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ERATA

In Graph 3, the lower figure is not a graph of Clear Lake, Sta. 1,
as labelled; but is of Green Lake, Sta. 1.

Page 52, line 2. Instead of "ice cover" it should read "snow cover."
Page 57, line 22. Instead of “Eust Lake" it should read "East Fish Lake."

Page 80, line 7. Instead of "Black (19L0;™ it should read
"Black (1929,."

John Greenbank
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LIMNOLOGICAL CONDITIONS IN ICE-COVERED LAKES,
ESPECIALLY AS RELATED TO WIRTER-XILL OF FISH

"Here shall he see no enemy but winter and rough weather."
- A8 You Like It.

INTRODUCTION

Purpose and Scope of the Study

In most fresh-water lakes of the higher latitudes of the temperate regions,
winter brings about & set of conditions which differ sherply from those which
prevall during the rest of the year. The ice cover, existing continuocusly for
several weeks, and often blanketed by snow, rather effeoctively separates the
body of water from the world above it, end makes it more certainly then ever
& miorocosm. Several otherwlse normal processes are affected or suspended by
this ceiling of ice and snow. Aeration o the water by the agitation of wind
and wave is precluded; and even the exchange of gases with the atmosphere by bubbling
and diffusion is greatly reduced. Heat exchange between air and water is inter—
fered with, and transmission of light into the water beoomon.iowared, Bometimes
almost to the zero point.

The biotio consequences of 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., Suoh & mortality, particularly when it is of
fish, is known as winter suffooation, or winter-kill.

Sinoe winter-killing may ocour infrequently, it is perhaps not the most
common oause of death of fish, nor that responsible in the long run for the
greatest loss; but it undoubtedly is one of the most spectecular and dramatic,
a8 well as one of the most intensive. The appearance of piles and windrows of

dead fish along the shores of e lake, &t the breakup of the ice, is evidence of



the harshness and suddenness with which the‘foroes of nature can act. And
when a oansiderable proportion of the kill is made up of game and food fish,
a8 it often is, the mortality assumes a serious aspect from the standpoint of
fisheries management.

The significance and importance of the winter-iill problem was forcefully
brought to the attention of those interested in Michigan fisheries by the
extensive and heavy mortality which took place in the winter of 1936-36. During
that winter a considerable number of lakes in southern Michigan were affected,
and hundreds of thousands of fish dled. Soenes such &as those shown in Figures
1l and 2 were common. Table 1 inceludes a list of thosé lakes which, aocording
to reliable information, were most seriously affeoted. There is no doubt that
many other lakes suffered considerable loss, which either were not observed or
were not reported.

During thet winter, the Michigen Institute for Fisheries Research carried
out a certain amount of preliminary investigative and attempted rescue work.
Under the direction of R. W. Eschmeyer, G. P. Cooper, and J. H. Clark, experiments
were performed in aeration of the water by pumping & stream of water into the
air, and allowing it to run beck into the lske through holes chopped in the ice.
In other experiments, long holes were out through the ice, in the hope thet atmos—
pheric oxygen would enter the water through surface agitation. These operations
are shown in Figures 3 and 4. Several measurements of dissolved oxygen were
made, a8 & check on oconditions in the lakes on which the work was done; and
following tﬂe breakup of the ice, determinations of the extent of kill were
made. All of these investigations are summariszed in two (unpublished) Institute
for Pisheries Research reports (Eechmeyer, 1936; Cooper, 1936).

These emergency asration experiments met with little apparent success,
However, the work of that winter emphasized the desirability of an extended

study of the win%er-kill problem. Accordingly, the Institute arranged for such









an investigation. The studies were carried out during the winters of 1537-38,
1933—40, and 194041, by the author, under the support of an Institute fellow—
ship, and as a graduate research problem in the University of Michigan.

This paper is a report on those studies not only as they pertain directly
to winter—kill, but also as they contribute to the knowledge of general limolog-
ical conditions in ice—covered waters. In addition 1t contains references to
various studies of winter conditions in lakes made by other investigators.

Rather understandably, but none the less unfortunately, winter work in
limology and fisheriss biology has been comparatively scanty in the past.
The press of other duties, the difficultles of adepting apparatus and technique
to work at freezing temperatures, and the physical hardships of winter weather
have combined to keep many research workers indoors at a ssason when much useful
and interesting information is to be found in the field. Hubbs and Trautman
(1935) have called attention to the need for more winter studies; and Morgen
(1939) steted that "the field of animml biology in winter is largely an open one,"
Hazzard (1942) has recently discussed some of the effects of ice and snow on

fish life in streams and lakes.
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Historical

There is little doubt that winter—kill of fish has been observed at
various times for perhaps many oenturies; since its occurrence 1is of a
very striking nature. It 1s only within comparatively recent years, however,
that very many references to winter fish deaths have entered the general
biological literature. A few of these reported observations are here cited.

Lihder (1871) described an instance of winter—kill in Germany in 1870-71.
In 1871-72 a heavy mortality of fish took place in the Racine River, ¥iseconsin,
where very large numbers of fish, including e large proportion of bass and
pickerel, perished (Hoy, 1872). Knauthe (1899) repbrted the winter-kill of
many fish in certain artificiaelly enriched cerp ponds in Germsny. In the
Illinois River fish mortality in winter has occurred, probably many times;
for it was recorded for the winter of 1894-—85 by Kofoid (1903), and for the
winter of 1924—28 by Thompson (1925), who stated that it is of common ocourrence.
Evermann and Clark (1920) recorded a winter death of fish in Lake Maxinkuckee,
Indiana, soms time dwing the perlod of their investigations there, 1899 to
1908, In Lake Yskjarvi, Finland, a "wholesale mortality" during the winters
of 1915, 1922, and 1924 was reported by Jafskeldinen (1930).

In more recent ysars, winter—kill, sometimes of oonsiderable intensity,
has been reported from these various places; Massachusetts (Sweetman and
Warfel, 1938), Iown (Aitken, 1938; Sheppard, 1938), Visoonsin (Milwaukee
Sentinel, 1939), Minnesota (Wilwaukee Journal, 1939; Olson, 1932; Smith, 1941),
New York (Annin, unpublished, 1936), iontena (King, unpublished, 1937), and
Utah (Higgins, 1933).

The most serious instances of winter-kill in I4chigan whioch have been
satisfactorily reported are summariged in Table 1. The material from which
this table was constructed includes letters from various interested persons,
answers by Conservation Officcrs to a questionnaire regarding fish mortalities,

and notes on fleld observations by members of the staff of the Institute for



Fisherlies Research. .Figure & is e map showing the locations of these instances
of winter—kill. No accurate, dated records of kills prior to 1930 are avail—
able; although many oral communications from local residents indicate that
heavy mortalities occurred in various lakes in winters of many years past.

Meny of the phenomena connected directly or indirectly with winter suffo-—
cation have been recognized and understood, though sometimes rather imporfeotly,
by various previous workers. The literature contains a falrly large number of
references to conditions in stagnant water umder thé ice, inoluding some mention
of the causes and effects of winter-kill. Although some of these writings
are based upon actual observation, many others consist in large measure of
hypothesis and conjecture, partially or wholly unsubstentiated. That meny of
thess hypotheses la ter have been proved to be true is, surely, a favorable
commentary upon the soundness of the original supposition. That others have
been found to be unsound or even absurd points to the lack of information upon
which they were based. Not the least of the objects of the prégént study has
been to obtain data whish might contribute either to the proof or to the dis—
proof of some of the theories and notions whioh have ardently been proposed
concerning the subject. A brief summary of some of these ideas, especially
those which form a historieal background for this study, follows.

The function of an ice cover in preventing aeration of the water by wind
action is rather obvious. It was recognized by ;s early an author as Hoy (1872),
and has been mentioned by numerous writers since. That ice, if 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-—
8tood quite clearly by Knauthe (1899). This effect has been reaffirmed by
many authorss by Birge and Juday (1911), Olson (1932), Welch (1935), Titus
(1936), Aitken (1938), and Hubbs and Eschmeyer (1938) — to mention only &

few. The last-named paper also proposed the possibility that darkness may
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favor bacterial action, and hence eontribute in another way to harmful oan-—-
ditios.

The connection between winter stagnatian and the sabundance of organie
materials in a lake has been pointed out by Drown (1892), Knauthe (1899),
Welch (1935), and others; and various authors (Thompson, 1926; and others)
have called attention to the fect that critical conditions are more apt to
obtaln in shallow lakes than in deeper ones.

Most of the authors have assigned the primary blame for the winter death
of fish to diminished dissolved oxygen content of the water; but several
papers have mentioned other faotors as being chief or contributing ocauses.
Hoy (1872) stated that the death of many of the fish in the Racine River Wwas
"oaused, probably, by the poison communicated to the water by the multitude
of decaying minnows." Wickliff (n.d.) added to lowered oxygen tonsion the
presumed toxic effect of carbon dioxlde, nitrogen, ammonia, and hydrogen
sulfide. A popular point of view, expressed in the Milwaukee Sentinel (1939),
referred o the "poisonous gases which mean death to the fish." In regard
to the winter mortelity of fish in acid bog waters, Jewell and Brown (1929)
assumed the ocause of death possibly to be either depletion of oxygen or the

"produotion of toxic substances due %o putrefamotion.™
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WATERS INVESTIGATED

The major part of the field work of the present study was done on four
lakes, Clear Lake, Mud Lake, Green Lake, Bog Lake, and on & private farm pond,
Pasinski's Pond, all in southeastern Miochigan. All of these waters are included
in Table 2, and also are desoribed iIn some detail below. Bog Lake was studied
only in the winters of 193940 and 1940-41; the other waters named were studied
in those winters and also in that of 1337-38. During part of the winter of
1639-40, Richmond lL.ake wars under observation; and alao in that winter certain
experimenta, to be desoribed leater, were conducted in some small experimental
ponds at the Drayton Plaina stete fish hatchery. Variocus other lakes in the
southern peninsuls of Michigen were used for occasional or single sets of
observations.

Clear Lake, Mud Lake, Bog Lake, and Green Lake lie within that part of
Washtenaw end Jackson Counties which has been designated the Waterloo Area, a
reglon of generally poor farm land which was developed for several years by
the United States Park Service as & reoreetional area. This area is a part of
the Kalamagoo-ississinawa morainic system, described by Leverett (1917), and
is in the physlographic division of the Lower Peninsula lmown as the Thumb
Upland (Veatsh, Trull, and Porter, 1926). It is characterized by a rather
rugged topography, abrupt transitions in soils types, and many and varied
bodies of water. %'ithin the Waterloo Area are many shallow, soft—bottomed
lakes of the type which is apt to be subject to winter—iill.

Pasinski's Pond and Richmond Lake also are in the Thumb Upland. They
are in a region of very numerous lakes, an area whioch occuples a large part
of Oakland and Livingston Counties,

Table 2 gives soms of the principal physical characteristics of the lakes
studied. All of these lakee, with the exception of the dystrophic Bog Lake,

are in the eutrophioc cless, according to the Thieneman-Naumann system. Since
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eutrophic lakes vary greatly in physiographic age and hence in organic richness,
without sharp dividing lines, the lakes under study ocan be subdivided anly
in general, relative terms. Clsar Lake may be designated ad sarly—etage
eutrophio, Mud and Green Lakes as mid—stage eutrophic, and Richmond Lake and
Pasinski's Pond as late—stage eutrophic. Thus a graded series is established,
on the basis, principally, of the general organic richness of the lekes and
their apparent state of progress toward senesoenos. Obviously, thelr sus—
ceptibility to the development of stagnation follows much the same order.
Brief individual desoriptions of these lakes follow.
Clear Lake

(Jackson County)

This leke, in the eastern part of Waterloc Township, 18 surrounded by
steap wooded hills. It has only a vague stream conneotion with any other
body of water, and receives most of its water supply from surface and sub—
surface run—in. Its morphometry 1s shown by the map, Figure 6, which also
gives the locations of the sampling stations. The name of the leke is fully
Justified by the clearness of &s water. Although there is considerable 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 th; deeper
places., Compared to most of the more shallow lekes of the region, Clear Lake
is relatively little advanced in eutrophy — in fact, ian point of view of several
of its characteristios, it is not far beyond the border—line between olig;-
trophic and eutrophle. Therefore it is oclassed, in Table 2, as early—stage
eutrophiac.

Clear Lake 18 considered to furnish fairly good fisghing for largemouth
bass, bluegills, and yellow perch. No winter—klll has been recorded for 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-iill
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conditions. It was thought that comparative data might thus be secured
which would demonstrate some of the differences between lakes whioh are and
those which are not subject to winter~kill, and hence might bring to light
some of the governing factors in winter suffocation.

Mud Lake
(Lyndon Township, Washtenaw County)

This lake, as shown by Figure 7, 1s rather uniformily shallow, having
no water over about 5 feet deep. It 18 surrounded by low wooded hills and
grassy marsh. The inlet stream brings in a steady flow of water from Suger—
loaf Lake, and there also is a steadlly flowing outlet. Thus there is always
some current through the lake, modifying many of 1ts sonditions to a certain
extent. Otherwige its characteristios are rather typioally those of many
southern Mic}ﬁ;gan lakes. IJte water is only moderately clear, and sametimes
" oarrles suspended material which causes an inereased turbidity. Much of the
bottom 18 composed of soft, organically rich materlal; but some arsas have a
large amount of marl. Rooted vegetation 1s moderately abundant over a large
part of the lake. The water 1s hard, having a total alkalinity, to methyl
orange indicator, of from 200 to 260 parts per milliomn, expressed as CaCOg.

Considering its size and depth, Mud Lake produces a reasonably large
amount of fishing. Bluegllls, largemouth bass, and northern pike are the
chief gams species. Undoubtedly there is considerable intermingling of the
fish populations of Sugarloaf end Mud Lakes; and it 1s probable that, follow—
ing the rather heavy winter—kill in Mud Lake in 1935-38, the lake soon was

restocked from Sugarloaf Leke.

Green (or Stoffer's) Lake
(Borthwest of Chelsea, Washtenaw County)

The sisze, shape, sand depth of this lake, as well asz the location of the

sampling stations, are shown by Figure 8. 1Its surroundings are asimilar to
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those of Mud Lake. It has a small but fairly steady inlet, which carries seepage
water from a large marsh, Its outlet also is small. Over most of its area

the lake is less than 5 feet deep, and the greatest depth only slightly exceeds
10 feet. Rooted vegetation is very dense over all of the shallower parts of

the lake.

Green Lake is semi-artificial, in that it was enlarged a few years ago‘ by
the constructicn of an earth-fill dam. Even the newly flooded bottom, however,
is of partly organic material; and the lake as & whole is rich enough in organie
natter to be considered definitely eutrophies. It has suffered more or less
severe winter-—kill of fish in several different years. However, it has retained,
or has been artifiocially restocked with, a suffieclently large population of
bluegills, peroh, and blaok erapples to provide fairly good fishing.

Bog Lake (not officislly nemed)
(8eoticen 21, Lyndon Townshlip, Washtenaw County)

This small pot—-hole 1s a typloal bromn-water, eocid bog lake, conforming
well to the definition given by Weloh (1935) for & bog lake. No map is avail—
able, but the lake is approximately 1/4 acre in sise, and is almost a true oval
in shape. At its present level, it is isolated from any other body of water;
but at the slightly higher level which probably existed at some time in the past,
it had an outlet. Its greatest depth, 6 feet, prevalls over most of its ares,
since its shore is an abrupt drop—off. The one sampling station used in this
work was in the ocenter of the lake,

Bog Lake has a surrounding, enoroaching Sphagnum—-Chamaedapbne mat, which

in turn is bordered by spruce and tamarack trees. It 1e further surrounded by
low hills, not unlike those which border the many harder water lakes of the
vicinity. Indeed, it is somewhat striking that Bog Lake is within a few hundred
yards of another small lake, whioch lies in a somewhat similar basin, but whioch

is alkaline, and bordered by a cattail-sedge mat. Other instances of the fairly
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closs proximity of an acid bog lake to an alkaline clear water lake may be
found in the same general region in southeastern Michigan.

Bog Lake fits quite well the general oconception of a lake of the dys—
trophic type. Its water is stained a dark brown, very soft, and moderately
acid. The bottom material is somewhat gelatinous, and very flooculent.
Although some of this material is more or less ln suspension in the bottom
part of the water, there apparently is no definlte false bottom such as that
whioch ooccurrs in many bog lakes. The anly species of fish kmown to live in
Bog Lake is the mud minnow, Umbra limi. Nothing has been recorded conceming
any possible winter—kill of fish in this leke in past years.

Pasinski's Pond
(Livingston County)

This private pond was artificially ccnstructed, about 1932, by damming a
natural swale, It is surrounded by rolling farm land. It has no inlet, but
receives run—in from the grassy hillsides, and also is fed by underground
sespage. A suall motor—driven pump, on the esst shore of the north end of the
pond, capable of delivering approximately 60 gallons per minute from a shallow
woll, is used, at times, to help maintain the water level in the pond. There
is a small outlet which usually flows except during perlods of drouth.

As shown by the map, Figure 9, the pond has an area of slightly less than
4 acres, and a maximum depth of about 6 feet. Its soft bottom has a rather
high organic ocontent. The water is choked with rooted water plants, almost the
entire bulk of which consists of the waterweed Anacharig, with a few amall

local beds of coontall, Ceratophyllum. There is also a oconsiderable amount of

filamentous algae, most of which apparently is Spirogyra, with aome Cladophora.
The amount of algse present in a growing condition varies from one time to
another, but is nearly always considerably greater in the end of the pond nearest

the outlet (the south end) than in the other end. Pasinski's Pond 1s quite rich






- 20 -

in total organic materials; in the eolassification used in Table 2, it is
oonsidered to be in the advanced eutrophic stage.

This pond has been the site of various activities of the Institute for
Fisheries Research. It was poisoned in the fall of 1937 and agein in the spring
of 1938, in an attempt to destroy the abundant population of bullheads,

Ameiurus nebulosus, which wes then the only specles of fish present. Large

nurbers of bullheads were killed, but an unknown number survived. The pond was
stocked, in 1938, with several palrs of adult bluegille, whioh reprodused in
that summer and agein in 1939. In the summer of 1939 this stock of blusgills
was used by W. C. Beokman, of the Inatitute staff, for certaln fish marking
gtudies.

In the winter of 153540 a heavy winter—kill took place in Pasinski's Pond,
apparently totally destroying ths bluegill population, snd killing many bull-—
heads. Winter—iill in previous years has been reported; and in the summer of
1837 a number of largemouth bass were reported to have died because of summer
stagnation.

Riochmond Laks
(Waterford Township, Oakland County)

This leke, for which no map is available, 1s about 16 acres in srea. In
most places it is less than 6 feet deep, end its maximum depth is not over 10
foet. It has no distinet inlet or outlet. The bottom is covered with a thick
deposit of mucky peat, which at times becomes putrescent. The lake apparently
is £illing rather rapldly, and already may be considered to be well advanced
in senescence. The present margin of peat foretells the eventual fate of the
lake basin,

Richmond Lakes was studied only in the winter of 153840, and starting at
& time after rather serious conditions already had developed. One sampling

station, in the deeper water, and an open hole in the 1ice were used for samples,
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The lake had a rather heavy loss of fish that winter. Nothing ia known con—
cerning previous kills. The lake is not fished heavily; although it contains

& moderate population of pan—£ish.

Hatchexz Ponds

For some experiments described below, three small experimental ponds at
the Drayton Plsains hatchery were used. These ponds are entirely artificlal,
and are very nearly alike. Each is 50 by 100 feet, with a falrly uniform
depth of about 3 feet. The bottom 1s soft mud, and there is a limited amount
of rooted vegetation neer the shores. The ponds may be filled with water from

the Clinton River, and they have overflow outlets.

Sempling Stations

During the course of the investigation, & large number of sampling stations
were established. Some of these were used continuously throughout each of the
three winters, some for only ane or two winters or anly part of cne winter, and
some only onoce or a few times., Table 3 lists, and gives some of the charasoter—
istios of, every station exsept those which were used only a very few times,
or those in lakes which were visited only once or twice. The maps of Figures
6, 7, 8, and 9 show the loocations of the stations on Clear, Mud, and Green
Leakes, and Pasinski's Pond. A brief description of soms of the major sampling
stationa follows;

In Clear Lake, & shallow station (Station 1) and a deep one (Station 2)
wore esteblished in 1937-38. Statiom 2 was replaced, in 1840-41, by the still
desper Station Z2a.

The original Station 1 of Mud Lake was used in all three winters. To it,
in 193940, were added Stations 2, 3, and 4, principally because of their variety
in type of bottom and umount of vegetation present. In 183540 and 1540-41l,

regular samples were taken alsc in the inlet and outlet streams.
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In Green Lake, only Station 1 was used during the first two winters; but
in 194041, several more staticns were established, ineluding Stations 2 and
4 in somewhat desper water, and Station 3 over & marly bottom. The “open hole"
listed in the table was & hole in the ice, a few feet across, artifiocially kept
open for a long perlod of time in the winter of 1839-40.

At Bog Lake only cne station, in the center of the lake, was used.

Richmond Lake also had an open hole for a oconsiderable time in the winter
of 1939-40. Besides this hole, one station, in the deeper part of the lake,
was used.

In Pasinski's Pond, only Station 15 was used in 1937-38. In oonnection
with experimental work on the pond in 1939-40, over 30 additional stations
were established. Of these, Stations 20, 24, 26, and 27 wore seleoted for
sampling in 1940-41. The open hole of 1939-40 wes at the point of discharge
-of the pump. |

The depths of sampling, given in Table 3, were not entirely omstant
throughout the aurvhy. They were affected to som extent by variations in
lake water level, and by slight changes in station lecation. Although the
statims usually were marked by stakes sst into the ise, oocomsionally their
exact loocations beceme lost, and their positions no doubt changed somewhat from
one winter to the next.

The primary sampling depth st each station was that designated as "surface”
or "top". This sample was taken at from 4 to 6 inches balow the surface of
the water as it stood in ths hole ohopped through the ice. Thus, although this
level at times may actually have been above the under surface of the ice, it
is assumed that it held water which previously had been just under the ice,
and whioh had flowed into the out hole. %his sampling depth 1s designated in
Table 3 by the symbol §.

The sample of next importance at any given atation oame from about 1/2 to



1 foot above the bottom, this level being the deepest at whiash the sampler
eould be cperated without stirring up the bottom materials. This sample, in
various tables and graphs, and in the text, is oalled “"bottom", abbreviated
"bott.” Bamples commanly were talen also from the various intermediate depths
listed in the table.

8tations in the various inlets and outlets were somewhat under ths influence
of current, as was also Station 1, and to some extent Station &, of Mud Lake.

All other stations wore in relatively motionless water.



PROCEDURE, METHODS, AND EQUIPMENT

The lakes were sampled periodically, each winter, throughout the entire
period when the ice waz safe to walk on. Whenever the ice waas thiock enough to
permit doing so, an automobile was driven onto the lakes. At other times either
a portable shanty or a specially fitted hand sled was used. This sled with its
box is shown in Figure 10. Both the shanty and the sled were equipped with
gasoline hnterns to prevent samples from freeszing.

The hole for sampling was made beside the station marker, or at a short
distance, where average conditions of ice and snow existed. The hole, from 8
to 10 inches in diameter, was cut with a steel ice—spud, using ocare 8o as to
minimize the agitation of the water by upwelling.

Samples of water for chemioal examination were taken, in 193738, by means
of a Kemmerer—type water collecting bottle. In 1939—40 and 194041, however, a
sampler modified somewhat from that figured in Standard Methods (Ameriocan Publie
Health Association, 1936, p. 140) was used. This sampling oan, with attached
oord for hauling it, is shown in Figures 11 and 12. It consists easentially of
a metael ocan, in which the sample bottle sits, with tubea for delivery of water
and escape of air, so arranged that the volume of water in the bottle is dis—
placed at least three times, without the entrainment of air bubbles. In thia
work, this sampler was found to be superior in nmany respeots to the Kemmerer
bottle. It is much less subject to trouble from freezing. It is more sturdy,
and can better withstand the hardships of work under the ice. Since it is
more ocompact it can take a sample from a thinmer stratum of water, and from
nearer the bottom.

Vhen samples were taken at more than one depth at a station, an almost
unvarying procedure was employed. The sample, or samples, from the "surface”

depth was taken first, followed by that or those from the next lower depth,
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then from the next depth, and so forth. Thus no layer of water was subjected
to agitation, by air bubbling from below it or by the sampler passing through
it, before a sample from that layer had been seeured (in regard to possible
errors produced by certain modifieations of the sampling teochnique, see Appendix).
Water samples were collested in 250-ml., ground-glass stoppered, bottles.
Every possible effort was made to prevent their freezing, and yet to keep them
at a low temperature until their analysis had been oompleted.
The methods used for chemioal analysis were largely those of the Standard
Methods of Water Analysis, 8th edition, of the Americsn Public Health Assosie—

$ion (1936).

Dissolved Oxygen
Dissolved oxygen was determined in 1837-38 by the Rideal-Stewart modifice-

tion of the Winkler method. This modification is extremely tedious at near
freezing temperatures; so in 193540 and 1940-41 the repid modifiocation of

the Winkler method, for waters contalning organic mattey (Stm&rd Methods,

1936, p. 145), was used. In this method, 2 ml. of manganous sulfate solutiom,
and 1 to 2 ml. of alkaline iodide solution, are used; and the sample is acidified
immediately after & 30-secand shaking, without allowing the precipitate to
settle.

The prosedure up to and ineluding acidification was carried out in the
field, sometimes at the station, but more often after the sample had been taken
to the shore. At oold temperatures, it is likely that no signifioant change
in the dissolved oxygen content of water in a tightly stoppered bottle takes
plece in an hour or two (Birge and Juday, 1911, p. 17). The "fixed" samples
were titrated, after transportation to the laboratory, within a few hours and
without having been allowed to warm up,

Results of the dissolved oxygen determinations are expressed in parts per

‘million. It is probable that this expression has a more significant meaning
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than does per cent saturation. At any rate, since the temperature of the water
under the i1ce stays within rather narrow limits, the two sets of figures for
that water are closely proportional.

In 198738, the determinations of free carbon dioxide and of pH were made
in the field. In the winters of 1935-40 and 1940-41, these analyses were made
after the sample had been brought into the laboratory. These seamples were
taken in 250-ml. bottles, tightly stoppered; and were brought to the laboratory
with as little warming as possible, The samples for alkelinity determinations
and for "aerated pH" also were taken from these bottles after t;rrival at the

laboratory,

pH, Carbon Dioxide, Alkalinity

The pH was measured ocolorimetrically. In 1637-38 a Helllge dise—iype
comparator was used, and in 193540 snd 1940-41 a Rascher-Betzold spot-plate,
pipette type pH set. The former inatrument wes read to 0.2 pH tmits; the latter
was graduated to 0.2 units, and was read to 0.1 unit. The serles of indicators
of each set is so arranged that, at lesst in certain parts of the pH scale,
there 48 considerable overlap from one indicator range to the next; and thus
soms degres of oheok on readings is available, Even so, in the use of such a
method an ocoasional error of 0.1 or 0.2 units, or even more, must not be
entirely unexpected; for with some samples of water the oolors are very diffiocult
to matoh.

On & fairly large series of samples, in 193940 and 1840-41, a determina—
tion was made of pH after strong eeration, and again after equilidration with
alveolar air. These tests were made in the laboratory, while the samples were
8till cold. Aeration was by means of the laboratory's compressed air supply.
Equilibration with alveoler air was ascomplished by bubbling the last portions
of several normal breaths through a small sample of the water. The operator in

every instance was the same, so that the determinations would be comparable,
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Fres oarbon dioxide was determined, in 1837-38 and in 184041, by titra—
tion with standerd alkali in the presence of phenolphthalein indieator, using
as an end—point the appearance of a pink color whisch remained visible for 30
secands. Results are expressed in parts per million, reskoned eas coz. and are
recorded only %o the nearest part per million. Because of personal errors and
inherent errors of the method the use of decimal fraotions is felt to be
unjustified.,

In 193640 no oarbon dioxide titrations were made. A rough estimate of
the amount of free carbon dioxide may usually be obtained by a compariscn of
the initial pH of the sample with its pH after equilibration with air or with
alveolar air (for formulae, see Powers, 1927, 1930; Peters, Williams, and Mitohell,
1840), or by a oompariaon of the pH with the total alkalinity (Water Works and
Sewnge, 1936). Too much oredence, however, must not be placed in any exmet
figure so derlved, slnoce an error in the pH reading, suoh as is mantioned mbove,
produces a oorresponding error in the ealculated carbon dioxide wvalue.

Phenolphthalein alkalinity was determined by titration with standard acigd,
using es an end-point the diseppearance of the last visible trase of pink of
phenolphthalein indicator. Results are expressed in perts per million, calcu—
lated as CaCOg.

Total alkalinity (methyl orange alkalinity) was memsured by titration with
standard acid, using methyl orunge as an indicator. Results are given in parts
per million, expressed as CaCOz. Since one operator performed all of the titra—
tions, and since the notorlously difficult determination of the end-point of
mothyl orange becomss much easier with practice, the results probably are con—

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

Bioochemical Oxygen Demand
Biochemical oxygen demand was determined by constant temperature inoubation

in 250-ml. ground-glass stoppered bottlea. The method used was that of the Publle



Health Service (Theriault, 1927; American Public Health Association, 1836),
with oonsiderable modification and simplifiocation. Undiluted samples were used
whenever possible; when dilution waes necessary, the preference in osloulating
weighted mean values was given to the sample least diluted. A dllution of 1:2
often aufficed, and the greatest dllution necessary, even with those samples
having a high oxygen demand, was 1:56. All dllutions were made with serated
distilled water, and no baoterial seeding was used. Since the dilutions were
not great, it is rather probable that sufficlient inorganie nutrients and basteris
were supplied by the water sample, and that the principal limiting faotor in
the diminution of oxygen aoctually wes the amount of available organlo food material
present. All of the results are expressed in parts per milliem.

B.0.D. measurements were made at two inocubation temperatures; at the
standard temperature of 20° C., glving results that may be compared with those
of other investigators; and at 0° G. (0°~4® C.), which temperature more closely
simulates natural oondltions under the ice. Incubation at 20° was performed in
an eleotric incubator, and at 0° in a standard household electric refrigerator.
Most of the incubations were for the standard b—day period; but one series of

samples was incubated at 0° for 60 days.

Light Penetration

Measurementa of the penetration of light through water, ice, and snow were
made with a ﬂpocially designed submerged photcmeter, employing photoelectrie
oells. In reoent years this type of photometer has oome into rather common
use, particularly in oceanography. Nany different designgs have beem employed
(Ellis, 1934; Pearsall and Ullyott, 1933; Burr and Burr, 1934; Utterback and
Wilson, 1940; ete.). All, however, embody photoelectric cells of the selenium
rectifier, or similar, type. They differ malinly in external design.

The photometer used here (see Figures 13 and 14) was built with special

adaptations for use under ise. It consists essentislly of a suitably housed
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receiver, embodying two Weston "Photronic"™ cells, and conneoted by a water—
proof oable to a very sensltive multiple-range galvanometer. The brass housing
case of the receiver ocan be fitted with a detachable pipe handle, enabling it
t0o be thrust under the ice to a distance of approximately 2 feet from the edge
of the hole whioh must be out in the ice (see Figure 15). With this handle
removed, the receiver can be lowered and raised by means of the eleotric eable.
In general principle, the apparatus is similar to that deseribed by Zinn and
Ifft (1941); but differs in meohunlcal design, and in using an extra Weston cell
for added sensitivity. In optical and eleotrical detail, 1t meets the ohi;f
specifications of the International Counocil for the Exploration of‘tho Sea
(Atkins, et al, 1938).

Between the cells and the water there is, first, a plate glass window,
and above that a removable diffusing window made of single opal—f'lashed glass.
The space betwsen the two glasses may ocontain water or an interchangeable glass
ocolor filter. Also in this spaoe may be inserted a light—reducing filter, for
outting down the intensity of light on bright days, so that the readings are
not off the scale of the meter. The filter sc used in this lnvestigation was
made of exposed and developed photographic film (a glass filter would be more
durable).

Color filters of three wave-length ranges were used, spproximeting very
olosely the apecified ranges of green, red, and blue, as given in Atkins, et
al (1938). These colored glasses were obtained from the Corning Gless Works,
and their exaot specifications are; |

Green, Corning Xo. 400-l; standard thickness. Maximum sensitivity at
about 560 m.., effective range from about 470 m. to 640 m..

Red, Corning No. 245; standard thickness. Transmits freely above a sharp
out—off at about €600 m:.

Blue (violet), Corning No. 511; standard thickness. Maximum transmission
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at about 410 Eﬂh effective range from about 380 m«tc about 470 me

The procedure of mnaking measurements of light psnetration through ice snd
sunow was &g follows. An inltial reading was made with the receiver in the
air, resting horizontally on the surface of the ice. Then, with as little loss
of time as possible, the recelver was thrust under the ice, and a reading wes
taken. Then another reading wes teken in the air, and so forth, sufficlent
alternating readings being mmde to meke sure that the intensity of daylight had
remained reasonably canstant througheut the process. If measurements at varlous
depths were made, the same alternating reading procedure was followed. It was
found that on either oamplétely cloudless days or heavily overcast days the
light remained sufficlently constant to provide ascceptable results, over periods
long enough to make the necessary number of readings. Utterback (1933), hcwever,
found that at certain times "the inteusity of the visible light may vary within
& few minutes by several per ocent, even though there by & eloudless sky and a
elear atmosphere." Henos, although considerable precaution was used, it is not
impossible that an ocomsional smell error may have entered into the results
obtained. Measurements always were made at about the ssme time of day — usually
close to noon — to avold large ohanges in the angle of light,.

Measurements of penetration of light through the snow cover were, of
necessity, made indireotly. The penetration through the lce and the snow was
measured; then the snow was removed, and & measurement made of penetration through
the lce alone. PFrom these two readings the amount of light penetrating the snow
alone was computed.

The instrument wes oarefully oalibrated, in terms of light intensity in
foot—oandles incident upon the face of the target, against a daylight type
photoflood bulb, previously standardiged eguinst a bulb which had been ocalibrated
by the U. 8. Bureau of Standards. The temperature ocorrection was asscertained

by ealibration at several temperstures. It was found, in agreement with the
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statement of Utterback and Wilson (1940), that the temperature correection is
greater at higher illumination levels.

The regults are expressed in terms of percentage penetraticn; i.e., the
per eent of the light that is incident upon the upper surface of the layer of
ice, snow, or water, that penetrates through that layer. Also given is the amount
of light ("total™ light) that impinges upon the photometer target. It must be
remembered that thls is not true total light, but rather is diffuse sunlight
or daylight, as messured by a Weston Photronio cell, which has a maximum sensi-—
tivity in the yellow—green portiocn of the spectrum.

Possible error caused by the loss of low-angle light was not taken into
scoount. &uch loss is minimized by the opal glass diffusing window, Further—
more, the various readings are camparable, #slnce the angle of light always

was approximately the same.

Qther Factors

Only & limited number of mesasurements were made of water temperatures.
For part of these a standard reversing thermometer, graduated to 0.2° C., was
used; the remainder were made with & pocket thermometer, graduated to 1°®* F.
The pocket thermometer was placed in water that had been rapidly hauled, in the
sampling oan, from the desired depth.

Other field observations, made either regularly or only ococasionally, con—
oerned such conditions as weather, thlickness of ioe and anow, appearsnce and
odor of the water, condition and amount of maoroscopio vegetation, and so forth.

For none of these observatlons was any special equipment or technique needed,



FINDINGS AND DISCUSSION

Weather, Ice, and Snow

The winter oclimate of southeastern Michigan is moderately cold, with
fairly even precipitation. Snows are apt to be frequent, but rather light.
Many days are cloudy or partly eloudy, and there is fair to moderate humidity.
There are many winter breezes and light winds, but rarely is there a storm of
blissard-like intensity. Midwinter thaws are frequent, and it is rather seldom
that snow remains on the ground continuously throughout the winter.

The time of freesing—over of the lakes in the region not only varieas with
the size, depth, and exposure of the lake, but also vuri@a greatly from year
%o year. Likewise there is considerable variation in the date of the spring
brealkup of the lce. In the winter of 1937-38 there was an ice—cover, at least
on some of the lakes under observation, from before December 10 to about Maroh
15. In 193940 the ice—cover did not form until almost January 1, but it lasted
until about April 5. In 1%40-4] the lakes froze over early, some of them being
completely ocovered by December 5. A warm spell in late December partially or
oompletely opsned up the lekes for a few days, from about December 25 to about
January 5. Bog Lake, alone of the lakes thet were under observation, retained
an unbroken oover of ice during this period. After the ice formed egain in
early January, it remained intact until almost April 1; however, it was soft
and thin on soms lakes after Mﬂreh 16. Table 4 gives the thickness of the ice
onn the various lakes of the survey, on the dates on which these lakes were
visited. These figures represent, usually, the epproximate average thiokness;
for the thiokness of the loe often varied considerably from one part of the
lake to another.

Also given in Table 4 is the depth of snow upon the ice from time to time,.
Obviously, only an approximately average figure oan be given, because drifting

often causes the snow to be much deeper in some places than in others. Tables



5 and 8 1ist the day by day figures Zor the amount of anow on the ground, at

7 A.M. eaoch day, at the University weather station in Ann Arbor. ZTable § gives,
in addition, the amount of snow on the lakes studlied, for those dates on whigh
it was msasured. When more than one lake was visited on any ane day, the figure
used represents & weighted mean of the various lakes. This informetion is not
available for 1935~36, and hence ia not given in Table 5.

With a few disorepancies, ths two figures, the one for the Ann Arbor
weather stafion and the other for the lakes themselves, are in reasonably good
agreement. Therefore & graph using compromise values from these two sets of
figures 13 believed to represent fairly accurately the depth of snow from time
to time in the general region. Such ourve, for each of the winters of 1935-36,
1937-38, 1989-40, and 1940-41, &8s shown in Graph 1. IV is probable that the
value given by that graph for any partisular day would not be far from the
aatual mean depth of snow on the ioce of any one of the lakes studled, on that
date.

"It 1s readily apparent from this graph that in the year of the heavy
winter—kill, 1935-36, not only was the snow fairly deep, ﬁut what also is very
important, it remained on the ice for a long uninterrupted perlocd. Likewise
in 193940, a winter with some kill, although the snow was not so deep, it
covered the ice for a rather long unbroken span of time. In contrast, in the
winter of 1937-38, and even more so in 1940-41, the anow on the lce frequently
was dissipated by thaw or rain; and hence, although there were many snowstorms,
there were no extended periods of snow coverage. These two winters were vin-
tually free from winter-kill in the region of southeastern Michigan under
investigation. The interrelationships of snow—ocover, light, and oconditions in

the water will be discussed more fully below.

Water Temperature

Water temperkture measurements were made fairly regularly in the winter
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of 1937-38, but only occesionally in 1939-4¢0 and 1940-4l. In Table 7 are

given the temperatures for the lakes studied in 1937-38, both &8 reed in degrees
Centigrede, and as converted to degrees Fahrenheit (to the nearest 1/2°).

Table 1l repeats these figures, for Statlon 2 of Clear Lake, but rearranged
according to depth. There may be some reasan to doubt the exactness of these
figures, since the thermometer used that winter had not been calibrated for
some time. However, the general trends may be noticed. Ome evident tendenoy
is toward the development of a very abrupt drop—off in temperature ‘in the upper
few feet of water, with & mush mere gredual decline from there to the bottom.
Another is a distinet warming up of the general mass of water as the season
progressed. It is diffioult to estimate what part of this increase in tem-
perature was due %o the oxldation of organic matter, and what part to heat
produced by the radiant energy of sunlight. The occasionsl entrance into the
leke of a considerable amount of comparatively warmer rain water may have con—

tributed a small part of the heat.

Dissolved Oxygen
By far the best single indlcator of conditions for fish life in the water
under the ioce is the amount of dissolved oxygen. The determination of dissolved
oxygen is a relatively simple and relieble procedure, and one which is capable
of adaptation to winter field work. Therefore the data of this study contain

& large proportion of dissolved oxygen walues,

Date and Graphs
The oxygen data are recorded in the feollowing tables and graphs;
Tables 7, 8, and 9 contain the dissolved oxygen figures for the winters
183738, 193940, and 184041, respectively, for the prinoipal bodies of water
studied, arrenged according to oonsecutive sampling dates for each depth at each

station. Table 10 is similarly arranged, but is composed of data, for the three
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winters given above, for the miscellanecus lakes which were visited only once
or twice.

The vertiocal distribution of dissolved oxygen is given, for certain stations
in Clear, Green, and Bog Lakes, and Pasinski's Pond, in Tables 12 to 17. In
these tables the arrangement is by depth for each sampling date.

In Graphs 2-8 are shomn the trends in dissolved oxygen wvalues throughout
the winter, for certain lakes and stations. The horizontal and vertical soales
are proportionately uniform throughout this series of graphs, so that the curves
may more easily be compared one with another. Un each graph also is shown the
snow depth ourve for the appropriate year (copied from Graph 1), to the same
horisontal scale, in order that visual comparison may be mede between the amount
of snow upon the ise on any one date and the trend in oxygen value at the sams
time.

Graphs 9 and 10 show, for each of four selected stations (surface samples),
the curves for the three winters 1937-38, 1935-40, and 1940—41, Again the
horizontal and vertical scales are in thei;?;ngportima.‘

The vertical distribution of dissolved oxygen for various lakes and for
certain seleoted sampling dates is shown in Graphs 11 and 12. In each of these
graphs the horizontel soale (oxygen) is the same throughout the graph; the
vertical scale (depth) varies, in Graph 11, with the lake. The method of dia—
gramming dissolved oxygen in these graphs is similar to that sometimes used to
show the vertical distribution of plankton. Ineluded in Graph 11, for purposes
of oomparison, are diagrams for Lake Mendota, for certain dates in the winter
of 1906-07, the data for which were taken from Birge and Juday (1811).

The highest oxygen values, for the several bodies of water, recorded during
the survey were: Clear Lake, 16.2 p.p.m., Station 1 on January 20, 1940; Green
Lake, 15.7 p.p.m., Station 1 on January 10, 1940; Mud Lake, 15.4 p.p.m. (approx—

imately 136% saturation), at Station 4 on March 11, 1840; Bog Lake, 21.0 p.p.m.



(about 146% saturation), on February 11, 1941; and Pasinski's Pond, 28.0 p.p.m.
(about 180X saturation), at Station 26 on January 31, 1941. During the winter
of 1940-41 a considerable number of samples from Pasinski's Pond contained over
20 p.p.m. dissolved oxygen. The most rapld increase in oxygen noted was in
Mud Leke, at Station 4, where the oxygern changed from 13.1 p.p.m.on March 8,
1940, to 19.4 p.p.m. on ¥arch 11, an indrease of 6.3 p.p.m. in 3 days, or at
the rate of 2.1 p.p.m. per day. The most abrupt decline recorded weas in
Pasinski's Pond, &t Station 27, Here the oxygen fell from 12.3 p.p.m. on Feb—
ruary 12, 1940, to 2.4 p.p.m. on PFebruary 14, a decrease of 9.9 p.p.m. in two

days, or at the rate of 8 p.p.m. per day.

Disoussion

The oxygen in Cleer Lake showed considerably less variation (Graphs 2 and
3) than that in the richer, more shallow lakes. A%t Station 1, in Clear Lake,
the top and bottom samples were remarkably similar in oxygen cantent at nearly
all times. At the deeper Station 2 (Station 2a in 1940—41) a much more evident
stratification was found. The water layers at the surface, 10-foot, and 20—
foot levels had an almost uniform content of dissolved oxygen at the start of
the winter of 193940, but gradually developed the spread in oxygen values
typical of stratifiestion (Graph 2). Strangely enough, in the winter of 1940
41, the oxygen in the deeper water was rather low even at the onset of the ice
oover; the oxygen ourves for this station in Graph 8 are almost level throughout
the winter. Apparently for some reason stratification already had developed
before the first samples of that winter were taken (even though sampling was
started two weeks earlier than in the preceeding winter). It is possible,
although not definitely known to be the case, that following the fall overturnm
some sort of sn oxygen demand (more or less pronounced and rather immediate)
developed in the lower uﬁer, a8 from the settling of a suddenly kllled orop

of plankton, and that this demand was suffloient to bring about such early
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stratification.

