa Ronge

mÍgrated from cooler to warmer v¡ater v¡hen oxygen declined to
about 4 m9.L-], but did not migrate further from oxygen of
about 7.5 ng.¡-1 (Rawson and Atton 1953). Fer.rer than IOt of
Ontario Lakes had låke Lrout present if hypolimnetic AugusÈ

oxygen was below 4 mg.¡-I (Martin and Olver f976).
The criterion of minimal surface oxygen (OUINS) above

8.2 mg.¡-1 presumably distinguishes eutrophic from neso- or
oligotrophic lakes. It r¡ou1d not usually distinguish non_

straÈífied from strâtified l-akes and was relatively
imprecise. The higher error rate of 29\ for VOL6tfc', in
contrast to t2t for VOLTI5T6', implies thât the minimum

volune of vrater oxygenated above 6 ng.L-l does not guantify
critieal habitãt as precisely as does temperature. Hoqrever,

given that rninimum oxygen needed by lake trout may be 3 Èo 5

mg.¡-I (Gibson and Fry 1954, Davis IITS) | the volume of water
above 4 mg.¡-t may have been a better criterion for oxygen
(Rawson and Atton 1953 ).

l.lost of the literature on oxygen has focussed on low
oxygen as a limiting factor (see reviews by Fry 1971, Jones
ând RandaII 1978, and HoleLon f980). It may also be importan!
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at concenÈrations above 4 to 6 ng.L-I. Oxygen below I0 to 12

mg.¡-1 or high carbon dioxide concentrations reduce

sustainable speeds of salmonids (Dahlberg et al. 196g cited
in Bea¡nish 1978). The most efficient swimning over a given
distance for salmonids occurs at a rate of respiration about
Èr+ice standard metabolic level (Jones and Rândal1 19Zg).
Holeton (I980) suggested that rnany peJ.agic fish which inhabít
the photic zone may only realize their full aerobic potential
under hyperoxic conditions. Anaerobic sprinting or "burst,,
svrinuning ,'... *ay well be restricted by moderate oxygen

deficiency" (Beamish f97g p.f5g). Nonetheless, it Ís stilI
debated whether hyperoxic conditions increase performance
(Holeton 1980, Jones and RandaII I97g).

¡¡letabol-Íc ',scope for activity" is the difference between

maximal active and mínimum standard respiratory rates. Scope

increases when oxygen increases above âtmospheric saturation
and indicates ,'incipient limiting,' conditions higher than
usually believed (Brett 1964, Fry tgZt p.43 and 59). This is
seldom tested experimentally, but may reveal the benefits of
poLentially high oxygen conditions at depth (see belov¡).

Temperatu re-Oxvoen

These fâctors in concert exert a strong influence on lake
trout presence. A minimum vol-ume of water with temperature
less than 12-15oC and oxygen greater than 4-6 mg.¡-1 appears
to be essential in shield 1akes, The best predictor (i.e.



l-00

VOLT15O6r ) indícates that a rninimum volume of 2.15 hm3 of
water belore 15oc and above 6 mg.¡-1 oxygen is required during
sur ner. ?he higher error rates of VOLTI504' and VOLT1206'

may imply that 6 mg.¡-l oxygen and I5oC are more reliable
indices for populations than 4 mg.¡-l and I2oC, respectively.

A more precíse version of this minimum volume would

consider spatiâI and temporal variations (e.g. Jensen and

Chen 1986), possible life-stage differences (e,g. coutant
1985), and a ¡ninimum duraLion of restricted tenperature and

oxygen conditions. The estimate of the minimum volume of
suitable temperature and oxygen in this study assurned uniform
thermal and oxygen conditíons across the lake. The effects
of deconposition on near-bottom oxygen concentrations (Rawson

1936) may extend up Lo 6 m from the sediments (Jones I9g2
cited in Fulthorpe and paloheimo 1995), This effecb would
cause an increasing over-estimation of the minimum voLume

with decreasing lake depth in shallower lakes, until
stratification no ]onger occurred in polymictic lakes.
Tempe ratu r e-oxygen data were avaiLable at I50 timnological
stations for 970 occasions on 77 ot these surveyed 1akes.

Nonetheless, not â11 depth-profiles had data at suitable
intermediate depths, no objective ¡neans of weighting each

station or interpolating temporally were kno\.rn, and

considerable effort would have been required.
Similar criteria include the use of the mid-summer

fraction of lake volume bel-ow IOoC and above 6 mg.¡-1 oxygen
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to assess impacts on lake trout habitat from nutrient loading
(Genge 1986; R. cenge, Ontario Min. Environment, pers.

corun. ). Guidelines such as (I) a rninimum of I.5 m of water

below 13oC and above 5 mg.t-1 oxygen ín mid-August (l,finnesota

1982) and (2) a minímum of 3 m below IOoC and above 5 mg.¡-l
oxygen (Ontario I977) are ctearly related. Although their
accuracy is nob known, these rules deserve further evaluation
in light of their sirnplicity. An early €xample of such

thinking was the explanation of cisco (q. artedii) presence

and abundance in Indiana lakes on the basis of the depth of
Ìeater belon 20oC and above 3 mg.¡-I oxygen at ,'naxinum

s lagnat i on r' (Frey r955).

The success of the minimu¡n volume of suitable temperature

and oxygen suggests that a maximum density of lake trout is
sustainable and/or a criticaL mini¡num number of reproductive
lake trout is needed t.o initiate or maintain a population.
Reviews by Eealey (1978) and Martín and Olver (1980) indicate
densities of 0.8 to 14 lake trout per hectare in t4 l-akes

across North America. Another seven lakes have densities of
0.5 to 13 (Bailey 1977, BalI 1985, Chen 1979, George 1985,

l.lartinoÈ 1978, Sawchyn I987). Five lakes for erhich

volunetric data are available have densities of 26 to 332

mature lake trout per hm3 of suitable temperature and/or

oxygen (Bailey I977, Martinot I978, Chen 1979, Sawchyn I9B7).
Recent programs of introduction or restoration of lake trout
presume that a ninirnum critical number is necessary (Hat.ch
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1984, Loftus 1986). The criteria of VOLT15T6 and VOLT15O6

(Table 1I) inply critical minimum numbers of 608 to g93 and

55 to 714 mature trout, respectively, in each 1ake. VOLTI5T6

nay be estimable in more lakes with known numbers of lake
trout (see Appendix G). NoneLheless, problems in identifying
depleted populations (e.g, paterson 196g, ceorge 19g5), $¡ith
the reliability and comparability of estimates of trout
density (Healey L97g), and with species or limnological
ano¡nalies re¡nain. A cl-earer view of minirnum numbers or
maximum density wiIl require published assessments such as

Bridges and Hanbly (I97f) and Hitchins and Samis (19g6).

The suggestion of a ¡naximum density and critical number

assumes that most poputations have not evolved the
specialized reproductive strâtegies postulated for Arctic
populations by Johnson (1976). Lake trout in severe climates
frequently show bimodat size cornposition, divergent growth at
maturity, slow growth, and low fecundity (Benoit and power

1981-), This is thought to represent adaptation for
reproductive stabirity under extreme and variabre conditions
(Johnson 1976, but see power l9Z8). These indicators, ând

others such as uniformly large body sizes of trout,
intermittent spawning, and variable year-class abundances

also occur in more southerly lakes. Examptes are Contact
Lake (Koshinsky J.964), Bartlett and Haugen 1akes (KoshÍnsky

1968), Swan Lake (paterson I96g), Squeers Lake (BaJ.t I9g5; H.

Ball, Lakehead Univ.r pers. cornm. ), and Crean Lake (Cuerrier
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1952). These are typical-ty small lakes with marginal

conditions for lake trout. These reproductive strategies may

allow the critical minimum number of Lake trout to be Lower

or the maximu¡n densíty of lake trout to be higher.
?he discussion above assumes that the minimum volu¡ne is

not a requirement of a forage species such as cisco, rather
than of lake trouL per se. This assunption is likely valid,
even though cisco is a cornmon food of l-ake trout (Scott and

Cross¡nan 1973, Kerr 1971b). Cisco prefer temperatures of
12oC or lower and oxygen of 4 mg.t-l or higher (Rudstam and

¡.lagnuson 1985), but they âre generalLy tolerant of higher

temperatures and lower oxygen (Ferguson 1959, 20oC ând 3

mg.¡-1 by Frey 1955). Furthermore, lake trout are presenÈ in
Iakes which lack cisco (e.9. ¡,lartin I966, !,turray I979,
Paterson 1968, Donald and Alger 1986).

The volumes used in this study represent a thermal and/or

oxygen "squeeze,' (Coutant 1985) during open-\,rater season.

The demonstrated hypothesis is that presence or absence is
determined during the most critical period, which nay be as

brief as several days, Temperature is treated as a ,'Iethal"

or 'rbolerance" factor (Fry 1.971) of lake trout presence.

Seasonal trends and annual variability in relation to a

threshold or critical volume determine 1ong-term population
survival, and perhaps reproductive strategies. This

conplements the conclusion of Christie and Regier (1996),

that the sustainable yield of lake trout is determinecl by the
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cunulative volume of wâter of suibable temperature over Èhe

open-water season. In their vielr, temperature is â

"controlling" factor (Fry f97I) of growth, abundance, and

productivity, impticitly at levels above the threshold. A

comparison of the critical and cumulative indices to
presence, abundânce, and sustainable yields in small to large
lakes with stable to variable conditions mây confirm this
inte rpr e ta t íon,

Dept h

Lake depth is a good predictor of 1ake trout presence ín
shield lakes: lakes require a ¡ninimum 3I.2 m maximum depth or
8.3 n mean depth (Tab1e 1I). Mean depth was a very important
factor in the discrimination of lake trout and non-Iake-trout
lakes in Ontario (Johnson et aI. Ig77l. Mean and maxi¡num

depths are closely correlated in many regions (Koshinsky

1970, Ryân 1980, corham 1959), so are discussed almost
interchangeably.

Irlean depth has been shown to be important in regional
studies of winter hypoxia in very smal1 lakes. Even in
eutrophic lakes with high sumner ai.gal concentraCions, a

deeper lake fuIly "chargedl with oxygen during autumn

turnover nay have reserves to withstand over-winter loss of
oxygen (Barica and Mathias 1979). In shalLower lakes (say,
less thân 5 m mean depth), e¡inter conditions are dependent on

mean depth or lake volume and late sunmer algal and,/or
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nacrophyte densities. Relative amount of the littoral zone

is frequently correLated with the depth of l-akes (Johnson et
aL. 1977). ldost southern Saskatchewan lakes are more-or_leÊs
eutrophic, in contrast to most shield Lakes which are

oligotrophic and seldorn develop winter anoxia (Barica and

Mathias I979, Schindler I971). Data on over-winter oxygen

conditions srere scarce in the present sÈudy, precluding
assessment of this factor (see Appendix D).

There appears to be IittIe indication of a physioJ.ogical

basis for depth as a direct factor in Lake trout presence.

Sone potential mechanisms are that the hydrostatic pressure
induced by depth improves swinuning and therefore feeding
efficiency by this predator, reduces oxygen demands and/or
increases uptake, or improves netalimnetic or hypolimnetic
oxygen concenfrations. In sustained swimrning, the adaptive
mode for salmonid fish (Webb I9g4), fricLional drag is the
major resistance (relative to inertia). Drag varies ¡.rith
density and viscosity of water, surface area of the fish, and
speed to the exponent 1.5 to 2 (Webb 19ZB). Hydrostatic
pressure at L0 to 30 m reduces seawater viscosity by much

less thân 48 (Gordon I970). Hovrever, water viscosity
increases l-5t between 15 and 10oc (cRc 196g p.F36).
Accordingly, temperature selection, síze of fish, and

swj.mrning speed would appear to be considerably more important
than hydrostatic pressure for efficiency of swimning.

Hydrostatic pressure allows greater absolute oxygen



106

concentrations in çrater (Ricker 1934) and increased oxygen

uptake as the potential oxygen difference across the gill
surface is increased (Jones and Randatl 197S), Absolute
saturation at depth can be several-fold greater than
saturation in surface waters, by about I atmosphere for each
10 m of depth. Nonetheless, depth does not by itself
increase oxygen concentrations above the l2 to t3 mg.L-I
attained during spring turnover (Ricker ¿934). Metal-imnetic
oxygen ¡naxima above 13 m9.L-1, however, may be caused by the
photosynthesis of algae adapted to 1ow temperatures and

relatively tow tight (EberIy 1964) or Iittorat macrophytes
(Dubay and Sinunons 1979). These maxima may be te¡nporary or
persÍst throughouL stratification. They are more frequently
found in smaller lakes with greâter relative depth (Wetzel
1983). Nonetheless, the relative depth of 115 shield 1akes

in the present study was only 55 g accurate as a criterion of
lake trout presence. Lake trout were much more com¡non in
lakes of greaLer area and vorume thân in smaLrer rakes with
siniLar relative depth. This suggests that metalimnetic
maxima rnay be infreguent occurrences and/or dependent on

several factors rather Lhan solely on relative depbh.

Transparency to stimulate photosynthesis in the metalimnion
is obviously one co-reguisite (Fulthorpe and paloheimo I9g5).

TransÞarencv

Transparency of the lake was the next most useful
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predictor at 88 t accuracy in shield takes (Tab1e l-I). Lakes

required a su¡nmer mean Secchi disk depth of 4.15 n or greater
to have Lake trout present, similar to other studies. Data
from l,tartin and Olver (1926) suggest a criEerion of about 5 rn

in sbield and non-shield lakes. Lake trout and non_lake_

trout lakes in Ontario were discrininated by Secchi

transparency and depth combined (Johnson et al. Ig77).
However, transparency çras relatívely unimportant among five
variables in the di-scrimination of northerestern Ontario
lakes (Hâmilton et aI. I9g0)r possibly due to interference by
coloured matter (Ryan 1980 ) .

Transparency may be a factor in lake trout presence due to
photosynthetic Aeneration of oxygen (see above), correlation
of oxygen conditions with coloured matter and nutrient
concentrations, o! visual requi rements.

In most shieLd lakes, Secchi depth is closety related to
concentrations of dissolved and colloidal colouring matter
(e.9. humic substances) (Koshinsky I968, Schindler I97I).
Low Secchi transparency may indicate under-saturated oxygen
conditions (Ruttner 1963, !\letzel 1983 p.IZ5). In this study,
transparency of 4 m predicts the existence of a minimum

volume of suitable temperatu!e and oxygen (see Estimation of
missing data). In more productive lakes, lower Secchi
transparency is indicative of higher particuJ-ate
concentrations, especially phytoptankton (Wetzet 19g3). Both
under-saturation and high a1ga1 density predispose a lake to
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winterkill and/or sumrnerkill oxygen condiLions (Barica 1975,

Barica and Mathias 1979, Liaw L97g',, Hypoxia may linit
survival of adults, fry, or eggs (Garside I959).

îransparency nay also be important for vision per se.

There are several approaches to assessing the effects of
light: general guidelines for fish vision, the sensitivity of
visual pigments of lake trout to wavelengths of available
1ight, the minimum angle subtended by a perceivabte object,
and the contrast betç¡een objects and the background.

The críterion of 4.2 m Secchi depth may be an index of
general visibility. In field studies, several fish species
require 0.001 to I meter-candle (abbreviated m.c,, Blaxter
I975). rrLight-controll-ed behaviour such as feedJ.ng and

schooLing, net avoidance and vertical migration seen to
become extinct at light intensities near [0.1 meter-candle]
equivalent to late dusk or early dawn..." (Blaxter I975
p.770). If the Secchi depth represents about IoE of surface
incident light (Wetzef t9B3 p.66), the deepest visibility at
0.1 ¡n.c. at mid-day is t8 m for lakes with Secchi depth of 3

m, and 62 n for I0 m (Figure t6). This assumes incident
radiation of 6,3 x I04 uw,/cm2 (Ruttner 1963 p.139, Wetzel

1983 p.756) and a conversion of 1 uW,/cm2 = 2.5 m.c. (Blaxter
f970 p.2I3). Visibility occurs only ât shalLower depths if
1.0 m. c. is required.

By the sensitivity hypothesis, visual pigments of fish
should have maximal absorption at the wavelength of ambient
li.ght (DartnaIL 19Z5 p.557). Water transmits vravelengths



Figure 16. The depth of visibility (from corresponding
Secchi depth) against the ¡naximum depth of 15oC,
separately for takes r,¡ith lake trout present (paneI A)
ând absent (panel B). solid circles represent r,akes
with suitable temperature and oxygen (see text) and open
circles, those without suitabitity. Lines represent
depths of 1.0 and 0.1 meter-candle intensity, and light
of sensible wavelength for lake trout.
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from 450 to 700 nm preferenLially and narrows the band_
iridth çrith increasing depth towards 470 to 5g0 nm in very
clear and slightly coloured water, respectively (WetzeL I9B3,
Dartnalr 1975). The two visual pigments or 1âke trout are
reasonably adapted to ctear water, having maximal recepÈion
aÈ 510 and 540 nm (Ari and wagner 1975, McFarr.and and Munz
1965 ) .

