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Aostract
Winter oxygen deplet1on rates (WODR) (g O*m-2.4-")
were determlned for 13 lakes in central Alberta during the
winter of 1982—83. Although oxygen decreased in all lakes

for the first three and a half months after freeze-up, the

decreases were nonlinear. The highest WODR were observed
L _

s

just after freeze—up.'The nonlinear WODR were significantly
correlated with estimates of lake‘productivity (total
phosphorus (TP)), but were not 51gn1f1cantly correlated with
morphometry (eg‘ mean depth, P>0. 20)

When the WODR from the Alberta lakes were treated as
linear, to enable a comparison wyth other studies dealing
with  WODR, a correlation was found betweem WODR;and both
morphometry and estimates of summer productivity.'This

relationship was significantly different from what previous

~investigators observed; When data-from three other sets of

temperate zone lakes were- combined W1th data from tPls
study, WODR were best predicted from a comblnatlon of mean
depth (z in m) and mean summer TP-(TPsu in mg-:m~?) in the
euphotic zone: v va _— B

WODR = -0.101 + 90.00247 TPsu '+ 0..;0'13_4..2 ! "rj - 0.90
The above equation permits the prediction‘of WODR for a
greater range of lake types than previous;modelsa

Models to predict WODR in lakes are based on oxygen
profiles obtained from the deepest 51te in the lake "When

the average dissolved oxygen concentration in Wizard Lake

¢

was calculated from oxygen‘proflles,obta1ned<§rom Six 51tes,
s \

S

iv -



the oxygen concentration was 47% higher than when the
average concentration was calculated based on the main
sampling site. Thus, it appears that one-site sampling may

not yield an accurate estimate of the winter oxygen content

v

of lakes.
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I. General Introduction
| ! "

"A skillful limnologist can probably learn more-about the
nature of a lake from a series of okygen determinations than
from any other kind of chemical data"

(Hutchinson, 1957, p575)

Dissolved oxygen (DO) in lakes is used by plants,
animals, ard bacteria for respiration. If the consumption of
oxygen in a lake exceeds the input, a het oxygen deficit

/
~occurs. Most oxygen depletion studies concentrate on

y
stratified lakes during the summer. Thus most of the
information regarding oxygen depletion in lakes is based on
summer oxygen data. To obtain accurate estimates of factors
influencing oxygen depletion it is often necessary to b:ing
the "lake" into the laboratory. Thus a lot of the
information available on the mechanisms invoived in oxygen
depletion is from laboratory experiments using sediment
cores and water from the lake. it is often difficult to
extrapol Jirectiy from observations of laboratory
experiments tc the situation in the fie.d 'Riley and Prepas
.1984). Hzo' »ve: , the general trends from the laboratory may \
be used to interpret thé results from the field.’

In a strathied lake during the summer, DO is consumed
throughout the water column. In the epilihnion, water
regularly comes in_contact with the air, thus DO levels are
usually close“to 100%,éaturation. Water in the hypolimnion

does not regularly come into contact with the atmosphere.

Consequently, oxygen respired in the hypolimnion is often



not replenished and a deficit may develop-(Thienemann 1928).
Oxygen depletibh in lakes is expressed in one of two
ways: (1) volumetrically as mass of oxygen used per volume
of water per day (g ’-d-') or (2) areally as mass of
oxygen used per unit surface area per day (g-m-*-d-').
. Oxygen depletion rates were first used to define lake
trophic status (Strbm 1931: Hﬁtchinson 1938)._Recently
Charlton (1980) and Cornett (1981) have shown that oxygen
depletion is related té morphometry. Thus the earlier
attempts by Strom (1931) and Hdtéhinson (1938) to classify
lake trophic status based on the areal hypolimnetic oxygen
deficit (AHOD) were incorrect. Oxygen depletion in lakes in
winter is expressed areally since the primary site of oxygen
consumption is at the sediment-water interface (Hayes and
MacAuley 1959; Hargrave 1971) which is a function of lake-

-

area.
An ice-covered lake in the winter .is similar to the
hybolimnion of a stratified lake. Both are isolated from'the
atmosphere and can develop oxygen deficits (Krumholtz and
Cole 1959; Linsey 1981). With fall freeze-over, wind induced
circulation ceases in a lake and atmospher{c inputs of
oxygen étop. Under ice-cover, DO is added.during
photosynthesis (Rhode 1955; Wright 1964; Jacksonj‘979) and
by inflowing 'streams (Greenbank 1945; Pennak 196€
Concurrently, DO is‘lost through white ice formatior,

respiration and the oxidation of chemical compounds. When DO

levels decline during‘winter, fish populations within the



-lake are subject to winterkill.(Greenbank 1945; Scidmore

1957; Halsey 1968; Pennak 1968; Schneberger'1970; Casseimén
and Harvey 19755. Consequently, biologists are interested in
predicting winter oxygen deplétion rates (WODR) to determine

which lakes may winterkill.

©

A. Oxygen Sinks Under Ice-cover

There are téree major sinks for oxygen in lakes under
ice-cover: (1) slushing, (2) chemical oxidation of reduced
compounds, (3) biologicai consumption. These sinks are
discussed in detail below.

‘When black ice cracks, water seeps up over the ice
fléoding the snow and white ice forms (Adams 1976), this is
termed slushing. As a result of this flooding, DO in the
water which forms the white ice is removed’from the lake.
The total amount of oxygen removed from the lake during
slﬁshing events 1s proportional to the depth of white ice
formed and the DO concentration in the flooding water,

Chemical oxidation occurs when reduced compounds are
oxidized in the water column, e.g., 2Fe,0, + O, = 2Fe,0,.
Reduced compounds (e.g., manganese, iron and sulfur) are
released into the water overlying the sediments when DO
levels are low (Mortimer 1971). These reduced compounds' are
transported via currents and diffusion towards the lake
surface and, if oxygen is encountered, they are ‘oxidized.

\

Brewer et al. (1977) found that the oxygen comsumption of



: /) 4//
sediment cores was reduced by 91 to 99% by poisopiﬁé the\ -

sediments; the rema{ning 1 to 9% of-thé oxygen consumption
was presumably due to chemical oxidatiorf. Hargrave\(1972)
found that chemical oxidation accounted for only 26% of the
oxygen consumption of sediment cores in thellaborato;y.
Thus, as the amount of oxiaizeable material increéses,\;he
consumption of oxygen by chemical oxidation increases. '
However, chemical oxygen depletion, in general, is notulﬁé
main sink for oxygen in lakes. | \\
The major sink for DOlis respiration by’organisms \
(Hargrave 1969) including fish, invertebrates and microbes
(eg. fungi and bacteria). Respiration by fish accounts for a
relatively small amount of the'oxygén consumed in a lake. In
Sharpe Bay (Jack Lake, Ontario), Linsey (1981) calculated
that the DO respired by fish (4.4 X.10°% mg-L-':d"'), was

less than 0.2% of the total oxygen consumed. Benthic

\

'invegpebrates also account for a relatively minor portion of
total g{ygen consumption in lakes. However.,, benthic
invertep}ates can greatly jnfluence thé oxygen uptake by
bacter&a’(Edwardé and Rolly 1965; Graneli 1979). By

burrowing iﬁ the sediments and increasing the sediment
surface area, benthic invertebrates increase oxygen
consumptionvby bacteria. Benthic invertebrates also bring
organic material and reduced substances to the sediment
surface where they may be oxidized. Bacteria are khe main

consumers of DO in lakes (Edberg and Hofsfen 1973; Brewer et

al. 1977). A correlation was noted between bacteria



ébundance and oxygen depletioﬁ (Zobell and Stodler 1940;
Hayes and MacAuley 1959; Brewer et al. 1977). Fungi play a
major role in oxygen consumption as thgy are :esponsible for
the breékdown of large particles of organic matter (eq. dead
macrophytes) into smaller particles suitable for bacterjal
consumption. Bacteria use oxygen for the decomposition of
organic matter. As more organic material is made available
for decomposition, the number of bacteria increases and the
oxygen dem;nd by the bacteria inceasesscorrespondingly
(Zobell and Stodler 1940; Hayes and MacAuley 1959; Hayes and
Anthony 1959). The site of'highest bacterial numbefs in
lakes is at the sediment-water interfacé (Hayes and Anthony
1959), thus the role of sediments is an impo;tant factor in

oxygen depletion in lakes and will be discussed in the

following section.-

B. Sites for Oxygen Depletion

When considering oxygen depletlon a laké may be
d1v1ded into two distinct compartments: (1)sediment-water
‘inter'$ce and (2) open water. Oxygen depletion in these two
comparéménts is termed sediment ox}gén démand (SOD) and
water ongen demand - (WOD), respectively. In deep lakes,
organic material falling outwaf the trophogenit zone is
oxidized to a greater extent\}n the'opeﬂ water than the same
material would be in a shallow lake, since the material has

a greater distance to fall in the deep. lake, hence a longer



residence time (Charlton 1980; Cornett 1981). In laboratory
{experfments\carried out on sediment cores aﬁd the ovéklying
watér, Edberg and Hofsten (1973) found WOD accounted for 12%
of the oxygen consumption when the water overlying the
sediment cores was rich in oxidizable substrates; ho@ever,
when water overlying the cores was from the outflow of a
papermill, 40% of the total oxygen consumption was caused by
WOD. As the concentration of oxidizable material in the

- water column increases, the relative contribution of WOD to
the total oxygen consumption in the lake increases.

In lakes, the main éite for oxygen depletion is at the
sediment-water interface. Productivity and the mass df
oxidizable material are felatively low in the water column
during winter, therefore the éontribdtion of WOD to the
total oxygen cohsumption in the lake is small. In two
sub-arctic lakes, Chénard (1980) found that:SOD could

Q4 .
account for between 50 and 100% of the total oxygen demand

in the lakes during thé winter. Hargrave (1971) found that
oxygen consumption under ice-cover in Lake Esrom, Denmark,
could be attributed almost entirely to oxygen uptake by the
sediments.'The nature of the sediments influences the rate

of oxygen depletion and will be discussed in the following

section.
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C. F;}tors Controll1ng Oxygen ‘Depletion 1n Lakes
Oxygen depletion rates in lakes are g?verned by two

factors: (1) the nature’and amount of the shbstrates to be
oxidized (2) the supply of oxygen~to the sites of oxygen
consumption., In temperate zone lakes, most ofjthé production
of organic material @gkes'placgﬂduring the open water season
(Schindler and Nighswagder 1970). Material prdduced in the
open-water season is partiélly oxidized as it falls to the
sediments where itggs stored. P;oduction in lakes rapidly
decline§ when lakes freeze over. Thus, most‘of the méferial
that will be oxidized dufing the winter is accumulated in
the sediments from production that occurred dur{ng'the
ice—freé season. Oxygen demand may increase as a lake
undergoes.eutrophication-beCause oE increased production
(Bréwer et al. 1877). However, Hargravé (1975) and Graneli .
(1978) found little change in oxygen uptake rate of sedimént
cores when fresh organic material was added. No correlation
wes found between the organic content of .sediments and

oxygen depletion rate (Edberg and Hofsten 1973). However,

the .aturs and quality of the organic material in the

sedime :s not determined in these studies. This can be
impce ta: ‘ce organic material can be composed of easily
oxidiz ». .erial such =2s simple carBohydrages or material
whicn is . 72ly difficult to breakdown such as lignins
or humic zcmg. “argrave 1971).

In labo. -uv:’y experimen. ., oxygen depletion rates were

higher at tr= becir-‘ng o’ the experiment than at the end



(Zobell and Stodler 1949). Zobell and Stodler (1940)
attribute the reduction in the réte of oxygen consumption to
a decrease in the availability of substrates suitable for
oxidation.

Rate of oxyéen depletion is governed in part by the
supp}y of oxygen to the sediments. Sincé'sédiments are the
primary site for oxygen consumption; water in contact with-
the sedimenté quickly goes anoxic. However, as there is
circulation under ice—coverv(Likens and Hasler 1962; Likens
and Ragotzkie 1966) water is‘transported to the
sediment-water interface, bringing DO to the sedime.ts.
Horizontél miking is faster thén vertical mixing in the open
water. Vertical mixing in the open water 1is supplemented by
the movement of water down the sides of the lake at the
sediment surface. As water approaches the sediment-water .
'interface, it warms and becomes denser than the coldéé
surrounding water, and then slides down the sides of the
lake'displacing the bottom water upwards. This process

results in a slow circulation of the lake water and brings

oxygen to the sediments.

1

D. Production of Oxfgen Under .Ice-Cover

If no water enters the lake in winter, phofosynthesis
is the only source of oxygen gain in lakes. If snow cover on
the lake is thin, enough light'may enter the lake to permit

a substantial amount of photosynthesis to take place. The



~ depth of snow needed to reduce light penetration to
effectively halt photosynthesis woﬁld depend on the type ané
pattern of snow cover present on the lake and also the light
regime of the lake (Adams and Roulet 1980). Barica.et al.
(1983) were unsuccessful in their attempt to incréase
photosynthesis under the ice by removing the snow cover. The
presence of algae in the water column does not mean that
there is oxygen production taking placé in the water.
Schindler and Nighswander (1970) found that the algal
populatioh under the ice in Clear Lake, Ontario, .was
relatively larée.but the algae were in a state of dormancy.
Chlorophyll a (Chl a) levels in lakes, a measure of algal
production, are relatively high just after freeze-up and
decline throughout the winter (Greenbank 1945; Barica 1977;
Jackson 1979). As a result, oxygen production caused by
photosynthesis is negligible in most lakes throughout the

‘the period of ice cover (Jackson 1979).

E. Existing Models to Prediét Winter Oxygen Depletion Rates
Wholé—lake WODR have been studied and modelled in two
distinct lake typés in the temperate zone lakes of North
A%Zrica. Deep oligotrophic lakes on the Prec;mbrian shield
have been studied by Welch et al.v(1976) and the shallow .
eutrophic prairie pothole lakes have been studied by Barica

and Mathias (1979). Both studies reported that WODR (g

O;'m ?+d"*) could best be predicted by models that used
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morphometry (mean depth (z)) as the 1ndependent parameter
The relatlonshlp between z and WODR in the two studies was

guite different:

»

WODR 0.08 + 0.012 z (Welch et al. 1976)

WODR

i

0.14 + 0.062 z (Barica and Mathias 1979)"
Mathias and Barica (1980) suggest that this‘difference\is a
function of productivity but they did not attempt to
incorporate an estimate of lake'prodpctiQity into a model.
Schindler (1971) related winter oxygen depletion to the
-amount of allochthonous materlal received by the lakes in
the Experlmental Lakes Area (ELA) This relationship has
never been confirmed in subsequent studies probably because
the vegetation cover in the lake basins in the othe} studles
differs from lake to lake, whereas in the ELA the vegetation
cover is similar between lakes. Hence the source, type, and
amount . of allochthonous material entering the lakes is
different for lakes in oteer regions (Mathias and Barica
1980) .

Jackson and Lasenby (1982) developed two models to
predict oxygen profiles under iee—covered lakes. The two
models are based on data collected fo; lakes on the
Precambria:. snield and lakes in limestone basins in Ontario.
The more productive liﬁestone‘basin lakes had higher oxygen
depletion rates, indicating that oxygen depletion is felated
to productivity. |

All of the individual studies on WODR have focused on

groups of lakes with similar morphometries or
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productivities. Thus, models based on these studies are only
applicéble to the lake ﬁype‘they are baéed on. To link
together the previous studies, I éathered data on WODR in 13
Albertan lakés, and examined £hé effect of morphometry and ~
estimates of productivity (spring and summer total
phosphorus, summer Chi a, and loss 6n ignition of the
sediments) on ﬁObR in thesé lakes._?urthermore, data from

the literature and this study were combined to produce a new

model to predict WODR over a broader range of lake types

than the two existing models.



h!