The greater eutrophy of Mud Lake is refleoted in its oxygen curves for
193940 (Graph 4). As may be seen by juxtaposing these ourves with the curve
which represents depth of snow, there was a definite respanse of the oxygen
value— sspecially at some stations - to changes in light intensity. Stations
2, 3, and 4 showed low oxygen during the period of snow cover throughout most
of Pebruary, and very sharp rlses in oxygen in early and mid-lareh, when the
snow was light or absent. These three stations, which initially were chosen
on the basis of differences in vegetation and bottom materials (see under
Sampling Statiocns, and also Table 3), failled to show many significant differences
in dissolved ovgen valuea, the most evident one belng that the oxygeﬁ at
Station 2 (whioh had a soft marl bottom) for some reascm dropped to a low
value much socner than did that at the other statiome.

Station 1 was more or less direotly in the path of flow of water crossing
the leke, and hence its oxygen curves show less response to changing light
conditios, because of the steadying influence of the inf‘lowing water. However,
it is of interest to note that, in spite of the current, a definite stratifi-
cation existed, the bottom water always oontalning less oxygen than the surfaoce
water. The inflowing water itself scarcely could have had much stratification,
sinoe the stream was shallow; therefors even a transitory stay in the deep part
of the lake was enough to bring about a distinct difference between surface
and lower water.

In 1838~40 the outlet water of Mud Leke almost continuously had less
dissolved oxygen than did the inflowing weter (Graph 5). In 194041 exsmotly the
reverse oconditlon existed. In other words, during the one winter the water
lost oxygen during its stay in the lake, in the other year i1t gained oxygen.
Furthermore, it is evident that this difference in the relationship of the

two curves ocame about not nearly soc much by any shift in the ocurve for the



—_ 42 —

inlet water from ons year %o the next, as by a vaat change in the curve for
the outlet. The ocorrelation with the respective canditions of snow cover and
light for the two winters is quite evident.

Curves are given for only one station in Green Lake (Graph 6), since this,v
station fairly well typifies the lake. Here again the relationship between
surface and bottom water (at a shallow station) is plainly evident. The curve
for the bottom follows cloaely that for the top, but almost ecnstantly remains
below it. This relationship, repeated over and over for verious lakes and
stations, oan lead logloally to only cne line of reasaning. The two levels of
wanter are subjeot to the same influences, light on the one hand and oxygen
demand on the other, but to different degrees. The bottom water elther recelives
less light and hence produces less oxygen, or is subject to greater oxygen
demand and hence loses more omygoﬁ% or both; therefere the oxygen surve for
the bottom water falls below that for the surface water. With such a difference,
however, the two ourves should beoome progressively more divergent throughout
the winter (as in the case of the deeper station in Clear Lake, in 1935-40),
instead of following eaoh othier so closely. For some stations, it seems as
if almost as much divergence betwesen t he curves exists at the start of the
winter as later, and that the curves tend te be roughly parallel. In other
words, this is more evidenoce that stratification may take plase, and quite
rapidly, even before the ice forms, as is postulated above for the deep statiom
in Clear Lake in 1940-41.

In respect to the amount by whioch the bottom water at a shallow station
may remain lower in oxygen throughout the winter than the surface water, an
interesting series 1s presented in the ourves for the several lakes, starting
with Clear Lake (Graphs 2 and 3), and progressing through Mud Lake, Green Lake,

and Pasinski's Pond (Graphs 4, 8, and 8), to Bog Lake (Graph 7). In.

4 It may be well to take into mocount the difference in temperature (ususlly
almost 4° C.) between top end bottom, with perhaps & consequent difference in
bacterial activity.
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Clear Lake the oxygen was practically the same at the two depths (at Station
1); for Bog Lake the values were widely separated., Yet the tendenoy, discussed
above, for the lower curve to parallel the upper one existed to soms extent
even in Bog Lake.

Green Lake (Graph 6) offers another example of the readily apparent conmneo—
tien between depth of snow on the ice and dissolved oxygen response, in a
shallow eutrophic lake. The steady decline in oxygen during the long perlod of
snow cover in 193940 contrasts strangly with the almoat level (and relatively
high) eurve for the winter of 1937-38, a winter of camparatively little snow—
fall. |

The typlieally dystrophic water of Bog Lake shows, in somparison with that
of the other lakes studied, a set of extremes. Its power of dxygen stratifios—
tion is almost unbelievably great (see Graph 7 and many of the diagrams of
Graph 12). Por example, on January 23, 1941, the oxygen at the surface was
20.2 p.p.m., while at a depth of 6 feet 1t was 0.0 ﬁ.p.m. Host of this dffer—
ence of 20.2 p.p.m., or 16.2 p.p.m. to be exact, occurred between the l—foot
and the 2~foot levels (18.3 p.p.m. at 1 foot, 2.1 p.p.m. at 2 feet). No doubt
such sharp stratifiocation is associated with the brown suspended meterial of
this bog water, and oculd very seldom, if ever, be found in a clear-water lake.
Also exnggeratedly marked is the response of the surface water of Bog Lake
(and to & oertein extent the water at 1 and 2 feet) to changes in light condi—
tions., This is quite evident in the fluotuations of the oxygen curves for
193940 (Graph 7) in respect to the oorresponding changes in the snow-depth
curve.

As disoussged below, it is probable that the data from no one station in
Pasinski's Pond cen give a very complete ploture of oonditions in the pand as
& whole; since the pond varies so greatly from one part to another. Especially

does this qualification pertain to the winter 1938-40. In 1546-41 conditions
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with a fair dograe of roliability by the use of one set of curves. Graph 8

gives the oxygen curves for Sta.f.ion 26, the deepest station in the pond, for
1940-41. Here it may be n;:ﬁd ﬁt, a8 in the case of other lakes, there is
a considerable correspondence in the dissolved oxygen values for the warious
depths at the smme dates. In this instance, however, there are certain devia—
tions from that eoordination. The values for the bottom water fluetuated to
same extent without respect to that of the surface water, partlicularly on Jan—
uary 31, when the oxygen values at the bottom fell off, while the upper water
was gaining oxygen. The extremely high oxygen values at this station through—
out most of the winter of 194041 are indiocative of abundant photosynthetie
productian of oxygen, during a winter of little snow. |

The variation in the dissolved oxygen content from one winter to another
is shown in Graphs 9 and 10. The oxygen in the water in Clear Lake (at the
surface) was almost the same in each of the three winters, not deviating far
from the saturation point most of the time. The evident conolusion is that this
water, being only mlildly eutrophic, contained not only very little dead organic
matter to consume its oxygen, but alse very little living phytoplankton to
produce oxygen. Henoe it simply retained its initial supply of oxygen through—
cut the winter, with 1ittle addition or deduction. It became neither excessively
low in oxygen during a hard winter (1936—40) nor excessively high in oxygen
during a very mild winter (1840-41). Buch water probably would be safe from
complete oxygen depletion in the longest, most severe winter of the past or
future few centuries.

The ourves for Mud Lake and Green Lake (especially the la tter), however,
very plainly show the comparative effects of the three winters on the dissolved
oxygen content of the water. The winter of 193940 had the most adverse effeot,

that of 1940-41 the least. The greatest difference is furnished by the curves
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for Pasinski's Pond, which form an almost perfect spread in the anticipated
order.

Changes in vertical distribution of oxygen teke place as the winter season
progreases (Graphs 11 and 12). For instance, as mentiocned above and as shown
on Graph 11, the water of Clear Lake was almost uniform at all depths at the
start of loe cover in 1939-40. Oxygen at the lower depths gradually deoreased,
until on March 16 it was very muoh less than at the surface (corrolpondingly,'
the diagram for that date is seml—triangular). A somewhat similar seguence is
shown by the diagrams for Lake Mendots, on the same graph, except that the
oxygen in Lake Mendota tended to decrease malnly at the bottom, maintalning e
somewhat uniform distribution in the upper half of the water (Lake Mendota of
ocourse is much deeper than Clear Lake).

However, in Clear Leke in 1940-41, as well as in Green Leke in the same
winter, stratifiocation was fairly well developed very early in the winter; and
the general shape of the oxygen distribution dlagram remeined somewhat the same
throughout the winter. Soms rather bigarre figures appear on Graph 11, most
of whioch are ocoasioned by somewhat sharp changes in the oxygen in the surface
water — sucsh ag in Clear Lake on Merch 13, 1941, when run—~in water had apprec—
iably lowered the oxygen at the surface.

In Bog lLake, in each of these two winters, the oxygen at the bottom was
very low even at the start of the winter. Here, however, rapld and extreme
changes oocourred in the amount of oxygen in the upper water; so that the dlagrams
of Graph 12 vary exoceedingly, from the almost perfect triengle for January 30,
1540, to the thin wedge for March 3 of the same winter, to the wine-glass shaped
figure for December 21, 1940.

The pesk values of dissolved oxygen mentioned mbove (i.e., 21.0 p.p.m. for
Bog Leke and 28.0 p.p.m. for Pesinski's Pond, in 1940-41) are somewhat unusual

for ice-covered water, although the literature has recorded a few similar instances.
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Griffitﬁs (1936) reported an oxygen content of 22.0 p.p.m. for Lang Pool,
England, under the ice in February, 1930. A lake in Minnesota (Olson, 1932)
had 16.8 p.p.m. of oxygen in January, 1930. In Lake Msndota (Birge and Juday,
1911), on March 29, 1906, the upper water contained 12.5 os. per liter (equal
to about 17.9 p.p.m.) of oxygen. Knauthe (1899) and others also have reported

oxygen values in excess of saturation for water under the ioce,

8peolal Observations — Green Lake

Forty—elight-hour Oxygen Run

In order to determine the effeocts of alternating light and dark periods
upan the dissolved oxygen oontent in the water under the ice, and the possible
existence of a diurnal oxygen sycle, a two—day run of sampling was oconducted
on Green Lake, from January 17 to 19, 194l. G&Samples were taken at two~hour
intervals, starting at 5 P.M. on January 17 (Friday), and ondi.ﬁg at 3 P.M. on
January 19 (Sundey). The stations used, and the saupling depths, weres Station
2 at 1/2 foot, 2 feet, b feet, and P feet; and Station 6 at 1/2 foot and 3
feet. Doterminations were made of pH as well as of dissolved oxygen. The data
-obtaineci are given in Tebles 18 and 19; and Graph 13 shows the dissolved oxygen
ourves.

Although oertain sampling errors may be involved (see Appendix), it is
believed that the figures are acourate enough to warrant the following sonolusionss
The oxygen in the surface water remained prastically oamstant throughout the
forty-eight hours; the slight fluotuations apparently show no correlation with
periods of light and dark., lMuch greater changes appear in the values for the
deeper samples. This situation is exactly the reverse of that whleh would be
expected if changes in light were the cause of fluotuation, since the upper
water is more subject to these changes. The fluctuations of the curves for the

lower depths are apparently quite at randam, and probably are largely explainable
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by imperfections in the sampling technique, or by shifts in the stratified
leyers of water.

It is evident, therefore, that no well—defined, if indeed any, diurnal
variation in oxygen was present. The processes of photosynthesis and of decom-
poeltion are considerably slowed down by low temperatures; furthermore, at auch
temperatures there probably is samewhat of a lag in the reaction of the photo—
synthetic proceass to ohanges in light (i.e., oxygen evolution continues for
some time after the light disappears). This example of course does not prove
that diurnal variationas in dissolved oxygen under the ice never exist. It
may be that at certain times, partiocularly during periods of unusually high
oxygen production (as in Pasinski's Pond in 1940-41), 2 slight diurnal cyole
is present. However, for the average ioce—bound lake, diurnal variations in

oxygen apparently are insignifioant,

Temperature and Oxygen Profiles

On Pebruary 2, 1881, oxygen dsterminaticns were made at & series of points
along & course from the inlet of Green Lake, across the lake, to the ocutlet.
This course followed a somewhat rigzag llne, and included Stations 4, 2, 1,
end 6 (see map, Pigure 8). At each eampling point on the course, oxygen end
temperature measurements were made at depth intervals of one foot. The data
are given in Table 20 (temperatures were measured in degrees Pahrenheit, to the
nearest 1/2 degree, and converted to degrees Centigrade).

Graph 14 is drawn up in an ldealised profile plan, showing isothermal
lines, and lines of equal oxygen temsion. As shown by this graph, the oxygen
stratificetion tendas to be sharpest near the bottom, and tends to follow the
bottom contour. Temperature on the other hand changes most rapldly immediately
under the ice, and the isotherms tend %o follow %he surface contour. These
faots are substantiated by various other observations. The situation just

desoribed is apparently the one which commonly prevails in the ice-covered
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waters of shallow lakes.

pH, Carbon Dloxide, Alkalinity

A fairly complete set of observations was made, for the lakes studied, of
the pH, methyl orange and (if present) phenolphthalein alkalinity, and (except
in 1939—40) free 003. These data are given in Tables 7 to 10, and 12 to 17,
along with the wrresponding dissolved oxygen figures. With the exoeption of
one 5raph'(0raph 156, explained below), these data are not presented pictor—
ially, because (1) acourate aorrelations are scmewhat hard 1:6 establish, and
because (2) the story is told more foroefully and understandably by the dissolved
oxygen graphs. However, a few general observations may be in order.

As might be expected, free COp end pH ere fairly olosely correlated with
dissolved oxygen. The same processes of deoay whish use oxygen produce earbon
dioxide, and henoe lower the pH. Conversely, the photosynthetic produetion of
oxygen uses up esrbon dioxide and reises the pH. To a oertain degree, therefore,
COy or pH ocould furnish a fairly reliable index to conditions under the ice,
especially if the usual or normal values are known. However, certain compli--
cations, some of which may be unforeseen, may arise. The pH mey be influenced
(in bog lakes it most probably is) by acids other than carbon dioxide. Inflowing
water, or melted snow and lce, may greatly alter the buffering power of the
water, and henoce affeot pH.

The physlologioal significance of free ocarbaon dioxide is briefly discussed,
below, in the seotion on winter suffocation.

Pitratable alkalinity to phenolphthalein usually indiocates reasonably
good ocandition of the water, sinoce this alkalinity is dissipated by the coz pro-
duced by decomposition; and when present in appreeciadble quantities under the
lce, as in Pasinski's Pond in 1840-41, it means that photosynthesis hes been

intense enough to utilize a certain amount of half-bound CO,, thus liberating

2'

caloium carbonate.



Under the influence of developing stegnation, the so—called total alkalinity,
‘or titratable alkalinity to methyl orange, gradually incresses, by a relatively
small amount. Under conditions of stratification, the water near the bottom
usually has a higher methyl orange alkalinity than thet near the surfaoce.
Graph 15 (for Clear leke, 1939-40) shows this difference, as well as the ten—
dency for the ocurves representing the ulknlifxity at various depths to spread
apart somewhat as ;:he winter progresses, after starting at almest the same value.
This behavior is comparable to that of the dissolved oxygen at the same station
in that winter (discussed asbove). The sharp fluotuations sand extremely low
values shown by the curve of the surface water were caused by dilution with

run—-in water from rain or melted smow and ice.

Bioshemical Oxygen Demand

The biochemical oxygen demand (abbreviated B.0.D,) is the oxygen consumed,
by basterial aotionq’,/ in a certain period of time, from & sample incubated in
the dark at & fixed temperature. Conventionally, if the limiting oonditions
are not indiocated, it is understood that the time period is £ive days (120 hours)
and the inocubation tempersture 20* C. In the present series of B.0.D. deter—
minations & oonsiderable number of samples were incubated at 0° C.; one set of
these had an extended inocubation — up to 60 daye. Thede procedures are indieated .p.
in the tables,

B.0.D. gives a rather scourate pioture of the relative organie richnesa of
a water sample, and the likelihood of the depletion of its dissolved oxygen supply
in a given time. When measured at 0° C., the B.0.D. of & sample of water from
an jce~covered lake provides a rough indication of the probable behavior of that
water with respect to oxygen depletion.

The B.Q.D. data obtained are surmarired in Pables 21, 22, end 23. As men—
tioned above, in the section on Methods, the wvalues given in these tables usually

are the weighted means of two or more samples, which often were set up at different

N/ Theoretically only baoterial aotion is involved. Actually part of the demand
(usually a small part) may come from purely chemioal — not bioohemicel — oxidation.
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dilutions. The greetest stress in the weighting was placed upon the samples
least diluted, and little weight was given to semples whoae final oxygen content
was close to sero. Table 21 gives the B.0.D. values for five-day inoubation at
20°, and Table 22 thoss for five—day incubation at 0°. Table 23 contains the
data from the 60—day B.O0.D. run at 0°.

Certain faots are apparent. The B.0.D. of the water in Clear Lake was very
muich less than thnt' of the more eutrophic waters. Extremely high B.0.D. waa
found for meny samples from Bog Lake and from Pasinski's Pond. The B.O0.D. at
0®, for nearly all of the waters studied, showed correletian with that at 20°.
The values for 0® averaged on the order of four-tenths of those for 20°.

Quite worthy of note ia the regularity with which the B.0.D. at any parti-
oular station was higher in the upper water than near the bottom. Sometimes the
differences were very large, such as that between 24.2 p.p.m. and 3.8 p.p.m.
(Pasinski's Pond, Station 27, Pebruary 12, 1941, and many other examples). This
sharp deoline in B.0.D. with inoreasing depth fits in very well with the hypo—
thesis that suspended orgenic matter (such as dead plankton) is & prime agent
of oxygen consumption in the water; and that this meterial, produced in the
surface water, is oxidized as it slowly settles through the water, and hence its
power of utiliting oxygen diminishes as it sinks. Opposed to this reasoning
stands the faot that the upper weter usually maintains, throughout the winter,
muoh more oxygen than does the bottom water. This latter difference, however,
oan at least in part be accounted for by the much greater production of oxygen
in the upper water.

The high B.0.D. values obtained for certain sampleas (Tables 21 and 22) indi-
cate water exoeedingly rioh in organioc material. MNany samples from Pasinski's
Pond had a 5-day demand, at 20°, of over 25 p.p.m., with a high of 42.0 p.p.m.
(for Station 15, on January 16, 1941). These values are even higher than those

of many badly polluted waters. In the waters of Green Bay (Williamson, et al,



1939), for instance, which were subjeoct to sulfite pulp mill pollution, most of
the semples taken had a 5-day B.0.D. of 10 p.p.m. or less; and even in the extremely
putrid waters of East River values higher than 26 p.p.m. were very seldom
encountered.

Graph 16 shows the B.0.D. at 0°, over an extended period of time, of three
samples from Station 26, Pasinski's Pond, and one sample from Clear Lake (the
. samples were tai:en on March 11, 1541). The ourves as -drawn are somewhat ideal—
ized, because too few data are at hand to make sure the exmot shape of the curves.
However, they are of the same shape as B.0.D. curves in general, snd hence
probably are reasonably acocurate.

The curves for the three depths in Pasinskil's Pond exhibit a remarkable
spread; and aleo quite a eontrast to the almost flat ocurve for Clear Lake. The
water at the surface in Pasinski's Pond had approximetely nine times as much
B.0.D. in five days (22.5 p.p.m.) as did that in Clear Leke in sixty days (2.6
P-P.M.). Such comparative figures go far toward explaining why Pasinski's Pond
ocan lose nearly all of its dissolved oxygen within a few days, while Clear Lake
almost invariably retains oxygen nearly to the saturation point throughout the

entire winter.,

Li&t Penotration

Data, sources

During the winter of 194041, a considerable number of measurements were
made of the transmission of light through water, ice, and snow, in the various
sltuations which obtained at the lakes whioch were being investigated. The
photometer used, and the methods employed are desoribed above. That winter was
a somewhat mild one in southern Miohigan, particularly in regard to snowfall;
hence oomparatively few measursments involving a snow cover could be made at

the regular lakes of the survey. However, visits were made to South Londo Lake,
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Iosco County, and East Fish, Middle Fish, and West Fish Lakes, Montmorenocy
County, each of whioh had ;njg;glcovar of from 6 to 10 inches. Several measure—
ments were made in each lake. The light transmission data are summarized in
Tables 24 to 27, and are discussed below.

Considerable information was obtained from the literature. Numerous
papers have been written concerning light penetration into water, both sea
water and that of lekes. Among the many investigators who have done work on
this subjeot, there may be mentioned Clarke, Shelford, Poole and Atkins, Utter—
back, Birge and Juday, and Pearsall and Ullyott, most of whom are cited below.
Although mueh less work has been done on snow and lce, a few informative papers

have appeared. As specifically cited below, certain date from these papers are

here presented for purposes of ocomparison with those of this investigationm.

Transmission through Water

The oharacteristics of various waters with respect to the transmission of
light have been reviewed by Weloh (1935, pp. 72-79), Birge and Juday (1929),
and more recently by Clarke (1939) and by Utterback (1941), and therefore are
only briefly mentioned here. The observetions of this study agree, in general,
with the conclusions of these various writers.

It is well known that even the clearest waters impede the passage of 1light
to a certain extent. Light (in the yellow-green region of the speotrum) is
reduced by passing through 100 meters of distilled water, to between one and
two per ocent of its incident value (Clarke, 1939). Natural waters vary from
those almost as clear as distilled water, to the highly eolored waters of bog
lakes or the extremely turbid waters of silt—laden streams, in which the light
may be reduced to a fraction of one per cent at & depth of one meter.

It has been demonstrated that, as e rule, the diminution of the intensity
of light in its passage through water follows & definite mathematical formula,

the relationship between the depth of water and the amount of 1ight penetrating
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to that depth being such that it may be plotted on semi-logarithmic paper s a
straight linG}/iclarko, 1939, p. 27). The slope of that line, then, is an index
of the relative transparency of the water. Many examples of this relationship
have been presented by Clarke, by Birge and Juday (1929), Utterback (1941), and
others.

The penetration of light through the loe~covered wmters of some of the lakes
of this study is plotted in this mamner in Graph 17 (this graph is explained
more fully below). Quite evident are the oomparat#ve rapidity with which the
colored water of Bog Lake reduced the quantity of light, the moderately good
transmission through the rether clear waters of Clear ﬁnd Bast Pish lekes, and
the extremsly low ioss of light in the weter of Crater Lake (data from Utter—
back, ot al, 1942).

As indicated in the papers quoted above there are very large differences in
the relative transmisasion, through water, of light of various spectral qualitles.
These differences depend, in kind and amoumnt, upon the type of water. In dis—
tilled water, or other very clesr water, such as that of the Sargossa Sea,
penstration is best effected (within. the range of visible light) by blue lighst,
and progressively less well by green, yellow, and red light.

In 8lightly less clear water, such as that of the clearest inland lakes of
this region, light in the green or yellow—green portion of the spectrum is trans—
mitted in the greatest amount, red light in the least, and blue light to an
intermediate extent. In moderately oclear lakes, penetration is greatest in the
yellow—green, and considerably less in both the red and the blue, the latter
two being about equal. As shown in Graph 18, the water of East Fish Lake was
found to have these oharacteristiocs.

In the less transparent waters there is a shift toward greater relative

penetration in the longdr wave lengths (yellow, orange, end red light); snd in

\J//In many lakes, howsver, certain conditions, such as differences in the amount
of suspended materiel at various depths, may cause more or less irreguler variations

in the transparency of the different layers of water (see Whitmey, 1938; Chandler,
1942; and others).



— — 54 —

waters of very low transparency, such as highly colored bog waters, the trane—
mission of red light is many times as great as that of green light, and blue
light is almost entirely excluded. This differential penetratlon in solored
water is illustrated by Graph 19, whisch shows the relative spectral transmiassion
through the water of Bog Lake. It is probable that the relatively lesser ability
of light of the shorter wave lengths to penetrate bog water depends in some way
on the presence of suspended particles, whioch seatter certaln kinds of light,
since water which is turbid because of suspended silt exhiblts the same property
(Higgins, 1932, p. 623).

In addition to the loss of light in the water itself, there is, in open
water, & surface loss, sometimes amounting to a considerable portion of the
total light. Aocording to Clarke (1939), only e smmall part of this loss actually
is due to reflection; the remainder is caused by a proportionately high rate of
extinction in the upper layer of water.

Since all of the observatioms of the present study pertained to water which
was oovered with ice, it is difficult to assign any value for "surface loss,™
if indeed such loss existed. 1In making a measurement of the light penetration
through the ice, the target of the photometer was held as tightly as posasible
againgt the under surface of the ice. However, sinoce there was a small space
between the top of the target and the Tiestom oells, and since ice normally rests
in, rather then above, the water, it is apparent that the actual water—ice
interface was above the cells. Therefore any loss which this interface, per se,
may have caused would have been calculated as part of the loss in transmissiom
through the ice. It seems probables that such loss was small.

Furthermore, the existence and amount of any extra loss in the uppermost
layer of water, under the ice, is difficult to judge from the data at hand. The
difficulty of accurately gaging the depth of the target (within the first one

or two feet below the ice), combined with the possibility of error caused by



stray light from the side, prevented the precision of measurement necessary to
determine the exasct behavior of the water immediately under the ice. Another
possibility, about whioh anly speculative statements can be made, is that of
reflection of light, back into the upper water, from the under surface of the
ice (or of the snow).

In general, on the basis of the data as they appear in Table 24 and in
Graphs 17 and 18, it is spparent that there was no very great difference in the
percentage absorption of light in the uppermost foot of water as compared with
the water of the deeper layers. There was perhaps a slight tendenoy toward such
a difference in Bog Lake; but that difference possibly oan be accounted for by

the greater amount of suspended material in the upper water.

Tranamission through Ioce
Of much greater, and therefore more striking, effect in absorblﬁg light

is the oover of ice and snow. The measurements made of light trensmission through
snow and ice are given in Tables 24 to 27. Table 26 is a summary of the percentage
transmissian through ice of various thiqknel-es and canditions, arranged in
descending order of percentage. The values ranged from 84 per cent, for 7 1/2
inohes of very clear isce, to 7.2 per cent for 10 3/4 inches of very cloudy ioe.

_The figures in this table compare fairly well with the few data which are
to be found in the literature. Saubersr (1838) found the transmiaeion through
26 mm. (1 inoh) of olear ice to be about 84 to 87 per cent, and through 4 om.
(1 1/2 inches) of "schneeils™ to be about 45 per oent. The figures given by
Croxtan, Thurman, and Shiffer (1937) ares 4 inohes, 86 per cent; 6 inches,
68 per cent; and 14 inches, 33 per cent. Zinn and Ifft (1541) gave the results
of only one measurement; through 4 1/2 inches of ice, with a "alush cover,”
approximately 65 per cent of the incident light penetrated. Chandler (1942)

found 58 per cent transmission through 40 om. (16 inches) of ioce — a percentage

transmission equivalent to that through the seme depth of Lake Erie water with a
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turbidity of about 20 p.p.m. The data of these various writers were obtained
by the use of instruments and techniques which varled somewhat, one from another;
but in general they probably are properly ccmparable.

It is readily apparent (from Table 25) that the penetration of light through
ice varies greatly with the condition of the ice. Por example, 7 l/Z inches of
clear ice transmitted 84 per cent, as againat 22 per ocent for 7 1/2 inches of
“partly cloudy" ice. Only 7.2 per cent of the incident light passed through )
10 3/4 inches of ice described as "very cloudy." This ice was extremesly full of
minute air bubbles, whioh gave it somewhat the appearance of opal glass, and
rendered it probably as opague as any ice likely to be encountered on natural
waters, exocept that which might have inclusions of dirt or other foreign matter.
Similarly, the "clear” ice just mentioned probably was almost as cryatal—olear
a8 any which sver freeszes on inland lakes. Between these two extremes, the 10;
of most lakes may vary greatly in charmcter, and in ability to transmit light,
depending on the mermer in which it was frozen, on the various thaws end freezes,
and on many other factors. However, the approximate range of the percentage
tranemission is delimited by the figures of Teble 25, since the thiocknesses of
loe given in the table are about those usually present on thess lakez in an
average winter.

As with water, it 1s probable that a part of the total loss of 1light in
passing through ioce consists of "surfuce loss." PFor Lce this loss is largely
undefined and unmeasured. If the usually rather dark appearance of the ise on
& lake (especially if the ice is clear) may be used as a oriterion, surface
reflection apparently is of relatively small emount; and it is probable that
most of the total loss actually oocurs within the ice. At any mte, and of
necessity, the data given here in regerd to light alsorption by the ice include
whatever absorption may takes place both at the upper surfasce of the ice and at

the water—ice intersurface,
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It is assumed that the transmission of light through ice, if the ice 1s
uniform in charaocter throughout, probably takes place according to a mathematiocal
relationship such as that desoribed above for water. Followlng this assumption,
the points on Graphs 17, 18, and 19, representing the percentage amount of light
entoring the fce and that emerging from it, respectively, are connected with a
straight line. As above, the slope of that line indlocates the relative light—
absorbing power of the ice. Comparative lines of this sort have been drawm,
on Graph 17, for several of the lakes studied.

The transmisaion of light through ice apparently varies scmewhat with the
region of the speotrum. As stated by Dorsey (1940, p. 398), ice in large masses
has a blue appearance, probably caused by light scattering. Sauberer (1938)
found very little difference between the various speotral bands, in transmission
both through olear ise and through "schneeis.™ In the data of Table 25, the
oclearer ice showed no significant differences in relative tmsmiauim of light
of different colors. However, the more turbid ioe showed a pronouncedly lower
relative penetration of blue light. Apparently, therefore, a proportionately
large loss of blue light is associated not so mioh with pure ice as with included
particles, such as air bubbles, or possibly (in the case of the ioce of Bog Lake)
particles of coloring matter which may have become frozem into the ice. In
Graphs 18 and 19, the slightly different slopes of the lines for the transmission
of various oolors through the ice of Ealt;'i.:.ke and Bog Lake ars evident.

Transrission through Snow

The penetration of light through snow is occnsiderably harder to measure
acocurately than that through ice or water, not only because of the difficulties
in meking observations under natural oonditions (i.e., without disturbing the
snow), but also because of the many variations in the character of the anow.
However, the information obtained is of value in establishing a general range
for the abllity of snow to transmit light, and thus in showing the relative

absorption by snow, ice, and water,
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With the exception of one series of experimental determinations, the measure—
ments of light transmission through snow made during the course of this study
were perfoermed on the ice of various lakes, without disturbing the natural snow
cover. Thus they were of neoesslty indireot msasurements; that is, the value
was caloulated from the transmission through snow and ioes, compared to that
through lce alone, after the snow had been removed. There is no apparent reason
to suppose, however, that suoh oalculation is invalid; probably the only signifi—
cant error is thet caused by surface loss from the ise (see abéve); in the
latter measurement; and this logs likely is relatively small.

Kalitin (1931) made an extensive series of measuremsnts by placing the
target of a photometer on an open field, and allowing the natural snowfall to
cover it. The chief difficulties in inﬁerpreting the date so cbtained lie in
the varliations in amount and quality of light from time to tlme, and the changes
in the character of the snow between readings. Iost of the remainder of thQ?qw
observations whioch have entered the literature have involved some sort of an
artificial set-up, with consequent disturbanoce of the snow. However, as in the
case of trensmission through loce, 1t is likely that, in spite of variatioms in
procedure and apparatus, the measurements of various writers may satisfactorily
be used to form a general ldea of the light—transmitting qualities of snow,.

The refleotion of light from the surface of snpow is very much greater than
thet from water or ice. The albedo, expressing the ratio of refleoted light to
total incident light, veries, mccording to the tabulation by Dorsey (1940, pp.
486—487), from 40 or 50 per cent to over 90 per cent. Thams (1938) gave for
new snow 82 per oent, for old snow 60 per cent, and for melting enow 50 per cent.
Sauberer (1938) found new snow to have sn albedo of about 84 per cent, and old
snow about 72 to 76 per cent. The figures of Kalitin (1930; 1831) range from 52
per cent for old, grainy anow, to 87 per cent for fresh, dazzling white anow,

Considerable and repid changes were noted. After experimental wetting of the
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snow surface, the albedoc was 52 per cent. Hand and Lundquist (1942) gave values
up to 89 per cent for oclean white snow.

In the measurements of this investigation (Tables 24, 26, and 27), separate
acoount was not taken of the loss from the snow surface; the figure given ia
that for the amount of light whioh emerged from the bottom of the snow layer,
expressed as & percentage of that incident upon the upper surface. Stated in
terms of true tran@misaian through the snow, 1.e., as the percentage of light
actually entering the snow, the ratio would be larger by an undetermined amoumnt.
However, since the concern of this study ls wlth the amount of light ultimately
passing through the sequent snow, ice, and water, the amount of loss by refleoticm
at the surface ?f the snow is of interest chiefly in helping to explain the tre—
mendous power of snow to reduce light intensity.

In Table 26 are summarized the snow transmission reasurements on the various
lakes. Perecentage transmission varied from 28 per cent for 1 inech of slashy
snow, to 0.7 per cent for 10 inches of dry snow. Apparently crusted snow allowed
aomewhat less penetration than light, dry snow,

Teble 27 shows the percentage transmission through snow artificially placed
upon the photometer target. A thiclkmess of 1 insch permitted only about & or 5
per cent of the light %o pass through it; et 4 inches only a slight trace of
light remained. These figures are subjest to the possible error oaused by the
use of 1ight (incandescent bulb) of relatively low intensity; the transmission
peroentages thus may be proportionately somewhat low (see reference, below, to
Croxten, et al).

Figures from the literature are somewhat scattersd. Thams (1838) recorded
13 per cent transmission for 10 om. (4 inches) of snow, and 0.6 per ocent for 80
om. (20 inohes); these figures seem somewhat high as compared to those of other
workers. The transmission found by Croxton, Thurman, and Shiffer (1937), using

snow artificially placed above the photometer, varied from 1ll.7 per cent for 1
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inoh, to 0.03 per sent for 7 inoches. These latter writers found a lower per—
centage transmission for light of low intensity, and cansiderable differences
oaused by differences in the quality of the snow. Clean and fresh snow allowed
the greatest penetration, olean but wet snow the next greatest, and granular snow
the least. This order agrees with the findings of Hand and Lundquist (1942), that
within a certain range the higher the water content of the anow the less light
transmitted. The figures given by Hand and Lundquist, for "fine granular compact”
snow, range from 22.3 per oaﬁt for 1/2 inch, to 1.2 per cent for 5 3/4 inches.
Kalitin (1931), in & table of summary, gave peroentage transmissions ranging

fram 21.7 per ocent for 2.5 em. (1 inch), to 0.098 to 0.03 per cent for 62 om.
(about 24 inches). Again wet snow was found to transmit light less freely than
did dry snow,

It is not ocertain in all ceses, but apparently all of the figures given
above were based upon total amount of ineident light (rather than upon that remain—
ing after surface refleotion loss), as are the figures in Table 24. That méans,
then, that wet snow transmits less of the total incident light then dry snow, in
spite of the faot that dry snow has & higher loss by reflectiom.

Graph 20 shows the relative light-transmitting propertles of snows as
measured by verious observers (see disocussion above). The assumption again 1is
made that a logarithmic relationship holds between depth of snow and percentage
penetration; hence that the graph on semi-~logarithmlc paper is a straight line,
This assumption has been made by Sauberer (1838), who gave an actual mbsorption
coeffioient. If the assumption is true, then the relative alopes of the lines
on Graph 20 give some indloation as to the relative powers of these varlous snows
to absorb light.

Each of these lines, produced to the axis of the graph, would intercept
that dxis below the 100 per cent mark. The difference, presumebly, represents

that part of the light which was loat in surface refleoctiom.
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Graph 17 is & composite dimgran of the combined effects of snow, ice, and
water in diminishing light intensity. Starting at 100 per cent of incident
{liumination, eeoh line shows, first, the drop in intensity caused by the snow
(if snow was present), next the further drop in passing through the ice, and
finally the diminution ocaused by the water. The plotted value for percentage
intensity at any point on the line represents, theoretioally, the amount of
light penetrating to that partiocular depth of sncw, ice, or weter (this does not
hold strictly true for the snow, sinoe the surface loss is not shom). The line
for Crater Leke (data from Utterbeack, Phifer, and Robinson, 1842; Brode, 1938,
also gave some data on light penetration in this lake) does not inolude ice,
since the water was open at the time of observation.

The tremendous differences in the amcunt of light reaching verious depths
under different conditions of snow sund ice are readily epparent from the graph.
For example, for the dates given for the respective lakes, Clear Lake received
more light (1.1 per cent transmission) at the 32-foot depth than did Bog Lake
at 1 foot under the ice, and 22 times as much as did 8S8outh Londo Lake just under
the ice (0.05 per cent)! The light penetrating to the bottom of East'mah Lake
(under the given eet of conditions) was only 0.03 of that which reached the top
of the snow coier. That percentage transmission was only approximately cne—
fourth as much as the amount which reached a depth of 120 meters (about 400
feet) in Crater Lake (data from Utterbask, et al, 1942).

In terms of foot—oandles of light falling upon the target of the photo—~
meter (see under Methods), a few sample readings, taken from Table 24, ares Of
7600 foot—candles falling upon the sngw on South Londo Lake, Maroh 5, 1841,
only 4 f.0. penetrated the snow plus ice. At Clear Lake, on Pebruary 23, 1841,
an ineident illumination of 8000 f.ec. resulted in the penetration through
the ice of 6700 f.o., or 84 per eent, and to the bottom of the lake (30 feet)

of 112 f.c., or 1.4 per cent. S8eventeen hundred times as muoh light penetrated
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7 1/2 inches of clear ice with no snow as was transmitted through 24 inches of
partly oloudy ice covered with 10 inches of snow (the respective percentages of
transmission were 85 and 0.05).
| The transmisaion of light through snow apparently varies somewhat with the
region of the spectrum. Sauberer (1938) found the reletive penetration to be

the grestest in the green—yellow portion of the spectrum, and to fall off in the
blue and slightly in the red. Kelitin (1931) stated that absorption of light by
wet @now is greatest in the longer waves (i.e., in the red). The womewhat scanty
data of the present study (Tables 26 and 27) apparently show a somewhat reduced
penetration in the red amd blue speotra. Especially was the transmission of blue
light proportionately lower through crusted snow (Middle Fish Lake), while the
dry snow of East Fish Lake had slightly lower penetration by the red light

Relation to Photosynthesls .

In spite of considerable work by various investigetors, comparatively little
exaoct information is available regarding the quantitative light requirements of
aquatic plants under various conditions. It is extremely difficult, in measuring
those req irements, %o eontrol all of the necessary fastors. It is evident,
however, that for any given set of oonditions there must exist an intensity of
light which will promote photosyntheais, and Lelow which photosynthesis will be
overbalanced by respiration. 8uch an emount of light has been termed the com—
pensation intensity.

Glerke (1939) cited references which place the compensation intensity (plant
species and other faotors not stated) et about 350 to 600 lux (epproximately 30
to 45 foot—candles). Wilson (1935) found the lower limit of certain typea of
squatic vegetation, in a lake in Wisconsin, to be at e depth et which the light
amounted to from 4.4 to 6.8 per cent of the "total sunlight at menith" — that

is, at roughly 400 to 800 foot—candles. It seems likely, however, that factors
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other than 1light intensity also operated to limit the naximum depth of growth
of these plants. Pearsall and Ullyott (1934) found rooted vegetation to be
adversely affeoted when the light intensity was cut down from about 4 or &
per cent %o about 1 1/2 or 2 1/2 per acent.

Little is known about the light requirements of the phytoplankters of
inland lake waters. Probably there are considerable differences among the
varicus specles; and such fastora as texperature must have & certain effeoct.
Howaver, some of the figures given in Table 24 for the smount of 1light penetra—
tion through snow plus iloe ocover are such small fraotiona of the ammounts pro—
posed as general aquatic plant compensation intensitlies, that i1t seoms almost
ocertain that sush small amounts of light could not maintein & favorable balance
of photosynthesis over respiration end decay. On the other hand, there appears
to be reason to suppose that the amount of light which penetrates even 1 1/2
to 2 feet of moderately olear ice (with no snow cover) is enough to satisfy
the requirements for photosynthesls.

Photosyntheslis 18 ocontrolled to a large degree by the quality, as well as
the gquantity, of light. In general, red light is more effective than that of
shorter wave lengths. Some aquatio plants, however, such as certain diatoms,
have been found to be able to utilisze almost any part of the visible spectrum
(Jenkin, 1987). As disoussed above, there are certain differences in the trans—
mission through ice and snow of light of varlous wave lengths. However, in
general these differences are relatively small; and it is probable that the more
important effeot of the lce and snow is that of redusing the quantity, rather

than of changing the quality, of light.

Relation to Dissolved Oxygen
The measurements of light penetration made during this study were too
limited in number to justify ean attempt to show & correlation betwsen light

intensity and oxygen production which would be expressable as a mathematical



funotion. However, as is disoussed above, a definlte oonnection is demonstrable
between the dissolved oxygen in the water and the amount of snow on the ice; and
in this manner the effect on the oxygen tension of the water of changes in the
light intensity is olearly shown. It appears conclusively evident that a heavy
snow cover upon the 1ece so greatly reduces the amount of light entering the
‘water that photosyntheasis by the phytoplenkton virtumlly cesses, with a oonse—

quent and almost certain redustion in oxygen produotion.
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EXPERIMENTAL BTUDIES

Pumping Experiments, Previous Workers

Bxperimental aseration of water under the ice has been attempted by various
workers. In Iowa, in 1935 and 1936, air blowers were used (Aitken, 1938).

Thess blowers delivered a large volume of air, under fairly low pressure, into
the water. They were not very successful, however; presumably a relatively

small part of the air uot;ully went into solution in the water. In 1936-37,
pumping water into the air was tried, the objeot being for this water to absord
or entrap air and carry it beck into the lake. The method was héld to be imprac—
tical for merating large lakes.

Various pumping procedures have been tried in Minnesota. Same small success
attended the experiments in which & strean of water and one of compressed eir
were mixed at the point of entrance to the water. However, here agsain it was
found that the method probably was not suitable for aerating large bodies of
water. | | |

In Michigan, during the severe oonditions of the winter of 1936~36, the
Institute for Fisheries Hesearch attempted experimental aeration by means of a
strean of water pumped from the lake, sprayed into the air, and allowed to
return through holes out in the ice. This experiment has been referred to by
Hubbs and Esclhmeyer (1938), and is more fully desoribed in an unpublished report
by Eschmeyer (1986). The operation is shown in Figure 8. Although the water at
the point of entrance through the i1oe was found to have a very much increased
oxygen sontent, this inorease was transitory, and had disappeared after 28 hours.
Furthermore, the effect was very looal, indicating the method to be of small

value for appliocation to any eonsiderable area.
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Pumping Experiment, Paainski’s Fond

Pasinski's Pond was used, in February and March, 1940, for an experimsnt
in aeration by means of a pumped stream of well water. This pond is desoribed
above; Figure O is e map showing its outline, submerged oontours, and the
location of sampling stations. Somewhat elongate in shape, the pond is morpho—
motrioally one simple basin. However, for purposes of interprsting ocertain data,
it has been found sonvenient to divide the pond, arbitrarily, into two parts,
the north and south ends. This division is btased upon the kind and amount of
vegetation. The south end contains large beds of filamentous algese (principally
Spirogyra), as well as sn almost solld mat of Anacharis. Algee are practically
absent from the north end, which has, in addition %o considerable Anacharis,
a falr amount of pond-weed (Potamogeton). As shown on the map, the well and the
punp ere located on the eastern shore of the north end.

At the start of the winter of 193940, only one sampling station (Statiom
16) was used. This station was approximately in the center of the north end
of the pond, and directly opposite the pump (about 75 feet from the point of
discharge of the pump). The dissolved oxygen at thig station (the surface sample)
dropped rather rapidly and steadily, from 18.1 p.p.m. on January 7, to 0.5 p.p.m.
on February 10 (see OGraph 21).

Gu Pebruary 10 the pump was sat In operation. Driven by an electrie motor,
it pumped approximately 60 gallons per minute. The well water, as it came
from the pump, carried only about 1.5 to 2.0 p.p.m. dissolved oxygen; but by
running through wire mesh and over an inclined trough it inoreased its oxygen
content to ebout 4 to € p.p.m. (Table 28). Its temperature was approximately
50* . (10* C.). The pump discharge and tho aerating device are shown in
Pigure 16.

The pump was operatel obntinuously for seven days, until February 17,

During that time the discherge firom the pump melted a hole through the ice at
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the edge of the pond, roughly 8 or 10 feet in dlameter (Figure 17). This hole
remained open during the time that the pump wea running, and for two or three
days after it was shut off; and it constituted the "open hole" to whioh refer—
ence is made in Table 28 and elsewhere in this paper. The position of the open
hole, relative to the pump disoharge, is shown by Figure 17.

On February 10 about twenty—five stations were established, in a sort of
goometric pattern, in the north end of the pond, snd three stations in the socuth
end. On various subsequent dates about seven or sight other stations were added.
The method of marking thése stetions with stekes is shown in PFigure B.