The clearest known svater (Secchi depth about 70 m) retains
sufficienL light of 5I0 nm for photopic or daylight_type
vision down to 500 m, and v¡ater of Secchi depth about 35 m

does so to Ig0 m. Water of Secchi depLh about 5 m does so
for 540 nm light to only 20 m (from Figure 4 in Dartnall
1975). The depth at which tight of sensible wavelength
disappears is relaLed to Secchi depth:
1og (sensitive depbh) = 0.450 + L.200 log (secchi depth),
n = 3, 12 = 0.996,

this implies that lake trout have vision to depths of 1g0 m

in very cl-ear Lakes, but e¡ould be linited visually to less
than 20 m in less transparent lakes.

The sensitivity hypothesis appears to be rerevant to rake
trout presence. In addition to a minimurn volume of suitable
tenperature and oxygen, sensibte right berow the observed
depth of 15oC seems a necessity (Figure 16). For example,
the 3 uppermost Lakes in the Êigure have sensitive depths of
12 to 36 rn (from corresponding Secchi of 3.3 to g m) and
temperatures of l5oc or cooler ât the surface. Only lakes to
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the upper right of the rine are predicted to have sufficient
light betow I5oC for lake trout. The one exception to the
rule is Wierzycki Lake, which lies to the Lower left but has
lake trout. Its transparency was unusuall-y J.ow during its
survey due to erosion caused by recent forest fires (Savrchyn
and Kardash L976), Most non_Iake_trout lakes do not have
suitabl-e VOLT15O6', One exception hâs a deeper sensitive
depbh of âbout 11 m than the observed depth of t 5oC ât 6 m,
which should allow lake trout by this hypothesis. The
scarcity of surveyed Lakes $rith 15oC near the surface and
relatively low sensitive depth prevents confirmation of this
trend.

The effects of minirnum subtended angles and object
contrasts relate to Êeeding behaviour. Lake trout are
generally piscivorous and adults prey preferentiaLly on
ciscoes (Scott and Crossman 1973, Martin and Olver l9g0).
Lake trout may adapt to pranktivoryl greater numbers and rnore
highly deveroped girl rakers are found (r,tartin and sandercock
1967, Qadri 1967) and condition factors and natural mortâIity
are si¡nilar (Kerr and Ì,tartin 1969) in such cases.
Nonetheress, planktivorous popurations hâve sufficiently
dífferent growth rates, ages at maturity, and Iifespans
(¡,tartin 1966) and lower metabolíc efficiency in spite of a
larger forage base (Kerr and Martin r96g) to indicare that
non-piscivory is unusual for the species.

The minimu¡n subtended angle which is required to elicit
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visuaL response may vary with movement of an objecL, age of
fj.sh, and other factors (several references in A1i 1975).
Kerr (197Ia) used 0,550 in modetling growth, while Confer et
at. (1978) reported about 0.g50 for lake trout feeding on
plankton. If 0.750 is reasonabte, maximal visual rânge r,Joutd

be 3 m for ciscoes viewed posteriorly (i.e. 4 cm ç¡ide
amplitude) and tI m lateral1y (i.e. 15 cm main body length),
which is not restrictive (Kerr 1971a). The significance of
the contrast in brightness between an object (e.g. prey) and
background water is 1imíted to specific conditions (Lythgoe
1975 and others in AIi 1975). At shallow depths, light which
is reflected from the object travels a shorter distance
horizontally through r,rater on average than Lhe background
1ight. Therefore, it undergoes less band-width narrowing and
scattering, which causes the object to appear ,,co1oured,, and

"brighter" against the background 1ight (Lythgoe t96g). rn
cLear water, this contrast is effective Êor larger objects up
to 20 to 25 m distant under photopic conditions. Hor,rever,

the effect is only relevant up to 5 m distance for objects
nhich are only slightly brighter inherentLy than background
nater (e.9. ciscoes?) and/or snaII (e.g. ptankton?) (L,ythgoe
1968 p.1010).

Another specific feeding requirement may arise from the
inportance of the crustacean Mysis to young l-ake trout (Scott
and Crossman f973). These are generally distributed in
glaciated lakes across North America, typically selecting
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depths with minimum light., minimum temperature, and maximum

dissolved oxygen (Dadsr,rell Ig74,). Only 1íght. is retevant as
18oC and 2 rng.¡-1 oxygen were tolerated by mysids. The

selected light ranged from 3 to 4 times Secchi depth, which
lies betr¿een the 1ínes marked ,'sensibre,' and "0.r" (Figure
16). A Secchi depth of 4.2 m impties thaL mysids will be

available to trout at t2 to 16 m depLh. Transparency of less
than 4.2 m rnay be sufficient in earLy surûner or smaLl takes
since the thermocline is shallow. However, as Lhe Secchi
depth decreases in mid-sumrner and/or the thermocline deepens
in nid-sum¡ner and in larger lakes, mysids may nob be

available at suitable depths in lakes r,rith 1ower

t ransparency .

Given a need for temperatures below t5oc, these visual
requirernents may restrict lake Lrout. Lake trout may require
cl-earer water in Lakes with deeper thermoclines than in lakes
r'rith shattower thermoclines. predictions based on the volume
of suitable temperature-and-visibility conditions (simitar to
temperature-oxygen criteria above) may be usefuL.

Shield and non_shield criteria

The evaÌuation of differences between Lhese two arbitrary
regions was particularl-y instructive. The 5 to 4o_fotd
differences in r.rater area, volune, and tempe ra tu r e_oxygen
volune criteria remained essentiâlly unexplained on the basis
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of possible anomalies in the lake set. Assessments of non_

shield lake representativeness, small_sample criteria,
Latitudinal gradients within the shield area, and trends in
tempe ra bu re-oxygen restricLions $rere consistent. Resutts
suggested collectively that differences in çJater area,
volume, and tenpe ratu re-oxygen criteria rrere not likely due
to so-câl1ed anomalies of takes in this study. The anatyses
are interpreted Co indicate greater habitat variabÍliby in
the non-shield area in recent or post_glacial periods, or
lack of access to southern and central Saskatchewan during
imrnigration of lake trout.

One notabte anomal-y was that the incidence of Lake trout
lakes in small sanples influenced the supposedly robust
criteria. The small-sample criteria shifted âway from the
characteristics of the ove!-represented c1ass, sometimes
considerably. A similar over-representation of ,,acidif ied,,
lakes caused Beggs et a1. (19g5) to predict more extinctions
of lake trout in Ontario than a more representative data set
suggested. This arbifact re-emphasizes the importance of
random lake surveys (Knoke f983 p.I92), particularly in the
region of overlap between classes (see VaIidaÈion and

Extrapolation).
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Recent habitat conditions

Drought conditions çrhich may have caused differences
betr.reen shield and non-shietd lakes for lake trout, were only
partially confirmed for available lakes. Furthermore, the
process used by various agencies to select Lakes for
collection of both waterlevel data and lake morphometry is
unknown and unquantifiabre. Thus, it is uncertain thab the
results are representative for alI lakes.

Increasing waterlevel variations with larger lake area and
significant differences in the relationships of shÍeld and
non-shield l-akes were both observed, A plausible expì-anation
wouLd be a general correlation between lake area and drainage
basin area (see Gorham r95g, Brunskitr and schindr.er 1971,
data in Demers 1974, and Minns l-9g4). This may expose Larger
lakes to greater anê/or more prolonged regional climatic
variations. presumably this correlation or clinatic
variabion differs between shield and non_shield areas.

t{aterlevel variations do not appear sufficienb by
themselves to account for observed differences in lake trout
criteria. Variations were typically 1ess thân 1,0 m in the
Iast 100 years in both shield and non_shield lakes (Figure
6). Although non-shield lakes generally have greâter
variation, as hypothesized earlier, there is considerable
overl,ap with shield takes.
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Morphometry lÍkervise seems to ptay a minor role in the
observed differences in Lake trouC criteria in shield and
non-shield lakes. The hypothesized tendencies of ¡nore

shal-lows in small and non-shield lakes are generalLy
confirmed. This is interpreted to mean that a smaller
average voLume is needed in shield lakes to maintain lake
trout populations during years of lor,J rrâterlevel. The
effects of combined waterlevel and morphornetric differences
seem s¡naller than necessary.

Shield and non-shield lakes of 10 to 100 krn2 area lose
only 2 to 3 t and 3 Lo 6 t of volume during extreme lorv
summer waberlevels, respectively (see Appendix F). This
seems negligible since only 1.S_fold out of â total 6.4_fold
difference in volume criteria can be explained on this basis.

The conclusion that waterLevel variations and morphometric
differences had negrigibre effects on lake vor.umes is at odds
with anecdobal and survey records in some non_shield Iakes.
In saline lakes of south-central Saskatcherean (i.e. 50o to
54oN), saLinity increased 1.7 to 3.7 t annually fron pre_
drought 19Z0-t925 to drought I937_I941 periods (Rawson ând
¡,loore 1944). Assuming that these changes reflect solely
decreases in Lake volume, it appears that volu[ies dectined
19.6 to 49,4 I in two decades.

?he discrepancies betr,reen estimates from saliniby and from
the present study arise for several reasons. FirstIy, fe$,
waterlevel data were available from pre_l950, so that
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climatic exlrenes of the ]ate 1930s may not be well
represented in this study. NonetheLess, the conunon

perception of the 1930s drought as unique is based largely on
the socio-economic upheavals. ActuaÌ hydrological condibions
have been as severe in more recent periods (Eindlay lggl) and
the míd-l960s specificalLy were relatively dry (Environment
Canada 1986, RutherÊord 1970). Secondly, the assumption of
direct correlâtion between lake volume and salinity ís
simplístic. Increases in dissolved solids depend on
precipibation' evaporation, ratio of rake vorume bo areâ,
concentrations in Ínfl-owing waterr and rate oÉ water exchange
(Raçrson and Moore l-944). A widespread correLation betr,reen
higher TDS and lower-than-average streamfloi.r, as found by
Rutherford (L97ol , inflates estimates of changes in vor-umes.
Thirdly, the lakes cited by Rawson and Moore (1944) were
noter,rorthy partty because of their large changes. These rrere
primarily lakes of internal drainage basins, al-L çrith
salinities over 5,000 mg.f,-1 (Rawson and Moore 1944,
Rutherford 1970, Liaw and Atton I9g0). They may reflect
conditions in the 30 t of Saskatcheç¡an south of 54o r,¡hich is
internal drainage (Last and Schç¡eyen I9g3), but not other
non-shield Lakes. Freshr,Jaler Iakes in central forested areas
were much less variable in salinity, although waterlevels
changed considerably (Rawson Ig57a, l95g).
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Post-gIaciaI cond i t ions

Lake trout migrated into Saskatchewan following
deglaciation f ro¡n a Mississippi refugium between 12,000 and
9'500 years ago (stewart and Lindsey r9g3, Telrer et ar.
1980), con t empor aneousr y with phases 4 and I of christiansen
(1979) although his dates díffer. Evidence from post_
glacial vegetational patterns show serious cLimabic changes,
particuLârIy warner and drier conditions farther north than
today (Ritchie f976). ',prairie" conditions reached their
maximum extent about 6,500 years ago and moved southerly to
their present position by 2,500 years ago (Ritchie 1976).
Direct pâLeol imnolog i ca I information is more Iimited (Ritchie
1983, Wilson L98I), but indicaLes that over a large part of
the prairies "probably only the largest and deepest lakes
retained water't (Delorme I965 p.I09).

If lake trout imnigrated earlier, they had access to most
of the study area via ice-marginâl- lakes (see Christiansen
1979) and pro-glacial r,rater, but faced extírpabion in rnany of
the s¡naller Iakes. If they imnigrated lat.er, dispersal \,ra s
limited to a much snaller part of the sCudy area, but climate
remained nore favourable. Later inmigration may have 1ed to
more frequenb colonization of larger lâkes than smaller, if
vJater connecbions to smaller lakes were no longer extant.

The differences bet$reen shield and non_shield l-ake
criteria strongly suggest that immigration and/or cli¡nate
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nere inportant factors of lake trout status. Evaluation of
the relative importance of these post_glacial factors would
be difficult for several reasons. (l) The regions of
immigration and climate are highly correlated, Very f e$,

Iakes show either earlier deglaciation and less severe
clinate or later deglaciation and more severe climate. (2)
Climatic effects shor,¿ l-ocal anomalies due to site_specÍfic
factors. A uniform shift in vegetation zones ,, ... seems

overly simplistic Iin Iight of] Iocal variations in
topography, relief aspects, elevation, hydrogeotogy, and
soils" (Vance et aI. I9g3 p.374). The paleotimnology of
Iakes r¿ould be at 1east as sensítive to specifics such as
depths, r,¡inds, and seasonaL temperatures. (3) Dispersal
routes depend on glacial re_advances, spillway connections
(Stewart and Lindsey I9g3), and intermittent headqrater
connections (Legendre and Legendre f9g4). OnLy major
examples of these have been mapped in central- Saskatchewan
(Christiansen I9Z9 ).

Multivariate criteria

DeÞth and r,¿aLer area The 96 ? accuracy oÊ the
sedimentaÈion model of HiIton (1985) in preaticting lake trout
f'ras very inpressive. Both rhe moder and my assessment used
idealized conical lake basins rabher than individual lake
norphometries ând used fetch derived from Iake area rather
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than actual "effective f etch,' (Smith and Sinclair Ig72).
This undoubtedly reduced the precision of the criterion to
some degree.

Wave action in large deep lakes (model pWA of Hílton 1995)
occurs periodically during open water and predicts a negabive
accumulation of sediments in shallower areas. Autunn
overturn in small deep lakes (nodet ICM) occurs annually
about the time of lake trout spawning, and removes sediments
at least ternporarily (Hil-ton 1985). The cleaning of spawning
sj.tes is an important facbor in Iâke trout egg survival (e.g.
Machniak 1975, SIy I9g4, Nester and poe I9g4), perhaps more
inportant in sma1l takes than stratiÊication. Most lakes in
the I C¡,f zone did not have lake trout present and yet most
were 'rmoderately" or ,'strongly" stratified (Figure 9). The
absence of clean spawning sites in lakes under 5 krn2 may be
limiting in spite of acceptable thermal conditions.
Confirnâbion would require datâ on 1ake botton slopes,
presence or absence of sedimentation, and minimal amounts of
spawning ârea needed by lake trout populations. This mây not
disprove the alternative explanation of a required mininum
number of mature lake trout, which cannot be met in very
smaLl lakes (see Temperature _ Oxygen above). The low
incidence of walleye in smal-I lakes nay similarly be due to
lack of cleaning action (Johnson et al. 1977) but remains
unproven.

As wave action is shallower in Ìakes with shorÈer fetches
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(WetzeI 1983, Smith LgTg), this model predicts that spavrning
may range over a greater proportj.on of lake depth in larger
lakes and be more restricted proportionatly in smaller lakes.
wave action extends to 9.0 m in a 50-k¡n2 and 4,5 m in a 5-krn2
lake (from Figure 4 in Smith and Sinclair tg72), or possibty
18 m and 9 m if sediments are very soft (HiLton f9g5). In
practice, the depth of the thermocline averages 16.5 m and
I0.2 m in 50-km2 and 5-km2 shield lakes (Cruikshank I9B4).
üachniak (r975) suggested Lhat rarger, deeper l-akes contain
more area suitable for spawning due to greater currents and
r,rave action. Ma¡tin (1957) noted that ,,In general, spawning
becones deeper with increasing lake size probably because of
deeper shoals and greater wave actíon,,, The prediction of
pobential spawning sites from wave ¡nodels and depth contours
could foLlorv the example of Smith and Sinclair (1972 p.395).
Spawning sites are known for Lac Ia Ronge, Hunter Bay, V¡helan
Bay' Crean, and other lakes.

I'tuItiÞle discrininant analvsis Stepwise rankings of
variables in discriminanb analyses showed that Secchi
transparency (SECCHI) and minirnum vol-ume of suitable
temperature (VOLTl5T6) were consistently useful (Table 19).
When both were available, no other depth, voLume, or
tempe ra tu re-oxygen index was selected. VoLT15T6 v¡as ranked
more highLy than volumes of suitable oxygen or temperature_
oxygen in direct comparisons.
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Using discriminant analysis, Hamilton et al. (I980)
suggested that mean depth and morphoedaphic index (i.e. l,tE f =

TDS / ZBAR) \,jere more important than Secchi transparency or
lake volume in 389 Ontario shield 1akes. Nonetheless, higher
MEI v¡as associated with lake trout presencer which suggested
Èhat other factors should be considered (Hamilton et aI.
1980) and that caution is in order in any comparison. The
doninance of Secchi transparency and nean depth in the large_
scale study of Johnson et al. (1972) has been discussed.
Neither of these studies used tempe ra tu re_oxygen volumetric
data comparabl-e to VOLTI5T6 or VOLTI506.

The accuracy of classification by MDA was good at gg to
98 3 (Tab]e 20), but 1oe¡er than expected and typically no
better than univariabe criteria. The reason nay be partly
the unmet statistical requirements of MDA. The requirements
of normality of variables, equal covariances of classes,
known class status, and rando¡n observations are aIl violated
to sone degree, as in many studies (Lachenbruch 1975, DíIlon
L979' Solberg L978, Johnson et a1. tg77). The coLlective
effect has not been evaLuated statistically in thLs study.

