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LIMNOLOOICAL CONDITIONS IN ICE-COVERED LAKES, 
ESPECIALLY AS RELATED !_q,WINTER~ _2! ll2,!! 

"Here shall he aee no enemy but winter and rough weather." 
- Aa You Like It. 

INTROWC'fION 

Purpose~ Sooe 2!_ ~ Studz 

In most fresh-water lakes ot the higher latitudes ot the temperate region•• 

winter brings about a set ot conditions whioh ditfer sharply tram those whioh 

prevail during the rest of the year. The ice oover, existing continuously tor 

several weeks, and often blanketed by snow, rather etfeotively separates the 

body ot water from the world above it, and makes it 1:1ore certainly than ever 

a microcosm. Seffral otherwise normal processes are atteoted or suspended by 

this ceiling ot ice and snow. Aeration <:£ the water by the agitation of wind 

and wave is preoludeds and even the exchange ot gases with the atmosphere by bubbling 

and dittuaion is greatly reduced. Heat exchange between air and water 11 inter­

fered with, and transaiasion ot light into the water becomes. lowered, sometimes 

almost to the aero point. 

The biotic consequences ot these changed conditions are many and varied. 

The extreme stagnation that at times develops in the water :may bring harm or 

death to countless organisms. Such a mortality, particularly when it is ot 

tiah. is known as winter auttooation, or winter-kill. 

Since winter-killing may oocur infrequently• it is perhaps not the moat 

common oause of death of fish, nor that responsible in the long run tor the 

greatest loss, but it undoubtedly is one of the most spectacular and dramatic, 

as well as one of the moat intensive. The appearance ot piles and windrOW8 ot 

dead tiah along the shores ot a lake, at the breakup of the ioe, ia evidence ot 
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the harshness and suddenness with which the .f'oroes ot nature can act. And 

when a oonaiderable proportion ot the kill is a.de up ot game and food fish, 

as it often is, the mortality assUJl8s a serious aspect trom the standpoint ot 

fisheries :management. 

The signitioanoe and importance of the wintel"-kill problem was foroetully 

brought to the attention ot those interested in Michigan fisheries by the 

extensive and heavy mortality which took place in the winter of 193~6. During 

that winter a considerable number of lakes in southern Michigan were atteoted, 

and hundreds ot thousands ot fish died. Soenes suoh as those shown in Figures 

land 2 were common. Table l includes a list of those lakes whioh, according 

to reliable information, nre most seriously affected. There ia no doubt that 

many other lakes suffered considerable loss, which either were not observed or 

nre not reported. 

During that winter, the Michigan Institute for Fisheries Research carried 

out a certain a.mount of preliminary investigative and attempted rescue work. 

Under the direction of R. w. Esohmeyer, G. P. Cooper, and O. n. Clark, experiments 

were performed in aeration of the water by pumping a stream of water into the 

a.ir, and allowing 1 t to run baok into the lake through holes chopped in the ice. 

In other experiments, long holes were out through the ioe, in the hope that ataoa­

pherio oxygen would enter the water through surtaoe agitation. These operations 

are shown in Figures 3 and 4. Several measurements of dieaolved oxygen were 

ma.de, as a check on oonditions in the lakes on which the work waa done; and 

following the breakup of the ice. determinations of the extent of kill were 

ma.de. All of these investigations are summarized in two (unpublished) Institute 

for Fisheries Research reports (Eeehmeyer, 1936; Cooper, 1936). 

These emergency aeration experiments :mt with little apparent sueoeBB. 

However, the work of that winter emphasized the desirability of an extended 

study of the w1n~er-4d.11 problem. Accordingly, the Institute arranged for such 
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an investigation. The studies were carried out during the winters of 1937-38. 

1939-40. and 194<>-41. by the author. under the support of an Institute 1.'ellow­

•hip. and as a graduate research problem in the University of Michigan. 

%his paper 1s a report on those studies not only as they pertain directly 

to winter-kill, but also e.a they contribute to the knowledge of general liDDlolo~ 

ioal conditions in ice-oovered waters. In addition it contains references to 

various studies ot winter conditions in lakes ma.de by other investigators. 

Rather understandably. but none the less unfortunately, winter work in 

limnology and fisheries biology has been comparatively acanty in the past. 

The press of other duti$S• the difficulties ot adapting apparatus and technique 

to work at freezing temperatures, and the physical hardships of winter weather 

have combined to keep :ma.ny research workers indoors at a season when much useful 

and interesting information is to be t'ound in the field. Hubbs and Trautman 

(1936) have called attention to the need tor :more winter atudiesJ and Morgan 

(1939) stated th.at "the field of animal biology in winter is largely an open one.• 

Hazzard (1942) has reoently discussed some of the effeota of ice and snow on 

.fish life in streali18 and lakes. 

Aolmowled5ement1 

The investigation here reported could not have been performed without the 

generous aasiatance of many persons and agencies. Sincere and grateful aoknOlf­

ledge:ment is here extended to all of these. 

Especially is gratitude due to the late P. S. Lovejoy, who wa.s instrumental 

in instigating the study; to the Fish Di.vision of the 11i.chigan Department ot 

Conservation. Fred A. Westerman, Chief. not only for financial eupport. but also 

tor interest and encouragement; to A. S. Hazzard, director or the Institute for 

Fisheries Research, for able direction of the workJ to the staff and employees 

of the Institute. for assistance outside the regular bounds of their dutie■; 
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and to the personnel of the Division of Field Administration, particularly 

for reports concerning lakes &!'footed by winter-kill. 
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investigation and in the preparation ot this report. Relptul advice waa 
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others, of tho University of Michigan, Professor Chanoey Juday and W. M. 

Manning, of the University of Viisoonsin, Samuel Bousky, of the Physioista 

Research Compa.ny, Gilbert Stewart, of the Uiohigi.n Conservation Department, 

and others. 

Grant J. Lindensohmitt, formerly craftsman or the University Museums, 

assisted in the design and oonatruotion of field equipment. Professor H. H. 

Higbie, of the Uninrsity of Michigan, and Vi. F. Carbine, ot the Institute 

staff, helped in the calibration ot the submerged photometer. 
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tained at the University of Michigan, provided tinanoial support that permitted 

the employment of several part-time assistants. 

Professor H. W. Emerson, of the University hledioal Sohool, furnished the 

use of necessary laboratory facilities. W. J. Pasinski extended many oourtesies 

in oonneotion with the vrnrk dona on his private pond. A. T. Stewart, super­

intendent, and the staff of' the Drayton Plains fish hatoh.ery, helped in the 

work done at the experimental ponds of that hatchery. 

Clark Hubbs, Boyd W. Walker, and Raymond E. Johnaan gave much voluntary 

aasi1tanoe 1n the field and laboratory. 

The drafting was dal.8 by C. M. Flaten and L. A. Krumholz, of the Institute. 

Photographs used were taken by w. C. Beckman, R. w. Esohmeyor, and F. il. 

Ouradnik. 
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Historioa.l 

There is little d<A1bt that winter-kill of tish has been ob■erved at 

various times tor perhaps many centuries; sinoe its ooourrence is of a 

very striking nature. It is only within comparatively recent years, however, 

that very any references to winter fish deaths have entered the general 

biological literature. A tew of these reported observations are here oited. 

Ltlhder (1871) described an instance of wi.nter-kill in Germany in 1870-71. 

In 1871-72 a heavy mortality ot tiah took place in the Racine River, Wisconsin, 

where very large numbers of fish, including a large proportion of baas and 

pickerel, perished (Hoy, 1872). Knautha (1899) reported the winter-kill ot 

many tish in certain artificially enriched oarp ponds in Germany. In the 

Illinois River fish mortality in winter has occurred, probably many times, 

tor it was recorded for the winter of 1894-86 by Kofoid (1903), and for the 

wi.nter ot 1924-25 by Thompson (1925), who st~ted that it is of common ooourrenoe. 

Evermann and Clark (1920) recorded a winter death of fish in Lake .Me.xinkuckee, 

Indiana, some time during the period of their investigations there, 1899 to 

1908. " In Lake Yskjarvi, Finland, a "wholesale mortality" during the winters 

of 1916, 1922, and 1924 was reported by Jltskol:inen (1930). 

In more recent years, winter-kill, sometimes of oonsiderable intensity, 

has been reported from these various places, Massaohusetts (Sweetman and 

Warfel, 1936), !Offll (Aitken, 1938; Sheppard, 1938), vlisoonsin (Milwaukee 

Sentinel, 1939), Mimrnsota. (Milwaukee Journal, 19:59J Olson, 1932; Smith. 1941), 

New York (Annin, unpublished, 1936), Montana (King, unpublished, 1937), and 

Utah (Higgins, 1933). 

The most serious instances ot winter-kill in !.aiohigan which have been 

satisfactorily reported are SW1Illlfi.rized in Table 1. The material from which 

this table was oonstructed includes letters from various interested persona, 

answer• by Conservation Officers to a questionnaire regarding fish mortalities, 

and notes on field observations by members of the staff of the Institute tor 
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Fisheries Research. °!!'Figure 5 is a map showing the locations of these instances 

of winter-kill. Ho accurate, dated reoords ot kills prior to 1930 are avail­

ableJ although many oral oonnunioationa from local residents indicate that 

heavy mortalities occurred in various lakes in winter• ot many years past. 

Many of the phenomena connected directly or indirectly with winter suffo­

cation have been recognized and understood, though sometimes rather imperteotly, 

by various previous workers. Tho literature contains a fairly large number ot 

references to oondi tions 1n stagnant water \lllder the ioe. including some mention 

of the causes and effects of winter-kill. Although SOill8 of these writings 

are based upon actual observation, many others consist in large measure of 

hypotheais and conjecture, partially or wholly unsubstantiated. That many ot 

these hypotheses later have been proved to be true is, surely, a favorable 

c9mmentary upon the soundness of the original supposi ti®. That others ha.ve 

been !' ound to be unsound or even absurd points to the lack ot information upon 
·-

l'lhich they lfBre based. 
··,~-

Not the least of the objects of the present study has 

been to obtain data which might contribute either to the proof or to the dia­

proot of some of the theories and notions which have ardently been proposed 

concerning the subject. A brief swmnary of some ot these ideas. especially 

those whioh form a historical background for this study, follows. 

The function of a.n ioe cover in preventing aeration of the water by wind 
~ 

action is rather obvious. It was recognized by as early an author as Hoy (1872), 

and has been mentioned b7 nU118rous writers sinoe. That ioe, it' it is thick 

or cloudy, and especially if it is covered with snow, has another serious effect, 

in diminishing the transmission of light needed for photosynthesis, was under-

1tood quite clearly by Knauthe (1899). This effect has been reaffirmed by 

many authors, by Birge and Juday (1911), Olson (1932), Welch (1935), Titus 

(1936), Aitken (1938), and Hubbs and Eschmeyer (1938) - to mention only a 

few. The last-named paper also proposed the possibility that darkness may 
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f'avor b&oterial aotion. and henoe oontribute in another way to harmful oon­

ditians. 

'the oanneotian between winter sta.gnatian and the abundanoe of organio 

materials in a lake ha• been pointed out by Drown (1892). Knauthe (1899), 

Welch (1936), and others, and various authors (Thompson, l925J and others) 

have called attention to the faot that critical condition• are more apt to 

obtain in 1ha.llow lakes than in deeper ones. 

Most ot the authors have assigned the primacy blame tor the winter death 

of fish to diminished d1Holved oxygen content of the water; but aeveral 

papers have mentioned other taotora as being chief or oontributing oausee. 

Hoy (1872) etated that the death of many of the fish in the Racine River waa 

"oauaed, probably, by the poison oommunioated to the water by the multitude 

of decaying minnows." Wioklitt (n.d.) added to lowered oxygen tension the 

presuaed tox1o effect of oarbon dioxide, nitrogen, ammonia, and hydrogen 

sulfide. A popular point of view. expressed in the Milwaukee Sentinel (1939), 

referred to the "poisonous gases whioh mean death to the fish. 11 In regard 

to the winter mortality or tiah in acid bog waters. Jewell and Brown (1929) 

aeaWll8d the oauae ot death possibly to be either depletion of oxygen or the 

"production ot toxic substances due to putretaotion.tt 
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WATERS INVESTIGADD 

!he major part ot the field work ot the present study wa1 done on four 

lakes, Clear Lake, Mud Lake, Green Lake, Bog Lake, and on a private farm pond, 

Pasinski' s Pond, all in southeastern Miohigan. All ot these waters are inoluded 

in Table 2, and also are deaoribed in aome detail below. Bog Lake was studied 

only in the winters of 1939-40 and 1940-•41; the other waters named were studied 

in those winters and also in that of 1937-38. Du.ring part ot the winter of 

1939-40, Richmond Lake was under observation; and alao in that winter oertain 

experiments, to be described later, were oonduoted in some small experimental 

ponds at the Drayton Plains state tish hatchery. Various other lakes in the 

southern peninsula ot Michigan were used tor occasional or single aets ot 

observations. 

Clear Lake, Mud Lake, Boe; Lake, and Green Lake lie within that part ot 

Washtenaw and Jackson Counties which has been designated the Waterloo ,Area, a 

region of generally poor farm land which was developed tor several years by 

the United States Park Service as a recreational area. This area is a part ot 

the Kalama1oo--Mississinawa morau1ic system, described by Leverett (1917), and 

is in the physiographio division of the Lower Peninsula known as the Thumb 

Upland (Veatch, Trull, and Porter. 1926). It is characterized by a rather 

rugged topograp~. abrupt transitions in soils types, and many and Taried 

bodiea of wa~r. ·within the Waterloo Area are any shallow, so.ft-bottomed 

lakes of the type whioh is apt to be subjeot to winter-kill. 

Pasinski's Pond e.nd Richmond Lake also e.re in the Thumb Upland. They 

are in a region of very numerous lakes• an area whioh occupies a large part 

of Oakland and Livingston Counties. 

Table 2 gives some of the principal physical oharacteristics of the lakes 

studied. All of these lakee, with the exception of the dystrophio Bog Lake, 

are 1n the eutrophio olaas, aooording to the Thiene:rnan-Baumann system. Since 
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eutrophio lakes vary greatly in phyaiographic age and henoe 1n organio richness. 

without sharp dividing lines. the lakes under study oan be subdivided only 

in general, relative terms. Clear Lake may be designated ai ear:cy-~tage 

eutrophia, Mud and Green Lakes as mid-stage eutrophic, and Riohmond Lake and 

Pasinski' s Pond as late-e'tage eutrophic. Thus a graded series is established, 

on the basis, prinoipally, of the general organic richness of the lakes and 

their apparent state of progress toward ae~esoonoe. Obviously. their sus­

ceptibility to the development of stagnation follows much the same order. 

Brief individual descriptions of these lakes follow. 

Clear La.lee 
(Jackson County) 

This lake, in the eastern part of Waterloo Township. is surrounded by 

steep wooded hills. It he.sonly a vague stream conneotio~ with any other 

body of water, and rooeivea most of its water supply trom surtaoe and aub­

surfa.oe run-in. Its morphometry is shown by the map, Figure 6, Whioh alto 

gives the locations of the sampling stations. The na1.1.e of the lake is fully 

justified by the clearness of :i;s water. Although there is oonsiderable rooted 

vegetation in the shallower bays, the deeper parts of "the lake have none. The 

bottom is largely marl in the shoal areas, and marl and peat in the deeper 

places. Compared to most of the more shallow lakes oi' the region, Clear Lake 

is relatively little advanoed in eutrophy - ill fact, in point of view of several 

of its oh&raoteristiaa, it is not tar beyond the border-line between oligo­

trophic and eutrophio. Therefore it is olassed, in Table 2, as early-stage 

eutrophio. 

Clbar Lake is considered to furnish fairly good fishing for largemouth 

bass, bluegills, and yellow perch. No winter-kill has been recorded tor this 

lake. Hence it was included in this investigation as a more or less typical 

example of those lakes of the general region which do not develop winter-kill 
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oondi tiona. It waa thought that ooapa.rative data might thua be aeoured 

whioh would deaonatrate aome ot the ditferenoea between lake• which are and 

those which are not aubjeot to winte~ill. and hence llight bring to lighi 

soma ot the governing taotora 1n winter auttooatiOD. 

Mud Lake 
(Lyndon Townahip. Waahtenaw CounV) . ,--, 

This lake. aa &hCJlftl by Figure?. is rather unitormily shallow. hav1ng 

no water over about 5 feet deep. It is surrounded by low wooded hilla and 

grassy -.rah. The inlet 1tream brings in a steady tlow ot water from Sugar­

loaf Lake. and there alao ii a steadily f'lowing outlet. Thus there 18 alwa;ya 

smne current through the lake. moditying many of ita conditions to a oertain 

extent. Otherwise its characteriatioa are rather t7Pioall1 those or nany 

southern W.oldgan la.lees. Ita water is only moderately olea.r-, and sometime• 

carries auapended material whioh cauaee an inereaaed turbidity. Mu.oh of the 

bottom 1s composed of soft, organically rioh materialJ but some areas have a 

large uaount ot marl. Rooted vegetation is moderately abundant OTer a large 

part of the lake. The water ia hard. haTing a total alkalinity. to methyl 

orange 1ndioator. ot from 200 to 260 parts per m1111an, expreaaed aa Oaco3• 

Considering its size and depth, Mud Lake produoe1 a reaaonably large 

aaount ot tiahing. Bluegills• largeaouth ba••• and nort}lsrn pike are the 

ohiet game speoiea. Undoubtedly there 1a oonaiderable intenningling ot the 

tiah population■ of Suga.rloat and )tud LakesJ and it is probable that, follow­

ing the rather heavy winter-kill in Mud Lake in l935-a8, the lake soon waa 

reetocked trOJt Sugarloa.t Lake. 

Green (or Stotter•a) Lake 
(Horthnat ot Chelsea, Washtenaw County) 

The aise. shape, and depth of this lake, as well ae the looation ot the 

aaapling station•• are shown by Figure 8. Its surrounding• are similar to 

• 
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thoae ot Mud Lake. It ha• a aall but f'airly atead1' inlet, which oarriea aeepage 

water troa a large •rah. Its outlet also 11 small. Over aoat ot its area 

the lake 1B leas than 5 tnt deep, and the greatest depth only slightly exceeds 

10 .feet. Rooted vegetation is •ery dense onr all of' the shallower parts ot 

the lake. 

Green Lake 1a 181lkrtif'ioial, 1n that it was enlarged a f'ew years ago by 

the oonatruotion of an earth-till daa. ETen the newly flooded bottom, however, 

ia or partly organic material, and the lake aa a whole ii rich enoU£h in organio 

matter to be considered detini tely eutrophio. It has auftered more or leas 

aevere winter-kill of ti•h in several ditterent years. Howenr, it ha• retained. 

or has been artitioially reatooked with, a autticiently large population ot 

bluegills, perch, and blaok orappiea to provide fairly good fishing. 

Bog Lake (not ottioially nwd) 
(Seotion 21, Lyndon !cnm.ship, Waaiitenaw County) 

Thie small pot-hole ia a typical broa.--water, aoid bog lake, conforming 

nll to the definition gi•en by Weloh (1935) tor a. bog lake. No map is aTail­

able, but the lake ia approximately 1/4 acre in a11e. and is almost a true oval 

1n shape. At 1ta preaent lnel. it is isolated trom any other body ot waterJ 

but at the •lightly higher level whioh probably ex1ated at some time in the pa.at. 

it had an outlei. lta greatest depth, 6 teet. prevails over most ot it• area, 

since lia ahore is an abrupt drop-ott. The one Hmpl1ng station used in thia 

work was in the oenter ot the lake. 

Bog Lake ha■ a surrounding. enoroaohing Sphagnum-Chw.edaphne m&t, whioh 

1n turn 1a bordered by spruce and tamarack trees. It is turther surrounded by 

low hills. not unlike thoae which border the many harder water lakes of the 

vicinity. lndud, it is 80lll81f'hat striking that Bog Lake ia within a tew hundred 

yards of another small lake, whioh lie• in a ■ omewba.t ei.ailar basin. but which 

is alkaline, and bordered by a oattail-sedge :mat. other 1.mtanoes ot the fairly 
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oloH pro:dmty or an acid bog lake to an alkaline olear water lake •Y be 

found in the ■aae general region in ■outheaatern Jliohigan. 

Bog Lake f'i ts quite well \he general oonoeptian ot a lake or the d,.._ 

trophio type. lta nter is stained a. dark brown. v..-i-y ■ott, and moderately 

aoid. fhe bottom :material ii ■ OJ1118what gelatinous. and veey tloooulent. 

Although aome of thi• material 1a aore or less in auapenaion in the bottom 

pa.rt or the water, there apparently 11 no definite falee bottom auoh •• that 

whioh ooourra in many bog lake■• The =ly speoiee ot tish known to live 1n 

Bog Lake is the aud minn01r, Umbra ~• lfoth1ng hall been reoorded oonoeming 

any poasible winter-kill of ti■h 1n this lake in past 7eara. 

Paainaki'a Pond 
(Lirln&aton County) 

!hi• priva.te pond was artitioially oonatruoted., about 1932, by d•J11Ping a 

natural ■-le, It ia surrounded by rolling farm land. It has no inlet., but 

reoeivea run-4.n from the grassy hillsides., and also is fed by underground 

seepage. A aall motol"-dri van pump, on the ea.et shore of the north end of tha 

pond, capable ot delivering approxi:llately 60 gallon• per minute from a shallow 

well, 1a uaed, at t1111ea, to help maintain the nter level 1n the pond. There 

11 a small outlet which usually flows except during periods ot drouth. 

A• shown by the map, Figure 9, the pond haa an area of slightly leaa than 

4 acres. and a aximwa depth ot about 5 teet. Its sott bottaa ha.a a rather 

high organic content. The water ia choked with rooted water plant■• almost the 

entire bulk ot whioh consists or the waterweed .Anaoha.da. 1d th a tew amall 

local beda ot 00011t&il, Ceratoph)"llua. There ia also a considerable aacnmt ot 

tilwntoua algae. moat ot whioh apparently is Spirogyra, with some Cladophora. 

The a:m.ount ot algae present in a growing oondition varies troa one t1.lll8 to 

another• but 1a nearly always considerably greater 1n the end of the pond nearest 

the outlet ( the south end) than 1n the other end. Pa.ainak1' a Pond is quite rich 
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1n total organio material&J in the ela■aitioation uaed 1n '.table 2, it 1• 

oanaidered to 'be in the adnnoed eutrophio atage. 

Thia pond ha• been the site ot various activities of the Institute tor 

Fiaheriea Reaearch. It wa.a po1acm.ed in the tall ot 1937 and again in the apring 

ot 1938" in an attempt to destroy the abundant population ot bullhead•, 

Aaeiurua nebuloaua, which waa then the only apeo1ea ot .fish present. Large 

numbers ot bullhead• W9re killed, but an unknown nUJlber su"ived. The pond n.a 

atocked, in 1938, with aeveral paira of adult blttegilla, whioh reproduoed in 

that summer and again in 1939. In the ■Wlllll8r of 1939 thia atock or bluegill• 

wa• uaed b7 w. C. Beokan, of the lnatitute atatf" tor oertain tish marking 

atudiea. 

In the winter ot 1939-40 a heavy winte~ll took plaoe in Pasinski'• Pond, 

apparently totally destroying the bluegill popub.tion, and killing JIIUl1 bull­

heads. Winter-kill 1n previous yeara haa been reportedJ Utd in the &UIIIDl8r ot 

1937 a n\lllber ot largemouth ba■a were reported to have died beoauae ot aU111mer 

atagnatian.. 

Riohmond Lab 
(Wat•rford Townahip,75.:iland Coun"7) 

Thie la.le•• tor which no map ii anilable, ia about 16 aorea in area. In 

moat places it iB le•• than 6 teet deep, and ita max111111l depth is not over 10 

feet. It has no diatinot inlet or outlet. The bottmn is owered with a thick 

depoait of moq peat" whioh at times beoomea putreaoent. 'fh• lake appa.rentl7 

ia tilling rather rapidly, and already may be oonaidered to be nll adTanoed 

in aeneaoenae. The present margin of peat toretella the eventual fate of the 

lake ba1in. 

Riobmond Lake was atudied only in the winter ot 1939-40, and atarting at 

a time attar rather serious oondi tions already had developed. One 1am.pling 

atatian, in the deeper water, and an open hole in the ioe 1f8re used tor eampl••• 
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The lake had a rather heavy loaa ot fish that winter. liothing 1a known con­

cerning previous kill■• !he lake is not fished heavilJ; although it contain• 

a aoderate population ot ~iah. 

Batohery Ponc:18 

For ao• experiments deaoribed below, three uall experimental ponda a'b 

the Drayton Plain■ hatchery were uaed. Th••• ponds are entirely' artificial, 

and are very nearly alike. Bach 11 60 by 100 teet, with a fairly unitorm 

depth ot about S feet. 'fh• bottom is ■on J11Ud, and there 1a a 11.llited U10W1t 

ot rooted vegetation near the shores. The ponds may be tilled with water from. 

the Clinton River, and they have overflow outlets. 

Sampling Station■ 

During the course or the investigation, a large nuaber ot sampling ■tation■ 

were established. Some ot these were used oontinuoualy throughout each of the 

three winters., 1ome tor only one or two winters or only part of one wizrter, and 

some only once or a tflfl timsa. Table 3 lists, and gives SQ!'lle ot the charaoter­

iatios of, eYary ata.tian enept those which were uHd only & Tery tflfl time■, 

or thoH in lakes whioh were vi&1'8d only onae or twioe. The •P• of Figures 

6, '1. 8, and 9 show the looations of the stations on Clear. Kud, and Green 

Lalcea, and Paainaki'e Pond. A brie.t deaoription ot sOJAe ot tho major sampling 

atations tollow11 

In Clear Lake, a ■hallow 1tation (Station 1) and a deep OD8 (Station 2) 

were established 1n 1937-38. Station 2 wa.s replaced, in 1940-41, by the atill 

deeper Station 2a. 

The original Station 1 of Mud Lake was used in all three winters. To it, 

in 1939-&0. wre added Stations 2, 3, and 4, prinoipa.lly because of their variety 

in type of bottom and •mount of vegetation present. In 1939-40 and 1940-41, 

regular Balllplea were taken also in the inlet and outlet stre&ma. 
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In Green Lake. onl.7 Statian 1 was ueed during the first two winters, but 

in 19'0-41, aewral aore ataticma were established. inoluc11ng Sta.tiona 2 and 

4 in somewhat deeper water. and Statian a over a marly bo,tom. Th• "open hole• 

lieted in the table was a hole 1n the ioe, a. tflW feet aoroaa, artitioiall7 kept 

open tor a long period ot time in the 1t1.ntar ot 1919-40. 

At Bog Lake only ane station, in the center ot the lake, wa.s used. 

Riohmond Lake alto had an open holo tor a considerable ti.la ill the winter 

of 1959-40. Beside, this hole. one etatian. in the deeper part of the lake, 

was used. 

ID Paainaki' a Pond, anly Station 15 wa• u1ed in 1937-58. In oonneotioa 

wi:th exper1mental work an the pond in 1939-40, onr 30 additional atatlone 

were eetabliahed. Ot these, Station• 20, 24, 26, and 21 were seleoted tor 

aupling in 1940,..41. fhe open hole ot 1939-40 was at the point ot discharge 

•ot the pWlp. 

The deptha ot sampling, given in Table 3, 'Were not entirely canatant 

throughout ~he surve7. They were atteoted to ame extent b1 ftl"iationa in 

lake •tar lffel, and by slight changes in ataticm location. Although the 

attLticma usually were marked by stakes set into the ioe, oocaaionally their 

exact looationa beoame lost, and their poaitiona no doubt changed somewhat trma 

one winter to the next. 

'fhe primary •ampl1ng depth at eaoh station was that designated a• •surface• 

or ",op". Thia aurple was taken at troa 4 to 6 Inches below the aurtaoe ot 

the water a• it ■tOQd in the hole chopped through 'the ioe. Thus, although thia 

lenl at tiaes ma.1 actually have been above the under aurh.oe of the 1oe, it 

1a aasw.d that it held water which previously had been juet under the ice, 

and whioh had tlowed into the out hole. 'fhis sampling depth ia designated in 

?able 3 by the ayabol 8. 

The ■ample ot next importance at uy p:ren atation oame trOlll about 1/1 to 

·f 
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l toot above ~ bo•toa. tbi• leTel being \he deepeat at whio the ■u.pler 

could be operated without atirring up the bo\toa a.teriala. fhi• eaaple, 1D. 

Tariff• 'table• and gn.pha, ud in the i;ep, ia oe.lled "bottom"• abbreTie.ted 

"lint.• Baaplee oamonly "ftre iWmn alao tra. the T&l'iou.a interailate d.ep'1la 

luted in the tabla. 

.. 

Sta:tiona 1D the n.rioua 1.nleu and outlets were aoawhat under iihe intluenoe 

GE ourrent, u wt.a alao Station l, and to ■Olll8 exten._ Sta:bion 3, ot Jlld Lake. 

ill othet' ata.tiana were in rola't1Tely aotionl••• water. 
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PROCEOORE, METHOOO, AND EQUIP:MEJff 

The la.kea were auapled periodically, eaoh winter, throughout the entire 

period when the ioe was aate to walk on. Whenever the ioe waa thick enough to 

permit doing ao, an automobile waa dr1Ten onto the lakes. At other times either 

a portable ahan1.y or a apeoially titted ha.nd sled was used. Thi• sled with ita 

box ie ahown in Figure 10. Both the shanty and the sled were equipped w1 th 

gasoline lmterns to pre..-ent aamplea trom treedng. 

'fhe hole tor aupling was made beaide the station marker, or at a abort 

distanoe, where a.nrage oonditiona ot ioe and snow exiated. The hole, trOJll 8 

to 10 inches 1n diameter, was out with a steel ioe-epud, using oare ao aa to 

minimise the agitation ot the water by upwelling. 

Samples ot water tor ohemioal exa:m1nat1an were taken, in 1937-38, by means 

ot a lCeJIDl8rer-4lype water oolleoting bo'tltle. In 1939-40 and 194~1, however, a 

sampler modified BODl8What trom that figured in Standard Methods (.Aller1oan Publio 

Health A.aaooiation, 1936, p. 140) was uaed. Thia aampling oan, with attaohed 

oord tor hauling it, is shown in Figures 11 and 12. I~ conaiats esaentially ot 

a metal oan, in which 1-he BUIJ:lle bot't.le aita, with tubes tor delivery of water 

and eaoape ot air, ao arranged that the volume of water in the bottle 1a dia­

plaoed at least three times, without the entraimnent of air bubblee. In thi■ 

work, thia sampler was tound to be auperior in :many respeota to the Kemmerer 

bottle. It is D1Uoh less subject to trouble from treea1ng. It is more sturdy, 

and oan better withstand the hardship& ot work under tho ice. Since it 11. 

more 001Bpaot it can take a sample tram a thinner stratUJll ot water, and troa 

nearer the bottom. 

When samples were taken at more than one depth at a station, an almoat 

unTarying procedure wa■ employed. The sample, or samples, from the "surtt.oe" 

depth was taken tirat, followed by that or those from the next lower depth, 
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tlum troa the nexi depth. and so forth. '!bus no layer ot water waa aubjeoted 

to agitation. by air bubbling trom. below it or by the ■aapler passing through 

it, betore a sample troa that layer had been secured (in regal"d to possible 

errors prod:u.oed by certain moditioationa ot the sampling teohnique. ••• Appendix). 

Water ■a.aplea were oolleoted in 260-ml., ground-glaas atoppered, bottle■• 

EYery poa■ible ett'ort wu made to pNTent their treez1ng, and yet to keep them 

at a low temperature un'til their ILDAlysis had been oompleted. 

The methods used tor ohemioal analy■ 1a nre largely those or the Standard 

Methods ot Water Analysis, 8th edition, ot the American Public Health A■ aoai.,_ 

tion (1936). 

Dissolved Oxygen 

Dlasolved oxygen waa determined in 1917-18 by the Rideal-Stewart moditioa­

tion ot the Winkler method. Thia modi.tioation 1a extre•ly tedious &t near 

treeling temperatures, ao in 1989-40 and 194()....41 the rapid modii'ioation or 
the Winkler .. thod, tor waters containing organio -.tter (Standard Methods, 

1918, p. 146),. waa used. In 'ihi• method, 2 al. ot :nanganoua sulfate solution, 

and l 'to 2 al. of alkaline iodide solution,. an, used; and the sample ia ao1d1fied 

immediately atter a 30-eeoand shaking, without allowing the preoipitate to 

settle. 

The procedure up to and including aoiditioation was carried ou'\ in the 

field,. aometimea at the 1tation,. but more often &N'.er the sample had been taken 

to the ahore, At oold temperatures,. it is likely that no aignitioant ohange 

in the diasolYed oxygen eontent of water in a tightly stoppered bottle take• 

place in an hour or two (Birge and Juday,. 1911. p. 17). The "tixed" aam.plea 

were titrated,. after transportation to 'the laboratory, within a tew hours and 

without having been allowd to warm up. 

Reaul ta ot the diaaolved o.Jcygen determinations are e:xpreSBed in parts per 

million. It 1a probable that this expression has a aore significant meaning 
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than does per cent aaturation. At &JQ" rate. ainoe the temperature ot the water 

under the ice ate.ya within rather narrow liDlits. the two eeta ot figures tor 

that water are oloael7 proportional. 

In 1957....$8, 'the determinations of tree carbon dioxide and ot pH were made 

in the tield. In the winter• ot 1939-40 and lM<>-41, theae analyses were made 

atter the aaaple had been brought into the laboratory. !he•• sample• were 

taken in 25o-.l. bottles, tightly stopperedJ and were brought to the laborato17 

with as little wanaing as pouible. The samples for alkalinity determination.a 

and for "aerated pH" alao were taken fl-om theae bottles after arrival at the 

laboratory. 

R!, Carbon Dioxide, Alkalin1 ty 

The pH was measured oolorimetrioally. In 1931-38 a B.ellige diao-type 

oompa.rator waa used, and in 1939-40 and 1940-&l a Rt.sohe~etaold ■pot-plate• 

pipette type p.H aet. The former instrument we.a read to 0.2 pH unitaJ the latter 

was graduated to 0.2 units, and was read to O.l unit. !he aeries of indio&tora 

ot eaoh set is so arranged that, at least in certain parts ot the pH aoale, 

there 11 oonaiderable overlap from one indicator range to the nexta and 'ihua 

some degree ot check cm readings is available. Even 10, in the use of auoh a 

method an oooaeional error ot 0.1 or 0.2 units, or even more, must not be 

entirely unexpeotedJ for with some samples of water the oolora are wry dit.t'ioult 

to matoh. 

On a fairly large aeriee ot samples, in 1939-40 and 1940-41, a determina­

tion was made ot pH after strong aeration, and again after equilibration with 

alveolar air. These teats were ma.de in the laboratory, while the samples were 

still cold. Aeration was by meana or the laboratory's compressed air supply. 

Equilibration with alveolar air was a.ooomplished by bubbling the last portions 

of several normal breaths through a small sample of the 1f8.ter. The operator in 

every instance we.a the same, eo that the determinations would be comparable. 



- 29-. 

Free carbon dioxide •• determined, in 1937-aB and in 1940-41, b7 titra­

tion with standard alkali in the preaenoe ot phenolphthalein indicator, using 

aa an end-point the appearance ot a pink oolor whioh remained viaible tor 30 

aeoanda. Reaulta are expreaaed in part• per ndlUon, reckoned aa 002, and are 

recorded only to the nearest part per million. Beoauae ot personal error• and 

inherent error• of the •thod the use of decimal traot1ona ia felt to be 

unjuatitied •. 

In 1939-&0 no carbon dioxide titration• were :made. A rough estimate ot 

the amount ot free oarbon dioxide may usuall7 be obtained by a comparison ot 

the initial pH ot the a&mple with its pH atter equilibration with air or with 

alveolar air (tor formulae, see Powers, 1927, 19301 Peters, W1111&me, and Mitohell, 

1940), or by a oompariaon ot the pH with the total alkalinity (Water Works and 

Sewage, 1936). Too muoh oredenoe, however, must not be plaoed in any exact 

figure ao derived, ainoe an error in the pH reading, auoh aa is mentioned abOTe, 

produces a oorreaponding error in the calculated carbon dioxide value. 

Phenolphthalein alkalinity was determined by titration with 1tandard acid, 

u■ing a.a an end-point the disappearance of the laat visible trace ot pink ot 

phenolphthalein indioator. Results are expreSBed in parts per million, oalou­

lated aa Caco3• 

Total alkalinity (methyl orange alkalinity) was measured by titration with 

standard acid, u■i~ methyl orange aa an indicator. Results are given 1n part■ 

per Jlillion, expressed aa caeo1• Sinoe one operator performed all ot the t1tra­

tiona, and ainoe the notoriously difficult deteraina'tioa of the en½oint ot 

:methyl orange beoomea muoh easier with praotioe, the re■ulta probably are con­

sistent one with another, to within 2 to 4 parts per million. 

Bioohe:mioal <>:7gen Demand 

Biochemical o:qgen demand wa.a determined by constant temperature incubation 

in 25()..ml. groun~laaa ■toppered bottles. The method uaed was that of the Public 
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Health Sern.oe (Theriault. l927J American Public Health Aaaociation, 1916), 

with oanaiderable modit1oation and simpl1t1oat1on. Undiluted aanaple1 wen used 

whenever possiblea when dilution waa neoeasary, the preference in oaloulating 

weighted mean values waa given to the ■Ulple lea.at diluted. A dilution ot la2 

often autfioed, and the greatest dilution necessary, even with those nm.plea 

having a high oxygen demand. waa 116. All dilutions wre :made with aerated 

distilled water, and no baoterial seeding was used. Since the dilutions were 

not great, it is rather probabl,e that aut!'icient inorganic nutrient■ and baoter1& 

nre supplied by the water &Bll\ple, and that the principal limiting taotor 1n 

the diminution ot oxygen aotuall7 was the aaount of available orp.nio tood •terial 

present. All or the resul ta an expressed 1n parts per Dlillian. 

B .o. D. meuureJll8nts were ma.de at two inoubation temperatures, at the 

standard temperature or 20• c., giving result• that may be oOJBpared with those 

ot ottier inveatigator•1 and at o• o. (o•-4• o.), whiah temperature more oloaely 

simulates natural oonditiona under the 1oe. Incubation at 20• •• perf'onad. 1n 

an eleotrio incubator. and at 0° 1n a standard houeehold eleotrla refrigerator. 

Moat ot the inouba.tiona were tor the standard 6-day periodJ but one series ot 

samples wa.a incubated at o• tor 60 daya. 

Light Penetra~ion 

Measurements ot the penetration ot light through water, ioe, and mow were 

made with a apeo1ally designed submerged phot01111ter. employing photoelectric 

oelll. In reoent year1 · th11 type of photOllSter has come into rather OODlllOn 

UH• part1oularlJ 1n ooeanograpb¥. Many ditferent design.,• have been employed 

(Bllia, 1934; Pearsall and Ullyott, 19&31 Burr and Burr, 19341 Utterback and 

Wilson, l940J eta.). All, however, embody photoelectric cells of the aelenium 

reotitier, or similar, type. They differ mainly in external design. 

The phot01111ter uHd here {see Figures 13 and 1ft) was built w1 th special 

adaptations for use under ice. It consists easentially ot a suitably housed 
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reoe1Ter, embodying tlfo Weston "Photronio" oell•, and oormeoted by a watei­

proot oable to a wry sensitive multiple-range galvanometer. The brua houaing 

oaae of the reoeinr oan be titted with a detaohable pipe handle, enabling it 

to be thru1t under the ioe to a diatanoe ot approximately 2 teat troa the edge 

ot the hole whioh mat be out in the ioe ( ■ee Figure 16). Wi"bh thia handle 

reaoYed, the reoeiTer can be lowered and raised bf moan• ot the eleotrio oa'ble. 

In general principle, the apparatus ii ailllilar to that deacribed by Zinn and 

Ittt (1941); but d1ttera in :meohanioal design, and in using an extra Weeton oell 

tor added aenaiti'Yity. In optical and eleotrioal detail, it aeta the ohiet 

apeoifioations of the In-t;ernational Council tor the Exploration ot the Sea 

(Atkins, et al, 1918). 

Between the oella and the water there is, first, a plate glass window, 

and above that a. removable d.ittuaing window made ot single opal-tlaahed gla••• 

:the apaoe between the •o gla•••• •1 contain water or an interchangeable glaee 

oolor tilter. Also in this spaoe may be in■erted a light--reduoing tilter, tor 

outt1ng down the intensity ot light on bright dqe, eo that the readings are 

not ort the acale ot the meter. !he tilter so uaed 1n ~• invest1ga.tiaa was 

m&de ot expoaed and denloped photographio 1'11:m (a glaBB tilter would be more 

durable). 

Color filters of three wave-length ranges were used, approximating very 

oloaely the ■pecitied rang•• ot green, red, and blue, as given in At)dna, et 

al (1918), TheH colored gluaea were obtained trca the Corning Glau l'lorb. 

and their exaot apecitioationa are, 

Green, Corning lo. 40()...l; 1tandard thiokneas. a.xiaua ■enaitivity at 

about 560 JL.., ettective range from about 470 m-"-i to 640 •'1• 

Red, Corning Bo. 245; standard thiokness. Tranamits freely above a sharp 

outr-ott at about 600 111.':-

Blue {violet), Corning No, 511; standard thickn•••• MaxiJIIDlt transmission 
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at about 410 "1• etteotive range trom about 360 •~to about 4'/0 11.}4-

The procedure ot making msuuramenta of light psnetratim through ioe and 

anow was as tollon. An initial reading•• made with the roceinr in the 

air, resting horizontally on the aurfaoe ot the ice. Then, with as little loaa 

ot time &s poaaible, the reoeiver waa thrust under the lee, and a reading waa 

'l;aken. Then another reading n1 taken in the air, and ■o torth, eui'fioien, 

alternating readings being made to make aure that the intensity of daylight had 

re:ained reasonably constant throughout the prooesa. It •asurementa e.t n.rioue 

depths were ma.de, the same alternating reading prooedure waa tollowed. It waa 

found that on either completely cloudleaa de.ya or heavily onroaat day• the 

light re:ru.ined suttioiently oonatant to provide aooepw.ble results, over period.a 

long enough to riu,Jce the neo•asary nuaber ot readings. Utterback (1933), hc,nTer, 

found that at oertain times "the intensity ot the Tia1blo light may vary w1'\h1n 

a f'ew minute■ by 1everal per oent, even though there DJ! a oloudleas aky and a 

clear atmosphere." Beno~, al though oonaiderable preoaution 1nu, used, it ia not 

impoaaible that an oooasional small en-or may ban entered into the result■ 

obtained. Mea.surementa aln.ys were made at about the same tia ot day - usually 

oloae to noon - to avoid large changes in the angle ot light. 

Measurements of penetration ot light through the snow ooTer were, ot 

necessity, made indireotlf• The penetration through the ioe and the mow was 

meaauredJ then the snow was reJD.O'Y8d• and a 111&aaurement made of penetration through 

the 1oe alone. From these two readings the aaount ot light penetrating the mow 

alone was oomputed. 

The instrument was oaretully oalibrated, in tel'III of light 1ntensi ty in 

toot-oandlea incident upon the faae or the target, against a daylight type 

photoflood bulb, prev1outily stau<le.rdiaeti 11.gei.inst a bulb whioh h&d been oalibrated 

by the U. S. Bureau of Standards. The temperature oorreoticm was aaoertained 

by oalib:ratian at several temperatures. It was found, in agreement with the 
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atate.nt ot Utterback and WUaan (1940}. that the temperature oorreetian 11 

greater at higher 1llwa1nat1oo. lnela. 

!he result• are expressed ill terms ot percentage penetratianJ 1-••• the 

per eent ot the light that ia incident upon the upper surtaoe ot the la79r ot 

1oe. anow. or water. that penetra-tea through that layer • .Also given ia the amount 

ot light ("-total" light) that impinge■ upon the photoaeter target. It auat be 

remembered that this ia not true total light. but rather is dittuae aunlight 

or daylight. aa meaaui-ed by a Weaton Photronio oell. wh1oh ha.a a mt.Jd.Jaua aena1-

t1v1t7 in the 79llow-green porticm ot the apeotrua • 

. Possible error caused by the loss or low-angle light wa.a not taken into 

aooount. Suoh loss ia minimised by the opal glaaa dittueing window. Further­

more. tho Tarioua r•adings are comparable. ainoe the angle ot light alwa1a 

•• approximately' the•--• 

<>'her rutor• 

Only a l1m1 tecl number of mea■ure:mente were me.de ot 'ft ter tempera.turee. 

For part of these a standard reversing thermometer. graduated to 0.2• o. • waa 

u•ed1 the remainder 1'9re made with a pocket thermometer, graduated to 1 • F. 

The pocket thermometer wa• plaoed 1n water that had been rapidly hauled. in the 

1ampling can, from the desired depth. 

Other field obaerTations. ade either regularly or only ooca•ionally. oan­

oerned suoh oond1 tions aa weather• thiolm.eu ot ioe and •now, appearance and 

odor ot the water, condition and aaount ot Moroaoopio vegetation, and so torth. 

For none of these observations was an7 apeoial equipment or teohni4ue needed. 
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FilfDIIGS AMI> DISCUSSIOI 

Weather, !!!_, ~ ~ 

The winter climate ot eoutheaatern Michigan 1a moderately oold, with 

fairly eTen precipitation. Snows are apt to be frequent, but rather light. 

Many days are oloudy or p&rtly oloudy., and there is fair to moderate humidit7. 

there are :many winter breeaee and light winds., but rarely is there a storm. ot 

blissard-like intensity. Midwinter thaws are frequent, and it ie rather aeldoa 

that anow reaaina on the ground oontinuoual1 throughout the winter. 

!he time of treeaing-over ot the lakes in the region not only variea with 

the s1se, depth., and expoaure or the lake, but also ftl'"iea greatly trC111 year 

to year. Likewi■e there is ooneiderable Tariation in the date of the spring 

breakup of the ice. In the winter of 1937~8 there was an ioe-ooYer, at leaat 

on &Olll.8 of the lakes under observation, trom before December 10 to about Maroh 

15. In 1939-40 the ioe-cOffr did not form until almost January 1, but it lasted 

until about April 5. In 1940,..41 the lakes trose over early, ■ OJll8 ot them being 

ooaple1:ely oOTered by December 6. A warm spell in late December partially or 

oompletely opened up the lakes tor a tew day■• trom about December 26 to about 

January 5. Bog Lake, alone ot the lake■ that were under obaervation, retained 

an unbroken cover ot ioe during this period. Attar the ioe tormed again in 

early January, it remained intaot until almost April lJ howeTer, it was sott 

and thin on aome lalma atter March 15. Table 4 giYea the thiclmeaa ot 'lihe 1oe 

on the Yarioua lake• ot the aurvey, on the dates on Which these laJre ■ were 

Tiaited. 'fheae figure■ repNsent, usually, the approximate average thiokn•••J 

tor the thickness of the ioe often varied oon■iderablJ from one part ot the 

lake to another. 

A.l■o g1 Ten 1n 'fable 4 1■ the depth of snow upon the ioe troa time to tm. 

Obviously, only an approximately average figure oan be giYen, beoau■e drifting 

otten causes the snow to be muoh deeper in some places than 1n others. Tablea 
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5 and 6 list the day by day figures tor the amount ot anow on the ground. at 

1 J..K. eaoh day. at the University weather 1tat1cm in Ann Arbor. Table 6 give■, 

in addition. the amount ot snow on the lakes studied, tor those date■ on whioh 

1 t na •aaured. When more than one lake was visited on any ane day. the figure 

uaed represents a weighted mean ot the varioua lakes. This intonation 1■ not 

aTailable tor 1935-'56, and henoe is not g1 ven in Table 5. 

With a fflW disorepanoies. the two figures, the one tor the Ann Arbor 

weather station and the other tor the lakes themselves. are in reasonably good 

agreement. Therefore a graph using oompromiae values trom these two aeta ot 

figures 1a believed to represent fairly aoourately the depth or snow troa ti• 

to ti• 1n the general region. Suoh ourva. tor eaoh ot the winter• ot 1935-36, 

1937-38, 1939-40, and 1940-41, 1s shown in Graph 1. It is probabl~ that the 

value giTen by that graph tor any particular day would n.ot 'be tar trOl!t the 

aotual •an depth ot ■now on the ioe ot any one ot the lakes studied, on that 

date. 

·It ls readily apparent from. this graph that in 'tthe year of the heavy 

winter-kill., 1955-86, not only was the snow fairly deep, but what a.lac is very 

important, it remained on the ice tor a long tminterruptod period. Likew11e 

in 1939-40, a winter with same kill, although the snow was not so deep, it 

covered the ice for a rather long unbroken span ot tillle. In oontra.at, in the 

winter ot 1937-38. and even more so in 1940--41, the snow on the ice trequentl7 

waa diaaipated bf thaw or rain; and hence, although there wre many anowatonu, 

there were no extended periods or snow coverage. 'fheae two winters were Til'­

tually tree tromwinter-kill in the region ot southeastern Miohigan under 

investigation. The in'terrelationahipa of snOlf-Oover, light., and oonditions in 

the water will be d.iscuaaed more tully below. 

Water TeJl}Mtrature 

Water temperature mea.surementa were made fairly regularly 1n the winter 
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of 1937-38. but only oaoaaionally in 1939---40 and l94o-41. In Table '1 are 

given the temperatures tor the lakes studied 1n 1937-38, both 1..a read in degree• 

Centigrade,. and as oonverted to degrees Fahrenheit (to the neareet 1/2•). 

Table 11 repeats these figures, tor Station 2 ot Clear Lake. but rearranged 

aooording to depth. !here may be SOIH reaaon to doubt t.he exaotneaa of these 

tigures. since the thermometer used that winter had not been calibrated tor 

some time. H01ntver. the general trends may be noticed. One evident tendenoy 

1e toward the development of a very abrupt drop-ott 1n temperature 1n the upper 

few f'eet of water. with a muoh more gradual decline from there to the bottom • 

.Another ia a distinct warming up ot the general :ma.as of water as the season 

progreaaed. It is dif'ficul 't to estimate what part of thia increase i:zi tem­

perature waa due to the oxidation of organic matter, and what pa.rt to heat 

produced by the radiant energy of sunlight. The oooasional entrance into the 

le.ke of a. conaiderable amount of' oom.para.tiTely 1"U'lllllr rain water may have oon­

tribu.ted a small part of' the heat. 

Diaaolved Oxygen 

By tar the beat single indicator of oondi tions tor tbh lite 1n the water 

under the ioe ia the 1aount of dissolved oxygen. The determination ot di&Bolved 

oxygen is a relatively simple and reliable prooedure. and one which is capable 

ot adaptation to winter field work. Therefore the data of this study oont&in 

a large proportion of dissolved oxygen nluea. 

Data and Graph• 

The oxygen data are recorded 1n the following tables and graphaa 

Tables 7, 8, and 9 contain the dissolved oxygen f'igures for the winters 

1937--38, 1939-40, and 1940-41, respectively, tor the ,Principal bodies ot water 

studied,. arranged aooording to consecutive ae.mpling dates for each depth at each 

station. Table 10 ia similarly arranged, but is compoaed ot data, tor the three 
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winter■ giTen abO"Ye, tor the miaoellaneoua lakes wbioh were viaited only onoe 

or twice. 

The nrtioal distribution ot dissolved oxygen 1a given, tor certain ataticma 

in Cleal", Green, and Bog Lakes, and Palinski'• Pond, in Tables 12 to 17. In 

these tables the arrangement ia by depth tor eaoh aampling date. 

In Grapha 2-8 are ah011J1 the trends 1n diasol wd ox,gen values throughout 

the winter, tor oertain lakes and atations. The horisontal and vertical seal•• 

are proportionately uniform throughout this series ot graph•, so that the CUJ"f'e■ 

•Y more easily be compared one with another. On each graph alao is shown tu 

snow depth OurYe tor the appropriate year (oopied from Graph l), to the aame 

horisontal eoale, 1n order that visual comparison may be made between the amount 

ot snow upon the ioe on any one date and 1ihe trend 1n oxygen value at the aame 

time. 

Graphs 9 and 10 show, tor each ot tour selected atationa (surtaoe samples), 

the oUM'ea tor the three winters 1937-38, 193~0, and 1940-41. Again the 
same 

horizontal and vartioal scales are in the/proportions.· 

The vertical distribution ot diasolved oxygen tor Tarious lakes and tor 

oertain aeleoted sampling .dates is shown in Graphs 11 and 12. In each of these 

graphs '\he horizontal eoale (oxygen) is the same throughout the graphJ the 

vertical aoale (depth) n.ries, in Graph 11, with the lake. The method ot dia­

grwmning dissolved ox,gen in the1e graphs 11 similar to that 1ometilllea used to 

show the vertical distribution ot plankton. Included in Graph 11, tor purposes 

ot comparison, are diagrams for Lake Mendota. tor certain dates in the winter 

ot 1906-07, the data tor which were taken trom Birge and Juday (1911). 

The highest oxygen values, for the several bodies ot water, recorded during 

the survey ... re, Clear Lake, 16.2 P•P•••, Station 1 on January 20, 1940J Green 

Lake, 15.7 p.p.m., Station l on January 10, 1940J Jild Lake, 19.4 P·P••• (appro:.­

imately 13~ saturation), at Station 4 on »arch 11, 1940; Bog Lake, 21.0 p.p.a. 
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(about 14:6% saturation), an February 11, 19411 and Pasinski's Pond, 28.0 p,p.m. 

(about 19o,C saturation), at Station 26 cm January 31, 1941. During the winter 

ot 194~1 a considerable nwnber of samples from Pasinaki • a Pond contained ove!" 