Samples were taken at these stations, at intervals of from two to four days,
from February 10 until April 1. Uniformly, thenaampleu were taken at the
"surface” (actually about one-half foot below the surface), except that enough
check samples were taken at other depths to show thet the highest oxygen values
always were to be found in the upper water (see discussion on dissolved oxygen
consumption in lakes). The oxygen values of these samples are given in Table 28.

After having run for seven days, the pump was turned off on PFebruary 17.

It 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 of eaeration accomplished in the north end by the
pump. This plan was found to be faulty, however; since initial conditione in
the two ends of the pond were quite different. Presumably because of the acti—
vities of the algse 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 statisticel treatment. Average values are Qonroely
velid, sinoe there is soc much fluctuation between stations, and mlsc sinee too
few stations in the south end are represented. An attempt was made to draw up

maps, for various successive dates, showing lines of equal oxygen valus; but for
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the reasons just given these maps entirely failed to give a eclear—out picture
of the conditions. .

However, Graph 21 is of some help in interpreting the possible effeot of
the pumping. On this graph are shown the dilssolved oxygen values for Station
15 (north end) and Station 27 (south end). In accordance with the above explan—
ation, these two stations do not necessarily represent mean or average values;
rather they are merely somewhat typioal 'of conditions in the two ends of the
pond.

At the time the pump was first put into operation, on February 10, the
oxygen was much higher et Station 27 than at itation 15, but was deelining
rapidly at the former station. Perheps under the influence of the pumping, or .
perhaps for some other reason, the oxygen gradually lncreased at Statiom 15
until February 19, when it was 2.4 p.p.m.; meanwhile that at Station 27 had gone
down to a low of 0.7 p.p.m. on February 17. PFrom February 22 until March 1 the
oxygen at nearly all stations remained quite low — in fact, even decreesed at
gsome stations — in spite of the fact that the pump was again put into opera~
tion on February 28.

From MHarch 1 to larch 4 there was considerable rise in the oxygen at
Station 27, as well as at other stations in the south end; while the oxygen at
Station 15, and at woat other stations in the north end, still remained low, in
spite of the pumping. Then, from liarch 4 to March 8, there was a rether sharp
increase in oxygen in both ends of the pond. As shown by the curves of Graph
21, this increuse was larger, and began earlier, in the south end. Probably the
increase was due‘ to renewed photosynthetic aotivity, since nearly all of the
snow had left the ice (as indicated by the snow depth surve for 1939—40, in Graph
1). The south end of the pund, containing more algae, responded much soaner and
to a greater extent to the changes in light than did the north end.

After March 8, the oxygen in the south end continued to be higher than in
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the north end. The peak values on Harch_zg presumably were oocasioned, in part,
by run—in water from rain and melting snow.

Purther evidence that the pumping had very little, if any, beneficlal effect
is to be found in Table 28. On the sampling dates during the first perlod of
operation of the pump, February 10 to 17, only seven samples of all those taken
in the north end (Stations 1-23) had 2.0 p.p.m. or more of dissolved oxygen, and
nono had over 2.8 p.p.m. Most of the samples ranged from 0.2 to 1.5 p.p.m. OFf
the samples from the stations nearest the pump (Stations 1-7, 10, 11, 14), only
two had 2.0 p.p.m. or more;'and oxygen values as low as 0.3 p.p.m. were found
within 20 feet of the discharge point of the pump after four days of operation
(8tation 1 on February 14).

Pumping 60 gallans per minute, or about 11,000 cublic feet per day, the pump
would displace approximately 1/40 of the volume of the pond per day (assuming
that the pumped water did not set up e eurrent which would shunt it to the out—
let). If the pumped water, containing ebout 5.0 p.p.m. of dissolved oxygen,
became completely mixed with the pond water, it could (theoretiocally) raise the
oxygen content of the entire volume of water approximately one-fortieth of 5.0
P-p.m., or about 0.125 p.p.m., per di?gﬁ or about 0.9 p.pem. in 7 days. Or if
it is arbitrarily assumed that only (say) the northem one~third of the volume
of the pond were affected, then ths oxygen content at that end could be raised
about 2.7 p.p.m. in 7 days.

It is quite evident that no such increase took place during the period Feb—
ruary l0 to February 17. Probably the explanation lies in the high oxygen demand
which had been built up in the water. Very little oxygen, if any, was being

produced by photoaynthesis in the north end of the pond; and an oxygen deficit

S Obviously the pumped water, oarrying only 5.0 p.p.m. of oxygen, could inorease
the oxygen in the pond water only if the latter had less than 5.0 p.p.m. to

begin with; and the full amount of the increese given in the computations above
could ooms about only if the pond water had gero oxygen at the start. If pump-
ing were started when the oxygen oontent of the pond water was still ebove 5.0
P.p.Rm., it might actually lower the oxygen in the pond — this effect, however,
likely would more than be offset by the displacement of water having high oxygen—
consuming power by water with presumably less oxygen demand.
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existed, whioh eould not be overoome by the efforts of the pump.

If the pump were operated for long periods of time (a somewhat expensive
and troublesome procedure) it probably would be of considerable help in fore-
stalling the development of serious oonditlons. But once those conditions have
developed in the pond, pumping well water apparently is almost useless.

On February 14, four days after the pump first was started, there were
ssveral bluegills in the open hole, still alive but not very aotive. On February
19, two days after the pump was turned off, the open hole contained hundreds of
dead bluegills. Mortality struck rather suddenly; for on February 17 there were
few, if eny, dead fish. Apparently all or most of the bluegill population died
within a few days; for no dying or newly dead bluegills were observed during |
March.

The bullheads began to die somewhat later than did the bluegills. Very few
dead bullheads were seen in early February, but on Fobruary £8 many were dead or
dying. The mortality of the bluegllls apparently was complete; intensive seining
the followlng summer failed to take sny of them. Only a part of the bullheads

died. Altogether asome 13,000 bluegilis and over 1000 bullheads were Kkllled.

8now Removal, Hatchery Ponds

Three of the small experimental ponds at the Drayton Plains state fish
hetohery (desoribed in the section on Waters Investigated) were used. Early in
December, 1939, these pands were filled with water from the river, to a depth
of about 2 1/2 feet. In order to maintein the water level, a small flow was
permitted %o run into and out of easch pond. Unfortunately, this flow remained
somewhat larger than was intended, and (as discussed below) affeoted the results
of the experiment to e certain extent. However, the flows through the three
ponds were very nearly the same; and, since the ponds were practically identiocal
in dimensions and other aspects, the results of the experiment are probebly

quite wvalid.
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The three ponds were allowed to remain undisturbed, exoept for the taking
of samples, until February 12. On that date the snow (about 3 inches in depth)
was shovelled oleanly off the ice of Pond 10. From that time on, the snow was
removed from this pond soon after each new snowfall. On February 17 the lce on
Pand 8 was completely covered with a layer of opaque building paper, whioch was
held in place with snow. The paper stayed in place very well until the break-up
of the ice. Pond 9 was left unmodified throughout the experiment, as a sontrol.

From January 7 until the brealk—up of the ice, dissolved oxygen samples were
taken periodioally in all three ponds. Two sampling stations were used for each
pond, onme in the oenter of the pond, and one at the outlet weir box. The sampling
depth was 1 foot. Data for these asamples are given in Table 29. 1In Graph 22 are
shown the dissolved oxygen curves for the center statlons.

In view of the fact that the three curves stayed so olosely together until
the begimning of experimental conditions, their divergence after that time seems
to be definitely signifioant. Evidently the amount of light entering the water
did have an appreciable effeot upon the dissolved oxygemn. It is only reason—
sble to suppose, furthermore, that this effect would have been much greater
had there not been a continuous partial displacement of the water.

The water in the paper—covered Fond 8 at times equalled, in dissolved oxygen,
the water in the river. This seems to indicate that the differences between the
curves for the three ponds were due not so much to dimlnution of oxygen in Pond
8 (probably the inflowing water oarried enough oxygen to satisfy the relatively
small oxygen demand present), as to its greater produetion in Ponds 9 and 10.

The amount of light entering Pond 9, through the snow-covered ice, apparently
was enough for some photosynthesls (it must be remembered that for Aa time in
early March the ice of Pond 9 was bare or nearly so); and the water in Pond 10,

with the snow removed, received more 1light and did still better in oxygen pro—

duction.
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THE OXYGEN BALANCE OF AN ICE-COVERED LAKE

The relative abundance or lack of dissolved oxygen is so definlitely a oon—
trolling faotor in the life processes in an lce—bound lake that careful amsid-
eratian should be given to the varlous agents which aot to lower or ralse the
dissolved oxygen oontent. The following discussion attempts to collate some
of the information to be found in the literature, as well as certain observa—
tions of the present study.

Two diametricelly opposed sets of processes exist and usually are ocon—
currently aotive — those which consume oxygen, and those whioch replenish it.
The precarious balance between the two is fine indeed; and when this balance is
upset the oonsequences may be sudden and intense. The astlion of these processes
is greatly influenced by the low temperature of the water in winter. Also it
is limited considerably by the ice cover, and by the almost complete immobility
whioh arises from thermal stratificetion end leack of wind agltation. Exoept for
these modifications, the proocesses of oxygen utilization end oxygen renewal are

in general the same processes which exist in the summer.

Oxygen Oonsumption
Resapiration of Fish

It is & rather common concept that the respiration of the fish is a chief
faotor in the diminution of the dissolved oxygen. And indeed, in occasional
instances, this may be true. BSome bodles of water, such as pot~holes, rearing
ponds, etc., may have an extremely high concentration of fish. Koohs (18%1)
estimated the fish in certain wintering ponds to amount to 1 to 1 1/2 kilograns
per oublc meter of water, which is roughly equivalent to 2700 to 4000 pounds
per acre~foot. Certainly such an amount of fish would oonsume an appreciable
quantity of oxygen, even at winter temperatures. However, such quantities are
rather exceptional. The concentrations of 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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of & few hundredths of the extreme figure given above. Even in organloally
rich, shallow ponds of this region, probably a standing orop of 756 to 100 pounds
per aore—foof is very rarely exoceeded.

There is scant information available concerning the oxygen requirements of
fish at near—freezing temperatures. Some of the data of the literature are
summarized in Table 30. Probably the average value for the warm—water fishes
comuonly found in southern Hiohigan waters {such as black bass, sunfish, suckers,

i

yollow perch, pike, eto.?, for the temperature range 0-4* C., is somewhere between
the higheat and lowest o% these figures. Probably most or all of these fishes
have, at low tonperature#, & lower metabolic rate than trout, and neny or most

of them have higher rates than goldfish or tench.

For purposes of comparison, it is perhaps of interest to make Q rough
theoretical oomputation of the amount of oxygen used by the fish in a given body
of water. During the winter of 1939-40 Pasinski's Pond had san average volume,
excluding ice cover, of approximately 350,000 cubie feet (9,800 ouble meters),
or about 8.0 more—feet. This amount of 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 contaln about 300 pounds of dissolved oxygen.

Suppose there were in the pond 600 pounds of fish (62.5 pounds per gore—foot).
This 1s an extremely hypothetical figure, and very probably is conaiderasbly too
high. Using the also very hypothetical figure of, say, 25 oc/kg/hr. (= 0.000036
lb/lh/hr.) for the average oxygen consumption of the bluegills and bullheeds in
the pond, the figure obtained for the oxygen used by the fish, is 0.018 pounds

of oxygen per hour, or 0.43 pounds per day. At that rate, 300 pounds of dissolved
oxygen would meet the respiratory needs of the fish for 700 days (actually, of
eourse, the fish would be unable to utilize the last of the oxygen, because of

their inability to extract it at low tensions).

In comparison, Koohs (cited above), using the value given by Regnard of
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14.8 oc. of Oy per kg. of goldfish per hour, and the (8lightly too low) figure

of 10.58 p.p.m. for dissolved oxygen at saturation, obtained the theoretical
result that the water in the carp wintering ponds whioh he was studying held only
a 20-day supply of oxygen :or the fish.

It seems rather oertain that in the average Michigan lake which iz subjeot
to winter kill, the fish play & very minor part in the depletion of the dlssolved
oxygen under the ice. The respiration of other aquatisc vertebrate animals
also has little influence upon the oxygen supply, since most of them, with the

exoeptlcn of tadpoles and immsture aalamanders, are air-breathlng.

Respiration of Invertebrates

It 1s extremely difficult to evah;nte properly the pert pleyed, in the
oxygen depletion of a lake, by the respiration of invertebrate animals, since
the two chief governing faotors — i.e., the number of organisms present, and
the oxygen requirements of emch — are to a large extent unknown. BEepecially 1s
this true in the winter.

Comparatively few quantitative studies of winter zooplankton have been mads.
No doubt there is considerable variation from lake to lake and from one winter
to another. In general, however, the total rooplenkton is usually at & minimum
in winter. Very few of the larger rzooplankters (copepo;dz.m, daphnids) have been
found to display winter pulses, and these pulses probably are transitory or
locel. Neber (1933) concluded that the plankton animals perform & very small
part in the removal of oxyvgen from a leke. Cansidering the small size of these
animals, and the reduction in their oxygen requirements brought about by low
temperatures, it seems likely that their respiration acocounts for a rather insig-—
nificant portion of the oxygen consumed during the period of ioce cover.

The bottom-dwelling invertebrates usually are more abundant in winter than
in summer, since many insects pass the winter as aquatic larvae or nymphs. These

immature inseots may be present locally in almost prodigious numbers, an example
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being the concentrations, in places in many Michligan lakes, of burrowing mayfly
nynphs, which constitute an important source of bait for winter fishing. Mdge—
fly larvee often are preseat in many hundreds or even thousands per square foot
of bottom. Since winter is a time of growth and actlvity for the aquatio inseots,
they x;equlre a certaln amount of oxygen, even at low tamperature&/

With the exceptlion of an ocoasional concentration, most other benthie
invertebrates are present in much smaller numbers. Relatively large forms, such
as erayfish, mussels, or the like, probably are rather lethargic in the winter.

No matter what the total oxygen—oconsuming power of the bottom mnimals, it
is obvious that they oan have s direct oxygen—depleting effect upan only the
thin layer of water in direct oanteot with the bottom (the indirect transmission
of this effect, as set forth in the mlorostratification theory, is discussed
below). Of the sporadic migrations of bottom dwellers into the upper water,
little mention need be made. Vhen occasionsd by adverse conditions near the

. bottom, as they often are, these migrations may be sald to represent mainly en
effect, rather than a cause, of oxygen diminution.

On the whole it seems probeble that, cempared to the amount of oxygen used
by the deesay of dead or inert material, that consumed by invertebrates is a pro—

portionately small amount,

Respiration of Plants
ILiving plants, both macrophytes and plankton algae, use oxygen for respire—
tion. Under the proper conditions, these plants produce much more oxygen than
they use (the possible diurnal veriations under the ice are disoussed in the

section on "Disgolved oxygen"). When adverse oonditicns erise, however, oxygen

N4 It must be remembered that the temperature on or neer the bottom usually is
3°—4° C. higher than that just under the ice — probably a significant amount

a8 related to metabolism. For that matter, inhabitants of the profundel regions
of deeper lakes live, the year around, at temperatures only slightly above 4° C.
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production falls off, and eventually is over—balanced by oxygen consumptiom.
It is diffioult to say at what point & plant oan no longer be oonsidered to be
in & living state, and beyond whioh its oxygen—consuming process is one of deoay
rether than of respiration. However, for purposes of oconvenlence, it 1s perhaps
Justifiable to represent most of the oxygen demand of the plants under the ioce
as belng ocoasioned by thelr desomposition, whether or not they are in a strict
sense dead.

ot usually thought of in the flora of a lake are the minute spore—forming

plants of the genus Micromonospora, which have been shown by Umbreit and McCoy

(1941) to be rather numerous in several Tiisoonsin lakes, and whioh are believed
by these authors to play a definite part, slthough probably a small one, in the
dissolved oxygen oyole. Thelr importance probably lies in the quality, rather
than the quantity, of organic materiel which they oxidize; since they have the
ability to attack such usually resistant materials as chitin, lignin, cellulose,
eto.

Fungi also often are present in lake water, but it is doubtful if they ever
reach suffieient concentrations to be very important as an agent in oxygen dege—
tion. The aotivities of the water and bottom-mud baoteria are discussed in the

seotions below,

Decey of Bottom Materials

The role of deoomposition of bottom materials in the utilization of oxygen
is a very important one, and has been the subjeot of much discussion. The rela~
tive importance of tﬁe organic matter in the lake bottom and that suspended or
dissolved in the water is somewhat speculative, and various more or less divergent
views have been expressed.

It has long been known that in winter, as well as in sumner, the water near
the bottom of & lake is more apt to be lacking in oxygen than that nearer the

surface; and many writers have associated this laok with deocomposition of the
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bottom mud.

In this connection it is of interest to note that, as disoussed under
Special Studies, the lines of equal oxygen oconcentration tend to follow the
bottom of the lake in their configuration. Drown (1892) found, in the oxygen
ocontent of the water in several ponds in the winter, variations which appeared
to have a connection with differences in the composition of the bottom materiels,
and concluded (p. 341) that “it is the character of the bottom of the pond,
rather than the organio matter in solution and suspension in the water, whieh
determines the amount of oxygen remaining in solution.™ Birge and Juday (1911)
observed that the greatest deorease in oxygen, in winter, was near the bottonm,
and indioated that bottom decay is an important factor. Miyadi (1934) said
(p. 236): ™it ia a recent common opinion to esteem the bottom deposit higher
than the decaying plankton organisms sinking down from the epilimnion in dimin—
ishing the oxygen of the deep water." And Henriei (1939) made the well-nigh
dogmatic statement: "It is the tremendous oxygen—consuming power of the large
numbers of bacteria in the lake bottom which . . . . causes oxygen to disappear
below the thermosline in stratified eutrophic lakes, which causes fish to suffo—
oate in shallow lake? in the winter."

In his miorostratification theory Alﬁterberg (1927) gave the decay of
bottom materials as the ehief cause of oxygen depletion in the desper water of
a lake, partioularly in the thin layer 6f water lying directly on the bottom.
The oxygen lack of this microstratum is gradually transmitted, he believed, into
a deficlenocy in subsequently shallower layers through water movements brought
about by wind or otherwise. As Welch (1935, p. 121) has pointed out, this
transmission might be produced in an ice—covered lake by conveotion currents,
or by the rising of gas bubbles fram the bottom.

In regard to the vast potentialitie; of many lake bottoms for the oonsumption

of oxygen, there can be no question. In the deeper portions of most eutrophic
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lakes, and indeed throughout the entire area of many shallow lakes, the bottom
is heavily blanketed with a soft, semi—organic material variouslyrtarned "mok®™,
"peat", "humus", "Schlamm", etc. Consisting to a large extent of the dead .
remains of plants and animals, this material is rich in oarbonsoceous and nitro-
genous substances in various stages of desomposition. The combustible organie
matter may constitute as much as 50 per ocent of the totel weight (Birge and
Juday, 1911; Black, 1923; Juday, Birge, and Meloche, 1941).

In some lakes and pomds, the bottom may be further enriched by the depos—
ition of various other organic substances. Griffiths (1936) considered the
partially disintegrated remains of an unusually abundant stend of Nuphar to be
a faotor of oconsiderable importance in the lowering of dissolwed oxygen in a
gertain loe—covered pool. It 1s probable that in Pasinski's Pond, in the present
study, the rich growth of Anacharis and of Bpirogyra was at times sufficiently
in s state of decay to use a rather large amount of oxygen.

At times water running into a lake, from fields or in inlet atreaﬁs, may
earry suspended material which settles to the bottom, adding to the organie
load. If domestio sewage or other organic pollutional weste is allowed to enter
& leke, it may form sludge deposits of great oxygen—consuming power. The danger
of adding too much sewage or manure to winter carp ponds has been recognited by
Knsuthe (1899), Sniesko (1941), and others. The likelihood of the formation of
extengive sludge deposits in most lakes, however, is small, exoept in instances
of out-and-out pollution.

The mechanics of the decomposition of bottom materials, and the part played
therein by basteria, has been the subjeot of considerable study. It is well
known that bacteria in the bottom sediment are very numerous and very diverse.
Also, logically, these bacteria are adapted to the utilization of the bottom
materials for their food. As is discussed below, many of these forms exist

anserobically, but there are sufficient others whioch can oarry on aercbio
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decomposition when oxygen is available. Naturally, the activities of the bacteria
are correlated with the temperature, but a large amount of decay goes on even st
temperatures near freesing. Again probably some sort of an adaption may be
assumed; since the bottom mud usually is relatively cold the year around.

The amount, and nature, of the bacterial decomposition depends also to &
large extent upon the eomposition of the.bot'bom deposit, Wekeman (1941) divided
the organic matter in lake bottome into (1) readily deocomposable oonatituantg, o
such a8 oarbohydrates and ocertain proteins, and (2) the more resistant "lake
humus" oomponents, sueh as lignins, eto. The organic matter on the bottom of
dystrophioc lakes has been shown (Henriol, 1939) to be much less easily deoomposed

than that of eutrophlic lakes.

Aotivities of Gases

An important part in the oxygen cycle 1s taken by the several gases whioch
are generated during the processes of deoay of organio matter. These gases,
methane, varbon dioxide, hydrogen sulfide, ammonia, nitrogen, and possibly
oarban monoxlide and others, may be formed in the water, but are morse apt to arise .
in large quantities from the decomposition of bottom muok. Their production
comes about prineipally through the astivities of anaerobic bacteria, which are
present in the bottom mmterials in great numbers and many forms. Experiments
have shown (Allgeier, Peterson, Judsy, and Birge, 19323; Black, 1929) that gas
production by these organisms is very mich slowed down at low temperatures.
The former authors found the decamposition to be only about one~fifth as much
at 7° C. as at 23*; Black obtained only about a guarter as much gas from a
sample kept at 4° C. as from one at room temperature. The gas produced at 4°
was about half methane, the remainder being carbon dloxide, hydrogen, and nitrogen.
It 1s obvious, furthermore, that the amount of aneerobic decomposition which takes
place on the lake bottom is olosely correlated with the kind and amount of organie

material present, just as in the omse of aerobic sotion (see above), and that it



may be much higher in sediments of s distinctly sludge—like nature.

The ocourrence of these gases of decay in winter—bound lakes has been
reported by several writers. Kochs (1891) spoke of the presence in winter
carp ponds of methane, ammonia, and hydrogen sulfide, the last of which he
believed to be an important agent of oxygen consumption. Under the extremely
stagnant oonditions found by Knauthe (1899) in a small pond, methane was so abun—
dant that "large bubbles of this harmful gas gathered in the middle of the pond
under the 1ce and . . . . . « the young people of the village found pleasure
in boring holes in the ice, and burning the gas at the holes.”

"During the course of the present atudy; gas evolution was noted many times,
At the time of heavy fish mortality in Pasineki's Pond, in February, 1940, a
very pronounced stench arose from holes chopped in the ice, the odor being at
least in part that of hydrogen sulfide. In the same winter, the stagnaﬁt water
of Riochmond Lake also atank strongly for many days. At other times, and in other
lekes, oooasionally bubbles of gas were observed escaping from the water; but
their oomposition is not known, since tests for the various gases wsre not made.
Continuously throughout the entire period of ice cover (even during the compara—
tively mild winter of 194Mi), the water from the lower depths of Bog Lake
reeked with hydrogen sulfide. The fact that the upper water usually was virtu-
ally HéS—-freol indloates that the ges el ther ias oxidized before it reached the
surface, or was held in ochemiocal or physical combination in the lower water.

The possible harm to the fish caused by direoctly toxioc properties of various
gases is disoussed below. The often more serious effect of these gasea is the
removal of dissolved oxygen from the water. Thia oxygen depletion may ocour in
two ways — by chemical or blochemiocal oxidation, or by the sweeping action of the
gas in bubbling through the water.

Kusnetzow (1935) gave a rather strong argument for the theory that, in some

lakes at least, the baoterial oxidation of methane and hydrogen arising from the

bottom sediments may be the principal factor in the removal of oxygen from the
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water in winter, In lakes in which the oxygen remained at a high level through-—
out the winter he found the amount of methane and hydrogen ocoming from the bottom
to be muoh less than in the "fish suffocation" lakes, although both types of

lakes abounded in water bacteria. He conoluded, 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 insigni-
fieant part).

It is barely possible, of oourse, that Kusnetzow's explanation may be some—
what in reverse, and that the lnoreased production of methane and other reducing
geoes mey appear partly as a result, rather thean entirely as & cause, of oxygen
depletion, since lowered oxygen near the bottom would favor the aoctivities of
anaerobie (gas—producing) bottom bacteria. From the limited observations of gas
production in Pasinski's Pond and Riohmond 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 majbr decline in dissolved oxygen;g
and it is diffioult, therefore, to tell to what extent the dissolved oxygen was
affected by the bottom gases.

The purely mechanical aotion of gas bubbles in removing oxygen probably is
of ocnsiderable significance at times (Weloh, 1936, p. 91; Knauthe, 1899). The
bubbles of gas may entrap oxygen and oarry it to the surface, where it is lost
to the atmosphere. The amount of oxygen so removed depends upon the number, sise,
and character of the gas bubbles, the temperature, etc.; and the last small
fraction of the dissolved oxygen is harder to remove than that near or in excess

of saturation.

Decay of Suspended Material
Suspended particulate matter in lake water may arise from various sources,

chief of which usually is the dead remains of plankton (for the purposes of this



disoussion living plankton is not termed "suspended"). It also may contain
remains of dead bodies of higher plants and animals. In open water it is oon—
tributed to by wind-blown materials, but this source is precluded by ice cover.
Naturally—formed detritus, and occasionally pollutional wastes, may be carried
in by streams, but stream flows are usually et a minimum in winter.

The quantity of material in suspension varies from lake to lake and from
time to time, from sn amount detsctable only upan ccnoentration, to that suffioient
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 eutrophie. It is somewhat
oyoliec, perhaps, following cycles of plenkton abundance.

The material varles somewhat in ocomposition, but it is very rioh in organie
matter. It is soarcely heavier than water, and sinks very slowly. Thls probably
is particularly true in the winter, not only because the water is.slightly denger,
but also, as Welch (1935, p. 85) has mentioned, because it has a greater viscos—
ity et low temperatures. As & consequence of slow settling, the suspended organic
matorial is in contaoct with the water, and subject to baoterial action, for a
fairly long time.

Sinece it oontains a large proportion of orgeanie substance, it is to be expeoted
that the suspended mmterial is oapable of utiliszing oconsiderable oxygen. It seems
that 1ako water usually contains large numbers of basterie, although these numbera
may decline somewhat in winter. Henrici (1939) found in Lake Mendota that ™under
the ice in winter the baeteria are uniformly few in number until the bottom.mﬁter
is reached, where they show an amazing increase."” He pointed ocut, slso,that
bacteria in the water are for the most part periphytic, i.e., attached to sus—
pended naterials or to living plankton. Blue—green algae especially are collectors
of bacteria (Henriocl and MoCoy, 1938). By this means the bacteris are given ready
acceas to the dead plankton material.

The amount of baoterial action depends to a certain extent upon various
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physical and chemical faetors, and upon the kinds of organic matter present.

On the whole, the statement of ZoBell (1940) that plankton remains are more
readily oxidiszable by bacteria than is the dissolved organioc matter in the water,
probably holds true. However, certain materials, suoh as chitin, lignin, and
humus—like compounds, are less amenable to baoteriel attack than the simple oar—
bohydrates end proteins, and mey reach the bottom unaltered. The semi-—colloidal
suspensoids of dystrophic lakes have been said to be relatively resistant to
water bacteria.

Baoterial oxidation 1s, of course, slower at low temperatures than at higher
ones. ZoBell obtained & Q; for water basteria of about 2.1, in the region 8°—
25° C. Short~time (b-dsy) biochemical oxygen demand tests at 0° give corres—
pondingly lower results than those at 20° (see disoussion under the section on
B.0.D.). It is of interest to note, howsver, that the eventual (ultimate) B.O.D.
may be fully as great at low temperature.

Many opinlons have been expressed regarding the relative importance of sus—
pended material as an oxygen—depleting agent. Birge and Juday (1911, p. xiii),

in defining the sone of decomposition, stated that the dead materlals settling

into this zone are instrumental in oxygen utilization; much evidence has been
produced by various workers to substanitate this view. Rewson (1939) summarized
the theory by saying that "there would seem to be greater possibility that the
original explanation was the correct one, i.e., that hypolimnial consumption of
oxygen is largely due to decomposition of dead plankton falling through the hypo—
limnion."

Very divergent ideas, however, have been proposed by various writers (Dbrowm,
1892; Alsterberg, 1937; Henriocl, 1939; ete.). As discussed above, the theories
of some of these workers, in assigning a larger share of the oxygen consumption
to various other factors, have greatly minipized the part played by the decay

of suspended matter.



Observations of the present survey indiocate rather strongly that, in the
lakes studied, the suspended material played & definite, and probably a large,
part in the oxygen diminution under the ise. Por example, in Pasinski's Pond
at times in ths winter of 1940-41 the ooinoldent occurrence of a large amount
of suspended natter and of e wvery high oxygen demand (as measured by B.0.D.
tests) was too marked to be casusl. The argument is strengthened by the corre—
lation observed betwsen B.0.D. and emount of suspended msterial at varlous depths.
On numerous ocoasions in Pasinski's Pond (and likewise in Bog Lake) the water
near the surfaoe was much more turbid with suspended matter, and at the saﬁa

time had & much higher B.0.D.,, than that nearer the bottom.

Decay of Dissclved Organic Matter

It 1s difficult to distingulsh, etirely, between dissolved and suspended
materials; and therefore difficult to assign the proper relative oxygen—consuming
power to each. In practioal work, in the determination of quantities in lake
water, distinotion usually ie made on the basis of passage through a high-speed
sentrifuge or a fine filter. The "dissolved” material so obtained may inolude
a small proportion of substances which are nogﬂ:rue soclutes, but very fine sus—
pensoids or colloids.

Birge and Juday (1826) published the results of an extensive study of the
organic sontent of several Wisconsin lakes. They found the amount of dissolved
organic matter to be oonsiderably higher in these inland lakes then in the sea,
snd usually to be several times as great as the amount of organic matter econ—
talned in the standing orop of plankton. The dissolved organic matter varied,
in the several lakes, fram about 6 to about 30 mg. per liter.

This mntari#l, according to Birge and Juday, is derived chiefly from plani—
ton, although a small part of it may come from the disintegration of higher plants
or from other sources. Its composition is somewhat complex, but it is relatively

rich in various carbohydrates (only & small part of which, however, is sugars or



other simple oarbohydrates), and nitrogen in the form of peptides, amino acids,
eto. Obviously these substances are potentially oepable of utilising rather large

quantities of dissclved oxygen (for example, the complete oxidation of enly about
12 mg. of oarbohydrate per liter would require all of the dissolved oxygen in

water saturated at 4° C.). The extent of their oxidatim, however, depends upon
their suitability and aveilability aa food for the water bacteria. On this question
thers has been considerable discussion. At least some of the dissolved aubstances,
such as complex nitrogenous compounds, have bsen thought to be very resistant to
bacterial action (Krogh, 1931; ZoBell, 1840). Others, however, such as simple
amino acids and carbohydrates, probably are utilized to a certain extent by
baoteria, the amount of such use depending upon the numbers and kinds of bacteria
present, the temperature, etec. In the B. 0. ). tests of the present study no
attempt was made to determine the proportion of the oxygen demand of the water
which was due to the dissolved mabterial; but it seems likely that it wes an
appreciable part. |

Although not classed as an organic substance, ferrous iron may be mentioned
here as being & possible factor in dissolved oxygen reduction. Sometimes present
in solution in certain lake waters, particularly of dystrophic lakes, it may,
under the proper conditions, be converted into ferrlc iron, either chemiocally
or bioochemically, with the resultant consumption of oxygen. In certain brown-
water lakes reported on by Breh:: and Ruttner (1626), ferrous iron, of allooh—
thonous origin, was sald to exert a very high oxygen demand. In moat clear-water

lakes, however, probebly this factor is a very minor one.

Ground ¥ater and Run—in Water
In certain lakes aubterrsnean inflow may be of an eppreciable amount, even
in winter. Thls ground water often is very low or totally defieient in dissolved
oxygen, and if ita flow smounts to any considerable part of the volume of the

lake, it mey reduce the oxygen concentration of the whole. Shopinrev (1940) held
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the large proportion of ground water in the Volga, in the winter, responsible for
the lowered oxygen content of the river. It is questionable, however, that ground—
water is a significant source of oxygen reduction in most Michigarn lakes in the
winter; for its flow usuallsr is not very large.

Likewigse, water brought into a lake by streams may be lacking in dissolved
oxygen, and by mixing with the lake water may lower the oxygen content of the
latter. Wiebe reported (1938) an unususl zonation of dissolved oxygen in Norris
Reservoir, which he believed to be caused by inflowing water low in oxygen. In
some of the winter—kill lakes of southern Michigan, inlet streams may at times
help to lower the oxygen, particularly in the immediate vicinity of the inlet,

The inflowing stream in Oreen Lake, in 1940-41 (the only winter during which
ssmples were taken from the inlet), was rather low in oxygen most of the time,
sinee it derived its flow mostly from swemp water. However, the flow was so small
that the effeot upon the lake as a whole was negligible. Mud Lake, on the other
hand, boing‘acarcely ﬁbi’o then & much broadened part of & stream, has considerable
current through it all winter, and is therefore somewhat subject to the influence
of inflowing water. But the inlet atream, being in turn the ocutlet of a larger
and deeper lake (of which it receives the surfece water), remsined about as well
supplied with oxygen, during the winters of 193940 and 1540-41, as did Mud Lake,
and therefore cannot be sald to have been an agent of oxygen depletion in the
lake.

As has been mentioned above, in the section on Dissolved Oxygen, run—in
water arising from rain or melting snow or ice on the surface of the lake, some—
times is lower in oxygen than the water immediately under the ice, and hence upon
mixing it may aotually lower the oxygen content of ths upper layer of water. The
total body of water, however, is not affected to any alarming extent, since the
run—in water is oomparatively small in volume, and usually carries at least some

dissolved oxygen.
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Oxygen Replenishment

Once gealed in by a covering of ice, & lake cannot asquire oxygen, as in
the summer, by wind agitation. Even the small blessing of surface diffusion is
serlously restrioted. Advantageously enough, a lake usually enters the winter
period with its oxygen concentration at the normal annual maximum, i.e., satura—
tion at 4° C., or about 13 p.p.m. In the deeper, more oligotrophic type of lake
this initial oxygen supply may be adequate to carry 4the lake through the entire
winter. But in shallow, organically rich lakes the processes of respiration and
deoay, discussed above, undoubtedly would consume the oxygen supply long before
the end of winter, were that supply not somehow replenished.

Except for artificial aeration, and the ingress of oxygen-bearing water
(discussed below), augmentation of the oxygen supply ecan be brought about by
only one means — photosynthesis. In many lakes, thersfore, the maintenange under
the ice of a coplious oxygen supply is absolutely dependent upon the presence and
actlvity of green plant life. The interrelationships of ice and snow cover, light,
and plants are discussed elsewhere in this paper; the present section is given
to a discussion of the potentialities, per se, of the plants as & socurce of oxygen
in the winter.

Higher Plants

The importsnce of rooted plants as oxygen producers in the winter is not
well known. The situation is complioated by great variations in the kinds and
numbers of these plants which may be in en active gtate under the ice aover.
Many observatlions have been made of wvarious rooted aguatic plants whichwere
quite green under the lce, particularly early in the winter, before muoh snow
had fallen. Olson (1932) stated that "higher sguatic plants in many instances
die off in the fall . . . . . . There are a few plants, howsver, that remain
active through the winter, and these can produce oxygen in considerable quantities

when light is available." He reported the observation of green aguatic vegetation

through the ice in late January, 1930, at which time the water in the immediate



vioinity of the plants was snp§reaturated with oxygen. It is not especially
uncommon for winter fishermen in spearing shanties on southern Michligan lakes
to notice considerable rooted vegetation in a green condition. BRarly in the
winter such plants as Vallisneria and sertain pond-weeds may still be quite
actively vegetative,

However, for most of the higher plants (with particular reference to those
inhabiting Michigaen winter—kill lakes), winter is usually & time of little or no
activity. With few exceptions, the lakes of this study oontained very little
vegetation in a green occndition at most times throughout the three wlnters of
the survey. Cattails, bulrushes, and water-—lilies were brown at the onset of
the ilce; coonteil, bdladderwort, and most pond-weeds died down, to a large extent,

som after. The large beds of Anacharis (Elodea) whieh fill Pasineki's Pond

ware pertially green at times, and may have contributed some oxygen to the water
(sss the section on Oxygen). Ocoasionally in Mud Lake and Green Lake a certain
smount of green color was evident in some of the weeds, especlally when the ioce
was bare (although the response to changing light intensity is nowhere nearly

a8 rapid as it i in the single—cellsd plants). On the whole, however, the
higher plents are believed to be & relatively insignificant source of oxygen in

these lakes in the winter.

Non-—plankton Algae

Certain of the filamentous algee are occasionally found in abundanee in the
winter. It is fairly well established that many algee can thrive at low temper—
atures, given the proper conditions of light and so forth. Smith (1933, p. 23)
defines a group of algee, which he designates “winter annuals", which vegetate
in the winter and frult in early spring. This group inoludes one or two species
of Spirogyra, as well as several single-celled algae. Knauthe (1899) attributed
& part of the winter oxygen productlion, in the ponds he studied, to filamentous

algae.



In Pasinski's Pond, in the winters of 1939—40 and 1940-41, a very large
mass of Spirogyre was present, eapecially in the scuth end of the pond. This
material stayed green during a considerable part of each winter; its greenness
varied with the amount of light which penetrated the ioce and snow cover. The
8pirogyre quite evidently had an appreciable effect upon the dissolved oxygen
content of the water (see the section on dissolved oxygen in Pasinski's Pond).
In pone of the other bodies of water studied were non—plankton algae noted in

any eppreciable concentrations.

Phytoplankton

It has long been known that the mieroscopic plants of ﬁhe plankton play en
extremely important part in the replenishment of dissolved oxygen in lakes, even
under the ice. Knauthe (1899) was well cognizent of the interrelations of light,
an abundant orop of phytopleankton, and the production of oxygén in ponds in
winter. He found, at times, & very pronounced supersaturation of oxygen, coincident
with intense ectivity of therplankton plénta. Griffiths (1936) stated thet the
oxygen occncentration in Long Pool, in February and early March, was "associated

with a maximum abundance of phytoplankton, consisting mainly of Dlnobryon, Uro—

glenopsis, and Eudorina."

Quantitative information coneerning phytoplenkton in ice—covered lakes is
somewhat searce. Trends of thoughtof varlious wrlters have indigated (1) that
the phy%oplankton as a whole may diminish in the colder months, (2) that diatams
may beoome relatively abundent in winter at the expense of greeﬁ and blue-green
algee, and (3) that there are apt to be large fluctuations from lake to lake and
from winter to winter. Whereas some specific studies have been more or less in
agreement with these general ideas, others stand more or leas at varianoce.

Kofoid (1903) found that the Illinois kiver, as well as an inland lake, oontained
in the winter a relatively high amount of plankton, of which a fair proportion

may be presumed to have been phytoplankton. Griffiths (cited above) reported
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that, for Long Pool, phytoplankton was "even moderately abundant only during the
colder manths.” In Lake Mendota, in 1916-17 (Birge end Juday, 1922), the total
phytoplankton was socmewhat less in quantity in the winter than in the summer;
Microoystis showed relatively little decline; Aphanizomenon reached a peak in
early Janusry and fell off{ sharply in late February; Tabellarie begar to increase
in late winter. %he predominant plant of the nannoplankton in winter wﬁs
éghnnocagsu, whioh ;as little chenged from its swmmer concentration; in late

winter Chloroohromonas begen to appear in fair abundsnce. In their survey of

Green Bay, in 1938-39, Williemson et al (1939) found the net phytoplankten to
be very small in amount throughout the entire period of ice cover (based on
samples from anly one depth, 6 feet), and to consist of e few dieatoms end very

little else. HNennoplankton was not determined. The bloom of Aphanizomencn

whioh had appeered in a large part of the bay in late November, waes well dissi—
pated by the time the lce had become solid, in mid-—January.

Unfortunateiy, in the present study no quantitative data regarding plenkton
were obtained. HNothing like & bloom — nor any other very noticeable soncentrs—
tion of phytoplankton was observed at any time during the three winters. It is
sassumed, however, that & considerable amount of plankton algae (possibly a large
proportion of which was nannoplankton) was present and sotive, at least part of
the time. The many sudden and great lnoreases in dissolved oxygen which were
recorded are believed not to be attributable to any other source; since usually

they ocoocurred in the virtual absence of green rooted plants or filamentous algae.

Bacterls
Certain bacteria, such as the green and red sulphur bacteria, possess pigments
soriewhat related to chlorophyll, and are able to utilize light for photosynthesis,
However, according to Van Niel (1935), who has made an extensive study of these
photosynthetic baecteria, it 1s very doubtful that they produce any oxygem. The

nature of their aetion is parallel to, rather than identical with, that of green
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plante. Carbon dioxide is reduced, but the necessary H is derived from organic
substauces (or fram st), rather than from water.

Thus these bacteria oannot properly be considered as direot contributors of
oxygen to lake water. They may have an indireot effect, in that they stabilise
substences such as HpS and COp, and thus reduce the potential oxygen demsnd of
the water. Little is known regarding the activities of any of these baoteria
at low temperatures (Ven Niel states that the optimum temperature for most of
them is about 36° C.); bubt it is posaible that they may exist and operate in
lakes in the wiubter, particularly in bog lekes, whish usually contain an abun—

denoe of hydrogen sulfide.

Run-in Water

As mentioned above, ground water end the waters of inflowing streams of
certein types are often low in oxygen and therefore more detrimental than help—
ful to the oxygen mupply of a lake. Marsh—fed inlets are often oxygen—poor.
Howsver, run—in water which arises from rein or meltlng sﬁaw or ice usually ocon—
tains a few parts per million of diasolved oxygen, and may thue bolster a depleted
oxygen content. As dlscussed above, this effect ia often transitory, and usually
confined to the upper layers. Hevor;cheloss, such run—in water probabiy helps
oocasionally to tide a leke over a perilous period {see, in partioular, oxygen

data for 1937-38).



WINTER SUFFOCATION OF FISH

If the oxygen—sreplenishing agencles fail to produce oxygen as rapidly as
it is being consumed, a serious shortage of dissolved oxygen may ensue, and the
fish may be endangered. Certain things should be known concerning the suffoce—
tion of fish under the lce. How prevalent and how serious is winter—kill? What
is the physiological basis for the death of the fish? What are the general

oonsequences of winter—kill; and what can be done to prevent 1t9

Inoidence _o_i; Winter—kill

As might be expected, the extent of the damege by winter suffooation may
vary from the loss of only a few fish to the complete or almost ocomplete annihil—
ation of the fish population of a lake. The death of relatively small numbers
of fish during any one winter probably in&icatas only an indireot connection (i.e.,
one of aggravation), if any, with winter—kill. A certain number of fish succumb,
during the winter, to disesse, parasites, or acoldent. Birds are excluded from
the water by the ice, and other scavengers are less sctive in winter than in
sunmer; decomposition of fish caroasses proceeds somewhat more slowly at low
tomperatures; and thus quite a few fish which have died during the winter come
to the attention of the sasual observer at the time of break-up of the iae.

There are records of the destruction dy winter—kill of extremely large num—
beras of fish. In the mortality in the Racine River, Wisoonsin, described by
Hoy (1872) "thousands of barrels" of fish died. According to Olson (1932),
20,000 pounds of dead carp were removed in one day, in the winter of 1928-29,
from a small lake (MoCabes Lake) in Minnesota. In Crystal Lake, near Gulfport,
Illinois, over 80,000 pounds of fish, mostly earp and buffalo, were found dead.
at the end of the winter of 193940 (Illinois Natural History Survey, personal
comminiocation). At Georgetosm Lake, Montana, in the winter of 1936-37, more than

700000 trout are said to have perished (King, 19837). In Michigan, especially in

the winter of the "big freesze—out", 1935-36, many severe fish losses have occourred.
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In Table 1 only the designations "1light", "heavy®, and "very heavy" are used

in referring to the sxtent of damage to the fish of various lakes, sinae actual
numerical data are too few to Jjustify tabulation. However, in the reports of
various observers, references to "many hundreds”, "thousands", and "large numbers®
appear quite frequently. Cooper (unpublished report, 1936) gave the following
estimates of fish killed in certein lakes in southern Michigan, in 1935-36;
Bateese Lake, over 200,000; Mud Lake, over 75,000; Green Lake, between 765,000

and 100,000; and Park Lake, over 150,000.