A nore interestíng consideration is thab some variabree
(e.9. voLTr5T6) may singly represent the suítability of rakes
for lake trout. Thís can be seen in terms of both the
statisticaL behaviour of variables and limnological
behaviour. In multivariate data sebs with low to moderate
correlation, each addit.ional variable f requentl"y contributes



L23

negrigibre additionar separation of crasses (Lachenbruch
1975). The correlabions must be large and positive (or
negative) to overcome this effect. The moderateLy to highLy
correlated variables in this study should succeed, but the
lack of improved predictions indicates otherwise.
Limnologically, the volume of suitable temperature and oxygen
is inLer-related with depth, v?ater area, fetch, and oLhers.
These factors determine the totaL lake volume, the influence
of river inflows on incipient stratification, and the
persistence and depth of any thermocline (see Estimation of
missing data), for which VOLT15T6 is the final index.

Non-parametric MDA has fewer of the above restrictions,
but did not clearly predict lake trout presence or absence
more accurately. The use of fewer or more than five nearest
neighbours was not examined, aLthough t.his may show ad hoc
improvements in accuracy (SAS l9g7). One major disadvantage
of non-parametric f,tDA is that the entire initial data seb
must typically be used to cJ.assífy new observations.
Horeever, if the multi-dimensional surface r,rhich del-ineates
the classes is expressed polynomiaLly, it can be used
(Lachenbruch f97S ) .
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Estimation of missing da ta

The estimation of useful predictors from more_or_Iess
correlated variables was more complex and less successful
than planned. Even clear-cut relationships such as that
betereen TDS and specific conductivity required adjustments
for different rnethodologies.

The advantage of some estimations may not be obvious in
the present data set: spcoN is avairabre in fewer rakes than
its correLate TDS. yet SPCON can be measured electronically
in the field rather than gravimetrically laLer in the lab,
with the attendant problems of preservation. Others simply
delimit certain behaviour: Estimâted TMAXS shows that very
few lakes are expected to have maximum surface temperatures
below l5oc. Other estímations are relatively comptex:

Estimâtions of VOLTI5T6 and VOLT1506 were complicated by the
uncertainty of thermal stratiÊication and the complexity of
oxygen behaviour.

The advantage of others is obvious: Secchi transparency is
an excell-ent predictor of lake trout presence. Furthermore,
it is easily ¡neasured in the fietd or is estimable from
remotely sensed LANDSAT sateltite data (Middleton and !.funday

1980). Correlation of actual and renotely sensed Secchi
depth has been excellent in some studies (Chagarlamudi et a1.
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1978 cited in Alfotdi 19g2). A large_scaLe project to
estimate Secchi depth and other water_quality indices in
lakes over g ha in Í,lisconsin was successful {scarpace et a1.
1978). The seasonal nature of Secchi readings (Scarpace et
a1. 1978)r the number of data needed for required precision,
and methods of cafibrating satellite data using multiple
dates within the data set itself (AIfoIdi I9B2) have been
addressed. StilI, water-quality indices tax not only the
technology but al,so present anarytical approaches of remote
sensing (Alfoldi I9g2 ) .

TDS from SPCON Correlation of TDS with SPCON was well
defined, as expected. Resul-ts were simiLar bo published
regressions:

log TDS = o.f7 + 0.88 tog SPCON (present shietd lakes),
= -0.09 + 0.96 tog SPCON (present non_shietd lakes),
= -0.18 + 1.00 log SPCON

(Schlesinger and McConbie I9g3), and

= -0.35 + r.05 log SPCON (Wetzel j.983 aL 20oC).

Cauti.on is advised if these regressions are extrãpolated
beyond 20 to 32,000 uS, parÈicular1y ínto nore saline waters.
The stoichiometry of major ions (e,g. carbonates, sulfates,
calcium, and magnesium) rnay change at 200 mg.¡-1 (Ryder et
aI . f974). Saskatchewan 1akes change Êrom carbonâte_type to
sulfaÈe-type at TDS about 700 mg.¡-I (Rareson and Moore L944)



L26

and exceed 100,000 m9.L-I in areas (e.g. LâsL and Schweyen
1983, Liaw and Atton I9B0).

SHODEV and RLOGSHOD The original use of SHODEV was as an
index of the "potential effect of Iitloral processes on the
lake, area being constant" (Hutchinson 1957). sHoDEV is used
in this study as an index of shoreline extent, depth, and
wind protection. The stipulation of equaL area has been
frequently forgotLen, although Koshinsky (r968 p.25|-, IgTO)
showed that SHODEV increases with increasing WAREA in
Saskatcher,¡an shield Iakes. The regression for 152 shieLd
lakes was similar to eâr1ier studies:

1og SHODEV = 0.384 + 0.250 log WAREA (present study)
= 0.408 + 0,237 log WAREA (Koshinsky I9Z0).

RLOGSHOD, the ratio of actuaf to expecbed SHODEV, appears
to be a better index of shoreline extent than SHODEV itself,
as suggested by Koshinsky (1970), This ratio contributed to
predictions of maxi¡num depth, volu¡ne of suibable temperature,
and maximum surface temperatures. Lakes with many islands
and/or particularly sinuous shoreLines are shallower, Iess
voluninous, and more sheltered from wind than other Lakes of
similar area (see Appendix G). A disadvancage of RLoGSHoD is
bhat the rneasurement of shoreline length on most Lakes is
nore difficuLt than many oLher morphometric variables, such
as FETCH or ORINW. It does not appear in selected
regressions only for this reason (Table 2I).
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ZMAX and Z BA-R Maximum depth (ZMAX) is related to rrater
area in Saskatcheeran takes (Liår,r and Atton I9g0, I9gI,
Koshinsky 1970), mean depth (ZBAR), and other morphometric
factors (Zirrunerman et aI. I9g3). The present estimates based
on log WAREA and l-og FETCH, r,riLh or without RLocsHoD and
ORINW, were certainly significant (Tab1e zt).

Several indices based on surficial geology (e.g. rocky,
norainal, gtaciofluvialr and organic material prevalence) did
not inprove estimations significantly (see Appendix c). This
is counter-intuitive as 1akes situated on organic plaíns
ought to be shatlower than those on moraine or glacia1ly
scoured rock. It may be that simptifications (e.g.
condensing detailed map data) or errors (e.g. relative depth_
potenbials assigned to rock, morainal, and other materials)
have obscured this effect. One alternative approach thab
merits attention r,¡ou1d be to estimate depth from surrounding
terrestrial topographic contours, using Iand areas
proportional to 1ake areas. In this case, zBl\R may be a more
stable index of topography than Zl,t{X. Koshinsky (1970)
j.ndicated that Lhe observed higher ratio of Z¡,ÍAX to ZBÀR in
larger shield lakes results f ro¡n greater probabiLity of
anonal0usly deep spots in a region of generarly row relief.

z!'r'Ax affects sedimentation and stratificaLion in relatively
well defined ways (HiLton I9g5, Gorham 1980). However,
assessnent of spawning substrate conditions and the presence
of a hypolimnion requirêS¡ ât the reasb, a fierd survey of
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each lake to determine maximum depth.
estimated with the precision required
sedimentation and stratification.

ZMAX cannot be

to reliabty predict

STRAFN The prediction of stratification using ZITÍAX and
WAREA or FETCH considers only morphometry and wind_generated
turbulence. The existence of a thermocline affects the
transfer of heat, maximum surface temperatures, and heat
storage capacity of a ]ake (Ragotzkie r978r Zimmerman et al.
1983 ) .

Stratification is also dependent on the rate of water
exchange in more-or-l-ess ,,riverine,, situations. The Froud
index of relative fLoer-through (Orlob L9B3) exptains the
observed non-sLratification of several 1akes rrhich
norphonet r i caJ.ly ought to stratify. The sequential use of
both Froud and norphometric criteria not only ímproves the
accuracy of prediclions, but is presumably suitable to â
wider range of 1ake conditions. Hydrological models relating
seasonal discharge to watershed area, regional precipitation,
and other conditions (e.g. Rochelle et aÌ. Lg8g), would be
particularly useful for extrapolation. There are only about
36 active and discontinued streamflow gauging staÈions in the
shield region of Saskatche$ran (Environnent Canada L9g3). The
need for actual Zf.tAX in both Froud and morphometric criteria
is also a definite constraint in assessing unsurveyed lakes.
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The behaviour of the ¡naximum depth of t5oC was simitar to
that of the thermocLine in other studies. The present
explanation of 74 Z of variation compâres !o explanations of
36 to 85 t (shuter et al. I9g3, patalas 1984, cruikshânk
1984) of thermoctine or epilimnion depth using morphometry.
The infLuence of fetch and the notable contribution of the
Nw-conponenL of fetch (Appendix c), imply a dependence on
wind-driven míxing as in thermocline formation. Greater
fetch, r,¡hÍch tends to be correlated with water area, volume,
and maximum and mean depths, aIloe¡s for greater mixing depth
by wind-generated waves (smith and sincrair rg72), other
factors such as surface erater temperature, wind speeds, Iocal
topography, and patterns of stratification are aLso relevant
(Arai 1981, pabalas 1984, Zimmerman et aI. I9g3).

In strâbified 1akes, 1o9 WAREA and T!,|AXS rrere necessary
for predictive-guarity equations, most other regressions were
only marginatly acceptâb1e (Hocking 1976) (Appendix G).
Surface erater temperaLures may rnodify the thermocline depth
by 10 to 30 t (patâr.as r9g4). Higher temperat.ures increase
stability of the metal-imnion and reduce the mixing depth
(Arai I981).

The deptlr of IsoC in non_stratified lakes is less
predictable and few sLudies address non_stratified l-akes
successfully. rn his review of temperature simur.âÈion in
single-lake sbudies, Orlob (1983 p.269) noted that ,,for
larger water bodies Iand] for those that are not strongly
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stratified, ... we shall require more reaListic modeIs,,. For
these situations, multi_dimensional models which assess the
longitudinal and lateral gradients as weII as the vertical
profile of temperature are needed (Watanabe et a1. l9g3).

VOLTl5T6 predictions of lâke trout presence or absence
were 88 t accurate on the basis of VOLTI5T6, or minimu¡n
volume of suitabl-e temperature (Table lI). It appeared that
this criterÍon might be estimable from water area, fetch, and
air temperature (Arai l9gl, patalas I9B4), but this ç¡as
complex.

Regressions of log VOLT15T6 on morphometry and climate
were excelÌent for non_riverine lakes with non_zero volume of
6 to r-50c water (Tabre 21), this crass of lakes can be
defined if Zl.tAX and June discharge (i.e. for the Froud index)
are known. Regressions using WAREA, SECCHI , RLOGSHOD, and/or
T!,!AXS were marginally acceptable for prediction. This
implies that esbimation is acceptable for Lakes similar to
this data set, but is not suitable for outlier 1akes ¡¿ith
unusual conditions (Hocking lg76l . Estimations using only
I,¡AREA and FETCH Here not acceptable statÍstically in
conparíson to other regressions using more variables (see
Appendix G), but use easily available data. Non_zero
VOLT15T6 \.ra s estimable in alI lakes, even without knosrledge
of Z¡'tAx or June discharge.

VOLT]5T6 was poorl-y predictable based on status of
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stratification. rhis is perplexíng as stratification creates
a major dichotomy in thermal behaviour. The poor
predictability may arise because "stratification,, in this
study was a subjective evaluation. of the entire lake during
mid-sumrner. By contrast, ,,VOLT15T6,, was objectively based on
conditions a! the point of deepest kno$¡n deplh over the open_
$rater survey period.

VOLT1506 VOLTI506 is a better predictor than VOLTI5T6,
but estimation oÊ the magnitude of VOLTI5O6 was not
attempted as studies have shown that modet]ing is far more
cornplex for oxygen than temperatures (e.g. Lasenb y 1975,
Watanabe et at. I9B3). "Unlike temperature, variation in
Idissolved oxygen] concentration ¡¡ithin the \,rater column nay
be brought about by an array of factors, not arl of rvhich are
forced fron the surface, and many of which åre difficult to
describe in a comptete way,, (patterson et aL, 19g5).

Secchi transparency was a good predictor of the existence
of suitable temperaLure and oxygen. In shield lakes, Secchi
depth may be generally related to under_saturated oxygen
conditions (f{etzer r9g3 p.175), The best estimation of
suitable VOLT]5O6 may be Secchi depth (Appendix c)r but the
SECCHI criterion of 1ake trout status is more accurate
(lable 11). Thís suggests that transparency used directly
is the best predictor which does not require a detailed
survey. Thus we have come fulL circLe from the proximate
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cause, which is believed to be

reliance on transparency if we

fieldwork or use auxiliary data

temperature and oxygen, to
wish to minimize ac tuaL

from remote sensing.

Marginal habiLat and abundance

The difficur.ty with assessing marginar. habitat stems frôm
defining r,¡hat seems very clear intuitivel-y. Two definitions
emerged as usefulr {l) Minor errors within + I0 ? of the
criterion indicate marginal habitat, so that lake troub mây
reasonably be lacking or present. These errors aLso a110w
for statistical imprecision of the criterion itself in a
generaL çray. (Z) Major errors indicated poor accuracy by
specific habitat variables, a need for furLher fish
colrections (Ðadswelr rg74), and/or anomar.ies such as lack of
post-glacial imnigration routes, presence of transients in
unsuitabLe habitat, or popuLaLion extinction in suitable
habitat.

Some lakes ¡nust be dee¡ned marginally suitable for trout
if one accepts that clarityr cool tenperatures , and/or
âbundant oxygen are reguisite. These incr-ude Lac rre_a_la_
Crosse, Nemeiben, and Name$, Ìakes. Lac lle_a_Ia_Crosse has
restricted area of suitable depth, low transparency, high
benthic fauna' and onry minor commerciar harvests of rake
troub (Saylor !972). Nemeiben Lake is suitabLe over a sma1l
proportion of its area, in which aII harvests by survey nets
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and all known lake Lrout fishing occurs (Koshinsky 1964).
Namer,r Lake is similar, with the few, Iarge ]ake trout which
are frequently notable in extreme or variabfe environments
(Reed 1959). Some intuitÍveJ.y suitable lakes have no natural
lake trout. The ¡nost notaþIe is t^thelan Bây, for which all
crileria predict lake trout and which presently supports a
self-reproducing population and an intensive sport fishery
based on only 4 years of moderate stocking of fry (¡,turray
1979 ) .

Nonet.heless, it appears that presence/absence data and/or
the definitions used do not delineate a group of lakes in
which habitat is distinctly distinguishabte as marginal.
Rather, habitat seems to form a continuun of suitability.
Data on relative species conpositions or r.ake trout abundance
specifically may confirm this indication.

VaLidation and ext rapola t ion

The accuracy of most criteria on the 6g test lakes was
acceptable. Final criteria for all 330 lakes were within +

10 t of preliminary ones, rvhich suggests thaÈ mosb were
stable predictors at 1east in shield 1akes in Saskatche¡,¡an.
Some authors reserve ',vaIidation,, for tests on independent
sets of data (Beck l9g3). The reserved test lakes are
independent, and an additional 50 or more lakes are avaiLabLe
in provinciar and consurLant studies since r9g2. predictions
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of lake trout presence/absence in sets of 9,000 ]akes in
Ontario (Beamish et aL. 1976, Minns Ì9g6), about B0 Lakes in
the Northr,rest Territories (FaIk 1979, Moshenko et a1. L9g0),
9I lakes in the yukon (Lindsey et aI. 1980), or elsewhere
would be interesting.

Validation on Lakes which are more representative of
small and very smalJ- Lakes and their species compositions
r¿ouLd be nore useful. By their nature, environmental
baseLine or impact assessnent studies for mine, road, or
powerJ.ine development (Koshínsky I96g, Beak 1979, Beak 1980)
can be less selective than most resource management surveys.
The adjustment of lake sets for incomplete and preferential
surveys is essential for extrapolation, yet difficult.
Random selection of lakes without regard for species
composition r,¡ould include many non_inhabited lakes. Surveys
complete wibh detailed norphometry and seasonal trends in
temperature and oxygen profiles are demanding of staff and
time. They lriJ.l like1y remain unrepresenbative oÉ very small
lakes, particularly those lacking preferred species, as noted
el serehere ( !f inns I9g6 ) .

One technique to reduce bias invoLves assigning Iake
trout stat,us in takes erith unknown species. The initiat
classification rul.e is used, and then a nes, rul.e is estimated
for the new, larger set. Mclachlan (1975) shoçred Lhat the
second rule produces a lower error rate, and thât one
iteration usua]Iy suffices. This approach has been
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recornmended but seldom used (Solberg 1978), and might be
effective in cases of non-random sampling of l-ake trout
status.

The presumed preferences for 1ake trout of 6, 4, and 2_
fold are much Less than reported in the onl-y known study.
Preferences çJere estimated aL 32_fold for lake trout and 16_
fold for walleye in 8,900 Ontario lakes (Minns 1996),
assuming (i) Chat J.ake surveys mirnicked a seLective predation
model , and (ii) an "exhaustive search,, revealed aIl lake
trout and walleye lakes. Hos¡ever, the converse approach of
estimating the number of lake trout takes eras not suitable
since this number was sensitive to the approxination (!,tinns
1986) in the modeI. The present study uses conservatÍve,
subjecbive preferences to estimâte the number of lake trout
lakes. More objective preferences might be possible from
independent opinions of resource managers who proposed or
selected Saskâtchewan lakes for surveying since 1930.