20 P•P••• dissolved oxygen. The most rapid increase in oxygen noted W&a in 

Mud Lake, at Station 4, where the oxygen changed from 13.l p.p.m.on March 8, 

1940. to 19.4 p.p.m. on Jfaroh 11, an inoreaee ot 6.3 P•P••• in 3 days, or at 

the rate ot 2.1 p.p.m. per day. The moat abrupt decline recorded was in 

Pasinski' a Pond, at Station 21. Here the oxygen tell from 12.3 p.p.a.. on Feb­

ruaey 12., 1940. to 2.4 P•P••• on February 14, a &torease of 9.9 p.p.a. in two 

clays, or at the rate ot 5 P•P••• per da.y. 

Diaou■eion 

The oxygen in Clear Lake showed oonaiderably leas Tariation (Graphs 2 and 

3) than that in the richer., more shallow lakes. At Station 1, in Clear Lak•• 
the top and 'bottom 1ampl1t■ nre re•rka'bly a1milar in oxygen content at nearl,­

all times. At the deep«1r 8tation 2 (Station 2a in 1940,.41) a moh more eTident 

stra.titication was tound. The water layer■ at the aurtaoe, lo-t'oo11, and 20-

toot levela had an almost uniform content ot diHolved oqgen at the start ot 

the winter of 1939,.-40., 'but gradually developed the spread in oxygen values 

typio&l ot 1tratitioatian (Graph 2). Strangely enough, 1n the winter ot 1940-

41, the oxygen in the deeper 111Lter was rather low even at the onHt ot the ioe 

cover; the oxygen ourna tor this 1tation in Graph S are almo■t level throughout 

the winter. Apparently tor some reason 1tratifioati01l already had developed 

before the first ■aiaples ot that winter were taken (eTen though sampling was 

,tarted two weeks earlier th.an in the preoeeding winter). It 1a poaaible, 

al though not detini tely known to be the case, that toll owing the tall overturn 

ICllll8 sort ot an oxygen demand (more or leas pronounced and rather immediate) 

dneloped in the lower, water• as trom the settling of a 1uddenl7 killed orop 

ot plankton, and tb.at this demand was auttioient to bring about 1uoh early 
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1tratitioation. 

The greater eutrophy of Mud Lake is retleoted in ita oxygen ourres tor 

1939,,-40 ( Graph 4). As may be seen by juxtaposing these ourves w1 th the curve 

which represents depth ot snow• there was a det'ini te response of the oxygen 

Talue- eapeoia.lly at some stations - to changes in light intensity. Stations 

2, 3, and 4 1howed low oxygen during the period or anow oaver throughout :m.oat 

ot February, and very sharp riaea in o:,cygen in early and mid-March, when the 

1:now wa.s light or absent. These three stations, which initially were oho•n 

on the buil ot differences in vegeta.tion and bottom materia.la (see under 

Sampling Stations, and also Table 3), failed to show :many signif'ioant ditt'erenoea 

in dissolved o;qgen values, the most evident one being that the oxygen e.t 

Station 2 · (whioh had a soft marl bottom) for some reason dropped to a low 

value much aoaner than did that at the other stations. 

Station l was more or lesa directly in the path ot f'low ot water oroaaing 

the lake, and henoe its oxygen curves 1hovr leaa reeponae to changing light 

conditions, beo_ause ot the steadying influence ot the inflowing water.. However, 

it is ot interest to note that, in spite of the ourrent, a definite atratU-1-

oation existed, the bottom water a.lwaya oontaining le■- oxygen than the aurfaoe 

water. The inflowing wa.ter i taelt aoaroel7 could ha•,e had DlUCh atratitioa.tion. 

1inoe the atreamwaa ahallowJ therefore even a transitory stay in the deep part 

ot the lake was enough to bring about a diatinot ditterenoe between surtaoe 

and lower water. 

In 1939-40 the outlet wa.ter ot Mud Lake almost ocmtinuoualy had leaa 

disaolved oxygen than did the inflowing water (Graph 6). ln 194<>-41 exaotly the 

reverse condition existed. In other words, during the one winter the water 

loat oxygen during its stay in the lake, in the other year it gained oqgen. 

Furthermore, it is evident that this dift'erenoe in the relationship of the 

two ourTes oame about not nearly so much by any shirt 1n the ourYe for the 
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inlet water from one year to the next, as by a va.st ehange in the ourve for 

the outlet. The oorrelation with the respeotive conditions ot snow cover and 

light for the two winters is quite evident. 

Curves are given for only one station 1n Graen Lake (Graph 6), since thi• 

station fairly well typitiea the lake. Here again the relationship between 

aurt&ce and bottom water (a.t a shallow atation) 1a plainly eirident. The OU"8 

tor the bottom follows cloael7 tha.t tor the top, but almoet oonatantly :remain• 

below 1t. Th.is relationship, repeated oirer and over for various lakes and 

stations, oan lead logioally to only. one line of reaean.ing. the two leYels of 

water are subject to the aame influences, light GU the one hand and oxygen 

demand on the other, but to different degrees. !he bottom water either reoeina 

leas light and hence produoea leas oxygen, or :is c.tubjeot to greater oJC¥gen. 

deJB&nd and hence loses_ more oxyge#. or bothJ therefore the oxygen ourve for 

the bottom water talls below that tor the eurfaoe wa1:er. With suoh a difference, 

however, t-he two curves should becoae progressively more divergent throughout 

the winwr (as in the oaae ot the deeper atation in Clear Lake, in 1939-40), 

iu'Mad ot following eaoh other ao closely. Fol" 1oae a'tations, it aeems a.a 

it almost as m.uoh divergenoe between the curves exists at the ate.rt ot the 

winter as later, and that the curves tend to be roughly parallel. In other 

words, thia is more evidenoe that stratification may take plaee, and quite 

rapidly, even before the ice tonu, as is postulated a.bove tor the deep ate.ti on 

in Clear Lake in 1940--41. 

In re1peot to the amount by whioh the bottom. water &t a shallow ata.tion 

ay remain lower in oqgen throughout the winter than the surtaoe water, an 

interesting aeries is presented in the oUTTes tor t;be several lakes, atarting 

with Claar Lake (Graphs 2 and 3), and progressing through Mud Lake, Green Lake, 

and Pasinski' • Pond ( Gra.pha 4, 8, and 8) , to Bog Lake ( Graph 7) • In . 

# It :ay be well to take into account the ditf'erenoe in temperature (usually 
almost 4• o.) between top and bottom, w1 th perhaps a consequent difference 1n 
bacterial activity. 
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Clear Lake the oxygen n.a practioally the same at the bro depths (at Station 

l); tor Bog Lake the values were widely 1eparated. Yet the tendency, diaouaaed 

abOTe, tor the lower cum to parallel the upper one existed to eome extent 

eTen in Bog Lake. 

Green Lake (Graph 6) otters another oD.llple ot the readil7 apparent eonneo­

tion between depth ot snow on the ice and dissolft,d oxrgen response, in a 

ahallow eutrophio lake. The steady deolino in oxygen during the long period ot 

snow cover in 19$9-40 contrasts strongly with the al.moat level (and relatiTely 

high) oune tor the winter ot 1937~, e. winter of ooaparatively 11 ttle anOtF­

tall. 

The typically d.7atroph1o water ot Bog Lake llh011'8, 1n comparison with that 

of the other lakea etudied, a set of extremes. Ita power ot oxygen atra:titio.,._ 

tion ia almost unbelieT&bly great (aee Graph 7 and any of the diagrama of 

Graph 12). For example. on Januarr 23, 1941. the oqgen at the surtaoe wa.1 

20.a P•P•••, while at a depth ot 5 feet it waa o.o p.p.m. Most ot thb dittei­

enoe ot 20.2 P•P•••• or 16.2 p.p.m. to be exaot, ooourred between the 1-toot 

and the z-toot levela (18.3 p.p.m. at 1 root, 2.1 p.p.m.. at 2 feet). Ho doubt 

sueh ■harp atratitioation ii aa■ooia:ted with the brOffll ■u■pended :material of 

this bog water, and could very seldom, it eTer, be taund in e. oleal"-W&ter lake. 

Also exaggeratedly marked is 1me response ot the eurtao.e water ot Bog Lake 

(and to a certain extent the wa.ter at 1 and 2 feet) to changes in light oontti.­

tiou. Thia is quite eTident in the tluotuationa ot the oxygen curTea tor 

1939-40 (Graph 7) in reapeot to the ool'Teaponding ohanges in the HlOIF-depth 

curTe. 

As dieouased below, it is probabl~ that the data f'raa no one ■tatian in 

Paainsti•a Pond can give a very complete picture ot condition.a in the pond a1 

a wboleJ since the pond varies so greatly trom one part to another. Especially 

does thia qualitioati011 pertain to the winter 195~0. In 1948--41 condition■ 



gives the oxygen curves for Station 26, the deepest atation in the pond. tor 

19-40-'1. Here it may be !toted that, aa in the case ot other lake■, there 1• 

a oOD.siderable correspondence in the dissolved o:q-gen values tor the -n.rioua 

depths at the same dates. In this instance, howeTer, there are certain devia,­

tions .trom that eoordina.tion. 1'he values for the bottom water tluotuated to 

same extent w1 thout respect to that ot the surface wa.ter, particularly on Jan­

uary 31, when the oxygen values at the bottom fell ott, whilo the upper water 

was gaining o:x;ygen. The eztremely high oxygen values at this station through­

out most of the winter of 194o-41 are indioativo ot abundant photosynthetic 

produotian of ~gen, during a winter ot little snow. 

The variation in the dia,sol ved oxygen content from one winter to another 

is shown in Graphs 9 and 10. The oxygen in the water in Cleal" Lake (at the 

surtaoe) waa almost the Ea.me in ea.oh ot the three winters, not deTiating tar 

tram the saturation point most ot the time. The evident conolu1ion ia that this 

water, being only mildly eutrophio, contained not only very little dead organio 

a.tter to consume its oxrgen, but allo Yeey little living phytoplankton to 

produce oxygen. Hence it ailllpl1 retained its initial supply ot oxygen through­

out the wlnter, with little additiaa. or deduotion. It 1>4,oame neither exoeHively 

low in o:11gen during a hard winter (1939-40) nor excessively high 1n oxygen 

during a Tery mild winter (1940-41). Such water proba.bl7 would be ae.f"e troa 

complete oxygen depletion in the longest, most severe winter or the past or 

future tew centuries. 

'lhe curves tor Mud Lake and Green Lake (especially the Jatter), however, 

Tery plainly show the comparative et'teota ot the three winters on the diesolnd 

oxygen content of the water. The winter of 1939-40 ha.d the most adverae etteot, 

that ot 194Q...41 the least. The greatest difference ia furnished by the curves 
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tor Pasinski'• Pond. whioh torm an almost pert'eot spread 1n the anticipated 

order. 

Changes in vertioal distribution ot oqgen take plaoe as the winter aeaun 

prou••••• (Graphs 11 and 12). For instance. aa mentioned above and as shown 

on Graph 11, the water ot Clear Lake wa.a &lmost uniform at all depth• at the 

start ot ice cover in 1939-40. Oxygen at the lomtr depths gradually deoreased, 

until on Maroh 16 it was very :muoh leas than at the aurtaoe (oorreapondingly, 

the diagram. tor that date 1a semi-triangular). A aomewhat similar aequnoe ia 

shown by the diagFUIS tor Lake Mendota, on the •- graph. except that the 

oxygen in Lake Mendota tended to decrease mainly at the bottom, maintaining a 

sOJMnrb.at uniform distribution in the upper half of the water (Le.lee Mendota ot 

oourae 1a muoh deeper than Clear Lake). 

However, in Clear Lake in 1940-41, as well a1 1n Green Lake in the IU18 

winter. atrat1t1oat1on WI.a tairly well d.enloped very early in the winterJ and 

the general 1hape ot the oxygen distribution diagram remained aolll81rhat the ■&Jll9 

tllroughout the 1dnter. SOllle rather bba:ne :f'igures appear on Gra.ph 11, -.oat 

of whioh are oooaaioned by ao:mewhat sharp changes in the oqgen in the surta.oe 

water - suoh as in Clea.r Lake on .Maroh 13, 1941, when run-in water had apprec­

iably l0118red the oxygen at the surface. 

In Bog Lake. in each ot these two winters. the o:q-gen at the bottom•• 

very low even at the start ot the winter. Here, however, rapid and extre• 

changes ooourred 1n the amount of ox;ygen in the upper wa'terJ so that the diagrama 

of Graph 12 var, exoeedingly, troa the almost perteot triangle tor January SO, 

1940, to the thin wedge for Ma.rob 3 ot the ■&118 winter, to the wine-glaas ahaped 

figure tor Deoem.ber 21, 1940. 

The peak values of dissolved oxygen mentioned above (i.e., 21.0 p.p.m. for 

Bog Leke and 28.0 p.p.m. for Pasinski' s Pond, in 1940-41) a.re somewhat unusual 

tor ioe-<1overed water, although the literature has recorded a fr,r similar instances. 
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Grittiths (1936) reported an oxygen content ot 22.0 P•P••· for Long Pool, 

England. under the ice in February. 1930. A lake in Minnesota (Oleon. 19H) 

had 16.8 p.p.m. ot oxygen in January. 1930. In Lake Mendota (Birge and Juday. 

1911). on March 29, 1906, the upper water contained 12.5 co. per liter (equal 

to about 17.9 p.p.:m..) ot oxygen. ltnau'the (1899) and others also have reported 

OJQTgen values 1n exoesa of aaturation tor water under the ioe. 

Speoial Obaer-n.tions - Green Lake 

Fort,-eightrhour Oqgen Run 

In order to detemine the et.t'eota ot alternating light and. dark period• 

upon the dissolved oxygen content in the water under the ice, and the possible 

enstenoe of a diurnal oxygen cycle, a iwo-day run of &aJ&pling was oonduo1ied 

on Green Lake. tram. January 17 to 19, 1941. Samples were tak:G at two-hour 

intervals, starting at 5 p.:14. on January 17 (Fridq). and ending at 8 P.H. cm 

January 19 (Sunday). The stations used, and the aampling depths, wrea Station 

2 at 1/2 toot. 2 teet. 6 tee\, and 9 tee\1 and Station 6 at 1/2 foot and I 

teat. Determination.a were made ot pH &8 well aa ot diaeol •d o:qgen. The data 

o'bta1ned are given 1n Ta.bl•• 18 and 191 and Graph 13 ahowa the diseolYed oxygen 

ourTea. 

Al though oertain sampling ettora •Y be inTolTed (see Appendix), it ia 

believed that the figures are aoeurate enough to warrant the following oonoluaiona1 

The oxygen in the aurtaoe water remained praetioally oanatant throughout the 

torty-.ight hours; the slight fluotuatians apparen~ly ■how no oorrelat1cm with 

periods ot light and dark. Jluoh greater ohange• appear in the va.lue·a tor the 

deeper aaaplea. Thia 1ituatian ia exactly the reverse ot that which would be 

expected it changes 1n light nre the cause of tluotuation. ainoe the upper 

water is more aubject to these ohangea. The fluctuations ot the curves tor the 

lower depths are appe.rently q_uite a.t randaa. and probabl7 are largely explainable 
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bf impert'eotiona in the aaapling teohnique, or by shirts in the stratified 

layers of water. 

It ia evident, therei.'ore, that no well-defined, if indeed any, diurnal 

variation in oq-gen was present. The prooe&1es ot photosynthesis and of deo0»­

poa1t1on are considerably slowed down by low temporaturea1 furthermore, at auoh 

temperatures there probably is somewhat or a lag in the reaction of the phot~ 

aynthetio prooesa to ohangea in light (i.e., oxygen evolution oontinues £or 

same time after the light disappears). Thia exaaple of oourae doe• not prove 

that diurnal variations in dissolved oqgen under the ioe nenr exist. It 

may be that at certain times, partioularly during perioda of unusually high 

oxygen production (as in Pasinski' a Pond in 194()...41), a alight diurnal cycle 

11 present. However, tor the average io....,;bound lake, diurnal variations in 

oqgen apparently are inaignitioant. 

Temperature and Oxygen Protilea 

On February 2. 1911, oxygen determinations were :made at a aeries ot point• 

along a oourae trom the inlet of Green Lake, aoross the lake, to the outlet. 

This oourso followed a somewhat dgzag line, and included Stations 4, 2, 1, 

and 5 (see -.p, Figure 8). At each suipling point on the course, o:q-gen and 

temperature measurements were made a.t depth intervals of one foot. the data 

are given in Table 20 (temperatures were measured in degrees Fahrenheit, to the 

nearest 1/2 degree, and converted to degreea Centigrade). 

Graph 14 ia drawn up in an idealised profile plan, &hawing isothermal 

lines, and lines ot equal oxygen tension. As shown by thia graph, the o:q-gen 

atratif'ioatian tends to be sharpest near the bottom, and tends to follow the 

bottom contour. Temperature on tho other hand changes most rapidly immediately 

under the ioe, and the isotherms tend to i"ollovr the surfaoe contour. These 

taots are substantiated by various other obaervatiana. 'fhe situation juat 

desor1bed is appa:r-ently the one whioh commonly prevail• in the ice-covered 
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waters of shallow lakes. 

pH, Carbon D1.ox1de, Alkalinity 

A fairly oomplete aet ot obaern.tian1 wa• •de, tor the lakes studied, ot 

the pH, •thyl orange and (it present) phenolphthalein alkalinity, and (exoept 

in 1939-40) tree OOa• Then data are giTen in Tables 7 to 10, and 12 to 17, 

along with the mrreaponding diaaolved oxygen figures. With the exception ot 

one graph· (Graph 15, explained below), these data are not presented piotol"­

ia.lly, bece.uae (l) accurate oorrelations are 10J11Bwhe.t hard to ea'bablilh, and 

beoauae (2) the story is told more toroetully and understandably by the dissolved 

oxygen graphs. liowrenr, a few general observations •Y be in order. 

As might be expected, tree COg and pH a.re fairly clo■ely correlated with 

di■sol ved oxygen. The same prooeaeea ot deoay which use oxygen produoe oarbon 

dioxide, and henoe lonr the pB. Conversely, the photos~thetio production ot 

oqgen uaes up earbon dioxide and rai■es the pH. To a oertain degree, therefore, 

CO2 or pH oould furnish a fairly reliable index to conditions under the ioe, 

especially it the usual or normal nlues are known. HonTer, certain oompli­

oationa, aome ot whioh may be untoreaeen, DAY ariee. The pH 1ay be 1ntluenoed 

(in bog lakes it moat probably 11) by aoida other than carbon dioxide. Inf'lowing 

water. or melted snow and ice, may greatly alter the buttering pOlf8r of the 

water. and henoe atteot pB. 

The phyaiologioal aigniticanae ot tree carbcm dioxide 1a briefly diacuaaed, 

below, in the 1eot1on on winter auttooat1on. 

Titre.table alkalinity to phenolphthalein usually indicates reasonabl7 

good oandition of the water, ainoe this alkalinity 1a diHipated by the co2 pro­

duced by decoapoaitionJ and when present in appreciable quantities under the 

ice, ae in Pasinski'• Pond in 194Q-41, it means that photosynthesis has been 

inten1e enough to utilize a certain amount of half-bound co2, thus liberating 

oaloium carbonate. 
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Under the influence of de-Yeloping stag:n&tion, the s<Hlalled total alkalinity. 

·or titratable alkalinity to methyl orange. gradually increases, by a relatively 

BlDAll amount. Under conditions ot atratifieation, the water near the bottoa 

usually has a higher methyl orange alkalinity than that near the surfaoe. 

Graph 15 (for Clear I.ake., 1939-40) shows this difference, aa well aa the ten­

dency for the curves representing the alkalinity at various depths to spread 

apart sO'.llle'What as the winter progresses, after starting at almost the aaa value. 

This behavior is 00111parable to that of the dissolved oxygen at the B&Jle station 

in that winter (dieouased above). fhe sharp tluctuatians and extremely low 

values shown by the curve of the aurta.oe water were caused by dilution with 

run-in water tram rain or malted mow and ice. 

Bioohaical Oxygen Deand 

!he b1oohemioal oxygen demand (abbreviated B. o. l).) is the oxygen consUJll8d, 

by baoterial action~ in a oertain period ot tbalt. tr0m a sample incubated in 

the dark at a fixed temperature. Conventionally, it the limiting oonditions 

are not indioated, it is understood that the time period is tin days (120 hours) 

and the incubation temperature 20• c. l.n the present series ot B.O. D. deter­

minations a oonsiderable number of samples were incubated at o• c.; one aet of 

these had an extended incubation - up to 60 days. These prooedures are indic&ted ,, 

in the tables. 

B.O.D. gives a rather accurate picture of the relative organic riohneaa of 

a water eample, and the likelihood ot the depletion ot its dissolved oxygen supply 

in a given time. When measured at o• C.. the B. O. D. of a sample ot water troa 

an ice-covered lake provides a rough indication ot the probabl~ behavior ot that 

water with respect to oxygen depletion. 

The B.O. D.. data obtained a.re summ.ariled in Tables 21, 22, and 23. As :men­

tioned above, in the section on Methods, the 'ftl.lues given in these tables usually 

are the weighted means of t.o or more samples, which often were set up at ditterent 

W Theoretically only baoterial aotion is involved. Actually part of the demand 
(usually a small part) may come from purely chemioal - not bioohemical - oxidation. 
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dilutions. The greatest stress in the weighting was placed upon the suiplea 

lee.st diluted, and 11 ttle weight was given to samples whose tinal oxygen oontent 

was close to aero. Table 21 gives the B.O.D. values for five-day inoubation at 

20•, and Table 22 those tor f'i'V&-day 1ncubati021 at o•. Table 23 oontaina the 

data tram the 60-day B.O. D. run at o•. 

Certain rA.cts a.re apparent. The B.O. n. ot the 11&:t.r 1n Cl&ar Lake was Tery 

much less than that ot the more eutrophio waters. Extremely high B.O.D. waa 

found for many &8.Jllplos trcn Bog Lake and trom Pasinski's Pond. The B.O.D. at 

0°, for nearly all of the waters studied, showed correlatiou with that at 20•. 

The values tor o• averaged on the order of toui-tenths ot those tor 20•. 

Quite worthy ot note is the regularity with which the B.o. D. at any parti­

cular station was higher in the upper water than near the bottom. Sometimes the 

difterenoes were very large, suoh as that between 24.2 P•P••• and 3.6 p.p.m. 

(Paain1ki's Pond. Station 2'1. February 12. 1941., and many other examples). Thia 

sharp deoline in B.0.!). with inoreasing depth fits in very well with the eypo­

theeis that au1pended organic ma"er (suoh as dead planktc:m.) is a prime agent 

of oxygen oonaumption in the water, and that this :material., produced in the 

surt&oe water, is oxidised as it alowly aettles through the water, and henoe ita 

power of utilizing oxygen diminishes aa it sinka. Opposed to this reasoning 

stands the faot that the upper water uaua.lly maintains, throughout the winter, 

much more oxygen than does the bottom water. This latter ditterenoe., however. 

oan at least 1n part be aooounted tor by the m1oh greater production ot o,qgen 

in the upper water. 

The high B.O.D. values obtained for oertain aamplea (Tables 21 and 22) indi­

cate water exceedingly rich in organio material. Jlany samples from. Pasinski•• 

Pond had a 5-day demand., at 20•, ot over 25 p.p.m.., with a high of 42.0 P•P••• 

(tor Statiou 15, on January 16., 1941). these values are even higher than those 

ot many badly polluted waters. In the waters of Green Bay (liilliamaon, et al, 
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1939), for inatanoe, whioh were ■ubjeot to sult1te pulp mill pollution, moat ot 

the saaples taken had a 6-day B.O.D. ot 10 P•P••· or leHJ and enn 1n the extremely 

putrid waters ot East Riflr values higher than 25 P•P••· were very aeldoa 

encountered. 

Graph 16 1how1 the B.O. D. at o•, over an extended period ot tillle, or three 

samples tram. Station .26, Pasinski'• Pond, and one sample trom Clear Lake (the 

samples were taken on March 11, 1941). The ourves as drawn are somewhat ideal­

ized, because too tflfl data are a.t hand to make sure the exact shape of the ourvea. 

HoweTer, they e.re of' the same shape as B.0.1). cul'Tes in gttneral, and henoe 

probably are reaaonably accurate. 

The curves tor the three depth• 1n Pasinski'• Pond exhibit a remarkable 

spread; and also quite a contra.st to the almost flat curve tor Clear Lake. The 

water at the eurta.oe in Pasinski•• Pond had approximately nine times aa much 

B.O.D. in five da.19 (82.6 p.p.a.) a■ did that in Clear Lake 1n siltty da;ys (2.6 

p.p.a.). Suoh comparative figures go tar toward explaining wh7 Paainaki•a .Pond 

can lose nearly all of its di■ solDd oxygen within a tew d&ye, while Clear La.lee 

almoet inTariabl7 retains oqgen nearly to the saturation point throughout the 

entire winter. 

Light Penetration 

De.ta, eouroee 

During the winter of 1940-41, a oona1derable nwnber of measurements were 

made of the transmission of light through water, ioe, and ■now, in the nriou1 

situation.a whioh obtained at the lakes which 1f8N being investigated. The 

photometer used, and the methoda employed are deaoribed above. That winter was 

a somewhat mild one in southern 111.ohigan, particularly in regard to anowtallJ 

hence comparatively tew measurements inTolving a snow cover could be made at 

th• regular lakes of the BUl"V'8)"• However, visits were made to South Londo Lake, 
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Iosco County, and East Fish, Middle Fish, and West Fi1h Lakes, Monta.orenoy 

~--."" Co1.D1ty, eaoh ot whioh had an--1-ee- o0'V8r ot trom 6 to 10 inohea. SeTeral measure-

ments were ma.de in each lake. The light tranamiHion data are summarised in 

Tablea 24 to 27, and are diacuaaed below. 

Considerable information was obtained trom. the literature. llU118roua 

papers have been written concerning light penetratiOll into water, both ■ea 

water and that ot lake■• Aaong the many inTestigators who have done work on 

this subject, there ay be mentioned Clarke, Shelford, Poole and Atkin■, Utter­

back, Birge and Juday, and Pearaall and Ull7ott, moat ot whom are cited below. 

Although 1111eh leas work ha.a been done on snow and ice, a tew in.formative papel"■ 

have appeared. As specitioally cited below, certain data trom these papers are 

here preaented tor purposes ot comparison with those ot thie inveatigation. 

Transmission through Water 

The oharaoteriatioa ot various waters with respect to the transJDiasion ot 

light have been reTiend by Welch (1935, pp. 72-79), Birge and Juda.y (1929), 

and more recently by Clarke (1939) and by Utterbaok {1941), and therefore are 

only briefly mentioned here. The observation, ot thia study agree, 1n general. 

with the ooncluaiona ot these various writers. 

It is well known that even the clearest waters impede the passage or light 

to a certain extent. Light (in the yellow-green regi«i ot the spectrum) ia 

reduced by passing through 100 meters or distilled water, to between one and 

no per oent ot its incident value (Clarke, 1939). Natural waters Tary ho:a 

those almost as clear as distilled water, to the highly colored waters ot bog 

lakea or the extremely turbid waters ot silt-laden streams, in which the light 

may be reduced to a traotion or one per oent at a depth of one meter. 

It has been demonstrated that, as a rule, the diminution ot the intensity 

of light in its passage through water follows a definite n1atheme.tioal formula. 

the relationship between the depth ot water and the &Dlount of light penetrating 
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to that depth being such that it my be plotted on se:mi-logarithmio paper as a 

straight 11n✓cclarke, 1939. p. 2?). The slope ot that line, then. 1a a.n index 

ot the relative transparency ot the water. Vany examples or this relationship 

have been presented by Clarke, by Birge and Juday (1929), Utterback (1941), and 

others. 

The penetration of light through the ice-covered wa.tera or 10• of the lake• 

of this atudy is plotted in this manner in Graph 17 (this graph 1s explained 

more tully- below). Quite evident are the comparative rapidity with whioh the 

colored water of Bog Lake reduced the quantity ot light, the moderately good 

transmission through the rather clear waters ot Clear and East Fish Lakes, and 

the extremely low loss ot light in the water ot Crater Lake ( data from Utter­

back, et al, 1942). 

As indioated in the papers quoted above there a.re very large ditf'erenoea in 

the relative transmission.through water, of light or various spectral qualitiea. 

These ditterenoes depend, 1n kind and amount, upon the type ot water. In dis­

tilled water, or other very clear water, such as that or the Sargoaaa Sea, 

pene'trat1an is best etteoted (within , the range of visible light) by blue ligh't, 

and progreaaively leas well by green, 1ellmr, and red light. 

In slightly leas clear water, 1uoh as that ot the oleareat inland lakea ot 

thia reg1cm., light in the green or yellOlf-oogreen portion or the spectrum 1B tranaa­

mi tted in the greatest aao\Dlt, red light in the least, and blue light to an 

interadiate extent. In moderately clear lakes, penetration ia greateat in the 

yellow-green, and oonaiderably leas in both the red and the blue, the latter 

two being about equal. As shown in Graph 18, the water ot East Fish Lake •• 

found to have these oha.racteri1tios. 

In the leH iransparent waters there is a shirt toward greater relative 

penetration in the longer wave length■ (yellow, orange, and red light); and in 

\)/" In J11U1Y lakes, howeYer, oertain oonditione, auoh a1 difterenoes in the amount 
ot auapended material at varioua deptha, ay oauee more or less irregular variati0111 
in the tra.nsparenoy of' the different layer• of water (He 1ih1tney. 1938; Chandler, 
19•21 and other1}. 
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waters of very law tran■parenoy. ■uoh aa highly colored bog water■• the trane­

miaaian ot red light 1a JIILJl1' times as great as that ot green light. and blue 

light is aln.oat entirely excluded. Thi• ditteren'tdal penetration in oolored 

water 1a illustrated by Graph 19, wh1oh shows the relatiTe apeotral tranandaaion 

through the water ot Bog Lake. It ia probabl~ that the relatively leaser ability 

ot light ot the shorter wave lengths to penetrate bog water depends in aome way 

cm the preaenoe ot suspended partiolea, whioh aoatter oertain kinda ot light. 

ainoe water whioh 1a turbid beoauae of auapended silt exhibits the aame property 

(Higgina, 1932, P• 62$). 

In addition to the loss ot light in the water itself, there 1•• in open 

water, a surtaoe loaa, sometimes amounting to a oonaid.erable portion ot the 

total light. Aooording to Clarke (1939), only a aall part of thia loH actually 

is due to retleotionJ the remainder 11 oau■ed b7 a proportionately high rate of 

extinction in the upper lqer of water. 

Sinoe all of the obaerTatiana or the present study pertained to water whioh 

was oOT&red with ice, it 1e dittioult to &Hign any value tor "surtace 1011,• 

it indeed auoh loas existed. In making a meuuremen t of the light penetration 

through the ice. the target ot the photometer wae held as tightly a■ possible 

again■t the under surface ot the ioe. Howe?er, ainoe there waa a aall apaoe 

between the top of the target and the We■tan oella, and ainoe ioe norally reeta 

'in, rather than above. the water. it 1s apparent that the actual water-loe 

intertaoe waa above the oells. Therefore any loas whioh thia intertaoe, per ••• 

may have oauaed would have been oaloulated ae part of the loH in transnd.uioa 

through the ice. It seems probe.bl~ that auoh loss was small. 

Furthermore. the exiatenoe and amount ot any extra loae 1n the uppermost 

layer of water, under the ice, is ditf'ioult to judge troa the data at hand. The 

dif.fioul ty ot aoourately gaging the depth of the target (within the tirst one 

or two feet below the ioe), combined with the poaaibili ty of error oauHd by 
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stray light trom the side, prevented the precision of meaaurement necessary to 

determine the exact behavior of the water immediately under the ice. Another 

possibility, about which only speculative atatements oan be made, is that ot 

retleot1on or light, baok into the upper water, from the under surface ot the 

ioe (or of the snow). 

In general, on the basis ot the data as they appear in Ta.ble 24 and in 

Graphs l'l and 18, it is apparent that there was no very great difference in the 

percentage absorption of light in the uppermost foot of water a• compared with 

the water ot the deeper layers. There was perhaps a alight tendency ton.rd auoh 

a ditterenoe in Bog Lake; but that difference poBBibly- oan be aoootmted for by 

the greater amount ot auapended material in the upper water. 

Tra%lam1aa1an through Ioe 

Of' much greater, and therefore aore striking, et.fec't in absoJ"bing light 

is the oOTel" of' ice and snow. The lll9&surem.enta ma.de of light tr&namiasion through 

1now and ice are given in Tables 24 to 27. fa.ble 25 1a a summary ot the peroentage 

transmission through ice ot various thioknes■es and c cndi tions, arranged 1n 

deaoending order ot percentage. The Taluea ranged trom 84- per oent, for 7 1/2 

inches of very clear ioe, to 7.2 per cent tor 10 3/• inohea of very cloudy ioe. 

'?he figures in this table OOJq)&re .fairly wll with the tew data whioh are 

to be found in the literature. Sauberer (1938) fGund the transmiaaion through 

25 mm. (1 inoh) ot clear ioe to be about 84 to 81 per oent, and through 4 oa. 

(1 1/2 inches) ot "sohneeis" to be about 45 per oent. fhe tigurea given by 

Croxton, '?huraan, and Shit.fer (1937) area 4 inches, 86 per oentJ 6 inches, 

615 per oent; and 14 inches, 53 per oent. Zinn and Itrt (1941) gave the results 

of only one measurementJ through 4 1/2 inohes ot ioe, with a "aluah cOTer," 

approxinately 66 ,er cent of the incident light penetrated. Chandler (1942) 

found 58 per cent transmission through 40 om. (16 inches) of ioe - a percentage 

transmission equivalent to that through the •a:me depth ot Lake Erie water with a 
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turbidity ot about 20 p.p.m. The data or these various writers were obtained 

by the use of instruments and technique• which varied somewhat, one from another J 

but in general they probably are properly comparable. 

It ia readily apparent (trom. Table 25) th&t the penetration of light through 

ioe Taries greatly with the oandition of the ice. for exalllple, 7 1/2 inoh•• ot 

clear ice transmitted 84 pe1· cent, as again■t 22 per oent for 7 1/2 inohea ot 

"partly cloudy" ioe. Only 7. 2 per oent of the incident light pa.aaed through 

10 3/4 inches ot ice described as "very cloudy." Thia iee wa.a extre•ly tull of 

minute air bubblea, whioh gave it somewhat the appearance ot opal glass, and 

rendered it probably" as opaaue a■ any ice likely to be enoountered on na:bural 

waters, exoept '!;hat which might haTe inclusions ot dirt or other foreign D1&tter. 

Similarly, the "clear" ice just mentioned probably wa.a almost as cr7stal-olear 

as any which ever treezea an inland lakes. Between these two extremes. the ice 

ot most lakes may vary greatly in character, and in ability to tranndt light, 

depending on the :manner in which it was f'rozen, on the nrioua thaws and treesea., 

and on •ey other tactora. However, the approximate range ot the peroentage 

tra.nndasion ia delillli ted by the figures ot table 25., ainoe the 1rhiokneaaes of 

ioe gi.Ten in the table are about those usually pre■ent on these lakes in an 

a.nrage winter. 

As with water, it is probabl~ that a part of the total lo■ a ot light in 

passing through ioe consists or 11surtaoe loaa." For ioe thie lose ia largely 

undefined and unaeaaured. If the usually rather dark appearanoe ot the ioe cm 

a lake (eapeoia.lly it the ice 1a clear) •Y be used aa a criterion, surtaoe 

reflection apparently is ot relatiTely small am.ountJ and it is probable that 

most of the total loH actually ooours within the ice. At an7 ate., and ot 

neoea■ity, the data given here in regard to light ab1orptian by the ice include 

whatever a,baorption --.y take place both at the upper aurtaoe ot the ice and at 

the water-ice interaurtaoe. 
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It is a1aUJ11Bd that the transmi■sion of light through ioe, if the ice ia 

unitora in character throughout, probably takes pla.oe according to a mathematical 

relationship auoh a.a that d.eaoribed above tor water. Follovring this aasuaptian, 

the points an Graphs 17, 18, and 19, representing the peroentage amount of light 

entering the ioe and that e11Srging from it, reapeotiTely, are ocmnected with a 

atraight line. As above, the slope ot that line indioates the relative light-­

absorbing pawor ot the ioe. Com.para.ti~• line• ot thia sort have been drawn, 

on Graph 17, for aeveral ot the lakes studied. 

'fhe transmission of light through ice apparently Tarias aomewhat with the 

region of the speotrum. As stated by Dor■ey (1940, P• 398), ioe in large ••ee• 
has a blue appearance, probably caused by light scattering. Sauberer {1938) 

f'ound very little ditterenoe between the va.rioue apeotral bands, in tranalli.saian 

both through olear ioe and through •aohneeia." In the data of fable 25, the 

clearer ioe showed no aignitioant differenoes in relative transmiaaion of U.ght 

ot different oolors. However, the more turbid ioe showd a pronomoedly latrer 

relative penetration ot blue light. .Apparentl7, therefore, a proportionatel7 

large loH ot blue light is associated not so woh with pure ice a.a with included 

partiolea,, auoh aa air bubble•• or possibly (in the oaae of the 1oe of Bog Lake) 

particles of ooloring matter whioh •1 have beoaae fr'oaen into the ioe. In 

Graphs 18 and 19• the slightly different a lopes of the lines for -the transmiHion. 
;:,.sh 

of various oolora through the ioe of Ea.et,iLake and Bog Lake are evident. 

Trannd.saion through Snow 

The penetration of light through snow is oonaiderably harder to measure 

aooura.tely than that through ice or water, not only because ot the diftioultie■ 

in making observation• under natural conditions {i.e., without disturbing the 

lnOlf), but also bece.use of the many variations in the oharaoter of the an«. 

However, the information obtained is ot value in establishing a general range 

for the ability of snow to transmit light, and thu1 in ahcnring the relative 

absorpiion by snow, ioe, and water. 
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With the exoeption ot one series of experimental determinations, the measure­

ments ot light transr.:i.ission through anow made !ilring the course of th18 •~~ 

were perfonned on the ice ot various lakes, without dieturbing the natural &nO'lf 

cover. Thus they were of neoeuity indirect meaaurementaJ that is, the value 

was caloulated troa the translliaaion through anow and ioe, compared to that 

through ice alone, &f'ter the snow had been remond. 'l'here ie no apparent reaaon 

to suppose, however, that euoh oa.lculation is invalidJ probably the only signiti­

ce.nt error is that oauaed by surtaoe loss from the ioe (see above), in the 

latter measurement, 8Jld this 1011 likely is relatively small. 

Kalitin (1931) ma.de an extensive series ot measurements by placing the 

target of a photometer cm an open field, and allowing the natural snowfall to 

cover it. !he ohiet difticul'tiea in interpreting the data eo obtained lie 1n 

the variations in amount and quality- of light from time -to time, and the ohangea 

in the character ot the snow between reading•. Moat or the remainder of th.,tew 

obsenations whioh have entered the literature haTe involTed some sort ot an 

artificial set-up, with oonse(flent d1sturba.noe ot the sno,r. However, as in the 

case of transmission through ioe. it is likely that, in spite ot va.riationa in 

procedure and appu-atua, the •aaurementa ot varioua writers may aati1taotoril7 

be used to form a general idea of the light-transmitting qualities of anow. 

the reflection of light trom the aurfaoe ot snow is Tery 11Uoh greater than 

that from water or ioe. The albedo, expreaa1ng the ratio of retleoted light to 

total inoident light, varies, aoaording to the tabulation by Dorsey (1940, pp. 

486-487), from 40 or 50 per oent to Of'er 90 per oent. %haJu (19S8) gave tor 

new snow 82 per oent, for old snow 60 per oent. and for melting snow 50 per oent. 

Sauberer (1938) round new snow to haTe an albedo of about 84 per cent, and old 

snow about 72 to 76 per cent. The figures of Kalitin (19$0; 1931) range from 52 

per cent for old, grainy snow, to 87 per cent for fresh, dazzling white snow. 

Considerable and rapid changes were noted. After experimental wetting ot the 
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snow aurtaoe, the albedo was 52 per oent. Hand and Ltmdquiet (1942) gave values 

up to 89 per oent tor clean white snow. 

In the :measurements of this investigation (Tables 24, 26, and 21), aeparate 

aooount was not ta.ken of the loss trom the snow eurtaoe J the tigure given i■ 

that tor the amount ot light which emerged tram the bottom ot the snow layer, 

expressed aa a peroentage of that incident upon the upper surface. Stated in 

terms of true tranal'lliasion through the snow, i.e •• as the percentage of light 

actually entering the snow., the ratio would be larger by an undetermined amount. 

However, ainoe the oonoern of this study is with the amount of light ul'tinatel7 

paaaing through the sequent anow, ice, and water, the amount of: lou b;y retleoticm. 

at the aurtaoe or the mow is of interest chiefly in helping to explain the tre­

mendous ponr of snow to reduce light intenai ty. 

In Table 26 are smmnarized the sno,r transmission measurements on the variou1 

lakes. Percentage transmission varied trom. 28 per cent for l inch ot sluhy 

snow, to O. T per oent tor 10 inches or dry snow. Apparently crusted a.now allowed 

aomewhat less penetration than light, dry snow. 

Table 27 shCIW'S the peroentage transmission through snow artificially placed 

upon the photometer target. A thiokneaa of l inch pend tted G111ly a.bout 4 or 6 

per cent of the light to pass through itJ at 4 inches only a slight traoe ot 

light remained. These figures are subject to the possible error oauaed b7 the 

use of light (incandescent bulb) of relatively low intensity, the tran1miaaion 

peroentagea thus may be proportionately someirhat low (aee reterenoe, below, to 

Croxton. et al). 

Figures trom the 11 terature are somewhat aoattered. Thama (1938) recorded 

13 per oent tranam1BBion tor 10 om. (4 inohes) ot mOW'. and 0.6 per oent for 60 

om. (20 inches); these .figures aeem somewhat high as compared to those of other 

workers. The transmission found by Croxton. Thurman. and Shifter (1937), uling 

anow artif1oially placed above the photometer, varied from 11.7 per oen't for l 
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1noh, to 0.03 per oent for 1 inches. These latter writers found a lower per­

centage transmiHion tor light of low intensity, and oansiderable difterenoea 

oauaed by ditterencea in the quali v of the snow. Glean and treah snow allowed 

the grea teat penetration, olean but wet snow the next greatest, and granular anaw 

the least. This order agrees with the findings ot Hand a.nd Lundquist (1942),, that 

within a certain range th• higher the water oontent of the snow the leas 11gh1; 

transmitted. The figures given by Hand and Lundquist, for "tine granular oompaot• 

snow,, range trom 22.3 per oent for 1/2 inch, to 1.2 per oent for 5 3/4 inches. 

Kal1tin (1931),, in a table of summary,, gave percentage tranamiaaiana ranging 

trcn 21.7 per cent tor 2.5 cm. (1 inoh), to 0.09 to 0.03 per oent tor 62 u. 

(about 24 inches). Again wet snow was tound to transmit light leH treely than 

did dry anow. 

It is not certain in all oases, but apparent11 &ll ot 'the figures given 

abOTe were based upon total amount of incident light (rather than upon that remain­

ing after aurfaoe reflection lo■s), aa are the figures in fable 24. That meaaa, 

then, that wet snow tranamita leaa 0£ the total incident light than dry anow, in 

spite ot the fact that dry snow ha• a higher loss by reflection. 

Graph 20 shows the relat1 ve light-tranud. tting properties ot snow~ aa 

measured b7 various observers (aee discussion above). The a.eswnption again ia 

ma.de that a logarithmio relationship holds between depth ot anow and percentage 

penetration; henoe that the graph on sein.i-logarithmio paper is a straight line. 

Thia a&1umption has been made by Sau'berer (1938), who gave an a.otual absorption 

coetfioient. It the aaawaption is true, then th8 relative slopes of the line■ 

on Graph 20 give SOJll8 indication aa to the relative powers of these various anowe 

to absorb light. 

Ea.oh of these lines, produoed to the axis ot the graph, would intercept 

that bis below the 100 per oent mark. The difference, presUJBabl;y, repreaenta 

that part of the light whioh was lost in aurtaoe retleoticn. 
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Graph 17 ia a oompos1te diagra.."n of the combined etteots of snow, ioe, and 

wate:r- in diminishing light intensity. Starting at 100 per eent of inoident 

illuminatir:,n. each line shows, first, the drop in intensity caused by the snow 

(it snow was present), next the further drop in pa.Hing through the ice, and 

finally the diminution oauaed by the water. The plotted value for percentage 

intensity at any point an the line represents, theoretically, the amount of 

light penetrating to that partioular depth ot snc,r, ioe, or water (this does not 

hold striotly true £or the snow, since the aurtaoe loss is not shown). 'the line 

tor Crater Lake (data trom Utterback, Phifer, and Robins011, l942J Brode, 1938, 

also gave aoae data on light penetration in this lake) doee not include ioe, 

since the water was open a.t the time of observation. 

The tremendous differences in the amount of light reaching various deptha 

under different conditions of snow end ioe are readily apparent tram the graph. 

For example, tor the dat~s given tor the reapeotive lakes, Clear Lake received 

more light (1.1 per oent transmission) at the 32-t'oot depth than did Bog Lake 

at l foot under the ice, and 22 times as muoh a.a did South Londo Lake just under 

the ice (0.05 per cent) I The light penetrating to 'the bottom ot Ea.at Fish Lake 

(under the given set of oonditiona) was only 0.03 of that which reached the top 

of the snow cover. rhat percentage tranaiesion waa only approximately one-­

fourth as muoh as the amount which reaohed a depth of 120 meters (about 400 

teet) in Crater Lake (data from Utterbaok, et al. 1942). 

In terma ot foot-oandlea ot light falling upon the target of the photo­

•tor (see under Methods), a tew sample readings, taken trom fable 24, are 1 ot 

7600 toot-oandles falling upon the SDVW' on South Londo Lake, March 5, 1941• 

onl;r 4 t.o. penetrated the snow plus ioe. At Clear Lake, on Pebruary 23, 1941, 

an inoident illumination of 8000 t.o. resulted in the penetration through 

the ioe or 6'100 £. o. • or 84 per cent, and to the bottOlll of the lake ( 30 teet) 

ot 112 r.o., or 1.4 per oent. SeTenteen hundred times a.s muoh light penetrated 
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7 1/2 inohes ot clear ioe with no mow aa was transm. tted through 24 inche1 ot 

partly cloudy ice oovered with 10 inches ot anow (the respective percentage• ot 

transmission wen 85 and 0.05). 

The transroi.1aion ot light through snow apparently varies somewhat with the 

region ot the spectrum. Sauberer (1938) found the relative penetration to ~ 

the greatest in the green;rellow portion ot the spectl"'U111, and to tall ott in the 

blue and slightl7 in the red. Ka.litin (1931) atated that absorption of light by 

wet snow is greatest in the longer waves (i.e., in the red). The W01118Yhat acanty 

data of the present study (Tables 26 and 27) apparently ahow a aomewha~ reduced 

penetration in the red and blue speotra. Bspeoially was the transmission ot blue 

light proportionately lower through crusted snow (Jli.ddle Fish :t,a.a), while the 

d.ey anow of East Fish Lake had slightly lower penetration by the red light 

(Graph 18). 

Relation to Pho,osynthe1i1 

In spite ot considerable work by nrioua investigators, omparatiTely little 

exaot intoriut1on is available regarding the quant1ta:t1Te light requirement, ot 

aque.tio plants tm.der various oondi tiona. It ia extremely ditticul t, in •asuring 

those Ncp irementa, to eontrol all ot the necessary taotora. It is evident. 

honnr, that for any given set ot conditions there must exist an intensity ot 

light which 11'111 promote photosynthesis. and below which photosynthesis will be 

overbalanced by respiration. Such an amount of light has been termed the ooa­

penaation intensity. 

Clarke (1939) cited references which place the compensation intensity (pl&Dt 

species and other factors not stated) at about 350 to 600 hue (approximately 30 

to 45 toot-candle•). Wile on (1935) tound the lower limit ot certain types ot 

aquatic vegetation, in a lake 1n Wisconsin, to be at a depth at which the light 

amounted to from 4.4 to 6.8 per oent of the "total sunlight at zenith" - that 

is, at roughl.7 400 to 600 too'b-oandles. It aeeu likely, hanver, that taotora 
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other than light intensity also operated to limit the aaxillWI depth ot growth 

of these plants. Pearsall and Ullyott (1934) tound rooted vegetation to be 

ad.Tersely atf'eoted when the light intend ty waa out down trom about 4 or 6 

per aent to about l 1/2 or 2 1/2 per aent. 

L1t,le is known about the l1'1lt requirements ot the phytoplankters ot 

inland laka n tare. Probably there are considerable ditterenoea among the 

variw• speciesJ a.nd suoh tutors aa temper-ature must h&n a oertain etfeot. 

However, 80Jl8 of the t1gurea given in Table 24 tor the aoun't of light penetr.,_ 

ti.on through mow plua ioe cover are 1uoh amall traotiona ot the aaounta pro­

posed as general aquatic plant oompenaa:tion intensities, that it seems almost 

oertain that suoh aull amoun'ts ot light oould not maintain a tavora.ble b&lanoe 

ot photoaynthesis oTer reapiration and decay. On the other hand, there appeara 

to lae naaon to suppoae tlat the Blllount ot light which penetrates even 1 1/2 

\o a teet ot moderately olear ioe (wi'th no snow cover) ia enough to aatiaty, 

the requirellents tor photoayntheals. 

Photoayntheaia ia oontrolled to a larp degree b~ th• quality, as well aa 

the quantity, or light. In general, red light ia more ettective than that ot 

shorter ave lengths. Some aquatio plants, however, auoh aa certain diatoms., 

have been ~ound to be able to utilise almost any pa.rt of the visible apeotrwn. 

(Jenkin, l9i'l). As disousaed above, there are certain di.ffera.oes in the trane­

miasion through ice and snow ot light of various wave length&. However. in 

general these differences an relati"vely am&llJ and it 1a probable that the more 

important etteot ot the ioe and anow ia that or reducing the quantity, rather 

than of changing the quali 1.y, of light. 

Relation to Dissolved Oxygen 

The measurements of light penetration made during tbia study were too 

liaited in number to justify an attempt to show a oorrelation between light 

intenaity and oxygen production whioh would be expressable aa a mathematical 
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tunotion. lloweTer. aa is diaouased abOTe• a definite connection 1e d .. onatrable 

betw9en the diaaolTed oqgen in th4' water and the UIOUllt ot mow on the 1••• ud 

in this manner the etteot on tha oxygen 'tenaion ot the water or change• 1n the 

light intenaity 11 olearl7 ahawn. lt appee.re oanoluainly evident tba:t a heaT7 

anow eover upon the ioe ao greatl7 reduces the U1011Dt ot light entering tM 

· water that photoaynthea1• "7 the phytoplankton virttally oea■ea • wi 1m a oonae­

qant and allaoa15 aenain reduotion in oxy-geu production. 
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~ing !!!E•riMnta. PNTioue Worker• 

Experimental aeraticm ot water under the ioe haa been attempted by n.rioua 

workers. In Iowa, in 1935 and 1936, ah- blonr• were used (Aitken, 1938). 

The•• blowers deliTered a large TolUJD8 ot air, under tah-ly low preaaure, into 

the water. They 1'8re no'b Tery auooeaatul, honTBrJ preauaably a. relatiTely 

11n&ll part ot the air aotua.117 went into aolution in the water. ID 1916---17, 

pumping water into the air wa• tried, the objeot being tor thia water to absorb 

or en.trap air and oarry it be.ck into the l&ke. !he method was held to be imprao­

tioal tor aerating large lakes. 

Various pumping procedures have been tried in Minneeota. Sme ••11 auooeaa 

attended the experiments in which a atream of wa.ter and one of oampreHed air 

nre mixed at the point or entrance to the water. lioweTer, here again it wa1 

tound that the method probably waa not auitable tor aerating large bodies ot 

water. 

In Micbigan, during the aevttre oondi tiona ot the win'IJer of 1936-38, the 

Institute tor Fisheries Reaeareh a.11i1sempted exper1Mntal a.eratian 'b7 mean.a ot a 

stream o:t water pumped trom the lake. sprayed into the air, and allowed to 

return through holes out 1n the ice. This expori•nt baa been referred to by 

Hubbs and Eachm&yer (1938), and is more 1"11117 deaoribed in an unpublished report 

by Bachmeyer (1936). The operation 1a shown in Figure a. .Although the water at 

the point of entrance thl"ough the ioe was tound to haw a. nry muoh inoreaHd 

oxy-gen oontent, 1.hia increase waa transitory, and had diaappeared atter 28 hour■• 

Furthermore., the etf'eot waa Yery looal, indioating the method to be of amall 

value for application to any oona1derable area. 
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Pumping Exf!riant, Paainak1' s ~ 

Pa•insk1'• Pond waa uaed, in February and Jlaroh, 1940, tor an experi.Mnt 

in urat1011 by means ot a pumped 1tream o! well water. Thia pand is described 

abonJ Figure 9 ia a •P showing its outline, submerged oantou:r:s, and the 

location ot aupling atat1ona. SOM-what elongate ill abape., the pond ia aorpho­

metrioall;y one simple baain. Howenr., tor purposea ot 1nterl)ret1ng oertain data, 

it h&a been towid 0011venient to divide the pond, arbitrarily., into two parts, 

the north and aouth ends. fhis diT1aion is based upon the kind and amount ot 

vegetation. The south end aonta.ina large beds ot Alamentoua algae (principally 

Spiroqra), •• well as a.n al.most solid m&t ot Anacharia. Algae are practically 

abaent troa the north end. whioh ha.a, in ,.ddi tion to considerable Anacha.ria, 

a ta.,.r amount of pond--weed (Po~geton). As shown on the map, the well and the 

pump are loce.ted on the eastern shore of the north end. 