12

F. References

Adams, W.P. 1976. Diversity of lake cover and its
implioations. Musk-Ox 18: 86-98.

Adams, W.P and N.T. Roulet. 1980. Illustration of the role
"of snow in the evolution of the winter cover of a lake.
Arctic 33: 1oo—i1s - / T

Barica, J..1977. Effect of freeze up on major. ion and
nutrient content of a prairie w1nterklll lake. J. Fish.
Rea. Board Can. 34: 2210-2215,

Barica, J. and J. A. Mathias. 1979, Oxygen depletioa and
winterkill risk in small prairie lakes under extended-
ice cover. J. Fish. Res. Board Can. 36: 980-986. .4;”v

Barica,-q., J. Gibson, and W. Howard. 1983. Feasibility of
snow clearing to improve dissoloved oxjgen conditions 1in
a winterkill lake. Can. J.‘éish. Aquaé. Sci. 40:
1526-1531. |

Brewer, W.S., A.R. Abernathy and M.J.B. Paynter. 1977.
Oxygen consumption by freshwater sediments., Water Res.
11: 471-473, | | | o

Casselman, J.M. and H.H. Harvey. 1975. Selective fish
mortality resulting from low winter oxygen.'Verh.
Internat. Verein..;imnolf\TQ:'2418~2429

Charlton, M.N. 1980. Hypolimnion oxygen consumption in.
lakes. ﬁiscuséion of productivity and morphometry

effects. Can. J. Fish. Aquat. Sci. 37: 1531-1539. |,

| Chenard, P.G. 1980. A comparison of whole lake and sedlment

oxygen consumptlon in two sub-arctic lakes. M.Sc.



13

Thesis;.McGill'University, Montreal, Québec. 133 p.
Cornett, J. 1981, Prediction and intérp%étation of rates of .
hypolimnetic oxygeh depletion. Ph.D. Thesis. McGiil»

Uﬁiversityd Montreal, Quebec. 270 p. + appeﬁdices.

Edberg, N. and B . Hofsten..1973i Oxygen uptake of bottom
sediments studied in situ and in the laboratory. Water
Res. 7: 1285-1294. «

Edwards, R.W. and H.L.J. Rolley. 1965. Oxygdn consumption of
river muds;'J. Ecol. 53: 1-19, S | o

Graneli, W. 1978. Sedimenf oxygen uptake in south Swedish -
Lakes. Oikos. 30: 7-16. .

Graneli, W. 1979. The influence owahiFohomus buimosa larvae
onlﬁhe oxygen uptake of‘seQiments. Arch. Hydrobiol. 87:
385-403. |

Greenbank, J.T. 19%5. Limnological conditibns in ice-covered
-lakes, especially as related to winter-kill of fish,
Ecol. Monogr. 15: 344-39., |

Halsey, T.G. 1968@'Autﬁmnal.and over?winter limnélbgy of

three small eutrophic lakes with particular reference to

experimental circulation and trout mortalfty;'J. Fish.

e i

Res. Board Can. 25: 81-99,

Hargrave, B.T. 5969. Similafityvof oxygen uptake by;benthic
communitiés; Limnol. bceanogr. 14: 801-805. |
Hargrave, B.T..1§71. A comparison of.sédimént okygen upEake,
hypolimneticfoxygen1depletion and prima%y production in

Denmark. Verh. Internat. Verein Limnol. 18: 134-139,

Hargrave, B.T. 1972. Aerobic decomposition of sediment and



14
"détritus as a function of particle surface area and
organic content. Limnol. Oceanogr. 17: 583—596.

- Hargrave, B.T. 1975. The importance of.total and mixed layet -
depth in the supply of organic materials to bottom
communities. Symp. Biol. Hung. 15: 157-165.

Hayes, F.R. and M.A. MacAuley. 1959, Lakecwéﬁer and
sediment. V. ®xygen.consumed in water over sediment
cores. Limnol. Oceanogr. 4: 291-298.

Hayes, F.R. and E.H. Anthony. 1959. Lake water and s
sedimenté. VI. The standihg crop of bacteria in lake
sedime?ts ané its place in the classification of lakes.
Limnol. Oceanogr. 4: 299-315, |

Hutchinson, G.E. 1938. On the relation between the éxygen
deficit and the productivity of lakes. Int. Rev.
Hydrobiol. 30: 336-355, -

Hutchiﬁson, G.E. 1957. A treatise on limnology. 1. Wiley,
New York,'NY.q1015 P.

Jackéon,’M;B. 1979.‘Winter oxygen loss in three southern

- foﬁééfio lakes. M.Sc. Theéis, Trent Univefsity,
Peterborough, Ontario. 55 p.

Jackson, M.B. and D.C. Lasenby. i982. A method for
predicting winter oxygen profiles in ice—covérea lakes.
Can. J. Fish. Aquat. Sci. 39: 1267-1272.

“Krumholz, L.A.4and G.A. Cole. 1559. Studies on a Kentucky
Knobs Lake. IV Some limnological conditioﬁs during an
unusually cold Qintéf. Limnol. Oceanogr. 4: 367-385.

Likens, G.E. and A.D. Hasler. 1962. Movements of radiosodium

a



within an ice-covered lake. Limnol. Oceanogr. 7: 48-56.

Likens, G.E. and R.A. Ragotzkie. 1966. Rotary circulation of
water in an ice covered lake. Verh. Internatf Verein.
Limnol. 16: 126-133.

Linsey, G.A. 1981. Spatial and temporal variation of factors
influencing oxygen loss in a temperate lake. M,Sc.
Thesis, Trent UniQeréity, Peterborough, Ontario. 69 p.

Mathias; J.Ag/and Jf’Barica. 1980. Factors controlling
oxygen depletidﬁ in ice-covered lakes. Can. J. Fish.
AQuat. 5537”37: 185-194, |

Mortimer, C.H. 1971. Chemical exchanges betweeh sediments
and water in the great lakes;speculations on probable
mechanisms. Limnol. Oceanogr. 16: 387-404.

Pennak, R.W. 1968. Field and experimental winter limnology
of thrée Colorado mountain lakes. Ecol. 49: 505-520.

Riley, E.T. 1983. Internal phosphorus loading fromwthe
sediments and the phosphorus-chlorophyll modelrin
shallow lakes. M.Sc. Thesis, University of Alberta,

" Edmonton, Alberta. 94 p.

Rhodeb'W. 1955, Can plankton prpduction proceed during
winter darkness in sub-arctic lakes. Verh. Internat.
Verein. Limnol. 12: 117—{22. ')/“

Schindler, D.W. and J.E. Nighgwande;. 1970. Nutrient supply
and priméry production in Cleqp/Lake, eastern Ontario.
J. Fish. Res. Board Can.‘27: 2009-2036.

Sc?indler, D.W. 1971, A Bypothesis to explain differences

and similarities among lakes in the Experimental Lakes



16

Area, northwestern Ontario. J. Fish. Res. Board Can; 28:
295-301.

Schneberger, E.[ed.]. 1970. A symposium on management of
midwestern winterkill lakes. Spec. Publ. N. Centr. Div.
Am. Fish Soc.s |

Scidmore, W.J. 1957. An investigation of carbon‘dioxide,
ammonia and‘hydrogen sulfide as factors contributing to
fish kills in ice covered iakes. Prog. Fi-' Cult.
124-157 ‘

Strom, K.M. 1931, Feforvatn: A phyéiographic and biological
‘study of a mountain lake. Arch. Hydrobiol. 22: 491-536.

Thienemann, A. 1928. Der Sauerstoff im eutrophen und
oligotrophen Seen. Die Binnengewaesser 4; 195 p.

Welch, H.E., P.J. Dillon and A. Sreedharan. 1976. Factors
affecting winter respiration in Ontario lakes.kJ. Fish.
Res. Board Can. 33: 1809-1815. /

Wright, R.T. 1964. Dynamics of a phytoplankton community in (p
an iceféovered lake. Limnol. Oceanogr. 9: 163-178.

Zobell, C.E. énd J. Stodler. 1940. The effec* o° oxygen

‘tension on the oxygen uptake of lake bacteria. J. Bact.

"39: 307-322.

1



IT. Modelling Winter Oxygen Depletion Rates in Temperate

Zone Lakes

A, Introductioﬁ

Several researchers have investigated patterns in
winter oxygen depletion rates (WODR) (Welch et al. 1976;
Baricé and Mathi;s 1979), factors controlling WODR (egq.
Mathias and Barica 1980) and ways to feduce WODR (Wirth
1970; Barica et al. 1983). Recently, Jackson and Lasenby
(1982) constructed two models to predict oxygen profiles
under ice in lakes located on the Precambrian Shield andyin
limestone basins in Ontario. |

wﬁnter oxygen depletion rates have been studied in two
extremeflake types in temperate regionsvof Canada: the
relativeiy_deep; oligotrophic lakes on the Precambfian
Shield (Welch et al. 1976) ang, the shallow, eutrophic,
prairie pothole lakes in southwesterﬁ Manitoba (Barica and
Mathias 1979) (mean depths (z) ranged from 4-27 and 2-4 m
and mean summer chlorophyll a (Chl a) concentrations in the
euphotic zone ranged from 1-2 and 5-102 mg+'m~?, |
respectively, for the two lake types). Although z was the
best predictor of WODR in both iake‘types, the mathemztical.
relationships were different (Welch et al. 1976; Barica and
Mathias 1979). Thus, empirical models to predict WODR
pertéin to relatively specific lake types in different
regibns, Qinter oxygen depletion.rates ar; also affected by

snow cover (Barica et al. 1983) and the amount of organic
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material produced in a lake (Mathias and Bar;ca 1980).
Howéver, neither snow cover nor estimates of lake
productivity have been.incorporated into models to predict
WODR. In contrast, models to predict.summer afeal
-hypolimnetic oxygen deficits (AHOD) do incorporate measures
of both morphometry and productivity (Cornett and Rigler
1979, 1980; Charlton 1980). |

TN - .

Winterkill is a common phenomenontTn lakes in central
Alberta. Thus, considerable interest exjsts in factors
controlling WODR in these lakes. However, Albertan lakes are
different from other tempefate zone lakes studied in Canada;
they may be as productive as ‘the prairie pothole lakes, but
are muéh deeper (Prepas and Trew 1983). To test whether
either existing WODR models are applicable in Albertan
lakes, data were‘collected on 13 lakes. These data were also
used to constfuct an empirical model to predict WéDR for
Albertan lakes, and were combined with ofher data in the
literature to test .the contribution of lake prédbctiyity to
"WODR.

To estimate WODR, wate;‘samples are collected over the
deepest part and treated as‘representative of the whole lake
(Welch et él. 1976; Barica and Méthias 1879; Jackson and
Lasenby 1982). This. approach assumes that o#ygen

concentrations are homogeneousiwiphin horizontal strata; an
hypothesis which has‘neber been rigorously tested. To
determine if one-site-sampling is adeqguate for estimating

whole-lake oxygen mass, samples were collected from six to
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seven sites in each of five lakes for comparison with

results from a single statien.

B. The Study Lakes"

The 13 lakes in this study are located in central
Alberta within a 160 km radius of the city of Edmonton. The
Mlakes range in size from 0.08 to 4.4 km* (see appendix B for
bathymetric‘maps). All iafés are underlain by 10 to 40 m of
glgcial till. Total dissoived solids in the lakes ranges
from 150 to 390 mg;L“ and colour ranges from 2 to 25 mg-L"
Pt. The lakes were chosen to.encompass large ranges in
morphometry énd prodﬁctivity: z of the lakes ranges’ from 3
to 19‘m and trophic status varies from oligotrophic to
hypereutrophic (mean summer euphotic zone Chl é ranges from
2 tol155 mg‘m~’). Background data for the lakes are in
Prepas and Trew (1983) and Prepas and Wisheu (1984). Two
lakes, Amisk and Baptiste, have distinct north and south
basins. Both basins of Amisk were 'sampled andAonly the deep
south basin of ‘Baptiste was sampled; all three basins were
treated as éeparate lakes. Each of the remaining lakes was
sampled at only 6ne site. Seven of these lakes have simpl;
basins with a single deep spot, two lakes, Eden and Sauver,
each ‘have two distinct deep spots and the remaining lake,
Hubbles, has three deep spots. None of the study lakes have
major inflows or outflows (Prepas 1983, unpublished), hence

the main source of organic matter in the lakes is from

autochthonous production.
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C. Materials and Methods
The study lakes were permanently ice-covered by 5-11

November, 1982, and remained frozen until the third week in

April, 1983.~Ea€g lake was visited seven to 13 times from
just prior to freeze-up until one month before'break—up. On
each visit, water samples were collected évér‘the deepest
part of the lake with an aluminum drop-sleeve water bottle.
Water for dissolved oxygen (DO) aﬁalyses was collectedlevery
1 or 2 m from the top of the hydrostatic water level to the
~lake bottom or to where it became anoxic as evidenced by the
smell of hydrogen sulfide. These samples were fixed
immediately (Carpenter 1965) and, to avoid freezing,\
transported back to the laboratory in insulated boxes
containing hot-water bottles.

To determine the potentia1 congribution of algae, to the
lake oxygen mass under ice-cover, wéter was also collected
for Chl a analyses. For the first one and a half months,

. samples were collected at 1-m intervals from 1 to 4 m and
for the remainder of the winter} samples were collected to a
depth of 5 to 24 m and pooled into strata 2 to 6 m deep.
Water samplespfor Chl a analyses were placed in 2-L amber
Nalgene bottles and transported té the‘laboratory. To
estimate spring and summer productivity in'the.lakes, total
phosphorus (TP) and Chl g levels in the euphotic\zone for
ten of the lakes are from Prepas and Vickery (1984). For two
lakes, Nakamun and Halfmoon, TP and Chl g values are'from,

Riley (1983). I sampled the 13th lake, Hubbles, five times
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from May 14 to Aug. 26, 1982. In this study, water samples
for TP and Chl a analyses were collected with Tygon tubing
at three staﬁion§ and pooled. These samples were collected -
from the euphotic zone, defined as the depth to 1§‘5Urfac¢
irradiance, of the photosynthet{callly acti&e radiation, as
measured with a Lambda.L1-185 light meter equipped with an
underwater sensof, or 2 times Secchi disc depth (SD).

To determine whether orgahic content of the sediments
is an estimate of lake productivity which can be used to
pred&ct WODR, sediment sahples were collected from 12 of the
study lakes during the summers of 1982 and-1983. The, number
of samples collectea (4-8) on each lake increased in |
proportion to lake size. These_éamples were collected
randomly from each lake.with-a four-barrel corer (Hémilton
et al. 1970). The tob 5 cm was removed from eéch core and
pogled with other cores from that site. The samples were
brought back to the laboratory and frozen until they could
be amalyzed for loss on igﬁition (Lor).

Detailed morphometric daté were already available for
five of the study lakes (Prepas and Trew 1983, unpublished).
The remaining eight lakes were sounded with a Furuno model
Fe-400 depth sounder . Morphdmétric data were determined from
the bathymetric maps with a Tallos digitizer connected to a
Hewlett-Packard 9825B desk-top computer supplied by Alberta
Energy and Natural Resources.