Complete destruotion of a fish populaticn apparently is very rare. It has
been recorded by Knauthe (1899) for a carp pond, but this was & very artifioial
situation., Afbver a kill in a shallow lake in Minnesota, in 1935-36, it was
asserted (Milwaukee Journal, 1939) that "not one living fish could be found in
the lake." 1In Pasinski's Fond, in 193940, the bluegills were all killed, but
most of the bullheads survived. This pond is scarcely typical of southern Mich—
igan lakes, being very small and exceedingly rich in organle matter. No other
substantiated record of a complete winter—kill of fish in Michigan waters exists,
On the other hand, many lakes which were thought, at the time, to be entirely
killed out, have later been found to contaln & surviviag stook., It ia difficult,
of course, to be certain whether or not the fish have all been killed in any
particular lake; since nearly all of these lakes heve stream connsctions, at

loast during high water, through which fish might enter following the kill.

Physiological Aspects

Cause of Death
Hention has been made, in the introduction, of the theories and beliefs of

various writers as to the modus operandl of winter-kill. Although certain of

these writers have blamed sush facotors as "poisonous" gases (presumably hydrogen

sulfide, ammonia, or methane), the weight of majority opinion has placeithe
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responsibility for fish death upon lowered dissolved oxygen tension. This
theory has been fairly well substentiated in the literature; observed oxygen
velues of a very smell amount, or none, have been reported meny times as exist—
ing at the time of, or just before or after, winter fish mortality.

The present survey presents stlll more of the same kind of evidsnce. Whole—
sale death in Pasinski's Pond in February, 1940, occurred at the only time during
the three winters of the study when the dissolved oxygen in the pond fell to
1 p.p.m. or less for several conseoutive days (Table 28, Graph 21). At the
time when many fish were in distress, or dying, in Richmond Lake, the water had
only & frection of e part per million of oxygen. Likewise, the studies made by
the Institute for Fisherles Research during the severe winter of 1935-36 (Cooper,
1936; Eschmeyer, 1536 — unpublished Institute reports) showed extremely low
oxygen ooncentrations prevalling at the time of mortality.

However, it must be remembered that, almost invariably, low dissolved
oxygen concentrations under the ice are accompanied by various other adverse
conditions. The very prooesses of deoay which oconsume the oxygen, produce, at
the same time, considerable quantities of carbon dioxide, methane, hydrogen
sulfide, and possibly ammonia. Hence, any oonclusion, & priori, that lack of
oxygen is indlsputably the ceuse of death, is unjustified. The solution of the
problem must rest on physlological experiments, bocausé the several factors
oan not readily be disentangled in nature.

Here again, the reasoning tends to be somewhat speculative. It is axiomatio
that fish die if the oxygen tension of their medium remains for any considerable
time below & minimum velue. but it also is well known that the verlous noxious
gases named above, if present in sufficlent quentity, can be fatal to fish.
Carbon dloxide alone, in high concentration, can kill flah, even in the presence
of abundant oxygen. Furthermore, it 1s established that there are complex

interrelationships between the various factors. To take an extremely common



example, the presence of oconsiderable carbon dioxide greatly reduces the ability
of fish to utilize oxygen at low tensions (Fry, 1939; and others). In other
words, the toxicity of carbon dioxlde increases with lowered tension of oxygen.

The literature on wintef mortality of fish has insuificient qpantitativ;
informaetion on which to base any definite conclusions regarding the relative
importance of these various factors, 1f indeed the effects of low oxygen and
high CO;, for example, are ever separated in nature. Nor do the data of the
present study give rise to any completely satlsfactory deductions. Except for
oxygen, carbon dioxide i1s the only dissolved gas which was measured. In general,
the CO; concentrations, although appreciable, were not alarmingly high, and the
1nor0ase; were somewhat gradual (e point probably of some significance, as dis—
cussed below). It is probable that, compared to the dissolved oxygen at its
lowest levels, the carbon dioxide was not the most dangerous faetor. In other
words, it seems likely that were the two conditions to exist one at a time, which
they usually doAnot, the diminished oxygen would be much more apt to be fatal
than the inoreased carbon dioxide. Also, although no concrete assuring evidence
is at hand, it appears possible that the amownts of hydrogen sulfide and other
poiscnous gases whioh usually were present in the lakes under study were mnot in
excess of the toleration limits of the fish.

Further speculation probably is fruitless. Suffice it simply to state that
very low dissolved oxygen concentrations are probably the primary cause of fish
death under the ice, but that the effecte of low oxygen are augmented by the

presence of carbon dioxide, and often of other harmful gases,

Tolerances and Adaptations
In laboratory determinetions of low oxygen tolerance limits of fresh-water
fishes, most workers have to & large extent neglected the lower temperature
ranges. Even the expsriments at higher temperatures, of which there have been

many, have produced results in considerable conflict, depending on experimental
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method, species used, and the effsct of verious uncontrolled conditions.

Refining and extending a methcd of field observation used by Smith (1926),
Moore (1942) obtained some figures, that are apparently rather dependable, for
low—temperature oxygen requirements. The experimental fish were held in live
boxes in natural waters of various oxygen temnsions; and the results are stated
in terms of suﬁival or non.--survival for a 48-hour p?riod. Control was fairly
adequate; the effeots of handling, pH, and coz prohalély were minimal. It wes
found that the "thresholds of many species of fresh—fn}ter fishes lie between
1.0 and 2.0 p,p.m. However, some of the loas tolerq;ﬁ“b species may require up
to 3.0 p.p.m. or poassibly higher." Even at extremely low oxygen concentrations,
death did not% ocour immedimtely (in some instences not in four hours), indicating
that suffocation at low temperatures requires & comparatively long time.

Moore's figures confirm rather well the conclusion of Thompson (1925) that,
at low temperatures, "dissclved oxygen coneentrations between zero and two parts
per million will kill all kinds of fishes."™ Date of the present study are entirely
inadequate to establigh tolerance limits. However, et certain times, dissolved
oxygen conoentrations of less than two p.p.me. were found, with the apparent sur—
vival of many of the fish present. For instance, in Pasinski's Pond, in late
February and early Maroch, 1940, some 18 to 20 stations were regularly sampled,
assuring a rether ad?quate coverage of the four acres. For the consecutive
sampling dates February 26, 28 end Marech 1, not one dissolved oxyzen value of
over 1.6 p.p.m. was found at these stations, and moat of the values ranged from
0.0 to 1.0 p.p.m. Although the bluegills died, most of the population of the
more hardy bullheads lived. Other scattered recordings of oxygen of from 0.8
to 1.6 p.p.m. were obtained, as in Middle Pish Lake, 1941, Minnis Pond, 1938,
end Riohmond Lake, 1939 (see Table 10), during periods of low oxygen through which
at least a part of the fish population is belleved to have survived.

Carbon dioxide tolerances of fishes have been s tudied by many writers, such



as Wells (1918), Powers and associastes (Powers, 1938; and other papers), and
Black and his associates (Irving, Blaok, and Safford, 1941; Fry, 1939; eto.).
Powers has concluded that fish can satisfactorily absorb oxygen in the prescnce

of carbon dioxide &n the concentrations usually found in nature. The factor which
in his opinion often causes mortality is a sudden incresse in €Oy, Yo which

the fish ocannot adjust themselves. No special reference is made to the condi--
tions of winter, when abnormally high earbon dioxide tensions may ocour.

It has been claimed that fish exhibit avoliding resctians toward low dissclved
oxygen (Thompson, 1925) and toward high carbon dioxide (Wells, 1918). However,
it was observed many times in the present study that when sn open hole is main—
tained in the ice, at times of low oxygen in the water, the fish will erowd into
the open hole, and will remain there until they sucoumb, even though the oxygen
drops to sero, while nearby water still contains some oxygen. For example, in
Richmond Lake on February 18, 1940, the surfece water in an open hole contained
only 0.4 p.p.m. of dissolved oxygen, while that of a& station not far away had
1.9 p.p.m. Yet the hole was full of dead and dying fish. Similarly, in Pasin—
8ki's Pond, on Februery 18, 1940, there were hundreds of dying fish in the open
hole, and at the same time the oxygen at a station only 40 feet away was 2.8
p.p.m. It is possible that the avoldance reastions of the fish are relatively
#light at such low temperatures. On the other hand, it seems rather likely
vthat the tendensy for the fish to move to an open hole, and to stay there, is
largely oonditioned either by a positive remction toward 1ight or toward open
water, or by the opportunity to gulp air at the surface.

It is known that there are considerable differences in the sensitivity of
various species of fish to adverse conditions. Various listings of the order
of resistance of spacies have been given. Pry (1939) listed them on the basis
of the effect of carbon dioxide upon oxygen uhilisation. Moore (1942) gave the

order in which several species resisted diminished oxygen tension at low temper—
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atures. Though diverging to some degree in their opinions on particular points,
almost all authors agree that in general such specles as yellow perch and the
sunfishes are more sensitive to adverse conditions (e.g., lowered oxygen tension)
than those specles commonly called rough fish, such as bullheads and ocarp. It
is probable that within specles there are relatively tolereant and relatively
susceptible physiological races, and that hereditary individual differences

in tolerance exist within single populations.

Differences in sensitivity also exist because of differences in age,
physiologieal condition, and (possibly) sex. Moore concluded that older fish
can withsteand winter oxygen depletion better than can younger omes, since the
metabolic rate decreases with age. 'Fiah in poor physiological ocondition, or
those weakened by injury, parasites, or disease no doubt more readily become
victims of winter-kill than the more hardy individuals,

Certain fiash specles have been shown to have apeciel physiological adapt—
ations whioch enable them to survive conditions that otherwise might be catastro—
phical. An exsmple is the mud-minnow (_Ug_lg_r_g). This fish 1s the only species
known to be present in Bog Lake, where it has maintained itself through count—
less winters (the stosk oannot have been replaced by immigration in recent
decades, for the lake has no water connections). During many of those winters,
such a8 that of 193536, the lake must have been completely devoid of dissolved
oxygen for considerable periods; yet the mud-minnows survived. The explanation
probebly lies in the ability of this fish to utilise atmospherio oxygen. It has
been demonstrated (Geyer and ienn, 1939; and others) that Unbra oan exist in
water of low oxygen concentration if 1t is allowed mccess to the surface, in
order to gulp air. It is not very olear just how the fish can obtain air in
the presence of an ice cover; but it is possible that oracks in the ioce, and
air pockets under the ioce, allow enough contact with the atmosphere to fulfill

the relatively small needs of the fiash in cold water. Perhaps also worth con—
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sidering is the possibility that the mud-minnow may undergo actual hibernmatiom,
perhaps buried in the mmck of the bottom, for all or part of the winter. Morgan
(1939, p. 321) has raised the question of the existence of true winter dormancy

in fishes; but a%t e&ny rate & very sluggish flsh would consume very littls oxygen.

Consequences

Heavy winter-kill in & lake may reduce the fish population to such an extent
that fishing for the next season or two is very poor, or entirely unproductive.
Unfortunately, no really quantitative records are available, for Michigan lakes,
regarding the fishing success in the first end secand summers following a heavy
winter mortality. In fact, the knowledge that & lake has suffered & large loss
often keeps most fishermen away from that leke for a year or two, and hende @
oreel census would be of small value.

Within a certein range, the effect upon the fishing is more or less ia pro-
porsion to the extent of the kill of the game fish. However, in some lakes,
and with a not too heavy loss, a different — perhaps even a desirable — result
may obtain. It is lnown that many Michigan lakes are over-populated with various
geme fish to the extent that extreme stunting ocours. It is altogether probable
tha£ a considerable reduction in numbers of these fish may result in faster
growth of the remainder, and henoe in fewer, but larger, fish becoming available
to the angler.

It appears likely that, following a winter—kill, the fish population recovers
to a large degree within a very few ysars, and eventually becomes restabilized
at its original level. Rebuilding of the population mey be effected by arti—
fioial stocking, by immigration through connecting streams, or by the feoundity
of & surviving parent stock. An apparently well substantieted instance of a
resovery by the last-named method is that of Goose Lake, in Jackson County. This
lake was hit severely by winter suffoocation in 193536, when it was popularly

supposed to have been almost entirely depopulated of fish. MNatural reinvasion
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did not take place because this lake has neither inlet nor outlet. £The only
recorded plantings of fish between 1936 and 1941 were 10,000 bluegills in 1937,
and 20,000 in 1638, Fishing conditions in the lake after the spring of 1936 have
been described by Haines (1541). Although admittedly based on a small amount

of observation, nevertheless his information is of interest. In 1938, two years
gfter the winter-kill, he found that fishing was still rather poor, and that

the bass taken were small. But in 1941, after a total of five years, he made
several good ocatches of large bass.

Speoies differences in tolerance of flshes to unfavorable winter conditions
often bring about a differential winter—kill. In gensral the game flsh are
more sensitive than are the rough fish, and several reports from the literature
have indiocmted that the game fish did suffer more damage than the non- -game speecles.
As already mentioned, the winter—kill of 193940 killed 4ll the bluegills in
Pasinskli's Pond, but deastroyed 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 of 1936 they were mostly carp, buffalc, and sheepshead
whose loss was probably beneficial to thg lakes."

In Teble 1 are shown the speoles which were specifically mentioned in the
reports of winter—kill in Michigen lakes. These reports probably were influenced
by the propensity of the cbserver toward noticing game fish, his tendenscy to
negleot to observe minnows and other small fish, and (at times) his inability
to recognize other than the game species. HNevertheless the tabulation does dis—
tinotly show the game species to be the ones most affected. As Smith (1541) and
others heave pointed out, this disorimination has the effect of leaving a popu—
lation, end a brood stock, composed of a large proportion of rough fish. In
this manner, species balance between predator fish, geme and food fish, and
forage fish may be seriously disrupted. It may well be, however, that this

balance becomes restored, through the workings of ecologicel forces, within
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relatively few years.

Various other enimals besides fish sometimes are victims of winter—ill,
Kochs (1881) reported the death of very large numbers of frogs; Olson (1933)

" also st#ted that frpgs are subject to winter suffocation. In the present etudy,
dead tadpoles wore obgserved a few times, but never any dead adult frogs; nor
are frogs apoéifioally mentioned in the reports of winter—kill in Michigen lakes.

Meny dead snails were observed, partioularly at Green Lake, after the
break—up of the ice, but it is not lmown in what proportion they were killed by
low oxygen or dled from other causes. Simllarly, although a few dead mussels,
orayfish, and turtles may be seen along the shore of a lake after the lce melts,
it is questionable that they are the direct victims of suffocation, since their
death in large numbers has seldom been reported.

The plankton invertebrates probably are destroyed in considerable numbers
in some wnteri. Kofoid (1803) recorded the "practical extinction of the plank—
ton" in pleaces in the Illinols River during a winter of heavy fish mortality.
ldowever, since many of the plankton enimals normally are subjeot to vast changes
in numbers, cyclic or otherwlse, and are equipped to weather adverse conditioms
by means of winter eggs or other msistant forms, it is likely that winter-—kill

is by no means a camplete catastrophe to them.

Preventive and Remedial Messures

Lake conditions conducive to winter—kill are more fitly subject to pre—
vention than to cure. Once a lake develops an oxygen deficiency to the point
where fish are in distress, 1t 1s doubtful if artificlal means can avert con—
siderable destrustion. On the other hand, there are certain measures whiech, if
applied early enough in the winter, may go far toward preventing harmful cont
ditione from aerising. In the following disuussion not only are these methods
considered, along with the extent of their economic feasibility, but also brief

attention 1s given to sundry procedures, proposed or even actually attempted by
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various workers, whioch are neither theoretiocally nor practiocally sound.

Flowing Water

If an appreciable flow of water through a lake can be maintalned through—
out the winter, and if the inflowing water always carries a reasonably large
amount of dissolved oxygen, it is quite logioal to suppose that the water of the
lake (at lemst that within the path of flow) can thus be kept supplied with
oxygen. As mentioned above, Mud Leke furnished an example of a stream's having
considerable influence upon the oxygen content of the lake water. Sniessko (1941)
stipulated a steady supply of aerated water as a requisite for winter carp ponds;
Hubbs and Bschmeyer (1938) discussed the possibility of diverting a natural
stream into a lake in order to prevent winter-kill. .Hmver, it will generally
be impraoticable to bring about susch a diverasion; furthermore, there mey not
always be the assurance that thse stream will remain eerated, since it in turn
may arise in another iake where stagnant conditions also develop.

Water from wells perhaps may be utilized as a source of supply for some
ponds, but as & rule ground water containg little oxygen and therefore must be
artificielly merated before it enters the pond. The resultzs of an experimental
use of such a water supply at Pasinski's Pond, disoussed above, showed little
if any improvement in conditions which could be attributed to the well water,
presu:ggbly because its flow was relatively small and it was not very high in

dissolved oxygen.

Raised Water Levels
Smith (1941), Hubbs and Esohmeyer, and others have recommended raising
the lake lsvel as a means of preventing stagnation by enlarging the inital supply
of oxygen. Probably it is feasible to raise the water of many shallow lakes by
& foot or two, in the late fall or early winter; whether this additional amount

of water can furnish enough oxygen to meet the demands of decaying organic mat—
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erial is rather doubtful. As discussed above, it seems likely that the average
lake of the winter—kill type uses, during a long winter, several times the
amount of oxygen with whioh it starts the winter, the balance being made up by

photosynthetie production under the ice.

Holes in the Ice

For no one knows how many decades, fishermen, oconservatlonists, and others
have attempted to relieve winter suffocation by cutting holes in the ice. Even
soientific writers have recommended the procedure (Wiokliff, no date; and others).
Presumably these workers suboonsclously postulate some such analogy as 1ifting
the trap—door to & dungeson, thus to allow 1lts occupants acocess to alr and to life.
Or there may be present the notion, expressed in a newspaper account (Milwaukee
Sentinel, 1939), that holes in the ice will "allow the poisanous gases which
mean death to the fish to esocape.”™ At any rate, despite many published state—
ments in deprecation (Knauthe, 18989; Hubbs and Eschmeyer, 1638, Milwaukee Journal,
1939; Smith, 1941; and others), the practioce still has many ardent followers.

The gseal of an ice cover is not nearly as perfesct ms is often supposed.
Cracks, pinholes, and alr—pockets would relieve any very great pressure that a
dissolved gas might bulld up, and allow the esocape of the gas. The very faot
that almost invariably the greatest concentrations of methane, hydrogen sulfide,
and carbon dioxlde are near the bottom rather than near the surface is sufficient
proof that it is not the mere presence of ice that prevents their escape from the
water. On thj:ther hand, the preseme at times of a high degree of supersature—
tion of dissolved oxygen in the water immediately under the ice may be explained
on the basis of the well-known ability of water that is not agitated to retain
for & time a large excess of oxygen, whether the surface of the water is covered
or exposed.

In the absence of agitation, diffusion of alr through the surface film of

water is exceedingly slow and small in amount. Any apprecisble meration of the
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water of a lake by mere contact with the air over the area of a number of holes
in the ice is impossible. It 1as true that if agitation can be acocomplished, as
by wind, much air can be put into the water. But, as those who have tried it
know, the task of removing the ice from sny appreciable area of water is her—
oculean indeed (to clear one acre of ice aone foot thisk would require the removal
of 1100 tons of ice). Artificlal agltation, by ocutboard motors or “ther pro—
peller devioces, unless used in impraoctiocable numbers, cannot affect a large
enough proportion of the lake's volume to be of any significant aid.

Another popular theory is that fish are henefitted by soming to the surface
at open hocles and gulping air. However, most fish are fitted primarlly to extract
their oxygen from the water, and are poorly equipped to utilize atmospherio oxygen.
It is held by Powers that gulping mey aotually be detrimentsl, because it brings
about raepid ohanges in ocarbon dioxide tension (Powers, Shields, and Hickmen,
1939, p. 245;‘ and other papers). As Hubba end Eschmeyer, have pointed out (p.
146), those few large species of fish which can use scme oxygen from the air,
such as bullheads and carp, are of comparatively little value, and perhaps not
worth the effort of saving.

Holes cut in the ioe may result in mctual harm becsuse of their attraction
for £ish. As described above, fish tend to congregate at an open hole, and may
remalin there until oconditions in that immediate place becoms fatal to them, even
though there is better water not far away. Apparently just such an event took

plsoe in Pesinski's Pond, and in Richmond Lake, in the winter of 1939-40.

Artificial Aeration
Various experiments, in Michigan and elsewhere, in the artificial seration
of ice—btound lakes by means of water or air pumps have been described above, in
the section on experimental studies. Almost all of these experimenters have
reached the conclusion that pumping methods are wholly inadequate to merate even

a fair—sized body of water. Experiments in Iowa, both by using air blowers and
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by pumping water into the air were not oonsidered very successful (Aitken,

1588). Fumping operaticns in Kinnesota were "disappointing" (lillwaukee Journal,
1939). Virtually no good was found to have been accomplished by the experimental
pumping by the Michigan Institute for Fisheries Researoh orew in the winter of
1935-36 (Eschmeyer, 1836).

The diffioulty with almost any pumping method is in getting aeeration for
any appreciable distance from the seat of operations; furthermore, the effects
of the pumping ususlly are gulte transltory.

Perhaps the possibilities of pumping have not entirely been exhausted, and
it mey be that some further experimentation is justified. It is possidle that
offieclont air or ’vmter pumping over & long period of time eould introduce con—
siderable oxygen into a very small body of water, such as & farm pond. Certain
preoautions should be used, for inatgnce to avold stirring up bottom materials
and thus making them more readily avallable for baoterial oxidation (Hubbs and
Esohmeyer, p. 146). Pumping would have more chance of being effective if started
prior to the attainment of extremely bad conditions,‘rnther than after the oxygen
is well exhausted. After water has developed sn oxygen deficienoy, the small
amounts of oxygen that are mdded are guickly consumed, There seems to be little
hope that any pumping method will be feasible for large bodies of water, at

least after soerious oonditicns have been reached.

More Vegetation
Since aquatic vegetation is knom to be a producer of oxypgen, under the
proper conditions, it haa been proposed (Aitken, 1938) that winter aseration of
lakes ocould be amocomplished by inoreasing the smount of vegetation present.
As hes bqen polnted out above, the higher plants usually are responsible for a
relatively small proportion of the oxygen production in the winter, at best.
During periods of snow coverage, thers 1s little photosynthesis. Often the

dead remains of planis become an agent of oxygen consumption. It is therefore
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doubtful that eny aid in alleviating winter stegnation is to be derived from
the artificial propagation of plents.

Plankton plents ean be incoreased by the addition of fertiliser to the water;
but excess fertilizer, and the remains of plankton algae that die , have a large
demand for oxygen. The balence, therefore, 18 so delicate that tampering is not

Justified in the 1light of the present knowledge concerning ertificial fertilization.

Less vegetation

In extremely wéedy lekes, it is perhaps more desirable from the standpoint
of winter—kill prevention to deoreese, rather than lncrease, the amount of rooted
vegetation, sinoce the winter decey of water weeds may use & part of the oxygen
supply. There adems to be good’ indication, for instanoce, that the very heavy
beds of Anacharis in Pasinski's Pond are responsible at times for considerable
oxygen utilisation. However, the removal of rooted vegetation from a lake pre—
sents many difioultles, and probably should not be cansidered es an economically
sound method of aococmplishing muoh toward the prevention of winter-kill. To
attempt to remove the plants in winter, when danger is threatened, would be
hazzardous, for the bottom materials stirred up would inorease the oxygen con-—

sumption. 3

Snow Removal

It has been pointed out (in the section on.results) that there is a definite
relationship between the amount of light penetrating the snow and ice cover, the
plankton plants, and the diszezolved cxygen content of the water. The date of
the present study, combined with those of other investigations, definitely prove
that the presence of absence of & long—continued snow cover on & lake can mean
the difference between safety and doom for the fish. It is therefore epparent —
and has been mentioned by several authors (Hubbs and Eschmeyer, 1938; Smith,

1941; and others) — that by far the best single method, from a theoretical view—

point, of preventing winter—kill ia the removal of snow from the ice. Moreover,
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suoh removal should not walt until dengerous conditions develop, but should be
osarried out rather regularly after each major snowfall.

Practically, the method offers many diffioculties. Large—scale snow scraping
entails the use of power machinery, which is somewhat costly, and whioch requires
fairly heavy lce for safe operation. Hand shovelling is extremely slow and lab—
orious. However, there may be merit in such schemes as that of using road-
soraping maohinery at times when it otherwise would be idle, or that of making
& oommunity project out of clearing the ice of snow for the additional purpose
of providing skating. Furthermore, the effort oould be somewhat 'le.sasned by
clearing only strips of ice, with alternating windrows of piled-up snow (which
might, however, be scattered baock onto the cleared areas by subsequent winds).

On the whole it seems likely that, although the method may be feasible for rela—
tively small bodies of water, it could not be applied to all of the Iai-ge winter—
kill lekes of southern Michigan.

An alternﬁte means of reducing the power of the snow oover to shut out
light is to melt tﬁe snow with a strean or a spray of water. Upon refreesing,
this melted snow is much less opaque to the light's rays. Water sould be pumped
from the lake in a rather large stream at relatively low cost, since the necessary
11£t would be small. The feasibility of applying this method to smy considerable
area 1s largely a matter of oonjeoture; but the possiblities seem to warrant at

least an experimental trial.,

Flsh Removal
The removal of fish from a lake subjest to winter~kill may be directed
toward acoomplishing ¢ither of two objects. The effect sought may be the dimin—
ution of the oxygen demands of the fish by removing a part of them. In such
operations the least desirable species may te removed, at in the experiment
described by Olson (1932), in which 160,000 pounds of carp were removed from s

amall lake in the (vain) hope of saving the game fish. As discussed above, the
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oxygen consumption by fish probably is a very small part of the total oxygen

utilisation in the water under the loe; and henoe the removal of part of the fish

will ordinarily have comparstively littd effect in maintaining an oxygen supply.
Smith (1841), however, disscussed the removel of fish (presumably game fish)

for another purpose — that of taking them from the danger of winter suffocation

and transferring them to deeper lakes where they will be safe. This procedure

is a logiecal one; and in many instances, when the threat of disaster 1s really

imminent, it is no doubt an advisable thing to do.
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SUMMARY AND CONCLUSIONS

In the past, comparatively few studies have been made of winter conditions
in lakes, largely because of the difficultlies of winter field work. There are,
however, many limnologioal aspects of lakes in winter which are worthy of observ—
ation. A cover of ioce and snow brings about strilking changes in the water.

By interfering not only with gaseous exchange, but also with photosynthesis,
this cover may have a great effeot on the dissolved gases of the water, parti—
cularly on the oxygen balance. Among the disasters which may occur when this
balance is adversely upset, the most dramatlo and economioally most important
is the destruction of fish by suffocation.

Winter—kill of fish has been recorded many times in the last helf-century,
in Burope as well as in North America. In this country, it is of more or less
common occurrence in several north central states. 1In Michigen, it has ocourred
in many lekes (thoughvin & relatively small proportion of all of the lakes of
the state). Thsre have been kills in many winters, the most notable of which,
in recent years, was that of 19356-36. During that winter, untold hundreds of
thousands of fish perished.

The investigation desscribed by this paper hed as its chlef objective the
securing of info;'mation regarding winter-kill, its ocauses and its ommsequences.
Certain inocldental data concerning the general limnology of ice—covered lakes
were also obtained.

The lakes studied included a modsrately deep, mildly eutrophic lake, not
subject to winter—kill; two shallow lskes which are typiocal of the winter-kill
type of southern Michigan; a small, shallow, very rieh pond, in which extreme
stagnation often arises; and & small acld bog lake. Standerd fleld and labora—
tory methods were used, with certain modificati ons necessitated by winter field
conditions. Literally thousands of dissolved oxygen determinations were made

throughout the three winters, 1937—38, 1939-40, and 1940-41. Routine tests also
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were made of pH and of methyl orange alkalinity. In 1937-38 and 1940-4], free
carbon dioxide was measured; and in 1940-41 a oconsiderable series of measure—
ments of light penetration through snow and ice were made. Also in 1940-41 bio—
chemical oxygen demand was determined for a large number of water samples.

In an experiment, well water was pumped into a pond for two one-week
periocds, without any notable effect in reising the oxygen of the pond water.
Comparative oxygen measurements wefo made in three ponds, cne of whioch was
darkened with paper, and another of which had the snow removed. The different
amounts of light penstration resulting were definitely reflected in differences
in oxygen tension, though the differences were not very large.

In studying the oxygen trends in the various lakes (Graphs 2 to 14) it was
found, a8 might be expeocted, that the greatest and most sudden fluotustions
occurred in the shallow pond end in the bog lske. The water in the deeper lake
remained remarkably sonstant throughout each winter.

Of the three winters of the investigation, in only that of 153940 did serious
conditions develop in the lekes under observation. During that winter the ice |
was covered with enow for a comparatively leng time. During the other two winters
snow coverage was of rather short duration,

Changes in oxygen cancentratlon, even from week to week, were definitely
corrolated with changes in the depth of snow on the 1ce, Measurements of light
intensities verified the suppositlon that only a very small emount of light
penetrates through even a few inches of snow. Unquestionably a foot or more of
dry snow transmits too little light to astuate photaynthesis.

It is probable that the respiration of fish, other animals, and plants plays
an insignificant part in the depletion of the oxygen. The main oxygen consumpition
comes about through the bacterial decay of organic matter, which is largely
derived from dead plankton, end is either suspended or dissolved in 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 anaerobie productiomn of
methane and other reducing gases, which in turn are oxidized in the water. The
relative importance of sech of these organic materlials in oxygen utilization is
not known, but the correlation of oxygen depletion with general organic richness
of the lake is clear—cut. Oxygen consumption apparently is & continuous process
throughout the winter, but mey be subject to some degree of influesnce by changes
in light oonditions, as well as by differences in temperature, etc.

Opposed to oxygen depletion is its production by photosynthesis. 1In this
production, in winter, higher plants are involved to only a minor extent; the
chief oxygen output is that of the phytoplankton. The emount of photosynthesis
varies greatly, in aocordance with the amount of 1light which penetrstes the
ice snd snow cover.

Winter—kill of fish is principally a matter of suffocation because of a
lack of sufficient dissolved oxygen. High concentrations of carbon dioxide or
other harmful gases are contribgﬁing factors. The oxygen requirements of fieh
are compe rativel; low at low temperatures; but nevertheless certein minimal
oxygen thresholds exist, beneath which fish cannot indefinitely survive. Diff-
erent species show differences in tolerance, and hence differential kills oeccur.

The mortality varies from that of a few fish to the destruction of almest
the entire population. Total kill is rare; and, when & residue fish s tock is
spared, recovery by natural propagation probably is largely completed within e
few years, provided a seoond kill does not ocour meanwhile. The detrimental
effect upon fishing may be great for the first year or so, however; and the
reputation of the lake for fishing is likely to suffer accoerdingly. The effeots
of winter-kill may not always be altogether deleterious, however; for the thin-—
ning of a large and stunted population may result in increased growth of the
surviving fish. A heavy winter—kill may tend to destroy the species balance,

by differentially killing the more sensitive speciles.
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Once a lqke has developed intense winter stagnation, usually little
relief ocan be secured from the application of artificial measures. Cutting
holes in the ice does virtually no good, because air sannot enter the water, by
diffusion alone, in any appreciable guantity. These holes may even be harmful,
besause fish tend to congregate in an open hole and hence to deplete the oxygen
in that immediate locality. Nearly all pumping procedures have been found not
to be femsible, especially if large bodies of water are involved.

Both the theoretioal oonsiderationl”n'id the results of experimentation
indicats enow removal to be a logloal and perhaps feaslble method for the pre—
vention of winter-yill. The economic practioability of the method is atill
largely imknown; for small lakes, particularly those which are importamt fishing

waters, it holda considerable pramiae.'
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SUGGBSTIONS FOR FURTHER STULY AHD MANAGEMENRT

As has been stressed above, any mamagement program should aim at the pre—
vention, rather than the relief, of extreme winter stegnation; for after serious
conditions once have developed there is little that oan be done in the way of
alleviaticn. The following mansgement program is sound from @& theoretieal point
of view. TWhether or not it is economically feasible probably can be determined
only from actual trial. It should be noted that it is recommsnded primarily
for emall bodies of water, and probebly is not practicable for large lakes.

If control of the water level is possiﬁle, the lake or pond should be allowed
to enter the winter with & maximum wolume of water, thus giving it as large a
reserve supply of oxygen &s possible. FProvision for extra inflowing water during
the winter months sometimss is posaible; if so, it should be made, particularly
if the source of supply is water that is apt to ocarry abundant oxygen, such as
that from a laks not subject to winter—kill or from & large streanm.

Snow should be removed from the ics, by ascraping or melting. Power or
horse—drawn scraping or brushing equipment may be adaptable to the purpose;
melting may be effected by a stream of water pumped ffom the lake. If the entire
area cannot be clesred, probably some syatem of partial removal — such as from
elternate strips — would be fairly effective. Very light snowfalls (of a fraotien
of an inch), which are rather frequent in southern ichigan, do not necessitate
any action. Not only is such a small amount of snow insufficient to do much
demage, but also it is very likely to be dissipated in rather short time by
natural means. Bul eaoh snowfall of more than an inch or two should be e¢leared
away A4S soon &8 possible, not only because it soon cen do considerable harm, but
aelso because freshly fallen snow 1s more easily hendled. Lxperisnce, plus cheek
determinations of oxygen, will dictate the extent to which snow removal must be

oarried for eny particular body of water,

In sowe instanoces, the removal of valuable game fish to a safe body of water
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before the onset of serious conditions may be advisable. Rescus operations in
the winter are difficult and disagreeable work, and should be considered only

as an emergency treatment. The need for fish removal in the fall, on the other
hand, eannot be determined, for there 1s no way of foretelling whether the
coming winter is to be a severe one or not. Hence fish should be taken in the
fall only from those lakes or ponds whioh are most apt to be affected, or from
those which best can spare fish. In other words, there may be certain very pro—
duotive ponds or small lakes which thus might be cansidered somewhat as rearing
ponds, and from which a certain number of game {fish might be transferred each
fall to waters more safe from the threat of winter—kill.

Although not recommended, at present, a; a practical procedure, pumping water
or air still is worthy of a certain amount of further experimental trial, pro-—
vided the necessary equipment can be assembled. HNo one pumping method is recom—
mended here above the others. A primary objeot of the pumping should be the putting
;f air into the water in as diffuse & form as possible (i.e., as very small bubbles).
Vigorous stirring or agitation should be avoided. Finslly, it should be borne
in mind that the method offers very little hope of successful application to more
than small or local areas, and will probably fail to be effeotive where the danger
point has already been reached.

It 18 extremsly advisable, in connection with any progrem of winter—kill
prevention, to maintain throughout the winter a systematic and frequent check
on the dissolved oxygen in the water, in order to determine when denger threatens,
and to evaluate properly the success of the work. The dissolved oxygen determin—
ation is not an extremsly difficult procedure, nor does it require an excessive
emount of equipment. It is quite femsible for a practiocal fisheries worker to
assemble the apparatus and to perform the test. Or, if this procedure does not
seenm to be advisable, arrangements often ean be made for a fisheries technician

or other trained worker to make the oxygen determinations.

~Following are suggestions for certain further theoretiocal atudies. They
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are proposed primarily for possible future investigation by the Institute for
Fisheries Research, but may be somewhat useful to others interested in winter
limonology.

Purther observaticns of dissolved oxygen changes probably should take the
form of an intensive study of one lake throughout a winter, rather than extensive
work on several lakes. A considerable saving of time aend travel expense would
thereby result, and information fully as valuall e would be obtained. If it
oould 8o be arranged, a desirable procedure would be to combine the oxygen observ—
ations with experiments in pumping or snow removal, thus obtaining a comparison
of oconditions before, during, and after an experiment, and between experimental
and ocontrol areas. Of the southern Miochlgan lakes asuitable for this projest,
Green Lake is specifically recommended. Not cnly is 1t typloal of the winter—
kill lekes, but it has the background of the work of the present paper.

Oxygen determinations, probably at several stations, should be made about
ance & wesk prior to the first snowfall of consequence. After that, or after
the beginning of any experimental work, they should be made at least two or
three times weekly.

Measurements of pH, carbon dioxide, or alkalinity are of relatively little
value in the present connection, since they are mainly only supplementary to
the mueh better index which is to be had in the oxygen determinatioms.

Of somewhat more striotly academic interest, and yet very vital to s
cvomple te knowledge of winter conditions, are additional measurements of'light
transmission, and of biochemical oxygen demand. The Institute now has the
necessary squipment for this work; the proscedures are fairly simple and reliable.
It is recommsnded that, to whatever degree eircumstences may permit, omnsider—

able more work be done alcong these lines.
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Peported Instances of ‘@nter-iill in
Mehigan Lakes, 1930-1911.
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Table 1.

Reported Instances of ¥inter-kill in
Miahizan lakes, 1930-41.
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Dge = Dogfish (bowfin)

mo‘mw
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Clare Pungo 18 X g V. 2], 22 1 oo cen
Crewford Hay 28 K. L w. 35 2 oo L sen
Iron 134¢tle ){2 H. 33 %. 29 12 8 H s
Yagzie
EKallca.aka Island 27 x. g . 20, 21 90 22 R x
Kont Ctapin 8 x. 9 W. 3 15 “re L x
darquette #ud L5 H. 30 W, 22 ko ere H x
Hecosta Horsehead 15 He 8 w. 15, 21, 22 500 ﬁ eeon ves
Jehnsen 1 H. § W, g9, 10, 15 500 e onn ers
Missaukee Crooked 22, 23 4. 8 W 3, L, 33 300 - .es VH x
Cscoda fimer 23 W 1 K. 13 20 25 : | x
Helmer 27 ®. 3 Lae i 6 25 L x
Onk 25 K, €k, 7,18 Lo 6 i x
L = Light Bge = Bluegill sunfish B.He = Bullheads
H » Heavy B. = fass (largemouth or sukllmouth) Cpe = Carp

Prev. W.K. » Enown winter-

ki1l in previocus years.



Table

2.

Prinoipal Lakes Studied; Physicai Charaoteristics.

8ize, Hax. In Predominant Rooted Mesthyl
Lake County Location Aores Depth,  Winter Bottom  Vegetation, Orange Class
Feet 1nlet Qutlet Materials Distrib— Alkalinity,
ution Usual range,
pP-pome
Clear Jackson Tl, 233 R2E; 8ec. 140 36 ° Lo No Harl, mud, Limited 160-180 Early—-stage
1, 2, 35, 86 R pulpy peat sutrophio
Mud Washtenaw 7118; R3E; Sec. 31 62 ] Yes Yes  Peat, marl Widespread 200260 Mid-stage
sutrophie
Green Washtenaw 7T18; R3E; Seo. 78 10 Yes Yes Peat, marl Widespread 170-210 Mid-stage
21, 22, 27, 28 eutrophio
‘ |
Richmond  Qakland T3N; R9E; Beo. 16 15 10 No No Peat Widespread 140-160 lLate-atage e
eutrophio L
i
Pasinski's Livingston T2N; R5E; Sec. 5 4 b No Yes Peat Total area 120200 Late—stage
Pond sutrophio
Bog Washtenaw T1S; R3E; Sec. 21 }{1 6 No No Peat Absent 510 Dystrophie
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Table 3.
Sampling Stations on the Principal lLakes 8tudied,
19371941
8tation Sampled in yeers Total Rooted
Lake nunmber 193788 193940 194041 depth, Depths sampled, Bottom type plants
feet feet Y/

Clear 1 x x x 6 5, 6 Marl Sparse
2 x x eee 22 8, 5, 10, 15, 20 Peaty mud None
2a cee cos x 34 8, 5, 10, 15, Peaty mud None

20, 2b, 33

Mud 1 x x x 4 8, 3 Peaty mud Medium
2 cea x cve 3 8 Marly mud Hedium -
3 “ee x cos 3 8 Peat Dense
4 vos x cee 2 8 8andy mud Sparse

inlet cee x x 1 V4 Pibrous peat Sparse
Outlet . x x 1 ;g Peat None

Green 1 x x x 3—%& 8, 3 Peat Medium
2 ses eue x 10 s, 2, 65, 9 Peat Necne
] ces vou x 3 8, 2—%é Harly peat Sparse
4 e ces x ] S, 4, 8 Peat None
5 cen x 34, 8,8 Peat Dense
6 cee cee x 3*?% 8, 3 Feat Medium

Inlet s ess x 1 1 Fibrous peat Sparse
Qutlet co e e x e 2 Para. vee
0.H.\&/ e x oo 3 8 Peat Medium
Bog 1 oo x x 6 s, 1, 2, 3, 4, Poat None
5 . .
Richmond 1l voe x o 7 8, 6 Poat None
0.H. &/ . x e 5 s Peat Sparse
Pasinsits 1 to 14 veo x PN 103 8 Peat Dense
Pond 16 x x x 4 3, 3 Peat Dense
16 to 18 ves x e 2tod § Peat Dense
19 “ee x cen 4 5, & Peat Dense
20 ces x x 4 5, 3 Peat Dense
21 cea x cee 4 ] Peat Dense
22 cee x ves 3—%& 3, 3 Peat Dense
23 ewe x .o 4 8 Peat Dense
24 .o x x 4 S, 3495 Peat Dense
26 ‘o x sae 4 S Peat Dense
26 cee x x a«th s,1,2, 3,4 Peat Dense
27 ves x x 4 S, 3—%5 Peat Dense
28 to 33 cen X oo 2to4 S Peat Dense
Qutlet . e x cee 2 S Mud Medlum
0.1. N/ ces x ces 2 S Mud Medium
Pump e x toe “es . Pee ‘e

N/ s = "Surface" sample,
through the ice.

taken at from 4 to 6 inches below the surface of the water in the hole

Also ocalled "Top" sample.

\&/ 0.H. = Open hole; i.e., hole in the lce kept open for considersble time.
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Table 4.

Yhickness of Ies amd Smow.
Fleld Jbsarwations on Spesified abves.

1937-38 A
“Tee, Snow T 06, ~toow
Date inehes _ Tookes  Gosdivion It imobes _Thalies  Condi%lon
Deo. 11 sse s see bes. 28 a0 oo ses
28 8 o see dan, § 10 Sorwe “ne
Jame S 9 Hone e p 0 !M 11
12 9 b § san 9 e .o ves
19 10 b § Crasted 26 a2 o, wee
25 12 rs wae Fab, 2 iR Hoow see
Pabe @ 12 Hove ene’ 9 10 Kone eem
9 5 Beawe ee 20 E . e
20 3 ks PN 83 ( 33 Shealyy
27 2 @3 Sinehy . ™in oo *ne
ay, 8 Thins one Y :
Mot 1akce aatnsia'e oy
Dos. 11 L Tr,. wee Jun. 1 6 Bone ere .
28 6 Bone , PTeS 8 8 ‘é P
Jan, 5 see Hono see 15 8 2 osn
12 8 1 see g2 11 2 e
19 12 anse 21 X 12 Sono ans
2% b ¥4 . see ab, § AQ B ves
Yab, & iz Soane Yy 2.3 h Hone eve
] ' done see - 2 i eee
20 1.5 Tite ves linye, 3 a Hone 112
2; ,4 Hi she 10 2 Y Y] oss
3

|
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Table 4.

(Continued)
1939-L40
1ce, Snow_ Tce, Enow
_ Date inches  ¥nohes  Condition Date inches  Tnohes  Conditiom
Grean leke Beg laske
dan, 10 5 2 XY Jan., 6 2 1%'% oo
17 5 & ves. 13 3 Slushy
21& 10 %‘1 ese 20 }4 g XX}
31 10 2 coe v 28 5 2 (XX}
Feb, 8 10 3 see Fobs 3 5 3 s
11 10 3 cos n L L Slushy
21 “oe 2 Crusted 18 L 1 Paeked
28 eee 6 e 25 h 3 e
Mare. & lh 11'2 Crusted Mars 3 see s sse
11 1’4 0"‘2 o0 11 L', 0- [ X ¥ 2
16 U i Now 16 5 % New
20 12 3 New 23 L 3 Crusted
23 ese 3 Crusted 2? 6 s ,L v
27 12 5 vee
31 8 L XN LN
Apl' . 3 6 None Yoo
Clear lake Mud Iake o
Jan. 6 ? 1-1% vod Jan. 6 L 1~2 ‘e
10 2 vee 10 5 2 see
13 6 3 ‘Slushy 13 5 2.3 Slushy
17 8 < (XX 17 6 %’ so e
20 9 g e e 20 8 B s0e
2 12 =1 bes 2, 10 2=l ces
28 1, 12 e 28 12 £ .ee
31 12 2 PR 3 X0 2 eso
F’b. 3 12 3 se o‘ Fabl 3 10 3 [ X N ]
8 12 L ves 8 10 3-L ‘oo
11 12 6 e 11 e e boe o ne
1 12 3 Packed i 10 3 Packed
18 12 2 Packed 18 12 2 Faoked
21 12 2 crusted 21 12 2 Crusted
25 1}4 3 sse 25 XX ] 2 s00
. 28 see 6 Crusted 28 ove 6 see
Mar. 3 XX XY, ese Mar. 3 se s 2 Shulv
’ 8 i 0=-2 Crusted 8 12 0=2 Crusted
11 ]J.a. 0"1 (XN} 11 12 0"2 see
16 lh 2"3 eed 16 12 2 see
20 1Y 3 New 20 10 3 New
23 ¥t 3 Crusted 23 12 3 Crusted
27 lh 5 *se 27 12 s ese
31 10 None [TX) 31 8 ane eose
Apr. 3 8 None cus

(Continmed)



— 138 —

Table 4.