At the •tart of the winter of 1939-40, 011ly one sampling ate.ti.an (Station 

16) was used. Thia 1tation was approximately in the center of the north end 

of the pond. and directly opposite tbs pump (about 15 feet tram the point ot 

diaoharge of the pump). The dissolved oxygen at thia station ('the surface sample) 

dropped rather rapidly and steadily. from 19.l p.p.a. on January 7, to 0.6 P•P••• 

on February 10 (see Graph 21). 

On Februaey 10 the pump was sat 1n operation. Driven by an electric motor, 

it pumped approxime.tely 80 gallonis per :adnute. The well water, as it oaa 

troa the puap, carried only a.bout l.5 to 2.0 p.p.a. diaaolTed oxygen; but by 

running through wire mesh and over an inclined trough it inoreaeed its oxy-gen 

oontefit to about 4 to 6 P•P••• (fable 28). Its temperature waa approximately 

so• r. (10• o.). The pump diaoh&rge and the aerating device a.re shown 1n 

Figure 16. 

fh• pump was operate! oontinuously tor seven daya, until FebJ"Uar117. 

During that time the discharge from. the pwap melted a hole through th• ice at 
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the edge ot the pond, roughly 8 or 10 teet in diameter (Figure 17). Thia hole 

reained open during the tilne that the pump w.a running, and tor two or three 

days atter it was shut ott; and it constituted the "open hole" to whioh retel"­

enoe is made in Table 28 and elsewhere in this pa.per. The position of the open 

hole, relative to the pump disoharge, is shown by Figure 17. 

On February 10 about twenty-f'i ve stations were established. in a sort of 

geometric pattern, in the north end of the pond, and three stations in the south 

end. en various subsequent dates about seven or eight other stations were added. 

The method ot marking there atationa with ■takes ia shown in Figure J3. 

Suples wre ta.ken a.t these stations, at intervals ot trom two to four daya, 

tram February 10 until .April l. Uniformly, the aamplea were taken at the 

"surf'aoe11 (aotually about one-half toot below the aurtaoe). exoept that enough 

oheck aa.mples were taken at other depths to show that the highest oxygen value■ 

alway• were to be tound in the upper water (aee discussion on diJlsolved oxygen 

oonsumptiou in lakes). The oxygen values of these samples are given in Table 28. 

After having run tor seven days, the pump was turned oft on February rr. 

I~ was started again on February 28, and ran continuously until March 6. 

The original idea was to use the south end of the pond as a control, in 

order to determine the amount or &eJ"ation accomplished 1n the north end by the 

pump. Thi• plan was found to be f'aulty, however; since initial oonditiona 1n 

the two ends of' the pond were quite different. Presumably because of the acti-

n. ties of the algae in the south end, the water there had very much more dissolved 

oxygen at the start of the experiment than did that at the north end. 

Unfortunately, the dissolved oxygen data of Table 28 appear not to be 

amenable to most methods of statistical treatment. Average values are scarcely 

valid, sinoe there is so much fluctuation between stations, end alao ainoe too 

few stations in the aouth end are represented. An attempt was made to draw up 

ma.pa. for various sucoessiTe dates. showing lines of equa.l oxygen value; but tor 
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the reasons just given these maps entirely failed to give a clear-out pioture 

of the conditions. 

However, Graph 21 is of soms help in interpreting the possible etteot ot 

the pumping. On this graph are shown the diBBolved oxygen values for Station 

15 (north end) and Station 27 (south end). In a.coordanoe with the above explan­

ation, these two stations do not neoesaarily represent mean or average values, 

rather they a.re merely somewhat typical •or oondi tions 1n the two ends ot the 

pond. 

At the time the pump was ti.rat put into operation, on February 10, the 

021¥gen was muoh higher at Station 27 than a.t Station 15, but wa.s declining 

rapidly at the tormer station. Perhaps under the intluenoe of the pumping, or 

perhaps to-r some other reason, the oxygen gradually increased at Station 15 

until February 19, when it was 2.4 p.p.m.; meanwhile 'that at Station 2'1 had gone 

down to t. low of o. 1 p.p.m. on February l'f. Prom February 22 until March 1 the 

oxygen at nearly all stations remained ~ite low - in ta.ct, even decreased at 

so.a stations - in spite ot the tact that the pump was again put into oper.,_ 

tion on February 28. 

From Ma.rob l to Yarch 4 there was oonaiderable rise in the oxygen at 

Station 27, as well aa at other stations in the south endJ while the oxygen at 

Station 15, and at 111ost other stations in the north end, atill remained low• in 

spite of the pumping. Then, tram llarch 4 to Uaroh 8, there was a rather sharp 

increase in o.Jl:¥gen in both ends of the pond. As shown by the curves of Graph 

21, this inorea■e wa.a larger, and began earlier, in the south end. Probably the 

inoreaae was due to renewed photosynthetic activity, since nearly all ot the 
• 

snow had left the ice (as indicated by the snow depth ourve tor 1939-40, in Graph 

l). The south end ot the pond, containing more algae, responded muoh sooner and 

to a great er extent to the changes in light than did the north end. 

After Maroh 8, the oxygen in the south end continued to be higher than in 
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the north end. the peak values on Uarch 29 presumably were oooasioned, in pa.rt, 

b7 run-in water trom rain and melting snow. 

Further evidence that the pwaping had very little, if any, benefioial e.t'teot 

ia to be tound in Table 28. On the sampling dates during the first period of 

operation of the pump, February 10 to 17. only seven Nmplea of all those taken 

1n the north end (Stations 1-23) had 2.0 p.p.m. or more ct dissolved oxygen, and 

nono had over 2.8 p.p.m. Most of the suples ranged frcm 0.2 to 1.6 p.p.m. Of 

the samples from the stations nearest the pump (Stations 1-T, 10, 11, 14), only 

two had 2.0 p.p.m. or moreJ and oxygen values as low as 0.5 p.p.m. were found 

within 20 feet of the disoharge point of the pump af'ter four days ot operation 

(Station 1 on February 14). 

Pumping 60 gallons per minute, or about 11,000 cubic feet per day, the pump 

would diaplaoe approximately 1/40 of the volume ot the pond per day (assuming 

that the pumped water did not set up a current which would shunt it to the out­

let). I£ the pumped water, containing about 5.0 P•P••• ot disaolved OX7gen, 

beoa.me completely mixed with the pond water. it could (theoretioally) raiae the 

oxygen content of the entire volume of water approximately one-fortieth of 5.0 

p.p.m., or about 0.126 P•P•••• per da~ or about 0.9 P·P••• in 7 da7a. Or it 

it ia arbitrarily assumed that only (say) the northern one-third of.' the volume 

of the pond were atfeoted, then the oxygen content at that end could be raiu4 

about 2.7 p.p.m. 1n 7 daya. 

It is quite evident that no auoh increase took place during the period Feb­

ruary 10 to February 17. Probably the explanation lies in the hith oxygen demand 

whioh had been built up 1n the water. Very little oxygen. if any, was being 

produced by photosynthesis in the north end of the pondJ and an oxygen deficit 

-----------------------------------~ Obviously the pumped water. carrying only 6.0 p.p.11.. of oxygen, could inoreaae 
the oxygen in the pond water only if the latter had leas than 5.0 P•P·•• to 
begin withJ and the tull amount of the increase given in the computation• above 
could oome a.bout only if the pond water had &ero oxygen Q.t the st&rt. If pump­
ing were •tarted when the oxygen content of the pond water was still above 5.0 
P•P•••• it might aotuall7 lower the oxygen in the pond - this effect, however, 
likely would more than be offset by the displacement of water having high oxygen-
oonauming power by water with pre1U11ably less oxygen demand. 
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existed, whioh oould not be overoame by the effort• of the pwap. 

It the pump were operated tor long periods of time (a aomewhat expensive 

and troublesome prooedure) it probably would be ot oonaiderable help in tore-­

stalling the development ot serious oonditions. But onoe those conditions haTe 

deTelopad in the pond, pumping well water apparently 1a almost useleas. 

On February 14, tour daya attar the pump tirat we.a started, there were 

aeveral bluegills 1n the open hole, ■till alive but not nry aotive. On Februa.17 

19, two daya atter the pump was turned ott, the open hole oontained hundreds ot 

dead bluegills. Mortality struok rather auddenlyJ tor on February 17 there were 

tew, if any, dead tish. Apparently all or most of the bluegill population died 

within a few days; for no dying or newly dead bluegills were observed during 

Maroh. 

The bullheads began to die somewhat later than did the bluegills. Very tew 

dead bullheads were aeen in early February, but on Februaey 28 many wre dead or 

dying. The mortality of the bluegills apparently was ocmplateJ intensive seining 

the following summer tailed to talce any of them. Only a part of the bullheada 

died. Altogether some 15,000 bluegills and over 1000 bullheads were il!.1.lled. 

~ Re110Val, Ha.tohe7 Ponds 

Three ot the small experimental ponds at the Drayton Plains state fish 

hatohecy (deaor1bed in the aeotion on Waters Investigated) were ueed. Early in 

Deoember, 1989, these pCBlds were tilled with water from the river. to a depth 

or about 2 1/2 feet. In order to maintain the water lavel, a small flow•• 

permitted to run into and ·out ot eaoh pond. Unfortunately, this flow remained 

somewhat le.rger than was intended, and (as diaousaed below) atteoted the result• 

of the experiment to a oerta.in extent. However, the t'lowa through the three 

ponds were very nearly the same; and, 1inoe the ponds were practically identical 

in dimensions and other aspects, the results of the experiment are probably 

quite valid. 

.,,,. 
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The three ponds ware allowed to remain undisturbed, exoept for the taking 

of eamples. until February 12. On that date the snow (about 3 inches in depth) 

was shovelled cleanly ott the ioe ot Pond 10. Prom that time on. the snow wa■ 

reaoved tram this pond soon after each new snowtall. On February 17 the ioe on 

Pond 8 was ooapletely covered with a layer ot opaque building paper, whioh waa 

held in plaoe with snow. The pa.per stayed in plaoe very well until the break-up 

of the ice. Pond 9 was left unmodified throughout the experiment, aa a oontrol. 

From January 7 until the break-up ot the ice, di&Bolved oxygen samples 119re 

taken periodically 1n all three ponds. Two sampling station• 119re used tor each 

pond, one in the oe:nter ot the pond, and one at the outlet weir> box. The sampling 

depth was l foot • .)a.ta tor these samples are given in Table 29. In Graph 22 are 

ahotm the dissolved oxygen curves tor the oenter atatians. 

1n view of the tact that the three curves stayed 10 closely together until 

the beginning ot experimen~l conditions. their divergenoe after tha.t time seems 

to be detini tely aignitioant. Evidently the amount of light entering the water 

did have an appreciable etteot upon the dissolved oxygen. It is only reason­

able to suppose, .furthermore, that this effect would ha-ve been much greater 

had there not been a oontinuoue partial diapla.oement ot the water. 

The water in the papel"-Oovered Pond 8 at ti•• equalled, in diasolTed oxygen, 

the water 1n the river. This aeea1 to indicate that the differences between the 

cune1 tor the three ponds were cme not so much to diminution of oJcy"gen in Pond 

8 (probably the inflowing water carried enough oxygen to satisfy the relatively 

small oxygen demand present), aa to its greater production in Ponds 9 and 10. 

The amount of light entering Pond 9, through the snow-covered ice, apparently 

was enough for some photosynthesis (it must be remembered that for a time in 

early llarch the ioe of Pond 9 was bare or nearly so); and tbs water in Pond 10, 

with the snow removed, received more light and did still better in oxygen pro­

duction. 
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Tm! OXYGEN BA.LAlfCE OF All !CB-COVERED LAD 

The relative abundance or lack ot dissolved oxygen is so definitely a con­

trolling factor in the life prooe1&es in an ic&--botmd lake that oaretul oonsi&­

eratian ahould be given to the various agents whioh aot to lower or raise the 

diaaolved o~gen content. The following dinuasion attempts to collate 80118 

of the informaticm to be tound in the literature. as well aa certain obaern.­

tions ot the present study. 

'two diametrically opposed sets ot processes exist and usually are oon­

ourrentl7 a.otive - those whioh consume oxygen, and thoae which repleni•h it. 

The precarious balance between the two 1a tine indeedJ and when thia balance 1a 

upset the oonaequences my be sudden and intense. The e.otion ot these proo••••• 

ia greatly influenced by the low teapera.ture of the n.ter in winter. Also it 

ia limited considerably by the ice cover, and by the almost complete immobility 

whioh arises trom thermal stra.ti.fioatiQD. and lack of wind agitation. Except tor 

these aoditicationa, the prooesae■ of oz;y-gen utilization and oxygen renewal are 

1n general the aa:ine proceesee which exiat in the &Ullllller. 

Oxygen Oan•W1ft1cm 

Respiration of F1ah 

It ia a rather common oonoept that the respiration ot the fish is a ohiet 

taotor 1n the diminution ot the diasolved oxygen. And indeed, in occasional 

inetanoes. this may be true. Some bodies ot water, suoh aa pot--holea, rearing 

ponds, eto., may have an extremely high concentration of fish. Koohs (1891) 

estimated the fish in certain wintering ponds to amount to l to l 1/2 kilogram.a 

per cubic meter of water, which is roughly equivalent to 2'100 to 4000 pounds 

per acre-foot. Certainly such an amount of fish would consume an appreciable 

quantity of oxygen, even at winter temperatures. However, such quantitiea are 

rather exceptional. The concentrations ot fish in lakes such as those of the 

present study, and of other lakes in the northern United States, are on the order 
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or a few hundredths of the extreme figure given above. Even in organ1oall7 

rioh, shallow ponds or this region, probably a standing orop ot 75 to 100 pound1 

per aore-t'oot is very ra.rely exoeeded. 

There ia scant inf9rmation available oonoerning the o~gen requirements of 

fish at near-freezing temperatures. Some of the data of the literature are 

summarised in 'fable 30. Frobably the average value for the warm-water fishes 

oUl'lll(l.only tound 1n aouthe;rn Jliohigan nters (euoh as blaok basa 1 sunfish, suckers, 
i 

yellow peroh, pike, eto.), tor the temperature range 0-4• o., is somewhere between 
! 

the higheat and lowest of these figures. ProbablJ most or all of these tishe• 
I' 

have, at low temperatures, a lower metabolic rate than trout, and many or most 

of them have higher rates than goldfish or tench. 

Por purpoaea ot oompari1on, it ia perhaps ot interest to make a rough 

theoretioal oomputation 0£ the amount of o;qgen used by the tish in a given bod7 

of water. During the winter ot 19$9-40 Pasinski' s Pond had an anrage volume, 

excluding ioe cover, ot approximately 360,000 oubio feet (9,900 oubio meters), 

or about 8.0 acre-feet. !his amount ot water weighs 22,000,000 pounds. If it 

were saturated with dissolved oxygen, at 0° to 4• c. (i.e., with about 14 p.p.m.), 

the water in the pond would contain about 100 pounds ot dissolved oXfgen. 

Suppose there were 1n the pond 600 pounda of f'iah (62.5 pounds per acre-toot). 

Thia is an extremely hypothetical figure, and very probably is considerably too 

high. Using the also very hypothetical figure ot, say, 26 oo/kr/hr. (• o.ooooae 

l'b/lb/hr.) tor the average oxygen consumption of the bluegills IIJld bullheads 1n 

the pond, the figure obtained for the oxygen used by the fish, is 0.018 pound■ 

ot oqgen per hour, or 0.43 pounds per day. At that rate, 300 pounds of dissolved 

OJr¥gen would :meet the reapiratory needs 0£ the fish tor 700 daya (aotuall:y, ot 

oourae, the fish would be unable to utilize the last of the oxygen. because ot 

their inab1li ty to extract 1 t at low tensions). 

In comparison, Kooha (cited above), using the value given by Regnard of 
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1-&.8 co. ot o2 per kg. of goldfish per hour. and the (slightly too l01r) figure 

ot 10.58 P•P••• for di88ol ffd oxygen at saturation. obtained the theoretioal 

reaul t that the water in tha carp wintering ponds which he was a'tu.dying held only 

a 20-day aupply ot oxygen tor the tiah. 

It seem rather oertain that in the average Michigan lake which is aubjeot 

to winter kill, the fish play a very zinor part in the depletion of the dissolved 

oxygen under the ioe. The reapiration of other aquatio vertebrate animals 

also ha• 11 ttle intluenoe upon the oxygen supply, a1noe moat ot them, with the 

exoept1on of tadpoles and immature salamanders. are air-breathing. 

Respiration of Invertebrates 

It is extremely dittioult to evaluate properly the part played. in the 

oxygen depletion of a lake, by the respiration ot invertebrate aniJl&la, ainoe 

the two ohiet goTerning taotora - i.e., the nuaber or organism present, and 

the oxygen require:men,a of eaoh - are to a. large extent unknown. Especially- 1a 

this true in the winter. 

Comparatively few quantitative studies ot winter sooplankton have been made. 

Jo doubt there is oonsiderable variation from lake to lake and trom one winter 

to another. In general, however, the total 1ooplanktan 1• usually at t. minimum 

in wiater. Very few or the larger zooplankters (oopepo,dw1, daphnida) have been 

tound to display winter pulses, and these pulses probably are tran11tory or 

local. Naber (1953) concluded that the plankton ani•l• pert'ora a ve-ry amall 

part 1n the :removal of oxygen from a lake. Coneiderlng the aall size of theae 

ani•ls, and the reduotion in their oxygen requirements brought about by low 

temperatures, it seems likely that their respiration accounts tor a rather inaig­

nif'icant portion of the oxygen consumed during the period ot ioe cover. 

The bottom dwelling invertebrates usually are more abundant in winter than 

in summer, since many inaeots pa.ss the winter as aquatic larvae or nymphs. These 

immature inaeota may be present locally in almost prodigious nwabers, an example 
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being the concentrations, in places in many Hichigan le.lees, of burrowing mayfly 

nymphs, which oonstitute an important source or bait £or winter tiehing. Mldge­

tly larvae often are present in many h\Uldreds or even thousands per square foot 

of bottom. Since winter is a time ot growth and activity for the aquatio 1neeota, 

they require a certain a.mount of OJQ'gen., even at low temperature~ 

With the exception of an ocoasianal eonoentra.tion, most other benthio 

invertebrates are present in much smaller numbers. Relatively large tonu, suoh 

as crayfish, mussels, or the like, probably are rather lethargio in the winter. 

No matter what the total oxygen-oonauming power of the bottom anime.ls, it 

is obvious that they can have a direot o~gen-d.epleting effect upon only the 

thin layer of water 1n direct 0011taot w1 th the bottOlll (the indirect transmission 

of this etfeot, as set forth in the rniorostratif.'ication theory, is disouased 

below). Of the sporadic migrations of bottom dwellers into the upper water, 

little mention need be made. When oooasioned by adverse conditions near the 

bottom, as they often are, these migrations may be said to represent Jll8.inly an 

effect, rather than a cause, of o~gen diminution. 

On the whole it seems probablJ) that, ooro.pared to the a:mount of oxygen used 

by the deeay ot dead or inert material, that caiaumad by invertebrates is a pro­

portionately a:mall amount. 

Respiration or Plants 

Living plants, both maorophytea and plankton algae, use oxygen tor respira­

tion. Under the proper oond.1 tiona, these plants produce much more oxygen than 

they use (the possible diurnal variations under the ice are diaouased in the 

seotion on "Di■aolved oxygen"). When adverse oonditions arise, hmrever, o:icy-gen 

~ It muat be remembered that the temperature on or near the bottom usually 11 
1°-4° O. higher than that just under the ioe - probably a significant aaount 
aa related to :metaboliam. For that matter, inhabitants ot the protunde.l region• 
of deeper lakes live. the yea.r around, at temperatures only slightly above,• c. 
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production tall• ott, and eventually i■ over--balanoed by o:x;ygen oon1umpti011. 

It ia diffioult to aay at what point a plant oan no longer be oonaidered to be 

1n a l1Ting state, and beyond whioh its O;JQrgen-eansUlliDg prooeH is one ot deoa7 

rather than ot respiration. However, tor purposes of oonvenienoe, it ia perhaps 

justU'iabla to represent moat ot the ox,gen demand ot the planta under the ioe 

a• being oooaaianed by their deocaposition, whether or not they are in a striot 

aenae dead. 

Hot usually thought ot in the tlora of a lake are the minute spore--forming 

plan ts ot the genus Miorom.onosgora, which have been shown by Uabrei t and .McCoy 

(194-1) to be rather numeroue in several l'fitoona1n lakes, and whioh are belieTed 

by theae authors to play a definite part, although probably a small one, in the 

dissolved oxygen oyole. Their i:mportanoe probably lie• in the quality, rather 

than the quantity, ot organic :material which they oxidileJ ainoe they have the 

abilit:,-to attack auoh usually :reaiatant materials aa chitin, l1gn1n, cellulose, 

eto. 

Fungi a.lao often are preaent in lake water, but it is doubi.tul if they ever 

reaoh auttioient oonoentrationa to be very important as an agent in oxygen depe­

tion. the activities ot the water and bottQlno-ll\ld ba.oteria are diaouaaed in the 

aeotions below. 

Decay ot Bottoa Material• 

The role of deoompoaition of bottom materials in the utilization of oxygen 

is a Tery important one, and ha.a 'been the subject of muoh discussion. The rel.,_ 

tive importance of the organio matter in the lake bottom and that suspended or 

dissolved in the water is aanewh.at speculative, and various more or leH divergent 

views ha.Ye been expressed. 

It has long been known that in winter, as well as 1n eummer, the 1r&ter near 

the bottom of a lake is more apt to be lacking in oxygen than that nearer the 

surtaoeJ and many writers have associated this lack with deoompoaition of tlw 
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bottaa mud. 

In this COlllleotion it 1• ot interest to note that. aa discussed under 

Special Studies, the lines of equal oxygen oonoentration tend to tollow the 

bottom ot the lake in their configuration. Drown (1892) found. j.n the oxygen 

content ot the water in several ponds 1n the winter, variatio.118 which appeared 

to have a oonneotion with ditferencea in the composition of the bottom materiala, 

and concluded (p. 341) that "it is the character of the bottom of the pond, 

rather than the organic matter in solution and suspension 1n the water, which 

detenninee the amount of oxygen renaming in solution." Birge and Juday (1911) 

observed that the greatest decrease in OXfgen, in winter. wa.a near the bottoa, 

and indicated that bottom decay is an important factor. :111.;yadi (lS34) said 

(p. 236): "it is a recent common opinion to esteem the bottom. deposit higher 

than the decaying plankton organia:ma sinking ·down trom the epil1mion in dimin­

ishing the oxygen or the deep water." And Henrici (1939) made the all-nigh 

dogmatio •t&tements "It 111 the 'tlremendous oxygen-oonsuming power of the large 

numbera of bacteria in the lake botto.m which •••• causes oxygen to disappear 

below the thermooline in stratified eutrophio lakes, which oauaes tish to ■utfo­

o&te 1n thallow lakes in the winter." 

In his miorostratitication theory Alsterberg (1927) gave the decay ot 

bottom materials as the ohiet ca.use ot oxygen depletion in the deeper water ot 

a lake, particularly in the thin layer of water lying directly on the botto.m. 

!he oxygen lack of this microstratum is gradwLlly transmitted, he believed. into 

a detioienoy in aubaequently shallower layers through water movements brought 

about by wind or otherwise. As Welch (1935, p. 121) has pointed out, th.ii 

transmiaaian might be produced in an ioe-oovered lake by oonveotion currents, 

or by the rising of gas bubblea tram the bottom. 

In regard to the vast potentialities of many lake bottoms for the oonsumption 

ot oxygen, there can be no question. In the deeper portions of moat eutrophio 
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lakes, and indeed throughout the entire area of many shallow lalcea, the bottoa 

is heavily blanketed with a soft, aemi-organio material variously termed "aok", 

•pea.1.", "humua", "Schlama", etc. Conliating to a large extent of 'the dead 

remains of plants and animals, th.is ma. 1:Brial is rioh in oarbonaoeou1 and nitro­

genous aubatanoes in various stages ot deoompos1tion. 'l'he combustible organio 

matter may constitute as much as 50 per cent of the total lftlight (Birge and 

Juday, 1911; Blaok, l~J Juday, Birge, and Meloche, 1941). 

In 101re lakes and ponds, the botta may be further onriohed by the depos­

ition of various other organic substances. Griftitha (1936) considered the 

partially disintegrated remains of an unusually abundant stand of Nuphar to be 

a factor of considerable importance in the lowering of diaaol1Ted oxygen in a 

certain 1o~overed pool. It 18 probable that in Pasinski• s Pond, in the present 

atu~, the rioh growth of .Anaoharia and ot Spirogra was at times suttioientl7 

in a atate ot deoay to ·use a rather large amount ot oxygen. 

At times water running into a lake, from fields or 1n inlet atre1LU, may 

earry ■upended material whioh settles to the bottoa, adding to the organic 

load. It d011191tio sewage or other organic pollutiona.l waste is allowed to enter 

a lake, 1 t •1 form sludge depoei ta of great oxygen-conawaing power. The danger 

ot adding too much sewage or :manure to winter carp ponds has been reoogniled by 

lna.uthe (1899), Sniesko (1941), and others. The likelihood of the torma.tian ot 

extenaiTe sludge depoaits in moat l&kea, however, ia mall, except in instanoea 

of out-e.n~t pollution. 

The meohanioe ot the deoompoaition 0£ bottoa ma.ten.ala. and the part pla7ed 

therein by baoteria, haa been the aubjeot of considerable •tu~. It ia well 

known that bacteria in the bottom sediment are very numeroua and very diverse. 

Also, logically, these bacteria are adapted to the utilization ot the bottoa 

•terial■ for their food. As is diaousaed below, many of these torllB exiat 

anaerobically, but there are auf'fioient others whioh can carry on aerobic 
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• 
deooapoaiticm. when o:qgen is available. Naturally, the activities of the ba.oteria 

are oorrelated wi:l.h the temperature, but a large amount ot decay goes on even at 

temperatures near treesing. Again probably some sort ot an adaption may be 

uaUJl8dJ ainoe the bottoa mud usually ia relatinly cold the year around. 

The amount, and nature, ot the bacterial deoompodtion depends also to a 

large extent upon the com.position ot the bottom deposit. Wakell!An (1941) divided 

the organic •tter 1n l&ke bottoms into (1) readily decomposable oonatituenta, 

auoh aa oarbohydratea and oerta1n protein•, and (2) the more resistant "l.ake 

humus" components, sueh as lignins, eto. The organic matter on the bottom of 

dyatrophio lakes has been shown (Henrioi, 1939) to be much leas easily deoompoaed 

than \hat of eutrophio lakes • 

.AotiTities of Gaaea 

An important part in the oxygen cycle ia taken by the several gases whioh 

are generated during the prooeaaes ot decay 0£ organio -.tter. !heae gases, 

Mthe.ne, oarb<11 dioxide, hydrogen eultide, ammonia, nitrogen, and posaibly 

oarbon monoxide and others, •Y be tormed in the water, but are 111.0re apt to a.rise • 

in large quantities from the deoom.position or bottom auok. Their produotian 

oomes about prinaipally through the aotivities of anaerobic bacteria, which are 

present in the bottom •teriala in great numbers and many for.as. Experiments 

have shown (Allgeier, Peteraon, Juday, and Birge, 1932J Black, 1929) that gas 

production by these 0rgani111111 is very much slowed down at low temperatures. 

The former authors found the deo011poaition to be only about one-fifth a.a much 

at 1• o. as at 2s•1 Black obtained only about a quarter as much gas fran a 

sample 1rept at 4• c. as trom one at room temperature. The gas produced at •• 

was about halt methane, the re:nainder being carbon dioxide., hydrogen, and nitrogen. 

It is obvious, furthenaore, that the aaount of anaerobic decomposition whioh takes 

place on the lalm bottom is closely correlated with the kind and amount ot organic 

•terial present, just as in the oaae of aerobic aotion (see above), and that it 
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-.y be much higher in sediments of a diatinotly sludge-like nature. 

The ocourrenoe of these gaaee or deoay 1n wintei-bound lakes has been 

reported by several writera. Kochs (1891) apoh of the preaenoe in winter 

carp ponds ot methane, ammonia. and hydrogen sulfide, the last of which he 

believed to be an important agent ot oxygen consumption. Under the extremely 

stagnant conditions found by Knauthe (1899) in a small pond. lll8thane was 10 a):,un­

dant that "large bubbles of this hanntul gaa gathered in the middle of the pond 

under the ice and •••••• the young people of the village tound pleasure 

in boring holes in the ice, and burning the gas at the holes." 

During tho course of the present study, gas evolution was noted many times. 

At the time of_ heavy fish mortality in Pasinski'& Pond, in February, 19'0, a 

very pronounced stench arose trcn holes chopped in the ioe. the odor being at 

least in part that ot hydrogen sulfide. In the aame winter, the stagnant water 

of Riohmond Lake also ■tank strongly for many da18• At other times, and 1n o-ther 

lakea, oooaaionally bubbles of gas were observed escaping from the waterJ but 

their oomposition is not known. aince tests f'or the various gases 1'9re not made. 

Continuously throughout the entire period ot ioe cover (even during the oompara.­

tively mild winter ot 194()...41), the water troa the lower depths of Bog Lake 

reeked with hydrogen sulfide. The taot that the upper water usually waa virtu­

ally H2s--tree indioatea that the gaa either was oxidised before it reaohed the 

surtaoe. or was held in ohemioal or physical oanbination in the lower water. 

The possible harm to the tiah caused by direotly toxic properties of varioua 

ga■e■ is diaou■aed below. The o.f'ton more serlous et.feet of' these gases is the 

removal of diaaolved oxygen frcn the water. !his oqgen depletion •Y ocour 1n 

two ways - by ohemioal or biochemical oxidation, or b;y the aweeping action of the 

gas in bubbling through the n.ter. 

Kusnetsow (1935) gave a rather strong argument tor the theory that, in •01111 

lakes at least, the bacterial oxidation ot methane and hydrogen arising from the 

bottom aedi:menta may be the principal taotor in the removal of oxygen from the 
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water in winter. In lakes in which the oxygen remained at a high leTel through­

out the winter he found the amount ot methane and hydrogen coming trom the bottaa 

to be much less than in the "fish suffocation" lakes, although both types of 

lakes abowided in water bacteria. He concluded, therefore., that it is not alone 

the simple respiration of the bacteria., but rather their increased activity- in 

the presence of :methane and hydrogen, that exerts heavy demands upon the dissolved 

oxygen (to purely chemical oxidation of these gases he attributed an inaigni­

tioant part). 

It is barely possible., of oourse, that Kusnetzow's explanation may be some­

what in reverse, and that the increased production of methane and other reducing 

gaaes _may appear pa.rtly as a result., rather than entirely as a cause, of oxygen 

depletion, sinoe lowered OlQ'gen near the bottom would favor the activities ot 

anaerobic (gas-producing) bottom bacteria. From the limited observations ot gas 

production in Pasineki's Pond and Richmond Lake, mentioned above, it is impossible 

to state definitely whether the presence in the water of large amounts of methane 

and hydrogen sulfide preceded or followed a major decline in dissolved oxygenJ 

and it is diftioult, therefore, to tell to what extent the dissolved oxygen waa 

affeoted by the bottom gases. 

The purely mechanical action of gas bubbles in removing o~gen probably i■ 

of considerable aignitioanoe at times (Welch, 1935, p. 91; .Kna.uthe., 1899). The 

bubbles ot gas •Y entrap oxygen and carry it to the aurt'aoe, where it ia lost 

to the atmosphere. The amount ot oz;ygen so removed depends upon the number, aise, 

and character ot the gas bubblea, the temperature, eto.J and the last small 

tractian of the dissolved oxygen is harder to remove than that near or in excess 

of saturation. 

Decay or Suspended Material 

Suspended particulate matter in lake water may arise from various sources, 

ohiet ot whioh usually is the dead remains of plankton (tor the purpoaea of this 
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discussion living plankton is not termed "suspended"). It also may contain 

re-.ins of dead bodies ot higher plants and animals. In open water it is oon­

tributed to by wind-blown nateriala. but this scnrce is precluded by ice cover. 

lla.turally-t'ormed detritus. and oot'lasionally pollutional wastes. may be carried 

in by streams., but strean flows are usually at a minimum in winter. 

The quantity- of material in suspension variea tram lake to lake and trom. 

time to time. trom an amount detectable only upon oonoentration, to that sutf'ioient 

to render the water distinctly turbid. In general it is apt to be much greater 

in very rich bodies of water than in those less eutrophio. It is somewhat 

oyolio, perhaps, following cycles or ple.nkton abundance. 

the material varies somewhat in composition, but it is very rioh in organio 

matter. It is scarcely heavier than ,niter, and sinks very elowly. This probably 

is particularly true in the winter, not only because the water is slig_htly den;;er, 

but also. as Welch (1935, p. 86) has mentioned, because it has a greater viaooa­

ity at low temperatures. A.s a oonaequenoe of slaw aettling, the suspended organic 

material is in oontaot with the water, and subject to bacterial action, tor a 

tairly long time. 

Since it contains a large proportion 0£ organio substance, 1t is to be expected 

that the suspended material is capa.ble ot utilising considerable o~gen. It aeems 

that lake water usually contains large numbers of bacteria, although these numbers 

may decline somewhat in winter. Benriei (1939) found in Lake Mendota that "under 

the ice in winter the bacteria are unitonnly fr,r in number until the bottom meter 

is rea.ohed., where they show an e:masing increase." He pointed out, alao,tbat 

bacteria in the water are for the most part periphytio, Le.• attached to sus­

pended materials or to living plankton. Blue-green algae espeoially are oolleotor■ 

of bacteria (Henrioi and MoOoy, 1938). By this means the bacteria are given ready 

aooeaa to the dead plankton material. 

'fhe amount of baoterial action depends to a certain extent upon various 
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physical a.nd ohemioal taotors, and upon the kinds of organio matter present. 

()1 the whole, the sta.teaent ot ZoBell (1940) that plankton remaine are more 

readily- oxidisa.ble by baoteria than ia the diHolTed organic me.tter in the water,. 

probably holds true. However, aertain :materials. suoh a.a chitin, lignin, and 

humus-like compounds, are less amenable to bacterial attack than the simple oaz­

bohyd.rates and proteins, and a.y reach the bottom ooa.l tered. The Hmi-oolloidal 

auspensoids of dystrophic lakes have been 1aid to be relatively resistant to 

water 'ba.oteria. 

Bacterial oxidation is. of course, slower at low temperatures than at higher 

ones. ZoBell obtained a Q10 tor water baoteria of about 2.1, 1n the region a•-

25• c. Short-time (6-day) biochemical oxygen demand tests at o• give oorrea­

pondingly lower reaul ts than those at 20• ( aee disoussion under the seoticm. on 

B.O.D.). It is of interest to note, however, that th.e eventual {ultimate) B.O.D. 

JDf9' be fully as great at low temperature. 

Many opinions have been expressed regarding the relative importanoe ot au.,_ 

pended material as an oxygen-depleting agent. BirgtJ and Juday (1911, p. xiii). 

in defining the .!2E!, !:.!. decomposition, stated that the dead materials settling 

into this zone are instrumental in oxygen utilizatianJ much evidence has been 

produced by various workers to aubata.nitate this view. Rawson (1939) aummarbed 

the theory by saying that "there would seem to be greater possibility that tbl 

original explanation was the oorreot one. i.e., that hypolimnial oanswaption of 

oxygen is largely due to deocm.poaition ot dead plankton talling through the hypo­

limnian." 

Very dinrgent ideas. howeTer, have been proposed by va.rioua writers (Drown, 

1892; Alsterberg, 1937; lienrioi, 1939; eto.). As discussed above, the theories 

ot aome ot these workers• in aasigning a larger share ot the o~gen oonaumption 

to various other factors, have greatly minimized the part played by the deoay 

of suspended m tter. 
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Observations of the present survey indioate rather strongly that, in the 

lakes studied, the suspended :material plafed a. definite, and prob&bl7 a large, 

part 1n the oxygen diminution under the ioe. For example, in Pasinski' s Pond 

at times in the winter ot 1940-41 the ooinoident oocurrenoe ot a large am.ount 

of auapended matter and ot a Tery high oxygen demand (as measured by B.0.1). 

teats) na too marked to be oasual. The argUJ11ent is strengthened by the oorre­

le.tion observed between B.O. D. and amowit of auapended r1•terial at various deptha. 

On numerous oooasiona in Pasinaki's Pond (and likewise in Bog Lake) the water 

near the surtaoe was :muoh more turbid with suspended matter, and at the aame 

tia had a much higher B. O. ]). , than that nearer the bottom. 

Deoay ot Dissolved Organic Matter 

It is dittioult to distinguish, aitirely, between dissolved and suspended 

materialaa and therefore diffioult to assign the proper relative oxygen-consuming 

power to eaoh. In praotioal work, in the determination of quantities 1n lake 

water, diet1not1on usually ia aade on the basis of passage through a high-epeed 

centrifuge or a fine filter. The "dissolved" material ao obtained may include 

a small proportion of .-11bstanoes whioh are no~rue solutes, but very fine aue­

pensoids or oolloida. 

Birge and Juda.y (1926) publiiJhed the results ot an extenaive study ot the 

organio oontent of several Wisconsin lakes. They found the amount of disaolved 

organio matter to be considerably higher 1n these inland lakes than in the aea, 

•d usually to be several times as great a.a tho amount of organio matter oon­

tained 1n the standing orop of plankton. The dissolved organic matter varied, 

in the several lakes, tram about 6 to about 30 mg. per liter. 

This material. aocord.ing to Birge and Juday. is derived ohietly from plank­

ton, al though a small part of it may come from the disintegration ot higher plants 

or trmn other souroes. Its oompositicm is somewhat acmplex, but it is relatively 

rioh in Tarious carbohydrates (only a amall part ot whioh, honver, is augara or 
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other aimple oarboeydrate■), and nitrogen ~ the .foN ot peptides, am.no aoida, 

eto. 0bviou1l7 theae subetanoea are potentiallJ oapable ot utilising rather large 

quantities or diasol'fed ox,gen (tor exaaple, the oc:nplete oxidation or 4tlly about 

12 MC• ot carbohydrate pel" liter would requlre all ot the d.1asolwd oxygen in 

water saturated at 4• c.),. The extent of their oxid&ticm, honnr, depend• upon 

their suitability and availability aa tood tor the water bacteria.. ()i \hie qaation 

there haa been ooneiderable diacuuion. /\t leaat some of the d1Holved aubatanc••• 

1uch aa complex nitrogenoua ocapounda, have been thought to be very resiatant to 

bacterial action (Krogh, 19311 ZoBell, 1940). Others, h()l1Nver, auoh aa simple 

amino ao1da and oarbohydrates, probably are utilized to a oertain extent by 

bacteria, the aaount ot euoh uae depending upon the numbers and kinda ot baoter1a 

preeent, the temperature, eto. In the B. o. n. testis of the present study no 

attempt wae •d• to detendne the proportion of the oxygen demand of the water 

wh1oh wa.a due to the dissolved ma.teri&lJ but 1t seems likely that it we.a an 

appreciable pan. 

Al though not olaased aa an organic substance, ferrous iron may be mentioned 

here ae being a po1aible taotor in dissolved oxygen reduction. Sometimes present 

in eolu\1on in certain lake n.tera, particularly or dystrophic lakes, it may, 

under the proper oond1 tiona, be oonverted into terrio iron, either ohe:mioall7 

or bioohndoally, with the resultant ooneuapt1on of oxygen. In oertain brown-­

water lake• reported on by Bren,, and Ruttner (1926), torroua iron, of allooh­

thonous origin, waa aaid to exert a very high oxygen demand. In moat oleal"-Wtlter 

lakes, however, probe.bly thia taotor ia a very minor one .. 

Ground liater and Run-in Water 

In oertain lakes subterranean intlow •Y. be of an appreciable amount, even 

1n winter. Thia ground water often ia very low or totally deficient in diaaolved 

oxygen, and if' its flow Utounta to any considerable part ot the volume of the 

lake, it may reduce the oxygen oonoentration. ot the whole. Shopin&ev (1940) held 
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the large proportion ot gro\Uld water 1n the Volga, in the winter, responsible for 

the lowered oxygen oontent ot the river. It is ,pest1onable, however, that ground­

water 11 a significant aouroe 0£ oxygen reduction in moat Michigan lakes in the 

winterJ tor i ta flOYI usually is not very large. 

Likewise, water brought into a lake by streams may be lacking in diuolved 

oqgen, and by mixing with the lake water 111Af lower the oxygen oontent of the 

latter. Wiebe reported (1~38) an unusual &onation ot dissolved oxygen in Norril 

Reservoir, irhioh he belieTed to be cauaed by inflowing water low in oxygen. In 

some of the wintel'--kill lakes ot southern lU.ohigan, inlet streams may at time• 

help to lower the oxygen, par.tioularly in the immediate Tioinity or the inlet. 

The inflowing stream 1n Green Lake, 1n 1940--41 (the only winter during which 

aamples were taken .troa the inlet), was rather low in oxygen most ot the time, 

sinoe it derived its flow mostly frOJa 81fUlP water. However, the flow was so small 

that the etfeot upon the lake as a whole was negligible. Mud Lake, on the other 

hand, being soaroely more than a muoh broadened part of a stream., ha.■ considerable 

ourrent through it all winter, and 1s therefore somewbat subject to the influence 

ot inflowing water. But the inlet stream, being in turn the outlet ot a larger 

and deeper lake (of whioh it receives the surface water), remained about as well 

supplied with oxygen, during the winters of 1939-40 and 1940-41, as did Mud Lake, 

and therefore oannot be said to have been an a.gent of oxygen depletion in tM 

lake. 

As ha• been mentioned above, 1n the section on .Dl.saolved Oxygen, run-in 

water arising trom rain or •lting snCJW or ioe on the surface of the lake, some­

times is lower in oxy-gen than the water immediately under the ioe, and henoe upon 

mixing it •7 aotually lower the oxygen content of the upper layer of water. fhe 

total body ot water, hannr, is not atf'eoted to any alarming extent, since the 

run-in water is oomparatively amall in volume, and usually oa.rries at least ao• 

dissolved oxygen. 
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~~ Replenishlllent 

Once aealed in by a covering of ice, a lake cannot aoquire oxygen, a.a in 

the 8Wlllll8r. by wind agitation. Even the amall blessing ot surface dittuaion 1• 

seriously reatrioted. Advantageously enough. a lake usually enters the winter 

period w1th its o~gen concentration at the normal annual maximum, i.e., aatura­

tion at 4• c., or about 13 P•P••• In the deeper. more oligotrophic type of lake 

thi• 1n1 tial oxygen supply may be adequate to oarry the lake through the entire 

winter. But 1n shallow, organically rioh lakes the prooeuea of respiration and 

decay, discussed abon, undoubtedly would consume the oxygen supply long before 

the end ot winter, were that supply not somehow replenished. 

Except tor artificial aeration, and the ingreae ot oxygen-bearing water 

(discussed below), augmentation of the olcy'gen supply can be brought about by 

only one means - photosynthesis. In Jll8llY lakes, therefore, the l'a&intenanoe under 

the ice ot a copious oxygen supply 1a absolutely dependent upon the presence and 

activity ot green plant lite. The interrelationships ot ioe and snow cover, light, 

and plants are diaoussed elsewhere in thia paper; the present aeotion !a given 

to a diacuasion ot the potentialities, per ae, ot the plants as a source ot oxygen 

in the winter. 

Higher Plants 

The importance ot rooted plants as oxygen produoera in the winter ia not 

well known. The situation is complicated by great variations in the kinda and 

numbers of these plants which 111ay be in en active 1tate under the ioe oover. 

Mally observations have been made of various rooted aquatic plante which were 

quite green under the ice, particularly early in the winter, before much snow 

had fallen. Olson (1932) stated that "higher aquatic plants in many inatanoea 

die off in the tall ••• • • • There are a few plants, howner, that re•in 

active through the winter, 1md these oan produce OX)"gen in considerable quantities 

when light ia available.n He reported the obsenation of green aquatic vegetation 

through the ioe in late January, 1930, at whioh time the water in the immediate 
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rloinity ot the plants was supersaturated with oxygen. It ia not eapeoiall:r 

\Ulcommon for winter tiahermen in spearing 1hantie11 on southern Michigan lalcea 

to notioe oonaidenble rooted ftgetatian in a green condition. Early in the 

winter such plants aa Valli1neria and oertain pond--4nteda ma.1 still be quite 

aotively vegetative. 

Howenr, tor most ot the higher plants (with partioular reference to those 

inhabiting Michigan winter-kill lakes)• winter ii usually a time of little or no 

aotirlt7. With tew exceptions, the lai:ea of this study contained very little 

vegetation in a green oondition at most times throughout the three winters of 

the aun-ey. Cattails, bulrushes, and ntex-liliea were brown at the onset ot 

the ioe, coontnil, bladderwort, and most pond---weeda died down, to a large extent, 

aoan after. The large beds ot Anaoh&ris (Elodea} whioh till Pasinski' s Pond 

ware partially green at times, and may have contributed some oxygen to the water 

(sea the section on Oxygen). Oooasionally in Mud Lako and Green Lake a certain 

amount of green color was evident 1n some ot the weeds, especially when the ice 

was bare (although the response to changing light intensity is nowhere nearly 

as rapid as it is in the single-oel~d plants). On the whole. however. the 

higher plants are believed to be a relatively insignificant source of OJIJg•ll in 

these lakes in the winter. 

Non-plankton Algae 

Certain of the filamentous algae are oooaaionally found in abundanoe in the 

winter. It is fairly well established that many algae can thrive at low temper­

atures, given the proper oonditiona ot light and ao forth. Smith (1933, p. 23) 

defines a group ot algae, which he designates "winter annuals", which vegetate 

in the winter and fruit in early apring. This group inoludea one or two speoie1 

ot Spiroqr;a, as well aa Hveral single-celled algae. Inauthe (1899) attributed 

a part ot the winter oqgen production, in the ponds he studied, to filamentous 

algae. 
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In Pasinski• a Pond, 1n the winters of 1939,.-40 and 1940-41, a very large 

mass ot Spirogyra was present, especially in the south end of the pond. Thia 

:material 1-tay-ed green during a considerable part of aaoh winter; its greenneaa 

Taried with the amount ot light which penetrat6d the ioe and snow cover. The 

&1troqra quite eTidentlJ had an appreciable effeot upon the dissolved oxygen 

oontent ot the water (see the 1eotion an dissolved oxygen in Pasinski's Pond). 

In ~one ot the other bodies of water studied were non-plankton algae noted in 

any appreciable oonoentrations. 

Phytoplankton 

It has long 'been known that the microacopie planta ot the plankton play an 

extremely important part in the replenishment ot diasolTed oxygen in lake1, &Ten 

under the ice. Knauthe (1899) n.a well cognizant of the interrole.tiona of light, 

an abundant orop ot phytoplankton, and the production of o;,cygen 1n ponds in 

winter. Re f'ound, at times, a very pronounced supersaturation of oxygen, ooincident 

with intenae activity of the plankton plants. Griffiths (1936) stated that the 

oxygen oonoentra.tion in Long Pool, in February and early )larch, was "aB&ooiated 

with a maximum abundanoe ot phytopl&nkton, consisting mainly ot ~obi:,on, !!!:!'­

glen!J>sia, and Eudorin••• 

Quantitative information concerning phytoplankton in ice-covered lakes i ■ 

somewhat soaroe. Trends ot thoughtot various writers have indicated (1) that 

the ph"ppla.nktcm as a whole may diminish in the colder months, (2) tha.t diatOlll8 

l!IB.Y become relatively abund&nt in winter at the expense ot green and blue-green 

algna, and (3) that there are apt to be large fluctuations trom lake to lake and 

from winter to .winter. Whoreas some Bpeoifio studies have been more or less 1n 

agreement with these general ideas, others stand more or lesa at varianoe. 

:Kofoid (1903) found that the Illinois River, as well a.a an inland lake, contained 

in the winter a relatively high amount of plankton, of whioh a £air proportion 

may be preaWISd to have been phytoplankton. Griffiths (cited above) reported 
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that, tor Long Pool, phytoplankton was "even moderately abundant only during the 

colder months." In Lake Mendota, in 1916-17 (Birge and Juday, 1922), the total 

peytoplankton was I0018what less in quantity in the wl..nter than in the summer; 

lliorooyati• showed relatively little deolineJ Aphanitomenon reached a peak in 

earl;y January and fell off sharply in late FebruaryJ Tabollaria bega.L to increase 

1n late winter. The predominant plant of the nannoplankton 1n winter was 

A£hanooa11sa, whioh was little ohanged trom its 8\Ullller oonoeutrationJ ·in l:ite 

winter Chloroohromonae began to appear in ta1r abundanoe. In their survey of 

Green. Bay, in 1938-39, Williamson et al (1939) found the net phytoplankton to 

be Teey small in amount throughout the entire period ot ice cover (baaed on 

eamples trom onl.y one depth, 6 feet). and to oonaiat of a tew diatoms and very 

l1 ttle else. Jie.nnoplankton wae not detendned. 'l'he bloom of Aphanizomen011 

which had appeared in a large pa.rt ot the bay in late November, 11'8.S well dissi­

pated by the time the iee had become solid, in mid-January. 

Unfortunately, 1n the present study no quantitative data regarding plankton 

were obtained. Nothing like a bloom - nor any other very noticeable oonceAtra­

tion of ph1toplankton was observed at ~ time dw-ing the three winters. It is 

aasU111ed, however, that a considerable IUllo\lll.t ot plankton algae (possibly a large 

proportion ot whioh waa nannoplankton) was present and aotive, at least part ot 

the time. The many sudden end great increases in dissolved oxygen which were 

recorded are believed not to be attributable to any other source1 since usually 

they ooourred 1n 'bhe virtual absence ot green rooted plants or filamentous algae. 

Bacteria 

Certain bacteria, such as the green and red sulphur bacteria, possess pigments 

somewhat related to chlorophyll, and are able to utilize light tor photosyntheaia. 

Hawenr, according to Van Niel (1935), who has made an extensive study ot these 

photosynthetic bacteria, it is very doubtful that they produce any oxygen.. The 

nature of their aotion is parallel to, rather than identical with, that ot green 
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plants. Carbon dioxide ia reduoud. but the neceaa61.cy B ia derived 1'rOll organic 

substance a (or trom H 8) • rather than tram. water. 
2 

Thus these bacteria cannot properly be oonaidered as direct oont.ributora ot 

oxygen to lake water. They may have an indiruot etfeot. in that they stabilise 

substances such.a.a a2s and c~. and thus reduce the potential oxygen demand of 

the water. Little is known regarding the aotivities of any of these bacteria 

e.t low temperatures (Van Biel states that the optima tempertA.ture tor aost of 

them. is about J5° c. h but it ia poHible that they •Y exist and operate in 

lakea in the winter, part_ioularl7 in bog lake•• llbioh usually contain. an abun­

dance of hydrogen auli'ide. 

R\111-Ul Water 

As mentioned above, ground water and the wa'ters ot inflowing strea.ms ot 

certei.in types are often low 1n oxygen and therefore more detrimental than help­

ful to the oxygen auppl7 of a lake. llarsh-ted inlets are often oxygen-poor. 

However. run-in water whioh ariatJa trom. rain or r:1elting snow or ice usually con­

tains a :few part~ per million of dissolved oxygen. and may thus bolster a depleted 

oxygen content. .As diaoussed above. this e.t.'teot is often transitory. and usuall7 

oon1'1ned to the upper layers. Nevertheless, such rtm-in water probably helps 

oocasionally to tide a lake over a perilous period (see, in partioular. oxygen 

data for 1937-38). 
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wumm SUFFOCATION OF FISH 

If' the o:qgen-repleniahing agencies tail to produce oxygen &f rapidl7 aa 

it ia being oonaumed, a aerioua shortage ot diaaolTed oxygen may enaue, and the 

fiah may be endangered. Certain things should be known concerning the suftooa,­

tion ot fish under the ioe. Bow preTalent and how ■erioua 1a winter-kill? What 

11 the physiological ba1i1 tor the death of the tiah? What are the general 

oonaequenoea ot winter-killJ and what can be done to prevent it! 

Incidence ot Winter-kill 

As might be expected, the extent of the damage by winter suffocation •1 

vary trom the losa ot only a tew fish to the oom.plete or almost complete annihil­

ation of the fish population of a lake. The death of relatively small numbers 

of fish during any one wintei.• probably indioate1 only an indirect connection (i.e., 

one of aggravation), it any, with winter-kill. A oertain number of fish auooumb, 

during the winter, to disease, parasites, or aooident. Birds are excluded trom 

the water by the ice, and other scavengers aro less &otive 1n winter than in 

a\JJIIIDerJ decomposition of tish oaroaaaes prooeeds somewhat more slowly at low 

wmpera.ture&J and thus quite a tew fiah which have died during the winter come 

to the attention ot the casual observer at the tble ot break-up ot the ioe. 

There are records of the deatruotion by winte~1ll ot extremely large num­

bers of fish. In the mortali tr in the Baoine River, Wiloonain, deacribed by 

Hoy (1872) "thou1ands of barrel•" ot fish died. Aooording to Olson (1932), 

20,000 pounds ot dead oarp wre removed 1n one day, in the winter ot 1928-29, 

trom a small lake (McCabe• Lake) in Minnesota. In Crystal Lake, near Gulfport, 

Illinois, over 80,000 pounds of fish, mostly carp and buffalo, were found dead 

at the end of the winter of 193~0 (Illinois Natural liiatory Survey, personal 

communication). At Georgetown Lake, Montana, in the winter ot 1936-37, more than 

70(\000 trout are said to have perished (ling, 1937). In Michigan, especially in 

the winter ot the "big tree1e-out", 1935-36, many severe fish loa1es have occurred. 
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In !able 1 only the designations "light", "heavy•, and "very heavy" are wsed 

in referring to the extent of damage to the fish ot various lakes. sinoe actual 

numerical data are too few to justify tabulation. However, in the reports ot 

various obtervers, references to "many hundreds", "thousands", and "large numbers" 

appear quite frequently. Cooper {unpublished report, 19S6) gave the follmring 

estimates or tiah killed in certain lakes in southern Michigan, in 1935-361 

Bateeae Lake, over 200,000; ttid take, over 15,000; Green Lake, between 75,000 

and 100,000; and Park Lake, over 150,000. 