Extrapotation relies on the joint probability of habitat
x and the presence of trout given habitat x. The probability
of lake area or 1og VOLT15T6 is essentiâIly a numericaL
exercise, but the probability curves of lake trout are open
to interprebation. Using the frequency distribution of 1og
volTl5T6 and zero Lo 6,a,2-ford preferences towards rake
trout lakes, Èhe total nu¡nber of lake trout Lakes in the
shieLd region of Saskatchewân is about 320 to 160 LakeE over
6.6 k¡n2. There are f erver Èhan 1460 to Ig0 smaller }ake Èrout
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1akes. The total number of lake trout lakes represents
between 2 and 0.4 t of shield Lakes in Saskatche$ran, This
is si¡nilar to the assumed I t occurrence in Ontario (l,linns
1986), the only known comparison.



CONCLUS IONS

I. Lakes with and without lake trout differed significantly
in 42 of 50 habitat variables available from take surveys.
Within the shield and non-shield regions, these classes
díffered in 35 and 3I traits, respectively.

2. Prediction of lake trout status vas correct for 75 Z or
more of the lakes for 27 variables. In the shield region,
many good criteria were temperature and oxygen indices; two
variables achieved 90 t or better accuracy. rn the non_
shield region, good criteria related to ]ocation,,
morphonetry, and temperature and oxygen, three variables
achieved 90 ? or better accuracy.

3. Non-shield lakes appeared to require 5 to 4o_fold greater
rninimum area, volume, and vorumes of suitabre temperature and
oxygen than shield lakes in order to have lake trout.
(a) Some of lhis difference was due to the effects of small
sample sizes and non-random selection of ]akes.
(b) Sone nay be due to greater variability of lake voLurne in
non-shield lakes than shield lakes in the lase 100 years.
Greater r,raterlevel variations and generally shallower depths
of non-shieLd lakes result in significantly tess habitat
during low-water periods than shield lakes.
(c) EfÉects of post-g]aciaI immigration and,/or climate are

r37
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thought to be consj.derable in the non_shield region. Later
inmigraLion by lake trout may have, and the r,rarmer and drier
post-glacial climate would have, caused fewer occurrences of
lake trout in smaller lakes in the southern part of the study
area. The northern shield regÍon per se coincides with the
area $rhich was least affected by either factor.

4. In shield lakes, lake trout need a minimum of (i) 2.2 hm3

water below l5oC and above 6 rng.¡-l oxygen (96 t accuracy of
classification), or (ii) 10.3 hm3 çrater between 6 and ISoC
(88 t accuracy), during surnmer. The available volume is
believed to determine poputabion survivaJ. during a critical
period, which may be relatively brief.

5. The minimum volumes of water of suitable temperature
and/or oxygen may relâte observed densities of lake trout to
a maxi¡nurn density during a critical period, and to a presumed
minimum number of lake trout for population survival. The
few shiel.d lakes for which data are available have a maximum

of 300 mâbure lake trout per hm3; the threshold volumes
indicate about 600 to 900 mature lake trout per lake.

6, In shield 1akes, maximum depth of 31.2 m or greaber
predicts lake trout status with 92 t accuracy. However, its
importanee is believed to be due to its influence on
temperature, oxygen, or sediment. distribution. ctearing of
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spawning areas by periodic wave action ís essentiat, and is
predictable from simple wave models using depth and fetch.
The effect of depth on winter oxygen conditions was not
evaluated.

7. In shield lakes, mean sunmer Secchi transparency of 4.2 n
or greater predicts status with gg ? accuracy, ¡tore
specifically, lake trout may depend on J.ight sufficient for
vision (about r.o meter-candre) or right sensibre to lake
trout visual pigments (i.e. 510_540 nm rravelength) extending
into the zone of suitabLe temperature. The lor.rer boundary of
vision by lake trout is theoretically:
1og (sensible depth) = 0.450 + 1.200 tog (secchi depth).

8. MuItiple discriminant analysis showed that secchi
transparency and minimum volume of rrater of 6 to l5oc
(VOLT15T6) conLributed strongly and consistently to
predictionsr Íto!€ so than alL other criteria. Other studies
have shown the importance of transparency, but have not
evaluated volumetric temperature (or temperature and oxygen)
indices in relaLion to presence and absence.

9. Several good criteria of lake trout status can be
estimated from easily available data.
(a) naximum deprh (ZMAX): Reasonabre predictions from water
area ( WAREA ) and felch, but these are unreliable for use in
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sedimentation or sLratification models,
(b) stratification (STRAFN)¡ Good predictions using
norphornetric and river flow_through concepts. These required
ZI'IAX and FETCH and Froud index (FETCH, ZBAR, VOLUME, and
river discharge) data, respectively.
(c) minimum volu¡ne of 6_I5oC (VOLTL5T6): Good to excellent
predictions in lakes with non_zero VOLTI5T6. Good to
excellent predictions if riverine lakes âre excluded by Froud
index and if non-zero VOLTI5T6 is assumed, r,rhich leads to
over-estimation of suitabiJ.ity of some lakes.

10. Lake surveys are generar-ry not representative of water
areas or TDS of Sâskatchewan 1akes, particularly very smalt
(<10 km2) or low-TDS (<50 mg,t-I¡ lakes. corrections for
preferentiar surveying of rarger l-akes and takes with lake
trout present are essential for extrapolation to the total
number of lake lrout lakes.

11. There are an estimated

6.6 krn2 in the shield region
smaller lake trout lakes are
180 lakes ) .

320 to 160 take trout lakes over
of Saskatchewân. Numbers of
less preciseLy known (I4gO to
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Appendix A

LAKE NAJ-IES, LOCATIONS, AND DATA REFERENCES

Table À1 . Names, locations,
sources of data fo¡ lakes in

Lake name

generaL descr iptions, and
this study.

Lake arça TDS_trout (kmz¡ 1mg.¡-.1 ) References
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.. 
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cont i nued
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lable A1 . continued.

Lake nane Lake area TDStrout (kmz) (mg.¡-I¡ References
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Table AI . continued.

Lake name Water
Lake area TDStrout (km¿ ) (m9.¡-r¡ References
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Table Al continued.

Lake name Water
Lake area TDS
t rout (kmz) (mg.r,-1¡ References
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Table At. continued.

Lake name o-ñ---oF Lake ';;;; 
rDstrout (kmz) (ng,¡-l¡ References
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Table Al continued.

Locâ t i onLake name mñ Lake ";;;å 
rDStrout (kmz) (mg.¡-r¡ References
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zso 4LprERcE sa19 191aã ir ,å 160 7sIjg lqT 5817 10406
II9 ?!p serz iõa'õi 74

:19- !!D ssiz iõiõi 74PTNKNEY t'q: ¡iii! x à to lâ :prpRELL 54q?.91s¡i i . 76prrA ss3: Jg?1] i :i Be s4porAro urn? 
!o^?97 i 

,ö 
Ì370 4rpout,roN 5rr1 !94.?! i õ zPREVTEw ssr: Jg1lg i ; 2RANDALL saag 

_r9g1ã i ; 57 70RAr NoRrH s.n1 lg?li i ; 230 4rRAT SOUTH 53s4 10213 x ?REDEARTH ;ã;j iö;;; i ,; 3i3 îi :RETNDEER iiis lozrs ir uröi zr 84RTcHTER 5526 10454 x- "-'i,
liou ssoz iòdãd i.r ,ri oå ,1 :IggIP szr: :.os:e -- ."ä
RoyAL soo: roãoi , ,ö ¡å 3: :

con t i nued
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Table Af, continued.

Lake name
Loca t i ono-N----oF Lake

t rout

ter
ârea

( kmz )

TDS
(m9 . L-l ) References

RUSTY
SAIILI
SANDY
SARGINSON
SCYTHES
SEALEY
SHAGWENAW
SHALLOW
SITANNON
SIM
SNAKE
STEEPHT LL
STICKLEY
STURGEON
SULPHI DE
TENEYCKE
THE TWO RIVERS
TIBISKA
TTE
TOBIN
TOO SttALL
TORCH
TRADE
TRAPPERS
TRIVEET
TROUT
TULABI
TURNOR
TURTLE
TYRRELL
UNSER
UP I SES
UPPER FISHING
UPPER FOSTER
UPPER SEAHORSE
USKTK
UTIKU!.IAK
VIVTAN
f,r1
WABENO
WAPATA
WAPAI.JEKKA
WAP I SEI^¡
WAPUIqON

5425 10846 x
5505 r0255 LT
5819 t0947 x
5443 I0310 x
5524 I0455 x
5416 10436 x
555 4 107 41 x
5817 10407 x
5401 1044I x
5527 10442 x
5821 r0938 x
5558 10309 x
5406 10440 x
5325 I0605 X
5522 L0454 x
5526 r0455 x
5548 r0309 x
54r6 I0608 LT
5350 I0649 x
5335 10330 x
58i-8 10403 x
5343 10516 x
5522 10344 x
5348 10602 x
5525 10600 x
5537 10517 x
5446 10300 x
5635 10835 X
5336 10838 x
5454 10207 x
5442 103I2 x
5526 10454 x
5403 10437 x
5647 10520 LT
5712 r0541 x
5532 103r7 x
5450 108L4 x
5425 l-0854 x
5817 r04t0 x
5419 I0624 x
58 51 10 544 x
5450 10450 x
5347 10228 x
5534 10255 x

I95 792
5
2
3
0
I

42
1
0
2
0

44
I
6
4

0

52
7
¿

228
0

l1
69

2
14
32
I

t?1

64
6
1
0
I

r02
l

3
I
t
8

64
238
2I

6

35 78
118 43
105 r8

.2

. 98
224 80
26 74
. 98
.¿

60 42 43
48 94
. 98

353 90 100
55 13
,2

31 94
. 8 88

405 93
245 83
20 74
. 30

106 44
L6t 95 101
63 28

130 81
90 18
69 82

340 92
90 t8

110 18
,2

225 50
38 46
31 68

I02 44
150 65
190 79
15 74

189 95 101
20 l-9 20q? ôr

250 41
84 94

con t i nued
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Table A1 . continued.
._.__---

-Lake name oñ---rcw- Lake ";;;å 
rDStrout (kmz) (mg.¡-1¡ References

r'¡AsKESru s35g _rgq-rt i ';í, rgr 8 etgAsscc¡n s¿ro roor¿ ir ,ó 
I 10I,ùATERHEN s¿zs roeãi i- ø6 220 17*ATERHEN s3u1 lg??i i "ã 270 4rwATHAMAN 5655 10343 x zã*EYAK*TN ;;ãõ iö;õd i 4¿ ,áà AZ .l,llrELAN BAy s¿os rosrò i i; rss sewHrrE cuLL s:so roso¿ i i; 470 sgWHTTESWAN 5405 10510 xwrERzYcKr ioói ioãiä ir i si t3 t?wTLDNEST ssoo rozió i- n,u 65 s5wrlI,ow AB s¡so rozoá i iä z2o 4Ltn'rlLot,l c s¡4g 19?96 i i; 220 4rlvrt,i,oll D s¡ 47- !9?96 t 

-; . 4rïI-l19ry e 5346 10206 x iwrNr¡co sijã iõãðã i :.é si 3r, .wTNTERTNGHAM s44? Jg??2 i- 
.i 
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Appendix B

DESCRIPTION OF LAKE SURVEY METHODS AND HÀBITAT

VARIABLES USED TN PRESENT STUDY

Habitat variables are described and physical and chemical
methods are cited as necessary.

LOCAlION

Lake Narne (abbreviated LKNA¡.iE ) _ Reported nåme or
gazetteer name (if necessary) or best known com¡non name.
"Lake,' or ,'Lac', excLuded f ro¡n name.

Lake Number (LKNO) - ArbiLrary identifier of lake.
Latitude (LAT, or LATD for decimal oN¡ _ As reported or

gazetteered, or estimated from topographic l_:50,000 maps.
Longitude (LONG, or LONGD for decimal oW) _ See LAT.
Nordicity (NORD) - rsoLines defined as NORD = 4 (LATD) _

LONGD - 114. Retated to climatic and vegetational zones in
Saskatchenan (Richards and Fung 1969).

Geological zone (GEOZONE) _ Bedrock geology (i.e.
sedimentary SE, boundary BD, precâmbrian shield SH, Athabasca
sandstone AT, and boundary Athabasca BA) from map by
Saskâtcher,ran Dept. MineraL Resources and Saskatchewan
Research councir (rg72), Determined from ]ake outrine (not
wabershed) on Lopographic r:50,000 maps or consur-tânt
studies, if necessary. Descriptions BD and BA took
precedence over either contiguous zone overLain by lake.

L74
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ALtitude {ALT) - For mean surnmer rrater surface as reported
in survey. Units m.

References (REF1 and REF2) _ primary and secondary lake
survey reports used as source for habitat and fish species
data. Earliest survey was given preference, unl-ess seriously
incompleLe.

Random rJake (RANDOü) _ One of about 2OZ of 1akes which
were ser-ected randomly for raLer validation of criteria.

MORPHOI.IETRY

Water Areâ {WAREA) _ Lake rrater area as reported.
Determined from dot grids in early surveys and small lakes
and from poJ.ar planimetry in ì-ater surveys. Units km2

Volume (VOLUME) - water vol-ume as reported (from
truncaLed-cone method, see t^¡etzeI l9g3) or determined from
water area and mean depth. Units hm3 or mitlion m3.

Mean Depth (ZBAR) _ As reported, infrequentLy a simpte
nean of numerous depth soundings (Koshinsky I970). Units m.

Maxi¡nurn Depth ( ZMÀX) _ Maximum known depth from handline
soundings or echo sounder transects. Units m.

Shoreline Length (SHOLEN) _ As reportèd. Determined from
suitably-scaJ.ed maps, including island shoreLines. Units km.

shorerine Deveropment (sHoDEV) - As reported or calcurated
as SHODEV = SHOLEN/2 x 3.1416 x WAREA (Hutchinson 1957).

Fetch (FETCH) - Longest straight rine distance over $rater
(disregardì.ng only islands too smal-I to be rnapped), as
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defined by Hutchinson (1957), Units km.

Oríentation (ORIENT) - Compass degrees between map north
and fetch direction, restricted to 0o to lg0o. Units o.

Flushing Time (FLUSH) _ Theoretical time for complete
water exchange. Earlier surveys used regionat precipitation
bo esbimate inflows (Rawson I95Zb). Lâter surveys used
actual outflows, âlthough muskeg and groundwater seepage
remained largely intractable (Koshinsky 196g). Units years.

Area Strata - percent of waLer a¡ea betç¡een adjacent depth
contours (i.e. hypsographic data), As reported, with a
maximum of ten strata, Estimated by dot grid or polar
planimetry (see WAREA). AbbrevÍated SÀl ¡ SA2,...SAI0 for
area and DA1 , DA2,...DAIO for depth contours. Units g and m,
respectively.

Volume Strata - percent of \,rater volume between adjacent
depth contours. As reporLed, or calculated from area strata,
depth of stråta, and mean depth by a modified truncated_cone
method (Wetzel 1983):

A volume in stratum ZI to Z2

= (22 - zr) (åA1 + 8A2 + ( ( { åAl ) ( aA2 ¡ ¡ 0 .5 / ( z * ZBAR))).
Strata were considered imprecise if the sum of caLculated
volurne strata $ras not between g0 and 120 å of lake volume
(see Temperature-Oxygen section). Abbreviated SV1 ,

SV2,...SVLo for volume and DVI , DV2t,..DV10 for depth
contours. Units ? and m, respectively.
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PHYS ICOCHEM] STRY

Secchi Depth (SECCHI ) _ Sununer average of a1l open_water
Limnological stations. Secchi disc vras \rhite_and_bIack or
al-l--¡.¡hite, 20 or 25 cm diameter, and read in shade during
midday. No reading was used if Secchi transparency extended
bo ZMÀx. Units m.

Photo Depth (PHOTOZ) _ Same as above, except nay equal
ZI{AX. This variabte estirnates tight transnission for
photosynthesis (Wetzel 1983 p.66), rather than water clarity
per se, units m.

GeneralIy, surface vrater samptes e¡ere collected
periodicaLty over the field season (i.e. late spring to early
faII). Water chemistry samples were usuaLly filtered through
pl'ankton net material (6g meshes.cm-r) to remove settleable
naterj-al (Atton and Johnson IgTO). TypicaLly, data from a
single sample in open water at the station of maximum depth
and the mid-summer period (i.e. late June to earj.y August)
¡.rere used. Late July or early August sarnples are most
indicative of mean annual total dissolved solids (Ryder eL
aI. 1974). Readings below detection levels were generally
shovrn at this limit (e.9. SO4 less than 1.0 was shown as
1.0). Early surveys occurred in southern and central regions
nhere TDS, salinity, and constituents were moderâte to very
high. Detection Iimits improved as recent surveys were
conducted in more northerly, more dilute lakes.

I'lethods of collection, storage, and analysis have varied
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between years,. personnef, and agencies. rn a similar
retrospective study of TDS and TOTALK, Liar,¡ and Atton (19g0)
noted thât Íthe accuracy of the reported individual vaLues
should not be over-emphasized,,.