Dissolved okygeh concentration was determined on

duplicate water samples based on Carpenter's (1965)
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modification of the Wihkléf technique. Most samples were
titrated within 12 h of collection and all were titrated
within 24 h. To determine the accuracy of the method for
collecting DO samples, I:compared th§ average DO vaiues from
duplicate water samples. The average difference between
independent oxygen samples collected at the same site and
depth was 0.07 mg-L‘r and the range was 0.01 to 0.32 mg-L-',
Percent o#ygen saturation of the lakes was determined’based
on oxygen saturation tables ih Cole (1983). Duplicate
samples for Chl a analyses were prepared within 12 h of s
collection by fllterlng 0. 05 to 2 L of lake water, depending
on cell den51ty, through glass flber fllters Chlorophyll a
was determined with the ethanol extraction technique of
Bergmann and Peters (1980). Total phosphorus was determined
on duplicate éb mL samples of lake water with the persulfate
method of Prepas and Rigler (1982). Loss on ignition (LOI)
was determined by‘the weight loss of dried sediment samples
baked at 550°C for 24 h. The LOI was not corrected for |
dehydration of the sa;ples (Hargrave 1975). Loss on ignition
estimates for all samples on each lake were combined to
yield an average wholé—lake estimate of LOI.

| For each winter visit, oxygén’mQSS“was determined: for
each stratum from the product of stratum volume and oxygen
concentration; these data were summed to yield whole-lake
oxygen mass. The volume of the top. 1-m waé corrected for ice

thickness. The whole-lake oxygen mass was divided by the

under-ice surface area of the lake to yield the areal oxygén



23

mass (g O,'m-?) (Welch 1974). To calculate WODR (g
Oz*m~2:d-'), areal oxygen mass was regressed against days‘
past freeze-up; the slope of this regression line is the
WODR. '

To develop empirical models for the lakes in central
Alberta WODR were regressed against estimates of spring and
summer productivity (TP, Chl a, and LOI) and mean and
maximum depth (z and Zmax, respectlvely) Volgmetrié
(mg- m") and areal (mg-m-?) expre551ons were used for TP and
Chl a; the areal expre551ops were calculated as the product
of TP and Chl a concentrations in the eubhotic zone and the
depth of the euphotic 2one. To construct a general model to
predict WODR, data (i.e., WODR, z, TP, and Chl a) from other
temperate zone lakes (Schindler 1971; Dillon and Rigler
1974; Reid et al. 1975; Welch et al. 1976; Barica et al.
1978; Barica and Mathias 1979) were combined with data from
this study and analysed by regression analyses. Spring was
defined as 27 May-14 June for Alberta data collected in
1982. Summer was deflned as 15 June-15 Sept{ for Alberta
data collected in 1982 (after Prepas and Vickery 1984), and
end of May until end of August for unpublished data
collectéd on Ontario lakes. Spring and summér data from
pﬁblished soqrces_wére used as published.

The regression analyses were performed with the BMDP
_statisfical package proéram PIR (Dixon 1981) on the Amdahl
médel 5860 computer at the Univeréity‘of Alberta. Other

statistical analyses were from Snedecor and Cochran (1980)
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or Prepas (1984). All values in this report are expressed as
means * standard error, except where noted.
l To evaluate the differences between predictions of WODR
with summer areal hypolimnetic oxygen depletion (AHOD)
models and WODR modelé, I compared the residual mean squares
(RMS) for each of four AHOD models with the RMS for the WODR
model(s).\The RMS for each model was calculated as follows:
RMS =§ﬁkpred.—obs;)’/df' _
where pred, is the predicted WODR (from the AHOD model).and
obs; is the observed WObR for each lake (i), and df is the
degrees of freedom.u;or each model, df was defined as number
of data points minus one minus the number of independenf
variables in the model. Since multiple comparisons were made
in this analysis, the chance of.committing a'type I error
was greater than thevvalue given in a standard F-table;

therefore, a probability level of 0.02 was used to

distinguish significance.

D. Results

~ Fall Turnover.

Just prior to freeze-up, DO levels were surprisingly
low in 12 of the 13 study lakes; the average oxygen
saturation level was calculated to be 69% at the time of
freeze-up, with values as low as 51%. Only one lake, Hasse,

was almost fully saturated (94%) (Table 1). These findings
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are contrary to observations in other areas; e.g. in the
pothole lakes of Manitoba, oxyéen saturation levels are
80-100% just prior to freeze-up (Bariéé and Mathias 1979).
Jackson and Lasenby (1982} reported that thé maxihum
volume-weighted oxygen content of the Ontario lakes that
they studied,.was achieved appfoximateli 15 days after
freezé—up; this is not the case in the Albertan lakes. In
only four of the 13 lakes, the saturation level increased
between the time of fréeze-up and'the.first sampling date,
possibly due to relatively high oxygen consumptlon relative
to the inputs of oxygen via freezeout and photosynthe51s |
Not only were DO levels low in the study lakeg in the fall,
but mixing was incomplete in two of them. A lé;er of anoxic
water up to 5-m high remained over at leaét 18% of the
sediments in the deepest part of Twin Lake.'ln Hubbles Lake,
Up to 9-m of water, oveflying 15% of the sédiments, was
anoxic. Since oxygen consumption in-lakes is mainly caused

, by bacteria at the sediment-water interface (Brewer et al.
-1977), inéompléte ciréulation could‘reduce oxygen depletion
rates in the water column. Consequently, for the subsequent
analyses,‘WODR for Twin.and Hubbles lakés Qefe-not pooled
with‘those_from the remaining 11 study lakes where DO levelé
were above zero over the entire sediment area prior to .

freeze-up.
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Lake Cover and Chlorophyllva
-f“' During the visits to the lakes whil they were
ice-covered, icé thickness at the sampling sites averaged
44.1 = 1.35 cm and average snow depth was 8.2 + 0.94 cm.
Whlte'1ce was noted only on Tw1n Lake; it was 2.5 cm deep
The total snowfall at Edmonton International Airport during
the winter of 1982-83 Qas 0.92 m, which was lowér (t-test,
P<0.001) than the pfg;:;\s 30-yr average (1.25 m)
(Environment Canada). C nséguently, the amount of light
entefing the lakes during th; winter of 1983 was greater
than during an average wint;enw

In 12 of the study lakes, CHl a concentratibn in the
‘top 4 m decreésed with the onset of iceigdver and remained
low until late February or early March, a;\illustrated with
\ data‘from Lessard Lake (Fig. 1). In these 12 lékes, average
Chl a concentration in the top 4 m between freeze-up and
March 6, 1983, was 2.9 + 0.55 mg-m-* while after March 6 rt\
rose to 4.6 * 1,42 mgrm-?, For the same lakes, average snow
depth during these two periods was 7.3 + 0.89 cm and 10.3
1.15 cm, respectively..in the 13th lake, Halfmoon, a bloom
of algaé,(32 mg-m-° Chl a) was recorded at aidepth of 1 m on
December 14 but decreased to 3 mg-m-° Chl'a 1‘ days later.
This algae bloom could have introduced oxygenjiunder the ice
but the DO level at 1 m decreased from 6.6 mg-L-' on
December 14 to 4.8 mg:L-' on December 24. Snow-cover on

Halfmoon Lake for these same two dates was 4 cm and 5 cm,

respecﬁively. In March, 1983, DO and Chl a levels increased

L
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in the top few meters in 10 of the lakes as 1llustrated in
Fig. 2 with data from Sauer’Lake In Sauer Lake, Chl a
increased five fold (from 3.3 to 15.8 mg-m~?) in the top 4 m
while DO increased 18 fold (from 0.06 to 1.2 mg-L7') in the
same stratum between March 2 and March 25, 1?83. Since DO
and Chl a levels began systematic increases under ice only
after early March,1983,'photosynthesis probably contfibuted

an insignificant amount to oxygen levels between freeze-up

and early March, 1983.

Dissolved Oxygen

'For the first 112 days paet freeze-up, the mass of DO
(g-m-?) decreased systematically in all laaes‘ Beginning in
early March, changes in the mass of DO followed two distinct
patterns: in three lake;\ab increased whlle in the remaining
10 lakes it continued to’ decrease, but at a lower rate than
previously. Since DO levels systematically decreased in all
lakes during the first 112 days past freeze-up and duriné |
the same.period there was no evidence that a significant
amount of: oxygen was added to the lakes via photosynthe51s;
WODR were calculated for this 112- day period. Winter oxygen
depletion rates, although systematic, were not linear,during
the 112-day period; rather WODR were more rapid at the’
beginning than at the end.of this period. To illusttate thié
pattern, the data for the 112-day perlod were subd1v1ded

into two periods: (1) the first three sampllng dates and (2)

the remaining sampling dates, and WODR were calculated for
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both pe¥iods. Since a minimum of three points are‘needed to
construct a regression lide, subdivided WODR were only
calculated foruthe eight lakes which had a minimum of six
?sampling dates durinq the 112~day period. For these eight
lakes, the WODR for the first three sampling dates were
consistantly higher than rates based on the remaining dates
(Wilcoxon signed—radk test, P<0.05) (Table 2). These resultsl
were surprising; WODR are tfaditionally consideted as linear.
until average whole-lake DO levels fall below 2 mg-L-"
(Mathias and Barica 1980). My data do not support this
hypothesis; e.q., iﬁ two lekes,‘Lessard and Eden, average
whole lake DC levels remainEd above 3.6 end 4.0 ﬁg-L",
respectively, during the 112—day period when WODR were
calculated. Yet in these same lakes, WODR just.after .
freeze-up were 54 and 68% higher,\reepectivelyt than later 

in the 112—day'period (Table 2). Thus in this study, WODR
were nonllnear regardless of DO levels., Since changes in the
mass of DO were nonlinear in the etudy lakes, a suitable |

transformation was sougnt for these data. The best Cy

s

transformation for the mass of DO (X) vs. time was a power

function: X' = X°-¢5. For 12 of the 13 lakes, the

correlation between the transformed DO data and days past

E »

freeze- up was better than ar equal to the correlatlon based

-

on the-untransformed data (Table 2). These data are the.
flrst WODR treated as a nonllnear process. Thus these data
cannot be compared with any ex1st1ng WODR models., I. examlned

the relatlonshlp between two morphometric parameters (z and



Zmax), four parameters used és estimates of annual
production of organic matter (LOI, sprﬁng TP, summer TP and
SUﬂmEF Chl a levels) and WODR based on the transformed data
(WODR') (Table 3). Winter oxygen depletion rates based on
transformed data (WODR') were positively correlatedIQith all
var;ables except LOI. The signiﬁicant negative relationéhip
betwéen LOI and WODR' is hard to explain. Surprisingly, the
only positive'éign{ficant Felatioaéﬁﬁps were between
estimates of open wéter‘productivity (TP and Chl a) and
WODR' (Table 3); the best predictors of WODR' were summer TP
and Chl a (TPsu and Chl a) in mg-m-?:

WODR' 0.005 + 0.00047 TPsu (1)

WODR' = 0.062 + 0.00052 Chl a (2)
These results are contrary to investigafions on two other
groups of lakes (Welch et al. 1976; Barica and Mathias 1979)
where' DO data were not transformed pribr to calculating
WODR. In the other 'investigations, morphometric parameters

were much better predictors of WODR than estimates of summer

< -

productivity, whereas' summer productivity was thé?best

~estimator of WODR with the transformed WODR data from this

L

study.
| Although data from this study suggest that models to
predict WODR are Eést based on transformed QO data,
untransformed data must be used to compare WODR in Albertan
lakes Qith temperate zone lakes in other regions. Thus the

subsequent discussion is based on WODR calculated with the

original data.

=
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In the 13 Albertan lakes, WODR covered twice the range,
0.193 to ( 48 g O,*m"2-d"', as that observed in the two
previous studies on WODR in Canadian lakes (Fig. 3). The -
WODR for the Albertan lakes were tested against existiné
empirical models. The‘model for lakes on the Precambrian
Shield which are similar in depth but less productive (Welch
et al. 1976) consistently undereétimatedvWODR in the
Albertan lakes (Wilcoxon signed-rank test, P<0.01).
Conversely, the model for the generally shallower prairie
pothole lakes (Barica and Mathias 1979) consistently
 overestimatéd WODR‘in the Albertan lakes (Wilcoxon
signed-rank test, P<0.05) (Table 4, Fig. 3).

To compafe WODR in Albertan lakes with the lakes on the
Precambrian ghield and in southern Manitoba, WODR in the
Albertan lakes were regressed against parameters indicative
of lake morphometry and producti;ity (Table 3). Based on
untransformed data, patterns in the Albertan lakes were
comparable with the stﬁdies in other regions (Welch et al.
1976; Barica and Mathias 1979); morphometry was é stronger
predictor of WODR than estimates of productivity. The best
predictor of WODR was medn depth (z in m):

WODR = 0.29(]+\m36 z - (3)
Unfortunately, too few leertan lakes were sampled to
construct multiple regressions én these data alone.
Productivity, as estimated by spring and summer TP, was
significantly correlated with WODR only when TP was

expressed on an areal basis. Thus all further calculationq
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are based on areal expressions of productivity estimates.

A serious limitation with the ex1st1ng models to
predlct WODR is that they work only in the region where they:
were developed. These published models to predict WODR are
basea only on morphometry (Welch et'al. 1976; Barica and
Mathias 1979). Howevef, theré are‘num§;ous suggestions that
oxygen depletion rates are a function of both z and lake
productivity (Table 3, this study; Mathias and Barica 1980;
Charlton 1980; Cornett and Rigler 1980). Previously, data
were insufficient to ﬁest whether a model incorporating both
morphometry;and estimates of productivity: (1) could be
developed to predict WODR and. (2) would be generally
applicébie to north temperaﬁe zone lakes. To develop a model
to predict WODR over a wide range of lake types, estimates
of WODR, open-water productivity, ana morphometry from 48
lakes ~in Aiberta; central and northwestern Ontario, and
Manitoba (Table 5) were combined. These lakes covered a
broad range in terms of mean depth (1.5< z <22.7 m), and -
estimates of summer prodUétiQity (2< Chl g <184 mg-m;z and
24< TP <222 mgem~2?) in the eubhotic zone. Unfortunately TP
data were'not collected for the Manitoban lakes and TP
estimgtes were available for only six lakes in nérthwesterq
Ontario., In the combined data set, WODR weré strongly
correlated with estimates of lake productivity and
morphémetry (Table 6). However, contrary to the results

reported for regionél data sets (excluding the transformed

data set for the Albertan lakes), estimates of productivity
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were stronger single predictors of WODR than morphometry.
Thus morphometric variables are_better predictors of WODR
within regions of similar productivity, but between regions
of differing productivity, productivity is the strongest
predictor of WODR. Next, I combined z with the estimates of
productivity to examiné whether a multiple regression would
improve -on the linear models to pfedict WODR. In all fhree
cases, including estimates of both morphometry and
open~water produbtivity impfoved the WODR models (Table é).
In each multiple regressioﬁ, fhe,estimate of open-water
productiyiﬁy explained more of the variation‘in WODR than
morphometry. The WODR model based on summer TP (mg-m-?*) and
2z had the highest correlation: |

“~2  WODR = -0.101 + 0.00247 TPsu + 0.0%34 3 (4)
However, TP data were available for fewer lakes than Chl a.
When regressions were run on the lakes where summer TP daté
were available, Eut incorporating WODR, Chl a, and z in the.
regresﬁion, the correlation was'highly significant (r =
0.78, P<Q.OOO1)'but lower than when summer TP was used.

" Thus, 'summer TP is a better predicﬁor of WODR than Chl a.
However, models based on z and some estimate of
productivity, TP or Chl a, can be used to predict WODR ovéf

a wide range of lakes in north témperate”regions.

