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PREFACE

The purpose of this papsr 1a to describe some aapects
of an artiricial physical disturbance 1n the lake environ-
ment. It ie with some miagiving that the words of Aldo
Lecpold arn recallisd (1949, p. 221):

"Conservationists ars notorious for their diaasenalons
Superficially thess seem to add up to mere c¢onfusion, but
a more careful scrutiny reveale o single plens of ocleavage
aommon to many apecialized flelds, In each flgld one
graup (A) regards the land aa seil, and its function as
aommodl ty~-production; ancther group (B) regards the lend
ag s biota, and its function as something broeder. How
muoh broader is sdmlittedly In a state of doubt and cone
fualon.” He goes on to say, "In the wildlife flsld, =&
parallel cleavege exists. For group A the basle commodi-~
ties ars sport and meat; the yerdsticks orf production are
eiphera of teke Lln pheassante and treut. Artificial propa-
getion 1s acceptable as a permanent as well ss a temporary
recourse « 1f unit ¢osta permit, Group B feels the stir-
rings of an ecolaglesl conmeienne.”

I feel that this work is unfortunately proximel to
A group,™ It can only be hoped that im pome mesaure the
results mey serve to enlarge our understending of the
aguetic environment sa it will ald in our expleitation of

1te

The guldance of Prof'esaor Arthur D. Hasler ia grate-~
fully acknowledged. The ecounsel of Professor Jemes R.
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Only those who have extracted lirnological meabure-

ments from a frozen Yske can appreciate the real contri-
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PART I

EXPERIMENTS WITH ICE~FREE LAKES

INTROPUCTLON

The states in the vleinity of the Oreast Lakes,
U.S.4,, can truthfully boasst that their inland lakea
mumber in the thaupands and thaet there ara, in asddition,
an uncounted numbsr of unnamed baslne. Thie 1s quite truse,
but under close gerutiny, the reason why many basins re-
main unnamed, mey be discerned. It is beceuse in mast
instences these lakes present an axcesdingly poor, ir
not hoatile anvironment to the fishas. Conssguently, for
man'a purpese in ocur present economy, they contribute
11ttle to the Tishery of sither tha sport or commeroial
catagory. While they prasent a problem to the fish mannger,
they offer to tha experimental limnolopiet a manegsable
unit for testing his theorles on the dynamics of lakee as
well ae &8 unit for applying his findings to managements

¢Ona of the objoctives of the Inveatigateors at the
University of Wisconsin Hydroblologlical Laboratory hag been
ta study limnolegicel prodlema by the experimental method
{Hasler and Einsele, 19)8) by medifying certain snvironmental
foctors in a amall laks in ordsr to appralse the effecta.

Numerous resoarchsrs in ths paat have aought to modify
the chemicml envircnmant of bog Iekes in order to render

1
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thenn sultable pnd incranse tholr earrying capeeity for fish:
Smigh (1948}, Ball {1950}, Hrsler et al. (1951}, Johnson
end Hasler (195h), Wnters {1956) and Ziclkaer et al. {1956},

Some of the npproschess to the problem have met with
limited succesas, but &ll of them have eontributed to our
knowledge of lirmology.

Tn the course of invastigeticns concerning tha pro-
¢activity of smell brown-stainesd lekes in Upper Michipsan
end northarn %Wisconsin, 1t hes been cbaerved that preet
arounts of plant nutrisnts, for exarple, rhoaphorus, have
gecumuleted in the profundel .:..:u.H During the graster mars
of the yanr the nutrients mare not avellehle Lo the suto-
trovhle Torrs in thes euphotic zones and do not readily
enter inte the binloglesl flow of enmergy within the basin.
It has been cshown thet nutrient materials cen Pagy upwerd
through the therrccline in accordance with their vaapective
concentrations (Hayes end Reckett, 1955). However, In
certain lakes (Funchtow) and Sleekbrook leles of Heyes and

Beckett, op._eilb.) & state of eoquilihrium between chemicsala

in solution of the spilimnion snd hypolirnion probably never
occurs during the period of susmer stratificetion, Con-
sequently, excese conventrastions of spluble nutrient mate-
rlels do In fect atcum:late in the hypolirnetic water na

well as in ths profundsl mud,

u.u._._m actuel phoapherus content of tho ruds is lmown to nt-

t6ln concentretlions of l,&90 Kg/hn (Fasler, 1557),

Birge stated with ragerd to the overturn of lekes,
that the vernel ciroulation period is generally less
completa than the aubumel civculation even in laergar
lokos such an Mendota {Neess and Bunge, 1957, p. 52},

This effact is more marked in tha amall lakes dealt with
here. In the spring they fall to olreulate for a sufficlent-
1y long time to repaturats the lowaer atrata with oxygen; in
faot, they often do not olreulate at ell., One of the ohleaf
reasons rfor this defecticn is the intenae coloration of )
the water. The consequent rapid sbaorption of solar heat
results in the formation of & very ahallow thaermecline
{Berg end Peterssn, 1956; Stroas, 1958}. The econsequence
of a limited vernal oirculation ip the drastla limitetion
of apace imposed on all aerobic ferms owinp bo & ¢on-
striction of the living zonoe., This effact is pertioularly
pronounced in a browne-atained lake beceuss the usuel
elloshthonous flow of organie materials I'rom the watershed
increases the demand for oxygene

The date of Brynildson {1958) and Schmitzl ahow that
certain lakes in Chippawa County, Wisconsin, usually do
not sirculete at all during the vernsl pericd, Barg and
Patersen {op. 2it.) coneider Lake Gribsg, which is in
many ways similar to the lakes dealt with here, to bs in

Hﬂsm:wupmwen deata, Department of Zoclogy, Univeraity of

Wisconsin,



& traneition atage approeching the "apring maromictio™
type refesrred %o bY wwuu.m end Rodhe {1942}«

The practical valua of synthetloally inducing B com=
flets airculation of thermally ptratified lakes sppears to
be gqulte olear -~ besause 1t would sprich the aurface waters
with nutrients wrasted from the hypolirmion and bobiom
soils. Moraovar, {1t would renaw the oxygsen supply of the
hypelimion. Earlier suggeastions gnd diseussjons of thia
gpproach have haen wade by Zlgerli (1939), Thomas (190},
grim (1952), Hooper et al. {1953) and othsra.

ARTIFICIAL GIRCULATION OF LAKES BY WATER POMPING.

Attempts %o oirculate artificinlly by pumping water

have praviously besn mads by Orim (op. cibs)}s In thelr

trials the water wae trensportsd through the thermocline
in pipes. Hooper ot sls (ops oits), vsing & Water purp

to bring hypoltimetic water to the surfaca, daid completely
eiroulate 8 lake. phey found thay cartain ovents of the
autuznal overturn Were simulated a...w-..._.an.n_.do.._.ﬂu (a) Bn 6X-=
ahange of slactrolytes betwesn bottom-s0il end woater,

{b) an introductlion of oxygen fnto the lower strate,

{¢) = transport of dlzsolved and suspended aubstances of
the hypolimnion into the zone of photosynthesin. They in-

dicatod that since no alimatic ssasonal changes hed osourred

during the oouras of thelr experiment, the biological change,

primarily a E—Heouwnﬁwnon and periphyton-increage, wae dus

s

5
aireotly or indireetly to the artifielally induced ciroula-

tione

1. Cather Lsks Bxperiments, 1952,

Cather Leks 1s a small kettle lake leoeated in Chip-
peva County, Wissonain (Fig. 1). Deaplte the fact that
{ta long exis lies in approximately the same direction as
the prevellling winds, 1% ordiperily does not gireulats dur-
ing the vernal pariod. the data of Bryulldacn {1958} for
July 1 end May 3, show that such was the case in 1952.

Two sexploratory axperimants Ware initiated in order to
test the poselbllitiss of inducing water circuletion by
means of ordinary weter pumps of low oapaclty.

In the firat test the intalie ©f tha pump was loceted
neer share in the epilimion at le=a then ons meter below
the surface. The discharge WaB in the hypolimnion et the
ten mater-depth, The pute of discharge of the pump was
msasured end the pumping of water from the epllimnion into
the hypolirmion was beguns This treatmsnt continusd for 1B
consascutive hours, during which o o3 of water wers dls-
placads

Ths pre-treatment snd post-treatment physica) end
ohemicel data cbtained ara abhown in Teble I.1
wm_ou. deseriptions of all methods and voutins procedursa

employed in these investigations, nusaa:cgwuconmwa
balow. :




CATHER LAKE

SW 174 of Sec, 3, T 32N., R.9W. Chippewo o,
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December 21, 1954

Map of Cather Lake {Chippewa Co., Wisconein)

Survey by U of Wis. Dept.of Zoology

Flg. 1.

Table I. Tempsraturs and dissolved oxygen dats for Gather
L. hefore and after the pumping of epilimmsetic
water.”

o 1460 o8t 2l guly 0560 cor 87 Jeay
Temp. in °C. DO In ppm Temp, in 2¢, D0 in ppm

Surfane 27,1 - 2b.4 -

1.0 25.3 Tl 26,3 8.1
2.0 2.6 T2 25.3 4,2
3.0 19.9 Tals 20,3 8.1
h.o 1h.0 h.2 13.56 34
5.0 9.1 0.3 9.1 Qe 2
6.0 6.7 C.0 Talt 0.0
7.0 6.1 -— 740 -
8.0 Se2 an 6.9 -
2.0 5.6 -- 6.9 -
10,9 Se5 -- 6.7 -

#Pumping started at 0840 CST 25 July 1952 and estopped at
1545 ¢aT 26 July 1952,

#ithve, of 3 atabtiona.



In the sescnd test, the intake of tha water pump
was looated in the hypolimmion at the 9 metar~depth.

The disgharge ¥es simply spilled out cnto the surfeoa of
e floating raft which was anchored over the deapest Water
on the lokes The pump unit was aboard the raft.

The pump's rate of dlschargs was measured and the
displacement of the hypolimnatlic water was begun. Ap~
preximataly 1550 m? of water were puwpad during the next
B0 hours of operatlion.

A alight lowaring of the lactherms wes deteotad. ({Sae
Fig. 3»} The temporature and dissolved oxygen dats are
recordaed in Table IT.

gnly 0.3% of the lake’s volume was pumped in tha firat
tripl (25-26 July). Neveriholsaa, the effect of thia
amount of warm weter foroed inte the aold hypolimlon was
meagurabla. A vertical convection current was established
above the pump outlet. Thias water waa not directed in the
mepnar smployed by Grim {1952) but instesd Archimedean
farcas oraated B tharmally heteraganacua polumm of weter of
one to two m dismeter over the discharging oriflce. The
towperaturs meapurements wera grratic in thie colurm, in=-
dicating probable mixing of the lass denas, warm water as
14 moved upwerd, The tempsrature of the hypelimilon wes
modified by spproximately that smpunt whieck would be ex-
pocted from the mixing of 10 n? of 26° C. weter with the

Flg.