Colour (COLOUR) _ Mid_summer surface sample, usually
f il-tered. Field analyses by U. S, ceological Survey
colorinetric method. Units pt (= USGS = Hazen units).

surface pH (pHr.rrNs) - Minimum suf ner surface pH. Alnost
all surveys used the colorimetric HeIlige pH comparator in
the f ieJ.d; most recently electronic pH meters were used.

Bottom pH (PH¡{INB) _ l.tinimum summer bottom pH.
Tota] Dissolved Solids (TDS) _ Míd_sum¡ner surface sample.

Analysis by weighing residue after fiÌtration and drying to
constant r.reight at 105 or Itooc (Liar.¡ and Atton 19g0 ) . Some
-early analyses used drying I hr at 180oC (Rarrson and Moore
1944), which may decompose bicarbonates and organic rnatter
(Raq¡son 195I, Ryder et al. Ig74). Some surveys used ,,sum of
constituents" for total dissolved solids (Mayhood eL aI.
1973 ) . Units mg. L-l .

Total Alkalinity (TOTALK) _ tlid_sunìner surface sampLe.
I'lost analyses by titration with standard acid solution, using
methyl orange as indicator (Rak,son 1936, APHA f955 p.35, Liaw
and Atton t9B0) or recently to inflection point (APHA 19Zl).
No adjustment was made for any over_esLimation of true
alkalinity in dilute vjaters, unlike Liaw and Atton (19g1),
Units mg,L-l CaCo:.
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Specific Conductivity (SPCON) - Àlid-sun¡ner surface sample.
Anaryses by standard conductivity cer.r (Atton and Johnson
1970) or electronic meters (APHA tgZI), corrected to 25oC.
Units uS 1= urnhos.cm-l).

Loss on lgnÍtion (LOSSIG) _ À{id_suruner filtered surface
sample. Earliest analyses by ignition at 950oC of residue
from TDS analysis (Rar,rson 1936, APHA 1925 p. 25); most
analyses by ignition at 500 0r 5500c for. t hr (APHA 1955,
1971). Loss of ignition represents organic natter in the
residue and volatilization of carbonates, nitrates, ând other
components (APHA 1925). Loss of carbonates (and others?) is
reduced by ignition beloe, 600oC (colterman I975 p.2f5).

Cations and Anions - I*tid_sunìmer surface sample. Anâlyses
for calcj.um (CA), magnesium (MG), sodium (NA), potassium (K),
bícarbonate (HCO3), carbonate (Co3), sulfate (So4) and
chloride (cL) have forlowed the standard methods of the day
(APHA 1955, 1971). Units mg,L-1,

CA in early surveys by gravimetric or permanganate

titration method; for nany years by EDTA titration. ItG in
early surveys by gravimetric or photometric method; for many
years by modified EDTA titration of hardness and subtraction
of CA; some recently by âtomic absorption spectrometry (e.g.
Tones 1979). NA and K in early surveys \.Jere not
differentiated in analyses ',by difference,, (i,e. TDS minus
known CA, ¡tc, HCO3, CO3, SO4, and CL). By 1957, it rras clear
that NA (inctuding K) Levels by this method were misleadingly
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high, usually ',by at Ieast 30 percent,, and occasionally 3 to
5 Limes more than by direct analyses (Rar,rson Lg57a), For
nany years, NA by gravimetric and K by coJ.orimetric or
volumetric st.andard methods; both recently by flame
photomet ry,

HCO3 and CO3 for nany years by nomographic ealculatj,on
f rorn rnethyl orange alkalinity and phenolphthalein alkalinity;
nore recently pH meters have replaced indicators. Hydroxide
alkalinity nas rarely found in these lakes, SO4 for many
years by gravimetric barium method; some recently by ion
chronatography. cL for nany years by siJ.ver nitrate
tiLration¡ some recentl.y by ion chromatography, especially in
dilute waters.

TEI{PERATURE-OXYGEN

Generally temperature and oxygen readings were taken
periodically over the field season at the deepest station of
the lake. In this study, preference was given to this
station, although other stations were also freguently
available in larger or multi_basín Iakes.

sorne early surveys used reversing thermometers and
ba thythe rmog raphs for intermediate and bottom temperatures,
recent surveys used electrical telethermometers for
temperature profiles. AII surface temperatures and
calibrations were by stândard rod thermometers. Dissolved
oxygen determinations used the modifÍed Miller method u,tilLer
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J-9r4, Erlis and Kanamori 1973) for decades for convenience in
field analyses (Rawson 1936, Atton and Johnson r97o). some
recent surveys used Winkler's method or electronic oxygen_
electrode meters. The Winkler method is generalJ.y more
precise, atthough the Miller method is effective in high_
carbonate waters (Walker et al. J-970, ElIis and Kanamori
r973).

Temperature, Maximum Surface (TMAXS) _ Sununer maximum
temperâture was used only íf rise_and_faÌI of temperatures
was reported or if at least several mid_JuJ.y to mid_August
temperatures were avaÍlable. Units oC.

Temperature, Maximum Bottom (TMAXB) _ As above, for the
deepest limnological station reported. Units oC.

Stratification (STRAFN) _ Degree of thermal
stratification. Based on survey âuthor,s description of one
to severaL surnmers, temperature prof iJ.es, \rith minor
modifications imposed for consistency betvreen authors and,/or
Iâkes. Criteria were primaril-y sharpness and persistence of
thermocline. Five subjective cÌasses: 0 = non-stratified, I
= weak' 2 = noderate, 3 = strong, 4 = very strong.

oxygen' l'!inimum surface (oMrNS) - sum¡ner minirnum was used
only if severar readings throughout the fierd season rrere
available. Units mg.l-1.

Oxygen, Ì,tinimum Bottom (OMINB) _ As above. Fer,¡ studies
attempted to delineâte microstratification at the lake botÈo¡n



L82

(Ra\tson 1936),.so readings were for ',near bottom,,. Uniìs
mg.L'.

Depth of shallowest 6 mg.¡-1 oxygen (HIcH6Mc) _ ShaIloÌ,rest
open-erâter depth betow which oxygen was less thân 6 mg.¡_l
14.2 cm3.f,-I¡ at least temporarily. Used onty if several
readings throughout the suÍuner and at useful intermediâte
depths were available. Units m.

Minimun volume of water at or above 6 mg.¡-I oxygen
(VOL,6l'fG ) - Minimum volume of surface r,rater with acceptâble
oxygen levefs, calculated from HIcH6t4c depth and volume
stratâ (see above) as described in VOLTL5T6 belor,¡. Uníts
hm3. \

Depths of deepest l5oc and same_day 6oc (T15T6U and
T15T6L) -See si¡nitar variables in Table I. Deepest open_
nâter depth below which tempetature was acceptable (i.e.
T]5T6U, Tl5O6U, etc. ) and same_day depth above which
tenperâture or oxygen \.ra s acceptable (i.e. Tt5T6L, TI506L,
etc.) for lake trout. Available under similar conditions as
OUINS and HIGH6MG. Units m.

I'líni¡nu¡n volume of 6-15oC water (VOLT15T6 ) _ See simitar
variables in Table 1. Àtinimum volume of water with
temperature or temperature and oxygen acceplable for lake
trout. Calculated as volume between upper criterion (e.g.
T15T6U, Tl506U, etc.) and lower criterion 1e.9. T15T6L,
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T1506L, etc), Interpolated from area strata (ås necessary)
by a truncated-cone app¡ ox ima t i on :

t volume from zl Lo za, which is between zL and 22

= (tA2) x (za - zI) /zÐpR. + ((?A1 _ tA2) x (za _ zI) x

lr + (22 - za)/(22 - zr) + (22 _ zal2/(zz _ zt¡21 I
(3 x ZBAR) ).

B IOTA

Net pLankton samples rrere taken periodicaJ-ly over the
field season at the deepest station on the lake, and usualLy
at auxiliary stations in ì-arger or multi_basin takes. À

lârge Wisconsin net (mouth diameter 25 cm) with a straining
cone of 68 meshes.cm-l was hauled vertically from near bottom
( typically 2 m above bottom) to surface at I.0 *,=-Ì. Net
efficiency was usually averaged from beginning, middle, and
end-of-fie1d-season comparisons with vertical series of 10_L
trap samples (Rawson 1953, Atton and Johnson 1970).
Identificat.ion and relative abundance by taxa were usually
reported, but not considered in this study.

Net pLankton dry weight (NETDRY) _ Above samptes were
dried at 52 to 60oC for 4B-:.2 hr to constan! weight. Dry
neight was averaged over the season and stations reported.
Units kg. h¿-1.

Net plankton organic rreight (NETORG) _ Above dried samples
were ashed over open flame and then at 6000c for 15 minutes,
See LOSSIG above. Units k9.ha-I,
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. Benthic fauna were. typically sampled once.or more per
surruner to represent proportionaLly aII depths and bottom
types of each basin. Ekman dredges (225_500 c¡n2) and
Peterson dredges 1675 cn2) were used on softer and harder
substrates, respectively. Rocky areas \¡Jere assumed to
contain no benthic fauna (Atton and Johnson l920). Ðredgings
nere ¡.rashed through three screens (finest If meshes.cm-I,
occasionarly t5) and specimens preserved in 70 t ethanol .

Benthic Fauna Numbers (BENNOA) _ Numbers per unit area
were averaged by proportional. sampling or by weighted depth
zone areas for the surnmer. Units numbers.m-2.

Benthic Fauna Categories - Numerical composition of faunal
taxa were averaged for the lake, as above, Abbreviated Bcr,
BCz,,..for taxa and BCIå, BC2Z,...for numerical composition,
Units taxon codes and t, respectively.

Benthic Fauna Dry Weight (BENDRY) _ Wet weights of
specimens were determined after (partial) drying on absorbent
paperi crayfish, Large c1ams, and mollusc shells (estimated
as I/3 of mollusc wet weights) were excluded. Dry weights
were reported as 12 to 15 t (Iargely chironomid or amphipod
benthos, respectively) of wet weight (Rawson l-953, Atton and
Johnson L970 ) .

WINTER PHYS I COCHEMI STRY

Winter water chemistry was available infrequently, usually
f ro¡n a single sample at â mid-fake stalion. Surface (i.e.
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inunedi€tely below ice cover) and bottorn samples. were analyzed
as described for sum¡ner physicochemistry. preference was
given to readings from March, the generally critical period
for oxygen (Bârica and l,tathias :rgTg), or to lowest observed
oxygen conditions,
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Appendix C

FISH SPECIES COMPOSITIONS:

NOMENCLATURE, DEFINITTONS, AND ¡.ÍETHODS USED

FISH SPECIES COMPOSITION

surveys were generarry planned to determine the presence
and relative abundances of all fish species ín al-l areas and
depths of the 1ake throughout the fiel-d season. Standard
gillnets were used predominantly, augmented frequently by
shoreline seining and occasionally by poisoning, angling,
stornach analysis, or other methods.

Each standârd gillnet consisted of 46 m each of six
different meshes (Table Cl) fished as one gang in order of
mesh size. Sets were made wíth the smallest mesh alternately
furthest fron shore and nearest shore, and in the deepest
area and shatlorrest areâ, to reduce obvious bias (Atton ând
Johnson I970). cillnets were typically fished on the bottom
tot 24 hr, r,¡ith longer sets usuaJ.ty adjusbed to 24 hr using
Kennedy (195I). From one to tens of net seLs v¿ere ¡nade on
each lake, depending on lake area, the number of basins, Èhe
survey objectives, and available staffing, The seine used
r,¿a s typÍcaLly 9 m long, 2 m deep in the centre and I m at
each end, bagged in the centre, and construcled of 13_run
stretched mesh (Atton and Johnson 1970). Seining was usually
done in several Locations, limited primariLy by avaiJ-abJ.e
staff and time and by nearshore suitability.
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provincial

188

Specifications of the
Iake surveys.

standard gÍl1net used in

!,fesh sizea
(mm)

Leng th
(m)

Depthb
(meshes )

Materialc

38

51

76

r02
r27
140

46

46

46

46

46

46

60

45

30

22

I6
16

2L0/2 ny]-on
2I0/2 nylon
2I0/2 nylon
210l3 nylon
210,/3 nylon
210 r/3 nylon

a Stretched measure.
b Approximately I.8 n.
c Multifilament nylon replaced cotton about 1953

(Atton f955, Novakowski I955 ) .

No criterion was estabLished for a minimum number of
gilLnet sets or seine hauls which rvould be sufficient. A
tautol.gy was implicit since an author's judgement of
reasonable success in catching specimens of the (expected)
fish species reas accepted. Additions to Lhe species lists by
later surveys demonstrated the incompleteness of some
surveys, pârticularly for snalLer or less preferred species
(e.9. cyprinids, catostomids, and cottids).

I'ReguJ.ar', f ish species were those species f ound by J.ake
survey methods and which were permanent residents of the lake



I89
(Atton and Merkowsky 1983).- "Auxiliary,, species rrere found
by surveys but betieved to be transients (T), were presumed
or knov¡n to be extirpated (E) r r,rêr€ knor,¡n to be introduced
e¡hether self-sustaÍning or not (I), were reported in
coiTunercial (C) or sport (S) fishing records, or were reported
by other means (R), Fish species nomencl-ature followed Scott
and Crossman (I973), with minor exceptions.
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Appendix D

SAJ'IPLE S]ZES, MEANS, AND FREQUENCY DISTRIBUTIONS

OF HABITAT VAR]ABLES
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Appendix E

UNTVARIATE PREDICTION OF LAKE TROUT PRESENCE
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Tabl-e El . Univariate predicbion of
absence and sample sizes and error

lake brout presence or
rates in 262 ]-akes,

Variable

Bedrock
geology

Number of Lakes
with lake t rout Statistical Criterion

difference of
Present Absent (P<)a pr"""n""b

Errors (t)c

All Pr esent
/absent

Location:
LATD

shield
non-shield

LONGD

shÍeId
non-shield

NORD

shield
non-shield

ALT

shield
non-shield

!4orphonet rv :

WAREA

shield
non-shield

voLUüE

shield
non-shield

Z BAR

shield
non-shield

ZIqAX

shield
non-shietd

46 r82
36 8t
t0 I01
46 r82
36 8l
10 10t
46 t82
36 81

10 10t
29 72

22 29

743

46 r79
36 79

10 100

44 r57
34 77

10 80

44 156

34 77

10 79

46 178

36 79

10 99

0.0001
0.0001
0.0118
0.0930
0.0r20
0.922r
0.0001
0.0004
0.2660
0.735s
0 .I482
0.3071

0.0001
0.0001
0.00r0
0.0001
0.0001-

0.0002
0.0001
0.0001
0.000r
0.0001
0.0001
0.0001

>.56,52
> 57.2r
> 54.95
> I07.10
> 105,38
< 102. r9
> 7.042
> 8.125
> 0.958
> 523.5
> 444,0
< 266.4

> 46,7
> 26.8
> 20t,4
> 430.0r
> 2t7 .67
> t400.00
> 9.65
> 8.30
> 12.30
> 32.65
> 31.15
> 36.50

20 50/13
31 53/2I
14 80/8
3r 76/t9
33 56/23
16 90/9
21 52/13
34 56/25
L4 80/8
47 7 4/34
47 55/4r
20 86/9

24 59/r5
31 50/23
16 90/9
21 48/r3
27 44/r9
16 70/9
14 32/9
17 29/12
9 40/s

11 26/7
r6 25/rr
7 40/4
con t i nued
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Table EL. con t i nued

VariabLe

Bedrock
geology

Number of lakes
with take t rout Statistical Criterion

difference of
Present Absent (Pf) p r es ence

Errors (t)

Al- 1 Present

,/absent

SHOLEN

shield
0.0001.