Complete destruotion of a fish population apparently is ver1 rare. It has 

been recorded by Knauthe (1899) for a carp pond, but this was a very artificial 

aituation. After a kill in a sht.llow lake in Minnesota, in 1935-36, it was 

aaserted (Milwaukee Journal, 1939) that "not one living fish could be found in 

the lake." In Pasinski' s Fond, in 1939-40, the bluegills were all killed, but 

most of the bullheads survived. This pond is scarcely typical ot southern Mich­

igan lakes, being Yet'y small and exoeedingly rioh in organic matter. No other 

aubatanti&ted record ot a complete winter-kill ot fish in Michigan waters exists. 

On the other hand,. many lakes which were thought, at tho time, to be entirely 

killed out, have later been tound to contain a surviving stock. It ia difficult, 

ot oourae, to be oertain whether or not the :fish have all been killed in any 

particular lakea einoe nearly all of these lakes have stream connections. at 

lea.st during high water, through which .fish might enter following the kill. 

?hlsiologioal Aspeota 

Cause of Death 

Mention has been made, in the introduction, of the theories and beliefs ot 

"f1ll"ioua writers as to the modus oerandi of winter-kill. Although certain ot 

these writers have bl&J118d auoh taotors as "poiaanoue" ga■es (presumably hydrogen 

aultide. ammonia. or methane). the weight of majority opinion has plaoeithe 
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re■pcnsibility tor tish death upon low-ered diaaolved oxygen tension. This 

theory haa been fairly well substantiated in the literatureJ observed o:x;ygo. 

values of a very 1:im.ll amount, or none, have been reported many times a.a exist­

ing at the time ot, or just before or after, winter fish mortality. 

'the present survey presents still more ot the same kind ot evidenoe. Whole­

sale death in Pasinski'• Pond in February, 1940, occurred at the only time during 

the three winters of the atud1 when the diaaolved oxygen in th& pond tell to 

1 p.p.a. or leas for several oonseoutive days (Table 28, Graph 21). At the 

ti:ma when many fiah were in distress, or dying, in Richmond Lake, the water had 

only a tra.otion of a part per million of oxygen. Likewise, the studies made bf 

the Institute for Fisheries Research during the severe winter ot 1936-36 (Cooper, 

1936; Eschmeyer., 1936 - unpublished· Institute reports) showed extremely low 

oxygen oonoentrations prevailing at the time ot mortality. 

liow&ver, it must be reme.:abered that, almoat invariably. low dissolved 

oxygen oonoentratiana under the ioe a.re accompanied by various other adverse 

conditions. The very prooeaaea of deoay which oonsume the oxygen, produce, at 

the same time, oonaiderable quantities ot carbon dioxide, methane, hydrogen. 

sulfide, and possibly amaonia.. Hence. any oonoluaion, !,_ priori, that la.o-k ot 

oqgen is indiaput&bly the oause of death, ia unjuatit1ed. The solution of the 

problem auat rest on pbf•iologioal experimenta, because the several taotora 

can not readily be disentangled in nature. 

Here again, the reasoning tends to be somewhat speculative. It is a.xi.omatio 

that fish die it the oxygen tension of their medium reaina for any considerable 

time below a. minimum value. But it also is well known that the various noxious 

gases named above, it present in auf'tioient quantity, oan be fatal to fish. 

Carbon dioxide alone, in high concentration, can kill f'iah, even in the presence 

of abundant oxygen. Furthermore, it is established that there a.re omaplex 

interrelationships between the various :f'aotora. To take an extremely comman 
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example, the presence of oonsiderable carbon dioxide greatly reduoes the ability 

ot fish to utilize oxygen at lovr tensions (Fry. 1939; and others). In other 

words, the toxicity of carbon dioxide increases with lowered tension of oxygen. 

The literature on winter mortality of fisn has inauttioient quantitative 

information on which to base any definite oonoluaions regarding the relative 

importance of these various factors, if indeed the effeots of low oxygen and 

high co2 , for example, &.re ever separated in nature. lfor do the data of the 

preaent study give rise to any canpletely satisfactory deduotions. Except tor 

oxygen, carbon dioxide is the only dissolved gas which was measured. In general, 

the co2 concentrations, although appreciable, were not alarmingly high, and the 

inoreasee were somewbfi.t gradual (a point probably of some signitioanoe, au dia­

cussed below). It is probable that, compared to the dissolved oxygen at ita 

lowest levels, the carbon dioxide was not the ~ost dangerous factor. In other 

words, it seems likely that nre the two conditions to exist one at a time, whioh 

they usually do not, the diminished oxygen would be muoh more apt to be fatal 

than the inoreased carbon dioxide. Also, although no concrete a.asuring e't'idenoe 

is at hand. it appears possible that the am.o1mts of hydrogen sulfide and other 

poiaonou• gases whioh u.uually were present in the lakes under atuq were not in 

excess ot the toleration limits of the tiah. 

Further speculation probably is fruitless. Suffio• it aiaply to • tate that 

very low disaol ved oxygen oanoentrations are probably the primary- cauae of tiah 

death under the ioe, but that the effects of' low oxygen are augmented bf the 

preaenoe of oarbon dioxide, and often of other harmful gaaea. 

Tolerances and Adaptaticms 

In laboratory determinations of lovr oxygen toleranoe limits or fresh-4ater 

fishes, most workers have to a large extent neglected the lower temperature 

ranges. Even the experiments at higher temperatures, of which there have been 

many, have produced reaul ta 1n considerable conflict, depending on experimental 
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method, species used, and the ettoct of various uncontrolled conditions. 

Refining and extending a method of field observation used by Smith (1925), 

Moore (1942) obtained 10:n:e figures, that are apparently rather dependable, tor 

low-temperature oxygen requirements. The experimsntal f'ish were hald in liw 

boxes in natural l'ftLters of various o:xygen tensionsJ an,d the results are stated 

1n terms ot surviTal or nan,.-survival for a 48-hour p•riod. Control waa fairly 
I 
I 

adequate, the et'i'eota or handling, pli, and co2 probalfly were minimal. It waa 

found that the "thresholds ot many species of fres17~ter £ishes lie between 
,)' ' 

l.O and 2.0 P•P••· HOfflrYer, aoill8 0£ the loaa toler,nt apeoiea ma, require up 

to s.o P•P••• or poosibly higher." Even At extremely low oxygen conoentratiaa.e, 

death did not occur immediately (in BOllle inatanoes not ill tour hours), indicating 

th&.t a\dt'ocatian at low temperatures requires a comparatively long time. 

Moore's figures confirm rather well the oonclus1on ot Thompson (1926) that, 

at low temperatures. "diesolved o~g•n oonoentrations betweeA zero and two part1 

per million will kill all kinda or f'ishes." De.ta of the present study a re entirely 

inadequate to establish tolerance limits. However, at certain times, disaolTed 

oxygen oonoentrationa ot less than two p.p.m. were f'ound, with the apparent aui­

vival ot many ot the fish present. For instanoe. in Paainsk1'• Pond, in lat• 

February and early Ma.roh, 1940, some 18 to 20 stations were regularly sampled, 

assuring a rather adequate coverage of the tour acres. For the oonseoutive 
' 

sampling date• February 26, 28 and Us.rch l, not one dissolved oxygen Talue ot 

over 1.6 P•P••• was fo\md at these stations, and moat ot the values ranged troa 

O.O to l.O P•P••• Although the bluegills died, moat of the population ot the 

more hardy bullheads lived. Other soattered reoordings of oxygen of trom. 0.5 

to 1.6 p.p.m. were obtained. aa in Middle Fish Lake, 1941, Minnis Pond, 1938, 

and Riohaond Lake, 1939 (see Table 10), during periods ot low oxygen through which 

at leaat a part ot the fish population is believed to have surviTed. 

Carbon dioxide 'boleranoes ot fishes have been a tudied by JllaD1' writers, such 
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aa Well• (1918), Powers and associates (Powers, 19381 and other papers), and 

Black and his a11ooiate1 (Irving, Blaok, and Safford, l941J Fry, 19391 eto.). 

Powers baa oonoluded that tish can aa.tis.f'aotorU;y a.baorb o:qgen in the pre■enoe 

of carbon dioxide !n +he oonoentn.tion.a usually tatmd in nature. The f'a.otor which 

in hi• opinion often ca.uses mortality ia a sudden increase in CO2, to whioh 

the f'iah cannot adjust them&elvea. No apeoial ref'arence is made to the condi­

tion• of winter, when abnormally- high oarbon dioxide tensions may occur. 

It has been olai.Jl8d that fish exhibit avoiding rea.otima toward low diaaolnd 

oxygen (Thompson, 1925) and toward high carbon dioxide (Wells, 1918). However, 

it was obsen-ed Jll&D1 tms in the present studf that when an open hole is main­

tained in the ice, at times or low oxygen in the water, the fish will crowd into 

the open hole, and will reraain there until they auoou:mb, even though the oxygen 

drops to sero, while nearby water still contains some oxygen. For example, in 

Richmond Lake on February 18, 1940, the surface water in an open hole contained 

only 0.4 p.p.m. ot dissolved oxygen, while that of a station not tar away had 

1.9 p.p.m. Yet the hole was full ot dead and dying fish. Similarly, in Pasin­

ski's Fond, on February 19, 1940, there were hundreds ot dying tiah in the open 

hole, and at the same time the oxygen at a station only 40 teet away was 2.8 

P•P••• It is possible tha.t the avoidance reaotiana ot the fish are relatively 

slight at suoh low temperature■• On the other hand, it HUiB rather likely 

that the tendency for the fish to move to an open hole, and to stay there, ia 

largely conditioned either by a positive reaction toward light or toward open 

water, or by the opportunity to gulp air at the surtaoe. 

It 111 known that there are considerable dii'terenoea in the sensitivity ot 

various apaoies of fish to adverse conditions. Various listings of the order 

of resistance ot ape,oies have been given. fry (1939) listed them on the basi■ 

ot the etteot ot oarban dioxide upon oxygen qilisaticm. Moore (1942) gave the 

order in which several apeoiea resisted diminished oxygen tenaion at low temper-
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atures. Though diverging to some degree 1n their opinions on particular po1nta, 

almost all authors agree that in general aucb specie• aa yellow perch and the 

sunfishes are more sensitive to adnrae conditions (e.g., lowered o:x;ygen tension) 

than those species OOJlll'IOnly oalled rough tiah, auoh_aa bullheads and oarp. It 

ia probable that Within species there are relatively tolerant and relatively 

au1oeptible physiological races, and that hereditary individual ditterenoea 

in tolerance exist within single populations. 

Ditterenoea in sensitivity also exist beoauae of ditterenoea 1n age, 

pbfsiologioal oondition,·and (possibly) aex. Moore concluded that older fish 

can withstand winter oxygen depletion better than can younger ones, since the 

niet&bolio rate deoreases with age. Fish in poor physiological condition, or 

thoae weakened by injury, paraai~es, or disease no doubt more readily beoo:me 

victim of winter-kill than the more hardy individuals. 

Certain fish speo1es have been ehown to haw apeoial physiologioal adapt­

ations whioh enable them to survive oonditiona that otherwiee might be cataatro­

phioa.l. An eample ia the mud-minnow (Uabn.). This fish is the only- apeoies 

kn.Oll'l'l to be present in Bog Lake, where it has maintained itaelt through count­

less winters (the atook oannot have been replaoed by immigration 1n reoent 

deoad.ea, tor the lake he.a no water oonneotiona). lMring mJl7 of those winters, 

auoh aa that ot 1936-36, the lake JlUBt have been completely devoid of diasolved 

oxygen tor oonsiderable periodsJ yet the mud-minnows aurTived. The explanation 

probablJ lies in the ability of this fiah to utilise atmoapher1o Oll1'gen. It haa 

been demonstrated (Geyer e.nd iiann,. 19391 and others) that Uabra can exiat in 

water of low oqgen concentration it i-u ia allowed aooeaa to the aurtaoe, in 

order to gulp air. It ia not very olear juat how the fish oan obtain air ill 

the presence ot an ice oover; but it ie poasible that oraoka in the ice, and 

air pockets under the ioe,. allow enough cont.act with the atmosphere to fulfill 

the relatively small needs or the tiah in cold wa.ter. Perhaps alao worth con-
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sidering 1s the poaaibility that the mu.d-minnow may undergo aotual hibernation, 

perhaps buried in the muok ot the bottom, for all or part of the winter. Morgan 

(1939, P• 321) haa raised the question 0£ the existence of true winter dorman.01 

in fishes; but at ~ 1·ate a very sluggish fish would consume Yery little oxygen. 

Consequenoea 

Heavy winter-kill in a lake may reduoe the fish population to auoh an extent 

that fishing for the next season or two 1s very poor, or entirely unproductive. 

Unfortunately, no really quantitative reoords are available, for MiohigaJl lakes, 

regarding the t'i1hing success 1n the first and second awmners following a heavy 

winter mortality. In tact, the knowledge that a lake has suffered a large loss 

often keeps moat fishermen away from that lake tor a year or two, and henoe a 

creel oenaua would be ot small value. 

Within a certain range, the etteo~ upon the fiahing ia more or less in pro­

portion to the extent of the kil 1 ot the game tilh. However, in some lakes, 

and with a not too heavy loss, a different - perhaps even a desirable - result 

may obtain. It is known that many Uiohigan lakes are over-populated with variou1 

game tish to the extent that extreme stunting ocours. It ia altogether probable 

that a considerable reduction in nUJlbera of these tish may result in taater 

growth of the re•inder. and henoe 1n fewer, but larger. fish beooming available 

to the JLngler. 

It appears likely that, following a winte?'-kill, the tiah population reo0Ter1 

to a large degree within a v-ery few years, and eventually becomes restabilised 

at its original level. Rebuilding ot the population :may be etteoted by arti­

ficial stocking, by immigration through oonneoting atreams, or by the teoundity 

of a surviving parent stock. An apparently we 11 substantiated instance of a 

reoovery by the last-named method is that of Goose Lake, in Jaokeon County. Thi■ 

lake was hit eeverely by winter suf'.f'ooation in 193~6, when it was popularl7 

1uppoaed to have been almost entirely depopulated ot fish. Jiatw-al reinvasion 
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did not take place because this lake has neither inlet nor outlet. The only 

recorded plantings ot fish between 1936 and 1941 were 10,000 bluegills in 1937. 

and 20.000 in 1938. Fishing conditions in the lake a..fter the spring of 1936 have 

been described by Haines (1941). Al though admittedly based on a small amount 

ot observation. neTertheless his information is ot interest. In 1938, two years 

~fter the winter-kill, he fountl that fishing was still rather poor, and that 

the bass taken were small. But in 1941, after a total of five years, he made 

seTaral good oatohes or large bass. 

Speoies differences in tolerance of fishes to unfavorable winter conditions 

often bring about a differential winter-kill. In·genaral the game fish are 

more sensitive than are the rough fish, and several reports from the literature 

have indicated that the game fish did suffer more damage than the non, -game species. 

As already mentioned, the winta:r-k:ill of 1939-40 killed all the bluegills in 

Pasinski•s Pond, but destroyed relatively few of' the bullheads. An apparent 

exoeption to this general rule was found by Aitken (1938). who reported. ~Although 

many fish died the winter ot 1936 they were mostly oarp, buffalo. and sheepahead 

whose loss was probably beneficial to the lakes." 

In Tablo l are shown the species which were specifically mentioned in the 

reports ot winter-kill in Michigan lakes. These reports probably were influenced 

by the propensity of the observer toward notioing game fish. his tendency to 

neglect to observe minno,.vs and other small tiah, and (at times) his inability 

to recognize other than the game species. Nevertheless the tabulation doea dis­

tinctly ohow the game species to be the ones most affected. As Smith (1941) and 

others have pointed out, this discrimination has the etfect of leaving a popu­

lation. end a brood stock, composed of a large proportion of rough tish. In 

this manner, species balance between predator tiah, game and food tiah, and 

forage fish may be seriously disrupted. It may nll be, however, that thil 

balance beoODles restored, through the workings of aoologioal forces, within 
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relatively few years. 

Various other animals besides fish sometimes are victims ot winter-kill. 

Koclla (1891) reported the death ot very large numbers of frogs; Olson (1912) 

also stated that f'rogs are subject to winter suf'fooatio.n. In th• present atudy. 

dead tadpoles were observed a tew ti••• but never any dead adult trogaJ nor 

are trogs speoifioally mentioned 1n the reports of winteJ.'1-kill in Michigan lakes. 

Many dead snails were obaerTed, partiouila:rly a.t Green Lake, after the 

break-up of the ioe, but it is not known in what proportion they were killed b;y 

low oqgen or died trom other causes. Si.JDilarly, although a few dead mussels, 

crayfish. and turtles may be seen along the shore of a lake a.£ter the 1oe melts. 

it is que1tionable that they are the direct victims of autfooat1on, sinoe their 

death in large nwabera has seldom been reported. 

The plankton invertebrates probably are destroyed in oansiderable number■ 

in some W&tera. Kofoid (1903) recorded the "pra.otioal extinction of the planlG­

ton" in plaoea in the Illinois River during a winter of heavy fish mortality. 

Uowever, since many of the plankton animals normally are subject to vast changes 

in numbers. oyolio or otherwise. and are equipped to weather ad'f'erae oondit1cma 

by means of winter eggs or other 19aistant t'orms. it is likely that winter-kill 

is by no means a complete oataatrophe to them. 

PreTentiYe and Remedial Measures 

Lake oonditicma oonduoive to winter-kill are more titly subject to pre­

vention th.an to oure. O.noe a lake develops an oxygen deficiency to the point 

where fish are in diatresa, it is doubtt'ul if artif'ioial oeans can avert oan­

siderable destruotian. <il the other hand, there are certain n,asures whioh, if 

applied early enough 1n the winter, may go far toward preventing harmful con~ 

ditiona trom arising. In the following disaussiOll not only are these methods 

oonaidered, along with the extent or their economic feasibility, but also briet 

attention is given to sundry procedures, proposed or even actually attempted by 
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Tarious worker■, whioh are neither theoretically nor praotioally sound. 

Flowing Water 

If an appreciable flow ot water through a lake oan be maintained through­

out the winter, and 1£' the inflowing water always oarries a reasonably large 

amount ot dissolved oxygen, it ia quite logical to auppoaa that the water ot the 

lake (at least that within the path of .flow) oan thus be kept supplied with 

oxygen. As mentioned above, Mud Lake tumiahed an eample ot a stream's haTing 

considerable intluenoe upon the oxygen content or the lake water. Sniea&ko (lNl) 

stipulated a ateaq supply ot aerated we.ter as a. requisite tor winter oarp ponds, 

Hubba and Esoh:meyer (1938) disousaed the possibility ot diverting a natural 

atream into a lake in order to prevent wintel"'-kill. H01reTer, it will generally 

be impraotioable to bring about suoh a diversianJ furthermore, there may not 

always be the aaauranoe that the stream will remain aerated. ainoe it in turn 

may arise in another lake where stagnant oonditiona also denlop. 

Water trom wells perhaps nay be utilized as a souroe ot supply tor ■ ollltt 

ponds, but as a rule g~ound water oontaina little o:qgen and therefore DlWlt be 

artificially aerated before it enters the pond. The results ot an experimental 

use of auoh a water supply at Pa1inski's Pond, discussed above, ahmred little 

it any impravement in oonditions which could be attributed to the well water. 

preau-.bly because its flow was relatively small and it waa not very high in 

dissolved oxygen. 

Raised Water Levels 

Smith (1941), Hubbs and Eeohllleyer, and others have recommended raising 

the lake level as a means ot preventing stagnation by enlarging the inital aupply 

of oxygen. Probably it is feasible to raise the water of many shallow lakea bf 

a toot or two. in the late fall or early winter; whether this additional amount 

0£ water oan :t"umish enough oxygen to meet the demands of decaying organio mat-
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eri&l is rather doubtful. As discussed above, it seems likely that the average 

lake or the winter-kill type uses, during a long winter, 1nera.l timea the 

a:aount ot oxygen with whioh it atarts the winter, the balance being made up b7 

photoaynthetio produotim under the 1oe. 

Hole• 1n the Ioe 

J'or no one kn.owe how many deoadea, tishermen, oonaerva tianiata, and others 

haw attempted to relieve winter suttocaticm by ouvting holes in the ioe. ETen 

soientitio writers have reoommended the procedure (Wioklitt, no dateJ and others). 

Presumably these workers auboonsoiously postulate some such analogy as lifting 

the trap-door to a dungeon, thua to allow its ooaupanta aooe88 to air and to lite. 

Or there may be preHnt the notion, expressed in a newspaper account (Milwaukee 

Sentinel, 1939), that holes in the ice will "allow the poiaonoua gases whioh 

mean death to the tiah to eaoape." At any rate, despite man7 published state­

ments in deprecation ,lnauthe, 1899; Hubba and Esohmeyer, 1938; llilwaukee Journal, 

19391 Smith, l941J a.nd others), the pra.otioe still has many ardent tollowera. 

The seal of an i.oe oover 1a not nearly as perfect as is otten auppoaed. 

Craok1, pinholes, and air-pockets would relieve a.ny very great preaaure that a 

d1a ■olvecl gas aight build up, and allow the esoape of the gas. The very fact 

that almost invariably the greatest oonoentrations of methane, hydrogen sulfide, 

and oar'bon dioxide are near the bottom. rather than near the aurtaoe ia sufficient 

proof that it is not the mere presence of ice that prevents their esoape trom the 

water. On th!k»ther hand, the preaeme at timea of a high degree of auperaatura,-

1.ion ot dissolved oxygen in the water immedie.tely under the ice may be explained 

on the basis ot the 111tll-known ability ot water that ia not agitated to retain 

tor a time a large excess of oxygen, whether the surface ot the water ia co-nred 

or expoaed. 

In the absence of agitation, dittusion of air through the surface tilm. ot 

water is exceedingly slow and small in amount. A,ly appreciable aeration ot the 
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water of a lake by mere oontaot with the air over the area of a number ot hole■ 

in the ioe ia impossible. It is true that if agitation can be aooompliahed. ae 

by wind, much air oan be put into the water. But. as those who have tried it 

know, the task of rmaoving the ice from any appreciable area ot wa.ter is heJ\­

oulean indeed (to clear one acre of ice one toot thick would require the removal 

of 1100 t011s ot ice). Artitioial agitation,. by outboard motors or 'bt;her pro­

peller devices, 1mless uaed in impraotioable number&, oannot a.f'foct a large 

enough proportion of the lake's volume to be of any aignif'ioant aid. 

Another popular theory is that fish are benef'i tted by ooming to the aurfa.oe 

at open holes and gulping air. However, most fish are titted primarily to extract 

their oxygen troa the water, and are poorly equipped to utilize atmospheric oxygen. 

It ie held by Ponrs that gulping 'lll&Y aotually bit. detrimental, because it bring& 

about rapid changes in oarbon dioxide tenaion (Powers, Shield•• and Riokml.n, 

1939, P• 243; and other papers). A• Hubbs and Esoh:meyer,haw pointed out (p. 

146), those few large apeoiee of fish whioh can use same oxygen from the air• 

auoh aa bullheads and oarp, are ot comparatively little value, and perhaps not 

worth the ettor't of saving. 

Holes cut in the ioe may result in a.ctual harm because ot their attraction 

for f'iah. As described above. fish tend to congregate at an open hole, and may 

remain there until conditions in that immediate plaoe become fatal to them, even 

though 1.here is better water not far away. Apparently ju1t 1uoh an event took 

plaee in Pasinski'• Pond, and 1n Richmond Lake, in the winter ot 1919-40. 

Artificial Aeration 

Various experiments• in Michigan and elsewhere, in the artificial aeration 

of ice-4;ound lakes by means of water or air pumps have been desoribed above, in 

the section on experimental studies. Almost all of these experimenters have 

reached the oonolusion that punping methods are wholly inadequate to aerate even 

a t"air-ei&ed bodf at water. Experiments in Iowa, both by ueing air blowers and 
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by pumping water into the air were not oonsidarad very suooessful (Aitken, 

1938). Pwaping operation■ in Minnesota were "disappointing" (Milwaukee Journal, 

1939). Virtually no good waa tound to have been aooompliahed by the experimental 

pumping by the Michigan Institute for Fisheries Research crew in the winter of 

193~6 (Eaohmeyer, 1936). 

The dittioulty 111th almoat an, pumping method is in getting aeratiQU for 

a:n.7 a.ppreoiable diatanoe frt1n the seat ot operations, furthermore, the effeota 

ot the pumping usually are quite tra.nsitory. 

Perhaps the poaaibilitie• of pumping haTe not antirel7 been exhauated, and 

it may be that some further experimentation ia justified. It is possible that 

etfioitmt air or water pumping over a long period or time oould introduoe con-• 
aiderable oxygen into a very small body ot water, suoh as a ta.rm pond. Certain 

preoautiona should be used, for instance to avoid stirring up bottom materials 

and thus making them more re&dily available tor bacterial oxidation (Hubba and 

EHlune)'9r, p. 146). Pumping would have more ohanoe of being et'fectin it started 

prior to the attaitunent of extremel7 bad conditions, rather than attar the oxygen 

ia well exhausted. After water has developed an oxygen deficiency• the small 

amounts ot oqgen that are added are quickly oonsU1118d. There Hems to be little 

hope that IUl1 pumping method will be feasible for large bodies ot water. at 

lea■t after aerioua oonditiona have been reaohed. 

More Vegetation 

Since aquatic vegetation is lmom to be a producer of oxygen, under the 

proper conditions, it has been proposed (Aitken, 1938) that winter aeration of 

lakes oould be a.ooomplished by increasing the amount of vegetation present. 

As has been pointed out above• the higher plants usually a.re responsible for a 

relatively small proportion of tho oxygen production in tho winter, at best. 

During periods of snow coverage, there is little photosynthesis. Often the 

dead relll&ina of plants become an agent of oxygen canaumption. It is therefore 
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doubtful that any aid in alleviating winter stagnation is to be derived frOlB 

the artificial propagation of plants. 

Plankton plants oe.n be increased by the addition of fertiliaer to the water; 

but excess £ertili1er, and the remains of plankton algae that die, have a large 

demand tor oxygen. The balance, therefore, is ao delicate that tampering is not 

justified in the light of the present knowledge concerning artificial rertili1atian. 

LeH nget&tion 

In extremely weedy lakes, it is perhaps more desirable from. the standpoint 

of winter-kill prevention to deorease, rather than increase, the U1.0U11t ot rooted 

vegetation, ainoe the winter decay ot water weeds may use a part of the oqgen 

aupply. There sillma to be good indication, tor inatanoe, that the very heavy 

bed• ot Anaoharis in Pasinski'• Pond are responsible at times tor considerable 

ox1gen utilization. How-ver • the removal of rooted Yegetation trom a lake pre­

sents ~ difioul ties, and probably should not be oanlidered a.a an economically 

sound metho~ of aocomplishing much tan.rd the prevention ot winter-kill. To 

attempt to remove the plants in winter, when danger is threatened, would be 

hazardous, tor the bottom ma.teriala stirred up would increase the oxygen con-

sumption. \ 

Snow JtemoTal 

It baa been pointed out (in the section on.reaulta) that there 1a a definite 

relationahip between the amount of light penetrating the snow and ice oOTe:r, the 

plankton plants, and the diasolTitd exygen content ot the water. 'fhe data ot 

the present study, oombined. with those of other investigationa, definitely pi-ove 

that the presence or- absence of a long:-,,oontinued snow cover on a lake can mean 

the difference between safety and doom for the fish. It is therefore apparent -

and has been mentioned by several authors (B.ubbs and Esohmeyer, 1938J Smith, 

1941J and others) - that by ta.r the beat single method, from a theoretioal Tie,,_ 

point, ot preventing winter-kill is the removal of anow troa the ice. Moreover, 
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such rem.oval should not wait until dangerous conditions develop, but should be 

oarried out rather regularly after each major snowfall. 

Practically. the method offers Il1ILJlY di£fioultiee. Large-,oale snow aeraping 

entails the use or power machinery, which is sor1ewhat costly, and which require• 

fairly heavy ioe tor aa!e operation. Hand shovelling is extreaely slow and lab­

oriou1. However, there may be merit 1n such schemas aa that of using road­

aoraping mao}Minery at times 'When it otherwise would be idle, or that of making 

a oom.unit, project out of clearing the ice of snow for the additional purpoae 

ot providing skating. Furthermore, the et.tort could be aomewha.t ·1easened by 

clearing only atripa of ioe, wi'ih alternating windrows of pil~p snow (whioh 

might, however, be scattered back onto the cleared areas by subsequent winds). 

On the whole it seems likely that, although the method may be feasible for rela­

tinl7 small bodies of water, it oould not· be applied to all ot the large winter­

kill la.kea ot southem Miohigan. 

An altemate means ot reducing the power or the snow oover to shut out 

light is to melt the snow wi t.."1 a stream or a spray of water. Upon ref'ree1ing, 

this melted snow is muoh less opaque to the light's rays. \"later oould be pumped 

from the lake in a rather large stream at relatively low cost, sinoe the neoessary 

litt would be small. The f'easibility of' applying this method to eny considerable 

area is largely a matter or oonjeoture J but the poHibli ties seem to warrant at 

least an experimental trial. 

Fish Removal 

The removal of fish from a lake subjeot to winter-kill may be directed 

toward aooomplishing either of two obj eots. The effect a ought may be the dimin­

ution of the oxygen demands of the fish by renoving a part of them. In suoh 

operations the least desirable species may be removed, as in the experiment 

described by Olson (1932), in which 160,000 pounds of carp were removed from a 

small lake in the (vain) hope of' saving the ga.m.e fish, A.a disousaed above, the 
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oxrgen consumption b7 f iah probably- 1• a very 1ma.ll part of the total oxygen 

utilisation in the water under the ioeJ and henoe the reaoval ot part of the tiah 

will ordinar1l7 haft comparatively littlt etteot in -.1ntaining an oz;ygen supply. 

Smith (1941)., however., dieeusaed the removal ot thh (preaumably gue tiah) 

tor another· purpo•~ - that ot taking them from the danger of winter auttocation 

and trane.terring thea to deeper lakes where the7 will be sate. Thia prooedure 

ia a log1oa.l one; and in mtUlJ inatancea, when the threat ot disaster 1s really 

imminent. 1 t is no doubt an t.dvisable thing to do. 
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SUJSlARY AND CONCLUSIOlfS 

In the pa.at. c011paratively few atudiea have been made ot winter oonditiCJllB 

in lakes. largely beoauae of the ditfioultiea ot winter f'ield work. There are. 

however.~ lilnnologioal aapeota ot lakes in winter which are worthy of observ­

ation. A cover ot ice and anow brings about striking ohangea in the water. 

By intertering not onl7 11'1 th gaseous exchange• but al so with photosynthesis• 

this cover may have a great etteot on the diasol'nd gases ot the water. parti­

cularly on the oxygen balance. Among the disasters which may ooour when thia 

palanoe is adveraely upset. the moat dramatic and eoonomioally most important 

is the destruction of fish by aut'fooation. 

Winter-kill of fish has been recorded many times i.n the last hP.lf-aentury. 

in Europe as well as 1n North America. In this oountry. it is of more or leaa 

ommaon occurrence 1n several north central states. In Michigan. it has occurred 

in many lakes (though in a relatively small proportion of all of the lakes ot 

the state). Thsre have been lcilla in ~ winters, the most notable of w'hioh. 

1n recent years, was that of 1936-36. I)uring ttie.t winter, untold hundreds ot 

thouaands of tiah perished. 

The inveetigation de1oribed by this paper had as its chief objective the 

securing of inforaation regarding wintel"-ld.11, ita 011.uses and its consequence,. 

Certain inoidental data concerning the general limnology or ice-covered lake1 

were al ao obtained. 

The lakes atudied included a moderately deep, mildly eutrophie lake, not 

subject to winte~ill; two shallow lakes which are typical of the winter-kill 

type of southern ?A'iohigan; a smnll, shallow. very rich pond, in which extreme 

stagnation often ariaeeJ and a small aoid bog lake. Standard field and labora­

tory methods were used, with certain modifications necessitated by winter field 

conditions. Literally thousands of dissolved oxygen determinations were made 

throughout the three winters, 1937-38 1 1939-40. and l94Q-4l. Routine tests also 
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were :made of pH and of methyl orange alkalinity. In 1937--38 and 1940-41, tree 

carbon dioxide was meaeuredJ and in 1940-41 a considerable series ot measure­

ments ot light penetration through anow and ioe were made. Also in 1940-41 bio­

chemical oxygen demand was determined for a large number ot water aamplee. 

In an experiment, well water wa1 pumped into a pond tor two on.....,..ek 

periods, without any notable etfeot 1n raising the oxygen ot the pond water. 

Comparative oxygen measurements wre made 1n three ponds, one ot whioh was 

darkened with paper. and another ot which had the snow remOTed.. The different 

amounts of light penetration resulting were definitely reflected 1n ditterenoea 

in oxygen tension, though the ditterenoes were not very large. 

In studying the oxygen trends in the various lakes (Graphs 2 to 14) it was 

totmd, as :might be expeoted, that the greatest and most sudden fluotuatiana 

occurred 1n the shallow pond and in the bog lake. The water in the deeper lake 

remained remarkably constant throughout each winter. 

or the three winters or the investigation. in only that or 1939-40 did serious 

conditions develop 1n the lakes under observation. During that winter the ioe 

W'fUI covered with snow tor a oompa.ra.tively long time. During the other two winters 

snow coverage was of rather short duration. 

Changes in oxygen eanoentration, even from week to week. were definitely 

correlated with changes 1n the depth of anow on the ice. lleasurements of light 

intensities nr1fied the supposition that only a very small amount of light 

penetrates through even a tew inches ot snow. Unquestionably a foot or more of 

dry snow transmits too little light to actuate photsynthesis. 

It 11 probable that the respiration of fish. other animals. and plants plays 

an insignifioant pa.rt in the depletion of the oxygen. The main oxygen consumption 

oo:mes about through the bacterial deoay of organic matter. whioh is largely 

derived from dead plankton,. and is either suspended or diasolT&d 1n the water 

or lies, in the form of a mucky deposit, on the lake bottom. This bottom. deposit 
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also may act indirectly to utilize oxygen, through the anaerobio production ot 

methane and other reducing gases, which in turn are oxidized in the •ter. The 

relative importance ot eaoh of these organic :materials in oxygen utilisation is 

not known. but the correlation of oxygen depletion with general organic richness 

ot the lake is clea:r-cut. OXygen consumption apparently 1s a continuous prooeH 

throughout the winter, but may be subject to soae degree of influence by changes 

in light conditions, as well as by ditterenoes in temperature, etc. 

Opposed to oxygen depletion is its production by photosynthesis. In thi1 

production, in wmter, higher plants are inTol ved to only a minor extentJ the 

chief oxygen output is that of the phytoplankton. The amount of photosynthesis 

varies greatl7, 1n aooordanoe with the amount of light which penetrates the 

ice and snow cover. 

Winter-kill o±' tiah is principally a matter ot sutfooation because of' a 

lack of auti'ioient dissolved oqgen. High co~oentrations of carbon dioxide or 

other harmtul gases are contribu'bing ta.otors. The Olcy'gen requirements of tish 

are oompL rativel," l<M' at low temperatures1 b.tt ne'V'ertheless certain ndnims.l 

OX7gen thresholds exist, beneath which fish cannot indefinitely survive. Diff­

erent speoie1 &how differences in tolerance, and hence differential kills occur. 

'fhe mortality varies from tl'at ot e. few fish to the destruction or almost 

the entire population. Total kill is rare J and, when a residue fish • took is 

ape.red, recovery by natural propagation probably is largely com.plated within a 

few years, provided a aeoond kill does not occur meanwhile. 'l'he detrimental 

etteot upon fishing m.y be great tor the first year or so, however; and the 

reputation of the lake for tishing is likely to autter accordingly. The efteota 

of winter-kill may not always be al together deleterious, howeverJ for the thin­

ning of a large and stunted population may result in increased growth of the 

surviving tiah. A heavy winter-kill may tend to destroy the species balance, 

by differentially killing the more sensitive species. 
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Once a lake has de'V'91oped intense winter etagnation. usually little 

relief ca.n be seeured trom the application ot artificial meaaurea. Cutting 

holes in the ice does virtually no good, beoauae air cannot enter the water, by 

diffusion alone, 1n any appreciable 4ua.utity. These hole• JM.J enn be baratul, 

beoauae tish tend to oongregate in an open hole and hence to deplete the oqgu. 

in that immediate locality. learly all pumping prooedurea have been found not 

to be teaaible, eapeoially it large bodies or water are involved. 

Both the theoretioal consideration• and the re111lta ot esperilllentatiora. 

indicate snow i-eaoval to be a logioal and perhaps teas1ble :mathod tor the pre­

vention of winte~ll. The econmdc praotioability of the method is atill 

largely uillcnownJ tar ame.11 lakes, particularly thoae which are illportant; fiahing 

waters, it holds considerable proaise. 
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SUGGESTIONS FOR FURTHER STUDY .UfD UA!f.AGEMElff 

.As h&s been a tressed above. a.ey Jlllllna.gement program should aim at the pr.­

vention. rather than the relief', or extreme winter stagnation; tor after serioua 

conditions once have deTeloped there is little that can be done in the way ot 

allerlaticn. The following management program is sound trom a theoretioal point 

ot view. Whether or not it is eoonomioally feasible probably oan be determined 

only from actual trial. It should be noted that it is recommended primaril7 

tor sma.11 bodies or water, and probably is not practicable tor large lakea. 

.. 

If control of the water level is possible. the la.ke or pond should be allowed 

to enter the winter with a :maximum 1VOlu:me of wa.ter, thus giving it as large a 

reserve supply ot oxygen as possible. l'rovision for extra inflowing water during 

the winter months soraetilll8s is possible; if so, it should be made, particularly 

it the source or supply is water that is apt to oarry abundant oxygen. suoh &a 

that from a lab not aubjeot to winter-kill or frail a. large stream. 

Snow should be removed f'rom the ioe, by scraping or melting. Power or 

horse-drawn scraping or brushing equipment illaY be adaptable to the purpose J 

melting may be effected bf a stream of water pumped f'i'om. the lake. I£ the entire 

area cannot be cleared, probably some system of partial removal - suoh as from 

alternate strip& - would be fairly etfectiTe. Veey light snowfalls (ot' a tra.otion 

of an inch), which are rather frequent in southern Miohigan., do not neoeaaitate 

a.ny action. Not only- is such a small amount of snow insufficient to do m.uoh 

damage, but also it is vary likely to be dissipated 1n rather short time 'b7 

natural means. But eaoh snowfall of more than an inch or two should be cleared 

away as soon as possible, not only because it soon cl!o.11 do considerable harm, but 

also because .freshly fallen snow is more easily he.udled. Bxperience, plua oheelr: 

determinations of oxygen, will dictate the extent to whioh snow removal must be 

carried for any particular body of nater. 

In some instances, the removal of valuable g1Ual8 fish to a a&t'e boey of water 
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before the onset of serious conditions :may be advisable. Rescue operations in 

the winter &re diftio ult and disagreeable work, and should be considered only 

as an emergeno7 treatment. The need for tish removal in the £all, on the other 

hand, cannot be determined, for there is no way of foretelling whethl r the 

ooming winter ia to be a severe one or not. Henoe tiah should be taken in the 

fall only from those lakes or ponds which are :most apt to be af'!'ected, or from. 

those which beat oan spare tiah. In other words, there may be certain very pro­

duotiTe ponds or ama.11 lakes which thus might be considered somewhat as rearing 

ponds, and from which a certain number ot game fieh might be transferred ea.oh 

tall to water• more safe from the threat ot winter-kill. 

Although not recommended, at present, as a practical procedure, pumping water 

or air still is worthy of a certain amount ot further experimental trial, pro-

"' 

vided the neoenary equip•nt oan be aaaembled. Bo one pum.ping method is reoo»­

mended here above the other,. A primary object ar 'the pumping should be the putting 
.. 
ot air into the water in as diffuse a form aa possible (i.e., as Tery 1:mall bubble1). 

Vigoroua atirring or agitation should be aToided. Finally, it should be borne 

in mind that the method otters very little hope of euooesaful applioation to more 

than small or local area1, and will probably fail to be etteotive where the danger 

point has already been reaohed. 

It is extremely advisable, in connection with any program ot winte~ill 

prevention, to maintain throughout the winter a system tic and f'requent cheok 

on the dissolved oxygen in the water. in order to determine when danger threaten•, 

and to evaluate properly the 1uooe11 of the work. The dissolved o~gen determin­

ation is not an extrenaly di:f'f'ioult procedure, nor does it require an e:xceaaive 

amount of equipment. It is quite feasible f'or a praotioal fisheries worker to 

assemble the apparatus and to perform the test. Or, it" this procedure doea not 

seem to be advisable, arrangements often can be :m&de tor a fisheries technician 

or other trained worker to make the oxygen determina.tiona • 

. Following are suggestions for certain further theoretical studies. They 
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are proposed primarily tor possible future investigation by the Institute tor 

Fisheries Researoh, but IflAY be soL181fh.at usef'ul to others interested in winter 

limonology. 

Further observations of dissolved oqgen ohangea probably should take the 

form. ot an intensive stud¥ of one lake throughout a. winter, rather than extensive 

worlc on seTeral lakes. A considerable aaving of time and travel expenae would 

thereby result. and information tully aa valuali • would be obtained. If it 

oould ao be arranged, a deairable prooedure would be to ooabine the oxygen obaerT­

ations 1fi th experi:roents in pumping or anmr remoTa.l, thus obtaining a comparison 

ot conditions before, during, and after an experiment,. and between experimental 

and control area.a. 0£ the southern Jliohigan lakes suita.ble tor th 1s projeot, 

Green Lake ia 1peoitically reoommended. ffot only is it typical ot the winter-­

kill lakes, but it haa the background ot the work ot the present paper. 

Oxygen determinations, probably at several atationa, should be made about 

once a week prior to the first snow.fall of consequence. After that, or after 

the beginning of any experimental work, they should be m.de at least two or 

three time a weekly. 

Measurement a ot pH, oarbon dioxide, or alkalinity are of rel.a tively little 

value 1n the present connection, since they ~• m.inly only supplementary to 

the much better index whioh is to be h&d in the oxygen determinations. 

Of somewhat more etriotly academic interest, &nd yet very vital to a 

uom.plete knowledge of' winter oonditiona, &re additi01lal :measurements of' light 

transmission, and ct biochemical oxygen demand. !he Institute now has the 

neoeasary equipment for thia work; the procedures are .fairly aimple and reliable. 

It is recommended that, to whatever degree oiroUJl18tanoea may permit, consider­

able more work be done along these lines. 
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Table 1. 
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l&otd.pn I.&kea,, 19,0-19!,l. 
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l.Gclnl• Ara. .... F11h °'1li8" PN9. 

2s9!!!X lAke •• ,. I a ·-1( r;;: .,.., r..- i. el• -- 2!!!!!'• Ac. 1 !!!:!I, ,B.~ SI• PG, w.x. F Pe a..ae. oar. 
A I 1 I 1 L I l I I i I F I l I •• d I I I 1 • r I I • I. I. I I 1 II 

!WI~ C1uk 11 •• 11 B. 20,, a, LO 20 ft ••• • • z ••• • • • •• ••• • •• • •• r .. 
19.)()-.)1 

K•llaHka ~N 271. 6 w. 18. 1,+.· 10 ••• ••• ("Plke and ~ ftah"} ; 

J6 
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1$ R • • • ••• • •• ••• • •• ••• • •• • •• • •• 
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Bli.n!"J Long l ~. 10 w. 11, •• a, J.9) ' I • .. ••• s ••• • •• • •• z • • •• • •• • •• 
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Otta J 1. 9 w. JO, 31 100 L B • • :& ••• • •• • •• ••• z • •• • •• • •• Tw 

BNaob ~ 6 a. 6 ~. 2.6 1S ao I .... & ••• • •• ••• • •• •••• ••• • •• • •• • •• Y• 
C&1lam t!augh'tloll 1 a. 6 w. 14, 2J s ao H X ••• • X ••• • •• ••• ••• • •• • •• • •• • •• _...o1. 3a. u w. -~ s 80 11 B X • • •• ••• • • •• ••• ••• • •• • •• • •• • •• 
ca.. OOp1-, ss. IL. w. as )0 1 YJ:l • • ••• • ••• ••• ••• ·••· • •• ••• • •• • •• .. 1 a. lf w. a. ao 8 Vt! • • ..... ••• ••• • •• ••• •• • • •• • •• • •• • •• 
Cllata 1&lk s •. J. w. ae; a, aoo 17 VB z • a ;a a 

'Ill~ • • ••• • ••• • •• ... WU.lb 1 M. 6 "· "' ao ••• R ••• • • X • ••• ••• • • ••• ••• • •• •·•· 
m.11-1111• -ColW#l- fa. J w. ,a ia 11 I • • • •• ••• ••• • •• ••• ••• • ••• • •• • •• 
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1 .... s. ..... 13 •• ~L 
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.U.Ylng•taa -~ 1. 2 1. s. 6 &. 1. 31, l6 aoo ••• ff • • •• • •• ••• ••• • •• ••• ••• • •• • •• • •• • •• ~.-. a.. • 1. 16 w. 11, 1,. 30 40 J$ L ••• ••• • •• • •• • ••• ••• ••• • • •• • •• • •• 
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!lnt 2.) w. 1 E. u ID 9 lt • a s ••• • ••• X ••• • •• • •• • •• • •• 
Wall,4m 23 i. J a. 18 11 is L • X a • z ••• ••• ••• • •• • •• ••• Y• 
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}.lad 1 a. ) i. 31 6o i VI • X X 2C X ••• X X ••• X • •• ••• 
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( Oon'1nued) 
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Table 1. 

R•pol'W lu'tAnoel of Mnwr-Kill in 
18.ohip.n Luea, 19Jo-41. 

(OGmiJmed) 
tax. 

LooatiO!ll A!"eA, 4epth, l"J.ah Oti.'ier p...,,. 
eounv I.eke 

.. ,. if • Seo. aorea feet lo.a •· Bau c..... Pe Pk. sw,. ¥las B.H. 91• Pl• Gar. w.r. I 

1937-36 I 

Livingaton Beau 2 w. 6 E. 23 125 20 • • • ••• . (llot known} 

1938-39 
D1eid.uoa. Little !!ad 40 •• 30 ff. 11 ,0 • • • B ••• • z ••• • ••• • •• • •• • •• 

Vla'M!" 

1939-qO 
Allegu :aomJd 2 M. 14 w. 18 So 12 VH ••• (iot mown) 
C&lhowt i'inyon l s. 6 w. l2 100 ••• ••• • •• ( lot .knWII) 
Clan cranbttrry 19 n. h n. 12 7S 3) B X X • ••• • •• • •• • •• ••• ••• • •• • •• • •• 

crooked 17 •• 6 w. 22 1So 30 L • ••• X • •• •• • • •• • •• ••• • •• • •• • •• • •• 
xa:i..r-100 Eas't 3 s. 10 w .. 5, . 8 100 s VB X :x X ••• ••• • •• X • • •• • • • • •• • •• 
~ Addi 801'1 l!i 11 ~ s. l E. ••• 30 10 L X s X X X • • •• ••• • ••• • •• • •• 

Pond 
!';r&Hy 5 s. l, 2 .., 12, 13, 18 25 12 ••• X s lt X X t~• ••• ••• • •• •• • • •• ••• • •• 
lh.td s s. 2 R. 6 8 10 VB ••• (Wot mown) 

L1"1npton U:m.e 3 N. 5 E. ••• JO JO 1t X X 3 • ••• ••• • •• ••• • •• • •• • •• Yu 
Paaineld. .. s 2 N. > E. s 4 s w : ••• ••• ••• ••• • •• • •• • ••• • •• • •• r .. 

Pond 
~ Daek 10 N. , w. 10. ll 300 9 1t :x: • ••• ••• • • •• • •• X ••• • •• • •• Yff 
Ot.klud. R1ohm<m.4 ) Ne 9 E. 16 JO 10 II ••• ••• X • •• ••• • •• • • ••• • •• • •• • •• 
Oeooa& Islaad. 28 w. 4 I. 7, a, 11 6o 10 L • • ••• • ••• • •• ••• ••• ••• ••• • •• • •• 
RoaaOJIIDOn Jibd 22 L 2 w. 4. 9 50 10 11 X ••• X ••• :x • •• • •• • ••• • •• • •• • •• 
st·. Josepl\ B&affr 6 s. 9 w. 28 30 20 1t :x ••• z z s ••• • •• • • •• • •• • •• Y• 

Itaiaw 6 s. 12 w. 20, 28 160 18 JI X ••• X X X ••• • X • •• ••• • •• • •• 
We.thtuaw Green ls. 3 .,,, 22,. '?7, 28 60 10 • I L ••• ••• • ••• ••• • •• X ••• • •• • •• • •• y .. u• 

1~0-41 
OJa:re ~ 18 No , w. 21. 22 1~ ••• • ••• z ••• • •• ••• • •• ••• ••• ••• • •• • •• • •• 
Cft"Wfori May 28 1. 4 w. 3S 2 ••• L ••• • ••• • •• • •• • •• • •• X ••• • •• • •• • •• 
Iron Li~le 4'? •· 33 w. 29 12 8 K ••• ••• ••• a ••• !II X X • •• ••• . ... • •• 

llaggt• 
20, 21 90 22 B Kallca.alca Islan4 21 x. 8 ~ .. X X ••• • X ••• ••• ••• • •• ••• • •• . ~,. • •• 

lat Cbapia 8 •• 9 w. 3 lS •~· L X ••• ••• • •• • •• • •• ••• ••• • •• ••• • •• • •• 
Marquette Mud 45 lf. JO lf, 22 40 ••• a X X ••• • •• X z ••• ••• ••• • •• • •• • •• 
lleeoata F.orMhead 1, •. 8 w. lS, 21,. 22 SoO so ••• • •• (lot lmown) 

Johnaen 1~ w. 3 w. 9, 10, lS 500 •• • ••• ••• (Hot mown) 

Mi11aukee Crooked. 22. 2) ]¾. 8 n. 3. 4. 33 300 ••• VB X X ••• s X z ••• ••• • •• ••• • •• • •• 
oaceda Elmer 28 w. l 11;. 13 20 25 B X ••• X ••• ••• ••• X • •• • •• • •• • •• ••• 

1ielM1" "'t ... 'lit J .1. 14 6 2!> L X z X s ••• • •• • •• ••• • •• • •• • •• • •• -" f li; ♦ 

(».le 2B N. 2 }$,. 71 18 l~ 6 lI X ••• X ••• ••• • •• • •• ••• ••• • •• • •• . ... 
i: • Light Bg. • Bluegill aunts.ah B.L • Bullh.eada 
H • a.&'17 B. • Saas (largemouth or -.lllOOllth) Op • • carp 

VH • Yer-1 Ilea.v1 other Cctr. • O\her centra.rohida ( aunti sh.ea) Dg. • Dogtiab (bowfln) 
P. • Yellow peroh oar. • Gar' --
Fk. • Plk• &nd Jald pike 
suo.• Suakel"IJ Pr'ev• W.JC. • Known 11'1.Jlter-
Uin.• MS.nnows ( •xoluei ve ot oa.rp) kill in prm•• year• 



Table 2. 

Principal Lakes studied; Physical Charaoteristics. 

Si&s., Max. In Predominant Rooted Methyl 
Lake County Looation Acres Depth. Winter Bottaa Vegetation, Orange ClaH 

Feet Inlet outlet Material• Diatrib- Alkalinity• 
ution Usual range, 

p.p.m. 

Clear Jaokaon Tl. 2SJ R2EJ Seo. 140 36 llo No Marl., mud, Limited 160-180 Early .... tage 
1, 2,. 35, 36 

I> 
pulpy peat eutrophio 

Mud Washtenaw ·ns, RSBJ Sea. 31 62 5 Yes Yea Peat, marl Widespread 20<>-260 .Mid-stage 
eutrophio 

Green Washtenaw TlS; R3E; Seo. 78 10 Yea Yea Peat,, marl ltideaprea.d 17o-210 Mid-stage 
21,. 22. 2'1,. 28 eutrophio 

Richmond Oakland TlffJ R9E; Seo. 16 15 10 No No Peat Widespread 140-160 Lat...,.tage I-' 
c,;; 

eutrophio ij:::. 

Pasinski'• Livingston T2N; R6E; Seo. 5 4 6 No Yea Peat Total area 12()...200 Late-atage 
Pond eutrophio 

Bog Washtenaw TlS; R3E; Seo. 21 ~ 6 No No Peat Absent 5-10 Dystrophio 



Lake 

Clear 

Mud 

Green 

Bog 

Richmond 

Pasinski• a 
Pond 

Station 
number 

1 
2 
2a 

1 
2 
3 
4 

Inlet 
Outlet 

l 
2 
3 
4 
5 
6 

Inle"t 
Outlet 
o.u.~ 

1 

1 
O.H. ~ 

1 to 14 
15 

16 to 18 
19 
20 
21 
22 
23 
24 
26 
26 
27 

28 to 33 
Outlet 
O.il. ~ 
Pump 
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Table 3. 

Sampling Ste.tionl on the Principal Lakes Studied, 
1937-1941 

Sampled in years 
1931-38 1939-40 194()..41 

X 

X 

X 

... ... 

X 

. . . 

X 

X 

X 

X 

X 

X 
X 

X 

X ... ... 