2e

TURK LAKE

NE V4 of Sec.10, T.32N., R.9W. Chipprwa Co.

n o g L % 260

Area 109 .
Are dupth &5 fi.
Man dapia o7 I
Volumi 1095 v 105

Cantour intgreal = | metr {334y

Survey by U, of WIs., Depl. of Zoolegy
Feb. 1931

Map of Turk Lake (Chippewa Co., Wisconsin)
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Table II. Temperature and dissolved oxygen data for Cather L. before ond after ths
pumping of hypelimnetlc watar.s
3:2:23 Pre-treatment™* Trentmant® Poat-traeatmsnt®
CST fug. 0752 CST 20 Augs 0839 CST 22 Auga CST Augs
remp. OC. DO ppm _ Temp. °C. DO ppm Temp, °C. DO ppm Temp. °g., DO _pom
Surfaceo 2247 - 21,9 -~ 4.9 - 22.1 --
1 22.6 T+9 2.7 - A.7 - 2.9 8.4
2 22.5 7.8 2.7 - 2.5 -- 21.6 7.9
3 2.2 6.6 Zl.3 Tel 223 Te7 2l.2 Teb
N 1.4 0.5 16.0 1.1 13.5 lob 16.9 1.6
5 1042 [P 10,7 0.7 1.2 0.2 1042 0.2
6 6.0 .- Taf 0.7 8.2 Tr 749 0.2
T T=2 - Tl 0.9 Te3 Q0 Tal 0.0
8 6.9 - 6.8 e 6.9 - 6.8 -
g 6.7 - 6.7 -~ 67 - 6.7 -
10 6 - 6.5 -- 6.6 -- 6.5 -
#Treatment started on 1032 CST 18 Aug. and atopped at 1215 ¢ST 23 Ang. 1552.

puAverago of two stationa.

T
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kmown volume of the lake below five meters at an average
tamperaturs of 6.7 C. The sctusl sverage post-irestment
temporature of the zona below the five mater-depth wae
7.3° ¢, {from Teble I). Ths calculated temperaturd ox-
peotad was 7.1% C.

Tho chenges in the oxygen concentratlons ers not inter-
protable, Changes of diseclved oxygen in ths epilirmion
peturally ccour from dey to days It ia perhaps slgnificent
in the light of later work, that a daesrease in the oxygen
concentration was measured at tha 4 and S meter levels.
Hhlle this change eppesrs to be quite amall (Table II},
the oxygen-concentrations messurad 1n the vieinity of the
weter discherge were 1.3 ppm and less than 0,1 ppm {traca}
for tha |} and 5 meter=-deptha respectively, Later exparimants
damonatrate this effact more clearly.

In the sacond trisl, about 1.2% of the lake'as volumne
was displaced.

It iz avident from these preliminery triala, that
graeater amounte of pRergy would bes requirad in order to

cbtaln aignificent effacts,

2, Sewmill Pond Experiment, 1954.

Inveatigations of phosphorus=releass from the soils of
a lake were conducted by Dr. Eldon Zioker of the Univerality
of Wisconsin Zoology end Scila Dapartments during 1954. He
plannod to olrsulste artificially a vary small leke after

13
enriching the hypolimmetio water with radfophosphorus.
The hypolimnstie water was to be pumpad in the mennher of
the Cather L. experiment (Aug. 1952). The marked phosphorus
wlthin the besin would be propumed to generelly per%icipatse
in .the phosphorus eyele auch s that dewonatrated by
Hutchinson end Bowen (1947},

My particlipation in this experiment was primarily to
implement the actual clreulation of the sxperimental lake
end obtain what information wes effordsd. The meapurement
of trecer material, phoaphorus enalysis and a nmajor portion
of the limnologlcal measursmants wers rerformed by Dr.
Zicker. The materiel prasented here represents only that
which serves to i1lluminste the process of artificial cir-
culation.

A minlature lake, Sawmill Fond (Fig. lj) wea ehosan for
ths experiment beceuse it hes oharacteristics typical of
the brown-stelned »g leXea of the arof. It hes o maximum
depth of 7.1 m and a meen depth of kL0 mo Its surfacs ares
iz 1,250 m? and 1t contalns 4,990 m3 of water.

after the tempsraturs and oxygen-<onditions of tha
basin Wwere measured, two units of dlluted radlophosphorua
were pumpad through a hose into the hypolimnion on 2 October
195, Two centrifugal water pumps wors previoualy in-
atalled on the margin of the laks, The inteke hoses wsre

puspended so that thelr orifices were & mnters below the




Flg. 4. Map of 8avmill Pond, Vilas Co., Wisconaln

SAWMILL POND

Sec. 7,RBE., T43N,, Vilos Co., Wisconsin
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Conlgur Inferval
sran = 1250 mE  dwe, depth=4.0m. Vol 4390 m}

Auy 1936

Sursty by Lol Wik Dept of Toology
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aurfece, The dlacherga hoses Ware placed sc that ths
water would flow onto the bog adge nnd then drein back Into
the pond.

The pumps used had a combined pumping aapecity of
gbouy 14.] w3 per min,, powerasd by aight horsspower smch.
Addi tional information regarding the pumping equipment
enploysd is furnished in the appendix,

The pumps were turned on at noon, 3 Oectober, 1954 and
allowed to run continuously until noon of 7 Oetobsr,. Dur~
ing this time deily temperature and oxygen measursments
were made, Quantities of water for later radiophosphorus
determinetlons were ecollected st varioua deptha.

The affect of pumplng on the thermal atratification eof
the pond ig shown in the diagremmetic representation of the
inatallation in Fig. 5. A nearly homolothermic condition
prevailad above the level of the intaks orifice aftar the
first 24 hours of pumplng. Thers Was only a very alight
increase 1n the ahsolute heat tontent of ths pond durlng
the period of eireulation. The average temperature of the
various satreta cbteined by planimetric Integratlion of the
temperatura-depth curve, multiplied by the known volume of
the respactive astrate geve 47.2 x 103 ton-celories of heat
for the ebasclute haat-energy content on 7 Octobar, and 4T7.0 »
102 ton-oslories for the pre-treatmant value on 2 Octobers

It ia perhaps algnificent that ths mean daily air tompera-




SAWMILL POND
Oetobet 854

o * water pump intoke fevel
b ~suriace dischacge

7] continucus pump
eparation

PROFILE DATE
A -3
B 4
¢ 5
1] -]
E T
H
o
. §. The erfect of pumping bypolimnetie water inte
Fig. 3 the epilimnien, Sewmill P., 1950
\
A /c /9 or ‘.'
Ay i
7 Sawmill Poncal . ‘( a2 Sawmil Pand
1654 ( / 1952, I/’
!
J Bet / 3 g ven /
2 7 Oct aa 1 » 2 7 Ot e—s - /‘
/ =
J JF /_/- " !
4 ,o’/ o j
L4 - \
/D
=
e
és f { L1 ‘1\
sl ,/_4 &1 f____—-—-"
o ’-_-____‘__‘____»—-—'-'
7 n/ 7
al_, 8 . .
0o 40 68 86 00 20 40 o 0 2o A0 40 S0 B4
T €. 28 e,
Flg., 6., Pre-trestpent and post-trantment temperature and discolved
oxygen values in Sawmill Fond, 195l L]




18 ,
m 19
ture during this periocd (V.S. Dept. Corms, 195l} fluctu- 1
! Teble III. Activity of weter enriched with radiosctlve
ated pbove and below the tamperature of the homolothermic Emmmow in the hypolimnion of Sawnill P
: {Hasldr, 1957), .
vater.
Unfortunately, dissolved oXygen measursments Were nmam Wom__. Depth G/sse. minus  Carpacted
e by m Counts/sec. background® counts/soe
made ordy belore and after ths treatment. Conasquently, g 3 o Sl =
0., 0,00
while it wes determined that a considerabls inorssas 1n i 2 M.mm 0400 W“Mm
= 0.00
the sbscluts quentity of this elemsnt ceocurred, the deily W 3.82 3,2 Wuwm
rate of apparent asratlon was not determined. Pigure 6 ; L W m.wm 2:02 2a22
¥ . 1.01 Iy
ahows the pre~treatment end post-trestment velues of dis- ; w w.mr 0.80 w“ww
o «59 1.0 &
golved oxygen snd thelr distribution in the basin with 4 < o 1.5 +05 1.7
3 »57 1.0
relation to the prevalling weter temperature, The average : w w._ﬂ a.m_u w.w%
A +22 0.6 .
dissolved oxygen concentrations of the various strate, ob- 6 lahh 0.90 W”ww
tained by planimetric integration of the dissclved oxygen- .3 6 m_ .72 1,18 2,22
S 1.70 1.16 18
depth curve and the lnownm volume of the raspsctive strata, M w.mm..u 0.89 “_m.”._w.w
+50 .96
gave & value of ll,2 kg. of oxygen and 21.6 kg, of oxygen 7 o -7 1.50
for the absalute pre-treatment and poat-traatment values. 2 W.mm H”mu. Humu.
20 0.56 .
The afgnificence of this oxygsn change, the msacel- M 1.39 0.85 M“wm
ated induced olrculatiom, end the stability of the basin 16 a - - -
z 0.94 G40 0.5
will be daslt with in a discuasion to follows w m.m@ 0.35 o.Mﬁ
=03 o
With regard to this expesriment, Hesler (1957) Lndleates ” o o4 0465
that: {a) no contamlnation of the spilimnion ¢ocurred upon 2 M.m..“ o”mu o.lmc
. 0.00 Q.00
M O.Mu 0,00 0,00

addition of P32 to ths leke, {b) P32 wag repidly dis-

seminsted verticmlly throughout the baain, {¢} the P32 wes #Baak d a1
aakground reading determinad to be O
verticel peries of samplea takan ot 'W__.p ofaee fron

rapidly extraeted from the watar at all levela, (d) the

rate of disappearance of P32 was greater in the euphotlie zone.