0.0001
0.1018
0.000s
0.0030
0.8992
0.0001
0.0001
0.007s
0,3024
0.9602
o,9265

> I18.1
> r09.1
> 1,30.4

> 5.85
> 6.35
> 3.60
> I1.67
> 7,40
> 25.10
> t 24.5
< 38.5
> L72,0

31 59/2r
34 53/2s
23 70/r4
32 59/22
38 58/2e
26 80/16
29 57 /r8
31 47 /23
r9 88/rr
42 83/28
48 69/36
r8 86/10

14 29/9
12 19/9
12 67 /6
13 29/9
rr 17 /8
r1 67 /6
f8 7e/Lo
28 78/r7

46

36

r28
77

51

r28
77

51

r28
73

65

L26

66

60

r31
69

62

138

7t
67

62

2I
r27

74

53

r19
72

47

non-shield I0
SHODEV

shield

FETCH

shield

ORIENT

shield

non-shield l0

46

36

non-shield g

44

36

42

35

non-shield 7

PhysicochemisÈ¡v:
sEccHr 42

shield 36

non-shield 6

PHOTOZ 42

shíeId 36

non-shield 6

colouR 9

shield 9

non-shield 0

PHN'INS

shield
non-shield 6

PHT'I I NB

shield

0.000r > 4.54
0.0001 > 4,15
0.0011 > 4.95
0.0001 > 4.54
0.000r > 4.15
0.0008 > 4.95
0,0021 < 6.0
0.0059 < 7.5

39

JJ

0.0062 < 7.0d
0.8802 < 7.0d
0.1125 < 7.L
0.0006 < 6,4
0.0379 < 6,4
o.1003 < 7,0d

30 64/20
39 64/28
19 r00/9
31 60/2r
41 72/28
25 88/r5

40

32

non-shield 8
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Table E1 . cont i nued

Variable

Bedrock
g eo logy

Number of lak es
ç¡i th lake trout Statistical Cr i ter ion

difference of
Present Absen t (P<) Pr e s ence

Errors (t)

AI1 present

,/absent

TDS 38 r37
shieLd 32 53
non-shield 6 g4

TOTALK 32 105
shietd 30 57
non-shield 2 4g

sPcoN 32 t18
shield Z? 50
non-shield 5 68

cA 37 136
shield 3t 52
non-shield 6 84

Mc 36 136
shield 3t 52
non-shiel-d 5 84

NA 35 131
shield 3t 51
non-shield 4 g0

K 33 L22
shield 30 49
non-shi el-d 3 73

co3 28 :-26
shield 23 50
non-shield 5 76

HCO3 29 r27
shield 23 48
non-shield 6 lg

0.0001
0.0345
0.0032
0.0001
0 .327I
0,1247
0.0001
0.07r1
0.0206
0.0001
0.1023
0.0466
0.00.0r
0.5978
0.0093
0.0001
0.07r8
0.1201
0.0001
0.0848
0.0716
0.0053
0 .497 6

0. r054
0.0001
0.319s
0,0429

< 40.5
< 38.5
< 86.5
< 14.5
< 14.5
< 37.0
< 41.0
< 31,5
< 96.0
< 4.30
< 3.80
< 13.70
< 1. 55

< 1.33
< 3.85
< 1.28
< 1.28
< 1.10
< 0.90
< 0.90
< 0.20
< 0. 0d

< 0.0d
< 0. od

< 21. 0

< I6.5
< 62 ,0

21 47 /t4
3s 47 /28
r3 r00/7
30 66/r9
4s 63/35
I r00/4

21 50/r4
3e 56/30
14 r00/7
22 sL/r4
3e 52/3r
11 83/6
22 s3/r4
41 55/33
9 80/s

22 54/r4
35 48/27
10 n0/5
27 64/17
44 60/35
8 r00/4

30 82/18
44 70/32
12 L00/7
21 55/r3
44 65/33
t4 ]-00/8
continued
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Tabl-e El . cont i nued

Variable

Bed r ock
geology

Number of
wiLh lak e

Iakes
t rout St.atistical Cr i ter ion

difference of
P!esent Absen t (P<) presence

Errors (t)

ALI Present

,/absent

SO4 35 I30
shield 30 46
non-shield 5 g4

cL 36 134
shieLd 31 53
non-shield 5 gI

TemÞe ra t u re-Oxygen :

Tl,lAxS n l-58
shield 33 B0

non-shield t0 7g
TI,IAXB ß ]39

shield 33 77
non-shield I0 62

o¡,rrNs 41 133
shield 33 7 a

non-shield I 59
oMrNB 40 131

shiel-d 30 75
non-shÍetd 10 56

HIGH6MG 39 130
shield 31 73
non-shield g 57

vOL6Mc'e 36 1l-0
shield 29 62
non-shield 7 4A

T15T6U 43 r40
shield 33 ?5
non-shield 10 65

0.8883
0.19s5
0.4308
0.6544
0.012r
0.0r59

0.0002
0.0002
0.8229
0.0001
0.0001
0.00r7
0.000r
0.000I
0.3472
0.0063
0,0063
0.4r56
0.000r
0.0001
0.0001
0.0001
0.0001
0. 0017

0.0704
0.5039
0.0010

< 0.0d
> 1.0d
< 0.0d
< 0.05
> 1.05
< 0.0d

< 18.85
< I8.85
< 18.60
< 7,45
< 7.70
< 7.45
> 8.35
> 8. L7

> 8 ,92
> 7.2I
> 6.92

27.93
> 23.0
> 26 ,5
> 18.0
> 317.65
> 150.90
> 1583.50
> t1 c

, t:.. S

> 16.5

29 69/r8
32 40/26
11 100/6
32 72/2r
30 42/23
9 80/s

26 58/r7
27 45/r9
23 r00/t3
19 42/12
r.9 30/14
17 60/r0
24 49/t7
24 39/r8
18 75/r0
32 65/22
30 53/2r
26 90/r4
17 36/rr
19 32/t4
6 25/4

26 53/r7
29 45/2r
rs 57 /8
Jo t>/¿a
46 73/35
L7 70/9
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Tâble EL. cont i nued

Variabl-e

Bedrock
geology

Nu¡nbe r of lak es
r¿ith l-ake trout

Errors (t )
Statistical Criterion
difference of AII present

PresenL Absent (p:) presence /absent

TI5T6L
shield
non-shield

VOLTI5T6 ' 
E

shield
non-shield

T1506u

shield
non-shield

1t 506L

shield
non-shieLd

vol,Tl506 ' 
e

shietd
non-shi eld

T1504u

shield
non-shield

r1504r.,

shield
non-shield

VOLTI5O4 I E

shietd
non-shield

T1206u

shield
non-shield

0.0001
0.000r
0.000r
0.0001
0.0001
0.000r
0.0738
0,4290
0.00r6
0.000r
0.000r
0.0007
0.0001
0.000r
0.0116
0. t167
0.4467
0.00s8
0.0001
0.0001
0.0003
0.000Ì
0.0001
0.0001
0.0001
0.01-24

0.0038

> 29 .5
> 28.5
> 32.5
> 24.00
> 10.33
> 20 4 .21
> ]3.5
> lt,5
> 16.5
> 24,5
> 26,5
> 15,5
> 3 ,29
> 2.15
> 69.05
> 13.5
> tl.5
> 17.5
> 29 ,5
> 29,5
> 33.0
> 16 .29
> 7.39
> 202,90
> 18.5
> 17.0
> 19.5

19 40/12
25 42/r8
5 20/3

14 28/9
12 17 /r0
6 22/4

39 85/25
46 73/34
16 83/9
17 39/r0
20 32/15
7 40/4
7 r5/5
4 7/3
7 40/4

38 8s/24
47 73/35
11 s1/t
14 3r/r0
21 32/16
3 20/2

r0 2r/7
9 LA/1
4 20/2

34 72/22
45 70/34
14 67 /9
cont inued

43

JJ

10

39

30

9

39

33

6

36

31

5

34

29

5

39

JJ

6

36

31

5

J4

29

5

39

33

6

139

74

65

116

62

54

r.3 r
74

57

r27

72

55

110

61

49

r29
72

57

I25
70

55

106

59

47

I28
7L

57



Table EI . cont i nued

Variable

Bedrock
geology

Number of Lakes
with lake trout Statistical Criterion

difference of
Present Absent (p< ) Presence

Errors ( t )

All Present
,/absent

TI206L
shieLd
non-shield

voLTI206 ' e

shield
non-shield

0.0001
0.0001
0.00r9
0.000r
0.0001
0.0107

0.0005
0.023r
0.4084
0. 0020

0.0380
0,3428
0.0001
0. 0013

0 .0a02
0.000t
0.0001
0.0163

17 36/rr
20 32/14
7 40/4
9 18/6

Ìr 17 /8
8 40/4

33 62/22
40 65/29
19 67 /rr
33 54/24
41 59/31
24 67 /r4
24 50/16
25 40/r8
rs 67 /8
19 37 /r3
21 3t/16
1s 67/8

36

3I
5

34

29

5

r26
7T

55

r07
60

47

104

68

36

79

51

28

r16
67

49

116

67

49

ì
I
I
ì
ì

26.5
28.5
19.5
1.04
0.84

35.7 4
Biota:
NETDRY 37

shield 3l
non-shield 6

NETORG 33

shield 27

non-shield 6

BENNOA 36

shield 30

non-shield 6

BENDRY 38

shield 32

non-shield 6

< 25.8
< 24.2
< 40.6
< 23 ,2
< 22.2
< 29 .0
< 720

< 758

< 554

< 4.6
< 4.6
< 4.8

c Apparent error rate-for a1l iålËs 
"nen numbers of errors wereÍ:üffååï;"Iil1":ïiin';i.ï*fi;;i:i$.::i.ï:Ë;å:;li:ii .'

d Numerouè tied rankin!"-råi-t-ñi" ;;i;u;ron were crassifiedrandonly.

i 3+{felelce_by Mann-whirney resr.D Mldpoint of delineation iè shown.

e Only Iâkes with totat vrater volumes estÍmabte within + 20 Zare shown (see Appendix B).



Appendix F

SHIELD AND NON-SHTELD LAKE

9JATERLEVEL VARIATIONS, MORPHOMETRY, AND RESIDUAL VOLUI.TES

I NTRODUCTION

This appendix is basícalty a repository for the
mathernatical and other analyses of the differences between
shield and non-shield 1akes in recent habitat conditions.

METHODS

RECENT CONDTTIONS

Waterlevels The rnininum daily waterlevef for each month
with at reast 3 days' data was obtained (Environment canada
1983t Water Survey of Canada, Regina, Calgary, and Winnipeg
Regions, November 19g3 microfiches). Two or more periods_of_
record on a lake were tied to a coÍunon etevation by the
principte of ,'water leveI transfer,, (L. Heinze, Water Survey
of Canada, Regina, pers. conun. ). I,lonthly mean waterLevels
were preferable to dai1y, but were not readily available for
all nonths. Fluctuations due to ,'wind set_up,, or seiches
were excluded, if reported or observed. As July and August
are critical months for temperature_and_oxygen voLumes, the
lower mini¡num daiJ.y waterLevel was used to represent the

203
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Suruner mi nimum.

Typical and extreme lovi rraterlevel-s erere estimated from
polynoniâl regressions of the probability of observed
waterlevels. polynomials r,¡ere fitted by stepwise Iinear
regression:

Yi=a + a xi * u^*i'+ a_xi +... + a xi (equation Fl )01239

where Yi nas the predicted \,¡aterleveL (m) corresponding to a
given cumulative probabitity Xi, and Xi was the observed
probability of the ith or loç¡er waterlevel (m) f rorn:

xi = Ri / (n+L) (equation F2)
where Ri was the rank-order of the ith $raterLevel srhen the
lor.rest obselved rraterlevel was ranked 1., and n was the number
of observations. Linear regression required the re_
definitions:

23gZ =XitZ =Xi,Z =x!,,.,2 =xi (equation F3)r 2i 3i 9i
(Freund and lrtinton 1979 p.t6t).

Variables were added to regression equation Fl stepwise
using significance r-evels of 0.25 for entry and 0.25 for
removal (SAS I9B2). Equation F2 above provides probabilities
which are "correct on the average,, for replicate zo_year
periods representing actual 20O0_year conditions (Hjelmfelt
and Cassidy 1975 p.34).

An alternate method, that of rnaximizing the nultiple
coefficÍent of determination 1n2¡ to the best l_variabLe, 2-
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- .variable-, ... 9-variable equations and selecting by the Cp
staListic (SAS I9B2), had been rejected, Theoreticaj.ty,
selection by Cp produces the best regression for a minimal
subseb of variables, The selection requires that 2p_t_t <=
Cp <= 2p-t (equation F4) for extrapolation and parameter
estimation, Cp <= p (equation F5) for prediction, and
Cp <= t+I (equation F6) for marginally acceptable prediction
(Hocking 1976 p.Ig). Here p varíables are a subset of the t
variables comprising the full equation, with the intercept
naking p+l and t+l- terms. By this method, most regressions
satisfied equation F4 and sorne equations F5 or F6; a few
lakes required the full 9_variabl-e model. NoneLheless, Cp
statisLics led to high-degree polynomial regressions and
predicted naterLevels clearly out of Line rvith recorded
fLuctuations, occasionally with disconcerting Ínflections at
very 1ow or high probability. Extrapolation to I00_year
predictions appeared inadvisable, even when parameter
estirnation was good (see Hocking 1976 p.15, Freund and Minton
1979 p. t6t ) .

Differences between predicted row sum¡ner waterr.evers for
typical years (i. e. cumulative 50 t probability or median)
and extre¡ne years (i. e. cumulative I ? probabil-ity, or
nominal-ry I in 100 years) represented recent waterlevel
variations. The effects of bedrock geology on these
variâtions were tested by the step_down method of .linear
regression and anarysis of covariance (Freund and üinton 1979
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p.224, .SAS 1992 p.139). predictÍon intervals for 95 E of
single observations erere calculated.

I,'torphomet ry Effects of waterLevel variations r.rere
interpolated from vol- ume-a t -dept h data for surveyed takes ín
the present study. Most lakes with wâterlevel data did not
have norphometric data avaiLable.

ResiduâI volumes Residual vol-umes were estimaLed using
the two separate lake sets. Waterlevel variations were
predicted from water area, and residual vol-umes f ro¡n
waterlevel variâtions and morphometry. The confidence limits
of residual vol.umes assumed that the effects of waterlevel
variation and morphometry rrere multiplicative and
independent. The standard error (Sr) of the residual vol-ume
at any water area v¡as calcuÌated as:

2 2 0.5Sr/ r = (Sw / Ç + Sm ,/ m)

where r, w, and m denote residual volume, waterlevel
variation, and morphometric depth (from Èleyer I975 p.40,
Sokal and Rohlf 1969 p,422). The 95 å confidence limits used
n=l-o shieLd lakes and n=23 non_shield lakes from the
waLerLeveL Lake set, which was the smâlter set,



RESULTS

RECENT CONDITIONS

Waterlevels Sufiìmer waterleve] data were available for 33
Iakes in central and northern Saskatchewan, Manitoba, and
Alberta (Table Fl). UsuaIIy 15 to 20 years of data r+ere
available on one lake, with the tongest 5I years. Some short
periods-of-record on the sarne lake were unusable since a
co¡nmon elevaLion could not be established.

The chosen stepwi.se method produced polynomial regressions
of good to excelLent correlation and Lower degree than the
alternative (Table F2). InfLections were infrequently seen
and predicted waterlevets were seemingly credible (Tab1e F3)
although the problem of extrapolation remained in principle.

Predicted r,¡aterleveL variaLions ranged from 0.070 m for
LiLtle Bear (non-shie1d, small lake) to 1.862 m for
Winnipegosis (non-shie1d, very Iarge lake). Regressions
showed increasing waterlevel variations Þ¡ith larger lake
areas which were significantry different for shield and non_
shiel-d lakes (Tab1e F4).

207
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Tab1e F1 . Irakes with a ninimum of I0
v¡aterlevels for l9g2 and earlier.

years of JuIy or August

Stat i ona

Lake

Water
area
(tm2)

Lat
Number oN

Long
oI^¡ years of datab

Shield lakes:
Athabascac
Cree
Deschambaul t
Footpr int
Jan
Nemeiben

Reed

Schist
Wi nt er ing
Wollastonf

7850 07MC003 59023 108053
1230 07LD00r 57021 107008
267 05KF003 54040 103024
27 05TF00r 55048 9805r

1r4 05Kc010 54054 t02050
r54 06c8003 550r6 105022
190 05?A001 54035 r00029
l8 05KG004 54045 10105 0

106 05TD002 55019 9704I
2290 06DA003 58029 10301?

17 (1937. . .67 )d
1s (196s...82)
Lr ( 1965-82 )

14 ( r961-7s ) 
e

r-6 (r965-81)
16 (196s-82 )

20 (r963-82 )

33 (r950-82 )

33 (1949-82)
31 (r952-82 )

23 (1960-82 )

14 (1969-82 )
1s (1966-82 )

I9 (1964-82 )

28 (19s5-82)
22 (L959-82)
24 (L955-82)
1s ( 1967-82 )

15 (1965. . .82 )

17 (1965-82 )

s1 (1930-82 )

3s (r930-67 ) 
h

cont i nued

Non-shield Lakes:
À¡nisk 347 05Kc003 54039 102005
Big Quirt 255 O5MÀ010 51047 I04o19
Brightsand 32 05Ec0LO 53o39 I0go5t
Chitek 34 06AD0l-2 53045 107044
Churchill 544 068A001 55051 I08o29
Clearwater9 59 05KKO09 53059 101010
cold 365 06AF002 54028 1r0o10
Ðes ll-es 46 06AF009 54026 109oI9
Dore 642 06Ac003 54038 107024
Greig 12 06AF0t0 54o27 Logoaz
La Biche 234 07CA004 54046 ItIosB
La Ronge 1t7B 06CB00t 55006 Loso1g
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Tabl-e Fl , continued.