••• 

X 

••• 
X 

X 

X 
X 

Total 
depth. 
feet 

6 
22 
34 

4 
3 
3 
2 
1 
l 

1~ 
3 
9 

~ 

Depth.a sampled, Bottom. type 
teet"b" 

S, 6 Marl 
s. 5, 10, 16, 20 Peaty mud 
s. 5, 10, 16, Peaty mud 

20, 26, 33 

s. 3 
s 
s 
8 

ij 
s, 3 
s, 2, 6, 9 
s. a.J,2 
S, 4, 8 
s, 3 
s. 3 

Peaty mud 
Varly mud 
Peat 
Sandy J1111d 
Fibrous peat 
Peat 

Peat 
Peat 
Uarly peat 
Peat 
Peat 
Peat 

Rooted 
plants 

Sparse 
Ilona 
None 

Mediua 
Medium 
Dense 
Sparse 
Sparse 
None 

Medium. 
Xono 
Sparae 
None 
Dente 
Medium ... . .. 

X 
X 

X 

X 

X 

X 
X 
X 

l ~ Fibrous peat Sparae 

... 

X 

... 

... 

... ... 

... 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

... 
X 

... 

X 

X ... 

X ... 
X 

X 

... 

3 

6 

1 
5 

l to 3 
4 

2 to 3 
4 
4 
4 

3-1/2 
4 
4 
4 

4--1" 4 
2 to 4 

2 
2 

s 

s, 1, 2, 3, 4, 
5 

S, 6 
s 

s 
S, 3 
s 
s, 3 
s. 3 
s 
s. 3 
s 
s, 3-1/2 
s 
s, 1, 2, 3, 4 
s, 3---,¼ 
s 
s 
s 

Peat 

Peat 

Peat 
Peat 

Peat 
Peat 
Peat 
Peat 
Peat 
Peat 
Peat 
Peat 
Peat 
Peat 
Peat 
Peat 
Peat 
Mud 
Mud 

... 
Kediua 

?lone 

None 
Sparse 

Dense 
Dense 
Denae 
Denae 
Denae 
Dense 
Denae 
Dense 
DenH 
Denae 
Dense 
Denae 
Jenae 
Medium 
1.iediwa 

~ S • "Surtaoe" ■ample, taken at trom 4 to 6 inches below the surface ot the water in the hole 
through the ioe. Also called "Top" sample. 

~ O.H. • Open hole; i.e., hole in the ice kept open £or oonaiderable time. 
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Table 4. 

~thS. ..... ot I• am -• 
11.elcl ~'Gt.OU • .. fled iAtoa. 

■ I l• I I- a ..... dl Ill.Ml 1 1111 

.. 1 ~..:.. 
,UlObes Of3DCD. 'IJ.UN llllW 

I a :e ·•:rr l l H a t L I ■ J 

~!.Mkf; •• ............. 01-.rtalte -
Dee. 11 ••• 'tr. • •• r-. a8 10 - ••• aa 6 ... ••• Jin. s 10 - • •• 
Jul. s 9 - .... 12 J.O li-1 • •• 

II 9 1 ••• I 12 • •• • •• 1, 10 I c...-... 11 Ir• ••• 
16 12 "'· .... hlh I JI ... ••• ,.. I J,I - ••• , lO - • •• , s - .... ao f tr. ••• ao ., tr. • •• ..... , ,-i. ~ 
21 a a-, Sk•lll 1Nll .... ••• ... 8 flu . ... 

• ••• 

Malt.- !l!L!!Ms. • l.et --
i.. u 4 t.. .,. -· l 6 ... • ••• • 6 - ••• a 8 t ••« 
Jul. s ••• - ••• ~ 8 • •• 

12 8 1 ••• 12 u 2 • •• 
19 12 ••• ••• '; ll ~ • •• 
26 11 'fl'• ••• '111), lO ... • •• 

feb• 2 12 ~ ••• 11 L - ••• 
9 1 !.bu ••• ... a 1 ••• ao I+ 'lt'. •··· war. ., I - • •• 

27 4 )-1. ••• 10 I .... ••• .... 3 l .~ 
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. ' 
Table 4. 

'fhiokne•• of Ioe and Snow. 
Field Obaenationa on Speoit1.ec! Da'tea. 

( Continued) 
1939-40 

l••• Snow Ice. Snow 
Date iJlohes fi&a Ooiidltion D&1;• inehe• :tnoiies Conditlon 

GrNn Lake Beg~ -Jan. 10 5 2 ••• Jan • 6 2 1½-lit • •• ; 
17 5 ~ •••• 1.3 3 i Slu1}v 
24 10 ½-1 ••• 20 4 • •• 
31 10 2 ••• 28 , 2 • •• 

Feb. 8 10 3 0 •• Feb. 3 5 3 • •• 
14 10 3 ••• 11 4 4 Slushy 
21 ••• 2 Crusted. 18 h 1 Paelced. 
28 ••• 6 ••• 25 4 3 .... 

Mt.r, 8 14 1~2 Crusted Mar, 3 ••• ••• • •• 
11 14 0-2 ••• ll 4 0-1 ••• 
J.6 14 ½ New 16 ~ ½ Un 
20 12 3 New 2.3 4 3 enta'ted 
23 ••• ) Crusted 27 6 5 • •• 
27 12 5 ••• 
31 a ••• ••• 

Apr. 3 6 None • •• 

Clear Lan lN.d. Lt.k• ·- --Jan. 6 4 1-l½ ••• Jan. 6 4 1-2 • •• 10 6 2 ••• 10 , 2 ••• 
13 6 3 Slushy l.3 5 2-.3 Slushy 
17 8 l. 17 6 1,. 

! ••• ! • •• 
20 9 12 ••• 20 8 • •• 
24 12 f:~ ••• 24 10 t~ • •• 
28 14 ••• 28 12 • •• 
31 12 2 ••• 31 10 2 • •• 

Feb. .3 l2 3 ••• Feb. .3 10 3 • •• 
8 12 4 ••• a 10 .3--4 • •• 11 12 6 • • • 11 • • • ••• • •• 

14 12 3 Paoked 14 10 3 Paolced. 
18 12 2 Packed 18 12 2 .Paokecl 
21 12 2 crusted 21 12 2 Cruted 2, 14 3 ••• 25 • •• 2 ••• 
28 ••• 6 Crusted 28 • •• 6 ••• 

Mar. 3 ••• • •• • •• Jfa.r. 3 • •• 2 Slu•• 
8 14 0-2 Crusted 8 12 0-2 Cruate4 

11 14 0-1 ••• 11 12 0-2 ••• 
16 14 2-3 ••• 16 12 2 • •• 
20 14 3 New ·20 10 .3 ... 
23 14 3 Crusted 23 12 3 Orustecl 
27 14 s ••• 27 12 s • •• 
.31 10 None ••• 31 8 • •• • •• 

Apr. ' 8 Mone • •• 
(Continued) 
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Table 4. 

Tbiokneas ot Iee and Snow. 
Field Obaena tion.s On Specified Dates. 

(Continued) 

1939-40 

1 ... SD.OW Io•• SD.ow 
i.te iaohe• Inoiiea cfui.ii1ition Date inohea Inehes 'c:Aii3liloa 

Fasinsld. • a Pond. Bt.toheq Pomla -Jan. 7 4 1 • •• Jan. 7 3 ½-1 ..... 
14 4 Jron.e • • • 14 4 none ••• 
21 $ ½ New 21 9 Tr. ••• 
29 8 2 • • • 29 l2 2 ••• 

Feb. 4 8 2 ••• Feb. 4 12 1 . .. , 
10 12 5...6 ••• 12 12 3 Wet 
17 ••• 2 Crusted. 17 12 2 Packed 
22 ••• 2 Crusted 19 ••• 3 Paokecl 

Har. 8 ••• 1-2 Crusted 26 • •• 3 . ... 
10 6 0-l Crusted .Ma.r. l • •• h Paoked 
13 ••• None • ••• 4 ••• 2 81••· 15 ••• 0..2 Crua1HJd 9 10 0-1 Omated. 
18 10 None ••• 16 8 'l'r. • •• 
22 8 it. SluB}w 22 10 >-6 ·-25 10 .Packed 29 10 Hone ••• 
29 8 None ••• 

Apr. 1 6 None • •• 
3 4 None ••• 

Riehmcmd Lake -
Feb. 18 12 2 • •• 
Mar. 4 15 .3 • •• 

9 12 1-2 ••• 
18 14 lfone ••• 
22 14 .3 ••• 2, 12 :lozae ••• 
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Table 4. 

Thickness of Ice and Snow. 
Field Obaern.tions On Specified Dates. 

( Continued) 
1940-41 

Iee, Snow- !ce, Snow 
Date in.oh.es Inohes Conctition Date inche• fnoliea eonlrtl:on 

Cl-.r Lake lbl Ia.ke - 4 --Deo. 10 1 lkm• ••• Dec. 10 None • •• 
15 ••• ·~ • •• 19 6 Tr. •••• 
21 6 1loDe ~·· 24 ~J.n lone·· ••• 

Jan. 1 Open ••• • •• Jan.. 1 Open ••• . ... 
1 'ftd.n Bone • •• 7 3 Bone ••• 

12 8 ·i-1¼ ••• 14 6 l Cru.stN 
23 6· Bone ••• 23 6 None ••• 
)0 10 lt Crua'ted 30 8 l½ .. ·• 

Feb. 6 10 lone ••• Feb. 4 10 lone . ... 
14 8 Bon.& ••• ll 10 1-2 • •• 
23 ••• ~ Dl"i1'ted 2,3 10 

l=i 
..... 

Ma.re 2 10 Drifted llart. 2 10 Drined 
8 10 'h"• ••• 8 10 '.rr. • •• 

13 6 ••• Meltd.ng 

Green Lake Bog~ -Dec. 10 4 'None • •• Deo. 10 2 None • •• 
17 6 Tr. • • • 17 3· ft• ••• 
21 5 None • • • 21 .3 None ••• 
2h J None • • • Jan. l Thin • •• • •• 

Jan.. l Open <I: •• • •• 1 2 '.fl'. • •• 
1 4 lone ••• 14 3 rl • •• 

12 6 1 .. 1½ ••• 2.3 4 Jkme ··•· 23 8 None • • • 28 ) 1 ••• 
26 8 Xone • • • Feb. 4 5 ••• 
28 10 1 ... J.½ ••• 11 6 2 . .. , 

Feb♦ ' 10 2 Dry 16 6 • ... 
14 6, None ••• 25 10 2 cruawct 
24 10 t:: Drifted Mar. 2 8 1 eruat.a 

Jlar. 2 10 Drifted 4 8 .... 
4 10 ½ Drifted 10 9 ••• lard 
8 10 ~- I •• • 27 6 lone ••• 

Paaineld •a Pond PhinaJd. t • ._£!!!, _( Cont:lnue4) --Dee. 12 3 l•J.t .... Feb. 8 8 Tr. • •• 
19 4 Tr. ••• 12 10 1½ Crusted 
26 l ••• • •• 21 8 ,r . • •• 

Jan. s Open ••• • •• 27 8 i,-l • •• 
10 4 1 Bew )(a.r. 6 10 th • •• 
16 6 t-1 Crusted 11 ••• W..t 
24 8 Tr. • •• 
Jl 6 j-1 Wet 
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Table 5. 

Depth of Snmr• In Inohea, On "1\e Ground At the 
Uni"t'9J"aity \feather station, Ann Arbor, 

Dllring the lfinter 19.35-,36. 

Day Dec. Jan! P•b• )Noh ,br:ll 

l 1 ~ l Bone Bane 
2 1 l i t t 1 1 3 Hoae 

li 1 1 It .lone 

> l 1 1 • l 
6 JfODe 1 1 • 1 
1 " 4 7 " Hone 
8 tt 1 7 • i 
9 " T 11 None 

10 • ; 1 ft • 
u " 7t tt • 
12 n 

~ 
.. • 

it 2 3 i • 
l J 11 )Jone " 15 licme 2 8 • • 

16 2 2 8 11 ••• 
17 2 2 ·91 .. ••• 
18 li 4 12 .. ••• 
19 l 4 12 n ••• 
20 ii· 51 l2 .. 

••• 
21 l 12 " ••• 
22 l ~ 9 11 ••• 
23 i Ii 8 • ••• 
24 1 4 6 • ••• 
25 1 ~ Bone ti ••• 
26 4 l " ••• 
27 h 3 Bone n ••• 
28 h 3 " • ••• 
29 : ~ 

n n ••• 
JO " ••• • •• 
Jl Ji 3 • ••• • •• 
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Table 6. 

De"P'h o:t Snow• In In.oh••• On the Ground At the Ann Arbor station. 
and On the Ice On the Var.l011e Lakes Studied In Southeaatern Mlehigan, 

Winters ot 1937.;.38. 1939--40. and 1940-41. 
~lI-l§ varoii Deolllber :Ja!u&rz ~·u'7oi= Dal Lak:•• Ann Arbor Lakea Ann Ar'bor IAkea A.ma Jibol" 

l ••• !It; •• None 1 ••• lone ••• 2 
2 l None " lone • •• ••• ~ ... ••• 
3 1 " None • ~~~ .. ., ., ., ., ••• 
4 l • ••• • ••• ., . ., ., tt., 4f 4 W 

s Bone l Bone ff 2 ~·· ••• ••• 
6 ~ l " 1 ., .. .. ... ••• ·••: 
1 l " i ••• ., .. • •• ••• 
8 2 l 1f Hone lou •• e: ..... ••• 
9 2 l 1(0119 It • ••• ~ ... ••• 

10 2 3 • • ., .. ••• .... ••• u tr. 2 3tt • ••• • • ••• • •• 
12 2 1-2 3 NOM It ••• • •• ti 

13 2 4 tt • .. ., . . , . .... • •• 
14 2 1! • ••• ••• ••• ••• ••• 
lS 2 " •• •• • •• ...... ••• • •• 
16 ii ;. " .... ••• .... • •• •·•• 
17 'II ··~ ••• ••• ••• • •• 
18 3 3 It ••• ••• ... , .... ; ••• 
19 J 1 

~ 
tt ..... ••• ••• • ••• 

20 ••• 4 •••• tr • i • •• • •• 
21 • •• i 

... , . :£ ••• ••• ..... 
22 ·•· .. ••• ••• l ••• • •• 
23 ••• ••• it ••• ~ ••• ••• 
24 ••• . •·. 1 1 • •• ••• 
25 ••• 3 •· .. ¼ ••• 2 • •• • •• 
26 ••• ! Tr. l •·•• t ••• .. .. 
27 ••• ••• l a-4 • •• ••• 
28 None ••• ~ ·••· 2 ••• ••• 
29 • •• 2 l •• •• ••• • •• . •.. 
JO ••• 2 None None .... ••• ••• • •• 
31 4 " • • • • •• ••• • •• ••• • •• 
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.. 

Table 6. 

Depth of Snow• In 11'1ohe•, On the Growld At the Ann Arbor Station., 
aDd. ~ the Io• On the Various ltakea studied in Sou1.h•stern Mi.ohigan, 

Winters of 1937-38, 1939-J,p), and 1940-lil. 
( COJl'ttJ.me4) 

19~ 
J&mla!:l ~ Pe1mtary S aroii ... 

l)&y i'ik .. Ann u'bor =s Ann -,;:.or 1;;&. A.nn.G\ior . . . 
1 .... 2 ••• 2i- 4 2 
2 • • • 2 ••• ~ • •• 2 
.3 .... 2 .3 2 1 
4 .... ·2 1-2 l . 2-3 ! :, ••• 2 ••• 2 ••• 
6 1-21 2 ••• i • •• 
1 1 2 ••• ••• None 
8 I 3•4 3 0-l • ••• 
9 1 0-1 " .... • •• 

10 2' 5-6 

I 
0-l " 

11 3 4--6 0-l It 
••• 

12 a .3 " ••• ••• 
lJ 2•3 l½ None 11 ••• 
14 lfo:r.w None 3 ••• t 1$ ••• t • •• 2 0-2 
16 . •-• ••• 1i- i-2 l 
17 ½ 2 l ••• NOM 
18 l 1-2 i- lJOlUI • ••• 
19 l J 2 " ••• ••• 
20 4 1 ••• l 3 » 
21 ii 2 I ••• 2 
22 ••• l 2 J-6 4 
2.3 .... 1 ••• 3 2 
24 i-1 ! ••• I • •• 2 
2S ••• ,3 ii 2 
26 ••• 3 • •• ii-
27 ••• ~ ••• 5 , 28 ½-2 6 3 ••• 
29 2 2 4 2 Hone 
30 ••• 3 ••• ••• • •• llone 
31 2 2½ Bo.Ile • ••• ••• 
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Table 6. 

Depth of Snow., In Inches, On t..11.e Grcund At the Ann Arbor Station., 
and~ the Ice On t:!1.e Various Lakes Studied In Southeastern Michigan, 

Winters 0£ 1937-JB. 1939-40, and 191.i0-41 
{ Contil'lued) 

Decaiiiber li6:••~r Ba'.i-oh 
Daz: Lakes Jim Irbor likes Ann lrbor 
1 •• • ••• • •• • •• t ••• Ione 
2 None l • ••• ••• • •• ••• -wol ., " tt ti ••• ••• • •• • • • ••• 
4 H None tt ½ t ••• ••• • •• s 1 It ••• ••• • •• ••• ••• 
6 1 )lone 1t .... ••• ••• ••• ••• 
1 None l " • • •• • • • • •• ••• 
8 l It Tr • II ••• ••• ••• ••• 

' 2i- 2 t • ••• ••• • •• ••• 
10 Vone None 2 • ••• ••• I ••• 
11 .. 2 1-2 3-4 t ••• ••• 
12 1 .. ¼-li- 2 ii Bone ••• 
13 lfone 

i 
n 2 ••• ••• • •• • •• 

14 " l Noa It 1 ••• • •• lS II u IO?le ••• • •• ••• • •• 
16 Tr. h l ti 

t ••• • •• 
17 11 2 

! ••• • •• ••• ••• 
18 fl None ••• ••• ••• ••• 
19 'fr. " 1t '.loJte • • • • •• • •• 
20 " " 1 ••• • • • ••• ••• 
21 None Jf " 2 lfou ••• • • • ••• 
22 " It 

! • ••• • •• ••• • •• 
2.3 " None n t-2 • ••• ••• 
24 lione n 11 • ••• ~2 ••• 25 tt II 2 None • ••• ••• ••• 
26 u llone ti ti • ••• ••• ••• 
27 A 2 i ti None • ••• • •• 
28 n l½ 2 i ••• ••• ••• • •• 
29 It 2 ••• •• • • •• .... ••• ••• 
.30 ••• '3 2 2 ••• ••• ••• ••• 
31 ••• 2: l ii • •• ••• ••• • •• 
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Table 7. 

Dissolved 0:z;ygen, pH, and other Chemioal Data For 
the Lakes Sttidied, 1937-JB. 

Ph.ii. •• o. 
Lake and Sampling Temferature Free c~. Alkalilli ty, Alka.lini ty, DiasolTed 
Station nerth Date ec. or. p11 p.p.-. p.p.m. p.p ... 92, P•P••· 
Clear Lake, Surface Dec. 28 1.1 34 ••• None ••• • •• • •• 
Sta. 1 Jan. 5 o.o J2 ••• l ••• ••• 14-3 

12 0.2 32l • • • .None ••• . ... 14.0 
19 o.o 32 • 13.3 • •• • • • ••• 
26 0.1 32 . ·•. 1 ••• • •• 13.0 

Feb. 2 0.1 32 ••• 1 • •• • •• 15.7 
9 2.0 3~ ••• 1 ••• • •• 11.2 

20 o.6 33 ••• l • •• • •• 12.4 
27 1.0 34 ••• 1 • •• • •• 12.2 

Bottom Dec. 28 2.3 36 B.o None • •• 161 13.9 
Jan. 5 1.4 ~~ 8.2 2 • •• J.63 9.8 

12 .,., 8.2 Mone 5 168 u.s 
19 1.6 JS a.o " lU 13 • .3 ••• 
26 .3.9 39 8.o l ••• 16.3 12.6 

Feb. 2 4.1 ~ 8.o None .... 167 12.2 
9 4.8 8.o " 170 11.s ••• 

20 5.6 li2 a.o ti J.61 12.1 •• * 

27 $•3 41½ a.o 1 ••• 166 11.2 

sta. ·2 Stlr:f'ace Jan. 5 2.0 ~i ••• ••• • •• • •• • •• 
12 0.3 ••• None • •• '" .. 9.6 
19 o.o 32 ti ]J.6 • • • ••• • •• 
26 o.~ ~~ 

n 13.2 ••• ••• • •• 
Feb. 2 0.2 11 13.9 .. . . ••• • •• 

9 1.0 .34 ••• l • •• • •• 10.5 
20 o.6 33 ••• l ••• • •• • •• 
27 1.8 35 ••• l • •• • •• • •• 

J feet Feb. 9 5.0 41 • • • ••• • •• ••• • •• 
20 6.3 ~ •ot• ••• • •• ••• • •• 
27 5.5 J.,2 ••• • • • • •• . .. ••• 

5 feet Jan. 5 3.4 38 • •• • • • • •• • •• • •• 
12 3.3 .38 ••• • • • ••• ••• • •• 
19 1.1 34 ••• • • • • •• • •• • •• 26 3 • .3 38 ••• ••• ••• • •• • •• 

Feb. 2 3.6 36! ••• • •• • •• • •• • •• 
9 5.0 hJ, ••• ••• • •• • •• ••• 

20 6.4 hJ ••• • • • • •• • •• • •• 
27 5.9 ~ ••• ••• • •• ••• • •• 

10 teet Jan. s 3.9 .39 ••• 2 • • • ••• 13.1 
12 3.6 3~ ••• None ••• • •• · 13.l 
19 3.0 II 11.8 372 ••• ••• ••• 
26 4.0 

~~ 
.. 11.1 ••• ••• • •• 

Feb. 2 4.3 ••• 1 •• • ••• 11.5 
9 5.1 .41 ••• 1 • •• ••• 9.8 

20 5.a a.o Ifona ••• 175 11.9 
27 5.9 a.o II 167 11.4 ••• 

Continued) 
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Table 7. 

Dissolved Ollygen, pH, and Other Chemical Data For 
the Lakes Studied, 1937-38. 

( Continued) 

Phth. )l. o. 
Lake and ,Sqpling Te~erature Free CO2, All:alini 1r.f, Alkalinity. Dia■olTed. 

, §3'!l1on Defth Date • IF. eH E•E-L :f:•E••• 2•E••• Q21 E•!••• 
Cl•r Lake, 1, feet Jan. ~ 3.9 39 ••• ••• • •• • •• • ••• sta. 2 12 .3.9 39 . •·• . . .. ••• ••• • •• 

(Continued) 19 4.2 Ji ••• • •• • •• • •• • •• 
26 4.3 3 ••• • •• ••• • •• • •• 

Feb. 2 4-9 . hl, • •• ••• ••• • •• . ... 
9 5.3 a • • • • •• • •• • •• •••• 

20 5.8 ••• ••• • •• . •-• ••• 27 ,.1 •••• • •• • •• • •• • •• 
Bottom Jan. 5 4.4 U> 1.a 6 ••• 179 7.7 

12 4.0 39 s.o None 6 172 11.7 
l9 4 • .3 3! 7.8 3 ••• 181 a., 
26 4.8 40- 7.6 2 C • a 183 s.a 

Feb. 2 ~-.3 41! 7.6 2 • •• l8J S.9 
9 5.5 42"' 7.6 3 ••• 190 3.0 

20 5.7 42½ 7.6 1 ••• 192 4-2 
27 5.6 h2 7.8 2 ••• 178 10.'4 

Mud JAke, 8urfaoe Dec~ 11 3.4 38 • • • • •• ••• • • • • •• sta. 1 28 1.1 34 • •• 5 . . ·• • •• a.a 
Ja.n. 5 o.o ,32 ••• 5 ··• • •• 6.8 

12 o.s 33 •---• 6 ••• ••• 8.6 
19 o.o )2 . ••- 8 ••• ••• 6.9 
26 0.2 32i • •• 4 ••• ..,.;. 7•3 

Feb. 2 o.o .32 ••• 2 • • t, • •• 10.8 
9 1.4 ~ •-.. l ••• • •• 11.1 

20 1.5 ~;t • •• l ••• • •• 13.6 
27 0.7 • •• 2 ••• ···:· 11.1 

Mal". 6 2.1 ,36 7.4 2 • •• 135 . 9•3 

:Sottcm Deo-1 11 .3 ♦6 ~:t 7.8 ) .... a20 9•9 
28 .3.6 7.6 1 .... 245 1., 

Jan~ s o.o ,32 7•4 10 ' .. 2lu :6.1 
12 2.9 37 1.6 , ••• 264 10.5 
19 1.6 3~ 7.6 1 ·• •-~' 26o ,.s 

. 26 4.2 3~ 7.2 !, ••• 208 s., 
Feb. 2 2.7 

Ii 
1•4 4 ••• 223 s.o 

9 S-4 7.4 2 ••• ~~ 10.1 
20 4.8 7.4 3 • ct• 9.8 
27 4.-6 7.6 3 ••• 17) .9.8 

Mar. 8 4.2 7.6 3 ••• 172 9.3 
( Oon-timed)' 
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Table 7. 

Dissolved ~gen. pll. and other Ch«aioal Data For 
the Lakes Studied. 1937 • .38. 

(Continued) 

Ph-th. Y. o. 
Lake and Sampling T~rature Free 0°'2• Alkalinity, Alkalinity, DiBBolved 
Sta.ti.on De;eth Date • l!i'. 2H E•:2:lll• R1li!1&1t ~•ll•II• e;. '1•»••· 
Green take~ Su.rfaoe Dec. 11 3.3 38 e.o 2 •••• 180 12 •. s 
Sta. l 28 3.5 JBi! 7.8 2 ••• 103 13.3 

Jan. 5 1.a 35 7.6 4 • •• 204 10.s 
12 1., i; 7.6 2 ••• 207 10.3 
19 1.4 7.6 , .... 210 10.2 
26 0.9 7.2 2 ••• 19 10.6 

Fe1J. 2 1.1 .34 7.4 2 • •• 116· 10.1 
9 2 • .3 36 7.c l ••• 11 10.2 

20 2.1 36 7.2 l ••• 47· 11.7 
27 1.1 34 7.4 l ••• 19 12.2 

Bot'tGDl DM. 11 4.4 40 B.o None ••• • •• ]J.6 
28 l-1--l 39l 7.8 5 :a •• 189 u.2 

i[an. 5 3.4 38 7.6 6 • •• 200 10.8 
12 3.6 36i 7.6 3 .... 001 8.9 
19 .,.9 39 7.6 5 .... 210 7.0 
26 3.3 38 7.4 4 . ., ~. 170 7.4 

Feb. 2 h.9 41 7.4 3 .. ~. 192 ,.1 
9 !,.J •1J.. 7.8 2 120 8.6 4 2 ••• 

20 5.7 ~ 7.6 2 ••• 12; 10.1 
27 4.9 la 7.4 2 ••• 138 8.2 

Pasinalci 1 a Surfaoe Jan. l 0.7 33.1. ••• 2 . ') . " .. 13.3 
Pond 8 0.4 3~ • • • 3 ~ " . • •• 17.8 
Sta. lS 15 0.4 J2i ••• 5 • •• • •• ,.8 

22 1.0 34 ••• 5 0 •• .. .. .9 
,30 0.3 32t ••• 2 . ~. fj •• 11.8 

Feb. 5 o.8 J.3! 7.2 2 • Q. lo8 10.7 
12 2.5 .36k 7.6 ., 

76 11.7 ... . ~. 
24 2.5 3~ 8.2 None !, 88 16.7 

Ms.r. J 2.5 36t 8.2 ft 6 93 17.5 
10 1.9 J_5j 8.4 " 9 92 13.9 

Bottom Jan. 1 2.4 36½ 7.6 9 ••• 210 7.8 
8 2.a 31 a.o 3 ••• 230 15.0 

15 2.8 37 7.J+ 8 ••• 248 9.1 
22 2.2 36 7.4 6 .. .., •- 240 3.7 
30 2 • .3 36 7.4 4 ••• 172 7.~ 

Feb. 5 .3.1 37¥ 1.lt 3 • ♦• 185 9.3 
l2 3.7 .3~ 7•4 3 ••• 154 10.6 
24 ls,.o 39 7.6 3 ••• 122 12.3 

1tlr. 3 4.3 31 7.6 l ~-· 1.33 12.7 
10 4.3 8.o Bone 4 ll.iO ~.2 
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Table 8. 

Diaaolved Ol;yg•n• pll. and °'11er Chad.oal ill.ta For 
the Lake• stw1iec1. 1939-J.io. 

Pldii. IL O. 
lake ud Bulpllllg Aentecl Al'MOl. altalhd V°• alkalinity, ~-a1i&Ua de;.:th Dau ;ex en fH 1!•2·• 2•2•• E•!•• 
Clear IAke, Sllrf&oe Deo. 31 .... ••• • •• a 158 14.S 
Sta. l Jan.. 6 ••• • •• • •• s J.6o 14.6 

10 8.2 ••• • •• h 16o 14.9 
13 s.o ••• • •• 2 156 14-7 
17 a.o •• • ••• 3 1~ 1s.s 
20 s.o ••• • •• 4 163 16.2 
24 8.1 ••• • •• 2 16S 1.s.s 
28 8.1 8.2 6., 2 168 ~~ 31 a.1 8.1 6-4 2 168 .s 

Feb. 3 8.1 8.2 6-4 2 167 14.s 
8 8.1 8.1 6.J 2 163 14.s 

11 8.1 ••• ••• 2 156 14-2 
14 8.1 ••• • •• 2 l6lJ 14-4 
18 e.o ••• ••• • •• J.64 14.2 
21 8.1 8.1 6.3 2 164 J.4.1 2, 8.1 8.2 ••• ' 16S 14-3 
28 8.o 8.2 ••• 2 168 14-9 

Mar, 3 8.o 8.1 6-h ••• 166 1.3.9 
8 a.o ••• ••• 2 82 ]J.4 

u 7.9 8.1 6.J ••• 1lp 13.0 
16 1.9 a.o ••• 2 163 14-0 
20 6.7 6.8 s.4 ••• 18 10., 
23 6.7 6.8 S.6 ••• 28 ,.o 
27 a.o 8.1 ••• 2 ·147 13.3 
.31 6.8 7.4 ••• ••• ~ 10.9 

A.pr. J ,., 7.6 • •• • •• 11.3 

Botta neo. 31 ••• ••• • •• 2 lSl 14.l 
Jan. 6 ••• • •• • •• 3 162 14-4 

10 8.2 ••• • •• .3 1)6 14.6 
13 8.0 ••• ••• 2 1S3 14-9 
17 8.o • •• ••• 3 16o 14.8 
20 ••• ••• ••• ••• • •• is.a 
24 8.1 ••• ••• 2 16S 14-9 
28 8.1 8,1 6.l+ 2 162 1s.1 
31 8.1 8.1 6.4 2 16S 13.s 

Feb. 3 e.1 8.2 6.3 2 16S 13.7 
8 8.1 8.1 6.4 2 16$ 14.2 

u 8.1 ••• • •• 3 166 14.2 
14 a.o ••• ••• • •• 164 14.2 
18 s.o ••• • •• 2 l.6S 14.2 
21 a.o 8.2 6 • .3 2 163 14.3 
25 6.l 8.1 ••• 3 168 13.4 
28 B.l 8.1 ••• 2 167 14..4 

Mar. 3 8.o 8.1 6-4 2 170 13.8 
8 B.o ••• ••• 2 l.62 ~t 11 8.1 a.2 6.4 l 16S 

16 a.o 8.1 ••• 2 166 13.1 
20 8.o 8.1 6.4 2 164 13.3 

(dont&ieci) 
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Table 8. 

DiaaolTecl Oxygen, pH, and other Chemical 
the Lakes studied, 1939-40. 

Data. For 

(Continued) 

Phth. 11. o. 
lake and Sa•,t~Jlin": Aer1:d;~ Al,raol. ~lkf>.lini t,' ~ al.lr.:alini ty, 0 !' 
station depth Daw pH pH p!: !•P••• p.p.m. P•P•• 
Cles.r Lake, Bottom :Mar. 23 7.9 8.1 6.4 ••• l,52 12.9 
Sta. l 27 1•9 8.l • •• ••• 165 11.9 

( Continued) Jl 7.9 8.1 ••• ••• 160 12.l+ 
Apr. 3 7.9 8.1 ••• • •• 158 12.0 

Sta. 2 Surface Dec •. .31 • •• • •• ••• ••• .: .. 14.5 
Jan. 6 • • • ••• • •• 5 158 14-1 

10 8.2 • • • ••• 2 160 1,.1 
l3 a.o • • • ••• 2 l.$1 14-6 
17 8.0 ••• ••• 2 . l;6o 16.0 
20 8.0 • •• ••• 5 165 15.5 
24 8.1 J.2 6.4 4 168 1,.s 
28 a.1 a.1 6.5 2 165 1,.s 
31 8.1 8.2 6.5 2 166 14.0 

·Feb. 3 8.1 8.1 6.4 2 J.68 14.0 
8 8.1 8.1 6 • .3 2 160 J.4.1 

11 8.o ••• ••• 2 147 13.4 
14 8.o ••• ••• 2 1~ 14-1 
18 a.o ••• ••• ~ 172 14.2 
21 8.o d.l 6.3 ••• 152 13.6 2s a.o 8.1 ••• 2 165 14.1 
28 8.1 a.2 ••• 2 168 14-9 

Mar. 3 8.o 8.l 6 • .3 2 16S 1.3.8 
8 6., ·-·· ••• ••• IP 14-2 

11 6.9 7.7 5.9 ••• 54 13.2 
16 7.0 7.6 6.3 ••• 107 1,., 
20 6.7 6.7 5.3 ••• 12 11.3 
23 6.7 6.9 5.2 ••• 10 7.2 
27 7.0 7.8 5.9 ••• 65 9.7 
31 6.9 7.5 ••• ••• 45 10.2 

.A.pr. 3 6.8 6.9 ••• • •• 28 9.9 

5 feet Deo. .31 ••• • •• ••• • •• • •• 14-2 
Jan. 6 ••• • •• • •• 1 1,6 14-s 

10 8.2 • • • ••• 4 157 lh-S 
13 • • • ••• ••• • •• ••• lU.4 
17 ••• • • • .. .. • • • ••• 14.7 
20 ••• • • • ••• • •• ••• -~7 
24 • • • ••• ••• ••• ••• 15.3 
28 ••• • •• " .. • •• . •·• 15.1 
31 ••• ••• ••• • •• ••• 13.8 

Feb. 3 • • • ••• ••• • • • • •• 13.9 
8 ••• • • • ••• ••• ••• 14-2 

11 ••• ••• • • • • •• ••• 14-2 
ii.. ••• • •• ••• ••• ••• 13.9 
18 ••• ••• ••• • • • ••• 13.s 
2l ••• ••• ••• • • • • •• 13.7 
25 ••• ••• • •• .... • •• 13.3 
28 ••• • • • ••• • •• • •• 13.6 

( Continued) 
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Table 8. 

Diaaol Ted 0:17g•n. pH, and Other Cheaioal la ta For 
the I.Akes Stuclied, 1939-iP• 

( '}t,"!t 1. mted ) 

Mitii. i. o. 
Lake and Se.!'!pling Aerated Alveol. &ll:&lizdty alkalinity °'l 
atation c1e;eth Daw Ed fii in. 2•2••· f•J;?elll• i•.e.a. 

Clear l.,llte• S feet Ua.:r. 3 ••• ••• • •• ••• • •• 12.9 
Sta. 2 8 ••• ••• ••• • •• ••• 12.6 

( Continued) 11 7.8 8.1 6.4 ••• 164 u.o 
l6 • •• ••• ••• ••• ••• 12.2 
20 ••• ••• ••• ••• • •• u.s 
23 • • • ••• ••• ••• • •• 10.7 
Z1 ••• ••• • •• ••• • •• 10.s 
31 1.1 8.1 • • • ••• 164 10.8 

Ap:r. l 1,6 7.9 <t •• • •• 141 lG.O 

10 .ten Deo. ~ ••• ••• • •• • •• • •• llial 
Jan. ••• • •• • •• Ii 1>7 14.a 

10 8.2 •• • ••• .3 1>7 14.0 
13 s.o ••• • •• 2 1S6 13.7 
17 a.o ••• • •• 2 1$ 13.4 
20 8.0 ••• ••• l+ 1$8 14.2 
24 8.1 •• • ••• 2 161 13.9 
28 8.1 ••• ••• 3 163 14-8 
31 a.1 8.1 6.f 2 165 13.2 

Feb. 3 8.o 8.1 6. ••• 166 12.3 
6 a.o 6.1 6.4 ••• 168 12.0 

11 a.o ••• • •• ••• 166 12.0 
14 7.8 ••• ••• • •• 165 u., 
18 7.8 • • • • •• ••• 16S 11.6 
21 7.8 8.1 6.3 ••• 170 11.s 
25 7.7 a.o ••• • •• 167 9.8 
28 7 .. 7 a.o . .. . ••• 171 9.7 

Mar. 3 7.6 8.1 6.4 • •• 171 10.0 
8 7.8 ••• • •• ••• 168 9.4 

11 7.7 8.1 6.4 ••• 172 7.9 
16 7.6 a.o •• • •••• 174 9.0 
20 7.7 8.1 6.4 ••• 168 ,., 
23 7,,6 8.1 6-4 ••• 16S 8. 
27 7.6 a.1 " .. ••• 166 ~.8 
31 7.6 B.1 ••• • •• 168 9.4 

Apr. 3 7.6 a.o • •• • •• 171 8.1 

lS te.t ».o • .31 ••• ••• • •• ••• • •• 14.0 
Jan. 6 ••• • •• • •• s 1S9 1.3.1 

10 s.2 ••• ••• 2 1$7 12.9 
13 ••• ••• . ,. • •• ••• 11., 
17 • • • ••• . .... ••• • •• 11.9 
20 • •• • •• ••• • •• • •• 12 • .4 
24 ••• ••• ••• • •• • •• l.4.7 
28 ••• ••• ••• • •• • •• 15.s 
.31 ••• ••• ••• • •• • •• 11 • .4 

( dontimied) 
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Table 8. 

Dissolved Oxy"gen, pH., and other Chemioal Data For 
the Lakes Studied., 19.39-4<> 

( Continued) 

Phth. u:. o • 
.t.ke and. 8aapli,Dg Aerated Alveol. alkalini\y, alkalinity, ~. 
eta.ticm 4-Pth Date J!B ;eH ;RH :e~:e••· E•E--• 2•i?oa:.,_. 
Clear Lake, lS teet Feb. 3 ••• • •• • •• • •• • •• 10.~ 
Sia. 2 8 .. , ••• ••• ••• ••• 10.2 

(Continued) 11 •••• ' .. ••• • •• • •• 8.6 
1h ••• ••• ••• • •• • •• 8.4 
18 ••• . ... . ... • •• • •• 8.7 
21 ••• • • • ••• ••• • •• 8.2 
25 ••• • • • . ,. . • •• • •• 6.9 
28 ••• • • • .... . . . • •• 7.4 

Mar. 3 ••• • •• • •• ••• • •• 6.9 
8 ••• ••• • •• • •• • •• 6.S 
ll • • • ••• . .. . •·• . • •• 7.3 
16 ••• • • • ••• • •• • •• 7.0 
20 . . ~ • • • ••• • •• • •• 7.8 
23 ••• ••• ••• ••• • •• 8.l 
27 ••• ••• • • • • •• • •• 7.1 
Jl ••• • • • •• • • •• ••• 8.4 

Apr. J . . . • • • ••• • •• • •• 7.4 

Bottom Dec. 31 • • • • • • • •• 3 156 13.7 
Jan. 6 ••• • •• • •• 3 164 12.6 

10 8.2 ••• .,, . 2 160 12.3 
1.3 8.o ••• ••• 2 lSJ 10.a 
17 8.o ••• • •• ••• 165 9.9 
20 s.o ••• • • • • •• 166 10.8 
24 8.o 8,1 6.3 ••• 170 11.1 
28 7.8 8.1 6.5 ••• 172 9.9 
Jl 7.7 8.1 6.4 ••• 172 9.0 

Feb. J 7.7 8.1 6.J~ • •• 17!> 8.7 
8 7.7 8.1 6.4 ••• 17; 6.6 

11 7.6 ••• ••• • •• 178 7.3 
14 7.5 • •• ••• • •• 180 8.1 
18 7.6 ••• ••• • •• 177 5.9 
21 7.6 8.1 6.4 ••• 181 7.2 
25 7.6 8.o • •• ••• 178 h-4 
28 7.6 s.o ••• ••• 177 7.~ 

M!lr. .3 7.J, 8.1 6.S . ... 182 4.9 
8 1.s ••• ••• • •• 182 3.6 

11 7.4 8.1 6.4 ••• 181 6.1 
J.6 7.3 7.8 ••• • •• 182 3.9 
20 7.4 8.1 6.4 ••• 182 4.0 
23 7.5 8.1 6.S ••• lTf 6.6 
27 7.4 8.o 6.S ••• 181 5.8 
Jl 7 .}4 8.1 ••• ••• 178 5.6 

A.pr. J 7.3 a.o • •• • •• 178 4.0 
( Conti.m:ted} 
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Table a. 

Diaaol'Ted Oqgu, pH. a.nd Obher Chemioa.l. Data For 
the Lakes studied• 1939-1'0• 

( Continued) 

Phth. K. 0. 
Ulke and Sampling Aerated Alveol. alkalinity, alkalinit,', °'l• 
sta.,1on cl•ph Date P!, ;pH pB P•P••• P•P••• P•P••• -
Mud Lake Surfa•• Deo. 31 ••• • •• • •• s 210 17.6 
&ta. l Jan. 6 7.6 • •• • •• • •• 232 12 • .3 

10 8.o ••• ••• ••• 226 11.6 
13 a.o ••• ••• • •• 190 10.8 
17 7.6 ••• ••• • •• 195 12..4 
20 s.o •• • ••• ••• 245 14-S 
24 7,.6 8.1 6.S ••• 213 11.2 
28 7.5 a.o 6.4 ••• 220 11.6 
31 7.6 8.1 6.5 ••• 212 9.8 

Feb. 3 7.5 8.1 6.6 • •• 219 8.7 
8 7.6 8.1 6.4 ••• 218 8.6 

11 7.4 ••• ••• • •• 220 a., 
14 7,4 ••• ••• • •• 21, 9.1 
18 7.5 ••• ••• • •• 212 9.4 
21 7.6 a.1 6.5 ••• 203 9.7 
25 7.4 a.o • • • ••• 22s a., 
28 7.6 8.1 ••• ••• 225 ,.s 

Ma.r. 3 7-4 a.1 6.5 • •• 216 9.7 
8 7.4 ••• ••• • •• 9.3 12.6 

u 1•.3 8.1 6.5 ••• 208 9.8 
16 7.4 7.9 ••• ••• 219 10.s 
20 6.9 7.5 s.a ••• so 10.0 
23 6.9 8.o 6.2 ••• 110 9.3 
27 7.4 a.1 ••• ••• 192 9.0 
31 6.8 7.7 ••• ••• 35 8.o 

Bottom Dec. 31 • •• • •• • •• 3 210 16.1 
Jan. 6 ••• • •• ••• • •• • •• 9.4 

10 8.o .. , ••• ••• 25, ::t 13 •• • ••• ••• ••• • •• 
17 • • • •• • ••• • •• • •• 9.0 
20 ••• ••• • • • ••• • •• 10.0 
2h. ••• ••• ••• • •• • •• 6.7 
28 7.3 8.1 6., ••• 249 9.4 
31 • • • • • • ••• ••• • •• 8.1 

Feb. 3 • •• ••• ••• • •• • •• 1.s 
8 ••• ••• • •• ••• • •• 6.8 

11 ••• ••• ••• ••• • •• 7.3 
14 ••• ••• ••• ••• • •• 4-; 
18 . . . • •• • • • ••• • •• 7.9 
21 ••• • • • ••• • •• • •• 7.8 
25 ••• ••• • •• ••• • •• 7.9 
28 ••• • • • ••• ••• • •• 8.8 

(continued) 
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Table 8. 

Diaa:ol"t'9d Qxygen. pH, and other Chemioal De.ta 
the lakes studied• 1939 .. 40. 

For 

(Continued) 

Ph'tm.. u. o. 
Lake and Saapllng bratffd Alveol. -aUalild. 'by', alkaliJd. ty, ~~ 
station dep:th Date pn pH plI iM!•m.. j?•J?•L R•P•• 
lfu.d I.Ake, Bottom Mar. 3 • • • ••• • •• ••• • •• s-s 
Zta. 1 6 ••• ••• ••• • •• • •• 8.J 

(Continued) 11 7.3 8.1 6.5 ••• 22s 8.3 
16 7.4 1.e ••• ••• 220 9.7 
20 7.0 8.0 6 • .3 ••• lS'l 7.7 
23 ••• ••• ••• • •• • •• a.1 
27 ••• ••• • • • ••• . ... a.2 
)1 ••• • • • • • • • • • ••• 7,2 

Sta. 2 Surta.oe Dec. 31 • • • ••• • •• 3 227 • •• . Jan. 6 8~0 ••• . ... • •• 2So 12~1 
10 a.o . •·· ••• ••• 2!,0 9.4 
lJ a.o • •• • •• ••• ~ 9.9 
17 7.6 ••• • • • • •• 224 , .. a 
20 a.o ••• ••• • •• 256 12.2 
24 7.4 8.1 6.5 ••• 231 4.4 · 
28 7.3 8.2 6.6 ••• 260 3.3 
31 7.3 8.1 6.5 ••• 23S 1.2 

Feb. 3 7.4 8.1 6.5 • •• 22~ 1.s 
8 7.3 8.1 6.4 ••• 198 o.8 

11 1.3 •• • ••• • •• 200 o., 
14 7.3 •• • ••• ••• 200 1.7 
18 ••• ••• • •• ••• • •• 1.0 
21 7.3 8.1 6.4 ••• 177 2., 
25 ••• ••• ••• • •• ••• 3.8 
28 7.3 8.o ••• • •• 216 1.2 

Mar. 3 7.5 8.l 6.S • •• 159· 9.3 
8 7.3 ••• ••• • •• 83 12.6 

11 7.5 8.1 6.4 ••• 186 7.1 
l6 7.2 7.9 ••• ••• 200 12.2 
20 7.0 a.o 6.2 ••• 113 13.6 
23 7.4 7.8 6.1 ••• 78 9.1+ 
27 • • • ••• ••• • •• • •• 10.2 
Jl 6.9 6.9 ••• • •• 14 11.9 

Sta. 3 &u-i'ace Deo. Jl •• • • • • ••• ••• • •• 17.0 
Jan. 6 8.o ••• • •• 2 2,30 13.6 

10 8.o • • • • • • ••• 242 12.4 
13 8.o •• • • • • ••• 2Wl 6.6 
17 7.6 ••• ••• ••• 229 11.9 
20 7.8 • • • ••• ••• 2h6 12.8 
24 ••• • •• • •• ••• • •• 10.s 
28 7.3 8.1 6.6 ••• 286 9.4 
31 7.3 8.2 6.6 ••• 27S 6.8 

{Contilmed) 
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Table 8. 

Dissolved Q,cygen, pH, and Other Chemi oal Data For 
the Lakes Studied, 1939-40. 

(Continued) 

Phth. )l. o. 
Lake and Sampling Aerated Alvao:!.. alkalinity, alkalinity. ~-station depth Date DH J?H pH l?•P•m. p.p.m. 2•1?••· 

' 
Mud IAke, Surfaoe Feb. .3 7.3 8.1 6.S ••• 268 7.0 
Sta. 3 8 7.3 8.1 6.S ••• 221 4.6 

(Continued) 11 ••• • •• ••• • •• • •• 3.8 
14 7.2 ••• • •• • •• 230 1.8 
18 ••• ••• ••• • •• ••·• 3.0 
21 ••• ••• ••• • •• • •• 8.o 
2s ••• ••• • •-., ••• • •• 2.5 
28 ••• •• • " .. ••• • •• 0.9 

Jllr. l 6.9 8.1 6 • .5 • •• 262 2.7 
8 7.0 • • • • .c. ••• uo 9•1 

11 • • • ••• ••• • •• • •• 12.5 
16 7.0 7.8 ••• ••• 223 8.6 
20 7.0 7.8 6.1 ••• 88 10.6 
2) 6.9 a.o 6 • .3 ••• 126 8.7 
27 • •• ••• •••• • •• • •• 4-S 
31 6.9 7.4 ••• • •• 66 10.0 

Si'".a. 4 SUrt&oe Dec. 31 . . " • •• ••• 4 206 16 • ., 
Jan. 6 7.8 ••• ••• • •• 247 10.7 

10 6.o ••• ••• • •• 2S2 11.2 
lJ a.o .... ••• • •• 22J;l 9.8 
17 7.6 • • • ••• ••• 1,a 11.s 
20 8.o •• • • •• ••• 261 12.3 
24 7.6 8.1 6.S ••• 2.35 10.0 
28 7.~ 8.1 6.S ••• 237 11.2 
31 7.6 8.1 6.6 ••• 237 9.1 

Feb. 3 7.5 8.l 6,.5 • •• 231 7.1 
8 7.4 8.1 6 .. 4 ••• 217 6.2 

11 7.4 ••• . . ,. ••• 211 6.2 
14 7.h • • • . .. ~ ••• 213 6.4 
18 7.2 ••• ••• ••• 2)8 4-3 
21 7.3 8.1 6.5 ••• 212. 6.o 
25 7.3 s.o . ... ••• 2lh !t,.6 
28 7.3 8 .. 0 .. " ••O 226 s.b 

Ma.r. 3 7.4 8.2 6.6 • •• 216 7.B 
8 7.7 . . .. ••• ••• 104 13.1 

11 8.1 8.1 6.4 2 1119 19.4 
16 7.7 8.1 ••• ••• 207 13.2 
20 6.8 7.0 s.6 ••• .30 14.2 
23 7.0 7.8 6.2 ••• 108 10.6 
27 7.4 8.o .... • •• 198 6.o 
31 6.9 7.3 ••• • •• hO 10.2 

(dontlimed) 
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Table 8. 

Dia•ol"Nd O;gygen, p!i, a.nd other Chemioal 1.•ta For 
1lbe L&kee Studied, 19.39-LO• 

( Continued.) 

Pi\Qi.. M. 0.: 
Le.ko and Saapli.Dg Altrated Al.Teol. alkali.Di t:, • al.JaLliui v, ~. 
looe.tion d•J?'h 1-M JZB z!l J!H a-2 ... 1•'2• .. ,1•2••. ·-· 
llMl IAke• 8m'ft.oe Jan.24 1.a a.a 6 • .$ ••• 20; 12.s 
Wn Jl 1., a.1 6.6 ••• • •• 10.2 ,..,_ 

I 7.6 8.1 :t ••• -213 ,., ,., 8.1 ••• 210 9 • 
11 ll ••• ••• • •• 217 8.6 
14 ••• ••• • •• 216 9.3 
18 7.6 ••• • •• • •• 220 9.1 
21 7-4 a.1 6.s ••• 218 9.6 
a~ 7-'4. s.o •• • ••• 224 9•> 
28 1.s s.o ••• ••• 220 9.8 

Mt.r. I 1., a.1 6.S ••• llS 9.6 
1.4 ••• • •• • •• au ,., 

u 7-4 6.2 6.S ••• 222 9.8 
16 7.5 8.o ••• ••• 214 11.0 
20 7.1 a.1 6.s ••• 197 8.9 
23 7.2 a.1 6.5 ••• 200 ,.:, 
27 7•l e.o ••• • •• 190 7.9 
Jl 1.3 1.a ••• ••• 101 10.0 

Outlet ~urf'&ce Jan. 24 7.6 6.2 6.6 ••• 27> 11.6 
Jl 7.3 6.1 6.6 ••• 264 7.3 

F•b• l 7.3 8.1 , • .s ••• 26o ,.1 
a 1., 8.1 6.5 ••• 240 4-8 

11 7-h ••• • •• ••• 261 4-0 
14 1.2 ••• ••• • •• 22~ 4.4 
18 7.2 ••• ••• ••• 2so 3.2 
21 7.2 a.a ,., •••• 21.3 4-1 

~ 1•3 s.o ••• ••• 231 s.4 
7.3 a.o ••• ••• 237 $.) 

Mu>. l 7.3 a.1 6.6 • •• 224 >•l 
8 1.; ••• • •• ••• 11s a.a 

11 7.2 s.1 6.S ••• 213 s.a 
16 7.0 7.8 ••• ••• 226 9 • .8 
20 1.0 a.o 6.S ••• 17S 11.J 
23 1.0 s.1 6.S ••• 167 a., 
21 7.2 a.o ••• ••• 20~ a.3 

O!'Mn lak•· S-..u-taee Jan. 10 s.2 ••• ••• 2 180 1s.1 
s,a. 1 17 8.o ••• • •• • •• 172 14-9 

24 7.8 8.1 6.S ••• 196 ::t 31 7.7 8.1 6.S ••• 202 
FelJ. 8 7.6 8.1 6.4 ••• 192 10.3 

14 7.5 •• • ••• ••• 1ST 9.6 
21 7.4 6.1 6.S ••• 19' 7.0 
28 1-4 s.o ••• ••• 214 4.1 

(conti-.a} 
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Table 8. 