One-Site-Sampling
In the five lakes where DO profiles were taken at more

than one site, considerable horizontal variations in DO
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levels were found. There was no coﬁsistent pattern in thé DO
profiles at the various stations; depth at site sampled did
not influence DO levéls. For instance, on 22 January, 1983,
in Lessard Lake ét a.depth of 1 m, DO concentration
increas?d from 7.4 mg:L-' at the site of maximumvdepth to
9.6'mg~L" at the site where the depth wés only 1 m; whereas
oh 9 January, 1983, in Halfmoon Lake at.a depth of 1 m, DO
conbentration decreasea from“é.1 mg+-L-' at the site of

max imum depﬁh to 0.9 mg-L-' at the site where the depth was
only 1 'm. To illustrate the possible error when‘only.one
site is sampled and thé whole;lake oxygen mass is based on
gﬁgz\g}te, oxygen profiles collected at six.sites in Wizard
ﬁake on 7 March, 1983, (Table 7) were used. To calculate DO
mass for the whole lake based on all the sampling éites, DO
‘mass was calculated for each site énd summed together. To
calculate the mass of oxygen at each site, the volume of
each stratum was divided by the numbér‘of samples Léfen at
that stratum depth. The DO concentration of each sémple from
each site, was multiplied by the corresponding volume
associated with the sample, and all were summed together to
provide the Qhole—lake oxygennmass. Whole-lake oxygen mass
was divided by the volﬁme of the lake to yield average
oxygen'concentréffon. The average DO value was 47% higher
when data from all stations were used rather than data from

the site of maximum depth (2.2 and 1.5 mg-L-',

respectively).
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To further illustrate the possible errors which ﬁould
result when whole-lake'okygen mass }s.calculated from data
collectéd af only one site, three separate estimates of
oxygen mass (g-m-?) were made for the upper 8 m of Wizard
Lake. At each statlon that was a minimum of 8 m deep, the DO

concentratlon at each depth was multiplied by the whole-lake
stratum'vof;mé#corresponding to the depth of the sample. The
results were summed to yield oxygen mass in the upper 8 m
and divided by the under—icg surface area; Oxygen mass
calculated in this manner ranged from 8.1 to 16.8 gem-*; the
main station had 8.5 g-m~?. Thus, it appears ﬁhat'sampling
at more than one site would improve estimates of whole-lake
oxygen mass over one-site-sampling for Albertan lakes.
However, -in all sampling programmés, a trade-off must be

made between the number of lakes sampled during the winter

and the number of sites sampled on a lake at each visit.

E. Discussion .

Previous authors (Welch et al. 1976; Barica and Mathias.
1979; Mathias and Barica 1980) have reported that WODR are
‘linear throughout the winter as'long as. average lake DO )
remains ébove anywhere from 1.to 3 mg-L~ ', Data from this
study do not support the gerderality of this obéervation. One
possible explanation for the non-linear trends in my data is
that WODR for thg Albertan lakes are based on a longer time

interval than previous studies. The WODR for the prairie

'pdthole lakes were based on approximately 90 d (Barica and
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Mathias 1979) as were the Ontario lakes (Welch et al. 1976).
The nonlinear trends in WODR in this study can be explained
if some organic material in the sediments is more easily
aoxidized and is used up first (Edberg 1976; Jackson and
Lasenby 1982). The rate.of oxygen supply to the sediments
may also influence WODR. Since oxygen depletion rates are
greatest at the sediment-water igkerface, whole-lake oxygen
depletion is, in part, governed by the rate of oxygen supply
to the sediments. The rate of oxygen supply té the sediment
ﬁs a function of the distance to the sediments from water
containing oxygen and- the concentration of the water
containing oxygen:

| oxygen flux rate = K+ (oxygen concentratioﬁ gradient)
where K is the eddy diffusion constant (Méthias and Barica
1980). All of the Albertan lakes that mixed to the bottom at
fall overturn deveioped clinograde oxygen profiles durihg
the winter as ghdﬁn by data from Baptiste South (Fig. 4). As
the winter progressed, the DO inithe lake decreased, .the
distance from the sediments to water'céﬁtaihing DO
increased., thus the oxygén flux rate could ‘have also
decreased. Methods to accurately measure the movement of
‘oxygen from open water to the sediment-water interface need
to be developed to assess the effect(s) of changing oxygen
supply rates on WODR.

To test whether incomplete mixing ét fall overturn

would depress WODR, the data on Hubbles and Twin iakes were

examined. Total phosphorus in Twin Lake (69 mg-m-?*) is

)
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outside of the range of TP values Qéed to construct Eq. 1
(97 to 223‘m§-m'2), thus no comparison should be made
between the predicted and observed WODR' for Twin Lake. The
observed transformed WODR for Hubbles Lake (0.0846) was
inside the 95% confidence interval predicted from Eq. 1
(0.0576 = 0.0472), however the observed value was 41% higher
than the predicted value. A possible explanation for why the
observed WODR' is.higﬁer, rather than lower, than the
predicted rate is that Hubble§ Lake was sampled at only one -
location and there are three distinct deep spots, thus the
error in thé measured WODR may be greater than in the other
Albertan lakes. Both Twin and Hubbles lakes have summer Chl
a levels (6 and 21 mg-m-2?) beloy the range of Chl a values
used to generate Eg. 2 (27 to ?27 mg+m-?), thus it is not
possible to accurately predict WODR from Eq. 2 for these two
lakes. Both Twin and Hubbles lakes have summer TP and mean
depth values within the range of éata used to genérate Eqg.
4; the predicted WODR, calculated from Eq. 4, for these two-
lakes (% 95% confidence interval) were: Hubbles, 0.311 #
0.1638 and Twin, 0.279 g O,*m-%2.d-' + 0.1702. The observed
,WODR for the_lakes_were; Hubbles, 0.475 and Twin; 0.193 g
Oz-m‘z-d“.;As noted earlier, the observed WODR for Hubbles
Lakes 1s probably incorrect due to inadequate sampling.
Thus, more’data afe needed to determine the effect(s) of
incomplete fall overturn on WODR.

To obtain better esfimates of the;oxygen content in

lakes, data from this study suggest samples should be
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collectedlat several stations. further research is needed to
determine the extént, magnitude and cause(s) of spatial
heterogeneity of DO profiles in lakes under ice-cover. Some
likely causes are: (1) groundwater entering the lake, (2)
differential oxygen depletion at various sites in the lake
(Linsey 1981) and, (3) localized inputs of oxygen to the’
lake. |

Jackson and Lasenby (1982) constructed two models that
predict oxygen profiles in lakes under ice-cover: one model
~for lakes situated on the Precambrian Shield and another for
lakes situated in limesténe basins. These hodels are based
on the oxygen concentration in the lake.5 to 15 ° fter
freeze-up. The two -models were tested againsﬁ t ~ sertan
lake data to determine if oxygen profiles could be
predicted. The model developed for lakes lbéaﬁéd on the
Precambrian Shield'consistently overestimate8 the final DO
levels in the Albertan lakes by‘an average of 2.5 mé-L";
conversely, the model for lakes én limestone basins
consistently underestimated the final oxygen levels by an
average of almost 2.0 mg-L-'. An underlying assumption of
the models is that lakes in limestone basins are more
prdductiye than those on the Precambrian Shield; hence, DO
is depleted faster in the limeétone basin lakes. Jackson and
Lasenby’é model for lakes on ﬁhe Precambrian Shiéld 1s based
on only five lakes where the maximum depth ranges from eight
to 33 m and average summer Chl &g is approximately 2 mg-m-?,

The model developed for lakes in limestone basins is based
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on only three lakes where the maximum debth ranges from 16
to 18 m; shmmer productivity estimates are not available for
these lakes, however they are probably more productive than
the shield lakés but less productive than the‘Albertan
lakes. Since the»Albertan lakes are more productiive than
Ontario lakes, bokh on the Precambrian Shield and in
limestone basins (mean summer Chl a concentration (mg-m-> in
19 Ontario lakes was 1.4 (Dillon and Rigler 1974) and in 27
Albertan iakes was 26.5 (Prepas and Trew 1983)) it was |
expected that both models would predict higher final oxygen
levels than observed. in the Albertan lakes. Thus, the
resuits were unexpected. However, 1t is possible that with a
larger data set, incorporating an estimate of productivity
into models wﬁich predict oxygen profiles Lnder ice-cover
will improve their generality. '

1§ thg same processes are influencing WODR and summer
areal hypolimnetic oxygen deficits' (AHOD), AHOD models may
predict WODR. Four AHOD models were chosen and tested with
WODR data from the Albertan lakes. The four AHOD models
chosen require inputs which were available for the Albertan
lakes: estimates of open-water pfoductivity (SD, summer TP
‘and Chl a levels), morphometry (z), and water temperature
(Lasenby 1975; Charlton.1580; Co;nett and Rigler 1980). To
assess the accuracy with which the AHOD models predicted
WODR, I compared the residuallmean squares (RMS) from fhe

predicted WODR and the observed WUD: ‘or the 1- Albertan

lakes (Table 4) with the RMS from Ba. 3 (RMS of equation 3
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is 0.0078). Although the RMS for the AHOD models were four
to 50 times greater than for Eqg. 3, only Lasenby's model
explained sfatisticallylléss variation than the WODR model
on the Albertan lakés (F-test, -two tailea, P<0.005). The
AHOD models by Cornett and Riglér, and Charlton each
explained apbroximétely the same amount of variation of WODR
in the 11 Albertan lakes, and although the RMS's for the
AHOD models were four times greater thaﬁ the RMS from Eg. 3,
the differences were not statistically significant (F—teSt,
.two tailed, 0.05<P<0.20).

To determine if the AHOD models could predict WODR over
a broad range of lake types, I compared the RMS from Eqg. 4
(RMS = 0.0065) to the RMS for the two AHOD models of Cornett
~and Rigler, based on the same lakes used to construct Eg. 4.
The RMS for model #3, Table 4, based on mean summer TP and
mean depth, was 0.0124 and the RMS for model #4, Table 4,
based on mean summer SD and mean depth, was 0.0137.~Although
phe RMS for the two AHOD models are approximafely twice as
great as the RMS for Eq. Z, the differences are not
statistically significant (0.02<P<0.10). Thus, itvappears
that WODR can be accurately predicted from equations that
incorpbraté estimates of both productivity and morphometry.

Tﬁe most important parameter in the models to predict
WODR and AHOD over a broad range of lz: types are estimates
of open-water productivity (summer TP or Chl &) (This study,
Table 6; Cornett and Rigler 1980: Charlton 1880). Both WODR

and AHOD are influenced by morphometry but to a lesser

~



degree than productivity. Summer hypolimnetic oxygen
depletion is also influenced by temperature (Charlton 1980;
Cornett 1981) and WODR could be as well,'although sufficient
data do not exist to test this hypothesis. Incorporating
temperature in equations to predict AHOD is warranted since
there may be large temperature differences in the hypolimnia
of various lakes in summer; Charlton (1980) reported mean |
summer hypolimnetic teméeratures ranging from’4.0 to”11.0°C
in. the Laureutian Great Lakes. During the period of
icefcover, the temperature variatien between‘lakes is not as
great as the temperature variation between lake hypolimnia
during summer; Jackson (1979) reported ﬁean winter.
volume-weighted temperatures ranging from 3.0 to 3.4°C in
three lakes in Ontarip, and the variation in mean winter
volume-weighted temperatures in the Albertan lakes was 2.2
to 3.4°C. Although biological processes are influenced by
temperature, there is little varration iu.temperature
between ice—covered lakes, and thus the influence of
temperature on WODR is likely less than on AHOD.

The‘MOdels developed tc predict WODR over a broad range.
of lake types»need te be tested with an independent data set
to determine their accuracy. Data from lakes outside the
original data set, e.g. shallow and unproductive, needrte be

collected to improve the generality of the models.,



Tablevi.:Peréent oxygeﬂ saturation in 13 Alberta lakes

- during fall and eérly winter, 1982. Measured oxygen
saturation on the last visit before freeze~up (Prior), the
first visit after freeze-up (Post), and predicted oxygen
ﬁaturation on date of fféeze—up calculated from the
Y-intercept of the regression .of transfprmed oxygen mass

against time (Predicted). Numbers in parenthesis refer to

41

the number of days before or after freeze-up when the lake

was visited.t indicates lake did not mix to the bottom at

/
fall turnover.

% OXYGEN SATURATION

Measured Predicted
LAKE Prior Post ~
.  .* \J
Amisk N 64(5) 64121) 66
Amisk S 52(1) 54(21) 55
Baptisﬁe S 58(5) 67(21) 70
Eden 62(1) 72(12) 67
Halfmoon 48(11) 55(9) 64
Hasse . 94(9). 97(11) 97
Hubblest 53(12)  54(9) 55
Lessard -65(19) 82(14) 77
Nakamun  60(9) 52(12) 52
Peanut ‘66(21) 70(7) 68 )
Sauer 72(i1) 72(10) 77 ..
Twint 47(4) 59(12) 51
Wizard 88(9) . 67(15) - @
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Table 2: Winter oxygen depiefion rates (g O, m-2.d-') during

the first 112 days past freeze -~up, and correlation coeff1c1ents,
r, for the mass of oxygen (on llnear and transformed,’ X'=.

Xd' ,data) vs days past freeze—up: All, rate-covering entire
.112;day period; Eafly, rate based on first three‘sampling_'
dates; Later, rate based on remalnlng dates, Trans, rate
calculated on All data transformed Sample size 1s indicated

in parenthesis. t indicates lake did not mix to bottom at
fall turnover. : -

WINTER OXYGEN DEPLETION RATES ., r
" LAKE ALL. l EARLY LATER' “TRANS ALL TRANS
Amisk N 0.554(5) ——- e 0.0877  0.98 0.99
Amisk S 0.848(5) —_— --= . 0.1162  0.98 '0.99
Baptiste s 0.775(5) Jim—— —l—”— 0. 1‘1;80‘ | 0.99 0.99
Eden 0.331(7) 0.481(3) 0.286(4) 0.0582  0.99 1.00

Halfmoon  0.462(6) 0.373(3) 0.448(3) 0.1352  0.99 0.98
Hasse 0.373(6). 0.426(3) 0.315(3) 0.0799  "1.00 1.00
Hubblest.  0.475(7) 0.345(3) 0.520(4) '0.0846  0.99 0.99
Lessard  0.243(8) 0.342(3) 0.222(5) 0.0518 0.99 0.99
Nakamun 0.281(10) 0.587(3) 0.18447) 0.0773 0.96 0.98

Peanut 0.405(7) 0.512(3) 0.363(4) 0.0881 1,00 1.00

. S : O
Sauer 0.363(6) 0.428(3) 0.271(3) 0.0988 . 0.99 1.00
Twint 0.193(5) « -=- ===, 0.0258  0.99 0.99

Wizard 0.533(5) - --- - 0.1052  0.99 0.99

S
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Table 3: Correlation coefficients for winter oxygen

deplgtibn rates (g O,'m-*-d-'), both transformed (X' = X°:-¢5s)
and linear data>vs SixX parameters: mean déth_(z), maximum
depth (Zmax), loss on ignition (LOI),‘spring and summer total
phosphorus (TPsp and TPsu), and;summer.chlorophyll a (Chl a),
in Aibertan lakes.vPhosphorus and chlorophyll are expreséed
per unit atea of the lake® and per unit volume of the

trophogenic zone. Significant correlations are indicated by:

*(P<0.05), #*(P<0.01), and *#*(P<0.005).

.Parameter Transformed {Linéar

- ‘ | °

z (m) ' 0.41 . 0.90%xx

zZmax (m) 0.36 -~ 0.82x%x

LOI (%) -0.72% | -0.36

TPsp (mg-m-2) 0.46 0.73%%

.TPQQ (mg-m~?) : 0.72x 0.64%

Chl 2 (mg:'m-2?) ' 0.72% | 0.37

TPsp (mg-m~?) ' 0.68% o 0.23 )
TPsu (mg:m-?) 0.46 0.01

Chl 2 (mg-m-?) 0.40 -0.09

ST
éz &
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Table 5: Winter oxygen depletion rates (WODR) (g

46 .

Ozem~?-d"'), mean depth (z), total phosphorus (TP) (mg-m-?),

and chlorophyll a (Chl a) (mg:m"?) from four sets of

4

temperate zone lakes in Canada.

