Cornparative Limunelogy of Lakes
on the Beartooth Plateau,

south-central Montana

By
., Michael Falier

.5, Kansas State University 1964

Submitted to the Graduate Facuity in the Division
of the Natural Sciences in partial fulfillment of
the requirements for the degree of

Master of Science

University of Pittsburgh

1966




FOREWORID - « = v v o o v o o o v s ot s s v s s n s s s o e u b e n o s a0 o s iv
L INTRODUCTION « v v v v v e e i e vt o i a v i n e s a e s e e s .1
II. DESCRIPTION OF STUDY AREA. . -« v« v v v v o v a oo v v s 4

A. Loocationof Lakes « .+ o v oo s v s o e e e e e e e 4
B. Geology of Study ATea » « o« « v v v v s v e 7

C. Climate of Study Area . « « « « - - & S 9

D. Ecology of Study Area. . . . « o o v v o v o v oo o s PR
111, HYDROGRAPHY AND MORPHOMETRY . . ... ..o oo n 13
A, Methods . . v v v v it i e e e e e e e e e e e e e e e e e e 13
B, ReSUIES « o v v v o vt o v o m o e e e e e e e e e e 14
IV, METHODE - o o o s s et et s e i e s et e e e e e s e e e s e 23
A, Sampling Schedule . ... .. o i o s 23
B, Physical and Chemical Methods . ... ... ........., 24

C. Primary Productivity .. . . .« ot i et h s 25

D, Biota Treatmant . . . ¢ o v v v v vt v v o v oo s o v e e 26

I, Plankion . . . . . i e i et e s e e e e e e e e s e e e e 26

2. BenthoS. . v v v v v v s a6 o e n h s e s e e e e e 28

W, RESULTS & i i it e e e e e e e e e e e e e e e e s e e e e e e e 29
A, Physical Data . . . . . ... e e e e e e e e e 23

1. Temperatures. . .. ... e e e e e e e e e e e e e e e e e e 29

2. Light Penetration. .. .. . ... . oot o o 35

B. Chemical Data, , ., . . ... . 0t vt ia it e 35

Lo Oxygen . o .0 0 0 0 0 e e e s e e e e e e e e e e e e 35

2. Alkalinities and BH, . . . . . . . . . . 0 e e e i e s s e e 40

TARLE OF CONTENTS

3., Chemical characteristics of the water and sediments, 42



TABLE OF CONTENTS {cont. }

Page
C. Primary Production. . . . oo oo on oo 45
D. Phytoplankion . . .. .ot o s s e e 50
E., Z0ooplankion. . . .« o v o o oo e e n s e e e e e 56
B OBenthOS o o v v v v s e e e e e e e e e e e 60
VI, DISCUSSION 0 v v v v et s o e oo oo e n e e a s a e e e 67
VIL SUMMARY © vt v i v v i e v s e e e e e e e e e e e 90
APPENDIX A o v e v e e o e oo s a e e e e e e e 92
BIBLIOGRAPHY o v vt e it v o e e ot e ot e e e 100

1ii



FOREWORD

I wish to express my sincere appreciation to my academic
advisor, Dr. Kenneth W. Cummins, for his guidance, support, and
criticism throughout the course of this study and preparation of the
final manuscript. Dr. C, A, Tryon, Jr. and Dr. R.T. Hartman, as
members of my committee, alsc offered advice and criticism during
planning and final repoerting. Particular credit is due Dr. Cummins
and Dr. Hartman for permission to include data which they had gather-
ed in previous summers {rom these lakes. Dr. Cummins worked on
Round, Star, and Goose Lakes in 1963 and 1964 while Dr. Hartman is
responsible for the data from Beartooth Lake in 1960 and Long Lake
in 1962, 1963, and 1964,

Thanks are gratefully extended to Mr. William P. Coffman and
his wife Paulette for their invaluable assistance in the field work. Dr.
D. J. Hall, Cornell University, provided zooplankton identifications;
Dr. R.O. Brinkhurst, University of Toronto, identified the Oligochaetes;
Mz, Peter A. Roff, University of Pittsburgh, identified the diatoms; and
William Coffman verified midge identifications. The U. S Geological
Survey, Sacramento, California, conducted the spectrographic trace
metal analyses. Credit for final preparation of the manuscript is given
to Andrea Gavula and Wilma Yeschke.