ARTIFICIALLY INDUCED ¢IRCULATICON OF LAXES

A

®Y COMFEESSED AIR

A

Ths resulta of the 195l rield experimentz and the

sorroborative information from the laboratory suggested

the eontinustion of a gaarch for nora af foctive mothods

of inducing artificisl circulntion. Praliminary lsbora-

tory exparimants {Haeler, 1957} mcmmmmwom that it would

bs poszibls to pmploy &R ngip 11ft" technique for the
upward digplecemont of hypolimmetic nutrisnte. This
technigue wouwld, 1t waa thought, eccomplieh eirculation
in a considersbly mora afficient manner then by water=
pnping by taking ndvantege of the turbulenk forco of
bupbles of compressec alr releaged along the lake hottom.
the oxperinents described balow wWera undeartaken to

supplant the former weier pumping procedure used in the

f1eld - the primery cbjective belng the transport of nutrl-
snt materisl to the surfacs watar (ouphotlie zonels At the
ineaptlon ol the trial, congideration was given to tche
fact that the "alr 14rt"® poasibly would not destroy ths
thermoeline, bub rather would serva to transport water con-
taining dissclved or puspenced nutrient material upwards
nhus, the tharmoeline would be dlsturbed, but it would remain
{ntact. This would be conaideresd to be nost 1deal since it

wrza consldared dealrable to Treserve the identity of the

cold water zoneda

1

The introdustion of compreassd eir into natural i
waters 1s used extenslvely for meny purposes. The chief
obfectives aras to increase thes oxygen-sontent of lakes or
streams or to remove the ice from weter surfrees. Wagner
(1956) deacribes a nuner of applications using .nE.m
teohnique, aome of whish were propopad as sarly aa 1929
{Baah).

1, Sewmill Pond experiment, 1956.

gawaill P. {Pig. 4) was ohosen for the initlal trial.
condltions of temperaturs and eoxygen typlcally found in
labe nummer are shown In Fig. 7.

A semi-rigid plastic pipe of 36.6m x 31.8mm {inside
dismater) was suspended just over the bottom of Sawmill FP.
The underaide of the pipe was previously perforated with T2
regularly apasad holes of 1,56 rm end 2,0 mm diameters.
These mlzea were so salacted ao ag to produse an eguitable
distribution of air, In order to companasts for varlations
in hydrcatatic pressure crested by the slops of the 1ittoral
zone, 19 holee were subsaquently closed. Fairly good dia-
gribution of air wes obteined with an average lins-jprasaure
of 1,7 atmosphores, Since the pressurs in the pips waa
wiform acrose the length of the plpe, 1t was possible to

galeulete tha rate at which the ailr was delivered: 351 1.

of fres air/min. at stendard conditions {(©o® c., 1 atm.)
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wars dellverad to the lake with a platon-type gasoline
driven ailr-compreasor.

Menpurements of trensmlssion of light, tempsraturs,
dianolved oxygen and total phosphorus were made during
tha trinl.

The alr-treatment was begun &t 1515 CST, 10 August
and sontinuved until 1940 CST of the sams days 'The treate
ment was repsstad egain and the thermal history wes re-
cordad aa shown in Pig. 8.

The entire Instelletlon was moved te Tuessday L.
on 13 Augusat, snd ~....uu treatment was begun on this lake at
0945 €57, 1k August and continued until 1430 ©ST, 16 Auvguat.

Temperature Cheanges in Sawnill P.

With the onset of punping, the hypolimetisc water
begen to upwell through the spllimmetlc water (ase Fig. 9).
Conveotion cells spperred in perpsndisulsr rslstien to the
length of the eir-conductor. 4n almoat complebe homfio-
thermal condition was obaerved after four and one-half houre
of tresatment. Thie olrculation may have oocurrsd during the
Lhe2 hours of the initlal pumping perlod. However, it was
inpossible to detest the axact time becauvse of the intervel
betwaen temperatura measurements., The prolile of the
temperature of Sawmill P, before treatment and the subae-
quent ohmngea owing to appllications of compresased air ere

shown in Fig. 8,
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The distribution of heat-enargy withir the basin was

radically altered and the absolute heat-cuntent inoreased Table IV. Muﬂ%oamw.ﬁ.wu. absolute heat-scontent and maan
: aily air temperaturss r

somewhat. Por the period ineluding 9-13 Auguat the omposimint, Aagust 1956, Che Sawmill P.

gbeolute heat-content increased by about 11.2%, or from
58.8 x 103 to 65.4 x 103 ton-calorieas The increase of . mo Ton-eal, Mean water hwpﬂnwmﬁu. mebﬁmhw“_.w
L) x 102 temp. PC. .
heant-contant sontinued efter the pumping ceased, and on o P * moter °C, °c,
; 11,8
jugust 16 the besin conteined 72,6 x 103 tonecalories of _ 1o¥ . ) ) 2Ly 19.7
4 - 0.~ 1 »
heat-snergye The mean delly air temparaturs during this j 1 + 2.0 2246 20,3
i3 5843 11,
perlicd was higher then the temperature of the surface water : 12 * 1 13,2 19.4
Fo 62.
after the commencsment of ertificlal circulation, Theae - b 2.5 13.3 18,4
. 13 &5.4 13,1 13.6
valuas are shown in Teble IV. 8 . . 0.2
1 H_..w.hl_. - -
’ . - 215
Effeqt on the Content of Dlasolved Oxygen 1% - - .l
— o
fhe effect ef the inducad circulstlon upon the total, 163 72.6 14,6 19.0 18
. «9
dissolved oxygen-sontent was very axtonsive when compared
) #tPre-treetment.
with the effeoct upon the totsl hemt-content. It can ba
:Post-treatment,

aeen in Teble V that the dimaolved oxygen-content of the
efter the initlel

besin was reduced from 1l.4 kg. %o 6.9 kg.
treatment perled, Thie rapld 1lose of oXygen wWa3 probably

a reflection of the oxygen demend of the lower atrata of

water and assooiated humic materiala. The rate of loss p
was 0,047 mgs/em?/day for the 149 days after pra-trentment

meagurenants Were made. For this computation, the surfece

of the lake wes conaldered es the basioc area,
A repid increasae in disaclved oxygen was cbserved

after the additional periods of treatment es shown in
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pable V. The vertioal distribution of dissolved oxygen

in Sewmill P. during arsificiel eireculation,

Aguat 1956,

gtratum 9 bﬂﬂmg mpmuww.q.opwmn“dmmwmwwnﬂmﬂ 13 Aug.
m Pre=-trentmont
o-1 TeB 1.8 Seb helt
1-2 3.6 1.6 Sl b3
2-3 0.6 1.4 Lo} .2
34 0.0 1.} ha? L2
45 0.0 1.3 5.0 b1
5-6 0.0 0.6 5,2 hed
6=7 0.0 ~- S.h e

Wean DO

.wm“u.u.m basin 2.5 1.0 Sel B2

0 ) x
”WMMW“MQ ® 12.3 kg® b.9 kg 25.7 kg 21,0 kg

t the firet
cbtrined 1f 1t 18 sasuned tha
t“waww“ﬁqucuww”ﬂ. was 95% seturated at mowm_._p.w Mm. H%.H_“_.eﬂm.
reglistic saturation of 852 glves a v
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Figs 8. The effeot of tho Wwind end general olimatie con-

ditions in augmenting this incresaa was considered
negliglible hecauwse of the amall area of this lake, ths
protection afforded by the hilly nature of the terrain

and the relatively stable condition of the weather during
the exparimental psriod,

Changea in the Distributlon of Phosphorus

An analyals of the acluble phosphorus=distribution
for this experiment (Sparr, 1958) suggesta that it was
trensported inte the upper strata of the lake during the
course of artifieiasl circulstion. Tables VI and VII show
pertinent portions of the mpn.m econeerning this distribution,
The renge of valuss among samples teken at two horizontel
stations before treatment seems g0 wide aa to precluds
satiafactory daamcription of the actunl svents. Howsever,
it is noteworthy thet the ebesolute cantent of the solubls
phosphorus in the upper two maters was higher in evory csase
than the mean of ths pre=-treatwent veluss., It 1s alag
ahown that the high toncentraticn of solubls phosphorus in
the 2-3 metor atrafum was dissipeted.

Effact on the Transmipslon of Light
Moasaursmenta of light were made bofore traatment at
1330 €87, 10 August and egaln at 1030 CS57, 11 August after

%2 hours of Induoed e¢lreculmtion, MNo changs in the per-



Tabls VI. The distribution of soluble phosphorus expressed in prems per ona meter
Sgumill Pa, August

atratum, for the aptifieinl clrculation oxperiment:,

1956. |

1200 047, 9 Aug. 1130 GBT,11 Aug. 1200 CST, 2030 GST, 2030 GST, gfoo ceT,
Stnl Sta 2 Ave B8ial Sta 2 Aws 12 Aug. 12 Augs 12 Aug. 12 Auvge
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oentege of surface padiation transmitted ot any dopth was

abserved.

2, Tusaday L. expariment, 1956,

in attempt to confirm the goncept of grtificially
induced cirpulation waa conducted in nearby miasday Lake
{sec., 36, Rl2W, TLSN, Gogeblc Cos. Hiche)s Thia leke hes
a maximum depth of 17 m and on eatimated mean depth of
8-9 m. It has mn area of ebout 3 ha and contalns &p=
proximately 25 X 10l m2 of water. The dimensiona presented
for this lake ware based upan & brief preliminary sxamine=
tion aince no hydrographic mep waa availablea

The effect of the plr-treatment on Tueaday L. was
simlier te thet cbaerved in gewmill Po The purface wabar
was cooled from N__..mo C. to Hu-oo ¢. and the lake becama
sssontially homolothermal st 11.0° ¢, between tha 0.5 m
and the 9 m deptha after a paximum of 19 houra of trantment.
When the end of the air conductor wes lowerasd to the 1 m
level, homolothermal conditlons wareo extanded to that depth,
after an additions) five hours of treatments

The concentrations of oxygen dacreagsed in the reglon
that orlginall7 conatituted the apilirmion, from 7 ppm
to 1 ppm after the first 19 heura. This initlal loss of
oxygen wes also obaerved in Sawmill P. durlng the artificlal

¢irculation of that lake (10-13 aug. 1956).

33
No other measurementa ware made on Tueaday L.
3, Tub L. experimont, 1957.
The thermal stratification in the Sawmill P, experi=

ment of 1956 was completely destroyed within four hours
after initiation of the trastment, It was cobvioualy im-
poseible to ascertaln whether or not the air-1irt
technique could have tranaported soluble or other forms of
nutrisnt maetsrial through an "intaest™ thermosline.