Station

r,ake

Water
area
( km2 )

Lat
Number oN

Long
oW years of data

Little Bear
Litt1e euiIl
Uakwa

Red Dee r
Redber ry
Simonhouse

Sr,¡an

Turtle
Wask es i u
Waterhen
hli nn ipegos i s

15 05KF002

t12 05MÀ002

30 06AD014

252 05LC003

64 05cD003

82 05TA002

313 05LEo07

64 058c009

70 06CA002

73 06AF007

5150 05LDo02

r0404r
104008

1090r2
1 0102I
107006

101008

r00052
108035

106005

108031

100058

54otg
5ro53
54005

52o54

520 42

54032

52o 32

53037

53o55

5Ao28

52o58

r8 (196s-82 )

r0 (1919. . .82 )

I7 (1963-82 )

19 (1963-82 )

r4 (r966-82J
19 (r963-82 )

22 (1952...82')
r8 (1964-82 )

24 (1954-79)
r.7 ( L96s-82 )

20 (L963-82)

a Water Survey of Canada waterlevel staLion (Envíronment
Canada ( 1983 ) ).
b " - " designates most years and,' ... ', sporadic years.
c Includes station 07¡4C002 data adjusLeà by _2,220 m,d Regulated in t96B (see Bennett 1920).
e Apparently regulated in I926.
f Includes station 06DA00t data adjusted by +0.008 m.g Includes station 05KK0O3 data with no adjustment required.h Regulated in 1958.
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Table F3. predicted 1ow daily r,¡aterlevels in
for typical ând extremely low years.

Ju ly or Augus t

Predicted wa te r l-evel (m)

Lake Typical Ext reme Variation

Shield lakes:
Àthabâ s ca
Cree
Deschâmbaul t
Footpr int
Jan
Neme i ben

Reed

Schist
Winter ing
WoLlaston
Non-shield lakes:
Amisk
Big Quill
Brightsand
Chitek
Chur ch i 11

Clearwater
Cofd
Des I les
Dore
Greig
La Bi che
La Ronge

Li ttl-e Bear
Little euiLl
Mak\.Ja

209.35I
486.81r
324.97 4

238 .337
29 .07 6

370.450
279.030
291,855
181.351

28 ,2r8

1.064
5r5.201
663.260
566,229
30.74r

260 .Il-6
535.038

26 .535
28,436

475,708
543.600
363.488
620.114
518.336
524,057

208.538
486.600
324 .486
237 .984
28.713

37 0 .220
27I .668
29r .654
181.112

27 .847

0.808
514,297
663.020
565.9I8
30.03r

259.830
534.778

26 . 193

27,902
475,546
543 .097
362.4r3
620.044
5r7,756
523.811

0.813
0.211
0.488
0.353
0.363
0.230
0.362
0, 20r
0 .239
0. 37r

0,256
0.904
0.240
0.3r1
0.710
0 .286
0 ,260
0.342
0.534
0.162
0.503
1.075
0.070
0.580
0.246

cont inued
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Table F3, continued,

Predicted waterlevel (m)

Lake Typical Extreme Variation

Red Deer
Redbe r ry
S irnonhouse

Swa n

Turtl-e
Wask es i u
Waterhen
winnipegosi s

26r.942
505.635
295.939
258.807
654.67r
532.287
472,723
252.875

261.333
s04.597
295,097
258.341
654.2L6
532 . L64
472.067
251.013

0.609
r.038
0.842
0 .466
0,455
0.L23
0.6s6
r,862

¡lorphometry The 209 1akes showed greater reLative volune
changes in smal] Iakes than in larger ones as a resuft of
waterlevel variations. Regressions were similar for 0.5 n in
shield and non-shietd lakes, but significantly different at 2

m (Table F5). Note that equations under ,,added intercepts,,
are not statisticâIty unique solutions and probâbly biased
(Freund and Minton 1979, SAS 1982).
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TabLe F4. Regressions of 1ow v¡aterleveL variations (m) on
1og waber area 1km2¡.

Source and regressions df SS ¡,fS F_statistic

Total 32 4.r28

one regression: r r.zlL L.27r Fr=r3.g2 ***
Y=-0.137 + 0.285X ¡r2=0. 3I )
Residual 3l- 2.g57 O.Og2

Added intercept ! I 0.504 0.504 ¡,2=6.42 **
Shield Y=-0.4058 + 0,3203x
Non-shield y=-0, t3tB + 0.3203X
Residual 30 2.354 0.078

Added coefficient: 1 0.355 0.355 F3=5.14 **
Shield Y=0.0344 + 0.I369X I r2=0.39 )
Non-shield y=-0.4030 + O,4AB7x (r2=0.50)
Residual 29 1.999 0.069

t* significant at 0.01<p<0.05 *,** significant at p<0.01
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Table F5. Regressions of relative volume above 2 m (g) onlog water area (km2).

Source and regressions df SS MS F_stâtistic

Total 209 70510.40

One regression: I L6072. Ig L6072.1g FI=61.409***
Y=37,629 - 7.659x 1r2=0.23, n=210)
Residual ZOB 5443g.22 Z6L7Z

Added intercept: I 222.53 222.53 F2=0.850 NSShield Y=36.946 - 7.g}|x (y2=0.32, n=I24)
Non-shield y=39.105 - ? ,BB7X ( r2=0.09, n=86 )Residual 207 542:5,69 26I .gL

Added coefficienr: ] 846.g4 846.g4 F3=3.269*
Shield y=37.755 - 9.r36X
Non-shíeld y=35,894 - 5.252X
Residual 206 53365.?5 25g ,07

NS not significant at p=0.10 * significant at 0,05<p<0.10*** significant at p<0.01
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Waterlevel variaLions of 2.m affected the volume of shiel-d
lakes over I00 km2 Less than comparable non_shield ]akes
(Table F5), Larger non_shield lakes tended to faII near or
above the upper 95 t prediction ti¡nits of bhe regressj.on.
AbsoLute volume betow 2 m was greater in larger lakes than
smaLler ' as expected. The regression of absolute volume
beLow 2 m depth on r.¡ater area eras again significantJ.y
different for shield and non_shield lakes.

Residual volu¡nes Residual volume increased with
increasing water area in spite of gteater waterlevel
variation. Residual volumes predicted from expected
waterlevel variations (TabIe F6) and corresponding r,¡ater area
(Table F7) showed statistical differences between shieLd and
non-shield lakes.

The effect of waterlevel variation on volume of lakes,
however, was neg],igible. certainry no najor reduction from
typical water volumes found in lake surveys were predicted
for the lo$rest waterlevels expected L ín 100 years (see
Tables F7 and FB).
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Table F6. Regressions of. 1og residual volume thm3¡ on
predicted waterlevel variation (m).

Source and regressions df SS MS F_statistic

TotaI 208 345. 88

One regression: I Z3O.3Z 230,32 F1=4I2.55*rr*
Y=0.7333 + 4.7L22x 112=0.66, n=209)
Residual 207 115,56 0.558

Added inÈercept3 t 0.12 0.120 FZ=0.2I NS
Shield Y=0,74?7 + 4.7A37x
Non-shield y=0.6970 + 4,? 437X
Residual 206 II5.4A 0.560

Added coefficient I 1 69,52 69.516 F,3=310.34 ***
Shield Y=0.0562 + 9.5S62X ¡r2=0 .90 , n=I24 )
Non-shield Y=1.I076 + 3. 2311X ( r2=0.76, n=85 )

Residual 205 45,92 0.224

NS not significant at p=0.I0 *** significant at p<0.01
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TabLe F7. Regressions of log lesidual- volume ¡hm3¡ on log
water area 1km2¡.

Source and regressions df SS MS F,_statistic

Total 208 34s.883

One regression: I330.040 330,040 F1=42g6.2 ***
Y=0.6883 + 1.0976X (r2=0.95, ¡=209 )

Residual 207 15.843 0.077

Added intercept I 1 0.2g6 0,286 î2=3.76 *
Shie1d Y=0,7I27 + r.105Bx
Non-shield Y=0.6350 + 1.1059X
Residual 206 15.557 0,076

Added coefficient: I 0.359 0.359 F3=4.851 **
Shield Y=0.696I + t.I3t5X 1¡2=0.97 , n=L24)
Non-shield y=0.701,3 + I.05I5X 1r2=0.92, n=85)
Residual 205 15.L9g 0.074

NS not significant at p=0.I0 *'t significant at 0.01<p<0.05
*** significant at p<0.01
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Table F8. Regressions of log total water voLume ¡hm3¡ on 1o9
water area 1kmz¡,

Source and regressions df SS MS F_statistic

TotaI 208 350.359

One regressionr I 335.223 335.223 FI=45g6.g***
v=0.6924 + I.1062X ¡12=0.96, n=209)
Residual 207 15.136 0.073

Added intercept: L 0,262 0.262 F2=3.63*
Shield Y=0.7158 + 1.1140x
Non-shield Y=0.6414 + I.1t40X
Residual 206 14.87 4 0.072

Àdded coefficient ¡ 1 0.278 0.278 F3=3.91**
Shield Y=0.70I1 + I.1366X ¡¡2=0,97, n=124)
Non-shield y=0.6997 + t.0662X 1r2=0.92, n=85)
Residual ZO5 14. 595 0.071

* significant at 0.05<p<0.I0
** significant at 0.01<P<0.05 *** significant at p<0.01



DÏSCUSS]ON

RECENT COND]TIONS

WaLerlevels The polynomial regressions used were
preferable to other approaches to hydrological prediction.
Pearson Type III curves are rrelI estâblished for prediction
of wâter discharges as minimum values are bounded by zero
flo\,¡ (Hje]mfeIt and Cassidy 1975). Waterlevel-s may resemble
a Pearson Type rv curve (Erderton and Johnson 1969) but have
not been modelled in this way.

The predictions of rraterlevels in this study agree
reasonably nith the few available predictions by hydrologists
for the same lakes. Retrospective studies by other agencies
show variations for pre-regulated Lake Athabasca of I.5 m (1
in 40 years) compared to 0.g m from the present regressions,
for Cree Lake of 0.5 m by prediction and 1.2 m by local
residents (l in 37 years) compared to 0.6 m from this study,
and for pre-regulated Cumberland Lake of 2.9 m (I in 49

years) (Bennett .l-970, Canada I970, :-gT:.).

Lakes with long-term r,raterlevel- data may or may not.

represent alL lakes of similar size and location or allow
direct comparisons between periods of drought and wet. Some

lakes have been described as representative of the region
hydroJ-ogicalry (e.g. Big euitt by l.¡hiting Lgl2), some rrere
seLected for monitoring under the InternationaJ. Hydrological
Decade program and are assuned to be representaEive, some

220
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were studied during hydro-etectric use (e.g, Lac Ile_a_la_
Crosse and Churchitl) or for hydro_electric potential (e.g.
cree Lake by canada 1970). rt is assumed that the monitored
lakes are more useful socio-economically and possibly 1arger
than others nearby, and may rep¡esenL the shield and non_

shield regíons reasonabty,

Individual lake waterlevels were not adjusted to regional
trends, so that lakes monitored since 1930 may or may not be

conparable to those rnonitored since only 1960. Twelve of the
33 lakes analysed had data fot 20 or more years, but only 3

lakes had data prior to t950 (Tab1e Fl ), predictions of
components of the hydroLogic cycJ.e (or "water ba1ance,,) are
available Eor l-925 to I9g0 for Saskatchewan, üanitoba, and
Alberta (Environment Canada l9B6). In particular, smoothed
data on precipitation, runoff, evapotranspiration, and water
storage are available for tO-day periods for 100 grids
between 49-60oN ând 92-I20ot^¡ (Environment canada 1986).
Correlation of l_ake walerlevels $¡ith hydrologic components
has been demonstrated (e.g. Laycock 1923). Trends in these
indicators may aIlow better comparability betrreen lakes with
dissimilar periods-of-record of waterlevels,

Morphonetry The 209 lakes shorred the anticipated
differences! å greater proportion of the lake volume above
0.5 and 2 m depth in smaller lakes, and above 2 m in non_
shield lakes. Absolute volume below 2 m shovrs corresponding
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trends! shield and non-shield lakes about I0 km2 area are
similar, but larger shield l-akes have greater volume than
non-shield 1akes. The large variability in data, however,
means that the relationships do not reliably diverge at
conmon lake areas. This variability reflects differences in
l-ake substrate or origin in some regions: many non_shield
rakes near cumberland Lake rie in graciolacustrine sediments
and are essentially cylindrical in cross_section, conpared to
others in river or former river vatl_eys which are distincbly
V-shaped.

ResiduaL volumes The conclusion is that changes in sum¡ner

Lake volumes within the last 100 years have been generally
small in the study area. The effects of climate on deep_
water ternperature conditions via changes in fetch and maximum

depth (see Estimation of rnissing data) are assumed to be
similar. Changes in voLumes of suitable temperature_and_
oxygen, TDS, spawning habitat, and other factors influenced
by clinatic conditions cannot be assessed with available
data.

'Clearly severaL factors have weakened this analysis. The
uncertain representation by ]akes with long_term waterìevel
data hinders the extrapor.ation of resurts to other takes in
the study area. The lack of morphometric data on many J.akes
which were monito¡ed for waterlevel- prevcnts direct estimates
of volume changes. For example, greater fl-uctuatÍons of
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!¡aterlevels due to high precipitationr/evaporaLion potential
and greater relative vol.ume changes are expected in lakes
with low volume to area ratios . The mathematical coaLition
of treo data sets to assess the combined effects of waterlevel
variation and norphomeLry may mask these inter_related
factors. In addition, the non-tinearities of some

relationships (e.g. Figure g in text) and the lack of very
shal-Iow, small non-shield lakes may be relativety
unirnpor tant .
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Appendix G

ESTI¡.IATION OF ITTISSING DATA AND BIAS

US]NG OTHER HABITAî VARIABLES

T NTRODUCT ION

Sone lakes in this study lack one or more variables which
are available for most other lakes. The estimâtion of
nissing variables from correlated variables allows for a

larger sampJ.e size. More inportantly, it also reduces bias
if smaLler or non-lake-trout lakes are surveyed less
frequently, yet differ in habitat traits (see text).
Furthernore, criteria which predict lake trout presence or
absence accuratery can sometines be estimated from more
easily available variables.

METHODS

General methods ôf aIl-subset and stepwise regression and
associated tests are described in the text.

Three surficiaL geology indíces and their ]ogarithmic
transfornations were examined for potential contribution to
predictions of z¡,tAX. Maps in Schreiner (t98d) showed types
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of naterials (i.e. Rock, ¡ro¡ainaL, clacioPluviat,
Glaciolacustrine, Eolian, Organic, Alluvial, and Lacustrine)
and their relative proportions (i.e. >60 / <q0 / <15 t).
These were coltated and condensed, if necessary, into three
or fewer zones for each lake and assigned type_propor t ions !

A/B/ C was assigned 70 /25/S\,
A / B /. ç¡as assígned 75 / ZS / 0 Z,

A/ / C was assigned 95 / 0/52,
A / / . was assigned 100 / O / O t,

Each zone was weighted by its proportion of the appticable
lake basin. potential for greater depth for each type of
material v¡as arbitrarily set at: R=I0, Ir{=5, GF=2, cL or E=l,
and O or A or L=0.

The first index (GEOI) was an average of type_potent ials,
weighted by type-proportions and zone-proportions. The
second index (cEO2) was símpIy Lhe weighLed proportion of
rock in the lake basin. The third index (cEO3) was the
absolute area of rock avaiLable in the 1ake basin (i.e. cEO2
times the r,¡ater area (f m2 ) ) .

The Froud index (orrob 1983) predicts stratification of
Iakes from !¡ater-exchange rates. This index is:

F = I O ( ro / 9 r)O.sdv
where l, d, and V are the length (m), average depth (m), and
volume (r3) of the lake, e is the flow_through discharge
¡rn3. "-l ¡ , 9 is the acceleration of gravity (9, g m. s-Z ) , and
rg and r âre the reference density and the density difference
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of the water over depth d (g.c*-3). Incipient stratification
of 10oc surface and 4oc bott.om or reference nater was assu¡ned

for June conditions, implying r0 = l and r = 0.0003. The

modified equation was then:

F = (r000rrFETcH) (.
t r"*r r]oooläååo$åË*g!ffÐ 

( d / o' 002e4) 0's

Average June discharges uere available for lakes with
streamflow stations (Environment Canada I9g3), Iakes with EIA

studies, and connected 1akes for single or three-year
per iods .

RESULTS AND D]SCUSSION

About 67 I of the pairs of morphometric variables were

correlated significantly (TabIe Gl ). The highest
correlations were between fetch and water area 1r2=0.96),
volume and area (r2=0,921, volume and fetch (r2=0.90), and

rnaximum and mean depths (r2=0.g6). The ratio of actuaÌ to
expected log SHODEV (i.e. RLOGSHOD) rrâs uncorrelated in 12 of
f5 comparisons, which made it noteworthy in this highly
coLlinear set of variables.

TDS from SPCON Correlation of TDS with SPCON was well
defined. However, initial regressions showed higher TDS than
predicted at SPCON belon 20 uS in nany shield Lakes from two
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studies (see.Figure 1O in text). provincial survey
procedures included fil-tering waber samptes r,¡ith plânkton
netting of 8O-um mesh, conductivity readings in the field,
and TDS analysis in the lab (Atton and Johnson 1970). ?hese
probLen samples were not firtered or othererise treated in the
field, but were filtered during 1ab analysis (Beak 1979

Volurne I p.5-60 and VoLu¡ne 2 p.5A-I3). Field readings of
specific conductivity v¿ere assumed to be accurate, but
decomposition of non-ionic suspended solids may have

contributed to anomalously high dissolved solids during
later analysis (W.K. Liaw, Fisheries Branch, pers. cornm. ).
When these tr,¡o studies were excluded, regressions beca¡ne more

linear and rnore sinilar in stope to non-shieLd lakes.
separate regressions reere indicated for shietd and non-shierd
lakes (Table c2).