Diasolwd Oxygen. PH. and. Other Chamical Data For 
'the Lake• Studied. 1939-l.iO• 

( Continued) 

Phtih. u. o. 
La.ke and SUlpliDg Aer&'bed ilTeOl• &l.kallni ty. alka11n1 ty, "-l• 
••ti.on d.eEth Date :e! 211 EH E;•J,?••· E•.P•!• l•E••• 
Green Lab. SUrt&oe .... 8 7.2 8.1 6.5 ••• 187 1.8 
st&. 1 11 7.2 8.1 6.5 ••• 187 1.5 

(Con1:im-4) 16 I•o 7.8 ••• • •• 201 2.7 
20 •9 7.8 6.1 ••• ,0 8.1 
23 6.9 a.o 6.2 ••• 104 s.s 
27 7.1 a.o • •• ••• 200 2.7 
31 6.8 6.9 ••• ••• 26 9.7 

Apr. l 6.8 6.8 .... • •• 9 8.o 

Botten Jan. 10 8.o ••• ••• ••• 186 12.li. 
17 ••• ••• ••• • •• ••• 10.7 
24 7.9 8.1 6.5 ••• 200 12.8 
Jl 7.6 8.1 6.5 ••• 212 10 • .3 

F•b• 8 7.6 8.1 6 .. 4 ••• 210 5.3 
14 7.3 .. . . ••• ••• 206 6.8 
21 7.4 8.1 6.5 ••• 211 2.8 
28 7-4 8.o ••• • •• 217 2.7 

Mar. 8 7.2 e.2 6.; • •• 200 0.7 
11 7•J 8.1 6.5 ••• 206 0.1 
16 7.1 7.8 • • • ••• 210 o., 
20 7.0 a.2 6., ••• 188 1.2 
23 7.1 8.1 6.,S ••• 187 1.1 
21 7.2 8.1 ••• • •• 20.) 1,1 
Jl 6.9 7.8 ••• ••• 82 2.1 

Apr. 3 7.4 a.o ••• • •• 1!,6 4.9 
Opa. Hole ar. 8 ••• ••• • •• • •• • •• 1.6 

11 ?,J s.1 6., ••• 193 o.a 
16 1.0 7.8 ••• .... 203 0~7 

Bog Lake SUJttaoe .r.n. 6 ••• ••• • •• • •• ? 11.6 
lJ •• • ••• ••• • •• 6 lJ.i .• o 
20 6-4 ••• ••• • •• 8 11.3 
28 s.6 6.5 • • • .... I 7.1 

F•b• 3 5.5 6.8 ••• ••• 2.2 
11 s.6 ••• ••• • •• 6 1.6 
18 6.5 ••• ••• • •• 7 a.1 
25 5 • ., 6.7 ••• ••• 7 2.4 

'Mar. 3 S,5 6.8 ••• • •• s o.6 
ll 5.a 6.8 ••• ••• 6 10.s 
16 5.9 6.8 •• • ••• 1 tt 23 6.o 6.8 ••• • •• 1 
l7 6.1 6.8 • • • ••• 1 1s.3 

( Conti.med) 
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Table 8. 

DissolTed Oxygen, p}t and other Chemical Data. 1or 
the Lakes Studied, 1939-40. 

(Continued) 

Phth. M. o. 
Lake and Sampling Aerated Alveol. alkalinity, alkalinity, ~. 
station depth Date pH pH pH P•P•m. P•P•• P•P•m• 
Bog IAke l toot Jan. 13 •· "1', ••• ••• ••• • •• 8 12.2 
(Continued) 20 5.6 ..... . • • • ..... , 11.0 

28 5•1 6.5 ••• •••• 5 5.9 
Feb. 3 s.s 6.8 • •• • •• 5 2.0 

ll 5.6 ••• • •• ••• 6 0,,5 
18 6.2 ••• • •• ••• ) 4~7 
2~ 5.6 6.8 ••• • •• 5 2.1 

Jfa.r, 3 5.6 6.8 .... • •• 5 0.2 
11 5.9 6.8 ••• ,. .. s 10.4 
16 s.9 6.7 . .. .-. ••• 6 l4e8 
2.3 6.o 6.6 ••• • •• 6 14.2 
21 6.1 6.7 . •-. • •• 5 14.5 

2 tNt Jan. 6 • • • ••• ··•-• ••• 9 4.4 
lJ • • • .... ••• • •• 6 8.6 
20 5.4 ••• • •• ••• 5 3,3 
28 Sa6 6., ••• ••• 6 .3.2 

Feb, J 5.5 6.7 ••• • •• ~ o.s 
11 s.s .. ·• •.•. ••• 0.2 
18 6.o ••• ••• • •• 5 3.1 
25 5.5 6.7 . •:. ••• , 1.0 

Mar. 3 5.5 6.8 • •• • •• s 0.2 
ll 5.7 6.8 ••• .. •- 6 ~.2 
16 !>•7 6.8 •·'.··· ..... 6' 6.5 
23 5.B 6.7 :• .. •:• ····• 

6 8.3 
21 ,.8 6.9 • •• ••• 5 .3.4 

3 feet Jan. 13 .... ••• . •-• •••• ) 4.a 
20 • •• • • •• . ·•. .... •- .. 4.9 
28 5., ••• ••• ••• 5 1.0 

Feb• 3 5.~ 6.8 ~ 

8 0~2 ••• ·-·• . 11 s.a ••• ••• •. , .•.. 5 0.5 
13 6.o ._ . .,,. ••• ....• , 5 0.9 
25 5.6 6.!t8 ••• •·. ·~ 5 0.2 I Jfar .• l s.6 6_.,8 . ·-• • •• 6 o.o 
11 ~.1 6~8 • • • ••• 6 1.2 
16 s.~ 6 •. 1 •... •••• 6 2.8 
23 $,8 6.6 ••• ••• 6 3.9 
27 5.6 6.8 ••• . .,. 6 l.9 

( Col\tinued) 
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Table 8. 

Diaaolved. OJ;yg•• pH. and other Ohed.oal J.ata Fol' 
,ne Lak•• S1;udiec.t_ 1939-40. 

(Continued) 
•• phi£ ... o. 

L\k:e and Sampling Aen:ted Alvaol. a11ra11n1v. alka11nl'b7. ct, 
~tat.ion de2th Date pa'. J!H pH P•P•• f•R.a• ,., ... 

• Id ' 
.&og L&ko 4 feet Ja.a. 6 ••• ••• • •• • •• 9 1.0 
( Continu-4) lJ ••• ••• • •• • •• 6 o.8 

20 s.1+ ••• • •• ••• 6 ,., 
28 5.5 ••• .... • •• 6 o.s 

Feb. l s., 6.8 ••• • •• 6 o., 
11 ;.1 ••• • •• ••• s o.o 
lB ,., • •• • •• .... 1 o., 
2S s.6 6.8 • •• ••• 6 1.2 .,.. 
' ,.~ ,., ••• ••• 9 o.o 

11 s.1 ,.a . ... ••• 7 2.2 
16 5.6 6.7 ••• ••• 1 2.0 
23 s.s 6.1 ••• ••• 8 2.1 
~ $.8 6.9 .... • •• 8 1., 

s ,_. Jan. 6 • •• ••• • •• • •• 10 0.4 
JJ ••• .... . ... ••• 6 o., 
20 g.4 ••• ••• • •• s 0.7 
28 s., ,.s ••• • •• 6 o., 

Feb. ) ,., 6.8 . .. . ••• 6 o.o 
11 S.6 ••• • • • • •• ~ o.o 
18 5., ••• .. . . • •• 7 0.3 
2$ 5.6 6.7 • •• ••• I o.6 

tlAr. ' 5.6 6.8 ••• • •• o.o 
ll ,.1 6.9 . .. . ••• 11 o.o 
16 S.6 6.8 ••• ••• 12 o.o 
2) 5.6 6.8 ••• ••• 11 o.6 
27 5. 7 6.8 • • • •••• 12 0.2 

~auald•• Surta.oe Feb. 10 7.J 7.8 ••• • •• lS]. 0.1 
Poacl, 12 7.3 ••• • •• • •• ••• 1.0 

Sta. 1 14 7.3 s.o 6.4 ••• 176 0.3 
17 7•l ••• ••• ••• ••• 1.0 
19 7.3 ••• • •• ••• • •• 0.7 
22 7.J .... • •• .... • •• 1.6 
26 7.3 ••• • •• ••• ••• o.J 
28 ••• ••• • •• ••• • •• 0.3 

Mar. 1 7.2 ••• • •• • •• • •• 1..4 
4 7.0 ••• • •• ••• • •• o,o 
8 6.9 .... ••• • •• ••• 2.0 

10 ••• • • • ••• ••• • •• 1.0 
13 6.9 ••• ••• ••• • •• 0.3 
15 7.0 ••• ••• ••• • •• 1.1 
16 7.1 • • • ••• ••• • •• 1 • .3 
22 6.9 • • • ••• ••• • •• 1.1 
as 6.9 ••• • •• ••• • •• 1.7 
2' 6.9 7.2 5.8 ••• 31 8.S 

Apr .. 1 6.7 ••• ••• • •• 22 7.8 
(Coatiiiiied) 
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Table 8. 

Diasol'ftd Oxygen, pH. and ether Chemical Data For 
the Lakes Studied, 19.39.40. 

( Continued) - JL Pht.h. o. 
Lake and Saapllng .A.era:';od Al-1001. a.lka.liDi ty, alkal:i a;it7, °'2, 
.:itation depth nate pH pH p'9 P•P••· £•P•• P•P••• --
P,uinald1 s Sllr:faoe Dea. 23 ••• • •• • • • • •• • •• l5•3 

Pond Jr,m. 7 ••• ••• ••• 26 140 19 .. 1 
Sta. 15 14 . . . • •• . ,. 6 73 1.3.7 

21 . . . ... ••• 9 14'7 14.9 
29 f3. 1 8.1 6.4 2 1)0 9.9 

F'eb. 4 ., 4 8.o 6,3 I • •• 155 3.7 ' . 
lil '( •4 7.7 6.,6 ••• 1SS 0.5 
12 '"( .3 • • • • • • • • • ••• o.8 
14 ... , .3 8.1 6.4 ••• 156 1.6 
17 7.4 ••• • •• • • • ••• 2.2 
19 7.4 ••• • • • • •• ••• 2,4 
22 ••• ••• • •• • • • .... 1.0 
26 ., .3 . . , ••• • • • ••• 1.3 
28 ••• • •• • •• ••• • •• o.6 

:Mar. 1 7.2 ••• • •• . -. -• ••• o.6 
4 6.? ••• • • • • •• • •• 0.2 
8 6.9 ••• • •• • • • ••• 3 • .3 

10 6.9 6.o 6,h ••• 153 0.9 
l3 6.9 ••• • • • . .. ••• 0.9 
15 6.9 • • • . . ' ••• • •• 0.3 
18 7 .,) 7.8 6.:.J. ••• 153 o.6 
22 6.9 ••• . . .. • •• • •• 2.0 
25 6.9 ••• • • • 1 •• ~-· 1.7 
29 6.9 7.9 6.L+ ••• 87 S•9 

A:J?r, l 6.n 6.9 • • • ••• lS 8.1 
3 6.9 7.6 . . .. ••• )8 6.9 

Bottom Doo. 2) 8.4 . ... . .. 20 115 16.l 
J11.n. 7 • • • ••• • •• 20 138 17.3 

14 . .. .::. • • • ••• 13 125 14.9 
21 . . . • •• ... 10 147 J.4.1 
29 8.o 8.1 6.h ••• l1iS 7.0 

Feb. 4 7 .l~ a.o 6.;: • •• 1~6 3.3 
10 7.4 ••• • •• • • • ••• 0.5 
12 ••• ••• . . . . ••• ••• 2.2 
14 ••• ••• • ., f' • •• ••• o.8 
17 7.3 • • • . .. • • • ••• o.8 
19 7.3 • • • • • • • • • ••• 0.5 
22 7.2 • • • • • • • • • ••• 0.7 
26 7.1 • • • ••• • • • ••• 0.2 
28 ••• • •• ••• • • • ••• 0.2 

( Continued) 
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Table 8. 

Dissolved Oxygen., pH, and Other Chemical De.ta For 
the lakes Studied,. 1939.40. 

( Continued) 

Phth. v. o. 
lake and Sampling Aerated Alveol. alkalinity, &lkalinity, ~, 

. st;ation d9Pi:h Date pH pH pH P•P•• p.p.m. P•P•• rb ' 
Paaiuld.'• Bo'tiHa lla.l". 1 7.0 ••• • •• ••• • •• o.o 

Paa~ 4 6.9 •-•. •• > •:.a• ••• 0.1 
SW,. 15 8 6,.9 , ....... • • • . •·• . ... 0 .. 1 

(Ooniiiaued.) lO 6.9 8.l 605 ••• 192 0.2 
lJ 6.9 ••• ..... ••• .. ~' o .. o 
15 6.9 8.l 6.5 ••• 193 o.o 
,18 6.9 7.9 6 .• 5 ••• ··.198 0.2. 
22 6.9 ••• ..... .... • •• 0.2 
25 6.q ••• • ¥ .. • •• •·••· 0.1 
29 6.9 8.l . 6.!, ••• ).63., . o ... o 

Apr. l 6.9 7.8 •-o·•• .. .. 158 o.o·· 
3 6.9. 1.a ..... •••• t6S 1.6 

Sta. 20 Surtaee l'eb. ).O . ... • •• .. . "' ••• • •• l.O 
12 ••• •o• . ~-- • •o .... o.a 
. 14 • • !le ••• • 3" • 0 ·• · . . , .. 0.4 . 
l'( • • • ••• . ·•. • •• -... o.4 
19. • •• • •• •·•. • •• •-o o l.,5 
22 ••• • •• .··• -•·.& ••c ... / .. ,.'. 1.4 . . 

26 • • • • •• . ... ••• •.• ~,Q, j. .. 4 
·, ... -. 

28 • • • , . ~ ••• • •• ..... h.3 
Mar. l ... • • • • •< ••• ••• 0.7 

4 ••• • •• 9 • Cl ••• . •-• 0,.9 
8 • • • ••• . •.• • •• ••• J•t 10 .. ~ ••• . . ' • C, • • •• o. 

13 ••• • •• . ., .. .,. •·• . 0.4 
1~ • • ot .... •••• • • ii . •·• . 0.2 
18 ♦,;.. ••• • •• • •• • •• 1,4 
22 ••• ••• . .. " ••• • •• 0.7 2s •~- •• 6 ••• • •• • •• 1.2 
29 • ti .. -•- ♦ +o • C:. • •• • •• 2.9 

Ap. 1 • < • ♦". ··" • •• • •• 7 .. 1 

sta. 24 Surtaoe Feb, 10 7.3 • 4 .. . ... • •• ••• 1.h 
12 7.4 . .. . • •• ... , .... 4.a · 
14 . .. . • • • . ... ••• • •• 1.9 
17 1.3 ••• ..... • •• • •• 0.7 .. 19 1., 1.2 I~ •• • . ... ••• • •• 
22· 7.3 .... ••• • •• . . " 1.0 
26 7.2 ••• ••• ♦ C f' .... o .. J 
28 .. " . .. . .... • •·t • •• 0.3 

Jllr. 1 7.3 • • • ••• • 0. . ". 0.5 
4 7.0 . . . ••• • •• • •• 0.7 
8 6.9 • • • ••• • •• • •• 3.4 

10 6.9 ••• • •• • • • " .. 1.0 
13 6.9 • • • ••• • •• • •• 0.4 
15 6.9 ••• • •• ••• • •• 0.4 

( Ocm.tinuecl) 
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Table 8. 

Diaaol-ved Oxygen, pE:, and other Chemical Data For 
the Lakes Studied, 19.39.40. 

(Continued) 

• • 
lake and Sa.llpling Aerated Alveol. allca.linity, alkalinity, 02, 
station depth Date pH pH p~ P•P••• P•P•llh P•P•lL -Pa si neld. • 1 surta.oe J',rar. 18 6.9 • • • • •• • •• • •• o.6 

Pond, 22 6.9 ••• • •• ••• • •• l.J 
Sta. 2h. 25 6.9 ••• ••• ••• • •• 0.9 

{ Continued) 29 6.8 ••• • •• • • • • •• 9.9 
Apr. l 6.a • •• • •• ••• • •• 8 • .3 

.3 • • • ••• • •• ••• • •• 7.1 

Sta. 26 Surface Feb. 10 7.5 7.8 • • • • •• 156 3.6 
12 7.6 • • • ••• . . . • •• 6.5 
14 7.3 8.1 6.4 ••• 160 1.5 
17 7.3 ... . • •• ••• • •• 1.·1 
19 7.3 • • • • • • • • • ••• o.o 
22 7.3 ••• ••• ••• • •• o.·1 
26 7.1 • • • • •• ••• ••• o.;.., 
23 • • • • • • . .. ••• ••• o.6 

Jifar. l 7.0 • • • • • • • •• ••• 1.1 
4 6.9 ••• ••• . . .. ••• 1.2 
8 6.8 • • • • • • • • • ... s.a 

10 6.8 7.7 6.o ••• 62 4.d 
iJ 6.tJ ••• • •• ••• ••• 1.,) 
15 6.9 • • • • • • • • • ..... 0.,3 
18 6.9 ••• ••• . .. .... 1.~ 
22 6.8 ••• ••• ••• ••• 5.1 
25 6.9 ••• • • • • • • " .. 1.0 
29 6.a 6.9 5.6 ••• 20 10.7 

Apr. ·1 6.7 6.9 ••• • •• 17 8.i 
3 6.9 7.6 • • • ••• 58 5.9 

Bot-tom Feb. 12 7,4 ••• • • • • • • • •• 1.9 
14 ••• ••• ••• . ,. . • •• 1.0 
17 7.2 • • • • • • ••• • •• 0.5 
19 7.3 • • • • • • ••• . .. O.l 
22 7.3 ••• . . . ••• • •• o.J. _., 
26 7.1 ••• ••• ••• ••• o.o 
28 ••• ••• ••• • •• ••• o.o 

Mar. 1 7.0 • • • • •• • •• • •• 0.4 
4 6.9 ••• • • • ••• . .. o.o 
a 6.8 ••• • • • ••• • •• o.o 

10 6.8 8.1 6.5 ••• 195 0.1 
13 6.8 ••• • •• • • • ••• o.o 
15 6.9 . . . • • • • • • ••• o.o 
18 6.8 • • • • • • • • • ••• o.o 
22 6.7 • • • . . . ••• ••• o.o 
25 6.7 ••• • • • ••• • •• 0..4 
29 6.7 7.9 6.S ••• 184 0.1 

Apr. l 6.6 ••• ••• • • • • •• 0.2 
J 6.6 7.6 6.4 ••• 190 0.2 

( Continued) 
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Table 8. 

Dissolved. OJQrgen. pJI. and Other Ch8Jld.cal Ia.ta For 
the Lakes 81:udittd.11 19.39-40. 

(Oontinued) - i. o. Phth. 
L&lce and Sampling Aerated AlYeOl. alk&lini ty. alkalinity. ~-station d8'0th Date pH E~ pl! E·P•m. E•P•m. p.p ... _ - • 
Pasinaki•• Surfao. Feb. 12 8.5 ••• ••• • •• • •• 12.3 

Pond. 1h • •• ••• •• • • •• • •• 2.4 
Sc.a.. 27 1.7 7.3 ••• • •• • •• . •.. 0.7 

19 7.3 ••• ••• ••• • •• 0,9 
22 7•J •• • ••• ••• • •• 0.9 
26 7.1 ••• •• • • •• • •• o.6 
28 ••• •••• ••• • •• • •• 1.3 

Mar. l 7.u • •• ••• • •• • •• 1.2 
h 6.S ••• ••• ••• • •• li-4 
8 6.J • • • ••• ••• ••• 9.4 

10 6.J 7.8 6.J ••• 109 s.4 
13 6.a ••• • • • • •• ••• 1.0 
1$ 6.9 ••• ••• ••• • •• 0.9 
18 6.9 ••fl ••• ••• ••• 2.2 
22 6.8 •• • ••• ••• • •• 5.0 
25 6.9 ••• • • • ••• ••• 1.2 
a, 6.7 ••• ••• ••• • •• 11.2 

Apr. l 6.9 • •• ••• .. .. • •• a.s 
3 6.~ 7.6 ••• ••• 6~ 4.0 

Open Bole surfa.oe J'eb. 19 7•J • •• • •• • •• • •• 0.9 
22 7.3 ••• ••• • •• • •• 0.2 

liar. 1 7.2 • •• • •• •• • ••• 2.6 
4 6~9 •• • ••• • •• ••• 0.7 
8 6.9 ••• ••• ••• . • .. 1.4 

Ri ohmo.r.ld L. • Surfa.oe Peb. 18 ••• • •• ••• ••• • •• 1.9 s-.. 1 22 6.9 8.1 6.4 ••• lSO 0.7 
Mar. 4 6.9 ••• ••• • •• • •• o.6 

9 •• • •• • ••• • •• • •• 2.8 
18 6.9 8.1 6-4 ••• 151 1.0 
22 6.9 7.8 6.J ••• ~ 2 • .3 
29 6.9 7.8 6.2 ••• 11.3 4.3 

Bottom. Feb. ld • • • • •• ••• • •• • •• 0.3 
22 ••• •• • ••• ••• • •• 0.1 

Mar. 4 6.9 8.o 6.S • •• 160 0.2 
9 6.9 8.o 6.4 ••• 156 0.1 

18 6.9 ••• • •• ••• ••• o.o 
22 6.9 a.o 6.s ••• 1;7 0.3 
29 6.9 8.1 6.5 ••• u,a o.o 

Open Hole surraoe Feb. 18 6.9 B.l 6.4 ••• lS.3 0-4 
22 6.9 ••• ••• • •• 151 1.1 

Mar. 4 6.9 ••• ••• • •• • •• 1.0 
9 6.9 ••• ••• • •• 156 0.1 
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Table 9. 

Dissolved ~gen, pH, and other Chemical Data FOJ" 
the lAlke• Studied, 1940-4].. 

Ph'th. I(. o. 
Lake and Sampling Aerated. Alveol. CO2, alka.lini t-7 • alkalim. ty, ~ 
station deEth Da."• fH £If fR E•E•m• E·E•m· e•E·m. ;E• ,2•lll• 

Clear Lake, Surface Dec. 15 a.1 ••• • •• ••• 3 152 14.5 
Sta. l 21 7.7 ••• • •• 2 ••• 91 14,8 

Jan. 12 8.3 ••• • •• • •• 10 ~ 12.8 
23 8.1 ••• • • • ••• 3 us • •• 
30 8.1 ••• • •• • •• .3 145 14.2 

Feb. 6 8.1 ••• • •• • •• 2 ll.o 13.7 
14 8.1 •• • ••• ••• 2 123 13.2 
18 ••• ••• ••• • •• • •• • •• 12 • .3 
23 7.8 ••• ••• l ••• 112 15.6 

ar. 2 8.2 ••• • •• • •• 6 141 14.4 
a 8.l ••• ••• • •• 5 122 13.8 

1.3 7.7 ••• ••• 2 • •• 25 7.0 

Bottom Dec. 15 a.2 ••• ••• • •• 4 11.iB 14.3 
21 8.1 ••• ••• ••• 2 140 13.9 

Jan. 12 8.1 •• • ••• . •·• 3 1.3.3 12.7 
2,3 s.o ••• ••• • • • ••• 143 14.1 
,30 8.1 ••• ••• ••• l l4S 13.8 

Feb. 6 8.1 ••• ••• • •• 3 148 l4.1 
14 8.2 ••• ••• ••• 5 152 J.4.0 
2J 8.1 ••• • • • ••• 3 150 13.9 

MaJ". 2 8.2 ••• • •• • •• 6 l1t8 14.7 s 8.2 ••• ••• ••• 6 145 J.4.8 
13 a.2 ••• ••• ••• 4 lip 15.2 

Sta. 2a Surt&oe Deo. 1, 8.2 ••• ••• • •• l llt2 14,2 
21 7.9 ••• • • • 1 ••• 10.3 14., 

Jan. 12 8.2 ••• ••• • •• 
, lW> 1.3.2 

23 8.1 ••• ••• ••• 3 1144 14.2 
JO 8.1 ••• • •• ••• 3 lll3 14.3 

Feb. 6 8.1 ••• • • • • •• 4 140 13.8 
14 8.1 ••• • •• ••• 3 115 12.5 
2,3 8.1 ••• • •• ••• l lJO 14. 7 

Mar. 2 7.8 ••• ••• ••• • •• 117 13.5 
8 7.7 • • • • •• l ••• 63 15.4 

1.3 7.6 • • • ••• 2 ••• J.u 9.6 

5 feet Dec. 15 ••• • • • • •• • • • • •• • •• l4.o 
21 ••• ••• • •• • • • • •• .. , . 13 • .5 

Jan. 12 8.1 • • • • •• • •• 4 136 12., 
23 • • • ••• • • • • •• ••• • •• J.4.1 
30 ••• • • • • •• • • • ••• • •• J.4.1 

'Feb. 6 . . . ' . . . ••• ••• • • • • •• 13.9 
14 • • • . .. • • • ••• • •• ••• 14.1 
2,3 • • • . .. • • • ••• ••• ••• 13.8 

Tlfar. 2 • • • • •• • •• • • • . .. • •• 14.4 
8 • • • • • • • •• ••• • •• ••• 14.1 

1.3 ••• • • • • •• ••• • •• ••• 14.a 
( Continued) 
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Table 9. 

DiaaolTed OEygen, pH, and Other Chadoal Data For 
the Lakes Studied, 1940-hl,. 

( Continued) 

Phth. •• o. 
Lake and Sampling Aerated ilveol. c~, alkalinity, a.ltalini ty, ~. 
station d.e:eth Date ;eH ;eH ;eH e•E••· E • :e••• £• £•DI.· i:•i•:U.. 
,Jlaar Lake, 10 feet Deo. 15 8.2 ••• • •• ••• J lJ.42 13.9 
Sta. 2a., ,.21 8.1 . ..• ••• . .. 2 142 13.6 
(IJontinued) Jan. 12 8.2 ••• • •• ••• 6 138 13.1 

23 a.o ••• . . . ' ••• 2 114 11i .• 1 
30 · 8.1 •• • • •• ••• ., "l!J4 14 • .3 

F•b• 6 8.1 ••• ••• • •• 3 Up 14.1 
·14 a.1 ••• • •• ••• 4 152 14.2 
23 8.1 • • • •.•. ••• l 153 13.7 -~- 2 a.1 ••• ••• ••• 4 149 14.2 
8 8.2 ••• ••• • •• 4 150 11i.l 

13 8.2 ••• ••• ••• 5 147 15.6 

1, ten Deo. lS •• • ••• • •• • •• • •• • •• 14.2 
21 ••• ••• • •• • •• • •• • •• 12~0 

Jan. 12 8.1 4 11'1 ' 12;2 • •• ••• • •• 
23 ••• ••• • •• • •• • •• ••• 14.; 
.30 • • • ••• ••• ••• • •• • •• 13~8 

Feb. 6 ••• ••• • •• • •• ••• • •• 13.7 
14 • • • ••• ••• • •• • •• ••• 13.4 
23 . •.• • • • • • • ••• • •• ·• .. 13.5 

Var. 2 ••• • • • • • • • •• • •• • •• 13.3 
8 ••• • • • ••• • •• • •• ••• 14.4 

13 ••• ••• ••• • •• • •• ••• 1~.6 

20 feet Dec. 1$ a.o ••• ••• • •• 2 148 12.7 
21 8.o ••• ••• • •• • •• 152 1::..0 

Jan. 12 8.2 ••• ••• • •• s 1.39 11.3 
23 7.7 ••• ••• 3 • •• Up 10.0 
JO 8.o 8.1 6.5 ••• 2 147 11.s 

Feb. 6 7.8 • •• • •• 2 • •• 153 11.2 
l4 7.8 ••• • •• 3 ••• 163 10.2 
23 8.o • • • ••• • •• • • 0 161 10.0 

Mar. 2 7.8 ••• • •• 4 • •• 157 10.4 
8 7.8 ••• • •• l • •• 153 12.5 

13 8.1 ••• ••• • •• 3 1S2 14.1 

25 feet Dec. 1, ••• • •• • •• • •• • •• • •• 6.4 
21 ••• • • • • •• ••• • •• ••• 9.2 

Jan. 12 a.o ••• • • • • •• 2 1l'2 10.9 
2J ••• ••• ••• • • • • •• • •• !3.4 
.30 ••• • • • • •• • •• • •• • •• 9.6 

Peb. 6 ••• • •• • •• ••• • •• • •• 3.7 
14 ••• • • • ••• ••• • •• • •• 9.9 
23 ••• • •• • • • • •• • • • • •• a.o 

11ar. 2 ••• ••• • • • • •• • •• • •• 9.7 
8 ••• • •• ••• • •• • •• • •• 10.6 

1.3 ••• • • • • • • • •• • •• • •• 11.9 

{Continued) 
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Table 9. 

Dissolved Oz¥gen, pif, and other Chemical Data For 
the Laka s Studied., 1940 .. J..µ. • 

{ Continued) 

Phth. •• o. 
L~.ke and Sampling Aerated Alveol. c~, alk:&lini ty, al.kalini ty, 02, 
s-1-,a:tion de;eth Date ;eH ;eH EB E•:e·•• f•f••· E•E·•· i·E••· 

. Clear Lake, Bottom Doc. 15 7.6 a.o ••• ••• . .. 158 4.7 
St5.. 2a, 21 7.7 ••• ••• 3 • •• 157 s.1 
(Go11tinued) Jan. l2 7.6 ••• • •• 2 • •• ~ 6.4 

23 7.6 . .. . • • • 3 ••• 157 7,8 
,30 7.6 8.1 6.S 3 ••• 1,7 7.9 

Feb. 6 7.5 • •• ••• 4 • •• 16.3 6.7 
l}~ 7.6 ••• ••• 3 • •• 170 7.0 
23 7.7 ••• • •• 3 • •• 175 4-5 

Mar. 2 7.4 ••• • •• 3 • •• 167 4-4 
8 1.s ••• . .. . }.j. • •• 169 5.4 

13 7.6 ••• ••• 4 • •• 166 5.3 

Mud Lake, Surt&oe Dec. 10 7.4 8.o • •• . •·• ••• l7S • •• 
Sta. l 19 7.6 a.o 6.1 ••• • •• 127 12.3 

Jan. 7 7.7 ••• • •• 3 • •• 170 14.3 
14 7.6 8.o 6.5 4 ••• l7S 12.3 
23 7.4 ••• • •• 4 • •• 170 13.3 
JO 7.6 8.1 6.6 3 ••• 169 13.5 

Feb. 4 7.6 8.1 6.7 4 ••• 18,; 13.0 
11 7.6 ••• ••• 4 • •• 190 13.2 
23 7.6 ••• • •• 3 • •• 182 12.8 

Mar. 2 7.3 ••• • •• 4 • •• 1;6 10.4 
8 6.9 ••• ••• 3 • •• 111 J.4.0 

Bottoa Deo. 10 1.s B.o • •• ·••· ••• 180 • •• 
19 7.6 8.1 6.4 ••• • •• 1as 10.2 

Jan. 1 7.6 ••• • •• 4 • •• 170 1.3.8 
14 7.5 8.2 6.6 4 ••• 170 11.0 . 
23 7.4 ••• ••• 4 • •• 174 11.1 
)0 7.5 8.1 6.6 5 ••• 186 12.6 

Feb. 4 7.4 8.1 6.6 4 • •• 191 10.8 
11 7.5 • • • ••• 4 • •• 197 12.1 
23 7.6 ••• ••• 4 • •• 200 12.5 

Mar. 2 7.6 ••• • •• 6 • •• 197 12.1 
8 7.3 • • • ••• 4 • •• 200 11.5 

Inlet s,1rtace Dec. 10 7.5 8.o ••• • •• • •• 162 • •• . 
19 7.7 8.l 6.3 ••• • •• 1,6 12., 

Jan. 7 7.6 ••• • •• 3 . .. l6S 13.0 
14 7.6 s.o 6.6 3 ••• 16, 12.3 
23 7.4 ••• • •• 4 ••• 171 12.3 
.30 7.6 8.1 6.6 4 ... 180 11.8 

Feb. 4 7.6 8.1 6.7 4 ••• 197 11.1 
11 7.4 • • • • • • 4 ••• 193 10.4 
23 7.4 • • • ••• 4 • •• 196 10.4 

lilr. 2 7.6 • • • • • • 4 .. .. 196 11.4 
8 7.4 •·• I ••• 4 ••• 181 11.1 

( Oon1:inued) 
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. . Table 9. 

Di■1ol ved Ozygen. pH, and other Chemioal .iata For 
the Lakes studied, 1940-41. 

(Continued) 

Phth. •• o. 
Lake am Sampling AeJ"&ted Alveol. C°'l• alkalinity, alkalinity'. Ca, 
station defth. Date 2B ;eH fH E•E••• l?•E••· f•J!•Dl• :e•:e••· 
Jmd Lake, Surface Dec. 10 7.6 8.o ••• ••• • • • 178 • •• 
Oltlet 19 7.6 8.1 6.4 ••• ••• 177 12.1 

Jan. 7 7.7 ••• •-• . 3 1··· 163 J.4.0 
14 7.6 8.1 6.6 .3 ••• 165 13.7 
23 7•S .. " ••• 4 ••• 170 13.0 
30 7.6 8.1 6.6 '4 ••• 182 J.4.S 

Feb. 4 7.7 8.1 6.6 4 • •• 190 l.'.3.9 
11 7.6 ••• ••• 3 ••• 19) 14-S 
2J 7.6 ••• ••• 4 • •• 191 14.7 

Mar. 2 7.6 • •• • •• 4 • •• 192 14-.3 
8- 7.5 . .. . . ... 4 ••• 160 1.3 • .3 

Green Lake., Surface Deo. 10 1., 8.1 • • • ••• • •• 132 ••• 
Sta. l 17 7.6 7.9 6.1 ••• • •• 80 12.s 

21 7.7 ••• ••• 2 • •• Bo 12.1 
Jan. 7 7.6 ••• ••• 4 • •• l1µ. lJ•.3 

12 7.7 ••• ••• 3 • •• 141 12.1 
23 7.6 • • • ••• 2 ••• l.47 13.$ 
28 7.7 ••• ••• 3 • •• 156 13 • .3 

Feb. 9 7.6 8.1 6.7 4 ••• 148 9.6 
14 7.6 ••• • •• 3 • •• 61 9.7 
24 7.6 ••• ••• 2 • •• 161 10.6 

Mar. 2 7.7 • •• • •• 4 • •• ~ 10.9 
8 7.4 ••• • •• 2 • •• 106 10.8 

Bottom Dee. 10 7.8 8.1 ••• ••• ••• 143 ••• 
17 7.8 a.o .... ••• • •• 140 10.9 
21 7.8 ••• • •• 4 • •• 138 10.2 

Jan. 7 7.7 ••• • •• 3 • •• 140 13.4 
12 7.7 ••• • •• 2 • •• 13, 12.1 
23 7.~ ••• • •• 3 • •• 147 1.3.0 
28 7.6 ••• . ". 3 ••• 152 12.7 

Feb. 9 7.6 8.2 6.7 4 ••• 160 10.2 
14 7•S ••• ••• 4 • •• 16,S 9.7 
24 7.6 ••• ••• 3 • •• l6o 10.8 

liar. 2 7.6 ••• • •• 4 • •• 164 10.9 
8 7.6 ••• • •• !, ••• 152 10.2 

s-ea.. 2 Suri'aoo Dec. 10 7.8 8.o ••• • • • • •• 1.30 • •• 
17 7.8 B.o 6.2 • • • ••• 1.33 12.4 
21 7.9 ••• • •• 2 ••• 119 12.0 

Jan. 7 7.6 • • • ••• 4 • •• ¼2 1.3.2 
12 7.7 ••• ••• 2 ••• 141 12.8 
23 7.3 ••• • • • 3 ••• 90 12.3 
28 7.6 • • • ••• 2 ••• 1.$2 11.6 

(Oontiaued) 
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Table 9. 

Dissolved Oxygen, pH, and other Chemical De.ta Fo!" 
the Lakes ~died, 1940-41-

(Continued) 
Phth. M. o. 

Lake and Sampling Aerated Al'nOl. co.z, alkalinity• alkalinity• o.z., 
station de;eth Date ;eH ;eH ,zH E•E••• E•i••• E• i?•m.. l!•E••· I 

Gre~u Lake., Surface Feb. 9 7.5 8.l 6.6 4 ••• 152 9.4 
Sta. 2 14 7.5 ••• ••• 3 • •• 65 10.5 
(Continued) 18 • • • • • • • •• • •• ••• ••• 12.2 

24 7.4 ••• ••• 4 ••• 163 9.2 
Jfar. 2 7.4 • •• • • • 3 • •• 139 8.2 

8 7.6 • • • ••• 2 • •• 67 12.6 

2 feet Ja.n. 23 ••• • •• • •• • •• • •• • •• 10.3 
28 7.6 ••• ••• 4 • •• 149 10.8 

Feb• 9 ••• • • • ••• ••• • •• • •• 10.3 
14 7.6 ••• ••• 4 • •• 163 10.2 
18 ••• ••• • •• ••• • •• • •• 9.8 
24 7.6 ••• ••• 4 • •• 169 9.0 

lfar. 2 7.5 ••• • •• 4 • •• 164 8.9 
8 7.4 ••• • • • 4 • •• lh4 10.1 

5teet Dec. 10 7.7 a.o ••t ••• • •• 140 ••• 
17 ••• • • • ••• ••• , .. . . •- 9.9 
21 7.7 ••• ••• 3 • •• l.Ui 9.5 

Jan. 1 7.7 ••• ••• 3 • •• 140 13.3 
12 7.7 ••• ••• 4 • •• 1.38 12.7 
23 7.0 • • • ••• 5 • •• 148 8.o 
28 7.6 ••• ••• 3 • •• 148 10.l 

Feb. it 7.5 8.1 6.h 4 ••• 162 10 • .3 
7.4 ••• ••• 5 • •• 172 7.8 

18 ••• • •• ••• • •• • •• • •• 9.0 
24 7.4 ••• ••• 4 • •• 166 8.7 

Jar. 2 7.6 • •• ••• 4 • •• 163 8.9 
8 ••• • •• • • • • •• • •• • •• 11.2 

9 feet Dec. 10 7.5 a.o . .. . ••• I • • 156 • •• 
17 7.5 8.o 6.J ••• • •• 161 5.8 
21 7.1 • • • ••• 5 • •• 160 4.8 

Jan. 7 7.6 ••• • •• J • •• 140 12.4 
12 7.3 ••• ••• 3 • •• 1>0 a.a 
23 7.0 ••• ••• 1 • •• 164 J.J 
28 7.0 8.2 6.6 9 ••• 170 3.8 

Feb. 9 6.9 8.1 6.6 1 ••• 176 6.8 
14 7.0 ••• ••• 4 • •• 177 3.9 
18 ••• ••• ••• ••• • •• • •• 5.5 
24 7.0 • •• ••• 1 • •• 175 5.0 

Mar. 2 7.2 • •• • •• 1 • •• 170 5.7 
8 7.0 ••• • •• 4 • •• 169 6.7 

{ Continued) 
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Table 9. 

Dissolved Oxygen, pH, and Other Chemical Data For 
the Lakes st-~died, 1940 .. 41. 

( Continued) ·-· Phth, ll. O. 
Lake and Sampling Aerated Alveol. c~, aU .. --a.linity, alkalinity, 02, 

~tion depth Date ;eH Ell ;eR e•:e••· E•e••• I?• I!••· E•E••• 
Green Lake, Sllrtaoe Dec. 17 7.7 8.o ••• • •• ••• 120 13.7 
Sta • .3 21 8 ... 1 ••• • •• • •• 2 15 14.0 

24 7 .. 9 s.o 6.1 l ••• 94 13.7 
Jan, 1 7,6 ••• ••• 3 • •• ~ 13.1 

12 7.9 ••• • •• • •• • •• 135 12.7 
23 7.6 ••• ••• 3 • •• 141 12.s 
28 8.o • • • ••• • •• • •• 1,s 14.7 

Feb. 9 •••• • •• • •• • • • • •• • •• 13.1 
24 7.7 ••• ••• 4 • •• 176 11.0 

:var. 2 7.6 • • • • •• 4 • •• 174 12.0 
8 7.3 ••• • •• .3 • •• 116 10.3 

Bottom Dec, 17 7.8 8.1 ••• ••• • •• 150 14.3 
21 '8.o ••• ••• ••• • •• 1,2 12.6 
24 7,? 0.1 6.~ 2 •··• 1~ 12.6 

Jan, 1 7.6 ••• • •• 3 • •• lltO lJ,l 
12 7.7 ••• • •• 3 • •• 140 12.3 
2J 7.6 ••• ••• 4 • •• 14~ 11.9 
28 7.7 • • • ••• 3 • •• 158 1.3.0 

Feb.- 9 7.6 8.2 6.7 4 ••• 164 11.8 
24 7.6 ••• •••• 4 • •• 173 10.8 

Jlar. 2 7.7 ••• • •• 4 • •• 17!> 11.8 
8 7.5 ••• ••• 4 • •• 162 11.s 

Sta. 4 Surf&Oe Dee, 17 7.6 s.o ••• ••• • •• 127 11.9 
21 7.8 ••• • •• l . ·-· 127 12.6 
24 7.6 a.o 6.2 3 ••• 120 12.6 

Jan. 1 7.6 ••• • •• 3 • •• lJJ 13.1 
12 7.8 ••• • •• 2 • •• 1.37 • •• 
2.) 7.6 ••• ••• 3 , .. 14S 1.3.1 
28 7:.5 ••• ••• 3 • •• l~ 11.1 

Feb, 9 7.5 8.1 6,5 4 ••• 143 10.6 
14 7.4 ••• ••• 3 • •• 70 10.6 
24 1 .• 1 ••• • • • .3 ••• 162 11.2 

!la:r. 2 7.6 ••• • •• 4. • •• 1$5 11.7 
4 6.9 ••• • • • l • •• 25 12.1 
8 7.4 ••• • •• 3 • •• 92 11.5 

4 feet Jan, 28 7.4 8.1 6,6 6 ••• 147 10.8 
Feb. 24 7.5 ••• • •• 3 • •• 171 11.0 
Ml.r, 2 ••• ..... ••• • •• • •• • •• 12 • .3 

4 7.7 ••• . .. . ••• • •• ••• 12 .. 1 
3 ••• • • • • •• ••• • •• ••• 11.6 

. c eoiitlmieclj 
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Table 9. 

Dissolved ~gen., pH, and other Chemical Data. 
the Lakes Studied, 1940-hl.. 

For 

( Continued) 

Phth. M. o. 
Lake and S&mpling A~rated ilveol. c~. a.lkalini ty. . alka.lilli ty • ~. 
station de;eth Date l! :fE pH E•E~•• E•E·•• l'• }!•L E·P••· 
Green Lake, Bottom Dec. 17 7~6 8.o ••• • •• • •• 158 10.6 
Sta. 4, 21 7.1 ••• ••• 6 ••• 149 10.1 
( Continued) 24 7.4 8.o 6~5 4 ••• 150 8.8 

Jan. 1 7.6 ••• • •• 4 • •• 134 11.9 
12 7.6 • • • • •• J ••• 150 8.5 
2J 7.2 ••• . .. . 7 ••• 164 3.9 
28 1~3 a.2 6.5 1 ••• lSS 4.6 

Feb. 9 7.3 8.1 6.6 5 ••• 166 6.o 
14 7.0 ••• ••• 6 ••• 177 4.5 
24 1.s ••• • •• 4 • •• l.68 9.7 

Mar. 2 7.4 • • • ••• 6 • •• 179 a.4 
4 7.6 ••• ••• 4 • •• 173 9.8 
8 7.6 ••• ••• 5 • •• 167 9.9 

Sta. s Sllrt&oe Jan. 7 7.6 ••• • •• 3 • •• i.39 13.9 
12 7.7 ••• ••• 2 • •• 140 12.9 
23 7•S ••• ••• 3 • •• 151 12.0 
28 7.6 8.2 6.6 3 ••• 150 11.4 

Feb. 9 7.6 8.1 6.6 3 • •• 1.36 8.6 
14 7~4 ••• • •• 4 • •• Ip 9.2 
24 7.8 ••• • • • 2 • •• 156 10.3 

Jla.Jt. 2 s.o · • •• •• • • •• 2 144 11.0 
8 8.1 •• • •• • ••• 2 121 12.5 

Bottom Jan. 7 1.a • • • ••• 3 • •• 132 13.8 
12 7.7 ••• • •• 2 • •• llJ,O 12.2 
2,3 7.6 ••• ••• 3 • •• 1,0 11.2 
28 7.6 ••• ••• 4 • •• 1413 11.0 

Feb. 9 7.7 8.l 6.4 4 ••• l~ 9.2 
14 7.6 ••• • •• 3 • •• 150 9 • .3 
24 7.9 ••• ••• 3 • •• 162 10.4 

Var. 2 8.o • •• • •• • •• 1 1,9 11.1 
8 8.2 ••• ••• • •• 4 148 12.2 

~'ta. 6 Surface Jan. 23 7.6 • •• ••• 4 • •• 140 13.0 
28 B.o 8.1 6.5 ••• 4! l1µ 13.6 

Bottom. Jan. 2,3 7.4 ••• ••• 4 • •• 150 11.2 
28 7.6 8.2 6.4 4 ••• 15.3 9.8 

(Continued) 
.. 
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Table 9. 

Dissolved Oxygen, pH, and Other Chemi oal Data For 
the Lakes Studied, 1940-41. 

(Continued) 

Phth. li. o. 
' Lake and. Sampling Aerated Alveol. c~, alka.lini ty, alk£.11nity, O,_, 

Date pH pH ' station depth pH f•P••• ,P•P••• P•P••• p • l?.:.!!!., --
Green Lake, Surface Dec. 17 6.8 7.9 6.2 • •• • •• 126 10.3 
Inlet 21 7.1 •• • • •• 4 ••• llt3 9., 

24 7.2 7.9 6.4 7 ••• 16o e., 
Jan. 1 6.9 ••• • •• 10 • •• 205 2.8 

12 6.9 ••• ••• 14 • •• 207 2.6 
23 6.9 ••• • • • 14 • •• 200 5.7 
28 6.8 8.1 6.6 22 ••• 214 2.1 

Feb. 9 6.8 8.o 6.6 14 ••• 233 2.8 
14 1•3 ••• • •• 4 • •• 88 11.2 
24 6.9 ••• • •• 17 . •.. 240 .3.2 

JliLr. 2 6.9 • •• • •• 14 • •• 220 h.o 
4 6.8 ••• • •• 3 • •• Ip 12.0 
8 7.0 11 

,. 
182 J.._.9 • • • ••• • •• 

Outlet Surtaoe Deo. 17 6.7 7.4 s.s • •• • •• 22 12.6 
21 7.6 ••• • •• 4 • •• 45 12.1 
24 7.3 7.8 ~-7 4 ••• 66 10.9 

Jan. 7 7.7 • •• ••• 3 • •• l.40 14.3 
12 7.7 •• • • • • 3 ••• 135 12.8 
2J 7.6 ••• ••• .3 • •• 1.50 12.7 
28 1., 8.2 6.5 4 ••• 150 10.9 

Feb. 9 7.6 8.1 6.6 2 ••• 159 9.3 
14 a.o ••• ••• 2 • •• . 140 11.7 
24 B.l ••• ••• • •• 4 163 12.9 

Ha.r. 2 8.2 • •• • •• • •• 3 150 13.0 
8 8.2 ••• ••• • •• 5 151 13 .. 3 

Bog Lake Sul"faoe Dec. 10 6.1 6.7 ••• • •• • •• 1 • •• 
17 6.2 6.5 5.3 ••• • •• 5 15.9 
21 6.6 ••• ••• 2 • •• 6 16.1 

Jan. 1 6.6 • •• • •• 4 • •• 6 16.7 
14 6.o 6.8 ,.4 4 ••• 5 li+.O 
23 6.o ••• ••• 11 ••• 5 20.2 
28 5.9 6.3 s.2 4 ••• 7 17.7 

Feb. 4 ,.a 6., S-3 4 • •• 7 18.4 
11 s.s ••• • •• 4 • •• 12 21.0 
16 5.9 •• • ••• 4 • •• 6 18.7 
18 ••• ••• ••• • •• • •• . .. 18.2 
25 5.9 ••• ••• 4 • •• 8 20.5 

ltar. 2 5.9 ••• • •• 1 . .. 4 15.3 
4 6.o ••• ••• 5 • •• 8 13.9 

10 5.a • • • ••• 8 • •• 4 14.9 
27 5.8 ••• • •• 4 • •• 1 17.8 
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Table 9. 

Diaeol,... Qzygen, pJI. and othe Chem.ioal Data Por 
the JAkea Siludied, 1940-J.il .. 

( Contim1..t) 

Phth. 1(. o. 
J -4JCe and Se;mpl!ng Aera..t il'VNl. co..z§ al.Al1.n11:y', alka11n1v. <>a, 
atatiGB mte Daw 2B e l! l?•I•!!• E•E•m• P•E•• ~2•!!!! 
BogIAa l ton Deo. 10 S.7 ••• ••• .. .. ••• 5 • •• 

17 6.t 6.5 •• • •• • ••• s ]J.2 
21 6.8 ••• ••• 2 • •• a 1.4.5 

Jan. 1 6..5 •• • ••• 12 . ... 6 13.0 
14 5.a 6.9 5.4 9 ••• s 7.8 
23 6.o ..... 

• ••• 4 • •• s 18 .. J 
28 ~.a ••• ••• 6 . .,,. 5 11.6 

Feb. 4 5.a 6., 5,.3 s • •• 5 16..0 
11 s.1 ••• .... 4 • •• ·g 17.1 
16 5.a ••• ••• 4 ••• 11 .. 6 
18 ••• ••o .... • •• . ... • •• 18.0 
2s 5.7 .... ••• 7 •-•• 6 16.5 

Var. 2 5.. 1 .... .. . . 9 • •• 6 1s.2 
4 6.2 ••• • •• $ .... 7 13.4 

lO 5.6 .... . ..If:\. 9 ••• 4 15 • .4 
27 , 5.8 ..... ~·· 4 . .,. 4 11.8 

2 feet Dao. 10 g.6 ••• . ... •• • • •• 6 • •• 
17 5.7 6.8 ••• ••• . .. " 14 4-S 
21 s.s ••• ••• ll . .... 12 0.7 

Jan. 1 s.9 ..... .... 14 • •• 6 6.S 
l4 5.a 6 .. 9 s.2 14 ••• 6 1.s 
23 5.4 ••• ••• 16 ••• 7 2.1 
28 s.1 6.5 5 • .3 l4 ••• 6 6 .. 7 

P'eb. 4 s.!1 6.S 5 • .3 14 • •• 6 7.4 
11 5.4 ••• ••• 19 ••• s 2.3 
16 5.6 •·•. ••• 14 • •• 5 9.s 
18 ••• •• • ..,. • •• • •• ••• 4.8 
2; s.6 ••• ••• 10 • •• 7 11.1 

liar. 2 s.1 . ~. ., ". 10 • •• 6 7 .. 0 
4 5.6 ••• ••• 1, • •• 5 6.4 

10 S.7 ••• ••• f ••• , 14-S 
27 5.9 .... • •• .... 7 17.1 

),feet Dee. 10 s., ••• . ... • • • • •• 6 • •• 
17 S.6 6.7 ••• • •• • •• 5 1.,7 
21 5.6 ••• •• • 17 • •• 1 0.4 

Jan. 7 ;.9 • •• ••• 19 • •• 6 1., 
1h s.1 6.7 $.2 21 ••• 5 2.1 
23 5.4 ••• • • • 23 • •• 7 o.6 
26 5.5 6.5 5.4 2l ••• 6 1.8 

F'4tb. 4 5.5 6.~ ~.2 19 • •• 7 1.9 
11 5.4 ••• • • • 22 • •• 6 0.7 
16 5.5 ••• • •• 1,5 ••• 8 3.0 
18 ••• ••• • •• • •• • • • ••• 1.8 
25 5.6 ••• • •• 16 ••• 6 4.S 

( &mil.a) 
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Table 9. 

Diaeolved Oaygen, µH, and Othftr Chaioal D&1a For 
the Lake• Studied• l9LO-lal. 

(Cont1med) 
• .Pii-. .. 0. 

lue and Saapling Aenttll Al'NOl. e<>a, •l• Univ• alkalinity, °t• ata.tioa det9 De.w 1a R! ptt 2•J!•L F•P•• R•E•• R•P+ - . I ■ 

Bog Laba 3 ten ...... 2 s.a ••• . ... 1'1 • •• L 2.6 
( Continued) 4 S.8 ••• ••• ••• ••• • •• a.a 

10 S•b ••• ••• 21 ••• s i..o 
27 S.6 ••• ••• 6 ••• s ,.o 

4 ten Deo. 10 s.6 ••• ••• • •• ..,. 6 • •• 
17 S.6 6.8 ••• • •• ••• 14 o.6 
21 s.1 ••• ••• 18 ••• 8 0.1 

Ju. 1 ;.1 ••• ••• 22 • •• 1 o., 
14 s.1.· 6.6 ••• 22 ••• 6 o.s 
3 SJ. ••• ••• ·:t • •• I o.3 

S-ll 6.4 $.3. ·••- 0.7 ,. .. L s.s ,., s.2 21 • •• 6 o., 
u S.4 ••• ••• 23 • •• 6 o.a 
16 s.~ ••• •• • 18 • •• s !:f 18 ••• ••·• • •• • •• ••• • •• as 5.; ••• • •• 22 ••• 7 1.J .... 2 s.1 ••• • ••• 22 • •• s OJ 
4 J.6 ••• ••• • •• ••• • •• 1.0 

10 S•S ••• ••• 21 ·• .. 1 1.J 
27 s.4 ••• • •• 19 ••• s l•T 

5 r .. , Deo. 10 5.6 ••• • • • ••• • •• 6 • •• 
17 s.1 6 .. 8 s., ••• ••• 10 o., 
21 s.1 ••• • •• 21 ••• 1 0.1 

Jan. 1 s.1 ••• • •• 22 ••• 1 o., 
14 s.1 ,.a S-4 21 ••• 6 0.1 
23 $.A ••• • •• 23 • •• 8 0.0 
28 s.s ••• ••• 22 • •• 8 o.o 

M. Ji ;t 6.S f.3 23 ••• 9 o.o 
u ••• ••• IS ••• 6 0.1 
16 S.6 ••• ••• 18 ••-• 6 1.a 
18 ••• ••• • •• • •• • •• • •• o.,ii 
IS s.s ••• ••• 27 ••-• 1 0.0 

•r• I S.6 ••• ••It 2J . ... 1 o.o 

" g.6 ••• ••• • •• ••• ••• o., 
10 ;i ••• ••• 14 ••• 6 o.o 
21 ••• • •• 2S ••• 6 1.s 

• 
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Table 9. 