Finally, my wife Karla, deserves praise for her work on the

figures and her continual encouragement throughout this study.

i



I, INTRODUCTION

Alpine lakes have been defined as those above general treeline
{Thomassen, 1956; Vinyard, 1951) since this definition serves as a
good index of the intermixed environmental factors, Subalpine lakes
are thus considered to he those at and immediately below treeline
until montane or mesophytic transition forest is reached. Strem
{1938) gives a similar but less distinct definition based upon ther-
mal qualities. He considered an alpine lake as '". . . a lake which
is thus considerably elevated above the sea-level that its net heat
income is materially less than that of the lowland lakes within the
same geographical region. ' By this latter criterion, definitive
lines are hard to draw, but nontheless, alpine lakes markedly dif-
fer from lakes of lower elevation in physical, chemical, and bio-
logical characteristics.

Tt was the intent of this study to comparatively examine the
limnology of three alpine and subalpine lakes in the Beartooth Moun-
tains of southwestern Montana, Initial productivity studies were
conducted in late summer of 1963 and 1964, with the main field work
being conducted in August, 1965, It is regrettable that this study was
limited to the late summer season, but the great distance from the
study area and general inaccessibility at other times prohibited sam-
pling for seasonal variation.

The present condition of a lake is to a large part directed by
the climate of the region. This control becomes even more impor-
tant in alpine envircnments because of the great variability of en-

vironmental conditions. Generally, with altitude solar insclation



increases, soil temperature ranges increase, winds and wind veloc-
ity increase, and total precipitation, evaporation, cloud cover, and
snow percentages increase. Air pressure, absolute humidity, and
air temperatures decrease with increased altitude,

Arctic and alpine lakes are often compared on the basis of
similar climates. Mean temmperatures of alpine regions may approx-
imate those of arctic regions, but the former have much wider di-
urnal and seasonal temperature ranges. In addition, alpine situa-
tions receive more intense solar insclation due to a thinner and
more pure atmosphere at high elevations. Reduced air pressure
at high latitudes has a anigue effect {Mean atmospheric pressure at
2911 miles {9550 feet) the average altitude of the study area, is
20, 85 inches of mercury as opposed to 30 inches at sea level, }

With lowered atmospheric pressure, partial pressures of oxygen
drop considerably, thus abetting the inherent nature of soils to de-~
velop low oxygen concentrations. lonizing fractions of solar inso-
lation increase considerably with altitude since there remains less
of the energy-absorbing blanket of carbon dioxide, water vapor. and
dust above these high areas.

Foundation work in alpine limnology can be credited,to alarge
extent, to Pesta {1929}, Steinbock {1934 and 1938), and Strgm (1938},
in Eurocpe and Hutchinson {1937} and Pennak {1945, 1955, 1958} in
the United States. High altitude lake investigations in the Western
United States have been due primarily to fisheries interests. At
least up to the time of Pennak's 1941 published biblicgraphy of al-

ine studies in this country, these works were primarily appliedto
P ¥ E Yy ap



fisheries use. In a sense, this is regrettable since preconceived
goals often limit the scope and eventual conclusions of new research.
Recently, however, has come the needed recognition of these pure
waters as excellent places to study workings of simple uncluttered
aquatic systems on their own merits. Goldman's workin the Sierra
high lakes (1960, 1961, 1963, 1964, 1965} demonstrates the picture-
window view of lentic metabolism offered by these exireme oligo-
trophic lakes.

A lake's present condition is a direct result of its basin geol-
ogy. Therefore, in this study [ have attempted to correlate water
guality and productivity with present geology of the watersheds.
Pennak (1945} emphasizes the imporiance of this approach as have
Deevey {1940) and the works of Birge and Juday (1927, 1934, 1938}
in northeastern Wisconsin., It is hoped that this present study,
through the presentation of a somewhat instantaneous picture, will
serve as the first step towards a more intensive study of these three

lakes in the future.