The preservetion of a thermoeline 1a considered de-
sirable under certein conditione: (e) in instences whare
the thermal and chemlorl atratification i3 suech that rapild
eirculetion would rapidly deplste the oxygen level or
introduce anmsroble decomposlitlon products Inte the living
zone of fish or other merohbic forma, {(b) whers tha intro-
duetion of surficlent amounts of ailr %o disrupt the
thermoesline might prove to be impractical. An sxperiment
to test the affact of reduced amounts o¢ turbulence was
conducted in Tub L. in 1957.

Tub Leke (NW 1/4 of Sec. 11, T32N, R9W, Chippewe Co.,
¥is:) 1a a small, nearly cup-phaped kettle lake. It is
partly surrounded by bog margins mnd its water iz cherao-
teristiocally deeply stained. No hydrographic map is
avelilable for this lake, bui fairly accurats dimenslions
wera aobtained in the process of instelling en air conductor

under its swrfece. The lake 18 alliptlosl with semimxes
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of about 53 m and 43 m, Ita ares is roughly 7200 w2,
Its maen dapth ls approxinately 3.0 m gnd ita voluma is
2.16 x 104 rd, The maximum dopth i 7.7 Me

Prior to 21 September 1957, a gemi~rigid plastic
aip-line was puspendsd in Tub Leke in the sama menner a8
describad above for the pipe in Sawmill Fe Ten holes
of 0,82 rm dimmeter were drilled in the plps (2,58 en in-
plde diemater). Diffigulties enoounterad in the suspension
of the pipe over the bottom paused the holse to ba sua-
pendad irregularly at the follewing levels: 2.8, 3.2, 3.5,
3.6, K0, L4a3, Leb, 5.0, 542, and 6.0 me

on 21 Soptember pre-ireatment wmeagursments of btempera-
ture, dissclved oxygen, total and soluble phosphorus, PH
and light were medas Three hundred milliourles of
rediophosphorus wWere addad to the hypolimnlon et about the
5.5 meter level. Subsequent pempling of the lsotope and
the related work of this experinent is treated by Sparr
{1958).

At 1910 C8T, 22 Sepl., 4 gasoline-driven air compressor
wes cormacted to ona end of tha air pipe. A pressuro of
1.05 Wm.\osw (gauge) or 2.02 atmospheres {absolute) waa
meintained in the pipe during the next twelve days. The
aize of tha air conductor was lerge anough to eliminate
significent 1osgea of pressure 1n the line; consequently,

the pipe for purposes of oomputstion waa conpidered as a
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plenum chamber for the smell volume of air flow de-
liversd. Calsuletlons based upon the heed ol pressure
in the pipe and the corresponding hydrostatie pressure
for the orifices used {pes Crane, 1942} indicate that
8Y4.7 1iters of fres oir (0.0° ¢, and 760 rm preasura)
wora dellwered to the lake each minute.

on 3 Octobar the plpe was openad sc that thae eir was
relessed, in effect, through a 25.L mm orifice and was
lowered to a depth of ssven metera nesr the center of the
baain. The full dellivery of the compressor was used and
an estimated 700-B00 litera of air per minute (std. condil-
tion) was pumped durling the maxt 12 hour period.

The temperaturs of noarby Cather Lake wes messpured on
26 3optember and 5 COctober for use as a refevence with
rogard to the locel elimntle offect upon the thermsl condi-
tions in an untrsated basin.

The raaults of the above triasl are summarized in
Table VIII. Thare aceurred a atesdy descent of the thermo-
oline. ¥or purposea of this paper 1t has been consldersd
most convenlent to use the upper beumdary of the thermoaline
defined aa: the interassction of ths tengent to ths depth-
temperature curve whose slope 1s equal to unity whan plottad
on x and y ordinates in °C, end mabsrs, raspectively. Thia
gensrally used, arbitrary definition pervaes very well to

demonstrate ths movement of the thsrmecline in temperate



Table VIIT. Miacellemecus data for sirculstlon experiment on Tub-Cather lake s
(21 Sapt.-5 Oct. 1957).

Tot.®
alr
vol md

pumpin
1/min. total

Alr dimcharge Hours
below UBT

Tot.
DO
kg

Ave.
no
3 ppm

Tot.
heat
t-C x 10

tenp.
BC

TUBT
m

Depth Ave.s L.

Lake

Septs 21 Tub

&8
51

B.2 112

308

1h.3

3-2

24

112

300 B2
nh

305
308

10

3.5
17
b3

23

36aly

5.3

a2

Sh.9
230

L2
242

112
132

S.2

143

25

6.1 25
750

296
307

LT 13.8

L

Octs

6.5 M0

1.3

6.7

1970
1890

15.1

Soh
S8

Sopts 20 Cathar

1h.5

5

Octa

#Rate = h.a m3/hr.
s#Rete = mpproxe LS ml/hr.

3

6
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lakes of this type. In slmest overy cass tconsidered hare

the so-callsd Tinas™ af the tempsratura-dapth curve at tha
upper boundery of this layer waa wery sharp and mors
easily determined than, for example, the inflaction point
of the tamparatura-dspth curve. Minor "knses" In the
temperatura ourve cropted by aurfece radlation or arti-
fieisl turbulence in the epllimmion are ipgnored. It

ghould be noted in thla cooneotion that in the lakes under
obmervetion, the chemleal stratificntion is ususlly so
sherp that 1little confusion can ocour 1n the interpretatlon
of the upper thermooline boundary (henceforth referred to
&s UBT in thims paper). .

By I} October the UOT had descended to tha le7 meter
lavel, & change which excesded the natural descent of the
corresponding boundary in Cether L.

The sbeolute dissolved oxygen-content ineragsad nt a
relatively low rate., No epparsnt lnarenses of dissolved
oxygen were found below the thermocline at any time.

Sparr {1958, p. 51) rsported thaet radlophoaphorus wos
btrought through the thermocline during this perioed, without
destruetion of that layer {ges Table IX).

lyutohinson {1957, p« L26) nelected the point of infleotion
as the definition of %the thermcelins. For general use it
18 certalnly ths more desirable,
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in Tud L.

ntrationa of radiophosphorus

Teble IX. Mwawwﬁuowau by agitation with onauHaMMwm
air (modlfied after Sparr, 1958, p. .

Concentration of p32 gt station ¥ 1n

Umwuv disintegrations/sec./2
Sapt. 22% 23 2l 25 Oct. L 5
2.0 0.3 T 2.4 1.0 2.2 0.0
u.m..u-..!im..ﬂ..../..m.mn....m...m--.im...m!..i..w.l.u.i 1.5
5.5 6.6 27.1 242 1249 2.0 N1k
UBT {m}#* 3.2 3.5 3.7 4.3 he7 6.7

Sept. 1957.
1957

¥ of the

de on 21
iication of radiophoasphorus mae
#wWﬂdHMwm vegan arfter gampling on 22 Sept.

#:Relative lovwel pf the UBT or uppseT boundar
thermoeling = ———=m—==

CONCLUSIONS

The resultg of these six trials of artificisl cireulp-
tion during pericds of opsn-water, whils not directly
comperable becauss of changes in the technique employed,
do offer acme interesting contrasts with regard to their

affack,

1, Phosaphorus

The upward trenspart of phoaphorus by artifieial
oirculation, aa obsarved in the Sawmil) P. 1954, 1956,
and Tub 1957 trialas, was accomplished. Quantitatively,
the nat lnorease in the euphotic zone waa amell, although
the trus contribution of phosphorue to this zone may be
neaaked by the dymamic characteristics of this element,
The rsapid lomses of the tracer element, mas shown in Tabls
III,aonfirm thisa,

The rediophosphorus can bes foresd upward through the
thermaocline without diaruption of this layer 83 was shown
in Tub Lale, Teble IX, by very small smounts of bubbled
alr (77.L 1/min. in Tub, 1957). The displacement of
phosphorua, however, 1= accompanied by a corrasponding down-
ward displacement of the thsrmoelina.

The gonersl offect of circulntion on the phosphorue
distribution wen similer to tnat reposrted by Hooper et al,
{1953). The mejor difference is the erae with which this

effect was realized uasing sir turbulence instend of weter-
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pumping procedures. The gomparison hatuwaan these tvwe a3
methoda can baat be visuallzed by &n examination of the : Table X« Rffect of artiflelsl cireculati th
Ation on & vOlum
amount of work expondsde 3 Mwa””wakuwnwewn stratum for zooplanktcn snd 3
2. Temperatura Lake Yoor Zone 4 Chen
From tha temparature measwenents of the 2 trials Woat Loat L9852 . ge
: rouk 20 1
deseribed above (1954, 1956 and 1957) end from ths results : Zooplankton NW ngracse
of Fooper et al, in 1953, it appears that the msan tempera- " Sawmill 195k Erout
. ou 89 n
ture of the lpke, 883 8 repult of srtificiel cireulation, sooplankton 48 n
chengea vary little, o.ge, + 0,2° ¢. in Sowmill P. {1954), B
5 . Sawmill 1956 troat 1300 "
+ 1.1° G. in Sewmill Fe. {1956}, 0.0% C. in Tub L. {1957}, ) zooplankton 70
and - 0e2° C. In West Lost L. (Hooper Bt al., Op» gite)s ok
¢ Tub H_wmnw trout 31 n
sinae there 13 no information avelleble regarding the zooplankton 29 n
amount of inselatlon, or of the air tsmperatures [other
then mean delly temperatures from nearby stationa), or , : #rocwﬁwoammw: limit for trout = 3 ppm (Brynildson, 1958
. - - ?
the sttusl Tlow of surface water during the psriods of ) Lower oxygen iimit for zooplankton = Q.3 ppm (Johnaon end

Haaler, 195L).

circulation, En interpretetion of the minor geins or lossen

of totpl heat is imposaeible.