DisaolTed Oxygen, p.if,. a..,ui Other Ohemioal lata. For 
the ll,\kes Studied, 191.t.O-}.µ.. 

( Cor...tinu.ed) 

.Ph'bh. M' •. o. 
Le ,rn a...'1.d Sampling Aerated Alveol. C"2• al.ks.Unity, alkalinity, 02, 
gt:&. tion de1:rca Da tt2. __ ,_ • E~ , ;eH EH E•~-m. f•P•m• f • ~:ill.- P·£.:.~ 
Pasinski'• Surtaoe Deo. 12 8.8+ 8.8+ 6.o ••• ll 90 12.5 

Pond, 19 8.8-+ 8.~ 6.1 ••• 1 74 13 .. 0 
Sta. 15 Ja.n. 10 8.8+ ••• • •• • •• lS' 99 18.0 

16 8.8+ ••• ••• • •• l3 10.3 17.5 
24 8.6+ ••• • •• • •• 18 lo6 21.9 
31 8.6+ ••• ••• • •• 16 112 20.8 

Feb. e 8.8 ••• • •• • •• 10 123 17.a 
12 8.6 ••• • •• ••• JJ 123 19.9 
21 8.8 • • • ••• • •• lS 12) 21.5 
27 8.6+ ••• • •• • •• 12 129 22.0 

llar. 6 8.8 • •• • •• • •• 8 92 21., 

Bo-ttom Det'I. 12 a • .3 • • • • •• • •• 3 96 6.9 
19 a.3 ••• • •• • •• 2 102 7.5 

Jan. 10 a.2 ••• • •• • •• 3 10) 13.4 
16 7.3 ••• • •• 4 • •• lo6 8.l 
24 a.o ••• • •• • •• • •• 110 16.µ. 
.31 1.3 ••• • •• L. • •• 120 5 -. •:> 

Feb. 8 7.7 ••• • •• 4 • •• 12~ 13.6 
12 7.6 ... • •• 4 • •• 135 9.9 
21 8.J ... . .. • •• 1 134 1.5.9 
27 7.6 • • • . . .. 4 ••• 134 12.9 

liar. 6 7.2 ••• • •• 4 • •• 1.35 1:3.2 

Sta.. 20 Suri'aoe Deo~ 19 • • • • •• • •• • •• • •• ••• 10.2 
Jan .. 10 8.8+ . .. • •• • •• 1.3 101 15.5 

16 8 .. 2 ... • •• • •• 2 102 13.2 
24 8.7 ••• • •• • •• 10 104 17.3 
31 8.8 " .. • •• • •• 12 110 19 .. 5 

Feb. 8 8~7 • •• • •• • •• 12 118 17.7 
12 8.7 ••• • •• • •• 10 123 1s.2 
21 a.o ••• • •• • •• 3 125 13.0 
27 7.7 ••• • •• 4 • •• 1.32 14.3 

Ma.r. 6 8.8 ••• • •• • •• 8 111 20.7 

Bottc. Jan. 10 8~4 ••• • •• • •• 6 103 15.2 
16 7.2 ••• ••• 4 • •• lOS 4.8 
24 8 .. o ••• • •• ••• • •• 108 12.8 
31 1 .6 ••• • •• 3 • •• 118 u.5 

Fe1>. 8 8.1 ••• • •• • •• J 12,3 13,7 
12 7.6 • •• ••• 4 • •• ~~ 6,6 
21 6.9 • • • • •• 5 ••• B.9 
27 6.9 ••• ••• , 

• •• 1.34 3.1 
liar. 6 7.0 ••• • •• s • •• 133 lJ.i.O 

( coirtine4) 
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Table 9. 

Dissolved Oxygen, p'tJt nrrd Other Chem.ioal Data For 
the lakes 3-bu.died, 1940-.41'! 

( Continued) 

Phth. M. o. 
L,.1-ce and Sampling Aerated Alveol" co<>, a.l.kalini ty. alkalinity, 02, .. 
s·~&. ti·:m depth !)o.t~ pH ;;,H pH p.p,n. p.p.m. p.p.m. p.p.!:1. ' -
Pasinski's Surtao• Dec. 12 8.8+ 8.8+ 6.o ••• lS 95 14.8 

Pond, 19 ••• ••• • •• -~~ ••• • •• ll_i~l 
sta.. 24 Jan. 10 8.8+ ••• ••• • •• i4 103. 17~4 

16 8.8+ ••• ••• .. ·• 17 105 2•).J 
24 8.8+ ••• , .. • •• 20 104 2L!.2 
Jl 8,8+ ••• • •• • •• 20 112 25.1 

Feb. 8 8.8+ • •• • •• . •· . 16 123 19.7 
12 8,8-t •• • ••• . . ' 17 132 23.7 
21 8.8+ ••• • •• • •• 16 126 21 .. 8 
27 a.a+ ••• ••• . .... 17 l.34 24:a 

Kf.Lr. 6 a.a+ ••• ••• • •• 6 62 21.3 

Botwa Deo. 12 8.6 B.h 6.1 • •• 5 100· s.o 
19 • •• ••• • •• ••• • •• • •• 7.2 

Jan. 10 7.8 ••• ••• 2 • •• 106 12.L 
16 7.1 . . .. ••• 4 • •• lo6 7.6 
24 7,.7 ... . ... ~- . ·•. 120 12.0 
31 7.6 ••• ••• 3 • •• 127 9.1 

Feb. 8 8 • .3 • •• • •• • •• h 1.30 · 15.1 
12 7.8 ••• .. .. 2 • •• 133 13.J 
21 8,4 ••• • •• • •• 1 135 20.6 
27 a.4 ••• • •• ••• 9 132 20.2 

Mar. 6 7.6 ••• • •• 4 • •• 130 12.0 

Sta. 26 Surface Dee, 12 8.8+ a.a+ 6.o • •• 15 96 13.5 
19 8.8+ 8.8+ 6.l ••• 1.3 84 15.1 

Jan. 10 8.8+ ••• • •• • •• 14 103 17.1 
16 8.7 • • ti ••• ••• lo 108 l'"/.8 
2l~ 8.8 ••• • •• • •• 17 11r; 19.9 
31 8.8+ ••• . ... • •• ?-4 121+ 2c.o 

Feb. 8 8.8+ • •• • •• • •• 2.3 129 21.3 
12 8.8+ ••• • •• • •• 27 131 24.1 
18 ••• ••• • ••• • •• • •• • •• 25.2 
21 8.6+ ••• ••• • •• 26 137 24-8 
27 a.a+ ••• • •• • •• 2.3 136 26.2 

Jla.r. 6 8.8 • •• • •• • •• 5 ~6 20.1 
11 a.s ••• • •• • •• 5 ,4 16.7 

1 f'oot JEIJl,. 10 • • • • •• • •• . ·•. • • • • •• 16.6 
16 ••• • • • • •• • • • • •• • •• 13.J 
24 ••• ••• ••• • •• • •• • •• 19.9 
31 . ,. . • • • • •• • • • • •• • •• 27.2 

Feb. 8 ..... ••• • •• . ... • •• • •• 21.5 
l2 ••• ••• • •• • •• • •• • •• 24.5 
18 ••• • •• ••• . .. • •• ••• 25.8 
21 • • • • •• ••• • •• ••• • •• 24.0 
27 8.8+ • • • • •• ••• 22 138 26.S 

Mar. 6 8.8 ••• • • • • •• 8 ,a 20.3 
11 8.8+ .... ••• • •• 12 81 12.6 

< Caaldma•l 
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Table 9. 

Dissolved OX:ygen, pH, and other Chemi oal Data For 
the Lakes Studied• 1940-41. 

( Continued) 
Phth. )(. o. 

!Ake am Sampling Aerated Al.veol. CO2, al.lea.Unity, alkalinity. ~. 
_station depth Date ;eB J,?H l?H 2•,1?•11\o :2•J:?•lll• e•:e••· 2•:e••· 
Pasinski's 2 feet Ja.n. 10 s.4 ••• • •• ••• ; 104 14.7 

Pond., 16 8 • .3 ••• • •• ••• 4 109 1.),8 
Sta. 26, 24 8,7 ••• ••• • •• 13 113 17,1 
( Continued.) 31 8.8 ••• ••• • •• lS 120 19.2 

Feb. 8 8.8+ ••• • •• • •• 17 127 19.6 
12 8.8+ • •• • •• ••• 21 135 21.0 
18 ••• . , .. ••• • •• • •• ••• 21.7 
21 8.8+ • • • ••• • •• 21 1.34 22.6 
27 8.8+ ••• ••• • •• 21 1.35 24-4 

l'ar. 6 8.8 ••• • • • • •• 19 118 24.1 
11 8.8+ ••• • • • •... 17 99 22.9 

J teet Jan. 10 ••• ••• • •• • •• . ... • •• 14.3 
16 • •• • •• • •• • •• ••• • •• 11.9 
24 • • • ••• • •• • •• • •• • •• 16.9 
.31 ••• • •• • •• ••• • •• . .. 1:3-7 

Feb. 8 ••• • •• • •• • •• • •• • •• 18.7 
12 ••• ••• • •• • •• ••• • •• 18.J., 
18 ••• ••• • •• • •• • •• ••• 20.9 
21 ••• • •• ••• • •• ••• • •• 2.3.1 
27 8.8+ • • • ••• ••• 22 1.)2 24.1 

Mar. 6 a.a. • • • • •• • •• l) 132 20.1 
11 8.6 • • • . ·•. • •• ll 113 22.3 

Bottom Deo. 12 8.6 8.4 6.1 ••• 4 103 8.6 
19 8.6 8.6 6.1 ••• 8 105 9.8 

Jan. 10 7.6 • •• • • • .3 • •• 113 12.7 
16 7.6 ••• ••• 3 • •• 110 12.1 
24 a.4 ••• ••• • •• 10 122 is., 
31 8.1 ••• ••• • •• 2 127 11.1 

Feb, 8 8.8+ • • • ••• • •• lJ 128 17.6 
12 a.1 ••• ••• • •• 2 132 14.9 
18 • • • • •• ••• • •• • •• • •• 19.2 
21 8.8+ • • • ••• • •• 17 133 21.8 
27 8.8+ ••• ••• • •• 14 144 21.4 

Mar. 6 8.7 ••• • •• • •• 7 131 19.8 
11 8.6 ••• • •• ••• 9 116 21.6 

St.a. 27 Surfaoe Deo. 12 8.8+ 8.8+ 6.1 • •• 19 90 16.0 
19 • •• ••• • •• • •• . .. • •• 13 • .5 

Jan. 10 8.8+ • • • • •• • •• 14 105 17.6 
16 8.8 ••• • •• • •• 15 102 16.9 
24 8.8+ ••• • •• • •• 2,3 116 22.6 
31 8.8+ ••• . .. • •• 23 117 24-3 

Feb. 8 8.8 • •• • •• • •• 13 124 18.7 
12 8.8+ • • • • •• ••• 27 1.32 24,8 
21 8.8+ ••• ••• • •• 16 135 21.2 
27 8.8+ ••• • •• • •• 16 1.30 22.2 

Mar. 6 8.1. • •• • •• • •• 1 S4 18.1 
( Continued) 
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Table 9. 

Dia•o1Ted Ol;ygen. pH, and Other Chmnioal Data For 
1me Lakes studied• l9hl>-W-• 

( Oontinnd) . 

Piith. .. o. 
Lake a.Ad Samplil1g .Aerateci Alnol • C°'.l, alb.Um.ty, all:al1n1V, °'2• 
station. defi!! Date d EH 211 E•i•m• E•E:!• 2•1!:• .. l•i•• 
Padnald'• Botwa Deo. 12 8.8 8.8 6.2 ••• 13 103 11.2 

Pond., 19 • •• ••• • •• • • • ••• . ... 10.2· 
Sta.. 21. Jan. 10 8.J • •• •••• • •• 4 l~ )4.0 
(Con'1mted) 16 7.6 ••• ••• 2 ., .. 105 7.1 

24 8.1 ••• ••• • •• 2 115 a.a 
31 8.1 .... ••• ••• . •·· 11,S 12.7-, .. .,. 8 8.1 • •• ••• • •• 3 lJ6 15.9· 
12 7.7 •• • ••• 3 • •• ·133 11.3 
21 s.4 ••• • •• ••• 8 136 1.6.2 
17 8.2 ••• ••• • •• 4 131 14.3 

Jflu'. 6 a.4 ••• •••• • •• 6 127 ao., 



Table 10. 

Diaaol'ffd Ozy'gen and Other Ohemioa.l Data: Mieoellan.eoua LakeaJ 
1937-38. 1949-hO, 1940-1µ.. 

Phth. )I. o. 
Aerated Al"V'80l. o~. alk:al1.n1 ty, alkalinity• ~-Date Lake Station Depth pH pH pH P•P••• ,., .•. p.p.m. P•P••• 

(1937-38) 

Jan. 23 11 1938 i>Ainni,s Pond Sta. l Surf. ••• ••• ••• 9 • •• • •• • •• 
~ feet 7.4 ••• ••• 10 •·• . .330 0 • .3 

Open Hole Su.rt. ··•· • •• • •• 8 • •• • •• o.o 
2 teet ••• ••• ••• 8 • •• • •• 0.1 

Jan. 29., 1938 Fowler L. Sta. l Surf. 7.4 • •• • •• 2 • •• 100 10.4 
10 ten ••• ••• • •• 4 ••• • •• • •• 
20 teet 7.4 ••-• ••• $ • •• 2S2 ;.s 

(.19.39-ltl) 

Deo. 26. 1939 Yfeat L. st&._. l SUrt. 8.4 • •• • •• • •• 3 175 J.4.6 
4 feet a.4 3 17.5 14-2 I-' 

•·•- ••• • •• -;a 
0) 

Feb. 24. 194<> ore.sa L• sta. l Surt. 7.6 8.2 6.5 ... , ••• 230 10.2 
4 f•et 7.4 8.1 6.,S ••• ., . 2;3 4.0 

B11:teeae L. sta. l Surf. 7.7 8.2 6.; ••• • •• 188 12.0 
6 .f'est ••• • •• • •• ••• ••• • •• 6.7 
ll feet 7.3 8.1 6.5 ••• ••• 195 5.0 

Park L. sta. l Su.rt. 7.3 8.2 6.; • • • • •• 226 5.3 
6 tnt ••• • •• • •• ••• • •• • •• s.2 
11 teet 7.2 8.2 6.S .... ••• 241. 2 • .3 

Mar. 3. 1940 Weat L. Sta. 2 Surf. 7.3 8.1 6.S ••• • •• 21'> 6.2 
.3 feet 7.1 8.1 6.6 ••• ••• 248 3.6 

Mar. 13, 1940 Deep L. Sta. l Surf'. 8.1 ••• -• .. • •• 2 94 13.9 
5 feet 7.9 ••• • • • • •• • •• 87 13.0 
10 feet ••• • •• • •• ••• ••• ••• 12.0 
15 teet ••• ••• ••• ••• • •• • •• 11.9 

( Continued.) 



Table 10. 

Diaaol'V1Ki OK:,ygen and Other Chem!oal DataJ Mlscellaneous Lakes; 
1937-381> 1939--#>. 1940-,4l. 

( Continued) 

·Pkbh• M. O. 
Aera'tecl Al.ffOl. o~., aU:allDi ty, allcalinity. O:l, 

Date 11.lke Station Depth pH pH pH P•P••· P•R••· P•P••• :P•P••• 
Akr. 13. 1940 Deep L. sta. 1 20 teet 7.6 ••• •• • • •• • •• 90 10.8 
(Continued) JO fee-t . . . ••• ••• •·•. ••• • •• 1.s 

40 feet; ••• ••• ••• .. ·• ••• ••• 5.8 
so teet • •• ••• ••• •••• . ... • •• 3.7 
62 teet 6.9 ••• ••• •-•• .... 91 2.9 

(191.p-lµ) 

Feb. 27, 19)41 Richmond L. Sta. l surr. .,.5 • •• ••• s • •• lll 16.6 
6 feet 6.9 '., 117 11.2 ••• • •• !> ••• 

Mar. 5, 1941 $. Loudo L. Sta. 1 surf'. 6.8 8.1 6.6 15 • •• 153 0.4 
(Iosco Co.) 2 teet 6.8 •• • ••• ••• • •• • •• 0.3 

6 t'ee'b 6.8 8.1 6.6 16 ••• lh3 'l".c- • 

Sta. 2 Burr. 6.8 6.1 6.7 18 ••• 149 0.4 I-' 
-:i 

3 f'eet 6.8 ••• ••• ••• • •• ••• 0.1 -:i 

6 teet 6.8 ' fr • ••• • •• ••• • •• ••• 
9 feet 6.8 ••• . ·•· ••• • •• • •• Tr • 

Mar. 20, 1941 E. Fish L. st.a. l SUrt. 1 ■5 7.8 . •·. 2 • •• l7S 10 • .3 
S feet ••• • •• ••• ••• • •• ••• 8.9 
10 :f'eet •• • ••• ••• ••• • •• ••• 8.8 
15 feet ••• ••• ••• • •• • •• ••• 7.7 
20 :r.n 7.5 7.7 .... 3 • •• 188 8.1 
2~ :ten -• .. • •• ••• •• • • •• ••• 6.8 
30 feet ••• ••• • • • • •• ••• • •• s.o 
l.5' :teet ..... . ··• ••• ••• • •• ••• 2.6 
39 f'ee't 7.3 7.8 ••• 4 • •• 205 2.5 

Inlet SUrf. 7.7 7.9 ••• 2 • •• 18.3 11.8 

Outlet Surf. 7.5 7.9 • •• 2 • •• 178 10.0 
( C:ontinued.J 



Table 10. 

D1aaolwd ()q'gen and Other Chend.oal 1)1:ta; !llaoellaneoua Lale••· 
1937-38. 1939-40., 1940-41. 

( Corttinued) 

Phth. )I. it 
Aerated Alveol. co2• &lkalim. ty. allcalinit)" • ~II 

Date Lake Station Depth pH pH pH P•P•• P•P••· P•P••· P•P••· 
.Mar. 21. 1941 Middle Sta. l. surf'. 7.0 7.7 • •• 1 • •• 167 0.3 

Fish L. l toot ••• ••• ••• ..... ••• • •• o.·2 
2 £eet 7.0 7.8 ••• 6 ••• 16S 0.2 
3 feet . . ... • •• ••• ••-• ••• • •• Tr. 
4 f'eet 7.1 7.7 ••• s ••• 180 o.o 
~ feet ••• ••• • •• • •• ••• • •• o.c, 

w. li'ish L. Sta. l Surr. 7.2 7.9 ••• 5 • •• 176 4-3 
l toot ••·• ••• ••• • •• ••• ••• 4.2 
2 teeil .... - ••• ••• •·• . ••• ••• s.2 
3 teet 7.1 7.9 ••• 6 ••• 176 2.8 
4 feet ••• • • • ••• ••• ••• • •• 1.9 
5 .feel. ••• ••• ••• • •• ••• • •• 0.9 
6 feet ••• •·•• ••• ••• • •• ••• 0.7 I-' .,..r..1; 7.0 7.8 1as 

~ . •·• 7 ••• Tr. 00 

:var. 22,. 1941 Island L. Sta. l Suri'. 7.0 8.o • • • 13 ••• 203 0.2 
(Oscoda Coe) 2 feet ••• ••• ••• • •• • • • . •· . Tr • 

4 teet 7.0 7.8 ••• 14 ••• 21s o.o 

sta. 2 Surf. 7.0 8.o • •• 10 ••• 2o8 0.3 
2 feet ••• ••• ••• • •• ••• • •• o.o 
3 tee't 7.0 8.o ••• 14 ••• 211 o.o 
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Table 11. 

Vertical Distribution of !'empera:tures; 
Clear Lake, Station 2; 

1937.38 

Tea!!!rature T8Jllt:e rature 
Date Defth .. "l!. "'· Date o.2th •c. 8f. 
Jan. S, 19.38 su.rt. 2.0 .351 Feb. 2, l.938 SUrt. 0.2 

~ s• :J.4 .38 5, .3.6 
10' 3.9 39 10' 4-3 
15' 3.9 39 15' 4 •. 9 a 20' 4.4 40 20' 5 • .3 

JQ. 12, 1938 SU.?'f". 0.3 32½ Feb. ~1 19,38 &ul-t. 1.0 l4 
5' J.J J8 .3' 5.0 4l 

10' 3.6 36! s• ~.o 4l 
15' 3.9 39 10• 5.1 4l 
20' 4.0 39 15' ~-3 : 20• 5.5 

Ju.. 19. 1936 Surf. o.o 32 
5t 1.1 34 Feb. 20 5 19.38 Burt. o.6 

I 
10' 3.0 3'.!t .3' 6.3 
1~• 4,.2 39,- 5' 6.4 
20t 4.3 39! 10' ,~a 

32½ 
15' ,.8 

Jan. 26, 1938 s,irt., 0.2 ·201 5.1 ',, 3 • .3 38 
10' 4.0 39 Feb. 27, 193B Sur£. 1.8 ,s 
15 1 4.3 3gi .3' 5., h2 
20' 4.8 },tJ e !,' 5.9 i 101 5.9 

is• !>•7 
20' 5.6 
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Table 12. 

Vertioa.l Diatributien of pH, Alkalinity- and 
Diasol'ftd ~gen, Clear Lu:e. 

sta't:i.on 21 1939.40. 
lil. o. 

&lk:alini ~¥. °'l• 
Date De;e'llh ;eH E•l?•m. l?•i?•~ 
Dec. 31, 1939 Surt. ••• ••• 14.S 

5 feet ••• • •• 14.2 
10 feet ••• • •• 14.1 
15 feet ••• ••• 14.0 
20 feet ••• 1,6 13.7 

Jan. 6. 1940 Surt. • •• 1,8 14.7 
5 teet ••• 1;6 14.5 
10 feet ••• 157 14.2 
15 feet ••• 159 1.3.1 
20 feet ••• 164 12.6 

Jan. 10, 1940 Surf. 8.2 160 1;.1 
5 feet .. . . ••• 14.5 
10 feet 8.2 157 ll1,.o 
15 feet ••• ••• 12.9 
20 teet a.2 16o 12 • .3 

Jan. 13, 1940 Surt. a.o 151 14.6 
5 feet • • • ••• 111,91-1, 
10 feet a.o 156 13.7 
15 feet ••• ••• 11.9 
20 teet s.o 16o 10.8 

Jan. 17, 1940 aur,r. 8.o 16o 16.0 
5 feet ••• • •• 14.7 
10 feet 8.o 1,5 13.4 
15 feet ••• ••• 11.9 
20 feet 8.o 165 9.9 

Jan. 20, 1940 Surf. a.o 165 ~-s 5 feet ••• ••• .7 
10 teet a.o 1,a 14.2 
15 teet ••• • •• 12.4 
20 feet 8.o 166 10.8 

Jan. 24., 1940 SUrt. 8.1 168 15.s 
5 feet ••• ••• 15.3 
10 !'eet 8.1 161 13.9 
15 feet ••• .... 14.7 
20 feet a.o 170 11.1 

Jan. 28, 1940 Surf. 8.1 165 15.5 
!, feet ••• ••• 1$.l 
10 feet 8.1 163 U,..8 
15 feet • • • ••• 15.5 
20 teet 7.8 172 9.9 

{Continued.) 
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Table 12. 

Vertioal Dinributicm of PB. Alkalinity, and 
DiaaolTM Ozygen, Clear Lake, 

Station 2J 1939-40. 
( Continued) 

ii. o. 
al)caJ illi ty, ~. 

Date DeEth EH i•E••• E•E:•· 
Jan • .31, 1940 Surt. 6.1 166 J.4.0 

S feet ••• • •• 13.8 
10 teet 8.1 16.S 13.2 
15 feet ••• • •• 11•4 
20 feet 7.7 172 9.0 

Feb. J, 1940 Surf. 8.1 168 J.4.0 
S feet ••• • •• 1.3.9 
10 feet 8.o 166 12•3 
15 feet ••• ••• 10.5 
20 teet 7.7 11; 8.7 

Feb. 8, 1940 Surt. s.1 160 14-1 
S feet ..• -. • •• 14-2 
10 teet 8.o 168 12.0 
15 teet ••• • •• 10.2 
20 teet 7.7 11s 6.6 

Feb. 11• 191'0 Surt. a.o 147 13.4 
5 feet ••• ••• 14.2 
10 teet 8.o 166 12.0 1s feet ••• • •• 8.6 
20 teet 7.6 178 7.3 

Feb. 14. 19h0 Surf'. B.o 1;8 14.1 
S tee't ••• ••• 1.3.9 
10 teet 7.8 16S 11.9 
15 feet ••• • •• s.4 
20 teet 1.s 180 8.1 

Feb. 18, 1940 surr. a.o 172 ll+-2 
5 feet • •• ••• 13.s 
10 feet 7,.8 165. 11.6 1, feet . ... ••• 8.7 
20 feet 7.6 177 >•9 

Feb. 21, 1940 Surt. a.o 1$2 1.).6 
S feet . . .. ••• 1.3.7 
10 feet 7.8 170 u.s 
15 teet ••• • •• 8.2 
20 feet 7.6 181 7.2 

Feb. 25, 194() SUrf. 8.o 16.S 14.1 
S teet • • • ••• 13.3 
10 feet 7.7 167 9.8 
lS feet ••• ••• ,., 
20 teet 7.6 178 4.4 

( Contimied) 
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Table 12. 

Vertical Distribution of pH, Alkalinity, and 
l>iaaolvetl OJCygen, Clear Lake, 

Station 2.; 1939•40. 
(Continued) 

u. o. 
alkalinity, <>2, 

De.te De;eth ;eH l?•J!•L E•E••· 
Feb. 28, 1940 Surf. 8.1 168 14.9 

S feet ••• ••• 1.3.G 
10 feet 7.7 171 9.7 
15 feet ••• ••• 7.4 
20 feet 7.6 177 7.5 

Mar. 3, 1940 Surf'. 8.0 165 13.8 
S feet ••• ••• 12.9 
10 feet 7.6 171 10.0 
15 t'eet ••• • •• 6.9 
20 te•t 7.4 182 li-S 

Mar. 8, 19)-1,.0 surf. 6.9 40 14.2 
$ feet ••• ••• 12.6 
10 feet 7.8 168 9.4 
15 .feet .... • •• 6.5 
20 f'eet 1.s 182 .3.6 

Mar. 11, 1940 SU!'f. 6.9 54 13.2 
S feet 7.8 164 11.0 
10 feet 7.7 172 7.9 
15 feet ••• • •• 7.3 
20 feet 7.4 181 6.1 

Mar. l.6,_1940 surt. 7.0 107 is .• , 
5 feet ••• • •• 12~2 
10 feet 7.6 174 ,_.§o 
15 feet ........ .... , 7_.,o 
20·r.a1; 7.3 182 3.9 

Mar. 20, 1940 Surf. 6.7 12 11.3 
5 feet •• • ••• 11.5 
10 feet 7.7 168 9.7 
15 feet ••• • •• 7.8 
20 ten 7.4 182 4.0 

Mar. 2.3, 191.io Surt. 6.7 10 7.2 
5 feet • • • ••• 10.7 
10 .feet 7.6 16S a.a 
15 .feet ••• ••• 8 .. 1 
20 feet 7.5 177 6.6 

Mar. 27, 1940 Sur£. 7.0 6S 9.7 
5 feet ••• ••• 10 .. 5 
10 feet 7.6 166 8.8 
15 feet . .. . ••• 7 .. 1 
20 feet 7.4 181 ,.a 

(dontinuecl) 
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Table 12. 

Vertioal Distribution ot pH, Alkalinity, and 
Dissolved Oxygen, Cle&r lAka, 

Station ~h 19J9-4D• 
(Continued) 

H. o. 
alkal1n1 ty, 

Dep'11 1B ,., ... 
Mar. Jl, 1940 Surt. 6.9 jf s teat 1•1 

10 feet 7.6 168 
1.$ ten ••• ••• 
20 ten 7.4 178 

Apr. 3, 1940 SVf. 6.8 28 
~ feet 7.6 143 
10 feet 7.6 171 
1S .teet ••• ••• 
20 t .. , 7.3 178 

~ .. 
P•P••· 
10.2 
10.8 
9.4 
8!14 s., 
9•<J 

10.0 
s.1 
7.Ji 
h.O 
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Table 13. 

Vertical Distribution of pH, Alkalinity, and 
Dissolved O.xygen, Cleai- I.Ake, 

Sta ti on 2a; l 940-4l. 
)(. o. 

alkalinity-, ~. 
Date Depth fB :2• F.:•• E•E·•· 
Dec. 15, 191.p SUrt. 8.2 142 14.2 

S feet ••• ••• 14.0 
10 feet 8.2 142 1.:3-9 
15 feet ••• . ... llt.2 
20 feet a.o 148 12.7 
25 f'ee1; • • • ••• 6.4 
3.3 feet 7.6 l,8 4.7 

D••• 21, 1940 Surf. 7.9 103 14-.S 
$ feet ••• • •• 13,.5 
10 t11et 8.1 142 ].J.6 
15 f'Ht ••• ••• 12 .. 0 
20 fen s.o 1,52 11.0 
2.$ feet ••• • •• 9 .. 2 
33 feet 7.7 157 5.7 

Jan. 12, 1941 Suri'. 8.2 140 13.2 
5 feet 8.1 136 12.s 
10 feet 8.2 138 13.1 
15 feet 8.1 141 12.2 
20 feet 8.2 139 11.3 2s feet a.o 11'2 10.9 
33 f'eet 7.6 ~ 6.4 

Jan. 23, 1941 surf. 8.1 l44 14.2 
S feet ••• ••• 14.1 
10 feet a.o 1li4 14.1 
1.5' feet ••• • •• 14.5 
20 feet 7.7 146 10.0 
2.$' feet •• • ••• 8.4 
33 feet 7.6 157 7.8 

Jan. 30, 191,J. surr. 8.1 llu 14-3 
5 feet ••• • •• 14.1 
10 teet 8.1 l44 J.4..3 
15 teet ••• ••• 13.8 
20 feet s.o 147 11 • .s 
2S feet ••• ••• 9.6 
33 feet 7.6 157 7.9 

Feb. 6, 1941 &urt. 8.1 140 1.3.S 
S feet ••• • •• 13.9 
10 feet 8.1 ~ J.4.1 
15 feet ••• ••• 13.7 
20 f'eet 7.8 1S3 11.2 
2.$ feet ••• ••• 8.7 
33 f'eet 7.5 163 6.7 

{Continued) 
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Table 13. 

Vertical Distribution of pH, Alkalinity, and 
Dissolved ili.-ygen, Clear Lake, 

Station 2a; 1940-4].. 
(Continued) 

M. O. 
e.lk:8. lini ty, ~,, 

Date De,eth ;eH l?•l?·•· 1?!2••· 
Feb• 14, 1941 Surt. 8.1 llS 12.s 

5 teet • • • ••• lhi,1 
10 teet 8.1 1$2 14.2 
15 feet ••• ••• 13.4 
20 feet 7.8 163 10.2 
25 teet ••• ••• 9.9 
J.3 feet 7.6 170 ·1.0 

Feb. 2.3, 1941 Surt. 8.1 130 14.7 
5 feet ••• • •• 1).8 
10 :feet 8.1 153 13.7 
15 f'eet • • • ••• 13 .. ; 
20 feet a.o 161 10.0 
25 feet ••• • •• ij.O 
.3.3 feet 7.7 175 4.5 

Mar. 2, 191.µ. Su.rt. 7.8 117 13.5 
5 feet ••• • •• 14.4 
10 .feet 8.1 149 14.2 
lS feet ••• ••• 1;,3.3 
20 feet 7.8 157 10.4 
25 feet ••• • •• 9.7 
3.3 feet 7.4 167 4-4 

11ar. 8, 1941 Su.rt. 7.7 63 15.4 
5 feet ••• ••• 14.1 
10 feet 8.2 150 14.1 
15 feet ••• • •• 14-4 
20 feet 7.8 1$3 12.s 
25 teet ••• • •• 10.6 
33 teet 1.s 169 5.4 

Var. 1.3, 1941 Surf'. 7.6 43 9.6 
5 feet ••• • •• l.4.8 
10 feet 8.2 147 1,.6 
15 f••t ••• • •• 15.6 
20 feet 8.1 152 14.1 
25 feet ••• ••• 11.9 
33 feet 7.6 168 5 • .3 
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Table 14. 

Vertical Distribution ot DiHolved O:x.ygen, etc. J 
Green Lake, Station 21 1940-41. 

n. o. 
alkalinity, Cl:!, 

Data Defth 2H 2•!••· 2•E••· 
Dec. 10, 1940 Surt. 7.8 130 ••• 

5 f'eet 7.7 140 ••• 
9 feet 7.5 1;6 ••• 

Dec. 17, 1940 Burt. 7.8 1.33 12.4 
5 teet ••• ••• 9.9 
9 teet 7., 161 ;.a 

Dec. 21, 1940 surf'. 7.9 119 12.0 
5 feet 7.7 lW+ 9.s 
9 feet 7.1 160 4-8 

Jan. 7, 1941 Surf. 7.6 ~ 1.3.2 
~ feet 7.7 140 13.3 
9 feet 7.6 140 12.4 

Jan. 12, 1941 surr. 7.7 llµ. 12.8 
5 feet 7.7 138 12.7 
9 feet 7.3 150 8.8 

Jan. 23, 1941 surt. 7.3 90 12.3 
2 feet ••• • •• 10.3 
5 feet 7.0 148 8.0 
9 feet 7.0 164 3.3 

Jan. 28, 19h]. surf. 7.6 1,2 11.6 
2 feet 7.6 149 10.8 
5 teet 7.6 148 10.1 
9 feet 7.0 170 3.8 

Feb •. 2, 1941 SUrf. • •• • •• 11.2 
2 feet ••• ••• 11.3 
5 feet ••• • •• 8.8 
9 feet ••• ••• 3.2 

Feb .. 9, 1941 Surt. 1.s 1s2 9.4 
2 feet ••• ••• 10 • .3 
, feet 7.5 162 10.3 
9 feet 6.9 176 6.8 

Feo. 14, 1941 SUrt. 7.5 6S 10.5 
2 feet 7.6 163 10.2 
5 feet 7.4 172 7.8 
9 feet 7.0 177 .3.9 

Jt'eb. 18, 1941 Surf. ••• • •• 12.2 
2 feet ••• ••• 9.8 
5 feet • • • ••• 9.0 
9 feet • • • ••• ,., 

( Continued) 
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Table 14. 

Vertical Distribution or Diaeol..-ed ().x;ygen> 
Green lake. station 2; 194<>-lµ.. 

etc.; 

( Ooatinued) 
J(. o. 

al kaH :ai ty, ~, 
Da.te Del?!!! 2!! E•l?••• 2•2·•· 
Feb. 24, 1941 SUJ>f'. 7.4 163 9.2 

2 teet 7.6 169 9.0 
5 feet 7,4 J.66 8.7 
9 teet 7.0 17!, s.o 

Mar. 2, 1941 Surt. 7 •4 139 8.2 
2 t•n 7.5 16h 8.9 
> fM1s 7.6 163 a., 
9 ten 7.2 170 s.1 

Mar. a, 1941 SU.rt. 7.6 67 12&6 
2 t .. t 7.4 lll4 10.1 
5 ten ••• ••• 11.2 
9 feet 7.0 169 6.y 



- 188 -

Table 15. 

Vertical Distribution of' pH, Alka.lini :i;, and 
Dissolved Oxygen, Bog Lake; 1939- • 

M. O. 
alkalinity, ~-Date De;eth ;eH E·E•Bl• e•:e••· 

Jan. 6, 1940 Surf. ••• 7 11.6 
1 foot • • • ••• • •• 

. 2 feet ••• 9 4.4 
.3 feet • • • • •• ••• 
4 feet ••• 9 1.0 
~ feet ••• 10 0.4 

Jan. 1.3, 191JO Surf. • •• 6 11~.o 
l foot ••• 8 12.2 
2 feat ••• 6 8.6 
3 feet '.,. 5 4.a 
4 feet ••• 6 o.B 
5 feet ••• 6 o.6 

Jan. 20, 1940 surf'. 6.4 8 11.,3 
1 foot 5.6 5 11.0 
2 feet 5.4 5 3.3 
.3 tee'b ••• • •• 4.9 
4 feet ;.4 6 3.3 
5 feet 5.4 5 0~1 

Jan,. 28, 1940 Surf. ~.6 5 7.1 
l foot 5.7 5 5.9 
2 feet ;.6 6 3.2 
3 fen 5.5 5 1.0 
4 feet 5.5 6 0.5 
S feet 5.5 6 o.6 

Feb. 3, 1940 Surf. 5.5 8 2.2 
1 foot 5.5 5 2 .. 0 
2 feet ,.5 5 0.5 
3 feet 5.5 8 0.2 
4 feet 5.5 6 0.3 
5 feet 5.5 6 o.o 

Feb. 11, 1940 SUrf. 5.6 6 1.6 
l toot ,.6 6 c.5 
2 feat 5.a r' 0.2 .; 

3 feet 5.8 5 0.5 
4 feet 5.7 5 o.o 
5 feet 5.6 5 o.o 

Feb. 18, 1940 Sm-t. 6.5 1 8.1 
1 foot 6.2 5 4.7 
2 feet 6.o 5 .3.1 
3 feet 6.o 5 0.9 
4 feet 5.9 7 0.9 
5 feet 5.9 7 o.J 

{Continued) 
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Table 15. 

Vertical Diatri.1N1doa of pH, Allcalinil, ancl 
D1Ho1Ted OXygen, Bog IAk•J 19.39- o. 

(Continued) 

M. O. 
alk:alini ty, °t• Date Depth ;2H :e•:e••· 2•E•• 

Feb. 25, 1940 SUl"f. s.s 1 2.4 
l toot ,.6 s 2.1 
2 ten s.s 5 1.0 
3 t .. ~ 5.6 g 0.2 
4 teet s.6 1.2 
, teet 5.6 1 o.6 

Mar. J, 1940 surf'. 5.5 5 o.6 
1 foot ,.6 , 0.2 
2 feet 5.5 s 0.2 
J feet 5.6 6 o.o 
4 teet 5.5 9 o.o 
5 teet 5.6 8 o.o 

Mar. 11, 1940 3lrt. 5.8 6 10.s 
l foot 5.9 s 10 .. 4 
2 ten s.1 ·6 s.2 
3 ten 5.7 6 1.2 
4 fN't ~-1 7 2.2 
5 feet ,.7 11 o.o 

Jlar. 16, 191') surt. 5.9 7 15.0 
1 foot ,.9 6 14.6 
2 feet 5.7 6 6.5 
.3 feet ,.s 6 2.6 
4 feet 5.6 1 2.0 
5 feet 5.6 12 . o.o 

ar. 23, 1940 Surt. 6.o 1 14.4 
l toot 6.o 6 14-2 
2 ten s.a 6 s., 
3 feet 5.8 6 3.9 
4 .feet .,.8 8 2.1 
5 teet 5.6 11 o.6 

Mar. 27, 1940 SUl"f. 6.1 1 1,., 
l ,toot 6.1 s 14.s 
2 feet ,.a i 3-4 
.3 feet ~.6 1.9 .,. 
4 feet 5.8 8 1.9 
5 feet ~.7 12 0.2 
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Table 16. 

Vertical Distribution of pli, Carbon Dioxide, 
Alke.l.inity, and Dissolved Oxygen, 

Bog lake, 1940-4l. 

Y. o. 
c~. alkalild.ty, ~-Date Defth 2H E•E•m· :2· E•Dl• E•E·•· 

Deo. 10, 1940 Surf'. 6.1 • • • 7 • •• 
l toot 5.1 ••• s ••• 
2 feet ;.6 ••• 6 -·· 3 f•et 5.6 ••• 6 ••• 
4 feet ;.6 ••• 6 ••• 
S feet 5.6 ••• 6 ••• 

Dec. 17, 1940 surt. 6.2 • •• 5 15.9 
1 toot 6.2 .... 5 13.2 
2 feet 5.7 ••• 14 4.s 
3 feet 5.6 ••• s 1.7 
4 teet !,.6 ••• 14 o.6 
5 teet 5.7 ••• 10 0.3 

Dee. 21, 1940 Surf. 6.6 2 6 16.l 
l toot 6.8 2 8 14-5 
2 teet 5.8 13 12 0.7 
3 ffft ,.6 17 1 0.4 
4 f'•et 5.7 18 8 0.1 
, feet ,.1 21 7 0.2 

Jan. 7, 1941 Surt. 6.6 4 6 16.7 
1 foot 6.; 12 6 13.0 
2 ffft 5.9 11,. 6 6., 
3 teet 5.9 19 6 1.s 
4 teet 5.7 22 1 0.9 
S feet ,.1 22 7 o.6 

Jan. 14. 1941 Surt. 6.o 4 5 14.0 
l toot 5.8 9 s 7.8 
2 feet 5.a 14 6 1., 
3 feet 5.7 21 5 2.1 
4 feet 5.7 22 6 o,,s 
5 feet 5.7 21 6 0.1 

Jan. 23, 1941 Surf. 6.o 4 s 20.2 
l foot 6.o 4 5. 18.3 
2 feet 5.4 16 1 2.1 
3 feet 5.4 23 7 o.6 
4 feet 5-4 23 7 O.J 
5 feet 5.4 23 8 o.o 

Jan. 26, 1941 Surf. 5.9 4 7 17.7 
l toot 5.8 6 $ 17.6 
2 feet 5.7 14 6 6.7 
J te•t 5-S 21 6 1.8 
4 feet 5.4 24 6 0.7 
5 feet 5.5 22 8 o.o 

(Continued) 
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Table 16. 

Vertical Distribution of pH, Ce.rbon Dioxide, 
Alkalinity,. a.nd Dissolved Oxygen, 

Bog I.Ake, 1940.41. 
(Continued) 

M. O. 
CO2 , alkaUnity, °'.!• 

Date De;e!h 'PH E•:f•Dl• E•E•m. 2·2••· 
Feb. 4. 1941 surf. 5.6 4 7 18.4 

l toot 5.a s s 16.o 
2 feet 5.5 14 6 7.4 
J teet 5.5 19 1 1.9 
4 feet 5.5 21 6 o.6 
S feet 5.5 2,3 9 o.o 

Feb. 11, 1941 surt. 5.6 4 12 21.0 
l toot 5.7 4 5 17.1 
2 feet 5.4 19 5 2.3. 
3 t••t 5.4 22 6 0.7 
4 teet 5.4 2.) 6 0.2 
5 feet 5.4 25 6 O.l 

Feb. 16, 1941 Surf. 5.9 4 6 18.7 
l toot 5.a 4 6 17.6 
2 feet 5.6 14 5 9.5 
3 feet 5., lS 8 3.0 
4 feet 5., 18 5 1.5 
; feet 5.6 18 6 1.2 

Feb. 18, 1941 SU.rt. ••• • •• • •• 18.2 
l toot ••• ••• • •• 18.0 
2 teet ••• ••• • •• 4.a 
J feet • •• ••• ••• 1.0 
4 teet ••• ••• • •• 0.4 
5 feet ••• ••• • •• 0.4 

Feb. 2,5, 1941 Surf. ;;.9 4 8 20.5 
l toot ;;.7 1 6 18., 
2 feet 5.6 10 1 11.1 
3 feet 5.6 16 6 4-5 
4 feet 5.5 22 7 1.3 
5 feet 5.5 27 7 o.o 

Mar. 2, 1941 Stu-t, 5.9 7 4 1,.3 
l toot 5.7 9 6 15.2 
2 teet 5.1 10 6 7.0 
J teet 5.a 17 4 2.8 
4 feet 5.7 22 s 0.2 
5 feet 5.6 2,3 7 o.o 

Mt.r. 4, 1941 Surf. 6.o 5 8 13.9 
l toot 6.2 s 7 13.4 
2 f'eet 5.6 1, 5 6.4 
3 feet 5.B ••• • •• 2.8 
4 feet 5.a ••• ••• 1.0 
5 feet 5.6 ••• • •• o.6 

( Continued) 
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Table 16. 

Vertical Distribution of pH, Carbon Dioxide. 
Al.kalini ty, a.nd Dissolved Qxyg en• 

Bog Lake, 1940-4].. 
( Continued} · 

K. O. 
00o.2, a lkal im:ty, ~ .. 

Date Dep'th 211 E·l?.m. f•E•• 2·2•fl-
liar. 10, 19!µ. airt. .,.8 8 4 ~, 

1 too._ s.6 ' 4 is. 
2 feet 5.7 -S g 14.S 
{ ·teet ~ 21 ~ ~o 

feet s.s 21 1 1.3 s t..-t s.s t4 6 o.o 
Jlar. 27. 1941 aurt. g.a 4 1 17.8 

1 .toot s.s 4 4 17.8 
'2 t°Mt 5.9 4 1 17.1 
.3 feet 5.6 6 ~ 9.0 
4 feet r:4 .,. 19 s 3•1 
5 feet 5.4 2,S 6 1.s 
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Table 17. 

Venioal Distribution of pH, Allmludty, and 
Diaaolved O:qgen, .Paainald.'s Pond, 

Station 261 19h0-41. 
)(. o. 

alkalim. ty, °'l• Date Depth J!B 2•2•• i?•E••• 
Dee. 12, 19!,o am-t. 8.8+ 96 1.3.5 

4 teet 8.6 10.3 8,6 

Deo. 19, 1940 Surf. a.a+ .Sh 15,.1 
4 feet 8.6 105 9.8 

Jan. 10, 1941 Surf. 8.8+ 103 17.1 
1 toot ..... • •• 16.6 
2 feet a.4 104 14.7 
3 feet • •• ••• J.4.j 
4 feet 7.6 113 12.7 

Jan. 16, 19!µ. Surf. 8.7 108 17.8 
l toot ••• ••• 18.3 
2 t..-t; 8 • .3 109 1.3.8 
3 teat ••• • •• 11.9 
4 feet 7.6 110 12.1 

.ran. 24, 191µ. airt. 8.8 115 19.9 
1 toot ••• ••• 19.9 
2 t .. t 8.7 11.3 17.1 
3 teet ••• ••• 16.9 
4 f'eet s.4 122 15.5 

Jan. .31, 1941 Burt. 8.8+ 124 28.0 
1 toot ••• ••• 27.2 
2 f'eet 8.8 120 19.2 
3 feet ••• • •• 13.7 
4 feet 8.1 127 11.1 

Feb. 6, l9hl Surt. 8.8+ 129 21.3 
1 toot ••• • •• 21.5 
2 feet 8.8+ 127 19.6 
3 feet ••• ••• 18.7 
4 feet 8.8+ 128 17.6 

Feb. 12, 1941 surt. 8.8+ 131 24-1 
l·foot ••• ••• 24-S 
2 feet 8.8+ 135 21.0 
3 feet ••• ••• 18.4 
4 :feet 8.1 132 14.9 

Feb. 18, 1941 Surf. ••• • •• 2s.2 
1 toot ••• ••• 25.a 
2 feet ••• ••• 21.7 
J feet • • • ••• 20.9 
4 feet ••• ••• 19.2 

( Oontimled) 
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Table 17. 

Verti•l D11Vibu.tion ot pH. Alkalinity• am1 
D:haol-nd Oxygen. Paainaki ' a PoncI. 

station 261 191.a0-41. 
( Conti:mied) 

•• o. 
alkaUniv. Oz• I»:be 1>e21m 2B 2•E••• 2•!·• 

Feb. 21• 1941 Surtaoe 8.8+ 137 24-8 
1 too'i ••• ••• 24.0 
2 teet 8.8+ 134 22.6 
3 fen ••• • •• 23.1 
4 teet 8.8+ 133 21.8 

Feb .• 21. 19'41 Su.Pt. 8.8+ 138 26.a 
1 toot 8.8+ 138 26.s· 
2 fiJet a.a+ 135 24.4 
J teet 8.8+ lJ2 24-1 
4 tfft 8.8+ lW+ 21.4 

Ma.r. 6, l9hl Surf. 8.8 S6 20.1 
l toot a.a ,a 20.3 
2 feet 8.8 us 24-1 
3 feet a.a 132 20.1 
4 feet 8.7 1.)1 19.8 

Ila.Jo. 11, 19.ql Surf. 6.8 $4 J.6.7 
l toot 8.8+ 81 19.6 
2 feet 8.8+ 99 22.? 
3 feet 8.6 11.) 2213 
4 ten 8.6 116 21.6 
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Table 18. 

Diasolved Oz;ygen. Two-hour Intervals tor 48 Roura. 
Green Lake; Jan. 17-19, 19J,µ.. 

Oxygen in P•P••• 

Air s-t.at1on· 6 station I. 
temp.J M°nc'h .§.root' O:.i'icli™ 2"--Toot 5-loot !1=-toot 

Daz BoUI' oF. Skz d.epth ••Eth ~ 4Wh def'h !!J?!h 
Friday S P.M. .)8 Overcaat 12.7 12.6 13.6 1.3.3 9.8 6.o 

7 , •••. 38 " 1).0 13.2 13.4 12.7 9.3 ,.1 , ', .•... . JS Lt.n.tr. 13.4 12.7 12.a 13.0 9.7 4.6 
11 , ••• 31 18.a't 13.2 . 12.6 12.7 12.7 8.1 3.Ji, 

Saturday 1 .&.L J4 ~- 13.2 12.7 u.s 12.2 8.4 IJ.4 
.3 A.II. .31 L•• snc;r.· 1.).2 12.6 12., 12.0 8.4 4-1 
S .&.11. JO ft. Cl. 13.4 1;t.6 12.3 12.2 a.o 4.s 
7 ...... 29 n. 01. 12.7 ·12.6 12.7 12.6 8.1 4..3 
9 A.K. ~ Cl~ 1.3.1 12.8 13.0 12.7 7.2 4.7 

ll A.a. :;l • 13.3 12 •. 7 12.8 u.s 8.9 3.7 
l P.K. • 1.2.9 1.2.1 12.6 13.1 ~8.6 4.7 
l P.I(. • •• Pt. Cl. 12.8 12.5 12.9 13.0 8.6 

ft' 
3.7 

S P.X. 21 01.udy 13.0 11.6 13.2 u.9 8.7 S-4 
1 P.K. 20 .. .u.o 12.e 12.7 13.0 ,.2 4.7 
9 p.11. 1r " 12.a 12.s u.2 13.1 s.4 s.s 

11 •••• 16 Pt. Cl. 13.0 11.2 JJ~ 13.2 10.~ 6.0 
Sw:14&7 1 A.II. ~ Cloudy 13 • .3 12,.6 u., 13.3 8.7' 6.6 

3 Ae:I. ft. 01. 13.~ 12~6 13.7 13.7 ,.2 4.3 s ..... l6 Ov•roa.n 14.0 12,..8 14--1 13.1 9.2 5.7 
7 ...... 17 Cloudy 14.4 12.7 14.2 13•4 8.2 ·1.1 
9 A.M. 17 pt. Cl .. 14.1 12.7 14.0 12.9 -~ 8 .. 1 q..9 

· 11 ...... lWf Olear 14.0 12.2 U...3 13.2 9.2 s.o 
l Pell• 20 Pt. Cl. 1.3.8 12.5 13.6 13.1 a., 7.3 - 3 ,~ •• 21 Pt. 0.1 •• lJ~O 12 .. 3 14.1 13.5 8.4 7.6 



5 l:'.l(. 
1 P.M'..· 
9 P.M. 

11 P.M. 
1 A..ll• 
3 A.I! •. s A..Jl • . 
7 A.L 
9 A.a. 

11 ..... 
1 P,.Jl. 
l , •. x. 
S P.Jf. 
1 PeM• 
9 P.K. 

11 , ••• 
1 A.¥. ' ....... 
, A.V. 
1 A.M. 
9 A•lf• 

.11 .a..J.t. 
1 i;.x. · 

- l P.1( .. 
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Table 19. 

pH. ho-hour Intervals tor 148 Boura. 
Green Lttke; Jan. 17-19, 194l. 

Station 6 Station 2 
9-too\ 
ciepi;h 
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Table 20. 

Dissolved Oxygen: and Temperature Prot'l.lea; 
Gr@en Lake; Pabruary 2, 1941. 

Dist. f'rOffl 
Inlet. T:yr:ra.ture ~. 

station :t•n R!F!:h • "C. 2•2•--
Inlet 0 l inoh 32 o.o 4.3 

6 inohes 3S 1.7 4.1 

200 2 inohea 32 o.o 13.2 
1 toot 32 o.o 13., 
2 feet .36 2.2 12.s 

300 2 inahes 32 o.o 12.3 
l to°' 3J o.6 12.2 
2 feet 35lt 1.9 11.4 
3 feet 37 2.6 11.4 
4 feet 37 2.8 11.4 

400 2 inohea 32 o.o 12.li. 
l toot 

I 
o.6 11.9 

2 t .. t 1., 11.3 
3 t .. t 2.~ 11.7 
4 feet 3.0 11.6 
5 teet 3.0 11.3 
6 feet 38 3.3 10.3 
7 feet 38 3.3 6.6 
8 feet 39 3.9 6.1 

Sta. li. 62$ 2 inohea .32 o.o 13.7 
1 foot 33 o.6 12.9 
2 feet 

~~ 
2.8 11.2 t teet 3.0 10.8 

, .. t 36 3.3 9.5 
5 teet 36 3.3 9.1 
6 :teet 38 3.3 7.6 
7 feet 38 3.3 $.6 
8 f'aet ,s 3.3 ,.2 

92, 2 inohee 3i o .. o 12.0 
l toot 32 o.o 12.2 
2 feat 36 2.2 12.3 
3 feet 3?i 3.0 11.3 
4 feet 38 3.3 10.3 
5 !'eet 38 3.3 7.9 

Ste.. 2 1.350 4 inohea 32 o.o 11.2 
l foot 32 o.o 11.0 
2 teet ~ 2.s 11.3 
3 feot .3.0 11.2 
4 teet 38 3.3 10.4 
) feet J8 3.3 8.6 
6 feet .38 3.3 7.8 
7 teet 38 3.3 6.7 
8 feet 3Brl 3.6 4.6 
~ feet ~2 ~-~ J.2 

{ontinued} 
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Table 20. 