I. DESCRIPTION OF 3TUDY AREA

A, L.ocation of Liakes

The lakes studied lie on the Beartooth Plateau of southcentral
Montana at altitudes of 2831 meters {9340 feet) o 2998 meters
(9830 feet), in the Gallatin National Forest. As shown in Figure 1,
the lakes lie on the southwestward-facing slope of the Beartooth
fault block. The U, S, Geological Survey topographic map (1956)
places them at 45206 N. latitude; 109955 W, longitude, or about
3 miles N, E, of the northeast corner of Yellowstone National Park
near the Montana- Wyoming border (Figure 2). U, S, Highway 212
traverses the area, crossing Beartooth Pass out of Red Lodge,
Montana, Round Lake, the lowest lake studied, lies north of High-
way 212 and is accessible by a two-hour jeep trail. Star Lake is
an additional 1.5 miles; and Goose Lake vet another mile, all three
being on the same trail {Figure 2). July through September the
trail is regularly traveled by fishing and touring parties out of Cooke
City, Montana, to the south on Highway 212. One camping cabin is
on the shore of Round Lake with regular but light fishing pressure
on the lake. Star Lake's shore is free from any improvements save
an occasional campsite, The shores of Coose Lake are presently
uninhabited, but for several years prior to 1925 the Copper King
Mining Company cf Cooke City worked diggings around the lake, con-
centrating on a 60 foot shaft adjacent to the main north inlet (Lover-
ing, 1929_}.

Round and Star Lakes drain southward into the Clarks Fork of
the Yellowstone River which flows east off the Plateau, then turns

north to join the Yellowstone River. Gooese Lake is drained by
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Goose Creek flowing westward to serve as a main feeder stream of
the Stillwater River. The latter also eventually empties into the

Yellowstone River to the north,

B, Geology of Study Area

In Montana as well as Colorado and Wyoming, the cores of the
mountain ranges are formed by a highly metamorphosed and folded
group of Precambrian rocks. An overlying sedimentary group, Pre-
cambrian also, but less metamorphosed, is often stripped away to
expose the basement group of schists, gneisses, and granites (Clark
and Stearn, 1965). The Beartooth Mountains form an archlike up-
lift with a northwest-southeast axis and bounded on the northeast face
by the Beartooth fault (Figure 1}.

Eckelmann and Poldervaart {1957), using potassium-argon meth-
ods, estimated that these granitization processes occurred 2.7 + 0. 1
billion years ago. Depression of a geosyncline to the west then caused
the blocklike uplift of the Beartooth region as well as the Big Horn,
Teton, Gros Ventre, and Wind River Ranges. Characteristic of these
mountains are their associated basins whose thicker sediment accu-
mulations prevented a corresponding uplift. Then late Pre- Cambrian
peneplanation of this uplift left an exposed core for Paleo- and Meso-
zoic sedimentation to cap over during a drawn-out epeirogenic sub-
sidence. Renewed uplift of the Beartooth Block during the Laramide
orogeny combined with differential thrusting resulting in the present
assymetrical southwest-sloping anticlinal fold {Harris, 1959; Spencer,

1959}, Nowhere on the uplift are there any remaining Mesozoic



sediments. Glaciation has effectively scoured the Archean core of
later deposits resulting in a deeply dissected spectacular relief of
greater than 7, 000 feet on the northeast side and 2, 000 feet on the
gradually sloping southwest flank. There has been no extrusive
igneous activity in the evolution of the Beartooth Block, ©Spencer
{1959) and Prinz {1964}, however, report that the folded granitic
gneisses throughout the core are complexly iractured and intruded
with dikes. With the exception of an outcropping of the sedimentary
Gros Ventre formation in the Round Liake drainage, these dikesare
the only source of mineral variation in the predominating Goose
Creek granite bedrock formation {Lovering, 1929). Tertiary times
saw the covering of the Block's southwest flank by volcanic flows of
the Yellowstone and Absarcka formations {Harris, 1959). The
Clark's Fork River canyon flowing eastward marks the fartherest
point of lava flowage onto the downward-tilting crystalline rocks.