SPRING  SUMMER  SUMMER

LAKE WODR oz TP TP CHl a

(m) (mg-m-2?) (mgem-2) (mg-m-?)
ALBERTA' 3
Amisk N 0.554 10.7 502 222 61
Amisk S 0.848 19.4 '422 219 86"
Baptiste S 0.775 12.6 320 202 64
Eden 0.331 6.9 223 177 27
Halfmoon 0.462 4.8 257 215, 147
Hasse 0.372 3.7 199 174 26
Lessard 0.243 3.9 115 97 42
Nakamun 0.285 <, 4.5, 181 135 72
Peanut 0.407 5.5- 260 211 37
Sauer 0.363 4.2 265 208 28
Wizard 0.533 6.2 235 192 64
CENTRAL ONTARIO: °
Beech 0.282 9.8 81 73 10
Bob 0.273 18.0 100 79 14
Boshkung 0.393 23.4 88 . - 69 14
Cameron 0.217 7.1 83 88 14
Cranberry 0.075 3.5 70 83 11
Eagle 0.169 7.9 92 76 22



(Table.S cont'ad)
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SPRING SUMMER _ SUMMER

LAKE WODR z TP TP | CHl a
(m)  (mg-m-?) (mg-m-2) (mg-m-?)

Four Mile 0.282 9.3 124 98 16
Green 0.117 6.1 91 87 16
Haliburton 0.295 19.6 82 58 12
Halls 0.373 27.2 71 63 13
L.Boshkung 0.127 7.6 80 59 19
Maple 0.242 11.6 72 79 11
Moose 0.295 16.6 77 73 13
Oblong | 0.186‘* 11,2 .73 66 25
Pine 0.097 7.4 71 85 13
Twelve Mile 0.286 11.5 76 68 16

NORTH-WEST ONTARIO® ¢ \

122 0.253 7.2 )4
132 0.116 3.3 ?k
227 0.223 4.4 73 T
230 0.138 6.2 ~ 41

239 0.186 10.5 74 11
240 0.199 6.1 50 7
261 0.045 2.9 9’
265 0.171 9.8 18
303 0.036 1.5 24 2
304 0.236 3.2 71 3
305 0.207 15.1 92 11

——



(Table 5 cont'd)
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LAKE . WODR

SPRING SUMMER  SUMMER
TP TP CH1l a

(mg-m-?) (mg-m-?) (mg.m-?)

MANITOBA® °

885 0.260
882 0.270
255 0.290
318 | 0.220
587 : 0.260
721 0.240
675 i 0.340
200 0.320
019 ©0.330
Nora‘ : 0.420

- 184
90

37

64

53

26

55

54

49,

57

'Data on TP and Chl a for Nakamun and Halfmoon lakes from

Riley (1983); all other TP and Chl a data from Prepas and

Vickery (1984).

*Data on WODR from Welch et al.

(1976).

’Data on spring TP and summer Chl & from Dillon and Riglef 

(1974).

A7

‘Data on summer TP from Dr. P.J. Dillon (unpublished).

5Data on WODR from Schindler (1971). : -

- ‘Data on summer TP from Reid et al. (1975) and G. Linsey

(Freshwater Institute, Winnipeg, Manitoba, Pers. Comm, )
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(Table 5 cont'd)

’Data on.summer Chl a from Armstrong and Schindler (1971)
and Reid ét al. (1975) |

"*Data on WODR from Barica and Mathias (1979).

’Data 05 summer Chl a from Barica et al, (1978) ‘and Mathias

and Barica (1980).

X
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Tablé'6: Regression analyéis of winter oxygen depletion
rates (WODR) (g O,'m 2-d-') vs four parameters: mean depth
(z), spring ‘and summer total phosphorus (TPsp and TPsu)
(mgem-?), and summer chlorophyll a (Chl a) (mg-m-?) for gﬁe
lakes in Table 5. Number of lakes used in each regression
(n), correlation coefficient of each regression ().
Significant correlations are incicated by x(P<0.05),

**x (P<0.005), and **x(P<0.001).

PARAMETER n | EQUATION .  n
z 48 WODR = 0.214 + 0.00894 z ’ 0.34%

- TPsp 27 WODR = 0.124 + 0.00128 TPsp 0.81**xx%
TPsu 33 WODR = 0.052 + 0.D0227 TPsu 0.77%%x
Chl a 48 WODR = 0.212 + 0.0020" Chia : 0.44%%
TPsp,z 27 WODR = -0.001 + 0.00134 TPsp + 0.0119 -z 0.89%*%
TPsu, z 33 WODR = -0.1071 + 0.00247 TPsu + 0.0134 2 0.90%%+*

= 0.093 + 0.00257 Chl a + 0.0127 z 0.65%*x

Chl a,z 48 WODR
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Table 7: Dissolved oxygen (mg-L"') profiles at six sampling

sites on Wizard Lake, March 7, 1983.

DISSOLVED OXYGEN

SITE

DEPTH 1 -2 3 4 5 6
(m)

3 1.97 3.73 2.04 3.59 3.85

4 1.89 3.37 1.24 3.21 3.35
5 1.30 3.25 1.11 2.86 3.22

6 0.89 2.00 0.90 2.75
7 0.89 2.11  0.69
8  0.38 1.41 0.87

9 . 0.22
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ITI. General Discussion and Conclusions

(1) One-site sampling

The development of empirical models to predict WODR are
based .on oxygen profiles gbtained from a single site iff the
lake (Welch et al. 1976; Barica and Mathias 1979; Jackson

and.Lasenby 1982). I have shown that one-site sampl1ng is

not representatlve of whole lake oxygen proflles 1n Albertan

lakes. Possible causes of this horizontal héterogenelty may
be differential oxygen depletion (Lrnsey 1981) or locallzed
inputs of oxygen to the lake. Research into the extent
magnitode, and causes of thrs heterogeneity needs to be
performed to obtain better estlmatefkof whole-lake oxygen
content under ice-cover. S SN
(2) Chiorophyll a under ice ,

nIn 12 of* the study lakes the average Chl a level,
during the oerrod WODR yere calcuiateo was 2. 9.mg ‘m”
After this.period Chl a levels- 1ncreased and a concommltant
rise in DO levels was observed. In the 13th lake, Halfmogn
hake, there was an algal bloom shortly after freeze-up (32
mg-.m-’ éhl>a) and, when the algae died, the WODR for this
lake increased from 0.373 to 6.448 g Oz:m~?-d”'. Two
possible explanations for the inoreaseé.WODR in ﬁaifmoon

. - ‘ ’ N
Lake after the algae died are: (1) oxygen may have been

introduced to the lake via photosynthesis, during the bioom,hﬁf

’

s | _ €0 ‘_éﬁ .
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. follow1ng COﬂdlthﬂS are, met- (1) the material to be

61

thereby slowing down the net consumption of oxygen, or (2)
when the algae d1ed off, the consumption of OoXygen may have
increased since the algae were a fresh supply of organic
material available for decomposition. Slnce prlmary E
production was not measured, it is not possible to determine

the exact effect algae had on WODR in Halfmoon Lake. Thus,

more research isfﬁhﬂﬂéﬁito determine what effect(s), both

direct and indirect, algae under ice-cover have on WODR.

-
- /

(3) Nonlinear WODR
In this study, WODR were found to be higher at the
beginning of the winter than at the end. Jackson and Lasenby

(1982) also found that oxygen was depleted in a nonlinear

7+ fashion in lakes under ice-cover in Ontarijo. Transformed

WODR (WODR') are correlated w1th estlmates of open-water
iF.

product1v1ty, summer TP (TPsu) and Chl a, in the Albertan

lakes:

WODR' 0.005 + 0.00047 TPsu

WODR' 0.062 + 0.00052 Chl a

Oxygen will be depleted in a nonllnear manner if any of the
r‘{’

ox1dazed becomes more re51stant-to breakdown as the winter
progres§%s (Hargrave 1971) (2) any oxygen depletion taking
place in the water column decreases during the w1nter or;

(3) the supplg,ofxoxygen to the 51te where ox1datlon is

'occurrlng decreases to the p01nt where oxygen supply becomes

limiting (Mathlas ang Barlca 1980). Since 10 of the 11 study

]
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lakes that mixed to the bottom at fall overturn developed
anoxic conditions at the bottom by late winter, the supply
of oxygen to the bottom sediments could have 1nfluenced

WODR. The influence which the nature of the material to be
oxidized and the supply of oxygen to the sediments have in

DO depletion needs further examination.

(49 Linear WODR in lakes’

| | If the WODR in the ventral Albertan lakes are treated
as‘linear for the 112-days past freeze—up, WODR can oe
predicted for these lakes if mean depth is knowal an
observation consistent with the findings of other
investigators (Welch et al. 1976- Barica and Mathias 1979):

O 20 + 0. 036 z

- vooafk

Data from other studies’ %chlndler 1971- Welch.et. al 1976;
Barlca and Math1as 1979) wvere combined with data ‘from this
'study and a new model to predlct WODR was constructed:

'WODR = -0.101 +70.00227 TPsu + 0.0134 2=~
This equationiihoorpogates both morphomeéry'and estimates of
lake productivity aéfotedictors of WODR, demonstrating the
interactions of both of these parametets on WODR. This neW
model is the first model which can predict WODR beyond small
,geographlc reglons with sp§c1f1c lake types. More data need
to be collected for a w1der range of lakes (e.q. shallow
and unproductﬁ e) to 1mprove the general1ty of WODR models.

These data can also,be used to determine if nonlinear models

are generally better than linear models to predict WODR,
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_ | ‘ 5
(5) Predicting oxygen profiles under ice

Existing models to predict oxygen profiles under
ice-cover (Jackson and -Lasenby, 1982) did not-.accurately
predict DO ievels in the Albertan lakes. The model developed
. for lakes on the,Precambrian'Shield consistentlfﬁ
5verestimated DO levels yhile ﬁhe model developea for lakes
in. limestone basins consistently underestimated DO levels in
the Albertan lakés; More data on WODR are needed to improve.
on the existing models. .Incorporating an estimate of

productfvity will likely improve upon the models.

L

(6) Summer A OsimodélgﬁyQ%yODR models
| -Models developed to pyedict AHOD (Cornett and Rigler
1980; Charlton 1980) were able to éccuﬁately.brédict WODR 1in
the Albertan lakes. Cornett and Rigler's AHOD models were
also able to accurately predict WODR over a wide variety of
lake types. TheseiAHOD models incorpérated estimates of both
productivity‘and morphometry, illustréting that the
magnitude~of oxygen;déplétion in lakes is governed by both/

morphometry and productivity. -

PR
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Table 1: Dissolved oxygéh (mg+L-'), snow and ice thickness

(cm) and depth sampled (m) for the study lakes during each

visit in the fall and winter of 1982-83.

Amisk North

Date Nov 6 Dec 4 Dec 27 Jan 27 Feb 13 Mar 5 Mar 30

30 -~ -8.06

Snow -- 4 11 16 21 22 11
Ice -- 21 37 38 44 45 49
Depth
1 8.12 8.97 7.72 6.45 6.04 5.89 5.36
2. 8.09 8.35 7.58 6.22 5.80 5.50 4.97
3 8.06 7.83 7.56 6.01 5.46 5.11 4.46
4 7.80 7.65 7.64 5.79 5.35 4,87 3.95
5 7.53 7.99 7.63 " 5.°0 '5.25 2~ 3.58
6 7.74 8.32 7.62 K 4.71 ¥ 3,12
7§? 7.94 8.66 7.61 5.15 4.47 3P 2,75
8 7.95 8.56 7.30 4,73 4,23 3763 2.83
g . 7.95 8.46 6.98  4.31 3.52 3.20 1.99
10 - 8.01 8.37 6.77 3.89 3,08 3.10 1.15
11 8.06 8..15 6.56- 3.75 . 2.64 2.90 0.53
12 8.06 7.92  6.36 . 3.60 2.45 2.60 0.42
13 8.06 7.70 6.17 3.37  2.75 1.97 0.30 -
Z14 8.05 7. 49 5.98 3.14 + 2,05 1.33 0.15
15 8.04° 7.28 5.58 2.90 1.82 0.58 0.14
16 8.06. 7.08 5.18 2,65 1.44 0.36 0.06
17 8.08 6.88 4,78 2.21 1.05 0.19 0.03
18 8.03 6.69 - 4.10 1.77 0.73 0.02 0.00
19 7.98 .76.49 3,42 1,27 0.40 0.02 0.00
20 - 8.08 5.88 2.80 0.77 0.31 0.02 0.00
21 8.19 5.27 2.18 0.59 0.22 - 0.01 .0.00
22 ! 8.20 4.66 + 1.56 0.40 0.18 0.00 0.00
23 ... 8.20 4.51 1.07 0.27 0.13 0.00 0.00 .
24 8.19 4.35 0.57 . 0.13 0.07 0.00 0.00 ~
25 8.17 4.01 0.08 0.00 0.00 0.00 0.00
26 8.17 3.66 . 0.08 0.00 0.00 0.00 0.00
- 27 8.17 3.41 0.07 0.00 0.00 0.00: 0.00
28 8.12 3.15 ' 0.06 0.00 0.00 0.00 0.00
28 8.06 3.14  0.05 0.00° 0.00 0.00 0.00
1.92 0.03 0.00 0.00 0.00 0.00



B

(Table 1 cont'ad)

"Amisk South

Date Nov 11 Dec 4.Dec 27 Jan 27 Feb 13 Mar 5 Mar 30

Snow -- 3 6 13 16 18 13
Ice -- 21 34 39 50 52 52
~ Depth X -
1 6.84 9.48 7.96 6.39 5.90 5.53 5.09
2 6.90 © 8.57 7.64 6.14 5.48 5.07 4.69
3 6.96 '8.73 .7.39 5.96 5.30 1 93 4,27
4 7.01  B.36 7.09 5.77 5.24 . .oY 3.97
5 7.03  7.95 6.94 5.63 5.17  4.40 3.81
6 6.96 7.54 6.80 5.49 5,10 4.3¢ 3.75
7 6.92 7.13 6.65 5.35 .93 i.31 3.61
8 6.85 7.32 6.53 5.25 4.75  3.90 . 3.47
9 6.78  7.51 6.42 5,14  4.59  4.11 3.03
10 6.74 7.70 6.30 5.03  4.51 4.05 2.93
11 6.77 - 7.48 6.18 4.78 4,38 - 3.88 2.73
12 6.80. 7.26 6.06 4.53  4.25 3.34 2.63
13 6.83. 7.05 5.84 + 4.39 3.67 3.16 _2.40
14 6.87 6.83 5.62 4.24 3,08 3.33 2.21
15 6.91 6.61 '5.49 4.02 2.93 3.13 2.19
16 6.80 6.39 5.37 3,80 2.77_ 2.93 1.96
17 - 6.69  6.27 5.24 3.67 2.57" 2.70 1.83
18 6.59  6.16 5.83 3.5 2.37 2.77 1.57 .
19 6.50 6.04 4.81. 3.49 2.08 . 2.46 1.34
20 6,41 5.99 4.60 3.44 1.79  2.04 1.38
21 6.38 5.93 4.45 3.28 1.61 1.93 1,22
22 6.37 5.88 4.30 - 3.11 1.09 1.36 1.17
23 6.35 5.84 4.06 2.91 0.99 1.30 1.08
24 6.33 '5.80 3.82 2.70 1.04 1.24 0.98
25 6.32 '5.70 3.59 1.80 0.86 1.13 0.74
26 6.31 5.60 3.35- 0.89° 0.61 1.01 0.48
27 6.30 5.48 3.29 1.07  0.56 0.60 0.50
28 6.29 5.35 3,22 1.25 0.47 0.18 0.20
29 '6.28  5.31 3.15 | 0.89° 0.38 0.10 0.22
30 6.27 5.26 3.23 0.52. (.21 0.02 0.24
31 6.25 5.10 3.30 0.28 0.03 0.00 0.00
32 6.24 4.93 3.38 0.03 0.05 0.00 0.00
33 6.22 4.72 3.01 -0.03 0.05 0.00 0.00
34 6.20 . 4.50 2.63 0.03 0.05 0.00 0.00
35 6.19  4.29 2,16 0.03 0.04 0.00 0.00
36 5.78 4.07 1.69° 0.02 ,0.02  0.00 0.00
37 5.37 4.00 1.75  0.02 “0.02 0.00 0.00
38 " 4.92  3.92 1.84 0.02 0.02 0.00 0.00
39 4.47 3.83 1.59 0.03 0.00 0.00 0.00
40 4.03 3

.73 1.36, 0.04 0.00 0.00 0.00
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(Table

1 cont'd)

"

Amisk South cont'd

41
42
43
ag .,
45
46

47 v

48
49
50
51
52
53
54

56
57
58
59
60

COQROOOODOTO = =t NN N G

.47
.91
.35
.07
.80
. 64
.48
.32
.17
.02
.92
77
.62
.47
.34
.21
.09
.04
.00
.00

OO = a0 L PNDNNNNNRNR NN W W W

.43
.13
.02
.91
.77
.64
.64
.63
.55
.47
.22
.12
.02
.85
.67
.50
.32
.09
.00
.00

COO0OO0COCOOCOOOO

.00
.00
.00
.00
.00
.00

.00
.00
.00
.00

.00 .
.00
.00
.00

.00
.00

- 00
200
-00
.00

.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
00

.00

.00
00
.00
.00
.00
.00
.00
.00
.00
.00
.00°
.00
.00
.00
.00
.00
.00
.00
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‘Baptiste Lake

~

Nov 6 Dec ~4 Dec 27 Jan 27 Feb 13 Mar 5 Mar'30

e .