For soms purposes the change in the distribution of
hesf 1s more partinent when compared %o the resulting
coneentrations of oXygen. Table X shows that, ¥n every
ecasn, the zons that ia consldered to ba indefinitely
habitable for trout or the "living zone"l, was greater
lprynildson {1958, p. 91) conaiders the :HMdvsm‘soSma for

trout as that atratum of water in which the oxygen
tension 1s at lesmst 3 ppm.
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the water. Therefora, the theoretical :on_w?uum_:ew 19 used

Le
in velume mfter the treatment periocd than before. Black
(1953} Tfound 22,h° C. a5 the upper limit in which this for comparing effects, ‘Tue theoretienl work is that amount
apeclas can survive for 2l hours (acclimation temperature of work done in the expansion of tha bubble, As it rose from
11 ¢.}. This suggeats that in every caze vonsldered hera, the point of discharge to the surfacs »f the leke., The

the upper temperature limits were not gxcesded. nuestion as %o whethor thils expsnsion i1s nn adlabatlc,

Two of theo lakes treated in this study are lmown to nolytropic or laothermsl process is open, pending further

contain werm~vater figh. Inspections of the 1littoral investigation, For the calculetions employed in thils ra-

arese d1d not revenl any losses thet could be zscribed to port the compressiom 1z consldered to be isothermal, Ir

temperature shock, iater calculstions or experimentetion indicate thaet the

axpension of the rising bubble ls pelyrraple or adisbatic,

3¢ VWorhk required to lnduce circulatlon
then the worl expsnded would be correspondingly higher by

Tha actual work applied to the lakes in the above
sore emount less then 0% (sse 0'Xeil, 1010},

trials can be crudely satimated by censldsring the amount
The maxinur expenditure of work required to elrculats

of horaspower required to induce a given degree of change
Sawmill Pond witit air-turbulence, in 1956, waes 3.37 x 103 m-t

in thse lake In & segment of time. The work in this cese
or 12.5 hp-hra, The edlrculstion of the same basin in 1954

ip the horsepower-rating of the squipment employed x the
P & antem pLey when watar pumps were used (se¢ Fig. &) required nesrly

heurs of operation {(hp=hrsl This unit of werk is used to -
ten times this emount of work, Woreover, the stabllity~

compera the affactiveness of the water-pumping procedure
prior to mixing as e¢elculnted by the method of Schmids

with the "air-1ift" technigue. Tt is not assued that the
(1915} end Eckel ([1950), in the 1956 tirirl was &t least

work Applied to the water In these tWe proceass=s 1s pro=

waw references to horsepovwer (hp) or horsepower-hours
{hp-hra) refer to power or work et the rated power of the
equipment exprossed In the metrie system. All references
to thesoretical horsspower {1hp} or theoretical horse-
porar hours (ihp-hrs) refer to the computed theoretical
power or wWork expressed in metric syastem.

portional to the work axpendad threugh the machinery. It

means only, that for a given effest, e certein quantlty

of work was actually done by the equipment, For compering

tha effects of varlous dsgrees of "alr-1irt™ treatment, s
: Stebllity {8) is defined es the theorasticel amount of work
it 15 felt thet the work dene by the expanding bubbles required to oppose the gravitational forcaes snd render &

: tified ks h
was probebly closa to the resl smoimt of work applisd ta thermally stra ed 1lake honolothermal.
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four times as greab ae the atabllity of the paein in 19S4.

(8 = 5.60 t-m on 10 Aug. 1956, and S = 1.32 t-m on 3 Oot.
195k.)

Perhaps the affiolencies mre more randily comparsd by
noting tha lncreads in volums of the oapilinnion for saoh
unlt of work expended in the verious trigls. In asch
game only the amount of work required to lower tha upper
boundary of the thermocline (as defined u-.mﬁoc.m“_.mu ta 1ts
1owast polnt ia consldered.

Assming that the watar~pump amployed by Hooper et Bl.

{op. W_..H.u_ raguired 1lh hp, tha ovarall effest af thelr ax=
pariment amounted to en inoroass of 6.1 Bm in the wvolime

of tha epllimmion for aach horsepower-hour of work axpendad.

In the 195l Sawmill P. trinl (with & water-pump) the epl-
1immion incrsased in volume by just 3.9 wd for each hp-hr.
When bubbled, comprossed air was usod in thia laka in 1956,
tha epilimmion increased 86.9 n3 per hp-hr.

The volums lncrease in the 1957 Tub Lake experimant
amounted to 25.8 m} per hp=hr, but tals velue was low owing
to the irragular plecarent of thse dissharge-boles with
relatlon to depths Aotuslly, by the tlme the upper boundary
of the thermooline dopsendsd to tha L7 m ievel, only three
holes were discharging belew the VBT, The volume/fuwork ratio
for tha 3.2 to 4.3 meter UBT levela was 116 m3 per hp-br.

It was noted that thls Tetlo deoreasssd &s +the UBT ep-

proached the 1evel of the imtake of the pump where watar-

Hl

pumps ware used, or the levol of the diacharge when m“...
turbulence was used {ses Tahle Xi).

It con be coneludsd that far lass work 1s regulred to
mix stratified basins with the "atr-11ft" tachnigue than
wlth the water pump teshnique.

™o Sawmill P. triel of Aug, 1956 and ths Tub L. trial
of Sopt. 1957 afforded 1nformetion with regard to the rale-
tlve amounts of work n2sded for nir-induced cireuletion.
8ince the volume of flow from the plpe was known, the work
expended above the pips by the rlalng bubbles could ba
computod from ihe follewring rolatlonship: w = pyvylog, P ,

vwhere w = work = i
w = wark, py = the hydrastetie preasure at the avarege

depth: of the discherging sir, vy = the volime of the dis-
charged air st the prevalling weter temperature and pressura,
P atmospheric pressvrs,
For sach Ju af inzresse of the epllimnion, a
enleulaoted amount of worit wes expended on each Hu of the
lalke above the discherpe point. TFor Sawmill F. thia
seleulated crount of work 1s 18.: » u.om gm-cm, and for
Tub L. it 1s B,17 x 10° gm-cm. The velue for Sewmill P.
is probably high sinee the leke was corpletely homelothor—al
sbove the dlacharge-vipe whon the tomperatures wers measured,
The werX performed by the oxpanding bubblea far ex-
capded the smount of wWork theoretically required to render

the laka homolothaimal, l.e., the initial atability of
o
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Sawmill Pe in Auge 1956 was equal to 5,60 t-m, while the

rable XI, Work reguirements for the lowering of the

thermooline in Sawmill F. ; amount of work done by the expanding bubbles during the
initisl eirsulation was equal to 350 t-m. The amount of
Epilimetic
o voluma Hp-hrs  vol. p-:Mu.uu 3 alr required to da the work indicsted sbove, was within
3 d hp=hr {m X
Yr. Method depth-ohange change {m’) wsed per 1o reagonables limits for small expsrimental basing, 9.g:»
5 water-pump 2n to 5m 215 ns b7 .. rub L.l in which the HB? wes lowered 1,5 m in 38.5 hours
g water-pump 5n to €m 502 360 Lok " with about 100 1 of air/min {20% C., 1 atm).
56 air-lift  Om to S.3m 60 1.9 375 ¥
. on
56 alr-lift 5.3m to bm aa Wlied 5eb b o8
: In every test of artificlial ciroulatiecn, whether using
#ypp = upper boundary of the thermecline. Bt woter punps or the Tair-l1ft" tachnique, the absoluts

queniity of disaclved oXygen was higher at the tarmination
of the treatment, There wara, howsver, rapld losses of
oxygen observed when the eirculation proceeded at e rapld
rate. In the Sewmill P. trisl {1956), in which complete
cirpulation was offeoted in lj, 2 houra, reducticna of oxygen
tensiona by dilutlon alona Wers expscted to roduce the

average tenaion to about 2.5 ppm. The actuel average

oxygen tenalon observed was l.l ppm. Presumebly the dif-
ference represents the sum of the positlve values for
oxygsn derived from: aeratlon owing to bubbling and swlace
agltation, photoaynthasls, and the negative valuesz for the
oxygan demand within the baain. {The reslative areal oxygar

defieit during the time of the cirowletion was 0,047 mg of

Loy HWWm has 7200 me of surfaca ares and contelns 216 x
b

10 of watar.
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om\oﬂm\na«.u The slower rate of circulmtion induced in
Tub L. (1957) was acoompanied by no comparable oxygen da=
cregggs. Evidently the rate of aeratlon exceedad the
rate of oxygen-loss.

The overall inorsape in ehsclute oxygen-content of
Bawmill P. as indieated In Teble V, reguired &n appliontlion
of approximately 7.7 hp-hrs of work fer each apparsnt kg
of oxygen added, Tha maximum eificlenay during this trisl
amounted to 2.4 hp-hra of work for each kg of oxygen added.
In the Tub L. trial in whish alr wWaa applied at a slower
rats, 11.6 hp-hras of work wers required per kg of apparant
nuwmnws sddad. By comparison, the asretion proceduras employed
by Wiley st 21, {ao aibed by Wagner, op. clt.) on the
Flembeau River (Wisconsin) added 1 kg of oxygen for aanh
1.1 hp-hr of work expended.

By econtrast, the water pumping techniques uaed in this
atudy in 1954, raquired 123 hp-hra of wark for aach kg
of oxygen addeds For this gerlas of circulation trisle
it cen be asoncluded that the use of "gip-1lift® was mora
effective than water pumping for aerating natural waters

In an seration procsss the ratio of the oxygen intro-
duced to the resulting incresse of oxygen is often ugsed
to compare treatmanta (Wagner, Op. cit.}, Wagner ¢ites the
following values for warjous artcificiasl asrstion proceasaes
used on natural watera: 1.3% (Mercler), 2-84 (pPilata
equipment), 3.3-0.8% (Wiley et al.). This ratfio 18 not en

b9

oxproselon of the amount of oxygen absorbad by the wataer
from the air delivered. It 18 rather, an expression com-
paring the cbasrved Increase (owing to additions of oxyger
from 8}l sourcea) with the smoumt of air delivered. For
Sawmill P., 1956, this "sbsorption™ was 9.5%. For Tub L.
(1957} the value was 5.5%. Tha wery favorable eonditions
for oxygen sbsorption in the firat instance, (low water
temperatures and a hlgh degres of under-saturation of
oxygen) contributed to the high value of absorption,

Hany of the problems encounterad in these trials point
to the need for fubure investigetion. Much infarmation i:
svailebls from the fipld of engilnesring regerding air~
turbulence and neratlion. Additional knowledpe of tha
goneral effeat of artifieclel eirculaticn on lakes would
fecilitete more effectlive utilization of this information,



PART II
EXPERIMENTS WITH ICE-COVERED LAKES

INTRODUCT IOH

The prablem to vhich the follewing experiments have
been chiafly eddressasod is thot of alleviation of the
winterkill of fish, Briefly stated, winterkill 1s the
guffoontion of fish in lece-covarsd lpkas. Ersenbank
(1945) hes dealt at length with both the limmology of the
{ce-covered leke and the lirmologicel factors relating to
the winterkill problem. Detalled references to the 1itera-
turs will be mede only as roguired in order to t1luatrate
or substantiats ths materinl in thls paper.