SHODEV and RLOGSHOD In this study, SHODEV was a

potentiaL indicator of depth, wind-protection, and other
habj.tat conditions, Separate regressíons of log SHODEV on

log WAREA ¡.¡ere índicated for shield and non-shield lakes
(Tab1e G3). Non-shield 1akes had greater residuaLs at Larger
1og WAREA, suggesting greater variability in lake outline.
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Table G2. Regressions of tog TDS (mg.L-I) on 1o9 SPCON (uS)
over the range 20 Lo 32,000 uS.

Source and regressions df SS tts F-statistic

TotaL r85 35,2t7

One regressionr I 33.418 33.418 F1=3418 ***
y=0.I42 + 0.880 X (R2=0.95,n=l86)
Residual 184 I.799 0.010

Separate regressions: 2 0,I72 0.086 F3=9.56 ***
Shield Y=0.167 + 0.8?8 X (R2=0 .79,n=?7)
Non-shield Y=-0.087 + 0.956 X )R2=0.96,n=109)
Residual L82 L.627 0.009

*** significant at P<0.01

Deviation of actuâI SHODEV of any lake from that predicted

by water area (Koshinsky 1970) was represented in this study

by the ratio of actual log SHODEV to predicted log SHODEV

(based on shield and non-shield regressions in Table c3).
The use of a ratio reduced the correlation with 1og SHODEV

(r=0,27, see Tab1e GI) from that observed using a difference
betneen actual and predicted (r=0,57), but clearly did not

obvíate Lhe confounding effect of lake area. This ratio was

later assessed as a predictor of maximum and mean depth,

volume, and maximum surface temperabures.
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Table G3. Regressions of tog SHODEV on 1og WAREA (kn2).

Source and regressions df SS MS F-statistic

Total 236 23.8I9

One regression: I 9,632 9,632 FI=160 ***
Y=0.318 + 0.184 X (R2=4.40,n=237)
Residual 235 IA.LB7 0.060

Separate regressions: 2 6.175 3.08g F3=91 ***
Shield Y=0.384 + 0.250 X (R2=0. ?3,n=:-sl)
Non-shield Y=0.188 + 0.130 X (R2=0.25,n=g5)
Residual 233 9.012 0.034

*** significant at p<0.01

El-ongation of Lakes was thought to be more inportant than
shoreline sinuosity in causing high SHODEV values (Koshinsky

1970, Hutchinson 1957). Elongation was defined as the ratio
of actual FETCH to the fetch of a circle of the sa¡ne areâ
(cal1ed FETDEV, cf. shoreline development). The tern
"sinuous" is subjective (except inplicít1y in the definition
of SËODEV) and cânnol be assessed directly. Hor4ever,

elongation was reLatively minor compared to WAREA and FETCH,

and was not selected in stepwise regressions (Table G4).
Shield lakes showed a statistically significant regression,
but the correlation was unimpressive for prâctical purposesi
non-shield lakes showed non-significant. correlation.
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Zl.lAX and ZBAR Regressions of log ZI4AX on subsets of
norphometric variables showed that log WAREA and log FETCH

nere important, explaining 37 g of total variation (Table

c5). Minor íncreases in R2 v¡ere possible using orientation
as lakes o¡iented more northeasterly have greater naximum

depth. Separate regressions explained about 50 and 20 t of
variation in shield and non-shiel.d lakes, respectively.

Surficial geology indices were determined for about 135

shield lakes. Index GEOI was bi-rnodally non-normally

distributed, and ranged f ro¡n 0.6 to 9.9 on the Lheoretical 0

to 10 range. cEOz was positively skewed (nedian 0.005) and

ranged f ro¡n 0 to 0.95 on the theoretical. 0 to I range. cEO3

was positiveJ.y skewed (median 0.09) and ranged from 0 to Lg7

km2, in a set in which the largest lake was tI56 km2.

LogcEO2 and IogcEO3 r.¡ere bi-rnodal as a resutt of adding the
small constant I0-3 to zero data.

The three indices rated different lakes as very high or
very low in depth potential (Tabte c6). cEOl and GEO2 rated
some of the same lakes very highly since both indices are
weighted toe¡ards rock materiaLs. cEO2 and cEO3 rated lakes
without rock âs very 1ow on proportional and areal bases.
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Table c6. Lâkes which are
three surficial geolog i cal

236

rated vely high and very 1ow by
indices of depth.

I ndex

Ranking GEO] GEO2 GEO3

Híghest
2nd h ighes t
3rd highes t
4th highest
5th highest

5th lowest
4th lowest
3rd Iolres t
2nd lowest
Lowes t

MiLliken
Beaverlodge
Ty r reI J-

Fontaine
Trout

Cos t í gan

lBroach
I uia
Kewen

Ge rma i ne

MilIiken
Fontaine
Beaverlodge
Island
Snake

Riouab
Dropeb
ttendayb
Kewenb

Geraldb

Deschâmbaul-t

Jan
Nemeiben

BIack
Pelican

Rioub
Dr opeb
Ker,¡enb

Martinb
Russellb

a Vertical symbols group lakes with bhe same index value.
b All of these 1akes lack rock material,

In all-subset regressions, none of the indices improved
predictions of 1og zMAx notably. In trro trials, no index
added significantly to legressions based on other rnorphornetry
(Table G7). cEO2 was the simpì.est index and was preferred
marginally over the other indices. GEOI , which weighted
poLential according to both type and prevalence of materiaÌs,
was the most general index. Therefore, il wâs nost



Table G7. Regressions
geoLogical indices and

237

of log z¡,tAX on three surficiaL
other morphometric variables.

Lake set Equations (nultiple R2, tt, Cp-reliabitity)

Shield Lakes :

log zlilAx = I.293 + 0.649 tog WAREÀ - 0.850 log FETCE
( R2=0.48, n=1II, À{)a

log Zl.lAx = 1.310 + 0.658 tog WAREA - O.8SI log FETCH _

0.I15 cEO2 1n2=0.48, n=1I1, M)a
1og z¡,lAX = t.0zr + 0.2A2 ¡og gtAREA (R2=0.43, n=Itt, M)b
1og Z!'lAx = 1.088 + 0.250 log WÀREA - 0.113 cEO2

¡n2=0.43, n=I11, It)b

a

log
b

1og

Availab1e variables i ncluded
GEO3, 1og WAREA, Iog FETCH,

Available variables i ncluded
GEO3, Iog WAREA, log FETCH,

GEOI , cEOz, cEO3, tog cEO2,
RLOGSHOD, and ORINW.

GEOL, GEO2, cEO3, log cEO2,
Iog FETDEV, and oRIFET.

susceptible to ni.s-assignnent of potential to various types:
rock may not be 10 in reration to moraine at 5 and lacustrine
naberial at 0. The term "rock" assimilates precambrian

igneous material with pronounced ,'topographic Lrends" ând

late Precanbrian sediment on the ',reIatively flat Iying,,
Athâbasca basín (Schreiner 1984 p.6). cround moraine is
composed of (l) sandy tiII in the precambrian region, which
contains "an abundance of large, angular ... boulders which
coÍunonly dominate the deposit" and (2) very sandy titl in the
Athabasca basin, which ,,coÍunonly contains subangular to
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subrounded boutders of varying sizes,' (Schreiner I9g4 p.30).
yet the coarsest gtaciofluvial material general-Iy comprises
cobbles and pebbles, so that the ordination of other types
appears cor rect .

Irlean depbh (ZBAR) was less predictabLe than maximum

depth. Regressions showed that lo9 WAREA was most important,
followed by 1og FETCH in shietd lakes and Log FETDEV in non_

shield lakes (Tabte cB). Minor improvements in R2 due to
orientation of lakes were observed again. Liaw and Atton
(1981) reported 33 t correlation for ZBAR and WAREA in
Saskatchewan lakes.

STRAFN and TI5T6U The degree of stratification (STRAFN)

was simplified to "no" (none or weak) or ',yes" (moderate,

strong, very strong) for this analysis. The boundary

condition for stratification according to Gorham (19g0 cited
in Cruikshank t984 ):

log zl,lAx (m) > 0.60 + 0,25 (2 + 1og WAREA ) (km2)

correctly classified 77 Z of 225 takes (i.e. 68 t of 125

shield lakes and 88 ? of non-shield lakes). This improved to
82 t when al-l lakes with 1og ZttAX over 26 m were assuned to
stratify. An alternate boundary condition using FETCH was

derived in the present study:

log zf.lAx (m) > 0.ZB + 0.42 :^og FETCH (km)

and correctly classified g2 t of I99 lakes (i.e. 82 E of tl9
shiel.d Lakes and 84 B of g0 non-shield lakes).
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. Febch has been measured in several different ways (Arai
1981, Patalas f984), the best of which may be ,,efÊective

fetch" or a weighted mean of t5 individual lines upwind from
any given point (smith and sinclair rg72\, This definition,
however, characterises a single point for sedimentation and
other site-specific purposes, rather than the entire rake as
required for vertical temperaLure profiling. Fetch in the
present study is essentially ',axÍaI 1ength", which over_
estimates the effects of r,¡ind in long narrow takes (Smith
r979).

The Froud index was available for 46 1akes and correctly
predicted non-stratification for lakes with F > 0.03. This
index compares the inertial force of moving surface water in
an impoundment or lake to the stability induced by density
differences between the surface and bottom layers in the
r,raterbody. The present criterion is different than
recommended: F for non-stratified Lakes > 0.I and F for
stratified lakes << 0.32 (Orlob t9g3).

The present modification simplifies several- factorss
(1) Fetch was used for length since no other datum was easily
available, but "length along f lor,r-Lhrough,, is intended; (2)
Discharges were based on June data, although Orlob (L9g3) did
not specify monthly or annual discharges; (3) The assumption
of LOoC surface and 4oC bottom water seemed reasonable for
early summer, and r varies littl-e within feasible Iimits for
this region (WeLzel. L983, CRC t96g).
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ÀIthough maximum depth was itself predictable from water
area, fetch, and other norphonet.ric variables, attempts to
use estirnated depth in a boundary condition were

unsuccessful. The individuality of lakes v¡as lost in the
estimation of z¡dAX by línear regressions, so that stratified
and non-stratified lakes intermingled in ptols. SirnilarIy,
pairs of variables (e.g. tog FETCH and Log WAREA, Iog FETCH

and ORINW, ând RLOGSHOD and tog WAREA) showecl no delineation
of stratification.

Regressions of 1og Tt5T6U on subsets of variables showed

thal 1og WAREA and Log FETCH were important, explaining about
47 Z of totâ] variation (Table c9). T!,!AXS was a relatively
uninportant variable when stratified and non_stratified lakes
were combined in this regional study.

In 86 stratified lakes, log WAREA and 1og FETCH explained
74 I of variation (Tab1e c9). Other studies on stratified
lakes have explained 66 Lo 72 I (Shuter et al. t9g3), 85 g

(Patalas 1984), and 36 to 79 t (Cruikshank I9B4) of
thermocLine or epilimnion depth using area, fetch, or other
morphonetry. The maximum depth of I5oC behaves similarly to
the thermocline, and is apparently also dependent on wind_
driven mixing. The Nw-component of fetch \,ra s necessâry for
predíctive purposes, presumably due to wind_mixing. Log
WAREA and TritAXs exprained 77 t of variation. Furthermore,
use of ÍMAXS produced equations which were suitable for
prediction according to the Cp-statistic (Hocking Ig76),
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Arai (1981) and patalas (19g4) noted that the effecL of
higher surface temperatures rras to increase stability of the
metalinnion and reduce the mixing depth. Shield and non_
shiel-d lakes have statistically different regressions on J.og

WAREA and T¡,|AXS (Tab1e G10), but the reason r_ras not evident.

VOLT15T6 Attempts to estimate VOLT15T6 were complex. Six
northern lakes were entirely below t5oC., ranging from l.{id$rest
at 4 km2 to Wotlaston at 2062 km2. These lakes were near
others which reached t5.g t.o 2l.OoC surface temperatures and
no explanation for these roerer temperatures was obvious
(Table GIl). Deletion of lakes with T¡,|AXS below 15oC was
only partially useful. Secondly, two distinct classes of
lakes occurred: those erith some predictabÌe VOLT15?6 and
those with none. rt âppeared that stratification caused non-
linear behaviour of the depth of 15oC, StratificaÈion forces
a thermocline at least 2 m but seldom more than 20 n deep
regardless of Lake size (patalas l-9gd).
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Table G10. Regressions of log T15T6U
and T!¿LAXS (oC) in stratified Lakes.

(m) on log WAREA (km2)

Source and reg res s ions df ss F-statistic

TotaL 90 4.398

one regression: 2 3.372 1.6g6 F1=140.5 ***
Y=l.17I + 0.169 Io9WAREA - 0.0I7 TI,!.AXS (R2=0.72, n=91)
Residual

Separate regressions:

88 L.026 0.012

3 0.I17 0.039 F3=3. s4 **
Shield Y=l.126 + 0.t67 l-ogWAREA - 0.016 T¡TAXS (R2=0.76,n=6g)
Non-shield Y=1.268+0.136 logwAREA-0.0I7 Tf.tAxs (R2=Q .76,n=261
Residual 85 0.909 o.01t

** significant at 0.0I<p<0.05 *** significant at p<0.01
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Table GII. Lakes \rith Tl,fAXS of L5oC or Lower

Lake TMAXS

WAREA

(Lm2)
FETCH Z¡'AX

(km) (m)

Wollaston
Upper Fos te r
Fonta i ne
Douglas
Karl Ernst
Mi dwes t

14.3
14.0
r4.3
I4.4a
I5.0a
r3.0b

2062

r02
67

36

IO

4

97

24

72

11

15

6

a Another ten lakes in Lhe Key Lake area had t empe ra tu res
betr,¡een 15. B and t9 . ooc.
b Another seven lakes in the !4idwest Lake area were betrreen
16.0 and 2I.ooc.

InÍtial regressions of J-og VOLTI5T6 on morphometry and
cLi¡nate did not reveaL strong correlations. The best
equations explained about 37 g of variation j.n g7 stratified
lakeg and only 18 t in 59 non-stratified lakes (Tabte c12).
Similarly, regressions explained only 15 t of variation in 96
lakes predícted to stratify by. the fetch_boundary condition
(see STRAFN) r and 54 I in 50 Iakes predicted not to stratify.
Known and predicted st.ratification produced generally sirnilar
equations, which suggesbed corunon nechanis¡ns. Hordever, the
Lor,, correLations did not allor,, useful predictions of
voLTI5T6,
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. Further analyses shov¿ed that r.akes which erere assumed
have non-zero VOLT15T6 were well predicted at g4 to gg t
variatíon (Tab1e cl3). rf only non-riverine lakes were
considered, this improved further.

Tl,tAXS The effect of Tf.fAXS on maximum depth of 15oC has
been shown, but data are frequently not availabLe. A

sinusoidal t,rend of seasonal surface temperature has been
observed (Rawson 1936, Shuter et al. I9g3). Freeze_up and
break-up of lakes lag seasonal air te¡nperatures, and sunmer
r,rater temperatures approach mean annual air temperatures
(Ragotzkie 1978, Schindter 1971, Shuter et at. t9g3). Mean
air Èenperature (shuter et aL. I9g3) r,ra s represented by the
variable NORD (see Appendix B) or its squâre, NORD2. The
correlation of NORD with tenperature was reasonable for
exploratory purposes (Figure Gl.).

In lakes of known stratification status, about 29 t of
variation in T¡,ÍÀXS was explained (Tabte Gr3). RLOGSHOD ând
either NORD or NoRD2 were conmon in usefuL eguations: higher
TI'IAXS was predicted for more sinuous shorelines and higher
air tenperatures, respectively. In stratified Iakes, 1og
WAREA and ORINW vrere added: higher T¡|AXS was predicted for
smaller lakes and those oriented more northr.resterly. In non_
stratified lakes, ORINW was added¡ higher T¡.|AXS was predicted
for northeasterLy orientations (Table Gl3). Similar

Lo

of



Figure GI. Relationship betr,¡een mean annuat âir
ternperature (solid l-ines) and NORD (hatched lines, see
Appendix B).
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equations resulted when these 164 1akes were classed as
stratified or non-stratified by area or fetch boundary
conditions (see STRÀFN above ) .

The prediction of T¡.fÀxS using 1og ZBAR, tog TI5T6U, NORD,

and NORD2 was ¡nuch less successful than the gO to 90 t
reported by Shuter et aI. (19g3). For 92 stratified lakes,
up to 4I * of variation \,ras explained, but for 77 non_
stratified lakes only 15 t, and the use of additionaL
variables Log WAREA and/ot tog FETCH r,râs necessary. Shuter
et aI. (1983) used the thermocline depth and mean depth to
indicaÈe the heat storage volune of stratified and non_
stratified lakes, respectively. However, the best equations
includíng only one measure of depth were aÌ$rays considerably
less useful in bhis study.

VOLTI506 The Secchi depth criterion of 4 m predicted
suitable conditions rlith g4 t accuracy in 86 shield lakes.
Transparency was a good predictor of the existence of
suitable tenperature and oxygen (VOLT1506), but the magnitude
of VOLTI506 was not assessed.
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