Thickness of loe and Snow.

Field Cbservations On Specified Dates.

(Gontimued)
1939-L0
Jos, - Snow Ice, —_ Snow
Date inches  Tnohes  Condition Date inohes _ Tnohes __ Condition
Pasinski's Pond Hatehery Ponds
Jan, 7 L 1 Jan. 7 3 el cee
m LI. Hone ase Ih. L). None she
21 5 % Few 21 9 Tr. wee
29 8 2 cee 29 12 2 ses
Feb, h 8 2 e Feh, h 12 1l avs
10 12 5“6 Y 12 12 3 Wet
17 von 2 Crusted 17 12 2 Packed
22 T 2 Crusted 19 oue 3 Paoked
Mar. 8 e 1‘2 cmated 26 'TX ] 3 o906
10 6 0-~1 Crusted mr. 1 vee h Paoclkzed
13 ces None evee L cen 2 Slushy
15 N 0-2 Crusted 9 10 0-1 Crusted
18 10 Hone Xy 18 8 Tr. see
22 8 3 Slushy 22 10 3=6 New
25 10 B Packed 29 10 None see
29 8 None te e
Apr. 1l 6 None cos
3 h None see
Riaohnmond Lake
Feb. 18 12 2 sse
Mar. h 15 3 cos
9 12 1"2 see
18 ]J.L Hone soy
22 1 3 vee
29 12 Hone sre
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Table 4.

Field Observations On Specified Dates.

(Continued)
1910«
h'f;e. Snow v fce, Snow -
Date inches  TIuohes  Conditiom Date inches  Tnohes  Conditi
Cleayr lake Mad lake
Dees. 10 b § None ave Dec. 10 h None vee
15 tee None esae 19 6 T . e
22 6 None e 2LL Thin None - s
Jam. 1 Open .eve can Jan. 1 Open ase soe
7 Thin Nonse ace 7 3 None se e
12 8 f)3 vos 111 6 3 Crusted
* 23 6 : Hom ae e 23 6 Nm' ‘o0
30 10 % Crusted 30 8 cos
Feb. 6 10 None e w . Feb. ,.l. 10 ¥ons son
1’4 8 None sse 11 10 1=2 soe
23 cee %—2 Drifted 23 10 . =l ‘ve
Mar., 2 10 e § Drifted _ Mar. 2 10 1 Drifted
8 10 T’b don 8 10 Te. e @
13 6 (X R ] Melﬂng :
Green lake Bog Lske
Dec. 10 L None ceid Dea, 19 2 None cos
17 6 :Tro 0'.‘0_ 17 3 ' &6 ('R J
21 5 None “ie 21 3. Nane “as
ﬂ; 3 None Y Jan. X Thin Xy soe
Jan. 1 Opan .4 dod 7 2 ,T!‘q XY ]
7 L Hone e i} 3 %-1 see .
12 6 1-1% “os 2 L None cue
23 8 None Poe 28 5 % ees
26 e me [N X Febo h 5 [ X ¥
28 10 1-1% boo 11 é 2 vor,
Febe 9 10 2 Dry 16 6 % New
11} 6. None Y 25 10 2 Crusted
2], 10 -2  Drifted Mar. 2 8 zg Crusted
Mar, 2 10 2-1 Drifted L 8 New
A 10 % _ Drifted 10 9 ose  Hard
8 10 . ' i *o e 27 6 Hone sse
Pasingki's Pond .. Pasinsci's Pond (Continued)
-Dec. 12 3 I-3% Hew Feb, 8 8 Tr.  aee
. 19 L Tr. oo 12 10 B Crusted
26 1 aee L X N ] 21 8 Ir. "eeo
Jan. 5 Open eoe ace 27 8 %""’1 'y
10 h . 1l Hew ¥ar. 6 10 %‘ eoe
16 6 &1 Crusted 1 aes 3=4 Wet
2’4 8 Tro ess
31 6 -1 Wet
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Table b.

Depth of Snow, In Inches, On the Ground At the
University Weather Station, Amm Arbor,
During the Winter 1935-36.

w Deg. Jan, Fob, Nareh %5_.1
1 1 3 3 Hone Bone
2 1 2 3 ¢ g

1 1l 3 liome
i i 1 7 u Kone
5 b 1 7 » 1
6 None ‘]; T by 1
7 " 7 " Kone
8 " % 1 . 2
9 " é 7 » None

10 L] 7 f L

11 n & " ]

12 n g 7 ) ] L

ﬁ 2 3 8% "

1l 3 11 None "

15 None 2 8 " "

16 2 2 2% b ves

17 2 2 ’ ol e

18 3 h 12 " oss

19 1 L 12 n S

20 l% ﬁ 12 " se s

21 ) 3 12 " co s

22 1 5 9 "

23 i’ h 8 " (XX

214. X h 6 " oo

25 1 % Kone " sen

26 h 1 » (XX

27 )4 3 Eone u eee

28 lk 3 " " ses

29 : 3 " " oee

30 ; % ae s " ose

31 3ﬁ' 3 sse . see
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Table 6.

Depth of Snow, In Inches, On the Ground At the Arm Arbor Station,

Winters of 1937-38, 1939-40, and 19l0=hi1.

1937-38

BEBRHEE BE Bo o owniw o [§

- Decamber _ January _ Feb _ March

Iakes  Ann Arbor  lakes Ann Arbor Iakes Ann Arbor lakes Ann Arbor
evs ao e None 1l Ty Rone sce 2
ons s “on 1 None bt cot None
XY ese sse 1l aae » None -
[T X ‘ LA LA L 1 LR n dade "
see e Hone 1 Hone " e 2
wee ese 1 s » see 1
coo % ooo 1 eee n des ‘&
ses 2 eue 1l esa " None Rone
Yy 2 ses 1 None " see '
see 2 I‘Q. 3 v e .- sea "
r. 2 sus 3% oo ol asm hd
YX 2 1.2 3 None n e -
ees 2 see h ses " s bt
co-‘ 2 A aes . 3%’ *6 8 " L X2 S ey
[ XN % 2 vy ,4 [T ¥ " . s&e vy
see 3%' s h so s " s cen
ere 2§' sen 3% cos " sos s
ere 3 ivo 3 sae : wee Y
,ey 3 3 a9 XL cxe
sse h. ere 2% Tl“' 3 s &0 aee
(X X3 Tos LY X s oo
e % ves % ey 1 sey coe
see see sse 3 Y ave
sve ig ene 1 i § ai' ses soe
Y 3 see ‘%‘ soe 2 cse Ty
Xy 2% Ir. 1 esw ﬁ eve sen
vee 5 Y 1 2'-)4 ove sss
ilone % Xy % sse 2 Xy} see
) 2 1 €3 see see coe
sen 2 None Rone (2T eoe (XX see
anse % son " see ses see ese
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Table 6.

Depth of Snow, In Inches, On the Ground At the Amm Arbor Station,
and On the Ioe On the Various lLakes Studied in Southeastern lichigan,

Winters of 1937-38, 1939=L0, and 19L0-}41.

( Contimed)
1939=h0
—___ January Fobruary March ‘
Day  Takes  Amm Arbor _ Takes  Asn Arbor _ Takes _ Ann Arbor
1 2 22 L 2
- 2 es 0 2 [ X N J 3 ooe 2
3 2 3 3 2 1
: L) (XX 2 1"'2 l 2‘3 % )
5 sew 2 aee 2 en o
: 6 1“‘% 2 are g e .
R 4 1l 2 Y Ty None
8 g 3-L 3 0-1 "
9 ses cee 7 0-1 "
10 2 b O=1 L
11 ens 3 L6 0-1 i
12 “ss 2 3 'Y "
13 2‘3 ]% YY) ) Hone »
m Hone Hone 3 ose E
15 Xy [ X R 2 0"2 3
16 g % =2 1
17 2 1l ees Nona
18 (13) 1 1-2 é‘ None "
19 ..i.. 1 3 2 Y ;é.
20 1l cos 1 3
21 Onrls 23 2 2
22 oe 1 2 36 b
23 ses 1 ews 3 2
2’4 ‘%"1 eve s eves 2
25 . 3 % 2
e 3 : 2 E Y
28 3-2 2 ) 3 ves %
29 2 2 L 2 None
30 ase 3 see see PYE) None
31 2 2% see oee None »
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Table 6.

Depth of Snow, In Inches, On the CGround At the Ann Arbor Station,
and On the Iee On the Various lakes Studied In Southeasternm Michigan,
Winters of 1937-38, 1939-40, and 19}0-l1

(Continmued)
_ __lgkp-la _
December January February Yoroh
Day o8 Amm Arbor  Takes  Amn Arbor  Takes  Amn Arbor  Takes  Ann Arbor

1 see vee ces 1% ees % cen None

2 see “eoe ene None etee None Zl;‘"l »

3 s sse ses " tee " ene "

‘.|, see XD 'Y " None " i

5 [ X X ] LE N (XX ] 1 ansy n LEX N

6 see e e 1 None u ssn Hone

7 see cee Hone 1 veo " see "

8 ovs cen soe 1l see " Tr. "

9 eeoe seq Y 2%‘ 2 % ere "
10 Noue None Xy 2 eee ave »
11 (XN} w LY ) 2 1.2 g 3-1(. %
12 1 -% 2 None cee
13 Y None XY 1 see " eve 2
1)4 ees " 1l Rcre n o 1l
15 see o ese ene b cae Hone
16 Tr. 8 1 2§' ace * ees
17 see » sse 2 see ase
18 ass u ese ¥ons see eve
19 Tr. " s " see e None
20 s " soe " coe ' 1l
21 None u e n os e 2 ces Rone
22 ese " oo " XX see »
23 eee " None " %"2 % see »
2}.‘ Hone " Xy " = sse w
25 oo " (XY " 2 None ese hd
26 see N None " asne » xx bl
27 ces w ave 2 " None .
28 ses " J%‘ 2 see % '} ees
29 see .u é.. 2 e sen ses ses
30 oee 3 2 aece X eee son
31 XY 3 1 1‘% e sesn ave s
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the lakes Studied, 1937-38.
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Table 7.

“Path. u. O.
Lake and Sampling Temperature Free COp, Alkalinity, Alkalinity, Dissolved
Station Depth Date c. . pH Pelem. DePelie Delolls 02, DeDeMo
Clear lake, Surface Dec. 28 1.1 3L ces Hone osr vee eos
Sta. 1 Jan. 5 0.0 32 eee 1 Y sae 111.3
12 D2 32% soe None cen sen 1[;.0
19 0.0 32 ee. " 13.3
26 0.1 32 Y 1l cey soe 1300
Feb. 2 0.1 32 ese 1 son s e 15.7
9 2.0 3% ... 1 11.2
20 006 33 see 1 ceeoy vew 12.1'.
27 1.0 3’.‘. ses 1l cos oes 12.2
Botton P00, 28 2.3 36 8.0 None vee 161 1309
Jan. 5 1')4 3 8-2 2 ceon 163 9-8
12 3.5 3 802 None 5 168 13.5
19 1.6 35 8.0 " oo 173 13.3
26 3.9 39 800 l LR 163 12.6
Febe 2 lul ﬁ 8.0  None 167 12.2
9 L},QS 8.0 " svs 170 1105
20 5.6 J2 8.0 " .o 161 12.1
' 27 503 ,.I.l'g’ 8-0 1 see 166 11-2
Sta., 2 Surfaoe Jan. 5 2.0 3 es o XX ses see sve
12 0.3 3 'YX ) None XX ame 9.6
19 6.0 32 n 13.6
26 Gec 3 esae n XX see 13.2
Peb, 2 Va2 3 Y " eve cow 13.9
9 1.0 3)4 see 1l XX’ see 10'5
20 0.6 33 [N ] 1 [ N LN ] .o e
27 1.3 35 Y 1l 'Y e eee
3 feet ¥sb, 9 5.0 m oo es e ev e ere LX
20 6.3 l&% enw L X N ] o9 oee L X N ]
27 5.'5 ‘),2 s XX X ev e ee e
5 feet Jan. 5 30‘4 38 coe Xy} XX see ese
12 3.3 38 ene oo XX v seo
19 1.1 3Ll [ AN 2 L [N o0 0 [ X ]
26 303 38 see XX} ene eese see
F..b. 2 3.6 3&%‘ o0 [ R ] o8 0 oo L L
9 5.0 m o0 0 LR LN J LA N ] LN X ]
20 6qh i_'.j% ese e L) ave eee
27 5-9 )4% ses coe ses see Yy
10 feet Jan. 5 3.9 39 vee 2 s sae 13.1
12 3.6 38%’ veen None coe ose 1361
. 19 300 37’2“ o9 " oo es e 11.8
N 26 h.O 39 XX " XY (X 11.1
Feb. 2 L3 39 ... 1 11.5
9 501 m [ XN ) 1 (XX ] (X X 9.8
20 5.8 8.0 Hone Xy 175 11, 9
27 509 8'0 " (1 X] 167 11 ‘h

(Continued)
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Table 7.

Dissolved Oxygen, pH, and Other Chemical Deta For

the Lakes Studied, 1937-38.

(Contimmed)
- Phth. M. O,
Lake and Sampling Tegerature Free CO2, Alkalinity, Alkelinity, Dissolved
_S_Etigg Depth Date Ce Fo pH PaDeRe ~ PePelis PePelle 02, DePaRle
Cloar 1ake, 15 feoet Jan. 5 3.9 39 sase *se oo vee R YY I
Su_o 2 12 3;9 39 se e Ty ees o vee .
(Gontimed) 19 h.2 3 XY} eve sae eee s
Feb 22 111:3 il YY) cae e ese -'A_oo
. g s Iy oes ven see
9 503 hﬂ' s 0 s0e (X3 ‘..w oo
20 5-8 ﬁ T con X Yy caw -
27 5.7 seos “eooe s cese eee
Bottom Jan. 5 ).i.ob, ho 7-8 6 se0 179 7.7
12 L0 39 8.0 None 6 172 11.7
19 L3 39% 7.8 3 181 8.3
26 L. Loz 7.6 2 ces 183 5.8
Febs 2 503 d 706 2 see 183 5.9
9 5‘5 1‘2 7.6 3 L X 190 3.0
20 5.7 L2k 1.6 1 192 - he2
27 Swé h2 708 2 sese 178 10lh
Mud I&ke, Surface Decs 11 3.14 38 eve X ses sve s
S‘bl. 1 28 1.1 3).., [N X} 5 sse eean 8.;8
Jan, S 040 32 see 5 ¥y XY 608
12 005 33 see 6 bo o (X} 8&6
19 0.0 32 iia 8 éee oo 609
26 0.2 3% veE h s [ 703
Fobo 2 000 32 [ E X 2 e b so e 1008
9 1-h. & si e 1 pod s¢ie 1101
26 105 3 [ XX} 1 6o (XY 2 1306
27 007 3 ewe 2 6o e se 11‘1
Mar. 8 2.1 36 Tely 2 one 135 - 943
Bottem Deca 11 346 3 7.8 3 o b 220 99
28 3.6 3 706 7 oo d 21;5 106
Jang 5 0.0 32 Toby 16 ‘os 23 87
12 2.9 37 746 5 ‘oo 26l 10,5
) . 19 106 35 7v6 7 LY 260 6.5
26 L2 3% 7.2 5 .vs 208 5,3
Febe 2 2.7 7 Tk I oo 223 8.0
9 Sy . Téht 2 “es 130 0.1
20 L8 4 Tebs 3 oo 5 9.8
27 '."‘6 - ?c6 3 Ty 175 9.8
¥ar., 8 ch 3 706 3 eve 172
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Table 7.

Dissolved Oxygen, pH, and Other Chemiocal Data For
the lakes Studied, 1937-38.

(Continued)
- ‘ Phth. M. O
lake and Sampling Tﬁmﬁurs Free CQp, Alkalinity, Alkmlinity, Dissolved
Station Depth Date . » _pH n.p_:g?z RoRale Dalale. 02, Dalala
Green lLake, Surfaoce Dec. 11 3.3 38 8.0 2 see 130 12.5
Sta. 1 28 3.5 385 7.8 2 sos 103 13.3
Jane 5 1.3 35 7.6 L', see 20}.‘. 1905
12 1,5 3 7.6 2 cee 207 10.3
19 1.k 3 ) 5 ree 210 10.2
26 0.9 3 Te2 2 voo 719 10.6
¥Feb, 2 1.1 3)4 T.L 2 20 116 1001
9 2.3 36 7.C 1 voe 11 10.2
20 2,1 36 7.2 i PN Wt 11.7
27 1.1 314 7-!4 1 are 79 12,2
Bottom Des, 11 hoh :!JD 8.0 Yone e ese 13'6
28 1.[,.1 39% 7.8 S ave 189 11.2
Jan. 5 3:‘.} 38 706 ) sea 200 10.8
12 3.6 38% 7'6 3 sve 207 8»9
19 3.9 39 7.6 .5 vra 210 7.0
26 3.3 38 Tels L Caee 170 T
Feb., 2 )4!9 Lll 7.14- 3 *oe 192 501
9 5.3 by 7.8 2 ans 120 - B.6
20 5.7 L2 7.6 2 vee 123 10,1
27 L‘.qg M 70h 2 LR 138 802
Pasinski's Surfaoe Jan. 1 0.7 33%— ees 2 “se “re 13.3
Pond 8 0.}4 323 cee 3 vae e 1708
Sta. 15 15 0.y 328 ... 5 9.8
22 1.0 BLL osw 5 'R X ceon ho9
30 0.3 32 ... 2 11.8
Feb. 5’ 0.8 33§‘ 7.2 2 cas 108 10.7
12 2,8 365 7.6 1 76 11.7
2, 2.5 368 8.2 None 5 88 16.7
Lﬁa!‘. 3 2.5 36%L 802 " 6 93 1?'5
10 1.9 35 8, " 9 92 13.9
Bottom Jan. 1 2.1 36: 7.6 9 ees 210 7.8
: 8 2.8 37 8.0 3 230 15.0
i 2.8 37 Tl 8 cee 218 9.1
22 2.2 36 T.h 6 2,0 3.7
30 2.3 36 TOh L.. e 172 7.5
Feb. 5 3.1 3 Tely 3 .#s 185 2,3
12 3.7 38& 7.4 3 15h 10.6
2).“ }4-0 39 7.6 3 aece 122 12.3
War. 3 L3 3% 7.8 1 cos 133 12,7
10 L3 3 6.0 None L 1.0 1}.2
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Table 8.

Dissolved Oxygen, pl, and Other Chemioal Daita For
the lakes Studied, 1939-L0.

" Phth. K. O,
lake and Sampling Aerated Alveol. alkalinity, alkslinity, 02,

station depth Date pE pH - pH PePolie DePelite PePele

Clear Lake, Surfece Deo. 31 see eve see 2 158 4.5

sta. 1 Jan. 6 sy ¢ve oene 5 160 1’406

10 8‘2 sve sen h 1& ub’

13 800 XX ene 2 156 114.7

17 800 [T N ) 0 e 3 194 1505

20 800 nee see h 163 16.&

24 8.1 seo ves 2 165 15.5

28 8.1 8.2 6.5 2 168 15.4

31 8.1 8.1 64y 2 168 5

Febe 3 8.1 8.2 6.y 2 167 .5

8 8.1 8.1 643 2 163 1.5

11 8.1 ves sae 2 156 1.2

11} 8.1 oue “os 2 168 1hely

18 e.O LA R ] LEX ] es e 1&* 1].(,.2

21 8.1 8.1 6.3 2 16, 1.2

25 8.1 8.2 oes 3 - 165 1h.3

28 8.0 8.2 : ase 2 168 1.9

Har, 3 8-0 801 énh eve 166 1\3‘9

8 8.0 aoe L XX ] 2 82 nth

11 7.9 801 6(3 oo w m 13.0

16 7.9 3.0 see 2 163 ﬂuO

20 6.7 6.8 By ces 18 10,9

23 6.7 6.8 B sue 28 9.0

27 8.0 801 'y X 2 ]}.ﬂ UOB

31 6.8 70’4 see ewe 52 10-9

Aprs 3 6.9 706 “re eesy 62 1103

Bottom Des. 31 see x ves 2 151 11&01

Jan, 6 wes aey tes 3 162 lh.h

10 802 eon eeos 3 156 1’4.6

13 8.0 sane see 2 153 11;.9

17 8.0 ses oee 3 160 1L.8

gi é. < [ A X ] [ A ¥ J see ia; ils‘:a

o1 ses soe 2 9

28 8.1 8.1 6.; 2 162 15.1

31 8.1 8.1 6.1 2 165 13.8

Feb, 3 8.1 8.2 6.3 2 165 13.7

8 8.1 8.1 6. 2 168 1.2

11 8.1 eoe wes 3 1“ 1h.2

m 8.0 sne see e 1&‘ 11;.2

18 8.0 os @ oo 2 1—65 m.z

21 8.0 8.2 603 2 163 m.s

25 8-1 8o1 s 3 168 Bih

28 8.1 8.1 e 2 167 lh.h

mr. 3 800 8.1 6.h 2 170 13.8

8 800 [ XX ] [ X X 2 162 02

11 8.1 8.2 6.; 3 165 o

16 8-0 8.1 ene 2 1& 13.1

20 8.0 8.1 6.l 2 164 13.3
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Table 8.

Dissolved Oxygen, pH, and Other Chemical Data For
the lakes Studied, 1939-10.

(Contimed)
Phth. M. O.

lake and Sampling Aereted Alvenl. alkelinity, alkelinity, 0,,
station depth Date ny pH b DeDoMs DeDells Ds Dells
Clear Lake, Bottom Mar. 23 7.9 801 601‘. Xy 152 12.9
Sta, 1 27 7.9 8.1 oo 165 11.9
(Continued) 31 1+9 3.1 e " eee 160 12.4
. ’ Apr. 3 T.9 3.1 oo see 158 12.0
Sta, 2 Surface Dec. 31 ses ces see ese o s 1’405
’ Jan, 6 see ewe " eee 5 158 1)4,.7
10 802 XX} ) eoa 2 160 lﬁ:l

13 8.0 ese ass 2 151 1l ‘ 6

17 8.0 ses 2 160 16.0

20 8.0 .ee 5 1658 15.5

2, 8.1 3.2 B L 168 15.5

3 8.1 8.2 6e5 2 166 1h.0

Teb, 3 801 8.1 6.)... -2 168 1)4.0

8 8.1 8.1 6.3 2 160 Ul

11 8-0 soe ves 2 m7 : 130,4

nl. 8.0 see see 2 158 ) 1)4..1

18 3.0 ase o8 2 172 . 1,4.2

21 8.0 8.1 6.3 e 152 13.6

25 8.0 8.1 ooe 2 165 Ul

28 8.1 8.2 L X 2 168 1’.].09

Mar. 3 3.0 8.1 6.3 2 165 13.8

8 6.9 cee cee ses 1;0 1)402

11 6.9 707 5.9 vso 8 ' ﬁ.l. 13.2

16 7.0 7.6 643 .ee 107 15.5

20 6.7 6.7 5.3 ceo 12 11.3

23 6.7 6.9 5.2 oo 10 7.2

27 7.0 7.8 5.9 65 9.7

31 6.9 7.5 see oy 135 10.2

Apre. 3 6.8 6.9 eoe see 28 9.9

5 feet Dec. 31 see X LY X XX soe 114,02

Jan. 6 Xy ses see 1 156 1}405

10 802 ssn aee h 157 mts

13 cen see sea sse XX 11&.)4

17 ecs “es aee sce een m.?

20 sne ese s sese LX) ﬂh?

21.‘ Y] e XX} vee sse 15.3

28 eee [ XX} LR 4 e o ee e 1501

31 see see xx: Iy vee 13.8

Febs 3 X see coe see ece 13.9

8 ese seeo ses sse ase 1}4.2

11 XX see aae see ess 11{..2

u.]. eoe see see vee see 1309

18 [ XN J [ X N ) (X N ] [ XN ] [N 2 13.5

21 see ceee sae o e eoe 13'7

25 (XX ] see (X X ] o*ne eee 1303

28 L N LN ) [N LN ] LB J 13.6

(Contimued)
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Table 8.,

Dissolved Oxygen, pl, and Other Chemiscal Data For
the lakes Studied, 1939-l0.

(Contimed)
~ Phih, M. O,

lake and Sampling Aerated Alveol. alkalinity alkalinity 02
station depth bate pd pa Ppils Pejleilte DPePelts PepPeilis
Clear lake, 5 feet ¥ar, oem ass s e rey ses 1209
Sta. 2 sse ses Y vee see 12,6
(Contimmd) ?.8 8.1 60’4 ase 1&} 11.0
. sen sne ven Y sen 12,2
sos sse L X (XY ses 11-5
'YX Y sse ave soe 10-7
sas e seoo e ene 1005
7.7 8-1 X} son 1&1. ' 10.8
Apre 7.6 1.9 ven ses 13 10.0
10 feet Des. see XY sep Xz} sve ntol
JoT. ene ose aee l; 1.57 1!;.2
8.2 woe 3 157 1.0
8.0 LX) “en 2 1% ' 13.7
8.0 o n “oe 2 ) 155 13.'4
8.0 XX 1E ] h 158 n}.z
8-1 Ty ' X} 2 161 13.9
o p ewo 3 163 11;,-8
2 165 ' 13.2

ad
| aud
o
[ ]
-
&
n

Fo'b. 8-0 8-1 6. »ee 166 1203
8.0 8.1 6.y cae 168 12,0
8'0 veo s ye s 166 12.0
7.6 sse X Y] [ X ) 165 11.9

s (R Y 165 11-6

WwERS B E ow BREEFE ouLEBRPEBREEqE wEREBRE«w
&
P

708 801 6-3 ‘s 1?0 1105
. 7v7 8-0 (XX} e 167 908
7-7 8.0 o e XN ) 171 907
Mar, 706 8-1 6.‘1, see 171 10.0
7.8 eveo tonm ses 168 9oh
7.1 8.1 6y 172 7.9
7. 8.0 en e see 17’4 910
1.7 8.1 6.y 168 9.5
746 8.1 6y "o 165 8.
7;6 801 e (X X 1& 8‘8
706 8. 1 LR J ave 168 9-’4
Aprﬂ 706 800 ot doe 171 8.1
15 fost Dec. 31 eve see ses [T 3] s ]J.;.O
Jano 6 sos sse ' s 159 13.1
10 8.2 ses Xy 2 157 1219
13 (XX} tee XX (X X e 11.9
1? e LR Y eve [ X X} (XN ] 11'9
20 (XX} eeyn ese s0e (XX 12.‘4
ﬂ-‘ L X N os0 eve oss (XX 1’4.7
28 ssve o (XX ] (XX} see 1505
31 LN ] oo w yee LR X ] ors 110’4

(Contimaed,
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Table 8.

Dissolved Oxygen, pH, and Other Chemical Uata For
the lLakes Studied, 1939-40

(Continued)
~ Phth. i, C.
leke and Sampling Aerated Alveol. alkaliniby, ealkalinity, 0Op,

station depth Date pH pH pH _PoPeMe PePemo PepPoRle

Clear lake, 15 feot Feb, 3 oo see vee ere sse 10.5

Sta, 2 ) 8 nee sew ove r5e Xy 10.2

(Con‘l:l.mod) 11 sy ten oer e aee 8.6

’ lh see sny tes ses Sesw B.h

18 Sew ece see YR} oo 807

21 [ 3 N L 4 [ N [ XX} LN 8.2

25 «se se e er e LN ) aes 6.9

28 aes [y er e ve e ses 7-’4

Mar, 3 sos ses see sne ose 609

8 sve ce o ree ved sese 6.5

11 L R [N [ X ] L X ] oas 7.3

16 sen e s ve o see 740

20 o e LN ] L ] 24 7.8

23 o0 e . *s 0 LA N J [ XX ] LR X 8.1

27 ses LN [N J see LR 7.1

31 ene sae sen sae Iy 3-h

Apr- 3 sae L sas s 00 (X X 7.}4

Bottom Dec. 31 » e Ty} 3 156 1307

Jan. 6 . s e eve 3 16’4 12.6

10 . ese enr e 2 160 12.3

oo ses 2 153 10,8
soe see sosn 165 909
e soe [ ¥ 166 1008
8.1 6.3 cee 170 11,1

13
20

* & e

SNNNNNNNNNSNUNNNNNNN oo mme
P WIS Bl o W e NV, B P PR . ' Ne le Ie I - T

[

[ ]

[ ]

[ )

[ ]

[

L ]

L ]

»

28 . 8.1 6.5 cen 172 9.9

31 . 8.1 6ch see 172 9.0

Feb, 3 . 801 6.}4 ase 175 807
8 . 8,1 6.1y vos 175 6.6

11 . see ees YY) 178 Te3

oo LR B LR R J 180 8'1

177 5¢9
8.1 6.4 see 181 Te2

18
21

25 * 8-0 eos eee 178 h..h

28 . 8.0 Xy} e 177 7.5

Mar. 3 .. 8.1 605 o e 182 ‘4-5
8 . eea ase ses 182 3.6

i1 . 8.1 6. ‘oo 181 6.1

16 . 7-8 see ves 182 3.9

20 . 8.1 6.'.], ese 182 h..O

23 .5 8.1 605 (XY} 177 6.6

27 o 8.0 6.5 ces 181 5.3

31 oy 8.1 ces ses 178 5.6
Apr. 3 7.3 8.0 see con 178 h.o

{Continued)



-~ 151 -

Table 8.

Dissolved Oxygen, pH, and Other Chemioal Data For
the lakes Studied, 1939-40.

(Continued)
Phth. M. O.

lake and Sampling Aersted Alveols allmlinity, alkmlinity, 02,
station depth Date pH pH pH PePe Mo DePsMs PePoeMe
Mud Leke Surface Deo. 31 ses ves one 5 210 17.6
Sta. 1 Jl.n. 6 706 Xz ese coe 232 1203

1° 8.0 LR N [ X K ] [ X X ) 226 1106

13 8.0 [ X X ] [ XN [N N ) 190 10.8

17 7.6 ese ese Xy} 195 12.1‘

20 8.0 e s see see 2)4.5 mls

2L 7.6 8.1 6,5 eoe 213 11.2

28 7.5 8.0 6-1{. s 220 11.6

31 T.6 8.1 6.5 212 9.8

Febe 3 705 8.1 6.6 ven 219 8.7
8 1.6 8.1 6.4 soe 218 8.6

11 7.k 220 8.9

114 7gh oo Xy cee 215 9.1

18 7.5 nee v e see 212 9'!}

21 T+6 8.1 6.5 voo 203 9.7

25 TQL‘. 8.0 ses see 225 809

28 706 8¢1 LK *ne 225 905

Mar. 3 T4 8.1 605 s e 216 907
8 7.}4 aes veeo see 93 1206

11 70; 8.1 6;5 e 208 908

16 Teiy 7.9 vee oo 219 10.5

20 6.9 7.5 5.8 ove 50 10.0

23 6.9 8.0 6.2 ose 110 9.3

27 7.& 8.1 oee vee 192 9,0

3 6.3 7.7 Xy soe 35 8.0
Bottom Dec. 31 cew Iy es e 3 . 210 16.1
Jane 6 XX} see Xy mse ove 90’4
10 8.0 ses o ses 255 8.9

13 e ese oss s m 0se 9.‘4

17 oo see cee wen oss 9.0

20 oy see ves cee o8 10.0

2&. o w ene eee et ony 6-7
28 763 8.1 6.5 2li9 9.4

31 ese ces ese LX) ess 8.1

Febe 3 Xy} XX eee oo Xyl 7.5
8 XY con eees see eve 6.8

11 see ses ese eoe see 7.3

]J.t see eve s eve ses Lps

18 Iy e ses see ces 7.9

21 eow s ‘e see ese 7.8

25 ees Xy ene eeae see 7.9

28 [N X ] s as [ R 3 L X N ] o0 8.8

{ Continued)
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Table 8.

Discolved Oxygen, pH, and Other Chemical Data For
the Lakes Studied, 1939~40.

(Centinuned)
“Phih, ~ M. 0.
Lake and Sampling Asrated  Alveol, alkmlimity, alimlimity, Oz,

statlion depth Date pH pR. pE PP olls Pepeite Pepem.

¥ad lake, Bottonm Mar, 3 wee see oes ver . ese 505

Sta. 1 8 fse ..o. [N ] s00 [N ] 803

(Continued) ‘ 11 723 8.1 6.5 eee 22y 8.3

16 7-’4 708 " ene ses 220 9.7

20 7.0 8.0 6.3 157 1.7

23 ) ces .o ten soe oo 8.1

27 ane [ R B [ N ..; o" » 8.2

31 es ess LN ese LE N ] 7.2

Sta. 2 Burface "Dece. 31 se e tes seos 3 227 ees

) Jﬂn’ 6 8'0 esw eve seos 250 1201

10 800 LR X3 ese [ XX 250 90’4

13 8.0 ede e see m 9.9

17 7.6 ovas ven osn m 9.8

20 8.3 LX) Xy see 2% 12.2

2)4 701.{. 8.1 6-5 *es 231 }.kh'

28 7.3 8.2 6.5 ces 260 3.3

31 703 8!1 6'5 B e 235 1.2

Feh. 3 ?ol‘, 8.1 6.5 cee 225 105

8 7.3 8.1 CR ver 198 0.8

11 T3 en e see ees 200 0.9

m 703 eve ose sosn 200 1&7

18 LN ] owe LK § osw LR 1.0

21 703 8.1 6.!4. [ R 177 209

25 ) ecs o ese ses 3.8

28 7.3 8.0 216 1.2

Nar. 3 7.5 8.1 6.5 ese 189 9-3

. 8 T3 see Xy LYY 83 12.6

11 7.5 8.1 6.4 cue 186 T.1

1_6 7.2 7-9 evs seo 200 12.2

20 7.9 8.0 6.2 cer 113 13.6

23 7.4 7.8 6.1 con 78 9oy

27 ene eee XY sve sen 10.2

31 6.9 6.9 see e 1).]. 1109

Stas. 3 Surface Deo. 31 se s tes XY sse eve 17.0

: Jan. 6 8.0 XX ooy 2 230 13.6

lo 8.0 [N J ese o 2,42 12.’4

13 8.0 oo s ees see m 6.6

17 7-6 ees ses aas 229 n.9

20 7.8 ere seo ese M 12'8

2,4 Y cee see ace ses 10.5

28 7.3 8.1 6.6 sea 2% 90,4

31 7.3 802 6.6 aes 275 6.8
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Table 8.

the Lakes Studied, 1939=40.

and Other Chemiocal Data For

(Continnod)
’ / T Phth. M. O.
Lake and Sampling Aerated Alveol. alkalinity, alkalinity, Oa,
station depth Date oH pH pH PePele P» Dol PoPeRe
¥ud Iake, Surfaoce Feb, 3 T3 8.1 6.5 sse 268 7.9
S‘ta. 3 8 7.3 801 605 [ X ¥ ] &7 lhé
(Gontinncd) ’ 1l see nes e can ses 308
J.h 7.2 ses xy oss 230 108
18 ses ses ses T sse 300
21 e b [N X 4 [ XX sse LAR ] 8-0 -
25 o0 see L X 32 LA R 4 .;C 205
28 sen see see s e seo 0-9
Mar. 3 6.9 8.1 615 s w 262 2.7
8 T.© ses ass e 110 9.7
11 e see seon “se see 1205
16 1.0 7.8 ces vee 223 806
20 7.0 7.8 6.1 ¢ “ee 88 10.6
23 6.9 8.0 6.3 eos 128 g"l
27 aep ese ave eee LY 5
31 6.9 Tk C wes vee 66 10.0
Sta. h Surface Dec. 31 e ey ses h 208 1603
Jan. 6 7'8 o0 o co e [ Y] ﬂ.;‘? 1007
10 8.0 e s ves 252 11.2
13 8.0 (XX see seas 22}1 9-8
17 7.6 LI LX X (X X4 198 11.5
20 8.0 e rx X 261 12.3
2l 7.6 8.1 6.5 oes 235 10.0
28 7.8 8.1 6.5 cer 237 11.2
31 y i) 8.1 6.6 XY 237 9.1
Feb. 3 7.5 8-1 605 (XX} 231 7.1
8 7-’4 8»1 6;.13. aes 217 6.2
11 70& LN LN LA 211 6.2
m 7.1.1 eds yer sos 213 601.}
18 7.2 cen see ose 238 lpB
21 7.3 8.1 605 e 212 6.0
25 7.3 8.0 cos vor 234 L6
28 7.3 8,0 LY es o ’ 226 50!*
Mar. 3 7. 8.2 6.6 vor 216 7.8
8 7.7 oo fee LR 1@‘. 1301
11 8.1 8.1 6.4 2 g 9.1
16 7.? 8.1 ese ec e 207 13.?
20 6.8 7.0 5.6 vee 30 1h.2
23 7.0 7.8 6.2 sen 108 10.6
27 70,4 8.0 o s [N X ] 198 6.0
31 6.9 7.3 ces ko 10.2

(Contimed)
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Table 8.

Dissolved I=xygen, p'i, &nd Other Chemieal lata For

the lakes Studied, 1939=10.

(Contimued)
Phih, %M. On

lake and Sampling Aerated Alveo). alkalinity, alkalinity, 0a,
losstion depth Date pH pH pH Papet _PeDeBs PeDsle
Hud lake, Surface Jan. 2’4 7:8 8.2 605 ses 205 12.5
Inlet 31 T.9 3.1 W) 'Y ses 10.2
Feb. 3 1'6 8-1 6:ﬁ ese m 9.ﬁ

8 T+6 8.1 é sen 210 9

11 1. se e XY} XY 317 .

n‘ 7 ose sce [ XX 216 9.3
18 706 [ X X2 (XN J *e s 220 907
21 T« 8.1 6.5 soe 218 9.6
25 7.& 800 [ LX) LAY 221; 9.5
28 1.5 8.0 [ XT3 ooy 220 9.8
Mare 3 T45 8.1 6.5 see 215 9.6
. 8 7 (XY sy os e m 9¢6

11 14 8.2 6.5 coo 222 9.8
16 Te5 8.0 eos see 2L 11.0
20 Tel 8.1 6.5 PO 197 8.9

23 Te2 8.1 6.5 see 200 9.3
27 T3 2.0 ten rea 190 Te9
31 Te3 7.3 oss ave 101 10.0
Outlet Surface Jan. 234 7:6 842 606 ann 275 1106
31 7.3 8.1 646 "ee 26l Te3
Febe 3 T3 8.1 6.5 vee 260 601
8 T3 8.1 6.5 ner 2L0 “.8
1l 7oll eee son sue 261 hqo
u‘ 702 “es o [ XX 225 140}4
18 162 ory e bes 250 3.2
21 7.2 802 6-5 ens ﬂl} hal
:g T3 8.0 PN eae - 237 Sels

T3 8.0 sas (XY 237 5*3
inr, 3 T3 8.1 646 see 22l Se3
8 1.3 see erw [y 215 8.2
11 102 8.1 6‘5 [ XX ] 213 8-2
7.3 7.0 708 e ese 226 9-3

20 7.0 8.0 645 ors 1718 1l.3

23 740 8.1 645 ose 167 8.9

21 702 8‘0 Y] soe 205 8.3

Green lake, Surface Jan. 10 8.2 voe ase 2 180 15.7
Sta. 1 17 8.0 YY) see ese 172 m.9
24 748 8.1 6.5 YT 196 12.3

k3 T7 8.1 6.5 eon 202 12,

Feb, 8 7»6 801 60‘ essn 192 10.3

m 7‘5 see cen san 157 9:6

21 7.).‘ 8.1 6.5 LN ] 196 7.0

28 T4 8.0 eon vos 21 La7

{Contimaed)



Dissolved Oxygen, pH, and Other Chemical Data For
the Iakes Studied, 1939-LO.
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Table 8,

(Continued)
Phth. ¥, O

Lakce and Sampling Aerated Alveol. alkalinity, alkalinity, Go»
station depth Date pH pH pH PeDeMe PePsMe Do Dol
Green lake, Surfage Mer. 8 T2 8.1 605 vee 187 1.8
Sta. 1 1l T2 8.1 6.5 ere 187 1.5
(Continaed) 1 1.0 7.8 . ave 201 2.7
20 6.9 7.8 6.1 oo 90 8.1
23 6-9 800 6-2 .r.~" 101& 5.5
27 7:1 8-0 L XX lt.l 200 . 2’7
31 6.8 6-9 ves ces 26 9!7
Apre 3 698 6;8 see e 9 8'0
Bom J&no 10 800 ons ..ooi voo 1% 12!)4
17 aes s ..‘. [ X R se e 1007
2l 7.9 8.1 645 s 200 12.8
31 7.6 8.1 6.5 vee 212 10.3
Feb. § 7 06 8.1 6.!4 san 210 5.3
124 Te3 wase see cos 206 6.8
21 Teli 8.1 6.5 ose 211 2.8
28 7.1} B.O ses o‘uo . 217 2.7
Mar, 8 7.2 802 6,5 ere 200 0.7
11 7’3 8.1 6.5 *es 2% OQT
16 1.1 7.8 XY aew 210 0.9

20 7.0 8.2 6.5 sen 188 1.2

23 7.1 8.1 6.5 ses 187 1.1
27 7.2 8.1 see coe 203 1.1
3 609 718 ese sow 82 2.1
Apre 3 701‘4. 8.0 Y see 156 htg
Open Hole Surface Mr. 8 vee vee aee .o." ase 1.6
11 7.3 8.1 6.5 oo 193 0.8
16 7.0 7.8 anse “es 203 0.7
Bog Lake Surface Jan, 6 sen ean aee sew T 11.6
13 see see 'ry see 6 11..'.0
20 6.1& “he awe ves 8 11.3
28 5.6 605 tne cow 5 7.1
Fabe 3 5.5 608 eee '-5 8 202

11 5.6 see ses ane 6 1,
18 6-5 see see ces 7 8.1
25 505 6.7 Y Y 7 2-’4
Mar. 3 5.5 6.8 eon XY 5 006

11 5'.8 6-8 [X R 4 [ XX ] 6 100
16 5.9 6-8 et e se e 7 1 !Q
23 6.0 6.8 sae ves 7 L
2? 6.1 6.8 s LN ] 7 1503

(Contimed)
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Table 8.

Dissolved Oxygen, pH, and Other Chemical Data For
the lakes Studied, 1939=40.