Essentislly the oxygen-budget of an ice-coversd leke
is governed by two ttologicel forces in opposition: on
the poeltive slde, is the uuonmnqun:mnnn pctlvity of the
phytoplankton; on the negative side, are the respiratory
domenda of the bacterla, both sercbiec and anmerobic. X&
15 believed that all other oXygen demanders play relative-
1y minor rolss and that no other mources of DXygem {including
the higher planta) within the lgka basin 1teself serve to
meterislly augment the oxygen Bupplys

211 inflowing water is understood to originata from
without the beain, from whetever lts source. it is Teadily

mean why the small northern brown-stained lakes described

so
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eariler mre vulnerabls to winberkill. They sre, in many
eages, Bospfpge lekes, Tecolving little water during the
winter months. Hence, during the winkter, their source of
oxypen 1s largely internal. This internal supply is
limited by the amount of rediatlion transmitied through
the lce, Since thelr volume i3 usually asmall and their
hest-content correspondingly =msll, they becoms lce-covared
earlier than larger lakea. In the northern latitudes of
Wisconsin snd ¥ichigon such lakes are usually covered with
snow shortly after the 1ce forms, Even & thin covering of
snow drasticelly reduces ths amount of llpght tranemitted
through the ice, For example, Blrpe raports that 2.6 em
end 5.8 om of gsnow wero sufflcisnt to reduce the lncident
surface light to 5% end 1%, respectively (Neess and Bunge,
1957). [The amount of reduction varies depernding on the
congistency of the snow,)

Pacteris, acting es vxygen demanders, are accountairle
for thoe depletion of dissolved oxygen observed shortly
after the lce-cowver Torms, An extarnsl factor which magni-
fles thelr rele is the uaunal large quentity of allochthoncus
humie materials supplied them frem ths suwrrounding weter-
shed,

The resultent of thase two blclogicnl forees is daterminod
by the magnitude of each durlng tha period of ice cover,

Wnere conditicona are such that 1little, 1f any, repleniahment



52

of the initial oxygen gupply ia arrorded, the resulk im

mora prodictatble. 1t appenra to depend on the morphome tT¥

of the lake and ite general positlon in the productivivy

soale. Whare raplenishment doea occeur from ona gourcae OF

another, aeg., i8to wintsr thawa or surfaoe runoff, tha

wltima ta rasulis, in terms of the oxygen gontent, are

hipghly erratic and unpredictable.

The approachas to the problem of allsviating winterkill

divide into two general aategories: (1) to decresse the
exygen demend, {2} to lnoresps tho oxygen supply. Meny

attempta at solution of ths problem sare 1isted by Gresnbank

(ope elte}. The firat epproach would i
1uents which contein pollutenta or

neluda guch activitles

ast the diversion of of T
any materlal which would axert an oxygen dsmand upon the
tha removal from the basin of some porticm of the

The

water and,
orgenic meteriel which crosates the exceepive demands.
sacond approach is to supply additional emounts of OXYgoli.
{greenbank choae bo follow thip second alternptivaa)

A brief summery of the mein types of poasibilities Tor
winterkill slleviation are 1isted below:

a, Opsning of holea In the loce covar.

b, Raleing of the watsr lavel,

o. Divarsion of flowing water from either surface OF

well into the lake basin.
d, Artificisl seration by means of compressed &lr.

s Removel of BNOW=-COVOT.
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All of thege heve been conslderad by Greenbenk, He found
. .

some of these posaibilitiea to be without thesretlcel or
practicel acundnsas. Greenbank felt that the only resson-
gble posalbility was romoval of anow-cover, (This view
wos shared by Hubba and Eschneyer in 1938,) He auggested
thet this could be accompliahed by pumping water from ba=-
neath the 1os onto the lake surfece, thus redusing the
snowW-~covar to slush. The suggeation was accompenied by
the recommendation that any attempt to sugment the oxygen
resourass of ¢ laks be of a preventive rather than remedial
natura, It wes from thies sugpesticn thet my first atterpts
to alleviate winterkill wers given impetus,

Later acoounta of work both in Europe: Schaaperclaus
{1947), Puke (1950), Wagner (1956), Hercier (1954), Schsasr
(1948); and the United States: Hemphtll {1354), suggested
that perhaps Greenbemk was too pessimistic in his dilsmissal
of the other techniquen huw. winterkill elleviation.

TRIALS WITH THE USE QF WATER PUMPS
1. Turk Lake, 1953,

The firat attempt to employ the techniquas auggested
by Greenbank was conducted on Turk Lake, Chippewa Co.,
Wisconsin (Fig. 2)¢ On 31 Jen. 1953 about 230 m2 of the
lake's surface was floeded with water pumped from just be-
neath the jes surfescs, The 1) ¢m of snow on ths lake st

that time wes reduced to 8 thin, milky-cruat In ths flood




Sh.
od ares., During the pumping opsration and for the mﬂ.o.u
saguent 30 hours, alr-temporaturez of below -20° ¢.
pravailad, Owing to these low alr temperaturess, the
pumping sguipment bucame inoperative and the achadulad
physicel and chemienl sampling of the lake wabser becmms

imposgible,

.m. Weter pumping triels, 1954-56.

fariodiec moeaursment of anow, ise, temperature and
dimsolved oxygen wers made on varloua experimental lakea,
In this way it was possible te pradict tha prrival of
oritical oxygen tenalona for trout.l The specles of trout
meinteinsd in all of the experimentel lakes deslt with In
this study was the ralnbow trout (Selwo galrdnerii}. For

purposes of this study, the matabolic requirements of Salmg

gairdneril and Salvelinua fontinelis are conaldered to be

gimilar,

it was considored desirable, at the preveiling winter
tomperaturea, to maintain a minimom of at least 2 ppm end
praferably 3 ppm of dissolved oxygen as & nmargin of aafaty.

Hm__po uwpper linit of the "zone of tolsranca” for ppecklad

trout (Selvelinus fontinalis} 1s ebout l.4 ppm of dla-
polved oxygen at 10° G, Bt a level of acclimition of K
ppm (Shepard, 1955}, The "zone™ 1a deflnsd es that zons
in which ths fish can exiast indefinitely.

5s
The meammement of blologlerl oxygen demend {BOD)

wes not used as A technigua for enticlpating the expected
arriva) of winterkill-eonditlons, 1Its use wes suggentod
na & erude monsure of enticipated oxygen demand by Gracn-
bank (op. e¢it.}s However, s preliminery test of its
ugofulnesa in Turk and Cother lokes in 1953 geve conflieting
results, It haa been shown that the BOD 1a highest in
strata ecntalning the grestest numbers of phytoplenkton
and zcoplenkton. Buch strata alse contaln the higheat DO
tensiens (Greenbank, op. git.) {schmitz)t. Any increase
in light trensmiaston through the !ce couid, therefore,
serve Lo lnerezse the FOD, Such offects would peamibly
make the pradictlon of oxygen concentrations based on the
20D, impasaible.

Ths high scets of the water pumping method precluded
1ts use a3 r preventlve mepawre for the sllevistion ol
winterkill,

In o1l af the pumping triels in 1954 through 1956,
1ight, portable woter-pumps ol the same type smployed for
the clreviation of Sawmill P. In 15954, were used, Water
wes pumped Crom under the ice onto the swurface of each leke,
t typicel arrangemsnt of the apparatus ls ghown in Flg. 10.
puring the period of pumping, changes in ths dissolved

oxygen ccneentrations Wwere meapured. The troatment wes

HG..G:GHHm:na data, 1951, Us W. Depts of Zoology.



Appsrakus used for pumping water from bennath
the ice-cturface
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ordinarily continued until &the rate of oxygen depletion
was arrested or reversed. ‘

Aocounts of the individusel trials mrs not dessribed
hers, but rather a summatlon of the wverlous observations
18 presentad,

The oxygen content of Katharine L. (6.1 he) in Vilas
Co., Win., was measured on 5 Feb., 28 Fob, pnd 12 Mareh
1954, The rate of oxygen depletion indicated that con-
centraticns of about 1 ppm could be enticlpated in the
upper 1.2 m strata (as measursd from the upper surface

of the ice) by epproximately 15-20 March. ©On 12 Mareh

the average DO value was 2.0 ppms During the period of
12-20 March, pbout .22 x 103 m3 of water wera pumpsd from
tensath the lce-surface to flood an erea of about 2.0 ha.
mhis smount of water would, 1if retelned on the surface,
have coversd the flooded area to a depth af 21 cm.

The trensmiszafon of light through the les=-acover and
snow in both the Cleoded and unflooded portions of the
aurfece wes meppured on 20 Mereh {mes Tabdle XII). Tha
flopded portions of the lake uwars net reduced to a layer
af clasr ice. On 20 Merch the flooded portion actually
consisted of 2.5 om of milky log-cruat, T.H ¢m of & weter-
alr-slush mixture and 33 cm of moderately clear ice (me
maasured downward from the uppermost surface). This

floodsd surface transmitted & greater per eent of the
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surfece i1llumination than did the unflooded surface which
. rpnamisalon of llght through the igco covaer i conslpted of 12,7 om of snoW Above 31 om of Ice.
Table XII. Toena toded lake. Katharine L. 1300 CST,
20 Mare 195k, The phytoplankton was sempled before and aftar pump-
- ing in the flocded mnd unflodded ereas. Three liter
Y 11lumination
% of surfuse samples Were obtained from Jjust under the ics. Theas were
Floaded avea inflooded area i
{avs of 2 atations) (one abation) . filtered through #20 silk bolting cloth, preserved in
Dopth : formalin and antlyred according to the method of Loeffler
o {1954} (Sea Table XIII.)
surfase 100 100
oo 6.6 0,34 The major portion of the water pumped, returnsd to
0.2 Lo D.21 the lakWe through holes out for admisasion of the intake
-
0.k 2.6 0,13 hose, The oxygen-contsnt of the weter was measursd as
")
0.6 1.7 Q.09 1t pasasd through the pump end agein as 1t returned te the
-
0.8 1,1 0,08 beain, The aversge galn in disaolved oxygen waa T.2 ppa.
L]
1.0 0.65 0.0k The presence of the cold (.14% €.}, oxygenated,
returning water was detsciad in the upper mater of water
oMeasured dowmvward uping the lower surfacs of tha lce In tha entirae flooded partion of the basin. Lesser amounta
as reference. were detectsd in the remote, unflooded aectlcn., Thia

mProm ecurve of u.on&..umn at three levels, using e Whithey

photometer mounted on an offaet B¥ft. distribution indiceated thet the returning water wea

epeentlally "Flosting”™ over the maore danes bottom strata
(het® Ca)e

) Puring the perfod of pumping ths average oxygsn-
content of the water in the Cirat 1,2 metera below the
400 surface of the sntire laka inersased from 2.0 to 2.3
poe The oxygen-content of the flooded portion inersased
from 2.0 to 3.3 ppm, end tha unflooded saction decremsed
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Tehle XIII. Phytoplankton in a lake beforg and efter
flooding. EKatharine L. 1954.%
Cells par liter
Data Pra-flooding Poat-flooding

Floodsd ares Unfloocdsd srea

12 Mar.
12 Mar.
20 Mar.

106t {ave 3} sta)
955 {1 ata}
318 {sve L4 ata} 955 (ave 2 mta)

4Ipeludes the folleowing genera: Staurastrum, Hyealotheeao,
Radiophilum, Gleocystis, Fragileris, Peridinium and

Caratlum,.
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from 2.0 to 1.8 ppm. 5imiler reasults waere obteined when
this type of treatmént was appliad to other lales during
the period of los covar.