As evidenced by the knob and kettle topography, the entire re-
gion was once submerged by ice. Large valley glaciers were nu-
merous a comparatively short time ago since glaciers may still be
found in the area {notably Grasshopper Glacier just northeast of
Goose l.ake but not draining into it}). Lovering {1929) contends that
the retreating glaciers probably left most of the deeper unconsoli-
dated materials in the valleys, but nearly all presently exposed man-
tle rock can be attributed to landslides., The three lakes studied, as
all lakes on the Plateau, are of glacial origin. Round and Star are
shallow basins apparently plucked out by moving ice. Goose Lake,
however, is the floor of a wide, U-shaped hanging valley surrounded
by high peaks on three sides. The lake appears to have been formed

by subsequent morainal damming of the valiey.



More specific details of rock types of the individual watersheds
will be discussed later in relation to limnological details of the lakes.

Soils in the area studied are predominately podzols of a sandy
loam texture. Cox {1957) describes them as having ', . .  humus
high in organic acids, an eluvial siliceous platy gray A,, and an ii-
luviated yellowish-brown B, which has been colored by iron oxides
and organic matter. " Montane and subalpine soils have developed
on surprisingly deeply weathered granitic rocks, but the surface and
substratum are freely interspersed with boulders and cobbles. lL.ei-
berg (1904) reports them as being generally poor in nutrient quality.
Exchangeable hydrogen is high with low base content, With increased
altitude and the accompanying decreased soil maturity due to cryo-
pedogenic processes, the B horizon diminishes. Most alpine soils of
the Plateau have only A and C profiles with surface organic matter
accumulation as the most conspicucus vertical variation (Johnson and
Billings, 1962). Leeaching is not an important factor in profile devel-
opment as attested to by low clay content, medium pH values, and
prominance of lithosols. These high plateau soils have a texture of

a gravelly, sandy loam, low in clays and organic matter.

C. Ciimate of Study Area
Because of the high altitude of this region, its climate is much
different from that of Red Lodge, Montana, 60 miles to the east and
4,000 feet lower in elevation. The table below illusirates the differ-
ences between the study area and the Red Lodge station, The 4, 000
fuot increase in elevation of the study area accounts for the 55 per

cent increase in annual precipitation from 47 cm. {18. 4 in. } at Red

Lodge to 69-70 cm (27-30 in. } annually on the Plateau.
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Table 1. Climatological data for the Beartooth study area and Red
Lodge, Montana *.

Red Lodge Beartooth Area
Altitude 1692 m {5550 f£t. ) 2911 m (9550 ft. )
Growing Season®¥ 140 days 48 davys
Precipitation 46.7 cmn (18, 4 in. ) 69-77 cm {27-301in.)
Mean Annual Air 4.40 C. (39.9°F.) -7.89C. (18°F.,)
Temperature 7
Average Maximum 24.19 C. (75.4°F.) 18.3°C. (65°F.)
Termperature, July
Average Minimum 3,92 G, (9.1°F.) -20, 00 C {(-79F. )
Temperature, January
Snowfall 269 cm {106 in. ) 432 cm {170 in. }
Precipitation in June, 12. 7 cm (5.0 in. } 15.0 ¢cm {5. 9 in. )

July, and August

% The data for the study area were compiled from Larsen {19303,
Baker {1944), and Johnson and Billings (1962) since climatolog-
ical stations even at moderate altitudes in the Beartooth area
are rare. There appear to be none above 1980 m {6, 500 ft. jon
the Plateau itself, but a few are operating in or near Yellow-
stone National Park. Red Lodge data are taken from Larsen {loc.
cit. ), and U. S, D. A, 1941 Yearbook of Agriculture, Climate and
Man,

#**Growing éeasonxnumber of days when mean temperature is greater
than 5.6~ C. (42° F.}.