(Continued)
Phth, M. Q.
Lake and Sampling ~ Aerated Alveols alkalinity, alkalinity, 0,
_station depth Date pH pH pH DsDoMa PeDolls PeDeRMe
Bog Iake 1 foot Jane 13 Treae xx ses asa 8 12.2
(Continned) ’ 20 5.6 see s 'Y 5 11.0
T 28 507 6.5 ees pol‘c . 5 5;9
Febe 3 5.5 6.8 ere ue L4 2.0
11 506 2ee s 'Yy’ 6 005
18 6.2 [ XX ] s LR K] 5 )..Ia?
25 5.6 6.8 L AN ] LA N 5 2.1
Wr. 3 5.6 6.8 see avs s _0.2
11 5.9 6.8 oee sen 5 1001&
16 5.9 6:7 eee Y 6 1lu8
23 6’0 6.6 oe e L X N ] 6 1)402
27 601 6-7 oan eey 5 wts
2 feot m_o 6 see XX ooy see 9 l‘.'.ol‘.
13 sk e [ Y R LE S a«ne 6 806
20 5614. ‘s ees P s 3:3
28 56 6.5 sie e 6 3.2
Peb, 3 5.5 6.7 wed aed 5 0.5
11 508 eé e ‘e s bo o 5 0.2
18 6.0 b PPy PN 5 34.1
25 5.5 (N P P 5 1.0
Mar. 3 5.5 6.8 dae vas 5 ' 0.2
11 57 6.8 Y toy 6 5;2
1B B 6.8 6 6.5
. 23 508 607 EX L] e 6 803
.27 508 669 aae Y 5 3.1;
3 feet Jan. 13 tee see ees XY} 5 ’4.8
20 veo ive T soe ves ,4.09
28 5.5 ede e s ane 5 1.0
F.bn 3 505 6.6 ) sae i 8 0.2
11 5.8 son see tes 5 0&5
13 6.0 e’ heo [ XX 5 5 . 0.9
25 566 64_8 e “o 5 0.2 ;
Mar. 3 5{6 6,@8 sn PP 6 0.0 |
11 BaT 6.8 eee “es 6 1.2
16 5.5 6.7 ces oo 6 2.8
23 SQS 6.6 see e 6 3.9
27 5(6 6.8 eee sen 6 119

{Continued)
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Table 8,

 Dissolved Uxygen, pH, and Other Chemioal Data For
the Lakes Studied, 1939~40.
{Continued)

~ Phth, M. Oa
Lakce and Sempling Aerated  Alveol. alkalinity, alkalinity, Op,

station depth Gate pa pH pH Pepeite Pepelte PaPeBis
Bog iake L feet Jan., 6 PR see ene see 9 1.0
(Gentimxoé) : 13 iev ass (RN con 6 0-8
g 20 SOE LR ses [ R X 6 3;3
28 5.5 avs von oee 6 0.5

F‘b’ 3 5.5 6‘8 see [ X ¥ ] 6 003

1l 5-7 ane snn 0 e . 5 0.0

13 509 ses ses aee 7 0;9

- 25 5.6 6.8 ses see 6 1.2

Hare 3 5-5 6-9 wes sse 9 0.0

: 1l Se7 6.8 wene vee 7 2.2

16 5.6 ) 6-? ans e 7 2,0

23 5.8 6-7 asa s 3 2.1

2"’ 5;8 6-9 edy aee 8 1.9

5 fest Jan., 6 oes ese ey e see 10 011‘

13 [ R J LA X ] LE X LR X 6 906

20 50}4 ses sae wae 5 OOT

28 505 6‘5 ene e 6 0#6

Fab, 3 5&5 6.8 ras een 6 0.0

11 50‘6 AR ] L [ XX} 5 0-0

18 5.9 sie see cos 7 0.3

25 5.6 6:? nes 'Y} 7 Océ

Hare. 3 5'6 H.8 Xx »ee 8 0.0

1 5.7 6.9 ee eee 11 0.0

16 S.6 648 e sep 12 Ddg

23 506 6;8 LEX S LA L] 11 0‘6

27 5.? 6.8 . ane oo 12 002

Paginakits urface Fobe 10 T3 708 sae wre 151 O.T
M’ u 7'3 [ X X ) eed L E R 2 and 1.0
S‘b&- 1 m 7.3 8&0 6.24. [ X ] 176 003
17 703 sse ven (XY ] sse 1.0

19 1‘3 LY sy e wne 007
22 703 e wew een sas 1-6
26 713 see sas new sua 0'3

28 LN 4 o8N LA N ) LN T ) LA A 0.3

ar. 1 T2 esn s see sve 10)4
L 1.0 cee ses 0.0

8 6.9 tee a8 LR R LXK | 2.0

10 ase bs 3 IR X 'YX X »ase loQ

13 6.9 (XX ] con "es ees 003

15 7.0 [ A X ] aes LA R 2 L A2 ] 1.1

18 7.1 48 LN [ X B 3 LA R4 1'3

22 609 sem see ses (XX 1’1

25 6-9 sne ose e aee 1.7

29 6.9 1.2 5.8 aes 37 8-5

ADTe 1 607 ' e sen 22 7.8

(Continued)
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Table 8.

Dissolved Oxygen, pH, and Cther Chemiocal DPata For
the lakes Studied, 1939-40.

(Continued)

" “Phih. W, 0. |
Lake and Sampling Asratad Alvoole alkalimity, alkalinity, 0,
L Station depth nete DH nH pH DePeM. PeDoMe Do Pols
Pasinski's Surface Tece. 23 TR ees YY) eee eva 15.3
Pond Jaxe 7 s see ces 26 1,40 19.1
Sta. 15 m s cae e qe 6 73 13@7

21 LN L X ¥ cae 9 11.‘7 uL09
29 8.1 8.1 6oy 2 150 9.9
Febe h 701} 8.0 6,3 vee 155 3.7
10 Toly Te7 6.5 ewe 155 0.5
12 r(.03 vee Y ses et 0.8
m 7.3 801 6.3.], vee 156 1&6
17 704'4 ses Ly se 0 oy 2.2
19 7.1.4 [ 2 K] ene s Ql_v aih
zg ves see cos e cow i.O
7.3 e s oo ave 03 .
28 ooe .,_.{ aes s e sen 0.6
Mar. 1 7.2 XY Y veo vee 0.6
h 6.? see e LY sea 0.2
8 6.9 xx ces see (XY 3.3
10 6.9 8-0 61},'. (XX 153 009
13 6.9 cos 0.9
15 609 L L] s ce LR ] 0.3
18 7.’) 7.8 6-:4 XX} 153 006
22 6;9 LA X av a3 LN ] 2.0
25 6.9 LA X ] s se T e LR N 1.7
29 6-9 709 6.h ose 87 509
Apr, 1 6.9 609 soa s 15 8.1
'3 6.9 7.6 oeo 38 6.9
Bottom Dooe 23 8-1.]. soe ses 20 115 1’60]
Jurne 7 X see (X3 20 138 17’3
1,.]. * e soe o0a 13 125 m.9
21 ves css . 10 uT 1.1
29 8.0 8.1 6-1‘. XY 1}.;8 70
Febe Ll. ?ul,’. 800 .3 ses 156 3.3
10 7-}_’_ LN} LA ] L] [ R 2 J 005
12 s ave xR ore (XY} 2.2
lh, Jc-: weo LR X ese 008
17 T+3 seen ces sen ves 0.8
19 7.3 L) [ L) "o C.S
22 7-2 ses ses (X} [X] 057
26 7.1 LE N ] oo 0 [N ] L ) 0.2
28 L XN ] eve LN Te0 e 0 0.2

{Contimed)
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Table 8.

Digsolved Oxygen, pH, and Other Chemical Data For
the Lakes Studied, 1939-L0.

( Contimed)
’ - Phﬂlo Mo Q.
lake and Sempling : Aesrated Alveol, alkalinity, alkalinity, 0Oy
A~ Station depth - Date pH pH pH PsPoells PePela PoDeMe

Paginski's Bottem Wr, 1 T«0

Puﬂdw . o u 6»9 ere .02 ) sas se 0 0.1
8%a. 15 ) o 8 é-"9 Tewa 02 ‘ee-e oo 0.1
0.9
9

[ ] e s eSS eee e e o‘o

(Gentinuod) ' 10 8.1 6.5 ses 192 0,2
oes vrn L X N } L2 0&0
15 : 6&9 801 6 5 A sen 193 C.0°

a8 6.9 7.9 6.5 T ees 7198 - 0.2

22‘ 6.9 (XN . e B vo'-o ' oo 0.2

' 25 6.9 ®s0 . ere o0 FUREE 3 0.1

, 29‘ 6:9 8.1 ;615’ ’ ¢ve x_ 168*- 0.0
Ap!'b 1 609 7!8 ru“:n sew 158 O-O
3. 6.9 7 8 _eaw vao . 165 1.6

Sha, 20 Surface Peob. 10 . sea sea TR ane e e 1-0
12 oo e sCw AR L& X *y 018
lh oo LR X LR *tI W ow Ouh
17‘ es s ' see v EXX ‘e eses O’h
19 *e s (X X} . e e aee LN ' 1'5
22 "ae LR X3 - .l,e (X X E TR N 1))4-

26 o e Rea ves s¥o ) 1
o 26 con ree ess . [ X een 133
'mra l sne ese anc cee see 0.7
. . ’.* L X W 3 L ] . [ XN ] L 2% ] ae e 0;'9
8 se e °sea ‘eee tes ‘ pod 3.E

10 4in tes ey fce oo Dq‘
13 (XN ] es 0 ocH L-2 ] .‘.r.i' . 0.[;

15 e LR " ace deov bée 0.2

18 s L XN ] se o dee . LI 1.).[,
- 22 ees Y} e s con - ve s 0.7
25 L ] ees [ XX ] (XX} [ XX} 1’2
29 so 0 L X2 [ X ] se s seoe 2.9

AFr» 1 vee TS YY) ede sve 71...

Sta. 2 Surfass  Peb, 10 7.3 re ... vee e 1.y
‘ 12 . .L‘, X .I‘- . L L X ¥ Reo )4.8
1}4. ore TR eeon XY veeo 1.9

17 703 sen *ne see LY 0-?

- 19 7.3 s cer cee ces 1.2
22 703 ers LN ene L ] 1.0

26 7.2 see oo e [ XN see 0;3

28 ... ore cre oot oo 0.3

Mar. 1l 7-3 eve i *s e enc ece 0’.5

LY ese LN 2 LR J 0.

7.0 :
6 9 see soo [ X [N 3 )4
lo 609 L N ] eo0s [ ¥ 3 wws @ 1 G
6.9
6.9

se e LXX) soe ene 0.)4

LA N J L XN J L XX ] L X N ] o.h

(Contimed)
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Table 8.

Dissolved Oxygen, pH, and Other Chemical Data ¥or
the Lakes Studied, 1939-40.

(Contimed)
Phth. M. C.
lake and Sampling Aerated Alveole allkmlinity, alkalindity, 0y,
station depth Date pH pH pH PePoRe Depem. PePelle
Paginski's Surfaoe Mar. 18 6.9 sse see sse e 0.6

Pm, 22 609 e ses XK see . l.]
Sta. 21]. 25 6.9 ss e one X Ty 009
(contmu) 29 6-8 ses ese see oo s 9.9
Apro 1 608 ese cne ves see 8.3

3 (R R (NN ] LI ] s o LE N 7-1

Sta. 26 Surface Febs 10  T.5 7.8 oo oee 156 3.6
12 7.6 XX Y cas Xy} 605

W 7.3 8.1 8.4 s 160 1.3

17 7‘3 aee Xy ) see l-l

19 Tel eoe cee ese oo 0.0

22 703 essn ‘o>c- ese teoe 00]

25 701 00 ese veoe cee 0.'4

N 2’3 oe XX vee soe XX 0.6
¥ar., 1 7.0 ses sen . ce san l.1

)4 609 0 e e e vew toe 1.2

8 6.8 ‘ue ove eoe see 508

;0 608 7.7 6.0 oo e 62 b.o‘)

13 6.8 L XX soe [ XX e 1-‘-)

15 609 coe oo eee saa 003

18 6.9 ‘oo ave see ona 1.2

22 6.d eee ') Ty nea 5..’.

25 6-9 one (XN sve ' deooe 1.‘)
29 6.3 6.9 5.6 20 10.7

Apr. . 1 6.7 609 LR ) LN ] 17 8.1

3 6.9 706 B EX] soe 58 5.9

Bottom Feb. 12 ?u'.]. ove aee vee beo 1.9
m XX soe on s YK Pes 100

17 702 XY see oo er e 0.5

19 703 oeo LW LN} LR} 0'1

22 7.3 XX} cas see vee O.L‘

26 701 oo XY sep ree 0.0

28 XX} ese T eew see Pen 0.0

Hare 1 7.0 oen [ ‘oo sve 00)4

[; 6:9 cee ore voe ees C.0

8 6.8 oew [ X} [ X X ] [ X ) 0.0

10 6.8 8.1 6.5 ees 195 0.1

13 6.8 ass e see ecs 0.0

15 6.9 e . ene ese coe 0.0

18 6-8 'R X XX} XXy vee 000

22 607 s en T eae XX see 0-0

25 6.7 ese ce e eon ece cA

29 6.7 7.9 605 (XX} 1&* 0-1

Apr. 1l 606 oo see coe ess 0.2

3 6.6 7.6 6.‘4 Y 190 ' 0.2

( Contimied)
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Table 8. .

Dissolved Oxygen, pH, and Other Chemiocal Data For

the Lakes Studied, 1939-10.

(Continued)
~ Phth, K. O.

lake and Sasmpling Asrated Alweol, alkalinity, alkalinity, .
station depth Date pH pH PR PeDeMe PeDalts DeDele

Pagingkits Surface Peb. 12 8.5 ses ven eo e oo 12.3

Pond, lh see ese se sea ses 2,’4

Sca. 27 17 703 cey s 31X ece 0.7

19 T3 es vee Qno eea 0.9

22 Te3 ose Xy see oee 0.9

25 T-1 o ose e ons 0.6

' 28 sve ey sew .se ses Ye3

Mar. 1 7-U sey ove ses ave 1,2

Lt 608 eve ase 'Y vee lhb.

8 6.3 see ave 'Y "o 9011.

10 603 7.8 6-3 see 109 th

13 6.3 oRe “ase [ X X ] ... 1'0

15 6.9 #ee L X R J ..; ...' 0.9

18 609 Yy’ [y eee see 2.2

22 6.8 Y] s ene vos 5.0

25 6.9 ssn oew ove oo 1.2

29 607 LE 2 veo s LR X J LR 11.2

Apr, 1 6.9 e ees “ne sos 8.5

3 6. v Te0 see oo 65 h.o

Gpen Hole Surface Peb., 19 Te3 e sce sse see 009

22 7.3 wee ose ose Yy 0.2

Mar, 1 702 ove tep Ty ose 2.6

'4 6-9 'Y ves see oo 0.7

8 609 L LN LEN XX eosoe llh

Riehmond L., Surfuce Feb, 18 tes X sy sne see 1.9

Sta, 1 22 6.9 8.1 6.4 ves 150 0.7

Mar. '4 6.9 ese ensy XY} sre 0.6

9 sep LLX ] voyo LE B J oo 208

18 6.9 8.1 60).1 one 151 1.0

22 6.9 7.0 6.3 res U0 2.3

29 6. 9 7 .3 6¢2 (XX ] 113 hl3

Botton Febe 18 see ewe eoe see soe Q.B

22 ese ope enae [N 2 ] QQ.TY 0l1

Mar,. h 609 8.0 6.5 (XX 1&) 0.2

9 6.9 8.0 6.y P 156 0.1

18 6.9 L XX ] ewe [ B B J o¢e 0.0

22 6.9 8.0 6.5 aoe 15 0.3

29 6.9 8.1 6.5 eoe U8 0.0

Open Hole surface Feb. 18 6.9 8.1 6oy 153 Oy

22 6-9 s see ose 151 1.1

Bar. h 609 ose 0se ses e e 1.0

9 6.9 veo con 156 0.1
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Table 9,

Dissolved Oxygen, pH, and Other Chemieal Data For
the Lekes Studied, 1940-41.

Phth. M., 0.
Lake and Sampling Aerated Alveol. COy, alkalinity, ealkalinity, Op,
_s’cation depth Date pH pH pH PeDoeMe DePolls PePols PePellls

Clear lake, Surface Dec. 15 8.1 see eee “ee 3 152 1)4.5
Sta. 1 21 7.7 sve oo e 2 v e 91 ll;..a
Jan, 12 803 cee eve see 10 ]1;2 12.8

23 801 ese see oce 3 ' 1]45 ces

30 8.1 see see see 3 1,45 1)4.2
Feb, 6 8.1 XX} vee soe 2 1).}0 13.7

1, 8. veo ove e 2 123 13.2
18 ece eee xx cse see Y 12.3
23 7.8 eee see 1l soe 112 06

15

Mar. 2 8.2 XX ] cee see 6 1,41 m-h
8 3.1 coe ) see 5 122 13.8

13‘ 7.7 [ XX ] LR ] 2 ese 25 7.0
Bottom Deo. 15 802 ese eee oo l‘. 1L|8 1‘403
21 801 see Xy} tve 2 lho 13.?

Jan, 12 8.1 ose cse cee 3 133 12-7
: 23 8.0 YY) see cee es e 1).‘3 1)401
30 8.1 eoe s tee 3 1).|5 13-8
Feb, 6 8.1 sue sce see 3 1L|.8 lh.l
m 8.2 oee [ E N ] LN 1 5 152 m‘g

23 8.1 see e e eee 3 150 1309
Mar, 2 8.2 ees ese see 6 ll;B 1)4..7 i
8 8.2 [ X X ] [ A X ] LA N ] 6 u6 1'4..8 :

13 8.2 X X XX see l‘. 1).]6 15-2

Sta. 2a Surface Dec. 15 8.2 one eose see 3 1].]2 1}4.2
21 7.9 o0 LN N ] l [ RN ] 103 .5

Jan, 12 8.2 vee see Xy 5 ]JJO 2
23 8-1 ee e one ese 3 ].U.]. o2

30 8.1 sece ese see 3 m 03

Peb. 6 8.1 one so e see ).} ]J.LO o8
lh 8'1 ses soe vse 3 115 05

23 801 eee e vee 1 130 07

Mar., 2 7.8 X vse sse XX 117 05
8 7.7 1 63 oL

i3 7-6 xx vee 2 X ).js N

EEESEGEERGE owGEERGEELE

Sf‘eet Dec. 15 eee cee see see cee tee 0
21 e cee see seoe nee Xy .S
Jan. 12 8.1 L 136 .5
23 cee Y ves s coe eee ol

30 ese cse ove XX see coe ol
Feb. 6 ene: see sse s XX ven 9
1)4 eee Xy cee “es see cee 1

23 LN ] LN 2 LR N ] se0 LN N ] L N ] .8
Har. 2 e sean see cas sen cos -h.
8 os e see ses see ese (X o1

13 Xyl see ov e ces ses cor 08

( Continued)
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Table 9.

Dissolved Oxygen, pH, and Other Chemiecal Data For
the Lakes Studied, 1940-l1.
(Continued)

M. O.

Iake and
_8tation

Sampling
depth

Date

pH

Aerated Alveol.

pH

pH

cOy,

PepPeRe

Phth,
alkalinity,
PoPelle

alkelini ty,
Pe Do le

0,
Pepslis

Mear Lake,
Sta. 2a,
(Continued)

10 feet

15 feet

20 feet

25 feet

Dec. 15
~21

- Jan. 12

3
Feb. 6
U
23
8
13

Dec. 15
: 21
Jan., 12
23

36

Peb. 6
14

23

Mar., 2
8

13

De,co 15
21

Jan. 12
23

30

Feb. 6
iy

23

Mar, 2
8

13

Dec., 15
21
Jan. 12
23

Peb. 6
i
23
Mar, 2
8
13

’ 8-1

o0 00 00 00 @O O
PO b e

.

8.1

e @
[ ] [ ]
o o

[ ] [ ] » L]

Q] ~3 a:aq?too-q oo o o
HODOOODODOO~NNMDO O

8.0

LN ]

[ X R
[ XN )
LA X
e e
LX R
LR 4
ese
a0
ee o
en e

8.1

tee
eee

sQ O

[ X R ]
es e
[ X B

o e

LN )
[ X ]
LX N
LR R ]

eee
L LN
LX N
LA N J

6.5

odw
os e
LA N J
L S
LN )
2se
LR ]
ese
eo o
L LN

LA N J
ees
ase
EX X ]
LE R ]
[ X R ]
LA ]
LR
LN
se ®

PR N

oo
LR ]
[ XN ]
LN ]
LR N ]
L AN J
L X ]
es e
se 0
L N ]

LR A ]

L AN

ow 8
on e
®e 0
LR 4

L X R J

U2
12
1
Uy
b
152
153
19
150
7
e

LN ]

1,8
152
139
16
W7

vee
LA N

13.9
13.6
13.1
1.1
1.3
L.l
1.2
13.7
.2
1).;0 1
15.6

2.2
12.0
12,2
1.5
13,8
13.7
134l
135
13.3
.l
15.6

12,7

l.o
11.3
10.0
11.5
11.2
10.2
10.0
16.h
12.5
el

Yt

. [ 'Y
O O\l OO =3 O\ 0 00 P

L]

)

(Continued)
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Table 9.

Dissolved Oxygen, pid, and Other Chemical Data For
the Lakes Studied, 19L0-l1.

{Continued)
~ Phth. M. O.
Leke and Sampling Aerated Alveol. (O, alkalinity, alkelinity, O,
station - depth Date pH PH pH PePelle PePeM. PePsM. PePoMe
. Clear lake, Bottom Dsc. 15 7.6 8.0 .es cee ves 158 LT
Sta. 23., o 21 7.7 see s 3 sve 157 ' 507
(Continued) Jen. 12 7.6 sew see 2 XX lhh. 60h
, 23 1.6 3 157 7.8
30 7.6 8.1 6.5 3 157 7.9
Fab. 6 7.5 ees LN h [ LR ] 163 6.7
]JJ 7.6 soe coe 3 XX 170 7.0
. 23 707 sou ese 3 (XX} 175 hos
Mer., 2 . 7|h Xy} see 3 see ‘ 167 L“Ll.
- 8 705 see see h. ee e 169 Sgh
13 7.6 soe sen ,4 sve 168 503
Mud m.. Surﬁ“ Dect 10 7.‘1 8.0 e XX coe 175 ase
Sta. 1 19 7.6 8.0 6.1 127 12,3
. Jan. 7 T7 ees Xy ' 3 aee 170 1’.‘..3
1’4 7'6 8-0 605 . ll. oo a . 175 1203
23 701'. e veo o ).|. 400 170 1343 .
30 7.6 8.1 6.6 3 coe 169 13.5
Feb, h 7-6 801 6-7 ).[. soe 185 13.0
11 7.6 eor L 190 13.2
23 7.6 cee see 3 Yy 182 12.8
Mar., 2 T3 ) 'Y h sse 156 10.}4
8 6.9 see ees 3 sse 111 lh..O
Bottom Dee. 10 7.5 8.0 oee vee eese 180 ess
19 7.6 8. 6.1 sen cas 18% 10.2
Jano 7 706 (XN ] (XN ] h [ XN 170 1308
U 7.5 8.2 6.8 b von 170 11.0.
23 70‘.} ese see h aes 17‘.} 11.1
30 7.5 8.1 6.6 5 vee 186 12.6
Feb. )4 7.‘4 8.1 6-6 h see 191 10-8
11 7.5 eee ses h see 197 12.1
23 1.6 IN cos 200 12.5
Mar. 2 706 nee se0 6 eoe 197 12.1
8 7.3 see see b (XX} 200 1105
Inlst Surface Dec. 10 705 800 tee vee eee 162 see
) 19 . 707 8'1 603 v e eve 156 12.5
Jan. 7 706 XX rae 3 sase 165 13-0
i 7.6 8.0 6.6 3 .es 165 12.3
23 7.y L vos 171 12.3
30 7.6 8.1 6.6 L 180 11.8
Febe L 7.6 8.1 6.7 L 197 11.1
11 70}4 “v e tee !.L ose 193 10.1}
23 7.h [ see L]. sace 1% 10.)4
hr,. 2 7.6 LN LN ] h LR N ] 1% ll.h
8 1.4 . see L ces 181 1l.1
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‘ a T&ble 90

Dissolved Oxygen, pH, and Other Chemioal Data For
the Lakes Studied, 19L,0-l1.

(Continued)
Phthe M. O,

lake and Sampling Aerated Alveol. COo, alkalinity, alkelinity, Og;
station depth Date pH pH pH FoPsRe PePal. PePode PePeMe

Mud Iﬁ.ke' Surface Dea. 10 7-6 8.0 too eso eoe 178 )
Outlet 19 7.6 8.1 6.4 aee see 177 12.1
Jan., 7 7.7 oes cor 3 163 1.0

W 7.6 8.1 6.6 3 foee 165 13.7

23 705 (XX see h LY X 170 13-0

30 706 8-1 606 h see 182 llus

Feb. ’4 7.7 8.1 606 h sea 190 13.9
11 7‘6 LA B ese - 3 [ X N 4 " 193 uhs
23 706 LR S (X4 h s 191 1'407

Mar, 2 7.6 ey sse h ses 192 : 1’403

8' 7.5 ese ase h doe 160 1303

Gresn Lake, Surface Dec. 10 7.5 8.1 eo s s sae 132 vee
Sta. 1 17 7.6 7.9 6.1 see 8o 12,5
21 7.7 hee LR N 1 2 LK X J 80 12.1

Ja.no 7 7.6 (XN ] ) sos : u es e ]-L]l 1363

12 T7 ses see 3 XY Ibl 12.1
23 706 e ‘o 2 " see m’, 13.5

28 Te7 ere [y 3 Xy 156 1303
Feb. 9 7.6 8.1 607 h 'na ]J.LS 9-6

1’4 706 sve ee e 3 “se 61 9.7

2}4 706 se e see 2 see 161 10'6

Mar. 2 707 soe eee '4. e s mL 10.9

8 7.4 ese ses 2 see 106 10.8

Bottom Deec. 10 708 8.1 see veo vos 11‘3 see

17 7.8 800 see ses soe 1)40 10.9

21 708 ceon ese h ses 138 10.2
Jan. 7 T.7 vos see 3 see 11;0 130’4

12 707 see Y 2 ve s 135 12,1

23 705 Y] ces 3 se s ]J.L? 1300

28 706 see ere 3 LA N 152 12.7

Feb. 9 7.6 8.2 6.7 h TR 160 10.2

m 705 e soe h e 165 907

2, 7.6 3 160 10.8

Mar. 2 706 xx ove h ves 16’4 1009

8 706 ese “se 5 see 152 10.2

Sta, 2 Surface Dea. 10 7.8 8.0 ere sen ve e 130 . se0
17 7.8 8.0 6.2 “oe vee 133 12,4

21 7.9 o0 ses 2 ase 119 12.0

Jan. 7 706 ese con h XX lh2 1302

12 7.7 XX ose 2 L 1)41 1208

23 703 XX Y 3 ses 90 ’ 12.3
28 7.6 L s00 2 [ X X J 152 11.6

(Continued)
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Table 9.

Dissolved Oxygen, pH, and Other Chemical Data For
the lakes Studied, 191,0-11.

(Continued)
Phth. M. O,
Leke and Sempling Aerated Alveol. COn, allmlinity, ealkalinity, O,
station depth - Date pH pH pH PePsle DeDelle PePeMe PeDeB.

Green lake, Surface Feb, S 7.5 801 6.6 h sse 152 9-L|.
Sta, 2 m 7.5 Te0e e 3 ses 65 1005
(COnbinued) 18 Iy see T X eae veo eee 12.2
21]. 7.]4 sea cse J.'. see 163 9-2

Mar., 2 7.]4 sep son : 3 XX/ 139 8.2
- 8 7.6 Xz XX 2 soe 67 12.6

2 feet Jane, 23 YL Xy soe Y vee . voe 10.3
28 7.6 Y see h vse 1.’49 1c.8

Febe 9 ese sese ses s ‘o cee 10.3

lh 7.6 ese Yy h see 163 10.2
18 ene ere “eos cey vee Xy : 9«8
2, 7.6 L cee 169 9.0
Mar., 2 7oﬁ sne ess h sen 16,4. 8.9
8 7. see oso L ves W 10.1

5 foet Decs 10 7.7 8-0 aeg sos se s 1!.},0 oo

17 ses Y sosn see pee s 9,9
21 7.7 eos ese 3 ose lhh 9.‘,

Jans 7 TT oo o 3 s 1)4-0 13.3
12 TeT ees 0o L|. cen . 138 12.7
23 70 ese ses 5 soe lh8 8.0

28 7-6 Xy ees 3 Xy 1}.].8 10.1

Fob. 1z 7.5 8.1 6.4 L ces 162 10.3

7- (R X (R X ] 5 es e 172 ' 7.8

18 Yy veos ese ves ses ese 9.0
. 2‘4. 7.14 ses ceo L]. con 166 8.7
Mar, 2 7-6 ese cece h soe 163 8.9

8 [N N LR J or e LB J 00 LR B 11.2

9 fest Dec. 10 705 8.0 coe ) see 156 sce

17 7.5 8.0 6.3 eoe sos 161 5.8

21 7.1 seoo see 5 s0e 160 hoB
Jan. 7 7.6 see eee 3 sen 1)40 12.’4

12 T3 Y cee 3 cee 150 8.8

23 700 LR ] LN ] 7 ese 16)4 393

28 7.0 8.2 606 9 ese 170 308

Feb. 9 6.9 801 6.6 7T sse 176 6.8

i 7.0 L 177 3.9
18 eoe cee e sse ses eeeo 5.5

2’4 T.0 see oes 7 ese 175 5.0

Mar., 2 702 ose eve T ses i70 5.7

8 700 ece vee h se e 169 607

( Continued)
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Table 9.

Dissolved Oxygen, pH, and Other Chemlcal Data For
the lakes Studied, 19L,0-41.

(Contimed)
Phth,. M. O.
Lake and Sampling Aerated Alveol. C0,,  alkalinity, allmlinity, Oy,
station depth Date pH pH pH PePels PePels PePeMa Pe PeTe
Green I.m, Surface Dec. 17 7.7 800 see se s aow 120 13.7
Sta. 3 : 21 8.1 2 75 1.0
2, 7.9 8.0 6.1 1 ol, 13.7
Jan, 7 7.6 ose son 3 see 1142 1301
12 7.9 [ XX [ XX veoo e 135 12.7
23 7.6 Xy sse 3 “ee 11,’.7 12-5
28 8.0 xx ses coe ses 155 114.-7
Feb, 9O X Xy es o see T ry 13.1
21.} T.7 Xy eve LI. see 176 1.0
Mar, 2 7-6 coe T ,.I. vee 171'. 12.0
8 7.3 cen 3 116 10.3
Bottom Dec. 17 7.8 8.1 e ase eve 150 11.[,.3
) 21 l‘8.0 aw [N e 0 [ B 152 12.6
2, 7.9 2.1 6.5 2 150 12.6
Jan, 7 7.6 see see 3 coo ]JJD 13.1 ‘
i2 7.7 Xy X 3 eve 1)40 12.3
23 7-6 eee soe ).l. sew 1)45 11.9
28 7.7 ona L) 3 ses 158 13.0
Feb. 9 7.6 8.2 6.7 L see 164 11.8
2, 7.6 veo L 173 10.8
Mor. 2 7.7 oo X }.l. ce e 17; 11-8
8 7.5 eos e LR X L‘. [ X 162 1105
Sta. h Surface Dee. 17 7.6 8.0 Iy Iy sesn 127 11.9 .
22 1.8 oene cee 3 ses 127 12.6
2, 7.6 8.0 6.2 3 120 12.6
Jan. 7 706 see XX 3 sea 133 13.1
12 7.8 [ X N e 2 LR B ] 137 LA R J
23 706 con see 3 tee 1}4.5 13.1
28 7.5 Xy’ soe 3 see 151.‘ 11.1
Feh, 9 7.5 8.1 605 ,.l. XY 1].&3 1006
1,4. 7-'4 een see 3 se s 70 1006
2, 7.7 cee 3 oo 162 11.2
Mar. 2 7.6 soe soe L‘ cee 155 11.7
h 6!9 (XN oo p 1 sae 25 12:1
8 70h [ XX rea 3 cee 92 1105
L.. feet Je;n. 28 70- 8.1 606 6 see 1h7 1008
Feb, 2)4 7.5 see se e 3 soe 171 11,0
¥Mar,. 2 cosw s 0o ese see e e 1203
Ll. 77 vee sue ) sve ve e 12.1
S o090 o e 0 L LN s [N 11.6

(Contimaied)
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Table 9.

Dissolved Oxygen, pd, and Other Chemical Data For
the Lakes Studied, 19L0-hl.

(Continued)
Phthe. M. O,

lake and Sampling Aerated Alveol. CCy, alkelinity,  ealkalinity, Ca,
statlon "~ depth Date oH pE vH PePaMe DeDeMe VeDele PeDeMa
Green Lake, Bottom Dec. 17 7.6 800 XX ) sse 158 10-6
Sta., L‘., 21 701 cee ces 6 (XY ] 1)49 10.1
(Continued) 2}4 701.} 8.0 6.5 h sew 150 8.3
Jan., 7 7.6 cre ses L toe 134 11.9

12 7;6 vee “ee 3 coe 150 8.5

23 702 see : svs 7 tee 16’4 3.9

28 7.3 8.2 6.5 7 see 155 Le6

Feb. 9 7.3 8.1 636 5 XY} 166 600

1‘4 7.0 ces eve 6 “ee 177 )4.5

21-'- 705 (XN ] g h [N X3 168 901

Mar. 2 70,4 ven sen 6 ses 179 80)4.

b 7.6 ese LN 1‘ see 173 908

8 7.6 see ses 5 see ’ 167 9.9

Sta., 5 Surface Jan., 7 706 cee es e 3 cae . 139 13.9
12 T.7 see sse 2 ‘ree lhO 12.9

23 7.5 see see 3 XY 151 12,0

28 7.6 8.2 6-6 3 cee 150 1101}.

Febe 9 7.6 8.1 6.6 3 esa 136 8.6

1)4 7.h Xy x JJ. voe L),é 9-2

2h 7'8 LE N ] see 2 [N ] 156 100'

Mar,. 2 800 ) ene see eos 2 ]u]. 11,0

8 8.1 ese eecas s 2 121 12:5

Bottom Jan. ? 70 8 se0 xx 3 s 132 13. 8

12 T.7 . eee oo 2 see ].LLO 12.2

23 706 oes XYy 3 sey 150 11.2

28 1.6 L 148 11.0

Feb., 9 7.7 8.1 O.hy L 158 9.2

iU 7.6 3 150 943

2.’4 1:9 see see 3 ces 162 10.}4

Mar, 2 8.0 ce e es o sed 1 159 11.1

8 8.2 es e eece see0 h 1).}8 ' 12.2

- Sta, 6 Surface Jan, 23 7.6 ces een )4 see ]J..LQ 13.0
' 28 8.0 8.1 6.5 2 11 13.6
Bottom Jan. 23 T4 T 150 11.2

28 7.6 8.2 6.4 L 153 .8

{Continued)
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Table 9.

Dissolved Oxygen, pH, and Other Chemioal Data For
the lakes Studied, 1940=41.

{Continued)
Phth. Y. O.
' Lake and Sampling Aerated Alveol. CO,, alkslinity, alkelinity, 02,
_station depth Date pH ~ pH pH PePeRle PePeMe PeDoMe Do PeMe
Green NO, Surface Dec, 17 6.8 7.9 6.2 e sow 126 1003
Inlet 21 7-1 se e h et s 1).!3 9.5
2, 7.2 7.9 6.1y 7 160 8.5
Jan, 7 6.9 10 205 2.8
12 6.9 see ase 1}4 ten 207 2.6
23 6.9 ‘e ese lb. X R 200 5.7
28 6.8 8.1 6.6 22 ove 21 2.1
Feb., 9 6.8 8.0 6.6 lh tee 233 2.8
lh 703 ese see h tse _ 88 ‘ 1l.2
2‘.]. 6.9 see sea 17 Y 2)40 3.2
Mar., 2 6.9 ses see m Xy 220 ).110
h 6.8 XY toe 3 e ).‘6 12,0
8 7.0 tse io‘o 11 oo: 182 J_Lo9
Outlet Surface Deec. 17 607 TQLL 5.5 see XX 22 12.6
21 7.6 et see l], cve )45 12.1
2 7.3 7.6 S L vee 66 10.9
Jan. 7 7.7 e éne 3 eos 1140 1).3.03
12 707 see o 3 cs e 135 12-8
23 7.6 eee 6ae 3 (XX} 150 12-7 .
28 7.5 8.2 6,5 L 150 10.9
Feb. 9 7.6 8.1 6.6 2 ces 159 9.3
lh 8.0 eoe oo 2 te e 1140 11.7
21‘. 8.1 sse sse Y Lp 163 12.9
Mar. 2 8.2 xx X eee 3 150 13-0
8 8.2 ose oss sese 5 151 13.3
Bog lake Surface Dec. 10 6-1 607 vee ene cos e 7 “oe
, 17 6.2 6.5 5:3 “oe coe 5 15.9
21 6.6 ese see 2 ves 6 16.1
Jan. 7 6.6 Xy ese h see 6 16.7
1)4 6.0 608 5oh Ll. se e 5 1’:’-.0
23 6-0 ase LX) I;. (XX ] 5 20.2
28 5.9 6.3 5.2 4 7 17.7
Feb. h : 5.8 6.5 5.3 ,4 XY 7 18.!.},
11 5.8 o0 oe h e s 12 21.0
16 509 see es e h ) 6 18-7
18 [ X} eo® LR N ] e LR N *e D 18.2
25 5‘9 esse (XX} h vee 8 20‘5
¥ar. 2 5.9 ses oo 7 ves ’4 15o3
b. 600 see es e 5 ) 8 13-9
10 508 ane see 8 oo h 1)4.9
27 5.8 oo LR N J h *e @ 7 1?.8
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Table 9.

Dissolved Oxygen, pH, and Other Chemioal Data For
the Lakes Studied, 1940-l;1.

(Contimied)
~ Phth, . 0.

Y.ce and  Sampling Aerated Alveol. (Op, allkalinity, alkelimity, O,
station depth Date pH PH PH PaDPeMe PeDolla DaPolle Ps Doy
Bog Lalke 1 Pfoot Deo. 10 5Q7 ase ore Lx Y ses 5 ee

17 6 2 6‘5 seB es s [ X ] 5 13¢2
21 6.8 een . 2 3 g
Jan, 7 6¢5 ‘ 2o e see 12 cen 6 ]3.0
Yy 5.8 6.9 5.4 ﬁ aee 5 7.8
23 6.0 sss see see 5 1803
28 5.8 o ase 6 (R 5 1?06 ’
Feb, h 508 6-5 503 5 sasm : 5 16)0
11 5!7 LA R sae l{, cus 5 1?.1
16 598 ' LAY ses Ll. oas® 6 1?06
18 ege sso ewn e sa0 sasn 18.0
25 l;.? YY) *ne 7 erw 6 18-5
Mar, 2 5'7 s“am “oe 9 sow 6 1542
h 6.2 'xY con 5 ssn 7 13-,.[
10 5.@ s woe 9 es® ll. 15').}
27 ,5. pre enn Ll. eve h 1?-8
2 feot Dec. 10 5-6 acw con oen .o 6 cve
17 5.7 6.8 «vo ore ese m lhs
21 5.8 see 12X 33 vva 12 0.?
Jan. ? 5.9 XY s see 6.5

i

1, 5.8 6.9 5.2

23 ' th twe (XX} 16 (R X )

28 5.7 6’5 5.3 m [ XX ]
Peb. 4 5.5 645 53 1,

1.5
2.1
6.7

Teh

11 5!1‘ LN ] LEN 19 cs e 2.3
16 5.6 *es tew m e 9.5
18 (XX ] se e se® sen s ses h.a
25 5.6 aey (XY | 10 e 11.1
m. 2 5.7 e [ AN 10 e e 7-0

h 506 tee (XX 15 oes
10 5¢7 “es s e Z e

6.
1.5

27 509 LY ces LY 17-1
3 feeot Dea. 10 506 ese sre cee ses sss
17 8.6 6.7 1.7
21 506 T cve 17 ere ooh
Jan, 7 509 e ese 19 tae 1.5
I 8.7 6.7 Se2 21 see 2.1
23 5.)4- res sew 23 sase 0.6
28 505 605 S. 4 21 tew 1¢8
Feb. LL d 5 6 5 502 19 sse 1o9
11 .!4 ce s X 22 as s 007
16 S'/ e yenm 15 ewe 3.0
18 se e ece e e eee XX oee 108

Oy OO IOy N\ IOV OV ON

25 506 ene [ XX 16 (XN ] b's

3
1
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Table 9.

Dissolved Oxygen, ¥, and Other Chemioal Data Foy
the Lakes Studied, 19L0={1.

{Contimied)
Phthe My O

lake and  Sampling Asrated Alweol, COp,  alialinity, alkalnity, O,

atation depth Date pH pH pi P’}! Be Pelalle sDelle -3
Bog Laks 3 fast Yar. 2 5.8 ens ses 17 ses L - 2.8
(CODtinued) '4 5.3 ses aen tse .mee sen 2.8
10 Soh see Yy 21 ‘one s 2»0
27 Sos oo ey 6 "N 5 9‘0

h Toot Iea. 10 5.6 oes son see aes 6 '
17 506 6.8 .o ens sve 11; 0.6
21 5.7 v e wee 18 [ TY 8 0&1
JATL 7 Sp', LYY e 2 Ty T 0.9
i 5.7 6.6 ese 22 cee é 05
23 5‘!4 aen sre g an e 7 0.3
28 s 6.l Se3 . “se é 0.7
Peb, L 5.5 6.5 5.2 21 sce 6 0.6
n 5.).& oo sae 23 sse 6 0.2

Ié 505 Yy ave 18 nee 5 1.

18 o= eve 2o wew see ace +}
. 25 s.s e (XX ] 22 LA 2 ] 7 163
dare 2 5.7 e e 22 ase s 0.2
L 5.8 ves PP ase ss e see 1.0
10 s.s XY see 21 e 7 153
2? Stx& LY T a0e 19 sow 5 3.?

5 oot Deoe 10 S-é vee e .he ane 6 e
17 507 6.8 S-3 see see 10 003
2 5-7 ese eee 23 Y 7 0.2
Jen. 7 5;7 Se e wee 4 oo 7 0:6
lh 5-7 6.8 sch 21 see 6 0.1
23 5;‘; sve v 23 Y 8 0.0
28 505 ses sen 22 sow 8 0.0
™h. L S, 65 53 23 see 9 0.0
11 5 wean see 25 ave é 0.1
16 5.6 soe aee 18 (X 6 1.2
18 ses wes oo sne see ses O.h
25 505 nes sze 27 ave 7 0-0
iar, 2 6 ase s 25 ryY) 1 0.0
h 516 LLE B "ee 1 2 X ] L L) ees 006
10 g:i ese sse 2l one 6 0.0
27 sse sse 25 see 6 105

j
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Table 9.

Dissolved Oxygen, pii, and Othar Chemioal Data For
the lukes Studied, 19L0=ljle

(Continued)
Phth, H. 0.

Loze and Sampling Aerated Alveol. COq, alkelinity, alkalinivy, 03,
station deptn Date - pH pH pH P.D.M, PeDeM. Do Poille P.peme

Pasinskits Surface Dec. 12 8.5+ .8+ 6.0 .o 11 90 12.5

Pond, 19 8.8* 8-5 601 [ XX ] 7 7’4 13.0

Ste. 15 Jan. 10 8.8+ ses ees eee 15 99 16.0

16 8.8"‘ vee sen see 13 103 1705

2L|. 8.8+ oo see “os 18 106 21 9

31 8.8+ - ... sen saw 16 112 20.8

Feb. 8 808 sse ooy son 10 123 17.8

12 8.6 Xy o0 san 13 123 172.9

21 8-8 se @ s e 15 123 21.5

27 8.0+ vea cas “re 12 129 22,0

¥ar. 6 8;8 Xy sse see 8 92 21.5

Bottom Dec. 12 8.3 cse see se e 3 96 6.9

19 8.3 ose s ss 2 102 7.5

Jan. 10 8.2 50 see e 3 103 13.h

16 793 ') s e l{. ssw 106 8'1

21‘. 8'0 LX) e e ces aose 110 160).!

31 703 YR X l{. YY) 120 5.3

Pebe 8 7.7 vos cws L wee 125 13.6

12 7.6 eee .es I vos 135 9.9

21 8.3 veos .sas eae T 134 i5.9

27 7.6 cee aen L sas 13k 12,9

Mare. 6 702 see e h aes 13 1302

Sta., 20 Surface Dec. 19 sv e " e voe e esn coe 10.2

Jan. 10 8.8" esse 'xx ova 13 101 1505

16 8.2 cor ore coe 2 102 13.2

2, 8.7 cee vee ces 10 10, 1743

31 8.8 e cos ces 12 110 15.5

Teba 8 8-7 see ses cen 12 118 17.7

12 8-7 one see es e 10 123 18.2

21 8.0 coe ces vee 3 126 1340

27 7.7 ey [ XX ] h se e 132 m.B

¥ar. 6 8.8 cee vee - 8 111 20.7

Bottom van. 10 81’4 ess eee “ee 6 103 1502

16 7\2 ten sne h son 105 L‘.'B

2, 8.0 ers cee cee cer 108 12.8

31 7.6 cee coe 3 soe 118 8.5

Feb, 8 8.1 soe veo sss 3 123 13.7

12 7'6 ade X J h [ E N ] lgi 6.6

21 609 Y “e o 5 seo 1 8-9

27 609 se e XY} 5 eee 131} 8-1

¥ar. é6 7.0 cea “se S cas 133 ]J;.O

(Continued)
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Table 9.

the lakes Studied, 1940-Lii.