Thera 1s an edvantags to be gained in any aeration
proaedure if tha water involved hea a low percentage of
oxygen-saturation. The abscrptien rate Ior oxygen in
watar decreases esxponentlally as the saturatlon polnt at
any given temperature is approachad, Various ezpresalons
of this phenomenon are discuzasd by Rand (1957}, Fron
this 1t is uu.maE._._mm that the rate of oxygen-absorption
swould be greater 1" water from thes lowar strate ware
sorated on the lee surface.

This preaumpbion was tested in the 1955 water-
purping trisl. In this trlal, although the pumped water
waa rapildly aeratad, it was not cooled enough to sufficient-~
1y reduce lts density. 48 a reault, the returning water,
by virtue of its density, descendad through the colder
water thus perving tc incresss the DO-content of the lower
stratas It had no apparent sffaoct upon the oxygan-~
content of the upper zone {(see Fig. 11). A4s s rensdial
trsatment for tho protectlion of flgh-Taunea this procedurs
wag of 11ttle wvas.

whaother or not oxygen was contributed to tha lghas
aa a result of direct seration or as a result of photo-

synthesis 1a not e¢lear. Although there was a declded
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incroase of light-trensmlssion through the ice-cover
during the treatment period, thers was no change in the
numbar of algsl cells per unit volums {Table XIII).
The fact that the increass of oxygen messursd was of the
samo opder of magnitudes es the amount of oxygen roturned
through the surface of the lce auggeata that the lneresse
resulted from surface asrestion, This view was supportad
by the 1955 pumping triel (Fig. 1l), Dense, warn water
wag drawn from the lower atratas, sprsad onte the lake-
purface in the ususl mannaer and then returned te the bot tom.
Ko dafinige increases in oxygen-concentrstion were mgaswurad
juat btelow the ice where the intensitlea of light were
highesat.

EXPERIMENTS WITH THE USE OF THE "AIR-LIFT"™ TECHWIQUE

As soon as lce forma over the surfece of & lake in
the autumn, the water beoomes thermally stratified. The
atratification 1s inverse; the coldeat water of 0° C., by
virtue of 1ts low density, is ifmmediately beneath the ise,
The warmest weter la found in the lower strate. It is
for this raason, that any disturbance which tends to
bring water from the lower atrata inte contect with the
undsr=-gurfacse of the lea eauses the loa to ba malted,

Hamphill (195h) successfully exploited thls phencmanon
to induca an early excdus of the ice cover on a ashallow

1aks of 233 ha in Arizona. He Introduced compresasd alr
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bubblea into the lower strate through s long perforeted
pipa. In this trial tha primaery intent appearad to be
the early initisation of the vernal breask-up of lece.

The removal of ice-cover with compreased alr has
been in general uas for ths elimination of ice In
navigation channsls, power damez, storaga ponds for logs,
ate,

Altken {ae cited by Graenbank, op. cit.), Schaeper-
elaus {1947) and Puka {1950) report varicus degrees of
sucesss or fellure with the use of comprassed air dsliverad
bensath the surface of the ice, The primary eoncern in
their trials was to have the introduced ailr surrender its
axygen to the water. Sehaeperclaus, in fact, plugged the
space eround the air-pipe whare it enterad the leks, in
an effort %o retain the air bensath the ipe surfase.

In 1956 compressed alr was used in this study to
‘artificially circulete Sewmill P. {ses p. ). Ths rsaults
of thia experiment suggestad a further extenaicn of the
fa{p-11rt" teshnique for use in lce-bound lakes - Lo perva
a8 & mathed of oxparimental manipulation as well as &
mathod for improving the environment for flsh.

It was thought that the opening of shannels in small
lakas would not ceuse the early dlsappearance of tha lae
in spring, It was also thought thet sufflolent quantitics

of air to provide sny significant amount of aeratlon could
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not bo retainsd beneath the lcs. Rathser, it wos anti-
elpated that the overall result of artifieially induoced
turbulence, e.g., aurface meration as well zs alr-bubble
absorption, would serve to provide asignifleant quantitles

of oxygen.

1. Theoretical econsiderations.

Whether or not a reasonable amount of compraessed eir
could be expacted to accomplish the taeks of winter ecirecula-
tion and subssquent asration weaa the fipat n.:owﬂoa to bae
considered, The oxygen-demand observed in Katharine L.
during the winter DPeriod wWas uped ns a polnt of departura.
Dacreases of oxygen in Katharine L. in 185} and later in
1957 ware 1.12 kg/ha/day (S Fab.-~12 Mar., 1954) and 1.36
kp/hafday (27 Dec.-i Feb., 1957).

4 cubfc metsr of alr at 20° . contains 0.28 kg of
oxygen. Engineering practices shew thet bubble aeration
ayatems can utilize 10% of this emount (Waigner, 1956),.

The resulting sir requirement for Kaetharine L. then becomaes
48.6 m3/he/day., Thls quentity amounts to 33.8 1/ha/min or,
for the entira lsko (6.1 ha), 206 i/min.

The sbove celeulatfion mekes no provislon for pddi-
tional amounts of oxygen obteined through surface neraticn
or photusynthesla. Llkewlss it does not account for
ochanges in aithsr the bilologlcal demand for oxygsn or in
tha oxygen-saturation resulting from the treatment.
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Nevertheless, it i1a sntlicipatied that the factors ignored
were mainly of a positive nature. The execeptlion 18 tha
effect of oxygen uu.«cumﬂrou.u The latter fector ls of
cancern only at higher deprees of oXygen saturation and
henee, for the present purpose, prasents no problem.

Phe cpleoulsted amount of compresaed elr required,
l.8s, 206 litera/min {at 1 atm, 20° C.) would be suf-
riciant to maintain the concentrations of oxygen in
Eatharine 1L, without any other additienal sourcaes of
oxygon. This smount of aly could be provided by an in-
dicnted horsepowsr of 0,112 {metris) {(0'Nall, 1939).

Continuoua axposure of the water to the winter at=-
mosphere was expected to significently reduce the tempara-
turs of the leke to below mormsl. Hence the second question
to be coneldersd was whother or not the reduced temparatures
would be wtenable for the fighe The lathal low tempera-
tupea for salmonid fish are on the order of 0. 2-0,57 €.
gecording w0 Fry, Hert and Welker (Brett, 1956), while the
lover limit for m percid fish Is 1.1° C. éccarding o Hart
(Brett, 1956). This indicates that damage to the realdent
rainbow trout would be unlikely. No slluslons to problems

u_.hs axpreselon for the rate of oxygen sbsorption hy water
in a glven syatem 1a:

Up = Uy nl?ﬁ.:nosmn.u. ¥, = wnderssturation nt the astart

of an meration process, Us = the underoaturation at the
ond of an asration process, t = elapaed time (modified
from Rand, 1957, p. 1285).
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of low temperature in conhnection with the artiflcial
eireulation process were found in the litereturs

The two genersl approsches were opon, l.e., pre-
ventive or reomedial treatment of the lake basin, Various
investigators maintained that preventive appliention ia
ths mo=t remsonable. Kusnetzow {as cited by Greenbenk,
9p. eit.) 8lso supported thie view. He arguad that the
production of methane and hydrogen by anaerobic bacterie
actually causes an accolerstion of the activlty ef tha
anaerobes. It was known thaet the produata of anaercbla
motabollism perves to dimindsh the oxygen aupply (Waksmen,
19)1), Hence, it would be expeoted that ths rete of
oxygen consumption in an ice-bound lake would be decreated,
if anoxis sonditions were never mllowed to develops The
purpose of the first tests conducted with the use of com-
preased alr was two-Lold: first, to meeaure the major
affect of the air turbulence upon the oxygen concentra-
tions end the water tempersture, and pecond, toc determine,
if poasible, to whet extent the pravention of anoxic cen=
ditiona would amelicrete the losses of oxygen.

It was proposed to aphly e volums of eip te two lakes
in approximste accord with the theoreticel conplderationa
as caleulated above. The trestment of one lake was to
begin as scon ms thse lce-cover formed, snd the treatment of

the sscond wes to begin later In the winter when reletively




low oxygen concentrations praevalled.

2. Fleld sxperiments.

In the following two experiments, both preventive
treatment (trsatment initiated at ths time the lee-cover
formed) end remodial trestment (trestment inltiated after
the oxygen concentrations booame lesa then 3 ppm) were
tested. Two oxperimental lakes wers employed: Turk L.
{chippewn Co.) and Katherine L. (vilaa Co.}. 1t vea
plannaed to alternate the typs of treatment in the two
lakes in two succeeding years. Unfortunately, in bath
yaars, the work in Turk L. wes ebsndoned as & result of
early thews snd the accompanying high oxygen concentrations.

Forty, 20-foot ssotians of plastic pipe {31.8 mn i.D.)
ware each perforated with a single small hole {1432 mm diam.).
1n November 1956, the sectlons were nnu?ﬁwwnn.‘ appropriate~
1y weighted, ang subnerged in Katharine L. Tbe plipe was
puspended so that 1t would at na place be below the 3.5 m
contour, The holes were oriented downwerd to facllitate
the discharge of watsr.

A piaton-type, elactrlcally driven alp compresacr was
placed on the phare of the lake and connectad to the aly
pipe. The compreasor delivarsd approximately 20k iivers/min
of air {1 atm, 0° C.} to the lakes, & theoreticel horse-
powar of approximately a.ﬂcu (computad from tebles of
Hnoaucaam for adisbatie, single atege co prasalon of normel

alr (20° G., 36% rel. humidity, n = 1.39 7, density =
1.2015 mgfec).
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0'Kell, 1939) was required. Preventive tremtment was be=
gun on 17 MWov. 1956, and continued through 25 Jan. 3957.

Katharine L, was completely covered with a S..h:.
layar of ice on 10 Nov. 1956, The nir compresusor was
turned on for s brisl period on that day and subsequently
the lake remained cpen until 17 Hov. The pump was then
run eontinuously until 25 Jan. 1957.