0700 "~ .0.00.

-

<

.0.00

Date

Snow -- 8 6 10 15 17 14
Ice. - 11 37 53 61 “63 66
Depth - : o

1 7.17 10.99 © 10.11 7.98 6.86 6:12  6.43
2 7.05 10.64 9.90 7.89 6.46 5.97 5.65

3 7.16 10.49  9.51 7.42 6.10 5.71. 4.89
4 7.12 9.68 8.09 . 7.19 '5.67 5.27 4.50

5 “7.08 9.18 8.70. 6.95 5.23 4.83 4.10

6 7.09 8.68 8.30 6.86 4.83 4.64 3.25

7 7.09 8.34 7.91 6.77  4.42 3,68 3.13

8 7.08 8.00 7.33 6.57 3.87 - 3.45 2.79

9 7.08 7.89 6.74° 6.37  3.32 3.09 2.45
10 7.01 7.78 6.37 5.66 2.39.. 2.55 2.08
11 6.94 7.57 6.00 4.94  1.46 + 1.12 1.62
12 6.86 7.36 5.71 4.25 1,17 .69 1.02"
13 6.77 7.17 5.41. 3.55 407 .0.26 0.06
14 6.87 6.97. 4.51 2.56 0.67 ‘.0.21 0.03
15 6.97 .7.25 3.60 1.56 0.26. 0.24 0.00
16 7502  7.53 3.09 1.17° 0.16 ~-9.26 0..00
17 7.06 6.38 2.57 0.77 0.05 ..0.13 0.00
18 7.05 5.22 1.94 0.53 0.05 0.00 0.00 .
19 7.04 4,72 1.30 0.29. 0.05 - 0.00 0.00 .-
20 7.05 4.21 0.89 0.18 0.03. "0.00 0.00
21 7.06 3.79 0.48 0.06 .00 .0.00 0.00
22 7.00 3.37 0.26 0.05 5.00 0.00 0.00 ~
23. 6.95 2.89 0.04  0.04 ,0.00 ¢ 0.00 0.00
24 6.87 2.41 ~ 0.05 0.02/-70.00 0.Q0 0.00
25 6.78 1.98 0.05- ©0.00
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-

Lake Eden

" Date
Snow.
Ice .. --

- Depth

—

NOV'WO'-

w1
!

Nov 24 ;'ﬁec'10

7 9.56
9.36
. 9.20
9.17
©9.10
19.04
9.01"
8.99"

ko
B —

—_ .
CWV®NO U W

.'8.94"
8.89
§.76
8.24
. 7.48
. 0.98

—_ —AV‘.—A_ —
s OB W
| T

. Date
" 'Snow
Ice
. Depth .

1

NN

8.97 .

. Feb

R,

_9.65 - g.49
912 '
8.97
8.75
8.51
8.47 -
7.71
.89 6.33
.85 4.95
6.90 5.36
4492 - 3 ,4€ 92
5:36 7 2.1¢ 65 ...
' 0.65. W41
C0.32+ 032 ¢
- 0.30. 0. I
! Pl o
o el
.15 Feb 26 Mar °
8 - 07 . 0 »
. . l&g*(-

7.54

¢

Y

¢ .
wodaod D

— —d’
e

!

=W N

15

6.74
6.68
6523 -
5.58
3.38
3.19 -
© 0.51
" 0.86
10.15 -
0.07.
0.00
0.00
“0.00




o3 g/ » 7 2
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(Table 1. cont'd) : : S ta
g :
c >

14 Dec 24 Jan 9 Jan 25 Mar 10 .

. Jct 29 Nov 18 Dec 2 Dec
. - 2. 6 - 4 5. -g 5 5
-- 18 21 35 39 48 . 58 50 :
A 5.92. 7.66 =~ 7.74 6.55 4.81 2.01 0.03 72 ;
o 2 5.82  7.57 .6.59 5.47 3.91 1,55 0.00 o 18 e,
@33, - 5.82  7.52  B.38 5.24. 3.64.- 1.31 0.00 0,03
. 5.82 6.76 5,55 4.80 3,31 0.91 Q,01 0.00
5.0 5.81  6.17.° 4.81 3.60  2:92 " 0.70 0501 0.00
6 5,69 "5.5% ¥3.73.7 1,45 70,17 ..0,00“ 0.00
7 5137 3.1 T 6v87  0.29:0.00 0.00
8 .5.63. 2. 74.50.10 70,02 0.00 Jp -
«‘m& o , w w7 - . AN T :
' YO # -
Wizard Lake .
. ) Jﬂ hd . .
: [ ““é"
". . Date Nov i Nov 26 Ded 15 Jan 15 Jan 31 Teb 17 Mar 7 Mar 22
~Snow  -- .5 6, 3. 7 13- 13
Ice -- 17 ., 35 . 0 43 sswv 530 64 63
Depth v o LT T o B
T 70.39°10.53 9,255 6.44 4.57 .3.25... 3.22 5.73.
2, 10:41 10‘43‘.,3ag'w}~5.97 D18 L2.65% 2,247 2.43
53710037 9.82s 8,52 5.79 3 99 T2.3% 1097 1,77
2 4 10,37 .99 Bed) 5,56 _3.82 . 2.27 1.89 .1.52
© .5 o X10.39 9,19 18T 5,40 2,89 - 2.02 a1:30 71,01 7
6 | 10.39 B.53. . .29 1.39 "g@f 0.89 ,0.81%
7 10.33 8.24 .02 . 1.gy‘ 2 0.89 0,40 A
8 10.38 7.46° . 2.55 0.68 .29 :Qo.gg/»ﬂ”33 '
9 .10.39 6.17 L3, 1.83  0.17. 0.88- 0 0.20
10 10.31. 6.02  2.16 Q.41 .40.78 0.53 '0.08 0.10
117 10.26 . 6.15 1.18  0.30 0. 03% 0.15  0.05 0.12
) h > o ¥ .
S 7 ,\ ' g ;‘) +
. ! A . &, - C >
o : -
‘ <L Ty
- ~ L
r % 1;5“’ ‘ -
. o s
- S )

Jw
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" (Table 1/ cont'q) .

Do)

5
w

,‘ .
Hasse Lake g
Date -;hOct‘30’ "Nov QO .

Snow - -= -6 5
Ice =~ 7 -= 17, 23
Depth ' e

/

5
:31

TN s
Dec Igﬁ, Jamv 21

4
45

N

VOISO WK —
S N NN
.

w
~

10.36
10.14
9.10
8.32
8.02
6,38
4.75 °
1.43

a
a3

REFS
; 56%. -

,0.15*f b

6.09
5.90
5.73
5.38
4.49
3.59
2.93

187

2480

N

Mar 14 = Mar 27

///

;o

9
R I T

U ST

12,40 . 4

.""‘9»1 . 1 7
0.66
0.35

0.6

. 0.00

0.00
0.00

‘a

6.16

07 .v
0<%
0.32

0.06 °

0.00
0.. 0.0
- 0.00

3,42,

. i
R ' )
i AT
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f{Table 1 cont®g)
Hubbles Lake v
Date Oct 31 Jan 18
Snow L == 2 ‘
o Ice- - -- 51
. Depth -
1 7.87 S.15
2 7.78 5.13 .
3 "7.75 5.15 ‘
4 7.58 5. 10,
5 - 7.50 4,98 -

.6 7.43 4.93 L

7 7.42 4.91 ~
8 7.23 4.88 A
9 7.23 4:64 ) ,
10 . . 7.08 4.36 i
1 7.3 4y} 8

12 7.26 . 364 W

© 13 6.66 3.64° S
14, 6.93 ¢ 3.51
15 4,38 3.05

16 0.00 2.90 .

A7 s 0.00. 2.78 : 3
18 0.00 1.81° E
19 v 0.00 .39
20 0.00 0.59
21 0.00 0.00
22 0.00 0.00
23 0.00 0.00
24 .0.00 0.00
25 0.00 0.00
26 0.00 0.00.

27 0.00 0.00 -
28 0.00 0.00
29 - 0.00 0.00
30 0.00 0.00




(Table 1 cont'd)

i

‘Hubbles lake cont'd

Date Feb & Feb 15 Mar 2

Mar 16 Mar 27
Snow . 7 8. 11 9 8
. .Ice © 54° . 58 62 65 66
. Depth » ] .
T 3.35 3.91 3.34 "3.43 3.50
g2 4.25 3.72 2.88 2.76 - . 3.07
‘%?. 3 - 4.25 '3.58 2.83 2.60 2.68
4 4.19  ¥3,55 2.77 2.52 2.68
5 4.17 . F:50 2.79  2:47 2.08
6 4.08 3.49 2.7.8 2.02 1.05
7 4.07 3.34 2.67 2.02 '0.84
8 . 3.88 3.09 2.43 2.03 - 0.40
9 - 3.75 2.85 2.04 .1.38 0.47
10 3.68 . 2.62 2.05 1.57 0.86-
11 2.98 28 .51 1.03 0.44
12 2.69 1,87 1.29 0.73 0.
13 2,67 % o3 . 0.86 0.59 0.
.14 2828 #h.F2 0.25 L. B.46 . 0.
> 5 2,01 1.25  0.15 .0.38 - 0.
©16 "~ 1.85 0.56:%" 0410 - 0,13 . 0.
17 1.66 0.53 0-.05 0.07
, 18 1.32 0.28 . 0.00: - 0.00
19 (.48 0.23 0.00° *. 0.00
20 . 0.27  .0.00 “0.00~ .. 0.00
21 0.00° 0.00 .. 0.00 0.00
22 0.00 0.00 ° 0.00 .0.00
23 0.00 0500 .0.00 b.00
24 ©0.00 0.00 0.00 0.00
25 1 0.00 0.00 0.00° 0.00 .
26 .0+ 00 0.00 0.00 0.00 . -
27 0.00 0.00  »0.00 0.00
28 0.00._ 0,00 .0.00" 0.00
29 0.0 %  0.00 0.00 .- 0.00
30. .00 0.00 ™ 0.00 .0.00
A - . ‘
. '
. é. ’
Wy A g B -t S UPRTC ) "
L S R "
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“(Table 1 cont'd)
Lessard Lake T e
' : : S 2
Date Oct 2k Nov 24 Dec 11 .Dec 22 Jan 10 Jan 22 iy @
Snow o 4 5 * - 8 4 o 4 e
Ice - 25 34 39 . 48 55 o
Depth . .
1T 7.83 11.46 10.25 9.53 8.11 7.26 @ “
2 7.79 11.33 9.95 9.15 7%, . 7. 90 7.10
3 ~8.01 11,18 " 9.,91. . '8.58 % {7,62 6.70 . %
4 7.78. 8.84- ° 5.88* 5,69 ©5.94 5.00 ;
5 7.71 6.76 i 4, 57{ 5.29 2.56 - 4.61:%% ﬁ@
6 7.70 .7 5.96 3.36. 4,11 .1, 035 732190 LF
. e . ' . . ’ {2’? B ‘ o " S S , -
Datd, Feb 2 , Feb 10" Feb 23 Mar 14 Mar-27 | :
Snow . S o 10y 12 13
Ice 62° - 65 66
Depth e v
T 5,.7~1 5.18 5.12 .
2, 4095 - 5 22 3,70 o
3 4,15 % 1.83 1% 64 ‘ )
4 242?;. 1«27 . 1.18
5 - O .99 .5 0.79.
6 ﬁ% .69 J13 - 0.28
o R - . ’
, i R
Nakamun Lake
Date Nov 2 Nov 23 Dec 1 Dec 11 Dec 22 De¢ 29 Jan 10
Snow -- 4 -3 4 6 L S
Ice - 18 24 30 36 46 ° ~ 53 T
Depth : . . : . .
1 7.13 8.52 ’“8.30 7.58 6.70 5.61 4.59
2 7.327 8.30 “4°7.99 7.03 5,08 4.69 3.88
3 7.30 8.08 = 7.56 5.98 4.69 3.44 2.60 -
4, 7.26 7.15 3.32 4.40 .59 1.41 1.05 ‘
5 0 7.23 4,73 2.76 .. 1.62. 17 0.97 0.41 X
6 7.21 0.73 0.96 "0.95 ,O 95, 0.65 0.25 o
27 - 7.22 0.78 0.42 0.43 0.50". 0.17 0.22
8 7.07 0.34 0.24 0.04 40.20 0.17 0.09
“Date - 22 Feb 2_ Feb 10 Feb 23 Mar 14  Mar 27
-~ SNow . //é ' 759 -6 © 6 7
LIce . 63 68 71 73
Depth\ - .
1 3.44 2.06 1.74 1.27 0.73 0.85
2 2.95  1.81 1.37 . 0.87 0.13 0.7
3 L 2, 08 1.61 1.31 0.72 0.02  0.00
4 0.5& . 1.24 1.01 0.49 0.00 . 0.00 .
5 -0 0.90 0.56 0.3C 0.00 0.00
6 0. 41 0.42 0.37 0,07 ,0.00  0.00
7 0.19 0.11 0.10 0.00 0.00 - 0.00
8 0.00 0.00 ~ 0.00 0.00

76
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-_(Table‘

| cont'd)

-PeéﬁutmLake

., Date

Snow."*
IACG B
Depth

U

Oct. 21

e

8

: ]2

'Nov 19

‘Dec 18

6 .
30

Jan 17

5
39

fA]

iy

OOV WN —

)

S Y

‘ 4
—_ 2
s

S

Daté

3

7.96 7
7.94
7.94"
7294 -
7.78¢
7.92.
7.88
T &ﬁ,q_

2 7ige
7.88;

J:7 ng"g

" Febi2 -

“{%N 38 m_“

0,00~
0 00

R
[

C S Ya

8.
45

Depth -«

T

"8.91

+9.03 -

9 04 
-8.90

8.4%

- 7.93

-';7 . 33

6.46

5¢53 =
. 5018 .-
4.50"7 ~
3%53f
'3150

Feb 10
”11 ;
48

6.77
L 6.65
“6.63

’ L 6544
. 6.12

651
< 4.8)

; ; 2,44-“

72

"1’83ﬁ«-

8eer
CoU0.44 .
2 "Af‘Qﬁ‘. QO '

'VMar 27

4.71

4.58

4.40
3..22

- 2.66
~1.53

.34
0.65
-0.34

-,0_12V

0.02

0,00 . .