(Condinued)
Thth. M. Os

luke and Sampling Aerated Alveol, CO,, allmlinity, allalinity, O,
Etlabion depth Date pE oH pE DeDeHe DD e Re PePeMe PeD.xl.
Pasinski's Surface Dec. 12 8.8+ 8.8+ 6.0 cos 16 95 1.8
Pond'. 19 cqe tne XX see XX see lbol
Sta. 2’4 Jﬂ.n. 10 8-8"‘ XX XY se s 1L|, 103 17-.’4
16 8.8+ xx ve0 sod 17 105 2'393

214 8.8+ s XX cee 20 lah 2L.2

31 8.8" co’ B LX) 20 112 2501

Feb, 8 8.84' XY s e oo 16 123 19.?

12 8,8+ sey Xy s 17 132 23.7

21 8,8‘* see oee es s 16 126 21,8

27 8.8+ vee 1) S sew lg 13 2.3

Har, 6 8.8+ eee ene see 62 21.3

Bottam Dec. 12 806 8.)], 601 se s 5 100 8-0

19 LR LN LR (XX J (RN ] LR ] 702
Jan. 10 7.8 tee san 2 seoe 106 120).‘.
16 7.1 ven ses L aee 106 7.6

2, 7.7 .-s oos L “se 120 1z.8

31 7.6 sae XX 3 se0 127 9.1

Feb. 8 8.3 owe [EX] ese h. 130 15.1

12 7-8 ces senm 2 XX} 133 13.3

21 Blll oo s Y 7 135 20-6

27 811}. ene LR [ X 9 132 20.2
Mar. 6 7.6 2o oen h. o e 130 12.0
Sta. 26 Surface Dec, 12 8,8+ 8.8+ 6.0 too 15 96 13.5
19 8.8+ 8.8+ 6.1 ove 13 8}4 i5.1

Jan. 10 8.8+ see Xy see m 103 17.1

16 8,7 con cee ees 16 108 17.8

ﬂ,!. 8.8 ese (Y] ree l? 11; 19.9

31 808*‘ con eos eee 2:4. 121', 28.0

Feb. 8 8.8+ oo see 'y 23 129 21.3

12 8.8+ xx veo eee 27 1.31 214,.1

18 o000 o0 ..,. LB N ..’ LN N ] 25.2

21 8.8" LN N ] o0 [N X ] 26 137 2}.&08

27 808"’ ceae e . ') 23 138 26,2

Mar. 6 898 ) oo sea 5 56 20.1

11 8‘8 s08 LN oo 5 514. 1607

1l foot Jen. 10 Xy LX) eve XX te e o e 16.6

16 se ree e e oo ess XX 18.3

2’4 see see s Y XX’ ses 19,9

31 oa [ B ) LR N J [ N L LA N J 27.2

Feb, 8 sve XY} coe toe ose osy 21.5

12 (XX ene veo soe (XX} cve 21.},.5

18 Xy oes soe .o see see 2508

21 o0e [ X N ] o0 seo0 o9 L XN ) 2)400

27 8.8* L B [ X ] oo 22 138 26.5

Mar. 6 8.8 xx sse (X X 8 58 20.3

11 8.8+ soe see eee 12 81 19.6

(Contimied)
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Table 9,

Digsolved Oxygen, pH, and Other Chemical Data For
the Lakes Studied, 1940-11.

(Continued)
_ ~Phth. M. O.
Iake and Sampling Aerated Alveol, 002. alkelinity, allmlinity, 0Oy,

station depth Date pH pH pH PaDs M, PePoels PePoHe Pepomts

Paginski's 2 feet Jan. 10 80‘ evs vae see 5 101]. 1)407

Pond, 16 8.3 " ese ‘oe L 109 13.8

Sta, 26. ﬂ.; 8.7 ces X tee 13 113 17.1

(Continuod) 31 8.8 cen sse see 15 120 1902

Feb, 8 8-8"‘ vee XX see 17 127 19-6

12 8.8+ Y e see 21 135 21.0

18 [ X X ] LR N ] se P a0 [ XN ] o8e 21.7

21 8.8+ ese eo e sse 21 131‘. 22.6

27 8.8+ oo sey see 21 135 211.,4

Mar. 6 8-8 see sse ses 19 118 2)4.1

11 8.8* eecse [ XX dee 17 99 22.9

3 feet Jan. 10 sse (XY} sea se e ved ees 1).].03

16 see ®200 LN ] a0 e [ X X ] [N N ) 11.9

21‘ e s [ NN ] [ X N ] [ RN *00 oe @ 16.9

31 Yy Xy ese ses see . 13.7

Febg 8 e oee ese oo s oo YR 1807

12 L XX ] ese ee e se (X X ] [N 18011

18 LN o0 0 eoee e [N N ] 900 20.9

21 see XX eecsw cee Xy LE X 2301

27 308*‘ see one see a2 132 21].01

Mar, 6 8.8 see ves aee 13 132 20.1

11 8.6 . see see ece 11 113 2203

Rottom Deo. 12 8.6 8-14. 6:1 (X2 ,4 103 806

19 8.6 8.6 6.1 8 109 9.8

Jan. 10 7.6 X ose 3 see 113 12.7

16 1.6 coe Y 3 ces 110 12.1

2}.‘. B.h [N N ) oes *ee » 10 122 15.5

31 8.1 XX see eve 2 127 11,1

Febo 8 808+ sa e es e ® 6 13 128 1706

12 8.1 oo ees see 2 132 1’409

18 [ XN 2 *swe [ X} o0 LA N ) eee 19.2

21 8.8"’ en e e e o e 17 133 21.8

27 8.8"’ soe Xy see 1‘4 lh,.l. 21'14
Mar. 6 8.7 see ooe see T 131 19-8 :

11 8.6 eee ces ese 9 116 21.6

Ste. 27 Surface Deec. 12 8.8"’ 8.8"" 6.1 Xy 19 90 16.0

19 .00 o000 aee s 00 L N L N ] 13.5

Jan, 10 8.8"' Iy} ees eee 1’4 105 17-6

16 8.8 L N ] LN L XN ] 15 102 16.9

21.], 8«8+ see eee XY 23 116 22-6

31 8- 8* sese sce ese 23 117 21&.3

Peb. 8 8.8 ese sse cee 13 12‘4 18.

12 8.8" ore 'xXx) ees 27 132 2’.};8

21 8-8+ see ose wee 16 135 21,2

27 808+ cee ewe ees 16 130 22.2

Mar. 6 8.1 X} s0e see 1l 5}4 18.1

(Continued)
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Table 9.

Dissolved Oxygen, pH, and Other Chemiocal Data For
the Lakes Studied, 1940-i1.

(Contimed)
?htho M. '6. :
Lake and Sampling Asrated Alveol. €O elknlinity, alkalinity, O,
station depth Date pH pH :): 4 s Polle DePolle PePoRe Pepss
Faeingki's Bottom Dec. 12 8.8 8.8 6.2 evs 13 103 11,2
Pond, 19 vey *se [ XX cee sue oo 10.2
Sta, 27, - Jan. 10 8-3 sve ese ' h 10‘4. l.h,.o
(Contimod) 16 706 one ese 2 [ XX 105 7-1
2’4 8.1 se e Ty’ cor 2 115 1242
31? 8.1 e e vea sen 115 12.7
Feb, 8 801 ens soe LX XY 3 né 1509
12 17 ves sss 3 e 133 11.3
21 80‘.& eace "o ses 8 136 1602
27 8.2 [ XX von [ XX h 131 1‘4.'3
Nar. 6 aph soa ese YY) 6 127

20.9




Table 10,

Dissolved Oxygen and Other Chemical Data; Miscellaneous lLakess
1937-38, 19h9~Lo, 19L0-L1.

o

Phth. M. O.
Aersated Alveol. €0y, alknlinity, alkalinity, Og,
Date Lake Station Depth vH pH pH PePelie PePeMe PePells Pe DPeMo
(1937-38)
Jan. 23, 1938 Winmmie Pond S’b&. 1l Surf. sve e o n 9 ces see LX)
‘ 2%‘ feet 7-1.[, ons (XY 10 sow 330 0.3
Open Hole Surf. soe » see XY 8 sve see 0.0
2 feet Y ese e 8 see eve 0.1l
Jan. 29, 1938 Fowler L. Sta. 1 surf. 701.[, X oss 2 eern 100 10-1..
10 foet <. seos cee LI, cue see ene
20 feot 7.1.[, rew oee s eeos 252 5.8
(1939-10)
Deo. 26, 1939 West L. Sta. 1 Surf. 80,... eve ese vee 3 175 m.6 |
h t”t 80,... een see see 3 175 1).;.2 %1:
Feb. 2, 190  Grass L. Sta. 1 Surf. 7.6 8.2 6.5 coe ooe 230 10.2 |
‘4, feet 7.1; 8.1 6.5 ene ose 253 h.O
Bateose L. Sta. 1 Surf. 7.7 8.2 6.5 eve .se 188 12.0
v 6f‘3t ece sew ese see sew see 6'7
11 feet 7.3 8.1 6.5 eew see 195 5.0
Park L. Ste. 1 Surf.  Te3 8.2 645 226 5.3
6 foot Ly X ses ces XY cae sse 5.2
11 feet 7‘2 8.2 6.5 X .eow 21].1 2.3
Iﬁar. 3. 19)40 West L. Sta. 2 Surf. 703 8-1 6.5 one see 2‘.‘0 6.2
, 3 feet 701 8-1 6.6 XY eve 21].8 3.6
Mar. 13, 19’40 Deep L. Sta., 1 Surf. 8-1 Xy ees see 2 9’.‘. 13.9
5 feot 7.9 sse X ese ses 87 13.0
10 feet ... eee ene eess X XX 12.0
15 feet ... Xy ove eve s e soe 1109

(Continued)



Table 10.

Dissolved Oxygen and Other Chemioal Data; M scellanecus Lakes;
193738, 1939-40, 19L40-k1.

{Continued)
Asrated  Alveol. 0Oy, alkalinity, alkalinity, O,
Date lako Station Depth pH pH pH PePete PoePeMe PePsMe PePelle
Mar. 13, 19).[0 Deep L. Sta. 1 20 feet 7.6 see eos ) see 90 10.8
(Contimed) 30 foet ses s s see ese e ees 705
m feot ... ose ese e cee sse 5.8
50 feet ... "eee see e s s XY 307
62 feet 609 eve eean XX} Y eewm 97 2.9
| . (aslo-la)

Feb. 27, 19)41 Richmond L. Sta. 1 Surf. 7.5 we e oo S soe 111 1606
6 feot 6.9 cas sse 5 ese 117 11.2
Mar. 5, 19111 S. Londu L. Sta, 1 Surfe. 608 8.1 6.6 15 eee 153 OQh
(IO'OO Co.) 2 feet 608 XX ves esce eee XX} 003
6 feot 6'8 8.1 616 16 eee 1143 Tr.

1

Sta. 2 Surf. 6.8 8.1 6.7 18 9 o =

3 feot 6-8 ece soe cee XX ss e 0.1 =

6 foot 6.8 YTy ses ) coe eve Tr. !
9 feet 6.8 sne oes s e tee see Tr.
Mar. 20. 19‘41 E. Fish L. Sta. 1 Surf. 7.5 7-8 ene 2 Xy} 175 1003
5 feet eoe see I soe eow ) 8-9
10 feet vee evs Xy sse es e see 8.8
15 feet ... see vsee XX ece eee 1.7
20 feet 7.5 7.7 3 188 8.1
25 feet oo XY XX ss e eee see 6.8
30 feet <. see eoe see oce ess 5.0
35 feet ... see eoe xx new coe 2.6
39 feot 703 7.8 eee h Xy 205 2-5
Inlet Surf. 707 7-9 eoew 2 eee 183 11.8
Outlet Surf. 7.5 7.9 .ee 2 cee 178 10.0

( Contimued)



Table 10.

Dissolved Oxygen and Other Chemical Data; Miscellaneous Lakes)
1937-38, 1939-40, 1gLo-lL1.

(Contimued)
Fhth. M. 0.
| Asrated  Alveol.  G0,, slialimity, alkalinity, Oy,
Date Lake station Depth pH pH pH PsPoBle " PePeMe PeDem PeDeR.

Mar. 21, 19’41 Middle Sta. 1 Surf. 7-0 7.7 see 7 ene 167 003
- Pish L. ) ' 1 foot sen coe oy ene aes cse 0.2
2 feet 7.0 7.8 ses sae 165 0.2
3 feet ere sse sase oon [ XX ese Ir.
hfﬂet 7.1 7.7 se e S X R 180 0.0
5 feot <o oes s e see se sen 0.G
« Tigh L. Sta. 1 Surf. 7.2 7.9 [ XX 5 LX) 176 ‘#3
1 foot vee vew - Xy ese ese e h-ﬁ
2 feet sae veoe vee e sew see 502
3 feot 7-1 7-9 esn 6 (R Y] 176 2.8
Ll. feet eve Xl ose cos X ace 1.9

5 feolk soe ven sew ooe see e 009 |

6 feot eoe sew see ses eee eee 0.7 :"

% feet 7.0 7.8 T ore 185 Tr., o

|
Mar. 22. 19,41 Island L. Sta. 1 Sarf. 7.0 8.0 oo w 13 ) 203 0.2
(0800&1& COQ) 2 feet Xy cee XX soe see ose Tr.
h fest 7.0 708 sse m o-o . 215 0.0
Sta. 2 Surf. 7.0 8.0 ces 10 see 208 0.3
2 feat sse tee sve eee XX Xy 0.0
3 foet 7-0 8-0 e m ese 211 0.0
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Table 11.

Vertioal Distribution of Temperatures;
Clear lake, Station 2;

1937-38
Tengeraturs TamEra.ture
Date Depth . ) Date Depth . .
Jan. 5, 1938 Surf. 2.0 3% Feb. 2, 1938 sarf. 0,2 3
5¢ 3.4 38 5! 3.6 3
10° 39 39 10! bhe3 3
15! 3¢ 39 15! he
20° by Lo 20" 5.3 L
Jan. 12, 1938  surf. 0.3 32 | Feb. 9, 1938 sarfe 1,0 34
5t 3.3 38 3t 5.0 1
10t 3.6 38 ' 5.0 I
151 3.9 39 10! 5.1 3
20! Lo 39 15° 5.3  lag
201 5.5 L2
Jan. 19. 1938 Surf. 0.0 32 “
St 1.1 Fobe 20, 1938 Surf, 0;6 33
10t 3.0 37% 3¢ 6.3
15t L.2 39 5! 6.l
20¢ L3 39 10! 5.8
o 15¢ 5.8
Jan. 26, 1938 Su;f; 0.2 32{3— ‘207 5e7 :
. ' 3.3
10! ) 39 Feb. 27, 1938 Surf. 1.8 35
15' ,4-'3 f 3‘ 5'5 Lla
20! L.3 5t 5+9
15¢ 5.7
20! 5.6 L2
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Table 12.
Vertieal Distribution of pH, Alkalinity and

Dissolved Oxygen, Clear lake,
Station 23 1939-)40.

M. O,
alkalinity, 0o,
Date Depth pH PsPele PeDPsRo
Dec. 31, 1939 Surf. sesn oss ]l;,.S
5 feot ses see m.2
10 feet ese ese Ib.cl
15 feet see are ]JJ..O
20 feet ... 156 13.7
Jan. 6, 19’40 Surf. X 158 m.?
5 feet ses 156 1}4.5
10 feet soe 157 1!402
15 feet soe 159 13.1
20 feet epe 1&‘ 12,6
Jan, 10, 191].0 Surf. 8.2 160 15.1
. 5 fest s XY & .5
10 feet 8.2 157 1h.0
15 feet s vee ’ 12u9
20 fest 8.2 160 12,3
Jan. 13, 1940 Surf. 8.0 151 14,6
S fest s ene nhh
15 feot XX oo 11.9
20 feet 8.0 160 10.8
Jan, 17, 1340 Surf, 8.0 160 16.0
- 5 feet ste see 1,.],.7
10 fest 8.0 155 13.1
15 feet see Y 11.9
20 feet 8.0 165 9.9
Jan. 20, 19m Surft. 8.0 165 1505
5 feoet soe oo 1)4.7
10 feet 8.0 158 11,2
15 feet see e 12.‘.),
20 feet 8.0 166 10.8
Jan. 2L|., 1914.0 Surf, 8.1 168 1505
S feet see res 1503
10 feet 8.1 161 13,9
15 feet soe ree 1)407
20 feet G.0 170 11.1
Jan. 28, 1940 Surf. 8.1 165 15.5
5 feet XX} Xy} 15.1
10 feet 8.1 163 1.8
15 feet see see0 1505
20 feet 7.8 172 2.9

(Continued)
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Table 12,

Vertical Distribution of pH, Alkelinity, and
Dissolved Oxygen, Clear Lake,
Station 2; 193910,

(Contimed)
M. O,

- , alkalinity, Oy,
Date Depth pH PsPelle PsPelie
Jen, 31, 1940 Surf, 8.1 166 1.0

5 feet es s ows 13'8

10 feet 8.1 165 13.2

15 feet  ses ceo 11k

20 feet 7.7 172 9.0

Feb. 3, 1940 surf, 8.1 168 14.0
5 feet s sen 13.9

10 feet 8.0 166 1243

15 feet ses see 1005

20 feet 7.7 175 8.7

Feb. 8, 1940 surf. 8.1 160 e
5 foet *nn e 1)402

10 feet 8.0 168 12 «0

15 feet nes ase 10.2

20 feet 7.7 75 6.6

Peb. 11, 1940  Surf. 8.0 %7 13.44
. 5 feet ven Y 11.‘.02

10 feet 8.0 166 12.0

15 feet  «ss ves 8.6

20 feet 7.6 178 T3

Pebq 1,4.. 19}40 Surf, 8.0 158 }-hol
S feeat sne “e e 313.9

10 feet 7.8 165 11i.9

15 feet 200 toe 8-1.].

20 feet 7.5 180 8-1

Peb. 18, 1940 Surf. 8.0 172 .2
5 feet Ses see 1305

10 feet 7.8 165 11.6

15 feet 'EY] sen 8:7

20 feet T6 177 59

Pebe 21, 1940 Surf. 8.0 152 13.6
5 feet e s [N ] 13. 7

10 feet 7.8 170 11.5

15 foat co e one 8.2

20 feet 7.6 181 Te2

Febe 265, 1940 Sur?f. 8.0 165 .1
5 feet *se nes 13‘3

10 feet 7.7 167 9.8

15 feet see sxe 609

20 feet 7.6 178 L.

(Contimied)
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Table 12,

Dissolved Oxygen, Clear Lake,
Station 23 1939-L0.

(Continued)
. Os
. alkalinity, 02,
Date Depth pH PoPelle PePelis
Feb, 28’ 191{9 Surf. 801 168 1’409
5 feat ves aes 1306
10 feet 7.7 171 9.7
15 feet ... ves 7.4
20 feet 7.6 177 705
Mar. 3, 1940 Surf. 8.0 168 13.8
5 feet vee see 1209
10 feet 1.6 7 10.0
15 feot see soe 609
Mar. 8, 1940 Surf, 6.9 Lo 1.2
5 feet ses “en 12 06
10 feet 7.8 168 9.
15 feet ese cae 6.5
20 feet 7.5 182 3.6
Y¥ar. 11, 1940 Sur?f, 6.9 sl 13.2
. S feet Te 161{. 11.0
10 fest 7.7 172 1.9
15 feot sce see 703
20 feot 7.4 181 6.1
Mar, 16, 1940 surf,. 7.0 107 15,5
5 feet ese cos 12,2
10 feet 746 ) 17’4 9J0
1,5 feet he e .as 7)0
20 feat 7.3 182 3.9
Mar. 20, 1540 Surf. 6.7 12 11.3
5 foet s e cea 11‘5
10 feet 7.7 168 9.7
15 feeot see see 7.8
20 feet T.l 182 L.0
¥ar. 23, 15L0 Surf. 6.7 10 72
5 feet I sae 10.7
10 feet 7.6 165 8.8
15 feet Y ces 8.1
20 feet 7.5 177 6.6
Mar, 27, 19’40 Surf. 7.0 65 9.7
5 foet er e e 10.5
10 feet 7.6 166 8.8
15 feot svs ese 7.1
20 feet 7.4 181 5.8

{Continued)
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Table 12,

Dissolved Oxygen, Cleer Lake,
Station 2; 1939-L0.

(Contimued)
M, 0.
alkalinity, Ops .
Date Depth ‘pH PaPsle PePeMe
Mar. 31, 1940 Surf, 6.9 ks 10.2
g feet Te7 16l 10.8
10 feet 7.6 168 9.
15 foat ise s de 3,h
20 feet 70h 178 5.6
Apr. 3, 1940 Sur?f. 6.8 28 9.9
5 foet 7.6 Iha 10.0
10 feet 7.6 in 8,1
15 foot “ne ane ?.h
20 feeot 7.3 178

.hao
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Table 13.

Dissolved Oxygen, Clear Lake,
Statlon 2a; 19L0-l1.

u. 0.
allkalinity, 0g,
Date Depth pH PePele Pep B
Dec. 15, 19Lp Surf. 8.2 1)42 111,.2
5 feet XX ose 1)4-0
10 feet 8.2 142 13.9
15 feet swe ens 1,.102
20 reet 8.0 1,8 12.7
25 feet ) sen 6'}4
33 feet 7.6 158 L7
Dew. 21, 1910 Surf. 7.9 103 1.3
5 feet eee XX 13”5
10 fset 8.1 12 13.6
15 feat see see 12.0
20 fest 8.0 152 11.0
25 feet es e ser 902
33 feet 7.7 157 5¢7
Jan. 12’ 19m Surf. 8.2 11].0 13-2
5 feet 8.1 136 12,5
10 feet 8.2 138 13.1
15 fest 8.1 2 12.2
20 feet 8.2 139 11.3
25 feet 8.0 112 10.9
33 feet 7.6 IO 6.
Jan. 23, 15l1 Surf. 8.1 L 14,2
5 feet ene [ Xy 1,401
10 feet 8.0 L4 .l
15 feet s s 1}4-5
20 feet 7.7 u6 10.0
25 fest X ese 8.‘4
33 feet 7.6 157 7.8
Jan. 30, 19l Surf, 8.1 U3 143
S feet see Xy m.l
10 feet 8.1 1, 1.3
15 feet vee ses 13.8
20 feest 8.0 147 11.5
25 feet ese sea 906
33 feet 7.6 157 709
Pebs 6, 1941 surt. 8.1 U 13.8
5 fest soe see 13.9
10 feet 8.1 1.1
15 feet XX sse 13.7
20 feet 7.8 153 11,2
25 faet evs XX 807
33 feet 7.5 163 6.7

( Contimued)
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Table 13.

Dissolved Oxygen, Clear Leke,
Station 2a; 1940-l1.

(Contimued)
M, O
ellalinity, 0o,
Date Depth pH PePeRe P2 PeMe
Feb. 1L, 1911 Surf., 8.1 115 12,5
5 faot YR oo n;) l
10 f’et 8.1 152 1}4-'2
15 feet soe ea e 130h
20 feet 7.8 163 10.2
25 feet X sse 909
Feb. 23, 1511 surf. 8.1 130 L7
5 feet see see 1308
10 feet 8.1 153 13,7
15 feaet anse see 13-5
20 reet 8,0 161 10.0
25 feat e s 800
| 33 teet 7.7 175 1S
Mar, 2, 19)41 surf. 7.8 117 1305
5 feet ose es lh!h
10 feet 8.1 149 1i3.2
15 feet ese es e 13.3
20 feet 7.8 157 10.h
25 feot weoa sve 97
Mar. 8. 19141 Surf. 7- 7 63 15.,4
S feet soe sus 1‘.‘01
10 feet 8.2 150 el
15 feet 'Y see m.h
20 feet 7.8 153 12,5
25 feet vesn cos 10.6
33 feet 7.5 169 el
Mar. 13, 9Ll Surf. 7.6 L3 9.6
5 fest son cas 1‘408
10 feet 8.2 7 15.6
15 foot (XX ses 15-6
20 feet 8.1 152 1.1
25 feet Xy} cos 11.9
33 feet 7.6 168 53
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Table 14.

Vertical Distribution of Dissolved Oxygen, etc.;
Green Lake, Station 2; 194,0-l1.

M. O. :
alkalinity, 0g,
Data Depth pH PePoRAs PePeMe
Dec, 10, 19m Surf. 7.8 130 veoo
S feot 7.7 1’.}0 .ss
9 feet 7.5 156 XX
Dec. 17, 19m Surf. 7.8 133 12-1}
5 feet XX eee 9.9
9 feet 7.5 161 5.8
Dec. 21, 1940 Surf. 7.9 119 12.0
g feet 7.7 il 9.5
9 feet 7.1 160 L1e8
Jan. 7, 19241 surf. 706 lhz 1302
5 feet 7.7 10 13.3
9 feet 7.6 140 12.4
Jan. 12, 19’41 surf. 707 1}.[.1 12'8
5 fest - T.7 138 12.7
9 feet 7.3 150 8.8
Jan, 23, 19!.)1 Surf. 7.3 90 12.3
2 fest nes ees 10-3
5 feet 7.0 148 8.0
9 feet 7.0 16l 3.3
Jan. 28, 1941  Surf. 7.6 152 11.6
2 feet 7.6 19 10.8
S feet 7.6 18 10.1
9 feet 7.0 170 3.8
Feb.. 2, 19}41 S'urf. N eos oo 1102
2 feet see cee 1103
5 feet see Y 8-8
9 feet ese e 3.2
Feb. 9, 1941 Surf. 7.5 152 94
2 feat ese ooe 10.3
5 feet 7.5 162 10-3
9 feet 6.9 176 6.8
Feo. lh, 19,41 surf. 7.5 65 10.5
2 feet 7.6 163 10.2
5 feet 7oh 172 7.8
9 feet 7.0 177 3.9
Feb. 18, 191{,1 Surf. Xy} "o 12,2
2 feet see soe 9.8
5 feet ses se s 9.0
9 feet s ese 5.5

(Continued)
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Table 14.

Vertical Distribution of Dissolved Oxygen, ete.:
Green lake, Statiom 2; 1940-Ll.

(Continued)
. O,
slkalinity, 0o,
mt‘ D.Pth pH ' P.p.nc PePeMe
Feb. ﬂh 19).}.1 Surt. 7')4 163 9'2
2 feet 7.6 169 9.0
5 feet 7.h : 166 8.7
9 feet 7.0 175 5.0
Mar. 2, 1541 surf. T 139 8.2
2 foot 7.5 16)4 8‘9
5 feet 7.6 163 8.9
9 feet 7.2 170 57
Har. 8, 191{1 Surf. 7.6 67 12‘6
5 feot ) cae 11.2

9 feet 7.0 169 07
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Table 15.

Vertical Distribution of pH, Alkalinity, and
Dissolved Oxygen, Bog Lake; 19539=40.

M. O.
alimlinity, 02,
Date Depth pH DePole PePsHe
Jan. 6, 1940 Sur#, . 7 11.6
1 foot vee e ese
.2 feet 44 9 Ly
3 feet ' re XX sue
L]. feet se e 9 1.0
'; feat oo 10 Ovh
Jan, 13, 19}0 Surf. 6 1.0
1 foot ove 8 12.2
2 fest ene 6 806
3 feot sem 5 h.ﬂ
}4. feet YY) 6 0.8
5 feet .ee é6 0.6
Jan, 20, 19)0 Surf. 6. 8 11.3
1 foot 5.6 5 11.0
2 feet 5. 5 3¢3
3 feat see ven l}.o9
L, feet LN 6 3.3
5 feet 5.t 5 0.7
Jan. 28, 19h0 Surf. 506 5 7-1
1 foot 57 5 5.9
2 feet g.6 6 3.2
3 feet 5e5 5 1.0
Ly feet 5.5 6 0.5
5 feot 5.5 6 0.6
Feb. 3, 1940 Surf. 5.5 8 2.2
1 foot 5.5 5 2.0
2 feect 505 5 0-5
3 feet ;.5 8 0.2
h feet 5.5 é6 0.3
5 faet 5.5 6 0.0
Feb. 11, 191}0 Surf., 5-6 6 l¢6
1 foot 5.6 6 Ce5
2 fest 5.8 |1 0.2
3 feet 508 5 0-5
Ly feet 5eT 5 0.0
5 feet 5.6 5 0.0
Feb. 18, 1940 Surf. 6.5 7 8.1
1 foot 6.2 S L.7
2 feet 6.0 5 3.1
3 feet 6.0 S 0.9
Ly feet 5.9 7 0.9
5 feet 5.9 7 0.3

(Continued)
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Table 15.

Vertioal Distribution of pH, Alkmlinity, and
Dissolved Oxygen, Bog Lakes 1939=40,

(Continued)
N. O.
alkalinity, 0y,
Date Depth pH PsPoeMa PsPells
Peb. 25, 1940 Surf. 5e5 7 2.4
1 foot 5.6 5 2,1
2 foot 5.5 5 1.0
3 fest 5.6 [ 0.2
L feet Geb 6 1.2
Mar. 3, 1940 Surf. 55 5 0.6
1 foot 5.6 5 0.2
2 feet 5e5 - 5 0.2
Mar., 11. 19!-[.0 Sorf, 5-8 6 10-5
1 foot Se9 5 104
2 feat 57 6 2
L feet Be7 7 2.2
g feet Be7 11 0.0
Mar, 16. 19w Surf. S|9 T 15.0
1 foot 5.9 6 14.8
3 feet 5.5 6 2.8
L, teet 5.6 T 2,0
5 feet 5.6 12 0.0
Mar. 23, 1940 Surf. 6.0 7 iy
1 foot 6.0 6 1.2
3 feet 5.8 6 3.9
}4. feet 5.8 8 201
5 feet 5.6 11 0.6
Mar. 27, 19)40 Surf. 6'1 T 1503
1 foot 6.1 5 1.5
3 feet E.6 6 1.9
)4 feet 5,08 8 1.9
© feet ST 12 0.2
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Table 16,

Vortical Distribution of pl, Carbon Dioxids,
Alkelinity, and Dissolved Oxygen,

Bog lake, 1940=ll.

H. 0.
€0,  alkalinity, Oy,
Date Depth pH PePellie PePelle PeP R
Des. 10, 190 Surf. 6.1 7
1 foot 5.7 sve 5 ‘eee
2 feet 5.6 (YR 6 tee
3 feet 5.6 soe 6 oy
h oot 5.6 soe 6 o0
5 feeot 5.6 vee 6 Xx}
Dec. 17, 19’.{0 surft, 602 tee 5 1509
) 1 foot 6.2 ere 5 13.2
2 feot 5.7 see lh hos
3 f.et 5.6 se 8 5 1.7
h feet 5.6 see 11.], 0.6
5 feet 5.7 ses 10 0.3
Pec. 21, 1940 Surf. 6.6 2 é 16.1
1 foot 6.8 2 8 .5
3 fest 5¢6 17 7 o.h
L feet 5e7 18 8 0.1
5 feet 5T 21 7 0.2
Jan, 7, 19l Surf. 6.6 L 6 16.7
1 Pfoot 6.5 12 6 13.0
2 feet 5.9 U 6 6.5
3 feot 5.9 19 6 1.8
Iy feet 2.7 22 7 0.9
S fest .7 22 7 0.6
Jan. ]JJ., 19m Surf. 600 h 5 ]J.;.O
1 foot 5.8 9 g 7.8
2 fect 5.8 ]J.‘, 6 1-5
3 feet 57 21 5 2.1
h fect 5.7 22 6 005
S feet Se7 21 6 0.1
Jan. 23, 19’41 Surf. 600 ,.'. 5 20,2
1 foot 6.0 h, 5 18.3
2 feet Sy 16 7 2.1
3 feet Sy 23 -7 0.6
4 eet S 23 7 0.3
S feet Bl 23 8 0.0
Jan. 28, 19).11 Surf. 509 h T 17.7
1 foot 5.8 6 g 17.6
2 feet 507 m 6 607
3 fest 5.5 21 6 1.8
L, feet Sely 2L 6 0.7
9 feet 5e5 22 8 0.0

{Continued)
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Table 16.
Vertical Distribution of pH, Cerbon Dioxide,

Alkalinity, and Dissolved Oxygen,
Bog lake, 19L0-l1.

(Continued)
M. o.
002 s alkalinity, 02,
Date Depth pH PePsl. D« Pellte De Polle
Feb. L}., 19)41. Surf. 506 h 7 180‘.{.
1 foot 5.8 s 5 16.0
2 feet 5.5 1, 3 7.
3 fest 5.5 19 7 1.9
Iy reet 5e5 21 6 0.6
5 feet GeS5 23 9 0.0
Feb. 11’ 19141 Surf. 5.8 h 12 21.0C
1 foot  Sef L 5 17.1
2 feet Sely 19 5 2.3
3 feet Sely 22 ) 0.7
5 foet 5. 28 6 0.1
Feb. 16, 19i1 surf. 5.9 L 6 18.7
. 1 foot S8 L 6 17.6
2 feet 5.6 11.[. S 9-5
3 feet 5.5 15 8 3.0
5 feet 5eb 18 6 1.2
Feab, 18, 19}41 Surf. cee sos coe 18.2
1 foot ese sey see 18'0
2 feet (XY XY eve hoe
3 foet e vee see 1.8
h feot coe one ese OQh
5f“t XX} sse s s O-LL
Feb. 25, 19l1 surf, 560 L 8 20.5
1 foot 5e7 7 6 18.5
2 feet 5.6 10 7 11.1
3 feet 5.6 16 6 L.5
L feet 565 22 7 1.3
S feet D5 27 7 0.0
¥ar. 2, 1911 Surf, 5¢9 7 b 153
1 foot 507 9 6 1502
2 feet 5.7 10 6 7.0
3 feet 5.6 17 h 208
h feot 5-7 22 5 0.2
5 feet 506 23 T 0.0
war. L, 1941 Surf. 6.0 g 8 13.9
1 foot 6,2 5 7 13.1;
2 feet 5.6 15 5 6.,4
3 feet 5.8 Xy sss 208
h feet 508 oes ese 1.0
5 feet 506 esy ene 0.6

{Contimed)
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Table 16.
Vertical Distribution of pH, Carbon Dioxide,

Alkalinity, and Dissolved Oxygen,
Bog Leke, 19L0-41.

(Continued)
M. O« .
C0q, alkelinity, Og
Date Depth pH Do Pellle PePeXte DePele

1 foot 5.6 9 L 15.
2 feot  T.7 -5 5 1.5
'3 feet Sely 21 5 L.0

feot 505 21 7 103
5 fest Seb ol 6 0.0

Mar, 27, 19}41 Surf. 5.8 h - 7 11.8
1 foot Se8 L k 17.8

‘2 foet 5.9 L 7 17.1

3 fest  T.6 6 5 $.0
L, feet [N 19 5 347

5 feet Soh 25 6 le
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Table 17.

Vertioal Distribution of pH, Alksl inity, and
Dissolved Oxygen, Pasinski's Pond,
Station 263 19L0=l1.

M. O.
alkalinity, 0o,
Date Depth pR PeDPeles PsPoele
Dea., 12, 19’.]0 Surf. 8.8+ % 13.5
Dec. 19, 1940 Surf. 8.8+ 8L 15,1
L; feet 8.6 105 9.8
Jan, 10, 19lﬂ. Surf. 8.8“' 103 17.1
1 foot e see 16.6
2 feet 8-)4 10h 114.7
3 feet ess see 1).].03
h feet 706 113 12-7
Jan. 16, 1941 Surf. 8.7 108 17.8
1 foct ese YY) 18.3
2 feotl 8.3 109 13.8
3 feet ees Y] 1109
,4 feet 7.6 110 12.1
Jan. 2L, 1941 Surf, 8.8 115 19.9
. 1 foot ese XY 1909
2 feot 8.7 113 17.1
3 feoh X sas 1609
L fest  B.4 122 15.5
Jan. 31, 19m Surf. 8.8+ 12'.[ 28.0
1 foot eve “ee 27.2
2 fest 8.8 120 19.2
3 foet ane aee 1307
Ly feet 8.1 127 11.1
Feb. 8. 19,41 Surf. 8.8+ 129 2103
1 foot see eve 21.5
3 fest see ese 18.7
i feet 8.8+ 128 17.6
Feb. 12, 19l1 Surf. B8+ 131 2.1
1 foot es e o 21&.5
2 feet 8.8+ 135 21.0
3 feet XY e leoh
h feet 8.1 132 11{@9
Feb. 18, 19}.‘1 Surf, ene ese 25.2
1 foot ane eee 2508
2 feet eve soe 21.7
3 feet XK eoe 20.9
h feet ece ese 19.2

(Continued)
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Table 17.

Dissolved Oxygen, Pasinski's Pond,
Station 263 19L0-41.

(Contimed)
M. O
‘ alkalinity, Oy
Date Depth pH PePele PePole
Feb, 21, 1941 Surface 8.8+ 137 2l.8
1 foot vee eee 2.0
2 feot 8.8+ 13l 22.6
3 feeot 6ae eve 23.1
l; feet 8.8+ 133 21.8
Feb. 27, 19l Surf. 8.8+ 138 26.2
2 feet 8.8+ 135 2.
3 feet 8.8+ 132 2.1
Ly feet 8.8+ 1A 21.h4
Mar. 6, 19‘41 Surf. 8.8 56 20,1
3 feet 8.8 132 20.)
L feet 8.7 131 19.8
Mar. 11. 19,.‘1 Surf. 8.8 ﬁ.. 16.7
1 foot 8.8+ 81 19.6
2 feoet 808"' 99 2209
3 fest 8.6 113 2283
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Table 18.

Dissolved Oxyger, Two-hour Intervals for L8 Hours,
Green lake; Jan. 17-19, 1941,
Qxygen in pepeRme

Air ~ Station 6 Sta'hion 2.
temp., G-ineh  3=foot  O=inch -foot ov  9-foot
Day Hour oF. Sky depth depth depth depth dopth depth
Friday 5 P.M. 38 Overcast 12.7 12.6 13.6 13.3 9.8 6.0
7 P.M. 38 . 13.0 13.2 13.4 12.7 93 6.1
11 P.M. 37 Mat 13.2 32,6 12.7 12,7 8.1 " 3.4
3 AdM. 31 L¥s snow 13.2 12.6 1205 12.0 80& - h.al
S AM. 30 Pt. Cl. 13.L 11,6 12.3 12,2 8.0 e85
T AM, 29 Pt. Cl. 12,7 ‘1246 12,7 12.6 8.1 k.3
9 AJM. 26 GIW 13 ol 12.8 13.0 12.7 1.2 ho?
11 AN, % . 13.3 12.7 12,8 13.5 8.9 3.7
1 P.M. 2 .- 12.9 12o1 12.6 13.1 8.6 ' l.].o
3 Pou. e Ptc 01. 12.8 12.5 12.9 13.0 ' 8.6 " 307
5 P.M. 21 M 13.0 11.8 13.2 11.9 807 : Soh
7 P 20 .n 13.0 12,8 12,7 13.0 92 L.7
9 P.M. Ity " 12,8 12,8 13.2 13.1 8.4 1
11 P.M. 16 Pt. Q. 13,0 11,2 13.4 13.2  10.8 . 6.0
Sunday 1AM, 16 Cloudy 13.3 1246 13.6 13,3 8.7 646
3 A, 16 Pts Cl. 15 1246 1307 1307 9.2 haa
5 Ao 16 Overoast 1208 1&»1 o 1301 . 902 507
7 AJM. 17 Cloudy m.h 12,7 1h.2 13 8.2 Tl
9 AM. 17 pPt, Cl. ]J.].. 12.7 lh.ﬁ 12.9 ) 8-1 ho9
11 AJM. 19  Clear 1.0 12.2 1h.3 13.2 9.2 5.0
1 P.M. 20 Pt. Cl. 13.8 12.8 13.6 13.1 8.9 7.3
T 3 P.M. 21 Pt. Cl. 1.0 12.3 1.1 13.5

8.,
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Table 19.

pH, Two-hour Intervals for L8 Hours,
Green Iske; Jan. 17~-19, 1l9hl. -

Station 6 , __Station 2
b-inch J=foot B=inch 2-faot  G=foot  9~foot
Day Hour depth depth depth depth depth depth
Friday 5PN 6.9 7.7 7.8 1.8 7.5 T3
TRPM TS TeT Toly 1.6 7.5 7k
9 P.X, 7.3 Te7 706 1.7 74 o 73
11 P.M. 7+5 Te7 7.6 TeT 75 : T3
&‘burday 1 AN, 7.2 707 707 v 7-7 ?36 7-3
3AM 1.3 77 7.6 71 Teb 7.3
5 AJ¥. ‘ 618 7.6 ) 706 7-7 i 7'5 i 702
T A Teb 7.6 7.6 7.6 Tekt " Te3
9 ‘t!o T 7-6 7.6 7-6 700 7.0
11 A.M. 7.5 ) 7.7 736 708 TQh 6-9
1 Pin' : 7!6 7.6 : e 706 706 70)4. 7.0
3PM., TS 746 - Tb 7.6 - Te 70
5 Po!b 706 708 706 706 7.)4 : 609
7 P, 748 Te7 7.5 7.7 Tl 6.9
9 P.M. T8 17 7.5 Te7 Tely 6.9
11 P-H- 705 ?05 ) 705 } 7.7 705 6.9
Sunday 1 AWK, 7.6 T.T T+6 - 7.7 . 7.5 7.0
' 3 AJM. 705 Ts7 ' 7'5 _ 706 7oh 6»9
5 A&uo ?oh 706 T.S 706 703 6.9
7 AJM, Tels 7.6 75 Teb- Tels 7.0
9 Adl Tk 7+6 Te5 7.6 7.2 7.0
1l AL T e T T8 CTe2 70
1 P.Y¥, 7.6 7.6 ?06 7.6 ‘ 702 . 7-0
" 3 PuM. 7.6 7.7 7.6 7.6 T4 7.0
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Table 20.

Dissolved Oxygen and Temperature Profiles;
Green Lake; TFebruary 2, 19i1.

" Dist. from

Inlet, T rature 95,
Station feot Depth . . PePolle

Inlet 0 1 ineh 32 0.0 L3

200 2 inghes 32 0.0 13.2

1 foot 32 0.0 13.5

2 feet 36 - 2.2 12.5

300 2 inches 32 0.0 12.3

1 foot 33 0.6 12,2

2 feot 358 1.9 114

3 feet 37 2,6 1.4

l}- feet 37 2.3 11-'.[.

400 2 inches 32 0.0 12.h

1 foot 33 0.6 11.9

2 feot 3 1.9 11.3

3 feet 2.5 11.7

h feot 3 300 11.6

5 feot 3 300 1103

6 feot 38 303 1003

T feet 38 3.3 6.6

§ feet 39 3.9 §.1

1 feot 33 0.6 12.9

2 feet 37 2.8 11.2

3 feet 37% 3.0 10.8

Iy feet 36 33 95

5 feet 36 3.3 Gel

6 feot 38 303 706

7 feet 38 303 : 508

8 fast 38 3.3 B2

925 2 inches 32 0,0 12.0

1 foat 32 0.0 12.2

2 feet 36 2.2 1203

3 feet 37% 3.0 11.3

Ly feet 38 3.3 10.3

5 feet 38 3.3 1.9

Sta., 2 1,350 L inches 32 0.0 11.2

1 foot 32 0.0 11.0

2 feet 2.5 11.3

3 fect 3 300 11.2

Ll. foet 38 303 10.‘4

5 feet 38 3.3 8.8

6 feet 38 3-3 708

7 feet 38 3.3 6.7

8% feot _39 . 3.2

ontinued)
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Green lake; Fabruary 2, 19l1.
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Table 20.

(Coatinued)
gﬁ“o from
Inlet, w‘b\we
Station foot Depth . » p?g:m.
1,600 2 inoches 32 0.0 10.8
1 foot 33 0.6 10.9
2 feet 36 2.2 10.6
3 feet 37 2.8 10.4
l.t. faet 37 2.8 1005 '
§fest . 38 3.3 9.7
Sta. 1 1,950 2 inches 32 0.0 12,1
1 foot 32 0.0 11.8
2 fest 36 2.2 105
3 feet 37 2.8 10.1
2,100 2 inches 32 9.0 11.9
1 foot 32 0.0 11.8
2 fost 37 2.8 10.5
) 1 foot 33 0.6 11.0
2 feat 363 - 9.2
3 feet 37 - 2,8 8.6
Oatlet 3,278 2 inehes 32 0,0 12,7
S 2 1 Toot 33 0.6 12.6
2 faet 37 2.8 9.2
3 feet 38 3.3 9.0
I teet 33 33 9.0
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Table 21.