D1•aolvej Oxygen and ?empanture Pro.f'11"J 
Green lake; F~ibNa.ry 2, 1941• 

(Cont-1.nued) 

bin. trcm 
Inlet, t:jr'!tur• °'l• 

St4tion f'Ht Depth • "l!. ---2·1?•••,., --- -1.6oo 2 inohe• 32 o.o 10.8 
1 toot 33 o.6 10.9 
2 t•t 36 2.2 10.6 
3 ten 31 2.8 10.4 
4 tan ~, 2.e 10.s s :ten 3.3 ,.1 

Sta. l 1.950 2 inohea .)2 o.o 12.1 
l toot 32 o.o 11.8 
2 t .. ~ J6 2.2 10.,; 
3 ten 31 2.s 10.1 

2.400 2 inoh .. ,32 o.o 11.9 
1 foot 32 0.0 1.1.8 
a~· 31 2.-a 10.s 

Sia. s_ 2.,00 2.i?Mlhea 32 o.o 11.3 
ltoot 

~ 
o.6 -11.0 

2 fM'tl a • .s '·I l t~hJt 31 2.a 8,. 

Olltln l.27~ a~. 32 o .. o 1a.1 I toot 33 o.6 12~. 
2 teri 31 2.8 9.2 
3 twt 38 3,.3 9.0 
4~ 38 3.3 9.0 ·-
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Table 21. 

Bioohalcal Oxygen De-.nd (B.o. D.). 1"1-n Ia¥• at ao• c. 
Seuaplea tram Ykr'iou1 Lak••• 19'0-41 • .illta lxpre1Hd 1n P•P••• 

Station 
La.lat nuaber Dep'\h 

la/21 1/1 1/23 l/28 2/9 &/18 3/11 

Green l l:,urtace 2.9 2.0 ... 3.0 2.3 . .. . .. 
Bottaa 1. '1 2., ... 2.a l.8 . .. . . " 

2 Surtaoe 1.6 1.9 1.9 3.8 1.6 2.0 ••• 
2 teot . . . ... 1.6 2.0 2.1 . .. 2.0 
6 toet 2.0 2.6 o.:s 2.6 2.1 a.2 ... 
9 teet o.o 1.9 3.0 1.9 1.1 2.-1 ... 

5 Surtaoe a~a 3.1 . . . 3.8 2.ft . .. ... 
So~oa 2.7 2.9 . . . S.9 a.a ••• . .. 

' Sw.-taoe 2.9 l.8 ... 2.e :s.a .. .... . .. 
4 toet . . . . . . . .. a.a . .. ... . .. 
8 feet 2.3 0.8 ... o.o 8.1 . .. . .. 

6 Surtaoe a.1 ... 2.6 1.4 . .. . .. 
Bott.a . . ,. 2.9 ••• 2 .. 9 1.8 ... • •• 

lnlet 2.0 o.o l.6 o.a 1.0 ... • •• 
Outlet 1 • ., , .. o ... 2 • ., 2.6 . .. • *. 

- --
12/19 1/7 1/1, 1/28 l/lO z/4 2/ll 

Mud l Surtaoe 2.1 3.1 l.4 2.6 a.'1 2.6 3.9 
Dottoa 1.$ 2.2 1.4 1.9 a.a 2.1 2.4 

Inlet 2.1 2.1 a.1 2.0 2.2 1.6 1.a 
Outlet 2.1 2.1 2.6 2.3 ,., 2.4 2.6 

12/21 1/12 1/a:s 1/ao 2/6 2/18 3/ll 

Clear l Surtaoe . . . 1.2 • • • :s.e 2.9 l.6 ••• 
Boti.oa . . . o.5 1.8 1.7 2.1 ... 1.2 

2a Surtaoe a.a 0.8 2.2 ,.a s.a ... • •• 
5 tuo, ... o.6 1.5 a., l.8 • • • ••• 
10 teet l.5 0.8 1.0 3.6 a.a . . .. ••• 
16 tu\ ••• 0.6 1.7 l.8 l.O . .. . .. 
ao teet 1.6 o.o a.a 1.2 1.9 .... . .. 
26 tut . . . o.o 1.4 0.9 1.3 • •• ••• 
33 tee, o~o o.o o.o o.o o.o ... . .. 
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Table 21. 

B1oohellioal ~g•n Drnnand (B.o.o.). F1w Days at 20• c. 
Sallplea tra Variou• Lakes. 1940-o&l. Data Bxpreased 1n P•P••• 

(Ccm.tinued) 

Lalce Station Depth nuaber 

12/21 l/7 l/14 1/2a 2/4 2/11 2/18 3/11 

Bog sw-taoe 11.4 16.2 9.8 10.0 1a.a 8.8 12.0 22.0+ 
1 toot 8.4 8.2 6.2 18.S 7.1 a., ... . .. 
2 feet 1.4 5.6 2.2 5.1 '7.0• 2.0♦ ,.2 1.2 
S feet 1.8 1.e 4.0 3.9 6.6 3.0 . . . ... 
4 teet 2.2 3.6 2.8 4.6 3.8 3.8 ... 
5 feet 2.2 2.6 3.4 4.2 4.2 3.4 6.2 2.9 

12/19 1/10 1/16 1/24 1/31 2/8 2/12 2/18 3/11 

Paa1nak1•a 15 Surtaoe 3.0 11.0 42.0 10.6 14.7 6.8 1a.o ... . .. 
Pand Bottca 1.3 2.6 6.7 11.2 2.6 5.7 2.T ••• • •• 

24 Surtaoe ••• 7.6 s.a 5.2 10.0 11.0 20.2 ... . .. 
Bottoa . . . 1.1 6.5 4.8 4.0 &.9 '1. 9 ... • •• 

26 Surtaoe 4.2 11.& 11.0 2.8 8.3 2.6 H.3 e., 22.0+ 
1 toot . . . ,., 4.5 2.4 9.2 9.4 M,.~ ... . .. 
2 teet ... ,.a a.1 6.l 6.S ?.6 20.1 10.0 a., 
3 tMt ••• 4.0 2.8 6.8 2.6 11.0 16.T . .. . .. 
4 feet 1.6 l.'1 4.9 4.4 1.4 10.9 6.1 7.5 6.4 

l'I Surtaoe . . . 12.9 1.1 4.3 21.8 4.8 u.a ••• . .. 
Bottaa ••• ,., o.o 3.8 6.2 6.3 1.6 . . . . .. 

ao Surf'aoe . . . 6 • ., 9.1 10.1 10.0 8.1 20.e ... . .. 
Bottom ••• a.a o.o 4.8 3.6 5.2 3.2 . .. • •• 
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Table 22. 

Biooheaioal ()Jqgen Deaand (B.o.D.), P'lff Daya a, o• c. 
Saaplea fr• Various Lake•. 19'1. Data Expree .. d 1n P•P••· 

Lake 
Station Dep11h number 

2/9 2/18 3/11 

Green l Surtaoe o.e ... . .. 
Botta 0.8 ... . .. 

2 Su.rtaoe o.7 o.o ... 
at••• 1.3 ... o.s 
6 fMt 0.8 0.3 ... 
9 teet o.o o., ... 

3 Surtaoe 1.2 ... . .. 
Bottoa 1.8 .... . .. 

• Surtaoe 0.6 . . . . .. 
Bottom a.a .... . .. 

& Surtaoe 0.5 . . . ••• 
aot\oa 0.6 ... • •• 

Inlet o.a ... ... 
outlet 0.9 ... . .. 

a;., 2/11 

Mud l Surface 0.6 1.2 
Bo"a 0.6 1 •• 

Inlet o.o 0.6 
ou,1et 1.0 1.3 

2/6 2/18 3/11 

Clear 1 Surtaoe o.o o.o ... 
Bo"°8 0.6 ... o.o 

2a Surtaoe o.o ... 
8 teet o., ... . .. 
10 feet 0.4 ••• . .. 
15 ten o.o ... . .. 
20 tut 0.1 ... • •• 
26 teeiJ 0.7 ... . .. 
31 toet o.o ••• . .. 

2/4 2/11 2/18 3/11 

Bog Surtaoe S.9 4.l 2., 9.4 
l too~ 1.1 6.1 ... . .. 
2 teet 5.4 l.4 1.2 2.8 
3 teet 0.0 o.o . . . ... 
4 teet o.o o.o ... . .. 
5 teet o.o o.o 1.0 1.4 
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Table 22. 

li1oohaioal. OZ7gen Denand (B.o.».). Fin Da)r• at o• c. 
Sampl•• troa Var1oua Lalte1, 1941. ta• Kxpro■aed in P•P••• 

( Con~inued) 

Sta1;1cn Depth n\aber 

2/8 2/12 2/18 3/11 
Paa1nak1'• 16 SUl'"taoe 1.1 8.7 ... • •• 
Pond B~ca a.o l.9 . . . ••• 

ao Surtaoe 2.7 7.8 ... • •• 
Botta a.a 0.6 ••• . .. 

2' Surtaoe a., 9.4 ... . ". Bo"• 3.9 8.1\ . . . ... 
aa Uurtan o.o 16.l 1.1 aa., 

l too• o.o 16.8 ... • •• 
a teet a.o ,., 2.8 ,.o 
$ , •• , 2.8 6.8 ••• • •• . '"' 2.1 2.1 2.1 2.2 

av Surtaoe ,.1 11.e ... • •• 
Botta ,.1 1.9 ... • •• 
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'!able 23. 

Bioohaioal Oqgen DellllaJld (B.o.n.). 60 lll.J• at o• c. 
Suploa take llaroh 11, 19'1. r.ta Rxpnaaed in P•P·•• 

Lake 8,..1 De• Daf a.o.n., 
on p • P•P••• 

8ta-;1a De th ~ B. O. D.' 
p P•P••• 

Clear l 3 fNt 6 o.o Green a 3 te•" & o.a 
10 1.6 10 l.'1 
15 a.1 16 1.8 
ao 1.a 20 1.8 
ao 0.2 30 a.a ,o a.a 40 1.0 
so 1.9 IO 5.4 
60 a.e 60 ,., 

Bog aurtaoe 6 9 •• Puineld.' a 16 aurtaoo 6 aa.& 
10 ao.o !'and 10 as.e 
15 av.e 
20 :u.a 2 teet 5 ,.o 

10 ,.o 
2 toot I 2.8 15 '1.4 

10 4.9 20 9.5 
16 6.4 " 1,.a 
ao 6.5 10 is.a 
IO s .. 1 '° 1a., ,o 9.5 50 18.0 

If 16.4 
. 60 ... 4 tee'i 6 a.a 

60 ao., 10 4.3 
16 5.2 

5 fN1s $ 1., ao 5.U 
10 ••• ao 6.9 
16 5.2 40 6.1 
20 5.8 00 6.T 
IO 8.8 " 11.6 

"° 10.a 
60 , .. 
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Table 24. 

l.ight 1'rannd.aa1on Through ifaur, Ioe, a11d Snow. 
Fi.old •a•ure•nts at Cenain L&kea,. 1941. 

Reaul~• expre•••d in toot-oandlea 1noident on photODetor target, 
and in pttroentage 1;.r&nudae1on. 

I».te, loe Snaw. !'JI .w:rnten• 11Jy, Pel'Oelltage tr'analliaalon 
19'1 

Thiome••- thiolmeH, Condi-
P toot-

Condi- oandlea Bo Red Green Blue inohaa t1on inohea 1J1on tllur 

Clear Lake 

Feb. 2S 7-~ Cleal' None Ail' 8000 ... . .. . .. 
Ioe 6'/00 M ... • •• . .. 
l' MOO 68 ... . .. . .. 
2• 4560 57 ... . .. • •• 
:s• 8800 48 ••• " .. . .. 
6' 1920 2, . . . ••• • •• 
9' 1160 l'l ••• • •• • •• 

12• 820 10.a .... • •• 
16' 580 1.a ••• • •• .. .. 
18• 400 6.0 . . . ••• . .. 
21' 300 a.a ... . . . .. ... 
14' aoo 2. .• 6 ... . . . . .... 
271 142 l.8 . . . . .. ••• 
SO' 112 1., . . . . .. ••• 

7 ClN.r t8-1 Dry, Air 1300 ••• . .. . . .. . " . 
light Ioe 181 a.1 ... • •• • •• 

(SUII) (Snow """1ffd) Alr 7000 . . . ... • • • • •• 
Ioe 1800 5' -• .. • •• . .. 

Mar. 13 6 - Hone Air 4800 . . . . . . ••• • •• 
Ioe 2540 53 63 68 54 
3' 1400 29 21 sa 28 
6' 1000 21 16 as 13 
91 690 1,., 9.8 16 1., 

12' 490 10.a 6.0 12 ,.o 
15' MO '1. l ,.o 8.'f a., 
18' 260 6.2 2.6 6.6 1.1 
21 1 188 3.9 l.'1 6.0 0.9 

"' 138 2.9 1.2 ;s.1 o.& 
27' 100 2.1 0.8 2.8 o.s 
ao• 76 l.6 0.6 a.a 0.2 
32' i5 1.1 0.4 l.6 0.2 

Green Lau 

Mar. 13 5 Fairly None Air 2120 • • • . . . ... . .. 
olea.r loo 1250 69 6T 69 18 

'-1/ Below upper aurtaoe ot ioe. 
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Table 24. 

Light fl"anaaiea1on through Water, Ioe, and Snow. 
Field U.Uure•nta at Certain Laba, 1941, 

( Con1;inued) 
Reaulte expreeNd 1n toot-oandle• 1.noideni on photmeter ~arget, 

and in pel'Oentage tranudaaion. 

Da11e, Ioe Snow 08 ~ten■ ii;y, Peroentage ,nua111ion 
lMl P toot-

Thiolmeaa, Candi- Thiokne■a, Condi- oandl•• no Red G1"N11 Blue 
1nohea 111011 inohaa t10l1 tilter 

Mwl Lake 

Feb. 23 a-14 Clear llme Air 3200 . . . .. •· ... • •• 
Ioe 2160 67 ... . .. • •• 

1-½ Partly Hone Air S?OO ••• ••• . .. • •• 
aloud)' Ioe 820 22 ... • •• . .. 

10-¾ Very lion• A.ir 4"100 ••• .. " ... . .. 
oloudy loe MO 7.2 ••• • •• • •• 

6-1/2 Clear a - 21/2 Oruatod A1r 5$50 ... ... . .. • •• 
loe 51 1.0 ••• . .. • •• 

{8uae) (Snow l"eaoYed) Air &900 . . . ... . .. . .. 
Ioe 1100 &a . . . ••• . .. 

Bog Lake 

Feb. 26 e-¾ Milky' 1-% Dr-:,, AiJ" 9200 ••• . . . • •• . .. 
light Ioe 106 1.15 . . . ••• • •• 

(8&1118) (Snow relllOVod) A1r 9100 • • • ... • •• . .. 
Ioe lMO 1,., ... • •• • •• 

9-l' 16.lq 1-', Air 9440 ••• . . . • •• . .. 
Ioe 15' l.Ga ... . .. . .. 
2' 100 1.08 ... . . . . .. 
3' av o.ae ... . .. . .. 
4' 12 •• o.i:s ... . .. . .. 
5' ., .o 0.01 • • • ••• • •• 

V&J". 13 10 Sort on l SluahJ .Air 3460 ••• • •• . . . • •• 
top Ioe 138 4.0 4.5 4.0 2.1 

lS" . . . ... . .. . .. 0.19 
l&" ..... . . . . .. . .. 0.19 
'24" 17 0.49 1.14 0.42 ... 

(Same) (8na,r remoYed) Air 2500 ••• . . . . .. . .. 
loe MO 13.6 16.8 14., 8.3 
13" ... . .. . .. 2.1 
16" ... . .. . .. 0.46 
24" 60 2.0 3.0 1.9 0.02 

~ -·- -- -· .. _ ... .....,_,__...._._.._.. 

Belo. upper aurtaoe ot ioe. 
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Table 24. 

Lighi 'trtmaaiaa1on Through Water, Ioe, and Snow. 
Field Meuurell9Ilta at Certain Lale••• 1941. 

( Continued) 
Reaulta e:xpnaeed in toot-oandlea inoident on photameter tuge,, 

and 1n peroentage tranaa1.as1on. 

Date, Ioe Sn• Depidl~Inteui'iy, Peroentage tn.nD11aion 
1941 too► 

Thiokneaa, Condi- Thiokneaa, Condi- candle• lo Red Oreen Blue inohel tion inohee •tan tilter 

South Londo Lake 

»ar. 5 Panly 10 rJry Ail" 1600 . . . . ... . . . . .. 
oloudf Io• 4.0 0.05 ••• . ... . .. 

{Sama) ( Snow romoved) Air 1600 . . . ••• . .. . .. 
Ioe 680 7.6 ... . .. . .. 

But fiah. Lake 

Mar. ao 14 Partly 6 Ory Air 4650 . ·•. . . . . .. • •• 
oloudy Ioe 10.1 o.aa 0.21 o.ao 0.23 

3, 10.6 o .. a:s . . . . . . ..... 
e• 9.0 o.u, 0.11 0.24 0.11 
9' 7.2 0.11 0.09 0.18 0 .. 09 

12' 6.6 0.12 0.01 0.14 0.01 
15' 4.8 0.10 o.o, 0.11 o.o& 
18• a.a 0.08 0.04 0.10 0.04 
21• 3.2 0.01 o.oa o.o? 0.04 
24' a.1 0.06 0.03 0.06 o.oa 
21' 2.2 0.05 0.02 0.05 0.03 
la' l .6 o.oa 0.02 o.06 0.02 

(Ba.me) (Snow removed) Air 4950 . . . ••• • •• . .. 
Ice 4'10 9.6 9.3 10.8 7.4 

Uiddle Fish Lake 

Mar. 21 16 Fairly 8 Cr-uated Air 9900 ... . .. . . . . ... 
clear Ioe 9.3 0.09 0.10 0.11 0.06 

19" 8 .. 6 o.09 0.10 0.11 o.os 
2.2" 7.8 0.08 0.09 0.10 O.Of, 
28" 1.2 0.01 0.09 0.10 0.01 

(Same) (Snow removed) Air 10600 . . . • • • . .. ... 
Ice 1320 11.5 11.3 12.2 8.1 
19" 1020 9.6 10.1 11 .. 5 5.? 
22" 930 6.8 8.8 10.2 3.6 
28" '720 6.8 7.1 ., • 6 1.9 

V'' B~l°" upper aw-taoe ot ice. 
-----
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Tablo 24. 

Light Tl"&UJd.aa1on Through Water. Io•. and Snow. 
Field U.UU1"8Mn\a at Cer-1.n Lale••• 1941. 

(Continued) 
Reaul ta expl"'8■Hd in f'ooiroandlea 1no1dont on pnotoaeter target. 

and 1n peroentag• ~ranaaiaaion. 

Io• snas nep,~nwnaity,. 
---------------- too1>-Th1oknea1. Condi- Thiokn•••• CondS.- oandlea 

PeJ'OG.1=&5! ill'Ulllliaalon 
Ho 

1nc,t..a °"on inohea t1011 fil~•r Red Green Blue -------------------------------
Mar. 21 16 FaiJ-17 &-¾ 01"\la'ted Air 104i00 . . . . . . ... . .. 

olear loe 9.4 0.09 0.07 0.18 0.12 
2' 8.1 0.08 0.01 0.11 
3' 7.6 0.01 0.06 ... 0.06 ,, 6 .. 8 0.07 0.05 ••• o.04 
6' 6.2 o.oo 0.06 0.10 0.03 
6' 6.0 o .. oo 0.06 o.oa o.oa 
7• 1.2 o.oa o.°' 0.08 0.01 
a• ,.a 0.04, o.os 0.06 0.01 

l V Below upper &Ul"'fao• ot loe. 
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Table 26. 

l.,ight !ranaa1a■1on Through Ioe. 
Field Yeaa\U"8118nta at Certain .Lakea., lNrl. 

Daw., Ioe Peroentage tranatd.aa10D 
1941 Thiolcneea., Condit1cm ?fo Red GJ'NA Bl• 

inohea tilter 

Clear hb. 23 1-½ Clear 84 . . . ... . .. 
Mud Feb. 2a 8-~ Clear 6'1 . .. . .. • •• 

Oreon Mar. 13 6 Fall"ly clear 59 6'1 Ii 68 

Clear Feb. 23 1 Clear 64 ... . .. . .. 
Mud Feb. 23 a-¾ Clear 53 . .. • •• . .. 
Olea.r Mal'. 13 6 Fairly olear 53 53 53 64 

Mud J.i'e'b. 28 'l-~ Panl.y oloudy 22 . . . ... . .. 
Bog Mar. 1$ 10 Solt on ilop 14 16 14 a.a 
Bog Feb. 26 o-½ Millq 14 . .. . . . • •• 

}f. l'1ah Mai:-. 21 16 Fa1raly clear 11-5 11.s 12.2 8.l 

R. F1ah Mar. 20 14 Par'bl.y oloudy 9.6 9.:S 10.8 7.4 

s. Londo Mar. 5 24 :Pe.rtly oloudy 1.6 . .. . . . . .. 
1.lud Feb. 23 io-3/, Very oloudy 1.2 . . . ... . .. 
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Table 26. 

Light 'franamiaaicm Through Snow. 
Field MeUUl"fll8nta at Certain ot the Lakea S"1d1ed. 19'1. 

Pel'Mlltap fruamiaa1on Obtained bJ' Caloulat1on {Ne text). 

Date,. Sn• 19'1 
!hiolmHB, 0ondit1an Ho Rid GJ"en Blue 

1nohel tilwr 

log Ua.r. l& 1 Slushy 29 18 88 ao 

Bog Feb. 25 1-7/s DJ.oy. light 9.0 ... . .. . .. 
Clear Feli,. aa ~ -1 Dr;y, ligh\ ,.e ••• . .. . .. 
1. 11911 liar. ao 6 Dey a.& l.9 2.6 2., 
Mud Jeb. aa a - a.J'2 ONIWd 1.9 ••• . .. . .. 
U. Pt.ah Mal". 21 8 Crueted 0.8 0.9 O.G o.e 

s. Londo lf&r. 5 10 Dey o. '1 • •• • •• • •• 

• 
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Table 27. 

Light rnn■m1■11on Thl'O\l&h Snow, t.abontol')' Expenamta, lKl. 
The Uouroe ot Ligh" waa an lnoandeaoent Bull>. 

tat.. 1941 Snow, Dtp1dl, Pene!!!g• Tnmaala11m 
Coad1t1on 1nohe■ No Red Offen Blue 

tiller 

h'b. 21 SOMWb&t wis 
l~ 

18 ••• ••• • •• 
1.1 . . . ••• ... 

a O.M . .. . ••• .. .. 
' ...... . ". • • • • •• 

liar. 28 Fairly d1"71 lUJ1P7 l s., . . . ••• • •• 
I 1.1 ••• .... • •• 
3 0.21 • • • ••• • •• 
4 tr. ••• . .. • •• 

Dry, ureened 1 1.6 a.1 a.a ,.o 
I O.Bl 1.1 o.,a tr. 
3 0.04 0.11 o.u. o.o 
• , .. tr. \r • o .. o 

• 
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Dissolved 0,cy'gen; Pa.1ine)d18 Pondi l9Wl• ill va1:e• are in p.p.:m.. All are Surtace11 ,1ea. 

Feb. 10 Feb. 10 Station 8 number A.M. P.lt. Feb. 11 Feb. 12 Feb. 14 Feb. 17 Feb. l Feb. 22 Feb. 26 Feb. 28 Mar. 1.ilr. liar. 10 Mar. 1 :r.&ar. 1 Jfa.r. 18 Mar. 22 Jlar. 2 Ya.r. • l 
pmap in operation • operatiOD-7 

l 0.7 2.6 0.2 1.0 0.3 1.0 0.7 1.6 0 • .3 0.3 1.4 'J.O 2.0 1.0 0.3 1.1 1.3 1.1 1.7 a.5 ••• 
2 0.3 0.2 0.1 1.0 o.8 1.3 1.1 1.0 ••• ••• ••• • •• • •• • •• • •• . .... • •• • •• . •·• . ··• ••• 
3 0.1 0.1 o.6 0.7 0.9 0.9 2.8 1.1 0.3 0.3 0.9 1.6 1.s 0 • .3 0.3 0.2 2.1 ••• ~-- 9.s 7.8 
4 0.3 1.2 0.4 2.0 1.1 0.7 1.7 0.5 0.7 ••• o.o • •• 1.2 1.2 . •·• ••• . ... • •• • •• • •• • •• s 0.1 0.4 0.2 0.5 • •• o.8 o.B 1.6 0 • .3 ••• 0.3 • •• 2 • .3 1.9 • •• • •• • •• • •• • •• • •• o.8 • •• 
6 0.2 0.2 0.5 0.7 o.6 o.6 o.6 1.9 0.3 o.s 0.3 3.1 2.2 0.2 0.4 2.2 0.9 1.2 11.4 ••• 0.4 . 0.5 1.4 1.3 0.7 o.6 1..4 0.0 0.2 1.8 .3,.0 7 0.2 ••• ••• ••• • •• • •• • •• •·•• ••• • •• 
8 0.2 0.1 1.7 o.6 0.9 0.4 o.8 1.3 0.2 0.7 o.o 0.5 3.5 2.9 0.1 o.6 1.8 1.1 1.5 10.1 9.1 
9 0.7 0.4 0.3 o.6 o.6 o.8 0.9 1.9 o.s o.6 0.2 0.7 2.0 1.0 0.2 0 • .3 2.0 0.9 ••• 11.0 • •• 

10 0.3 1.0 o.s 1.4 1., o.6 1.0 o.6 0.2 0.2 1.2 0.7 o.6 0.9 0.9 1.0 2.8 1.6 0.9 8.1 ••• 
11 1.3 0.4 0.9 1.7 1.3 o.B 0.7 1.3 0.2 ••• 1.0 0.9 1.3 1.4 ••• • •• • •• • •• • •• • •• • •• 
12 0.1 1.s 2.3 1.9 1.7 o.8 1.0 0.9 0.1· 1.5 0.7 0.7 1.3 1.9 0.5 0.5 0.3 2.6 1.6 6.o e.2 
13 o., 0.4 1.6 2.4 1.0 1.0 0.3 1.0 0.1 0.9 o.L. o.1i o.8 1 .. 5 0.4 0.2 0.5 ••• • •• 8.6 • •• 
14 0.2 o.B o.a 1.3 o.a 0.7 1.3 1.0 0.2 ••• o.o o.o 1.5 0.4 . ... 0.9 • •• . •·. . ... . ... • •• lS o.s 1..5 o.a o.8 1.6 2.2 2-4 1.0 1.3 o.6 o.6 0.2 3.3 0.9 0.9 0.3 o.6 2.0 1.7 5.9 8.1 
16 1.0 2.0 0.4 0.7 o.8 1 • .3 2.2 o.6 1 • .3 ••• 0.2 2.2 1.8 0 • .3 • •• 0.5 • •• • •• • •• • •• • •• 
17 0.9 0.7 0.4 0.4 1.0 o.8 1.3 1.2 0.2 0.5 0.2 0.3 2.1 2.2 o.6 1.0 1.2 1.6 2.2 S-.3 7.2 
18 0.4 o.8 0.2 1.6 1.2 1.0 1.9 o.B 0.9 ••• 0.5 1.0 4.2 1.3 • •• 0.4 • •• • •• . ... . . •· ••• 
19 o.6 1.3 0.7 0.9 1.6 1.3 2.8 0.9 1.4 o., o., 1.6 5.2 1.8 0.2 o.6 1.2 1.6 1.~ 6.l 8.3 
20 1.0 o.6 0.3 o.a 0.4 0-4 1.s 1.4 1.4 1.3 0.7 0.9 3.5 0.4 0.4 0.2 -?i, 1.4 0.7 1.2 2.9 7.1 
21 0.3 0.3 o.s 1.4 o.6 0.5 2.6 o.8 o.8 ••• 1.2 0.5 1.8 1.2 • •• 0.9 • •• • •• • •• •-•. • •• 
22 0.5 0.9 0.9 2.8 1.8 1.h 1.6 1.0 0.4 0.7 0 • .3 3.0 4-7 o.6 0.7 0-4 1.1 ••• • •• 3.5 8.2 
2,3 0.4 0.2 o.,S" 1.7 1.0 1.6 0.7 1.2 1.0 0.4 1.3 J.S 2.4 1.6 0.4 0 • .3 1.2 • •• ••• 9.6 7.7 
24 ••• 1.4 2.1 4-8 1.9 0.7 1.2 1.0 0.3 0.3 0.5 0.7 3.4 1.0 0.4 0.4 o.6 1.1 0.9 9.9 8.3 
25 1.1 2.3 2.8 1.0 1.7 1.9 1.7 0.5 0.3 1.0 o.8 1 • .3 1..4 1.7 0.5 1.2 . •·• -••· 10.1 7.0 ••• 26 3.6 7.7 a.o 6.S 1.5 1.7 o.6 0.7 0.4 o.6 1.1 1.2 5.6 4.0 1.0 0.3 1.2 5.1 1.0 10.7 8.1 
27 11.0 9.7 12.3 2.4 0.7 0.9 0.9 o.6 1.3 1.2 4.4 9.4 5.4 1.0 0.9 2.1 5.0 1.2 11.2 8.5 ••• 28 ••• •-•• ••• ••• ••• ••• ••• ••• • •• • •• 5.5 o-4 o.s 1.6 6.5 1.7 11.2 8.6 ••• ••• ••• 29 ... • • • •• • ••• ••• ••• ••• ••• . . . . • •• 10.4 6.0 1.9 9.7 6.8 1.4 11.9 8.3 ••• • • • ••• o.8 30 . . . ... ••• ••• ••• ••• 6.2 9.4 6.3 1.6 o.s 1.3 • •• 11 • .3 7.9 ••• ••• • • • ... • •• 
31 ••• ••• ••• • •• ••• • • 4 ••• 1.0 6.3 5.9 4.1 o.6 0.7 0.7 • •• • •• ••• . . •· ••• ••• 0.4 • •• 
32 • • • ••• ••• ••• ••• ••• ••• ••• 0.9 3.2 3.1 0.7 0.4 1.2 • •• • •• . .. • •• ••• ••• 33 ••• ••• ••• ••• ••• ••• ... • •• 7.2 4.6 0.2 0.5 3.1 • •• ••• • •• . .. , ••• ••• • • • ••• Outlet ••• ••• ••• • •• ••• o.o 0.2 S.6 3.2 2.5 0.7 3.6 3.1 0.4 10.8 7.7 ••• ••• ... ••• ••• 

Open Hole ••• ••• • •• 0.9 0.2 ••• ••• ••• 0.7 ••• • •• • •• • •• ··•· ••• • •• • •• • •• • • • ••• • • • 1.8 1.4 1.4 2.0 1 • .3 Pump 2.0 1.7 1.3 ••• ••• ••• ••• • •• • •• • •• ... • •• • •• . .. • •• • •• 
"Trou h0 5. .1 6.l .o ••• ",.r •• • ••• ••• • 6 3.5 • •• • •• • •• ••• • •• • •• • •• • •• ••• ••• ••• -
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.;- Jf 
Table 29 • 

Diaeol'Nd Ox)rgen, pa_ and Other Ch.aioal Data, 
.da.'bohery t'ond.aJ l9J9-lJO. 

. , . pg£ ll. o. 
Auattld Al'lffl. allcalbity, •llcaUsd V • <>a, 

Pond. sta.1d.on Daw pB PEI -· pH. R•R-•~ P•P . .-. ,., . ., 
• 

POK 8 w.11' r.o. 2J ••• ••• ••• J l6!, 14.0 
Jr.A. 1 • •• ••• • •• ••• ••• 12.9 

1h e.o • •• ••• ••• 1$6 13-.3 
21 a.o ••• • •• I 173 J,b.O 

Feb. 2& 8.1 8.1 6.4 ••• l.68 12.J s.o a.1 6.4 ••• 171 1.).0 
12 8.o ••• ••• • •• 172 12.6 
17 8.a ••• ••• ••• •·•• lb.1 1, .... ••• •·•• •••• . •·• 12.9 
22 7.8 8.1 6.,4 .... 112 u.s 
26 8.o ••• .... .. .. i?l lJ.6 

Mar. 1 7.8 ••• • • • • •• 169 12.1 
4 1.1 8.1 . ·-· .... 162 11..4 
9 7.6 a.o 6.Jt •••• lSt\ 11.h 

u 7.9 . ..• • •• ••• 176 u., 
18 1.e 8.1 6.S ••• 178 11.0 
22 1.1 ••• . ". ••• 128 10., 
29 6.B 7.0 s.,4 ••• 16 13.2 

Oater Jan. 7 ••• ••• • •• l 171 u., 
14 8.o ••• ••• ••• ¼S4 13.3 
21 e.o •·•• ••• 2 176 14.3 
29 8.o 8 .. 1 6.4 2 172 12.6 

Feb. 4 s.o 8.1 6.!1 • •• 170 13.0 
12 a.o ••• • •• ••• 170 12., 
17 e.o ••• • • • ••• 173 JJ.6 
19 8.1 ••• ••• 2 162 12.9 
22 7.e 8.1 6.4 .. I.• 112 u.a 
26 7.8 . . ., . . : . •••• 17.l 11.s 

Jlru-. 1 1.a ••• ~-· • •• m 12.0 
4 1.6 a.o ••• ••• 1,.s , 1•1 8.1 6.S ••• 169 11.7 

lJ 7.8 ••• ••• • •• 178 12.5 
18 7.8 8.1 ,.s ••• 168 12.1 
19 7.2 1-4 s., ••• L6 12.s 

Pond 9 Weir })eo. 2J • •• •• • .. ... 3 162 13.9 
Jan. 7 ••• ••• . ... ••• . ... 13.1 

l4 a.o ••• .. •·• ••• l5S- 13.0 
21 B.o • •• ••• 2 180 14-5 
a, 6.1 a.1 6-4 2 172 12.a 

~•b• 4 0.1 a.1 6-4 ••• 114 13.3 
12 8.o • • • ••• ••• 172 12.8 
17 a.o ••• • •• ••• • •• 13.3 
19 • •• ••• • •• ••• ••• u.s 
22 a.o 8.o 6 • .3 ••• 14S 14.3 
26 e.1 . . .. ••• 2 113 lL-2 

d JL , I ■ 1 I I• ( Uoiitimeii) 
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Table 29. 

DiaaolYed OrJgen• pH,. and Other Chemioal oa•, 
HaWhery PondaJ 1939-40• 

( Oontimled) 

Phth. M. 0. 
Aera'bed AlT&Ol. alkaliniv. aJJr&Ual1r, °'2• ,.. stl&t:i.Qn 1-119 nH - J?..H J.lf _J)•'O••• l? • P·• Pd?•• ·-· • ..,. .................. - ......... _.._... . ...,.._..,....__, ....,. I • ' • ... ,. W41U" ?lkr. 1 1.9 • •• • •• . ._ ... 168 13•1 

(COll'td.m&e4) Ji 1.a 8.0 ••• • •• 161 12.1 , 7.5 8.1 6-4 ••• )JO u.b 
13 6.2 ••• • •• 2 1.37 11.s 
18 8,.2 8.2 6.~ 3 157 17.1 
22 7.7 7.7 6.o ••• .62 16.8 
29 6.9 6.9 s.s ••• 2, u.1 

cenw:r Jan. 1 ••• • •• • •• 2 110 u.1 
14 B.o ••• ••• • •• 1$9 u.a 
21 8.0 ••• ••• 2 179 u., 
29 a.o 8.1 6J~ ••• 170 12.s 

F•h• - k 6-.f) e.1 6.4 ••• 173 13.0 
12 s.o ••• • •• .... 168 11.6 
17 8.o -·· ••• ••• 173 JJ•S 
19 7.9 ••• ••• • •• 164 JJ•3 
22 1.6 7.7 5.9 ••• 66 14.s 
16 7.9 ••• ••• • •• -176 12.a 

MILi". 1 1.a • •• ••• • •• 164 12.1 
4 7.7 a.o ••• ••• JJ1 :t , 7.6 7.7 6.o ••• ·80 

l3 8.1 ••• • •• 2 l- 16.a 
18 1.8 8.1 6.S ••• 168 U-4 
29 6.6 6.8 •_.·.2 ••• 8 l2J-1, 

Pol14 10 Weir »-o.2) ••• ••• • •• ' 161 14.1 
Jan. 7 • •• .. .. .,. • •• • •• 14.0 

14 6.o ••• • •• • •• 1S2 .u., 
21 8.0 ••• • •• 2 178 14.0 

Peb. 2t a.o 8.1 6.4 ••• 168 12-4 
8~0 8.1 6.h ••• 172 u.1 

12 a.o ••• ••• • •• 168 12.6 
17 8.1 •-•··· • •• ._ .... ••• lq.8 
19 ••• ••• ••• • •• • •• 1:t.1 
22 a.1 8.1 6~ ••• 1~ 16.9 
26 8.1 ••• • •• 2 161 16 • .3 

.Mar. l a.o • •• ••• • •• J.68 13•7 
4 a.o a.1 ••• 2 162 13.6 
9 a.c s.o 644 ••• 131 1s.1 

1J 6 • .3 ••• • •• 1 16o 18.:, 
16 8.J 8.2 6.S s 166 19.4 
22 8.o 8.1 6.4 ••• 123 16.o 
29 s.2 8.2 ••• 2 146 16.2 

Jan. 1 ••• ••• • •• ••• 174 13.7 
14. a.o ••• • •• ••• ~ 13.2 
21 8.o ••• • •• 2 178 14.0 
29 a.o 8.1 6.4 ••• 172 12.4 

( doniimted) 

• 
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Table 29. 

Diaaolvw J:x;ig~n. pii, an~ ;Jth.er Chemio&l Da.1&1 
tJatohery t'OMIJ lYJ9-40• 

( Continued) 

Phth. R. a. 
.Aeraffld Alveol • •lkalilliV• 

Pond Sta.tio..:'1 :filte R ... ~'! H !) • • a. 
Pond 10, Oe:teJ' -F•b• 4 6.o &.1 6.4 ••• 1·,o 1:t.7 

( Oorrthu4'Cl) 12 a.o .... ••• • •• ~I 12.6 
17 a.1 ••• • •• ••• ·14..6 
19 1.li ••• • •• • •• llJ l)'J 
22 1_.a a.o 6.2 ••• ·US 14-6 
26 a.o ••• ••• • •• 16.) JJ:.a 

Har. 1 tl'.o ••• ••• • •• 166 ll•J 
k 7.8 8.o ••• ••• 129 ~-, , s.o 8.) 6.5 :a ~ ~8 

13 a • .3 
,.,, 

161 1& .• o ••• ••• :, 
18 a.2 3.2 6.s j 161 tl--- - ------ - 29 a.o .... .ij..J, .... •·••· 173 

li'ftl' ,.~. 4 o.o a.:2 ~~ ••!t 171 UJ 
11 o.o ••• ··•·· ··~ 172 l2•9 
17 ••• • •• • ••• ;a 172 JJ...-o 
19 7.9 ••• . •-• ••.• ~ 12..li 
22 7.3 O.i 6.S ~-· 116 12-4 
26 7.9 •• • ••• ••• l7ij . u.i.. ~- 1 1.,8 ••• •.• . • •• 110 llJ4· 
4 1 .• 1 6.1 •••• ••• 1~ 11,.1 , 1.1 0.1 . 6.5 ••• 111 a.a 

lJ 8 .. tl ••• , .. • •• ii 13.0 
18 1.6 6·.1 o.s ••• 11.6 
22 1.a a.1 6.S ••• u.e 
29 1.1 6.o ••.f ••• ~78 10.e 
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Table ao. 

'1•h feap •• Oz oonauaed, Author 
•c. oo/lcg/hr. 

Brown trou• t-11• 1oa.1 Gardner and Lee-. (191,) 

Ooldt1ah a• 1,.a Ragnard (1891) 

Golffleh a-a• 16.0'I Gardner and King (192&) 

!an.oh o• 8.05 Llneted1s (1914) 

Pike (~ ~ueiu,!.) M• "·" O&rdner c,.d ling (19ll) 

Bel_ __ M• 9.1tU_ GM-...dner aruLKing (l.lU) 
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fflR UFBCT OF CBRTA.Df 8.AMPt.IHG flWCEOOims Ul'Oli 
DIS80LVBD OX.YORN VA.LUBS 

An .exper1ment to deteraine the poaaiblo diurnal variation 1n diaaolved 

OX1"&•n i! the water ot an loe-ooYerad la.Im (deaoribed in the text ot this • 
paper under "Speoial obeerY&tiona, Green Lake") gave reaul.ta apparentllJ aome-

what aabiguoua (Table 18. anll Graph 14). It ••••d poaaible that theae re1ult• 

aight ha.Ye been intluenoed by the method ot aampling. The aupling prooedure, 

repeated eaoh wo houra, waa aa follows. 'fho aamplea were taken oonaeoutively 

trom tour dep'bhe, 6 1nohoa. and 2, 5, and 9 teet, starting with the uppennoat. 

The eamplor wu ao oonatruoted that during the eampling operation it em1ttod, 

in a atroara ot bubbles, all ot the oontained air (t"oughly, l.5 Utere). It 

was oona1dend poaa1blo that thia etream ot bu.bblea, when a Hlllple wu being 

taken at a lower 4,pth, might agita'ie the wa'8r a'bove, and henoe change the 

oharac~rlatioa ot a aubaequent aaaple taken in an upper lqer. Furthenaore, 

the pa.aaing or the llaJIPler up and down through the ~a.yera ot water 111.ght, in 

11:aelt. have a d1aturb1ng etteo1'. 

In the rou~ln• work ot the aurve1, thia error was a&1\Ull8d to be negligiblea 

tor ordinarily no atatiCll was auapled oftener than onoe a da)', and the usual 
. 

interval waa two to tour days. It aeoma altogether likely that during auoh a 

period the water again would return to 1ta nonMJ.l oondition of atratitioat1on, 

and that the etteot of the agitation would diaappear. When only two houi-a 

intervced between aamplea, howover, a considerable error seemed poaa1ble. 

In order to eatiJSate tho i,.apiitude of thi1 orror, and to teai·, the etteot 

ot varioua aaapl1ng teohniquos. the tollo.ing oxperinents were performed. All 

of the triala were run at a aiuglo sampling station. at tho sampling deptha 

at&ted above. 
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I, January 17-19, 1941. - The 48-hour run referred to above oonatitutea 

IUlllber I of this aeries of experL-rnents. 

II, January 26, 1941. - The tour depths were sampled in rotation, tram. the 

uppermost to the lowermost ooe; then iJwrtediately the prooeu was repeated, 

After tive sets of aamplea had been taken iL. thie manner, a new hole was cut 

in the ice and five new sets of samples tram each depth were taken. 'l'he time 

consumed by the entire ~rooed.ure was leas than two houra. 

III, February 2, 1941. - The same procedure as in Experiment II waa .tollowed, 

except that the aupler we.a aoditied to the extent ot having a rubber ho•• 

leading from its air exhaust tube to the atmosphere. Thus, while the etfect 

ot moving the aa:apler up and down through the water remained, that of' bubbling 

a.ir through the water was obviated, 

IV, January 26, 1941. - Without using the rubber hose, five oonaecutive 

samples were taken at the 6-inoh depth, then five at the next lower depth, and 

so torth. In thi■ way, no layer of water waa disturbed by either the sampler 

or air bubblea ~tore all of the saaplea trom. that layer had been obtained. 

The total sampling time was about one-halt hour. 

Diaaolved oxygen in all of the arunples of these experiments was deterained 

by the rapid Winkler method, as deaoribed under "Methods." 

The diseolved oxygen values a.re given in Table A. They are arranged in 

the order in which the samples were taken. All tigurea are in parts per lllillion. 

Mean values are calculated to the nearest 0.05 p.p.m. The standard deviation 

f'rm the mean ie given tor ea.oh aeries. as ia alao the maximua deviation, trom 

the :atan., of any individual sample in the series. The aeries are nwabered in 

the table to correspond with the descriptions above. 

Since these experilaenta were performed on different dates, the absolute 

values for dissolved oxygen are not subjeot to comparison. Rather it is the 
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Table A. Effect ot sampling procedure on dissolved-oxygen determinations. 
Green Lake. Staticm 2. At the bottom. ot each column are the 
Jl8an. the standard deTiation, and the maxi.Jaum deviation, eaoh 
estimated to the nearest 0.05 p.p.m. See explanation below. 

02 (p.p.m.), Method I, 
at depth (feet), 

0.6 2 5 9 

11.0 13.3 9.8 6.0 
13.4 12.'1 9.116 6.1 
12.8 13.0 9.7 4.6 
12.7 12.7 8.1 S.4 
12.6 12.2 8.4 4.4 
12.5 12.0 8.4 4.1 
12.;s 12.2 8.0 4.6 
12.1 12.6 8.1 4.S 
13.0 12.7 7.2 4.7 
12.8 lS.6 8.9 3.7 
12.6 1:s.1 8.6 4.7 
12.9 13.0 8.6 s • ., 
13.2 11.9 8.7 5.4 
12.7 11.0 9.2 4.7 
13.2 13.l 8.4 6.5 
13.4 1s.2 10.6 6.0 
13.6 13.3 8.7 6.6 
13.7 lS.'1 9.2 4.3 
14.1 13.l 9.2 6.7 
14.2 13.4 .. 8. 2 7.1 
14.0 12.9 8.1 4.9 
14.S 13.2 9.2 15.0 
13.6 13.1 8.9 ?.$ 
1,.1 13.5 8.4 7.6 
13.25 12.95 8.75 6.20 
0.60 0.46 0.'10 1.20 
1.05 1.05 1.75 2.40 

~ (p.p.m.), l4ethod II, 
at depth (feet), 

o.5 2 5 9 

11.l 9.8 11.9 4.9 
10.9 10.9 12.2 5.5 
ll.6 12.1 12.4 4.8 
11.6 11.7 11.8 5.9 
ll.l 10.9 11.2 3.7 
Io79--10.e-T17°9--i.i- -
11.2 11.9 12.1 5.3 
11.1 10.9 11.5 4.9 
10.9 ll.l 11.4 , .. 
11.1 11.4 11.6 4.4 
11.16 11.16 11.ao 4.95 
0.25 0.65 0.35 0.66 
0.45 1.36 0.60 l.26 

02 (p.p.a.). Uethod III, 
at depth (feet), 

0.5 2 5 9 

10.9 11.0 9.7 4.8 
10.7 10.8 9.7 -5.9 
11.0 11.3 9.4 4.6 
10.9 10.9 9.6 6.5 
10.8 11.0 9.4 5.9 
10-:9- -ir:r - -s-;c - i.'i -
10.9 10.9 9.$ ,.1 
10.8 11.2 9.6 6.3 
10.9 11.2 9.0 5.2 
10.8 10.7 9.3 5.1 
10.86 11.00 9.46 6.36 
0.10 0.20 0.20 0.80 
O. li O. SO . 0.45 l. 25 

02 (p.p.m.), Method IV, 
at depth (feet)1 

0.6 2 5 9 

10.9 10.9 12.1 6.0 
10.8 10.8 11.8 6.9 
10.9 11.0 ll.8 6.1 
10.8 10.8 12.1 6.5 
10.9 11.0. .. ;11.8 6.l 
10.85 10.90 11.90 6.46 
0.05 0.10 0.15 o.ss 
0.06 0.10 0.20 0.45 

Method I - Samples at 
two-hour interval• tor 48 hours. 

January 17-19, 194:l. 

Method II - The four depths 
sampled in rotation. 

January 26, 1941. 

tiethorl III -As in (I). but 
sampler equipped with outlet hose. 

February 2, 1941. 

Method IV - Five oonse~_utive 
samples at eaoh depth. 

January 26, 1941. 

See text for turther explanation. 
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amount and a.nner of fluctuation ot Tal.uea within eaoh experiment that is 

■igniticant. 

It ia realised that a possible fallacy in statistical treatment ot the 

dat& or II and III :may ariao because of the fact the.t each or these serioa ot 

ten samples is in reality a combination of two sub-aeries of t1ve samples eaoh1 

sinoe tlle sampling operation we.a transferred to a new hole midway in the aeries. 

Aotually, however, this error is amallJ beoauae (1) the mean tor eaoh sub­

aeriea is Tery nearly the same as the J118&n for the whole series. and (2) the 

fluotuatiana in value are without &.n7 apparent trend in either direction. 

The data at hand appear to support the following oonolusian11 

l. The magnitude of deviations trom the mean is signifloantly larger !/ 
for the saaples obtai.Md at two-hour intern.la tor forty-eight houra than it 

is even for saaplea obtained in rapid rotation. as in Experiment II (see Table 

B). Therefore the tluotuations in dissolved oxygen during the forty-eight 

hour run oan be only partly a.coounted tor by 1aperteot1on ot ■ampl1ng technique. 

and their trends must have 1n part so• other explanation. Changes due to 

natural causes OYer the tort~ight hour period were no- doubt responsible tor 

so• ot the tluctua,tiona in the oxygen values tor a given depth 1n Bxperiant 1. 

Thus, tor the Wnoh depth, and early aeries of tour values (12.8, 12.7 1 12.6, 

12.6) no doubt was aignif'ieantly ditterent trom a later period when four suooessive 

values at the ■ame depth were 14.1, 14.2. 14.0, and 14.3. 

2. There ia, however, a oerte.in aaount of tluctuatiai in the dissolved 

oxygen value at any particular depth from one time to another, if during that 

time the water at that depth haa been disturbed by paBBage through it ot the 

sampler or of a strewn of ~ir rubbles. This etteot, of course, is most apparent 

when the time interval between s~1ples ts shol"t, and is believed to be 1nsign1-

J/ An exception to this statement is furnished by the aamples taken at 2 feet. 
For this, and other eimilar discrepancies. there is no explanation available. 
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Table B. lfteot ot sampling procedure upon diHolved--ox;rgen 
T&lue• (den.ationa troa the •an). Green Lake. 
Station 2. See text. 

Dapth Standard deviatiau. p.p.m. Ua:dwm deviation, P•P••• 
(teet) of o2• usin& method, of oa1 u•ing •thoda 

I II III IV I II III IV 

0.5 0.60 0.25 0.10 0.06 1.06 o.,6 0.16 0.06 
2 0.45 0.66 0.20 0.10 l.05 1.35 o.so 0.10 
5 0.'70 0.36 0.20 0.16 1.75 0.60 0.46 0.20 
9 1.20 0.65 0.80 o.:ss 2.40 l.26 1.26 0.46 
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i'ioant when more than a tew hours intervene. The nuotuationa show no apparent 

trend. toward either higher or lower dissolved oxygen. but have a more or lea■ 

randCD di■tribution. 

3. Dsv1ationa are aignif'ioantly smaller when air bubbles are not allond 

to paBB through the water (Experiment III)J hence a definite part ot the fluctu­

ation of 3xp•rimsnt II can be attributed to the air bubble■• Bubbles of thi■ 

aise are not readily absorbed by the waterJ and, furthermore, there is no dis­

tinct trend toward inoreased dissolved oxygen from the first sample of a eerie• 

to the last. Theretore the effect of the air bubbles must be largely a mechan­

ical one; i.e., one ot agitation. 

4. There is, also, a. detini te ef'taot ot the mere motion ot 'the sampler 

through the ,raterJ since the deviations in Experiment IV are signitioantly leaa 

than those or Experiment III. 

5. \¥hen the procedure of Experiment IV is used; i.e., when no sample is 

taken trom a layer ot water which has recently been disturbed by the aampler; 

the fluctuations ill the dissolved oxygen value of the aaaples are little, it 

any, greater than those ot the normal experimental error ot the diuolved oqgen 

method (about o.o - 0.2 p.p.m.). This ■tatement holds true only tor sample~ 

from the uppermost la19ra. 

6. Samples trom the lower layers show relatively wide fluctuations,. even 

when the sampling is done by the method of Experiment IV. Thia situation ie 

exactly the reverse of what might be expected it the fluctuations were oauaed 

entirely by the disturbances mentioned above; tor the effect of these disturb­

anoea would be the greatest in the upper layers of water. and at a miniDIWll at 

the lowest sampling; depth, a dept!1 beyond which the sampler ~1as not passed. 

The explanation is rather simple. The slope of the dissolved oxygen curve (tor 

that particular station and time) is much greater in the lower water than near 
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the aurface. Thus an January- 26, the deoline in oxygen in the 6- to 9-toot 

layer was almost 2 p.p.m. per toot ot depth, whereaa in the aurtaoe to '-loot 

layer there na practically no change. M.ly errors oau .. d by not aoourately 

reading the aamplinc line therefore are muoh e;rea.ter :tor sUt.plea ta.ken in the 

lower depths th.an tor those taken near the surtaoe. 

The wide n.r1.ations in oxyien values for the 109fer levels (whioh are evident 

regardless of the time interval between umples and ot the nmpling Mthod 

eaplo,ed) •Y be cm• 1n part to natural oauaee rather than "o es.perimntal 

error,. Slight tilting ot the water strata mght cauae •harp changes u·tb.• 

diaaolved o=qgen value• at any given point • 

• 
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