A test of remediel treatment was made in the same
lake during bhe following winker, The ssms phyaicel In-
atallation wes used, Howaver, in thia triel only 111 1liters/
min of aip {(0° C., 1 atm) wes deliversd to the leke. A
theoretieasl horsepower of approximately 0,19 was reguired.
Ths remedial treatment was begun on 5 Feb, 1958 rnd con-
tinued through 7 Apr. 1938,

Avout 24 hours alfter pumplng cormenced, tho warm water
that rase ovor the plpe melted s hele through the 1ce-
cover, and subseqtently ereated m chonnel similar to the
ene ahown in Flg. 12.

Tha final water temperrtures in the preventive test
were below 1° C., and in the remediel test between 1-2° €.,
both conaiderably lowsr than nopmal., Flg. 13 shows the
temperaturs profile for the preventlva test on 13 Jen.
1957, together with B normal temperature profile for this
lake. The temperztures for the remedirl test ere stown in

Fig., 1kL.




in oron ehannal in tha ijcn cevar ereated by minr
frduesd Surbulenta,
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in apite of the reduced water temperaguras, great

increases in the thiclkneas of the ice did not ogeur,
Normal ice thicimesss from Dsc. through Mar., in this lake,
1s from 25 to 33 c¢m.d After 57 days of preventive treat-
mant the isce waa 36 em thieck (12 Jan. 1957}, In the
romedial test, the fce at the beginning of the treatment
was 34 em thick (5 Feb. 1958). After 32 dayns of treatment
it was Il em thiek (9 Mar. 195B6).

Temperature and oxygen records from stations loeeted
over the entire besin, indicsted that after 2| hours of
treatwont mixing oceurrsd to some extent throughout the
lake, The average valuss for oxygen in the remsdial test
are ahown in Flg. u_.m. -

The elfoct of the preventive treatment upon the oOXygen
concontrations was astonishing. On 13 Jan, 1957, after 57
daya of treetment, the oxygen concesntration was 7.1 PP
in one of tho atations located in shellow weater., Undar
normal conditlons, at that bime of year, 1-2 ppm of oxygen
would heve bean axpeoted.

in both tests the rats of deplation of the oXygen waa
reduced. Table XIV shows tha average oxygen concantrations,
abscluts oxygen acntent and the relative areal oxygen

deficit, during both of the tests.

Hcsmﬂ.auuww.mm data, U, Wia, Hydroblelogical Laboratory,
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o | Table XIV. The affpet of alr-induced turbulence ln winter
L] - en the concentratlon of oxygen in Katharine L.
.1
A
@ Relative sreal Op
19 4 02 mg/em? aa:omwnmu in mg
& T , Ava. of 1laks 0z/cm mwu x
m : Dats Do aurfsae 39°
y r“ Praventive trsatment .
3 928 N = 17 Hov, 1956%* 9.8 L7l
i “ 5
v % % 5 3 m 17 Kow. 1956 Treatment begun L2
\ < 8 oek -1 =
Y dE0E . 13 Jan. 1957 7.2 1,01
. w Syl 0 b ]
.. 9oga 10 g & 2% Jan, 1957 Treatment halted
’ B T ' n
5 S 38
q_,_ s ._u‘n“v 1 2 Remadial treatment
s 3 ¥
Y o . ° 27 Deo. 1957 56 0.865
a 1aS . % 13.2
. Q2 I, Pab, 1958 2,3 0.352
- - .m 5 Feb. 1958 Treatwant begun 0,81
. a
i o Ba 9 Mer. 1958 2.1 0.326
. 1+ EX
. oo 7 April 1958 Treatmant halted
s}
N . | 8.
o * 2g % Dgta for the upper 3 m of welers
RN : 48 *3
e : - - #)1y meemurements are avallable for this date. 9.8 ppm
Y — —— Ha
¥ R & repregents the oxygen concentration present if the water
® @& \ 4 o ware 802 saturatsd with oxygen at S° C., at the snd of
m g N e the muturnal overturn.
I SN . I
[ u.,” . e &7
" . e w
> 1w =
h-] o~ .
; 2
L 1 L : 1 5 L ] 1 (Y oy
o - LYl e g




76
The amount of work naed during the treatment to
indues cipculetion in the basin in tho two tests, was

ps followa:

Praventive Remodial
Workl applied to em? of
watar/day .35 gm-cn l.45 gm-cm
Daily alr supply 3.0 1iters/m3 1.87 1iters/m3
(02 ., 1 atm) of water of water
Approx. DO-lavel
maintalned . T pom 2 ppm

Apparently the low tamperatures did not alffect tha
trout ndverasly. On 12-13 Jan. 1957, when the water
temporatures veried from 0.0 to 1,0° €., the Fish were
sulfficlently asctive to telte balt offared to them,

Ho Mmown mortalitiss of fish cceurrsd during the pra-
vantive tast, However, a2 partlel winterikill was experienced
during the ramedinl test, About 200 fish were repcrted dead
upon the departurs of tha lco in late April. a:mnm mortall-
tloa wers believed to hava occurrad betwsen 9 Mar. and 7
April, while the treatment was 1n progreas. Tha average

oxygen concentrations during this perlod wers balow 3 ppm.

wavm squivalant of work dons by air bubbles rising throagh
the basine

CONCLUSICH

The amount of light availeble in & leke for photo-
syntheals is sherply reduced when the lze on the lake
beoomes covered with snows 1In thess experiments the anow
waa reduced to frozen eslush by pumping weter from benesth
the ice onto the surfece of the lekse. Following tha ax-
Periment an increesse In oxygen conventratlons was nobted.
Thie lnerease appesered not to be the result of incressed
rFhotoaynthesie. The increasse was insteed attributed %o
the pumped (aerated) weter which had returnad to the laka,

Oxygen concentrationa were incrensed in the uppsr
stratum only when the density of returning water was such
that it would not "fell™ back Into the lewsr dsoxygenated
Z0Na.

It 18 possible fo refurn sn average of 7 unita of
oxygan for each million unite of water pumped. Mechaniesl
dirfficultion malks this metncd extranmely cumbersome as
wall aa costly.

The Tair-1ift™ technique cenm be used for artificially
ciroulsting and oxygenating lakes which are inversaly
stratifisd. Thia mpthod was superior in moat respecta ta
the water pumping procedurse.

The resulting low temperetures induced by thia method

auggest that further examinetion of lts use is warrantad

17
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in lakes which sontain cerinin specles of figh., The loss
of heat In the two teata verloed with the amount of work
applied to the water. In both cases the finel water
temparatures wers losa than or approximaotaly equal to
the lethal low levels for certain warmwater fish. They
did net exceod the lethal low limita for salmonida.

Tt was concluded from the Malr-lirt" tests that the
patimatad supply of cotpressed wMHH wes gulficient to
emsliorata the demsné for oxygen witlhin the basin. During
both the preventive end the remedisl tests the relstive
aresl defielt wes merkedly reduced, 8a shown in Teble XIV.

In the preventive test an oxygen concentration of
approximately 7 ppm wWas maintained. In the remsdial test
an oxygen conaentration of approximately 2 ppm was rain-
taineds Since the intensity of trsatmeni was different in
each test, it cannot be deduced whether or not dissimllarity
betwesn the two oxygen concentrations was pwing to dis-

aimiler oxygen demands.

Lope 206 1iters/min, is squivelent to 3.2 litera/m3 of
water/day in this lake. 1.9 and 3.4 1iters/m3/day were
delivered in the remedial and preventive tests reapec tively.

(pa 76}
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IMPLICATIONS FOR LIMNQLOGICAL EXPERIMENTATION
AND LAEKE MANAGEMENT

Tha foree of the wind, exerted on the surfase of a
atratified lake, has a relatively amell effect. 4n
axample of thia 1 presented by Hutchinson {1957, P. 452}
for Linsley F.; the thermtoline Iin this bagin wa= 1Ilttle
affected by the hurricana of September, 1938, By contrast,
controllable forcea, applisd in the manner treated In this
poper, act from within a basin with, figuratively spsaking,
tornadic effect.

For the experimental lirmaloglat, the Mair-life"
procedures ¢en serve a5 8 tool in the sty of isake dynamics.
{The water pumping methods ere summarlly rejected, excspt
for certaln speclal sltuatlions, beosuse of thslr relative
inefficlencless) He ia snablad, with the expenditure of
leas than 18 Liters of alr per m} of water, to achieve
hepelothermal or ipochemleal conditions down to any conbour
lavel, to ostablish a thermocline in a desirasd posaition,
to aimulate natwrally occurring oirsulstion, or to change
within certain limits the averags :wnmu temperature,

It 1a axicmatie that tha phyaical and biological rules
which govarn the effaots of elther srtificially or natural-
1y induced turbulemes, ara unchangling. However, the velus
that ia placed upon n leke baasin for man'e purposs is nat

o fixed, I% 1ls lmplled, therefora, that when the sconomle
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ar ewltural conditions warrant, artifleinl circulation of
basine can aerve ths lake manager as well ss tha experli-
mantal limnologlat.

It hes been shown that artificisl ¢irculation doaa
saTve ss & means of vintrafertilization™ under certaln
conditfons. Whathsr op not this fertilization affect is
transletable inte sufficlently largze amounts of desirable
end=produsts, 1.%., Incressed zooplankton or fish production,
ecennot ba assartainad from these exporiments. At thls
junctura, other attributas of artificisl cireulation sppesr
to hold more promiss [op lake manapamente

It is possible to apsure the vernal circulation of
fgpring-meromictic™ lskse 1n which trout ordinarily could
not be held during the summer period, Thia use wad initi-
ated for the rirst time ln Cather L. on 10 May 1958. Nine
Ppr of oXygen ware f{ntroduced into tha lower strata in
less than 12 hours of artificial cirentation., The pesultent
affects will be evaluated during the summer of 1950,

he thermal barrier inhibiting the rapid disperaal of
rish toxicants or other treatment matsrlels (Clesmens and
Mertin, 1952) (Hooper and Grzends, 1955) could be sliminated
whare complete maaurance of diaperaion or mers rapid da~-
toxification waa desired,

The applicationa to problons of fish-wintarikill

appaar to be mosat effeotive as a oraventive measura. Many
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dateilp, particulerly wlth reference to the effcet of low
water Lemperaturss on the founa, remsin to be investigated,

Plnally, although sorewhat far removed I'fom the im-
medlate ooncerns of tha fishery biclogist, 1s ths poasibility
for use of thia technique to maintaln open water as an

ald in the managemsnt of migratory waterfowl,
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