Blooheniosl Oxygen Demand (B.0.D.), Five Days at 20° C.
Semples from Various Lakes, 1940-4l. Data Expressed in p.p.n.

Station
number Depth

18/28 /7 1/25 1/28 2/8 2/18 3/11

Green 1 Surface 2.9 2.0
Botton 1.7 2.4
2 Surface 1.5 1.9

LN

2.0 LN |
-4

cer 3.0 2.3
ers 2.8 1.8
1.8 3.8 1.8
2 feot cie  -ee 1.6 2.0 2. .. 2.0
B foot 2.0 2.6 0.3 2.6 3.1 2.2 ...
9 feet 0.0 1.9 3.0 1.9 1.1 2.1 ...
$ Surface 5.2 3.1 ... 8.8 Z.4 ... cee
Sotton 2.7 2.9 ... 8.5 8.2 een aes
4 Surface 2.9 1.8 ... 2.8 3.8 ... ...
4 foot - e me 2.2 ... ' ensn
8 feot 2.3 0.8 ... 0.0 8.1 ... ...
b Surface .. 3.1 .oa 2.6 l.4 ... -
Bﬂttw LI 4 2'9 LA N 3-9 1.8 L N ] 28 e
inlet 2.0 0.0 1.8 0.8 1.0 ... ...
Outlet 1.7 4.0 ... 2.7 28 ... ...
1319 Y7 1/14 1/28 1/30 3/4 2/1
Mud 1 Surfece 2.1 3.1 1.4 2.6 3.7 2.6 3.9
Bottom 1.3 3-8 lt‘ 1.9 2-2 3-1 2.4
Inlet 2.1 2.1 2.7 2.0 2.2 1.5 1.3
Outlet 2.1 2.1 2.8 2.3 4.3 2.4 2.8
12/21 1/12 1/23 1/30 2/6 2/18 3/11
Clear 1 Surfuce eve 1.2 ... 3.8 2.% 1.8 ...
Bwtm LA 2 0.5 1-8 1.7 8-1 “a b 1.3
2a Surfase 2.3 0.8 2.2 4.3 5.2 ... ...
6 foot e. 0.6 1.5 2.4 1.8 ... ...
10 feot 1.5 0.8 1.6 3.6 2.3 ... 4ae
15 feet een 0.6 1.7 1.8 1.0 e.a ...
20 feet 1.6 0.0 2.8 1.2 1.9 ... ...
a6 feot eie 0.0 1@ 0.9 1.8 sue ves
33 feet 0.0 0.0 0.0 0.0 0.0 .cev  eae
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Table 21.

Biochemical Oxygen Demand (B.0.D.), Five Days at 20" C.
Samples from Various Lakes, 1540-4l. Data Expressed in p.p.m.

(Cantinued)
8tation
Lake  op DePth
12/21 1/7 1/14 1/23 2/4 3/11 2/18 3/11
Bog Surfece  13.4 16.2 6.8 10.0 13.2 8.8 12.0 22.0+
1 foot 8.4 8.2 5.2 18.3 7.3 B.4 ... ...
2 foot 1.4 5.8 2.2 5.1 7.0 2.0¢ 4.2 7.2
3 feot 1.8 1.8 4.0 3.9 6.6 3.0 ... ...
4 foot 2.2 5.6 2.8 4.6 3.8 5.8 ... ...
6 feot 2.2 2.6 3.4 4.2 4.2 3.4 6.2 2.9
12/19 1/10 1/186 1/2¢ 1/31 2/8 2/12 2/18 3/11
Pasinski‘'s 156 Surface 3.0 18.0 42.0 10.8 14.7 6.8 12.0 ... ...
Pand Bottom 1.3 2.5 6.7 11.2 2.6 B.7 2.7 «e.  aee
24 Surface ces 7.6 6.8 5.2 10.0 1.0 20.2 ... ...
Bottom eese 1.1 B.8 4.8 4.0 8.9  T.®  ..i ...
26  Surface 4.2 11.611.0 2.8 8.3 2.5 36.3 6.4 23.0¢
1 foot eee 4.4 4.5 2.4 9.2 9.4 34.3 ... cee
2 feet .es 4.3 8.1 8.1 6.3 7.6 20.1 10.0 8.4
3 feet ves 4.0 2.8 5.8 2.611.0 15.7 ... ...
4 feot .6 1.7 4.9 4.4 1.410.9 6.1 7.5 B.4
a7 Surfaoce vee 12,9 7.1 4.3 21.8 4.8 24.2 ... ...
Bottom eee 4.7 0.0 3.8 6.2 8.3 3.8 ... ...
20 Surface «e. 6.7 9.1 10.1 10.0 8.1 20.6 ... ...
Bottom aee 3.2 0.0 4.8 3.6 B.2 3.2 ... coe
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Table 22.

Biocherxioal Oxygen Demand (B.0.D.), Five Days at 0° C.
Samples from Various Lakee, 194l. Duta Expressed in p.p.m.

Station
Lake numbey Dapth
2/ 2/18 3/11
Croen 1 Surface 0.6 cea vee
Bottom 0.8 - cee
2 durface 0.7 0.0 ees
2 faod 1.3 cue 0.5
6 feet 0.8 0.3 -
8 foot 0.0 0.4 .ne
S Surfsoe 1.2 cas aes
Bottom 1.8 “aa- aue
4 Surface 0.6 vre .o
Bottonm 3.9 ces cee
b Surface 6.6 R .o
Bottom 0.6 - nes
Inlet 0.8 cow ces
Cutlet 0.9 coe .
3/4 2/11
¥ud 1 Burface 0.6 1.2
Bottom 0.8 1.4
Inlot 0. 0 On 6
Qutlet 1.0 1.8
2/8 2/18 3/11
Clear 1 Surface 0.0 0.0 vae
Botton U.5 vue 0.0
28 Surface 0.0 “es ees
b foot 0.4 “ee “ne
10 feat 0.4 e e
18 feet 0.0 .o ves
20 feet 0.3 cew cne
25 foet 0.7 . .o
33 foet 0.0 cae .u
2/4 2/11 2/18 3/11
Bog Surface 3.9 4.1 2.4 5.4
1 foot 1.1 6.1 “ee ens
2 foet 6.4 1.4 1.2 2.8
3 feet 0.0 0.0 vee .o
4 feot 0.0 0.0 .o oo
B feet 0.0 0.0 1.0 1.4
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Table 22.

Biochemioa) Oxygen Demand (B.0.D.), Five Days at 0° C.
Samples from Various Lakes, 1941. Data Bxprossed in p.p.m.

(Continued)
8tation
Lake mmber Depth

2/8 2/12 2/18 3/11

Pasinski's 16 Burface 1.1 8.7 “es ase
Pmd Bmm 3'0 1!9 LN N ] ‘ aae
20 SBurface 2.7 7.8 . “ee

Bottom 2.8 0.8 eva o

24 Surface 3.4 9.4 cee vee

Bottom 3.9 8.4 e eve
86 Surface 0.0 16.1 1.1 82.7

1 foos 0.0 16.% vee eve

3 feot 3.0 7.8 2.8 4.0

3 foet 2.8 6.8 cae rae

4 fout 2.8 2.9 2.8 2.2

27 Surface 4.1 11.8 . cee

Bottom 4.1 1.9 cae .o
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Table 23.

Biochemioal Oxygen Demand (B.0.DP.), 60 Days at 0° C.

Samples Taken March 11, 1841. DJata Rxpressed in p.p.sm.

BOO.EQ. B-Q. »
lake BStation Depth Days pepom. Lake dtation fJepth Iays Pepan.
Cleayr 1 3 feat & 0.0 Ureen 2 3 feet & 0.8

10 1.6 10 1.7
15 2.1 16 1.8
20 1.3 20 1.8
30 0.8 30 2.2
40 2.8 40 7.0
80 1.9 §0 B.4
80 2.6 a0 6.4
Bog Surface & .4 Fasinski's 26 GSurfuce 8§ 22.8
10 20.0 Pand 10 29.8
16 27.6
20 31.8 2 feet B 4.0
10 4.0
2feet & 2.8 15 7.4
10 4.9 80 9.8
16 6.4 " 4.8
20 6.5 30 18.2
30 8.3 40 18.4
40 9.6 50 18.0
" 1B6.4
. 50 LN J ‘ mt 5 2.8
60 20.4 10 4.3
16 5.2
6 feet B 1.4 20 8.0
10 4.4 30 6.9
16 6.2 40 6.7
20 5.8 80 6.7
80 8.8 " 11.8
40 10.8
50 7.6
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Table 24.

lAght Transmission Through Water, loce, and Snow.
Fiold Measursments at Certain Lakes, 1541.

Results expressed in foot-ocandles inoident ou photameter target,
and in purcentage transmission.

f::;- Ice Snow. g.p,gyin:'n;i}y- Percentage transmission
00
Thiokness, Condi—~ Thiokness, Condi-— candles Ko
inches tion inchea tiaon y filter Red Green Blue
Clear Lake
F.bo 28 7“% Clell“ Nm. A’.l‘ 8000 s e ®ea “es LI Y
Iae 6700 84 vee “ve  wee
1' MOD 68 o en e oy
2‘ 4560 1Y) e weon “os
5' 380() ‘8 N e LN N LN
6' 1920 2‘ -e e L 3 ] LA
9' 1560 11 LR ) ¢ s LI
12 820 10.2 o ene ses
18' ‘00 5.0 L ] ase - e w
21' 300 3.8 oo vea “«wa
“. . 806 z.ﬁ sw e san * v @
27. 142 1-8 ane see LN
50' 112 1!‘ .o ‘e [ X N §
7 Clm 7/8"’1 m’ Air ?500 vaw ves ee e eve
light loe 182 2.5 cas csv wae
(Sume) (8now removed) Alr 7000 ces cee  aee ase
Ive 3800 B‘ ene ces s e
“ll‘- 15 6 - }‘m Mt‘ ‘800 ee 'R} eae as e

loe 2540 68 63 B3 b4
3! 1400 29 a7 32 28
8 1000 21 16 g3 13
ot 680 14.4 .8 16 7.4
13 490 10.2 6.0 12 4.0

15°¢ 540 7.1 4.0 8.7 2.4
18 260 6.2 2.6 6.8 1.8
21re 188 3.9 1.7 5.0 0.9
24 138 2.9 1.2 3.7 0.5
an 100 2.1 0.8 2.8 0.3
30! 78 1.8 0.6 2.2 0.2
3zt 68 1.1 0.4 1.8 0.2
Oreen Lake
Mar. 13 6 Fairly Hone Alr 3120 cae ves  ses sas
oclear loe 1280 59 87 69 &8

Ny telew upper surface of Loe.
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Table 24.

Light franamission Through Water, lce, and Snow.

Fleld lMeasurements at Certain Lalkes, 1641.

(Continued)

Results sxpressed in foot-candles incident on photometer target,

and in percentage tranamiassion.

g tensity
m. Ioe 1 Snow Daptﬁl/xnf”g_ , Pc;oontlso transxission
Thiokness, Condl—~ Thiokness, Condi- candies o R Green
inchos tion inches tion filter ad Blue
Mud Lake

Feb. 23 834  Clear Hane Alr 3200 cee e eme ees
Ioe 2180 87 cen

'I-J/z Partly Hone Atr 8700 ves ves  ses  ane

oloudy lce 8820 22 cas s mme

10-%,  very None ALr . 4700 cer eee een aes

olo“@ ’ x“ s‘o 7-2 L N * B [N X ]

B-yz Clﬂﬂt 3 hund 2yz cma“d Ai!' 55& s me sen eew nee

R . Ic. ss 1.0 LN L I I ) LN )

‘sm) ksm romd) Air 5900 -8 e LN ] Ly N J . L )

I“ 3100 53 LR ] nea o a0

bog Lalke

Peb. 26 8N Milky 1-% ory, Alr 9200 cee eer wee e
11@% Io’ 106 1.15 LN ] L IR 2 LN 2

(Sane ) (Snow removod) Alr 9300 cee cer  awa  wen

Ioo 1“0 1"‘ »aa LR *tew

by Mly 1% Dry  Alr 9640

Ioe 164 1.63 ...

2. 100 1.06 LN L N e

3' 27 0129 LB ] LI J L ]

4 12.4 0.13 tea . .a

5' 7.0 0.07 a0 L W] "o

Kll'. 13 10 Soft m 1 slu.hy Air 5450 LI EN '} LN ] L
top Ioe 138 4.0 4.5 4.0 2.8
13" LA ) ase L N J L 0'19
15" -ase8 LA J »ad LXK X ] 0-19

24" 17 0.49 1.14 0.42 .o

{Same ) (Snow removed) Adr 2800 ces cen cee  ess

Ioe 340 13.86 15.8 l4.4 8.3

15" s om *en e L] as e 2-1
16“ L LN e 8 « 80 -ee 0.‘8
24" 50 2.0 3.0 1.9 0.02

Y/ Below upper surface of ice.
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Table 24.

Light Transmission Through Water, loe, and Snow.

¥ield Heasureoments at Certain Lakes, 154l.

(Continued)

Results expressed in foot—candles incident on photometer target,
and in percentage tranamission.

Date, Ioe Snow mpthwmxz:_ty’ Peroentage transmission
1841 Thiekness, Condi-~ fThiokness, Condl- oandles Ho
inches = tian inches tion £ilter Red Green Blue
South Londo Lake
Mar. 5 24 Parsly 10 ey Alr 7600 see  ene
ocloudy loe 4.0 0.06 ...
{Bane ) (8now removed) Air 7600 . wea eee wws
pe.T ) 580 7.8 e cos e
East Pish Lake
¥ar., 20 14 Partly 4] ory Adr 4650 ere “ea e
oloudy Ioce 10.5 0.283 0.21 0.30 0.23
3, 10'5 0.25 ase -H 0 - ew
g1 2.0 0.19 0.18 0.24 0.16
b 7.8 0.16 0.09% 0.18 0.08
12 6.8 V.12 0,07 0.14 0.07
15 4.5 0.10 0.08 0.11 0.08
13° 3.8 Q.08 0.0 0.10 0.04
21 3.2 0.07 0.08 0.07 0.04
84 2.7 0.08 0.03 0.06 4.08
27 2.2 0.05 0.08 0.06 0.08
S0 1.8 0.03 0.02 0.04 0.02
ane ) now remcve Adr cvn  ese  ees
(8 (8 d) 1 4950
ice 470 9.6 8. 10.8 7.4
¥iddle Pish lake
Mar. 21 16 Falrly 8 Crusted Air 2800 sus ces e e
clear Ioe 9.3 0.09 0.10 0.11 0.086
19" 8.5 0.09 0.10 0.11 0.08
22" 7.8 0.08 0.08 0.10 0.04
28" 7.2 0.07 0.09 0.10 0.08
(8ane ) (8now removed) Adr 10600 ces vee ees  aee
Ice 1220 11.8 11.3 12.2 8.1
18" 1080 9.6 10.1 11.5 6.7
a2 830 8.8 8.8 10.2 3.6
28" 720 6.8 7.1 7.8 1.9

V" Below upper surface of ioe.



— 207 -

Table 24.

Light Transmission Through Water, Ice, and Snow.
Pleld lMesasurements at Certain Lakea, 1941.
(Continued)
Results expressed in foot-candles ineldent on photometer target,
and in percentage transmiasion.

Date, 1oe Snow mptﬁé/f‘n::*;;}_"y- Peroentage transmission
1941 Thiokness, Condi-—~ Thiokness, Condi~ candles Ho B
inches  $ion inches  timm d1e8  fi1gey Fed Oreen Blue

Vest Fish Lake

Nar, 21 16 Pairly 6  Crusted Alr 10400
: olear loe 9.4 0.08 0.07 0.18 0.12

2t 8.7 0.08 0.07 ... 0.11

3" 7.6 0.07 0.06 ... 0.06

¢ 8.8 0.07 0.08 ... 0.0

5 6.2 0.08 0.06 0.10 0.03

6" 6.0 0.06 0.04 0.08 0.02

70 8.2 0.068 0.04 0.08 0.01

8o 4.2 0.06 0.03 0.08 0.01

\V Below upper surface of loe.
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Table 26.

Light Transmission Through Ice.

Fleld Measurements at Certain Lakes, 1641.

Lake Date, Loe Peroentage transmission
1841  Thiokness, Condition o  Red Green Blue
inches £ilter
Clear  Feb. 23  7-4, Clear 84
Kud Feb. 23 8- Clear 67
Green Har. 13 B Falrly clear 59 67 59 68
Clear Feb, 28 7 Clear B4 vee wee cen
Mud Feb. 23 6%  Clear 53
Clear Har. 13 8 Fairly olear 83 63 53 64
Mud Feb. 28 7% Partly cloudy 22
Bog Har. 13 10 Soft on top 14 16 14 8.3
Bog Feb. 26 o, ilky 14
H. Fish Har. 21 16 Fairly clear 11.5 11.8 12.2 8.1
K. Fish lar. 20 14 Partly oloudy 9.5 8.3 10.8 7.4
8. Londo Mar. B 24 Partly cloudy 7.8 .o cen -
uud Feb. 23  10-¥; Very oloudy 2% S




R
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Table 26.

Light Transmission Through Snow.
Fleld Heasurements st Certaln of the Lakes Studied, 1941.
Peroentage Transmission Obtained by Caloulation (see text).

Date,
Lake 1941 dnow -
: Thiclnoss, Conditian No Réd Green Blue
inoches filver
Bog Mar. 13 1 Slushy 29 28 28 30
Bog Feb. 26 /A ry, light 8.0

Clear Feb. 28 4 =1 Dry, 1ght 4.6 ... ... ...

E. Pish lMar. 30 8 Dry 2.6 1.0 2.5 2.4
Mud Feb. B3 a---a--?/a Crusted 1eB  eer  eve eue
M. Plsh Mar. 21 6 Crusted 0.8 0.9 0.9 0.6

8. Londo Har. B 10 Dl'y . 0.7 cas ces e
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Table 27.

Light Transmission Through Snow, Laboratory Hxporiments, 1941.
The Bourge of Light was an Incandescent Bulb.

Date, 1941 Snow, Depth, PFereentage Transaission
Condition inches No Red dreen Blue
filter :
’.bc 22 Somt wet % 18 ane cas P
1. 1 ase "eae LN ]
o. “ LA § ane "new
t'. ow e [N N ) [ )

5-‘ L 298 L B4
1.1 *e e L asw
0-21 tee »ee LUK 3

tr. 4 a0 LI L N ]

Mar. 28 Fairly dry; lumpy

6.8 2.8 3.8 4.0
0.81 1.1 0.78 tr.
0.04 0.153 0.14 0.0
“Tr. tr. sr. 0.0

Mar. 28 Dry; screened

L - N N L B R -8B L B o
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Table 28,

Dissolved Oxygen; Paginsiilg Pond; 19L0-
All Values are in peDeM.

All are "Surface” Samples.

Station Feb, 10 _ Feb, 10 _ ;
number (A.Ko) (P.H.) Feb. 11 Febe 12 Fab. ].'4 Feb. 17 Feb. 19 Feb., 22 Feb. 26 Febe 28 . . 1 Mar. h Mar. 8 Mar. 10 Mar. 1} Mar. 15 Har. 18 Mar., 22 Har. 25 Har. 29 Apr. 1
€ pump in operation ‘_ > ‘—(% in operation—

1 0.7 2.5 0.2 1.0 0.3 1.0 0.7 1.6 0,3 0.3 1.4, 240 2,0 1.0 0.3 1.1 1.3 1.1 1.7 8.5 ves
2 003 002 . 0.1 1.0 0.8 103 101 1'0 on s se8 28 oee PP ose cne .". s ces cee e .es
3 0,1 0.1 0'6 0'7 0’9 0'9 2°8 1.1 . 0'3 003 0'9 106 105 003 003 02 - 2.1 ese oo 9'5 708
L|, 0.3 1.2 0.}.,]. 200 1.1 007 ' 1.7 005 007 a0 0.0 eve 1.2 1.2 con oo cee cee eee - ..
5 0.1 0-)4 0.2 005 aee 0.8 0.8 1.6 003 soe 003 eve 2.3 ’ 1.9 coe voe oo v cee cee e o
6 0.2 0.2 0.5 0.7 0.6 0.6 0.6 1.9 0.3 0.5 0.8 0.3 3.1 2,2 0.2 oL 55 0.9 13 il
T 0.2 O.h ) 0.5 1-)4 1'3 0.7 0.6 10.‘4 ene eee 0.0 ’ 0.2 1‘8 3'0 . ces - vee e o o o e
8 0.2 0.1 1.7 006 0.9 O.h 008 1.3 0.2 0-7 0.0 O.S 3.5 2.9 0.1 0.6 1.8 1.1 1.5 10.1 9.1
9 0.7 0.l 0.3 0.6 0.6 0.8 0.9 .9 0.5 0.6 0.2 0.7 2.0 1.0 0.2 0.3 2.0 0.9  ues 11.0
10 0.3 1.0 0.5 L.l 1.5 0.6 1.0 0.6 0.2 0.2 1.2 0.7 0.6 0.9 0.9 1.0 2.8 1.6 0.9 8.1
11 1.3 0.).], 009 1.7 103 008 007 1.3 0.2 eoe 1.0 0.9 1.3 ‘ 1.)4 coe oo cee : cee e e e
12 0-1 1.5 203 109 1.7 0:8 1.0 0.9 051 105 0.7 0.7 1.3 ) 1'9 ’ 0.5 0.5 0.3 216 1.6 - 6.0 8.2
13 0.5 O.h 1&6 2.h 1.0 1.0 0.3 1.0 0.1 0.9 0.14 O.h_ 0.8 1.5 O, 0.2 0.5 ces tee ‘ 8'6 | e
m 0.2 008 008 1‘3 0.8 0.7 103 1.0 0.2 oe» 0.0 ‘ 0.0 1.5 O.h Ceee 0'9 coo vee ee o o
15 0.5 105 008 008 106 242 201]. 1.0 103 0.6 006 ! De2 3.3 0.9 0.9 0.3 006 2.0 1.7 5.9 . 8,1
16 1.0 2.0 o'h 0.7 0.8 1.3 2.2 0.6 1.3 oo 0.2 | 2.2 1.8 0.3 coe 005 see ese coe oo oas
17 0.9 0.7 O.h Onh 100 0.8 1.3 1.2 002 005 0.2 \; 0.3 2.1 2’2 0.6 1.0 1.2 1.6 2.2 5.3 . 7.2
18 OQh 0.8 002 1.6 102 1.0 1.9 008 0-9 eve 0.5 } 140 h.z 1.3 ’ cen o.h oo cee ces . ves
19 0.6 1.3 0.7 0.9 1.6 1.3 2,8 0.9 1.4 C.5 0.9 1.6 5.2 1.8 0.2 0.6 15 16 15 e 83
20 1.0 0.6 0.3 0.8 Ouly 0oy 1.5 1oy Ly 1.3 0.7 0.9 3.5 0.l Ol 0.2 . 1y 0.7 1.2 . 2.9 7.1
21 003 003 005 10’4 0.6 0.5 206 0.8 0-8 coe 1,2 0.5 1‘8 1.2 cee 0.9 eve cee vee I ves
22 0.5 0.9 0.9 2.8 1.8 1.l 1.6 1.0 0.k 0.7 0.3 3.0 L7 0.6 o7 ok i 3k s
23 OQL}, 0.2 005 107 1.0 106 007 1.2 1.0 0.‘4 103 3.5 2.)4 1'6 0‘)4 0.3 1.2 cee cee 9.6 7.7
2,4 eve loh 2.1 ).J.QB 109 0.7 1.2 1.0 0.3 0.3 005 0.7 B.h 1.0 o.h o.h 0.6 1.1 0.9 9.9 . 8.3
25 X 1.1 203 208 100 107 109 107 005 0.,;3 1.0 0.8 1.3 l.h 1.7 0.5 1.2 ces ces 10.1 7'0
26 306 707 8.0 605 1.5 107 006 007 o.h 0-0 1.1 1.2 5.8 h.o 1.0 0.3 1.2 5.1 1.0 10.7 8.1
27 cee 11.0 9.7 1203 2.h 0.7 009 009 0.6 1.3 1.2 h.h 9.1'_ S'h 1.0 0.9 2.1 5.0 1.2 11.2 8.5
28 oo (XX} ese eee eme sew asee ose LX X} see ese ses ees 5.5 O.h 0.5 1.6 605 1.7 11.2 8.6
29 LXK ] o sew s0s s e [ XN ] oo e LX) L X X J ooé eee oss 10.}4 6.0 1.9 9.7 6.8 l.h 11.9 8.3
30 esre eve es e .ss coe vse see ess es o eoe 0. 6.2 | 9.)4 . 6.3 1.6 0.5 1.3 vee e 11.3 7.9
31 eee s e coe eve XX XX XX} see see eece 1.0 6.3 ) 5.9 h.l 0.6 . 0.7 0.7 ’ cee i il o
32 eee i oo oo v oo eee e i e o.h 0'9 3‘2 3'1 007 Ooh 1.2 eee (XX ore ese
33 ese XX ece see cee XX eae see see ece se e coe 7.2 h.é 0.2 0.5 3.1 cee cee e e

Outlet ove eow e XX see coe XX see ceoe ene 0.0 D62 5.6 3.2 2.5 0.7 3.6 3.1 Q'Ll_ 10,8 7'7

Open Hole sae see X ees ese cee 0.9 0.2 one XX} eee 0.7 ceeo eoe vee ces oo e ves vee e

Pump 2.0 1.8 1.7 103 loh 1.)4 cee ese see see 2.0 1.3 coe cos ese ceo vee tee vee cee e

n‘l‘rough“ X 5.} 5.1 XX 601 L’.oo XX ce L XX) XX ;2.6 3.5 eon .cos e eee oo cee vee o ..
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. Table 2.
Diasolved Oxygen, pd, and Gther Chemical Dataj
davehery rondsy 1939~0.
PHER. K. 0,
Aeyated  Alveol. allmlinity, alealinity, Op,
Pond Station Date gl pa PE DPepele DePeite PePsie
Pond 8 Weir g, 23 ess snse tan . 3 . 165 u}.o
Jane 7 ses see cse vee see 12.9
m £.0 see v ors 156 13!3
21 3-0 e nes 2 173 l.h.b
2ﬁ 8.1 8.1 60!& ase 1»68 12-3
Febe 8.0 8.1 6.!; see 171 13.0
12 B.O san sun sne 172 12'6
11 8.0 oy Ly eve e mol
19 XX ave vee ves e ew 12.9
2 7.8 8.1 bely - 172 12,5
26 8.0 ese [ XY LY X 173 1296
are 1 708 vee 'z C emew . 169 12,1
h 7.7 8-1 EX N ] (X 2 162 n.h
9 7 06 800 64)4 [ R N 158 lllh
1.3 ?.8 ane ey L XX 176 u09
13 7.8 8-1 6-5 LR X 178 12-0
22 7.? ¢oe L X X ) LR N ] 128 10.9
29 6.8 7-0 50}4 (XX} 16 13.2
GCenter Jane 7 ase sae wea 1 in u.3
ll; 8.0 e see 'Y 151; u.B
21 3.0 one ' oo 2 178 u{os
29 8.0 8.1 N 2 172 . 1246 -
Pab. lt 8:0 8.1 éo.'.l ase 170 1300
12 3.6 ney XY} »es 1?0 1209
17 8.0 'Y s ens 173 1.3-6
19 8!1 s he sen 2 162 1209
22 7.8 801 6:1{. ane. 112 , ﬂoa
26 7'8 .y (XY} ) ten 173 12.8
Mar, 1 108 'Y} 'TL ane ﬁ 12.0
h 7t6 8.0 (XY ees 13.5
9 77 8.1 6.5 ess 169 11.7
n 708 one see Yy} 178 13.5
18 7.8 8.1 6e5 ees 168 12,1
29 7‘2 1'14 5‘9 e Lﬁ 1205
Pond 9 Weir Hes. 23 'Y} ves ces 3 162 1309
Jan. 7 ase con ey veoe see ual
m 800 se s KR X ) L XX ] 155 uto
21 8-0 (X X1 sew 2 180 m.s
25 8.1 8.1 Sy 2 172 12,8
veb. L .1 8.1 6y YY) i1h 13.3
12 8.0 oes ey ses 172 12.8
1? 8-0 ey see *eve eey ’303
19 ase soe seo [ X ¥ s 13.5
2 8.0 8.0 53 oo 1,5 13
26

891 XX ses 2 173 lluz
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Table 29.

Dissolved Oxygen, pH, sand Other Chenieal imtas
Hatchery Ponds; 1939-l0.

‘(Contimied)
Phth, M, O, ,

Aerated  Alveol. allalinity, alaldmy, O,
Pend Station abe =~ oA pH IS )<  PeDPeNe TeDalla DePam
Pond 9 Veir ¥ar., 1 T-9 sen ens Y ) 168 Dil
(Cﬂnﬁmﬂl) h 7'8 8.0 s s 161 12,1
9 7.8 8.1 64, “os 130 uoh

13 602 LRX ] one 2 n? 1705

1B 8.2 8.2 6% 3 227 3

2 1.7 7.7 6.0 wee 62 16.8

29 6.9 6.9 5e5 soe 23 ST 3

Center Jan. 7 aes vee so s 2 170 UO;
. 1)4 B-O e LR N ] LN ] 159 13.2

21 B-O esse [ X X 2 179 u09

29 8.0 8-1 6‘1‘ *o P lm 12.5

Feb. b B0 8 Gely s 113 T 13.0

12 809 XY ] ren (2 X 168 12'6

17 8.0 L) so8 sse 173 13-5

19 7.9 L XX} LR R or N 16“ 803

22 1.6 7.7 59 “os 66 1L.9

% 7-9 sen ves XY ] . 176 12.8

¥are 11‘ 7.8 éoq “ee 'Yy ;:gi& gul

: 7‘7 «0 T (X ]

9 76 Te7 6.0 »se 80 ”.ﬁ

].3 801 o-‘- ves 2 19 M¢2

16 7’8 8-1 605 [ XN ) 168 nﬁl‘

29 6.8 6-8 _‘..2 (A3 B 12-’.9.

Pond 10 vWelr Dse. 23 ese seo Y 3 162 mol
Jan. 7 see see ers e *en 0

m 8.0 ace (X X ey 152 . 13.3

21 , B.O (XX 3 T aee 2 178 ).lno

2i 8.0 8.1 6y von 168 12.44

Feb. 8.0 8.1 .4 PPN 172 1341

12 800 ey YY) sse 168 n06

17 81 er “ee oo Y ms

19 ane see ‘... XX L Z X n.?

22 8.1 8.1 Bels cos 153 16.9

26 8.1 sen sse 2 167 16‘3

are. 1 8.0 sen ese XY 163 1307

L 840 3.1 ve 2 162 13.6

9 8.8 8.0 Gy oo 131 15-7

13 803 ave cne 7 160 1&‘3

18 8,3 @ 8.2 6.5 5 166 1944

2 8.0 8.1 6.4 0oe 123 16.0

29 Be2 8.2 nse 2 1156 1602

Center Jan, ? ‘woe ecse one ese 1'"4 13‘7
u‘ ' 3.0 [ X2 ] sy o 1115 1302

21 8.0 oes [ X 2} 2 ’ 178 1’4.0

29 8.0 8.1 6.4y vee 172 12.4

(Contimed )
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Table 29.

Disgolved Ixygen, pid, and Jther Chemical Dataj

datohery rondss 1939=40.

{Continued)
Phth, H. O,
Aerated Alveocls elimlinity, alikalimity, »
Pond Station ato 4 »q oH DD T DM 23&__
Fond 10, Center Febe L g,o Gel bely .o i;?s IS:Z
(Oontimod) 12 Ns) sy ees eess “'.
a7 a:} ess eee see iiﬂ; 111;:2
19 7  § ot oo e see . .
22 7.8 8.6 6‘2 ova ) 115 M
% 8.0 ose ese ens 163 1308
Har. 1 8.0 ee s aee 166 13‘3
) h 7.8 8.0 ese e 129 12.9
9 8.0 8.1 6.5 2 I3 18
13 8'3 1Y ved 5 161 18@0
18 3.2 8.2 68 K 162 ﬁy
o 29 3.0 Bl eee vee i3 o E—
River Pebs h 3.0 .‘3.,;_1 602& sey in 123
12 300 (X2 n}o‘o.- XY 172 l&?
i? 'Yy saw ese 2 ig ll.,zla:g
9 709 LAl LR X ‘s
2 13 Ba 645 et 176 12,4
% 7.9 ee e ane (X 1] 1? . 124‘
dar.s 1 7'8 sen ne ceo S ¢ noh
" ,.) Te? 501 . see ves 165 11;«1
9 707 0.1 ] 615 see i72 12,2
13 B.d epa re® *es . 1 1300
18 7.4 Geld Geb see 17 11.6
22 7-8 8 ol 605 sss 173 1108
29 6.0 ats voe 178 10.8

Te7
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Table 30.

Oxygen Requirements of ¥arious Fishos at Low Temporatures

Fish !:g. . Oa“:}:;\/l::t‘l. Author
Brown trout &~ 108.8 Gardner and Leetham (191¢)
Goldfish 2 14.8 Regnard (1891)
Goldfish 5-8° 16.07 Gardner and King (18533)
Tench 0* 8.06 Linsteds (1914)
Pike (Esox luoius) 6-8° 24.44 Uardner and King (1823)

_____ . Eel o N - . LA 5.88 Gardner and King (1.923)
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APVENDTY

THR EPFECT OF CERTAIN S8AKPLING PROCEIURES UPON
DIBBOLVED OXYGEM VALUES ’

An experinent to determine the possible diurnal wariation in dissvlved
oxygen il the water of an ice—covered lake (desoribed in the toxg of this
paper under "Sﬁooial observations, Green Lake") gave results apparently some—
what smbiguous (Table 18, and Graph 14). It seemed poasible that these results
might have been influenced by the method of sampling. The sampling procedure,
repeated each btwo houra, was as follows. Tho asamples were taken consecutively
from four depths, €6 inohos, and 2, B, and 9 fest, atarting with the uppermost.
the sampler was so construoted that during the sampling operation it emitted,
in a stroam of bubbles, all of the contained air (roughly, 1.5 liters). It
was oonsidered possible that this stream of bubbles, when & sample was being
taken at a lower depth, might agitate the water sbove, and henoe change the
characteriatics of a subsequent sample taken in an upper layer. Furthermore,
the passing of the sampler up and domn through the layers of water might, in
itself, have a disturbing effect.

In the routine work of the survey, this error was assumed to be negligible;
for ordinarily no station was sampled oftener than ocnoe & day, and the ususl
mtam} was two %o four days. It seems altogether likely that during such a
period the water again would return to 1ta normal condition of stratification,
and that the effeot of the agitatlion would disappear. then only two hours
intervened between samples, howover, & oonsiderable error seemed possible.

In order to eatimate tho magnitude of this error, and to test. the effect
of various sampling tesehnigues, the followling experiments were performed. All
of the triuls were run at a singlo sampling station, at the saxpling depths

stated above.



1, January 17-19, 1841, — The 48-hour run referred to above conatitutes
Number I of this series of experiments,

II, Januery 26, 1941, - The four depths were sampled in rotation, from the
uppermost to the lowermost one; then lmmediately the process was repeated,
After five sets of samples had been taken ir this menner, a new hole was cut
in the ice and five new sets of samples from each depth were taken. The time
consumed by the entire procedure was less than two hours.

111, Pebruary 2, 1941, — The same procedure as in Experiment II was followed,
except that the sampler was modifled to the extent of having a rubber hose
leading from 1ts air exhaust tube to the atmesphere., Thus, while the effect
of moving the sampler up and down through the water remainod; that of bubbling
air through the water was obviated.

IV, Januasry 26, 1941. —— Without using the rubber hose, five ocnsecutive
samples were taken at the 6-inch depth, then five at the next lower depth, and
go forth. In this way, no layer of water was disturbed by either the sampler
or air bubbles before all of the samples from that layer had been obtained.

The total sampling time was about one-half hour.

Dissolved oxygen in all of the szmples of these experiments was determined
by the rapid Winkler method, as deseribed under "Methods."

The dissolved oxygen values are given in Table A. They are arranged in
the order in which the samples were teken. All figures are in parts per million.
Moan values are calculated to the nearest 0.05 p.p.m. The standard deviation
from the mean is given for each series, as is elso the maxinum deviation, from
the mean, of any individual sample in the series, The seriea are numbered in

the table to correspond with the descrlptions above.

Since these expariments were performed on different dates, the absolute

values for dissolved oxygen are not subject to comparison. Rather it is the
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Table A. Effeot of sampling procedure on dissolved—oxygen determinationms.

Green Lake, Statian 2. At the bottam of each column are the
mean, the standard deviation, and the maximum deviation, each
estimated to the nearest 0.05 p.p.m. See explanation below.

0 (p.p-m.), Method I, 0z (p.p.m.), Histhod III,
at depth (feet)s at depth (feet):

0.6 2 5 9 0.5 2 5 9
13.6 13.8 9.8 6.0 10.9 11.0 9.7 4.8
15.4 12.7 8.8 6.1 10.7 10.8 9.7 5.9
12.8 13.0 9.7 4.8 11.0 11.3 9.4 4.6
12.7 12.7 8.1 3.4 10.9  10.9 9.6 6.5
12.56 12.2 8.4 4.4 10.8 11.0 9.4 5.9
12.6 12.0 8.4 4.1 Too9 MI.T ™ "6.4 " 2.3~
12.3 12.2 8.0 4.5 10.9 10.9 9.3 4.1
12.7 12.6 8.1 4.3 10.8  11.2 9.6 6.3
13.0 12.7 7.2 4.7 10.9 11.2 9.0 5.2 -
12.8 13.5 8.9 5.7 10.8  10.7 9.3 5.7
12.6  13.1 8.6 4.7 10.86 11.00 9.45 6.35
12.9 13.0 8.6 3.7 0.10 0.20 0.20 0.80
13.2 11.9 8.7 5.4 0.15 0.30 0.456 1.25
12.7 13.0 9.2 4,7 B SR S S —
13.2  18.1 8.4 5.5 0z (p.p.m.), Method IV,
13.4 13.2 10.5 6.0 at depth (feet);

13.6 13.8 8.7 6.6

13.7 13.7 9.2 4.3 0.5 2 5 9
14.1 13.1 9.2 6.7

14.2 13.4 -8.2 7.1 10.9 10.9 12.1 8.0
14.0 12.9 8.1 4.9 10.8 10.8 11.8 6.9
14.3  13.2 9.2 6.0 10.9 11.0 11.8 6.7
18.6 13.1 8.9 7.8 10.8 10.8 12.1 6.5
14.1 13.5 8.4 7.6 10.9  11.0 .11.8 6.1
13.26 12,95 8.75 5.20 10.856 10.90 11.90 6.456
0.80 0.46 0.70 1.20 0.05 0.10 0.15 0.85
1.06 1.05 1.75 2.40 0.06 0.10 0.20 0.45

Oz (p.p.m.), Method II,

at depth (feet): Method I — Samples at

two-hour intervals for 48 hours.

0.5 2 5] 9 January 17-19, 19%41.

11.1 9.8 11.9 4.9 Hethod II — The four depths

10.9 10.9 12.2 5.5 garmpled in rotation.

11.6 12.1 12.4 4.8 January 26, 1941.

11.6 11.7 11.8 5.9

1.1 10.9  11.2 3.7 liethod III —— A8 in (I), but

10.9 10.8 11,9 ~ 5.8 sampler equipped with outlst hose.

11.2 11.9 12.1 5.3 February 2, 15941.

11.1 10.9 11.5 4.9

10.9 11.1 1l.4 4.4 Hethod IV — Five oconsecutive

11.1 11.4 11.6 4.4 samples at each depth.

11.16 11.15 11.80 4.95 January 26, 1941.

0.26 0.65 0.35 0.65

0.45 1.36 0.60 1.26 See text for further explanation.
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amount and manner of fluctuation of wvalues within each experiment that is
significant.

It is realised that a possible fallacy in statistioal treatment of the
data of II and III may arise because of the fact thet each of these series of
ten samples is in reality a combination of two sub—series of five samples each;
since the sampling operation was transferred to a new hole midway in the seriles.
Actually, however, this error is smell; because (1) the mean for each sub—
series is very nearly the same as the mean for the whole series, and (2) the
fluctuations in value are without any apparent trend in either direotion.

The data at hand appear to support the following conelusions;

1. The magnitude of deviations from the mean is significantly larger l/
for the samples obtained at two—hour intervale for forty-elght hours than it
is even for samples obteined in rapid rotation, as in Experiment II (aee Table
B). Therefore the fluctuations in dissolved oxygen during the forty—eight
hour run can be only partly sccounted for by imperfection of sampling technique,
and thelr trends must have in part some other explanation. Changes due %o
natural causes over the_fprtyheight hour period were no-doubt responsible for
some of the fluctuations in the oxygen values for a given depth in Experiment 1.
Thus, for the 6-insch depth, and early series of four values (12.8, 12.7, 12.5,
12.5) no doubt was signifiecantly different from a later period when four successive

values at the same depth were 14.1, 14.2, 14.0, and 14.3.

2. There 18, however, a certain amount of fluctuation in the dissolved
oxygen value at any particular depth from one time to another, if during that
time the water at that depth has been disturbed by passapge through it of the
sampler or of a stream of air ubbles. This effeoct, of course, 1s most aepparent

when the time interval between samples is shoirt, and is believed to be insigni-

A/'An exception to this statement is furnished by the semples taken at 2 feet.
For thls, and other similar diserepancies, there is no explanation available.
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Table B. Effect of sampling procedure upon dissolved—oxygen

values (deviations from the mean). Green Laks,

Station 2. OSee text.
Depth Standard deviation, p.p.m. Maximm deviation, p.p.m.
(feet) of 0,, using method; of Og, using methods

1 iI II1 Iv I 11 I11 v

0.8 0.60 0,25 0.10 0.08 1.05 0.456 0.16 0.06
2 0.45 0.856 0.20 0.10 1.08 1,38 0.3 0.10
b 0.70 0.36 0.20 0.16 1.76 0.60 0.45 0.20
9 1.20 0.865 0.80 0.36 2,40 1.20 1.26 0.45
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fieant when more than a few hours intervene. The fluctustions show no apparent
trend, toward either higher or lower dissolved oxygen, but have a more or less
random distribution.

3. Deviations are significantly smaller when air bubbles are not allowed
to pass through the water (Experiment III); hence a definite part of the fluetu—
ation of 3xperiment I1I cen be attributed to the air bubbles. Bubbles of this
gize are not readily absorbed by the water; and, furthermore, there is no dis—
tinot trend toward increased dissolved oxygen from the {irst sample of a series
to the lest. Therafore the effect of the air bubbles must be largely s mechan—
ical one; l1.e., one of agitation.

4. There is, also, a definite effect of the mere motion of the sampler
through the water; since the deviations in Experiment IV are slgnificantly less
than those of Experiment IIIX.

5. ihen the procedure of Experiment IV is used; i.e., when no semple is
taken from a layer of water which has recently been disturbed by the sampler;
the fluctuations im the dissolved oxygen value of the samples are little, if
any, greater then those of the normal experimental error of the dissolved oxygen
method (about 0.0 — 0.2 p.p.m.). This statement holds true only for semples
from the uppermost layers.

6. BSamples from the lower layers show relatively wide fluctuations, even
when the sampling 1s done by the method of Experiment IV. This situation is
exaotly the reverse of what might be expected if the fluctuaticns were caused
entirely by the disturbances mentioned above; for the effect of these disturb-
ances would be the greatest in the upper layers of water, and at & minimum at
the lowsst sampliing depth, a depth beyond which the sampler has not passed.

The explanation ig rather simple. The slope of the dissolved oxygen ourve (for

that particular station and time) is much greater in the lower water than near
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the surface. Thus on Januery 26, the decline in oxygen in the 8- to 9foot
layer was almost 2 p.p.m. per foot of depth, whereas in the surface to 4—foot
layer there was practically no chenge. Any errors caused by not accuratsly
reading the sampling line therefore are much greater for samples taken in the
lower depths than for those taken near the surface.

The wide variations in oxygen values for the lower levels (whioch are evident
regardless of the time interval between samples and of the sampling method
employed) may be due in part to natural oauses rather than %o experimental
errors. Slight tilting of the water stratas might cause sharp ochanges in the

dissolved oxygen values at any given point,
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