Snow
Ice

BPWN S OWOJIRGTE WN —

3,51
3.32
3.17
3.05
2.96
2.02

" 1.04

0.86.
0.53
0.32
"0.13
0.10¢
0.02
0.00.

I 1.
0.27

2.92

2.7 1

2.63
2.56

2,16 -

43

0.26
0.12
0.06
0.03

-0.00

0.00

0.00

0. 00

5?153~

L84
1,23

0.90
0.44

0.13
0.09
0.22
0.06
0.00
0.00
0.00
0.00
0.00

N
3
o
.
il
v
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(Table 1%ont'd)
Sauer Lake Vi
Date  Oct 29 Nov 20 Dec 1. .Dec 17 Jan 21
Snow -— 8 6 6 5
Ice = 12 19 35 40
. Depth L N
1 9.46 - 8.69 7.07 3.93
2 9.11" \\3.47 6.86 3.52
3 .. 8.99 8.18 6.60 3.22
4 8.77. . 7.87 6.22 2.84
5 . 8.41 . 7.49° 5,83 2.67
6 8.35 7.00 5.41 1.79
7 8.24. , ., 6.46 - 4.94 0.89 -
-8 7.71 '5.88  '5.02 0.48
9 7.59 5.17 . 3,13 0.47 .
10 6.83 . 4.00 1.83 0427 o
11 6.13 12,97 0.51 0323 ¥
12 V2. 93 1.92 0-.41 0. 12
13 72,46 0.77 0.28 0.00 :-
14 1.93  0.42 0.00 0.00 .
"Date  Feb 6 Feb 16 Mar 2 Mar 25
Snow 10, 9 14 13 .
Ice 48 47 48 56
- Depth . . -
1 2.51 1.10 0.20 4,26
2 1.95 0.66 0.05 0.33
3 71.63 0.44 . 0.00 0.19
4 - 1.35 0.18 #:°0.00 0.19
5. 0.86 _ 0. 0.00""
6 0.42 “:F.,08 . -y 0.00
7 0.30 0.04. . wi04 + 0.00
.8 0.24 0.00 - 0.00 0.00
g 0,19 0.00 0.00 - 0.00
10 Q.06 0.00 - 0.00 0.00
S 0.00 0.00 0.00 0, 00
1% u 0.00 £ 0.00 ~° 0.00 - 0500
1 0.00 ~ 0.00 . 0.00-  0.00 ,
14 0.00 0.00 0.00 Qiéo ' -
o <

78



(Table 1 cont'd)

.Y

Twin Lake
- T @
Date Nov 1 Nov 17 Dec‘¥5 Jan 15 Jan 31 Feb
Snow -- T 3N 7 13 11
Ice -- 10, 37 47 47 51 50 50
Depth o | ' : s ;
' '9.36 8.46 7.96 7.62_ 7.37 7.21 g1 8.7
2 9.32 8.35 7.75 7.53  7.23. 7.05 6.83 6.98
3 9.31- 8.39 7.67 7.46 7.26 6.97 6.80 6.63
4 9.03 8.35 7.75 7.42 7.25- 6.94. 6.75 6.53
5 ©9.22 8.31. 7.73 7.38 7.03 6,95 6.77 6.46 o
6  9.26-8.28 7.70 7,30 7.12 6.89 - 6.65 6.45
7 9.18° 8.31 7.72  7.29 7.09 6.81 6.63" 6.35
8 9.21 8.31 7.65 - 7.29 6.96 6.78 6.54 6.25
9 9.22 8.1 7.50 7.23 '6.89- 6.78 6.53 6.07
10 9.31 7.96 7.52 7.20 6.88 6.65 6.27 6.00
11 9.02 '7.81 7.40 7.02 6.72 6.57 6.19 5.94
12 9.02 7.66 7.38 6.93 6449 6.51 6.14 5.92
13 3.60 7.54 7.00 6.80 6.31 6.30 '6.00 5.67.
4 2.38 7.42 6.97 6.55% ;§,15 6.30 . 5.81 5.63
'S 2.36 7.38 6.88 6.17 5.76 5.64 5.68 5.19-
16 .18 7.34. .75 6.11 5.47 5.62 5.39 5.13
17 0.30 6.95 6.66 5.73 5,57 5.70 5.31 4.85
18 0.16 6.55 6.47 5.58 5,60 5.43 5.29 4.76
19 .0.11 6.20 6.26 5.70 5.46 5.23 , 5.23 4.54
20 0.00 5.84 6.25° 5,37 5.00. 5.15 4.76 4.08
21- 0.00 3.83 5.01 4.45 4,01 4.67 .2.12 4.09
22 0.00 2.18 3.94° 3.89 2,73 3.37 2,52 -3.30
23~ 0.00 0.72 0,95 -0.99 1.31 2.25 .1.45 2.59°
24 0,00 0.26..0.68  0.47 0.54 0..  0.37 1.29
25 0.00 0.33 0.3 0.15 0.35 ,0.. .0.20 0.73
26 0.00 0.56 .0.15 0.20 0.19 0.23 _0.02 0.19
27 0.00 0.08 0.15 0.14 UW4 0.09 ' 0.00 0.00
28 0.00 0.03 0.07 0.07 0,04 0.09 0.00 0.00
29 0.00-0.00 - 0.00 ~0.00 0.00 0.00 0.00 0.00.
30 0.00 0.00 0.00  0.00 0.00 - 0.00. 0.00 0.00
0.00 .0.00 0.00 0.00 0.00 0,00 0.06 0.00 ~ g -
32 ,0.00 0.00 0.00. 0.00 0.00 0.00 0.00 0.00 ’\
33 .00 -0.00 0.00° 0.00 0.00 0.00 0.00 0.00 ¥
34" ©<0.00 0.00 0.00.- 0.00° 0.00 0.00 0.00 0.00 ;V
36 0.00 0.00 ©0.00 0,00 0.00 0,00 0.00 0.00



" Table 2: Dlssolved oxygen (mg L-') profiles for the five
lakes sampled to determine if one-site- sampllng is

representatlve of the whole lake.

]

Lake Eden, Feb 26, 1983

WDIONG > WN |

SITE . e
Depth 1 2 3 4 5 6 7 o
1. 7.29 6.97 6.7¢ 5.30 6.13 6.97  5.20
2 6.75 6.62 6.57 5.24 5.83 6.91 5.(Q
3 6.48 6.15 6.46.-5.33 5.71 6.82 3.Q§
4 '6.15 5.68 6.37 5.04 5.48 6.50 "
5 . 5.65 4.89 5.89 4.71 5.08
6 3.29 5,02 4.94 4.52 |
7 " 2.82 4;29 3.51 . 9 -
8 0.81 1.68 . -
9 . 0.52 72 N .
0 o 25 - 4&?1.-~ A
| ggﬁﬁ S
12 .o 03 : Toooo e L J
13 0.00 " o :
14 0.00 - - ¥
15 0.00 - '
Halfmoon Lake, Jan 9, 1983
SITE “r
Depth 1 2 3 4 5 .6 "
T 2.01 2.07 2,34 2.77 _0.95 =
2 1.55  1.67 - 1:9¢' T% ﬁ4av$f88
3 - 1.31° 1.39 466 1.53 1.52
4 +0.91 1.37 Q.74 .
5 ¢ 0,70 1.13 0.52
.6 0.17 0.60 0 %1 0.64
7 0.29 0.50
-8 0.10 0.04 - |
R & Fin _ .
o e '
Hasse Lake, Feb 6, 1983
. - SITE ¥ ,
Depth 1" 2 3 4 5 6 .. 7. )
4082 2.62 4.9% 4.56 0.98 0.00 4.24
4.46 4544 453 4.20 0,00
4.24 3.99 3,62 .3.78
3.73 3.56 1.72 2.76
3.52 3.16 2.42
2.97 3.01 2.37 :
1.56
0.53 . ] -
0.00 - ot

AL



(Table 2 cont'd) -
Lessard Lake, Jan 22, 1983
SITE :
Depth 1 2. 3 4 5
1 7.26 8.0 7.63 7.72 8.22 .61
2 7.10 7.53 7.60 7.42. 8.06
3 6.70 6.96 6.83 6.86
4 - 5,00 3.28 " 5.27
5 4.61 2.84 s -
6 3.19 P

Depth .1

*2.24

1,97
1.89
'1.30
0.89

- 0.89
0.38
0.22
0.08
0.05

= SV U B WN —
e A ‘
' 5

-
.

3.22

* @ -
.
X

O

81
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Table 3: Chlorophyll a ([Chla]) (mg'm-2) in the study, lakes

durlng the w1nter of 1982-83.

Amisk North’ ' ,
Dec 4 Dec 27 Jan 27 N
Depth [Chla] - Depth [Chla] Depth [Chla] '
1 13.44 1 2.01. -4 1,18
2 6.25 2 .82 " 7-12 "0.46 =
3 ‘4,03 3 1.49, 14-18 0.47 " _
4 2.77 4 1.10 20*26 0.61 - : *
Feb 13 Mar 5 . Mar 30 C R
Depth [Chla] Depth [Chla] Depth LChla]
‘1-3 - 0.65 wo1-5 0.54 q@‘ - 0.85. - ' S
5-8 0.29 7-9 . 0.24 - X 0.24 z -
9-13 0.31 - 10-12 8 22 '10-13 0.21- e y
15-19 0.33 14-18 @35 L e : .
. _ . -
Amisk South o L ey T LT . el
- Dec 4 .. . pec 27 ° dan 27 & : T
J-Depth [Chla] Depth [Chla] Depth [Chlal , : ¢ \ R
5.74 T 1.90 ~  1-4 0.82 -
. 2 3.82 . 2 2.60 7-12 0.26 .. . .
3 3,09 3.5 1.47. 14-18 0.30 oL - i
4 2.50 - 4% 0,92 " 20*@6 0.3¢ | Lo
' . v o . - |
"Feb 13 . Mar 5 T Mar 307 ¢ < |
-Depth [Chlaly Depth [Chla] ‘Depth [Chla] o S :
- 1-370.72 = 1-3 , 0.56  .1-3 "0.95. .
$4-8-0.23 .7 5-8 ©0.20 . 4-6 0.30 . ..
9-12,0.22 _ .9-11 0, 20 - 8-100s25 TR T
14-18 0.22 - 12-14 '0.29 ,W1~13.0.12 : . R
. o _ . .
Baptiste South ST [ S ' et
« Dec 4 \ Dec 27 . . Jdan 27 .. S
Depth [Chla] Depth [Chla] Depth [Chla] . N .
T, 7.27 « 1 2.52 . t-3 1.52 ‘
2 . 3. 42 S 2 2.21 4-6 1.20 » : -
3 2.54 3. 2.32 7 8-10 1.28 ﬁ L
4 2082 . 3 2.92. &2—14- 1.01. £ ‘
Feb 13 Mar 5 . \ Mar 30
Dephér. [Chla] Depth [Chlal -Depth [Chla]
-3 0,98 =5 " 0.72  1-3  1.24 .
5-9 0.53 . 6-8 0.64° 15-7 . 30.99. - : o N
11-13 -0.57 9-11 0.55. 8-10 0.78 o v

. 15-19° (.32 13-16 0.38 = 11-13 0,64 I

v
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(Table 3 cont'd): ’ oz o
Lake Eden g
5 - Nov 24 Dec 12 . Dec 20

Depth [Chla] Depth [Chlal . Depth [Chla]

1 % 7.51 1 8.53 - 1 3.81 -
s 2 4,64 . 2.34 ‘ 2 2.45 -

3. 2.5 ¥ 2,69 ° 3 71.35
et . 3.08 . .1 & . 1.69 4 1220

Jan 18 -, =~ - Feb-4 .. Feb 15- *

‘Depth [Chlal. Depth [Chla] - Depth [Chla]

1.3 .13 1*3 1.0 =37 120 44/"5/////

4~6 . '0.65 * L 4-%  0.52  .4-6 G.56

U PN

79 1,12 7-9  0.52 . 7-9 *.07 . -
10-12  2.05 ..10-12  3.78 -  10-12 5332 .%
L ! - .A . ] L ',70‘" . .
Feb 26 '&.  Mar 14, ' _.Mar 27 ° ¢ b . B
Depth [Chla]) Depth [Chlal] - Depth [Chla] T R
-3 3.09 - 1—3' ‘5,56 -3 7.53 R
4-6  1.57 4 6 3.74 =6 . 6 05 |
7-9%, 2.00 4.83 ~ 7-9 8,17 . :
102 8,14 10 ﬁ% 10,46 . U SN
BT L v) ~n, . B "" “) v‘"' Co ’ .,r..' -
Halfmoon Lake . -

Nov 187 - Dec 2 T Déc~T) o Dec_ 24
ADepth [Chla]l. Depth [Chlal ~ Depth [Chla] Depth [Chla]
' 1779742 v 1 15,46 [ 17 31.57 1 3.3

2" ~9.25 -+ 2 . 5,34 -~ 2 . g.00°. - & ”-~2321f
3 - 7.80.0 -3 5,97 3. 414, 37 1.79
4 6,79-: 4 5.38 14‘, 4, 55 .4 . 1.58: 0
‘_ Jan's © Jan 25. S March e
- Depth [Chla] . Depth [Chlal).” Depth. [Chla]
122052 T 9e2 2,07, 137 16,41 - S
230440 1.3 3-4  0.90 - i4-6 3,07 R
5-6 2,19 5-6. 1.19 S 27 20300 o
. ) h‘;"_",_.ii')f' N " :"‘\ . )
4 e . . LA 3
',. q‘i'_g"‘. T
\ * :\\! - € oo
‘ " S & \ <
‘* \ ~. e

-Q

(o
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(Table 3 cont'd)" :
Hasse Lake . . \ Al &
Nov 20 Dec 7 18 0
Depth [Chla] Depth [Chla] Depth [chla]
T 1 14,72 i 6.56 | — 3.54° -
2 12.81 2 7.49° '3.84 B
3 .13.76 3 .. 7.88 3.03
4 _13 47 ' 4 -6.27 3.25 o E
Jaﬁ g; ? “Feb 6 - ‘Feb 15 .
Depth h a] Depth [Chla]l  Depth [Chla] o
-2 % _ =3 3.30 o 1.7 (
3-4 W ©'4=6'" 0.58 0.32 o "
5-6 . .7-8. 0.90 ~ . ' ;o
‘.7‘8 0.67: B PEEETY - !
March‘é - \‘Ma;ch,l4 + March 27 - ( B N L@
Depth [Chla] 'Depth [Chlal  Depth [Chla] &
1=3  2.65 -3 4.10 -3 7.28 | S
%—6 0.73 ~ ©4-6 1,30 - 3.56 . R TR ¥
: ) . »7 o g . .',_,:‘,-
Hubbles Lake . EE R ‘
© Nov 21 Dec 10 ‘Dec 200 ‘w Jan 18 -
Depth [Chla] ‘Depth [Chla] - Depth [Chla] | Depth [Chla]
T 9.50 1. 9.58 8.77 . 1-3
T2, .9,62 2. "9.48 7.74 4-6
3 9.3 3« .9 13 7.48.-  7-9 -
4. - 9,34p o4 9,13 7.19  10-12 -
- - - .‘ . ,. B \ s ; ..

. _Feb 47 Feb 15 - . Mar . : [. y
Depth [Chlal™ 4Depth [Chla] Depth TChla] _ Loy
$1-37 .19 1-3 4i57 3 3,38 et
"4-6 3,18 4-6.  3.40 - 3.61 | .02 g
'7-9 2.81 " 7-9 2,50‘ '2.63. . 37 . s
10=12 1,47 10~ f2 1.40 “1.47 - .10-12/ - o
! ’.1 . e \ . ) - o " ;,' . /" o N v’. . " ‘-‘? ‘

. ’ ‘ L Lo ) o .
~ . Bl o0 te o , ’
— e -’ v.‘ »



(Table 3 cont'd)

85

Lessard ‘Lake

10

1.20

Nov 24 Dec 11 . Dec 22 Jan
Depth [Chla] Depth [Chla] 'Depth [Chla]  Depth [Chla]
1 8.68 - 1 2.97 1 1.13 1 - 0.72
2 6.95 2 2.05 2 0.70 ! 2 0.55
3 4.42° 3 . 1.87 3 0.44 3-4 0.25
4 3.55 4 1,100, 4. 0.38 5 0.49
Jan 22 Feb 2 - Feb .10 " Feb 23
Depth [Chla] Depth [Chla] Depth [Chla] Depth [Chla]
1-2 0.85 1-3 0.56 1-3 0.62 1-3° 0.69
3-4 0.38 4-5 0.38 4-5 0.33 4-5 0.24
Mar 14 Mar 27
Depth [Chla] Depth [Chla]
1-3 1.38 1-3 2.26
4-5 0.53 4-5 1.19
Nakamun Lake 4
Nov 23 " Mec 1 Dec 11 Dec 29
Depth [Chla] Depth [Chla] Depth [Chla] Depth [Chla]
1 2.44 1 2.47 1 1.89 o 1.27
2 1.21 2 0.91 2 1.03 2 '0.56
3 0.73 3 0.54 3 0.55 -3 0.33
4 0.59 4 0.29 4 0.35. 4 0.22
Jan 10 Jan 22 Feb 2 ' Feb 10
~Depth [Chla] Depth [Chlal- Depth [Chla] Depth [Chla]
1-2 0.88 1-3 0.57 1-3 1.07 1-3 2.3
3-4 0.20 4-5 0.22 4-6 0.24 4-6 0.2.
5-6 0.28 6-7 0.30 7 0.31 7 0.85
7 0.27 .
Feb 23 Mar 14 Mar 27
Dept!: [Chla] Depth [Ch1l . ] Depth [Chla]
-3 0.80 -3 1.0, -2 2.99
4-6 0.32 4-6 0.44 3-5
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(Table 3 cont'd)
Sauer Lake
Nov 20 Dec 1 . Dec 17 Jan 21
Depth [Chla] Depth [Chla] Depth [Chlal Der-* [Cc:1la]
1 3.10 . 1 5.41 T 1,61 (.74
2 3.43 2 5.03 2 1,15 4-6 32
3 2.75 3 4,21 3 0.99 /-0 1.39
4 2.1 4 2.58° 4 "0.81 10-12 5,18
Feb 6 B Feb 16 Mar 2 Mar 25
Depth [Chla] Depth [Chla] Depth [Chla]) Depth [Chla]
-3 0.53 1-3 0.71 1-3 3.27 1 22.86
4-6 0.37 4-6 1.19 1 4-6 3.33 2 22.28
7-9 2.09 ' 7-9 4.36 7-9 6.51 3 9.88
10-12 6.73 | ' 4 8.25
Wizard Lake ., .

Nov 26 Dec 15 Jan 15 ‘ Jan 31
Depth [Chla] Depth [Chla] Depth [Chla] Depth [Chla]
1 9.18 1 3.37 1-3 1.88 ©1-3 3.07
2 8.07 2 2.96 4-6 1.45 4-6 1.57
3 7.34 - 3 2.82 7-9 1.08 7-9 1.27
4 6.35 4 2.65\ 10 2.26 10 1.95

Feb 17 Mar 7 ) Mar 22
Depth [Chla] Depth [Chla] Depth [Chla]
1-3 1.87 1-3 3.19 -3 7.59
4-6 1.14 4-6 1,55 4-6  2.94
7-9 0.97 7-9 1.12 7-9 1.64
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Peanut Lake

Nov 1+ Dec 8 ‘ Dec 18 Jan 17 .
Depth [Chla] Depth [Chla] Depth. [Chla] Depth [Chla]
1 4.81 1 3.50 1 2.52 1-3 3.67
2 6.31 2 3.52 2 2.27 4-6 ° 1.85
3 5.85 3 3.34 3 1.96 10-12 1.38
4 6.36 4 3.11 4 “1.96 10-12 1,38
Feb 2 Feb 10 . Feb 23 Mar 14
Depth [Chla] Depth [Chla] Depth [Chla] Depth [Chla]
1-3 4.16 o1=3 4.77 1-3 1.12 1-3 1.46
4-6 1.59 4-6  "1.29 4-6° 0.63 4-6 1.59
7-9 1.18 7-9 1.23 7-9 1.18 7-9 2.79
10-12  1.15 10-12
Mar 27
Depth [Chla]
1=3 3.14 2
4-6 8.29
7-9  7.10 ' S
Twin Lake
© Dec/15 Jan .15 - Jan 31
Depth; [Chla] Depth [Chla] Depth [Chla]
1T | 0.45 -3 0.33 -3 0.54 )
2 0.31 4-6  0.07 4-6 - 0.12
3 0.32 7-9 0.02 7-9 0.08
4 0.18 10-12 0.03 10-12 0.06
Feb 17 Mar 9
Depth [Chla]l Depth [Chla]
1-3 1.10 1-3 1.37
4-6 0.27 4-6 0.68
7-9 0.22 7-9. 0.31
10-12  0.06 10-12/ 0.19




Q

Table 4: Mean loss on ignition (LOI) of sediment samples,

and standard deviations (s) of the meené, from 12. of the -

w

study lakes

Lake ) LOI S

Amisk.N -39 3.1

Amisk S 41 3.6

Baptiste § 29 2.5

Halfmoon 30 7.7

Hasse - 351 S 10.1

Hubbles 38 - 8.3

v Lessagd . 63 2.4

Nakémun 46 3.9

Peanut 30 9.{
Sauero 28 4.7 -

| Twin ' 30 1.6

Wizard 30 7.3
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\:‘
Table 5: Productivity estimates of Hubbles Lake for the ~_
ice-free season of 1982. Depth of the euphotic zone (EZ),

chlorophyll a concentration ([Chla]) and total phosphorus

- (TP) (mg-m?>) )
. Date £z .[chla] TP )
May 14 ¢ 15.3 ’ 38
\ June 3.~ 5 2.8 16
‘ - June 24 9 2.3 13
h July 15 8.5 3.5 19
Aug 26 8 3.4 16

3Ty
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Table ‘1: Morphometric characteristics of the study lakes

'Amisk North .
Surface area=1,893,823 m*
Vodume=20,293,770 m* ‘

Maximum depth=30 m

Mean depth=10.7 m

“Amisk South : s
Surface area=2,270,461 m?
Volume=44,089,070 m?®
Maximum depth=60 m

Mean depth=19.4 m

" STRATUM VOLUME
{m) {(m?).

. STRATUM VOLUME
(m?)

STRATUM’ VOLUME
(m) (m?) (m)

0-1 1,840,738 0-1 2,205,350 41-42 267,418
1-2 1,736,590 '11-2 2,077,667 42-43 245,707
2-3° 1,635,476 .2-3 1,953,793  43-44 224,916
'3-4 1,537,395 3-4 1,833,727  44-45 205,043
45 1,442,347 '4-5 1,717,468  45-46 186,378
5-6 1,337,055 5-6 1,636,558  46-47 168,881
6-7 1,222,893 ' 6-7 1,588,929  47-48 152,247
7-8 1,113,826 7-8 1,542,004  48-49 136,475
© 8-9 1,009,854 - 8-9 1,495,782  49-50 121,566
9-10 910,976 .9-10 1,450,264  50-51 106,534 .
10-11 823,109 10-11 1,401,966 51-52 91,561
11-12 745,423 11-12%1,351,048  52-53 77,723
12-13 671,589 12-13 1,301,072 .53-54 65,018
13-14 601,605 13-14 1,252,039  54-55 53,447
14-15 535,472 14-15 1,203,947  55-56 42,225
15-16 483,479 15-16 1,157,561  56-57 31,619
16=17 444,169 16-17 1,112,842 57-58 22,547
17-18 406,526 27—18 1,069,003 ° 58-59 15,009
18-19 ™ 370,549 18-19 1,026,047 59-60 9,005
19-20 336,240 19-20 ° 983,970
20-21 285,001 /) 20-21- 945,492 ,
21-22 221,143 . 21-22  .910,465 ‘ I
22-23 165,380 . 22-23 876,100 o .
23-24 117,718 -23-24 842,397
24-25 78,158 24-25 809,345
25-26 57,403 25-26 773,783
26-27 50,359 26-27 735,878
27-28 43,776 27-28 698,925
28-29 , 37,655 28-29 662,923
29-30 31,994 29-30 627,874
‘ 30~31 589,450
31-32 548,021
'32-33 508,102
33-34 469,692
34-35 432,793 ‘
35-36 402,749
36-37 379,034
37-38 . 356,039
38-39 ° 333,764
39-40 312,208
40-41 290,048 - :



(Table 1-cont'd)

Baptiste South

Hubbles

Surface area=395,820 m?*
Volume=3,997,871m?
Maximum depth=30 m
‘Mean depth=10.1 m

Surface area=4,429,196 m?
Volume= 55,856,240 m?
Maximum depth=25 m

Mean depth=12.6 m

STRATUM  VOLUME STRATUM VOLUME
(m) (m3) . (m) (m?)
0-1 4,302,718 0-t 385,989
12 4,054,674 1-2 364,628
2-3 3,813,995 2-3 335,173
3-4 3,580,679 3-4 302,402
4-5 3,354,728 4-5 271,333
5-6 3,180,733 5-6 246,914
6-7 3,055,464 6-7 231,310
7-8 2,932,712 7-8 211,708
8-9 2,812,476 8-9 - 195,982

9-10 2,694,758 » 9-10 178,566

10-11 - 2,580,463 10-11 159,490

11-12 2,469,541 11-12 145,941

12-13 2,361,056 12-13 133,786

13-14 2,255,007 13-14 122,562

14-15 2,151,396 14-15 112,056

15-16 1,979,002 15-16 101,636

16-17 1,745,935 16-17 91,684

17-18 1,527,472 17-18 81,162

18-19 1,323,610 18-19 70,228

19-20 1,134,349 . 19-20 59,202

20-21 913,514 20-21 48,613

21-22 675,351 21-22 39,756

22-23 473,160 22-23 31,781.°

23-24 306,939 : 23-24 24,311

24-25 176,688 s 24-25 18,833

= : T 25-26 13,451
- 26-27 8,958

27-28 5,718
28-29 2,914

1,757

29-30
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(Table 1 cont'd)
Lake Eden - Wizard Lake a
Surface areg=161,460 m* - ' Surface area=2,440,500 m?
Volume=1,122,598 m? - Volume=14,791,400 m°®
Maximum depth=15 ,m - .Maximum depth=11 m
Mean depth=6.95 m : ' Mean depth=6.2 m
STRATUM VOLUME : STRATUM VOLUME v
(m)  (m?) (m) “{(m3) , _
0-1 153,076 0-1 2,334,250 ;\_..
1-2 - 138,547 . 1-2 2,144,250
2-3 124,490 2-3 1,999,400
3-4- 111,938 3-4 1,829,300 .
.4-5 103,527 4-5 1,619,450 ‘
5-6 96,177 5-6 1,418,250 Y
6-7 . 88,0896 6-7 1,197,950
7-8 79,673 ‘ 7-8 941,050
8-9 69,953 , 8-9 681,500
9-10 56,546 9-10 398,150 '
10-11 42,786 10-11 - 227,850
11-12 30,314
12-13 18,516
13-14 7,992
14-15 967
Halfmoon Lake . Hasse Lake
Surface area=412,347 m? Surface area=898,000 m?
Volume=1,956,646 mg Volume=3,276,550 m?
Maximum depth=8 m Maximum depth=9 m
Mean depth=4.8 m _ Mean depth=3.6 m
STRATUM VOLUME STRATUM VOLUME
(m) (m?) - {m) (m?)
0-1 381,465 0-1 800,500
1-2 337,753 -2 627,000
2-3 311,386 2-3 501,950
3-4 276,113 3-4 409, 150
4-5 228,022 4-5 318,350
5-6 175,877 5-6 238,950
6-7 127,158 6-7 179, 150
7-8 82,935 7-8 126,750
8-9 74,700



(Table 1 cont'd) ) N
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Lessard Lake Nakamun Lake ;vf -\
|'J . -~
Surface area=3,207,083 m? Sdrf\ee area33w542 528 m2
Volume=12,492,882 m® Volume=15,7685015xm?
Maximum depth=6 m ' Max1mﬁm depth 8% m
Mean depth=3.9 m . Mean depth 4.5 m
STRATUM VOLUME . STRATUM VOLUME
(m) (m3) (m) (m2)
0-1 3,001,477 . 0-1 3,309,864
1-2 2,643,990 ' 1-2 2,928,830
2-3 2,376,802 2-3 2,628,576
3-4 2,038,836 3-4 2,246,214
4-5 1,568,604 4-5 1,776,344
5-6 863,173 "5-6 1,376,030
6-7 992,537
7-8 512,650
Peanut Lake : ¥ Sauer Lake
Surface area=226,885 m?" Surface area=84,688 m?
Volume=1,247,507 m?® Volume=351,850 m?
Maximum depth=14 m .- Maximum depth=14 m
Mean deﬁ?FES.S m . Mean depth=4.2 m
STRATUM VOLUME STRATUM VOLUME
(m) (m?) __{m) (m?)
0-1 215,874 N 0-1 76,804
1-2 196,884 T 1=2 60,776
2-3 181,091 | 2-3 47,239
3-4 162,859 \ 3-4 40,547
4-5 140,825 : 4-5 34,006
5-6 116,727 5-6 26,125
6-7 82,820 6-7 20,728
7-8 49,639 7~8 15,245
8-9 33,425 8-9 10,740
9-10 . 24,801 S5-10" 7,527
10-11 17,220 10-11 5,080
11-12 11,821 11-12 3,401
12-13 7,942 C12513 2,311 .

13-14 4,246 : 13-14 1,321



(Table 1 cont'd)

vTQin Lake

Surface area=235,823 m?
Volume=3,691,504 m?
Maximum depth=35 m
Mean depth=15.7 m

STRATUM VOLUME
. {m) - (m?) .

0-1 229,288
1-2° 216,464
2-3 204,010
3-4 191,924
4-5 180,207
5-6 170,438
6-7 162,629
7-8 154,960
8-9 147,476
9-10 140,178

10-11 134,309
11-12 129,797
12-13 125,363
13-14 121,005
14-15 116,725
15-16 112,178
16-17 107,383
17-18 102,694
18-19 98,108
19-20 93,628
20-21 89,243
21-22 84,955
22-23 80,771
23-24 76,694
24-25 72,722
25-26 67,224
26-27 60,637 .
27-28 53,896
28-29 47,748
29-30 42,040
30-31 33,014
31-32 21,963
32-33. 13,164
33-34" 6,617
34-35 2,322

.
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Figure 1: Bathymetric maps of the study lakes. The sampling
sites on each lake ab're indicated by (®). For lakes where
more than one site was’ sampled, the main "s.i-te i‘s. indicated
by (-1)‘, site number two is ihdicate.'d\by (m2), e\té. Only the
south basin of Baptiste Lake -is‘s'hown’.-Cor{tour intervals are

in m.
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