A synthesis of reports from several authors shows that a true
subalpine precipitation peak is present in this area; thus, Round
Lake is shown to have a 15 per cent higher rainfall than Goose Lake
above treeline {Larsen, 1930; Qosting, 1956; and Johnson and Bill-
ings, 1962). Likewise, when going up to 2911 m {3550 ft. } mean
annual air temperature drops from 4. 4% C, to -7, 8° C {39, 3° ¥, to
182 F.} and length of the growing season drops from 140 days to 48

days. Total precipitation for the summer months ig approximately
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equal at both locations meaning that the elevational total precipitation
increase is manifested as iﬁcreased snow cover during winter rnonths.
As in most mountainous areas of the central Rockies, the yearly pat-
tern of precipitation is one with a February-April peak and a late sum-
mer {July-August} low {Lull and Ellison, 1950}. Annual cloud cover
averages 55 per cent annually with 40 per cent cloud cover in August.
Wind velocities range from a mean of 27 kilometers per hour {17
miles per hour) in January to 14 kilometers per hour (9 miles per

hour) in August (Johnson and Billings, Ibid).

D. Ecoleogy of Study Area
Ecologically speaking, the three lakes studied fall inte two
zones, the mesophytic subalpine forest and the central Rockies al-
pine zone of alpine forest merging into true tundra.
Round Lake lies in subalpine forest, which, in this region ex-
tends from tree line down approximately 460 m {1, 500 ft. ) to where

it merges into a transition forest of Douglas fir (Pseudotsuga men-

ziesii, Englemann spruce {Picea engelmanii}, and is dominated by

lodgepole pine {Pinus contorta var. murrayana). The subalpine

zone itself consists of Englemann spruce and alpine fir (Abies lasio-

carpa ) with smaller amounts of whitebark pine (Pinus albicaulis)
{(OCosting, 1956}, Bryophytes and herbaceous plants predominate as
ground cover on the molst slopes with Vaccinium spp., common on
drier sites, In this region timberline is found at approximately 2990 m
{9800 ft.} although on the Eastern part of the plateau, it occurs at

3050 m -3350 m {10,000 - 11, Q00 ft} {Laarsen, 1930; Griggs, 1938).
Treeline lies above or below 2990 m {9800 ft. } depending upon local
terrain, soil condition, and exposure. Star Lake at 2968 m (9730 ft)

is in the transition zone while Goose Lake is higher at 2998 m (9830 it)
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but isclated, stunted pines are still to be found 15 m {50 ft, ] above the

lake. This transition zone is marked by limber pine {(Pinus flexilis)

in addition to Englemann spruce and alpine fir. Sedges and grasses
predominate in the true alpine zone above treeline, [ have considered
Goose Lake to be within this zone. Johnson and Billings (1962) report
that true tundra on the Plateau is characterized by: Avens m

rossii) sedges (Carex drummondiana and C. scopulorum), deschamp-

sia (Deschampsia caespitosa), sage (Artemesia scopulorum), and

cotton grass {Eriophorum callitrix),




II. HYDROGRAPHY AND MORPHOMETRY

A. Methods

Shore outlines of the lakes were determined by the plane table
and alidade method as described by Welch {1948). Stations around
the lakes were sighted on through a non-telescopic alidade from ei-
ther end of a baseline of known length. Constant voice contact was
maintained by Z-mile range walkie-talkies between map and stakemen
to avoid confusions in station numbering and to permit rapid descrip-
tion of shoreline irregularities to a recorder at the plane table. Shore-
line maps were then constructed to scale in Pittsburgh. Comparison
with aerial photographs at a scale of 1:12, 400 showed high accuracy
of ratios. A Heathkit battery-operated sonic depth sounder was em-
ployed to sound the lakes. Simultaneously with each sounding, the
boat's location was fixed by sextant readings of two adjacent shore
angles upon three of several signals locatedduring the shoreline map-
ping. A three-armed protractor {B. K., Elliot, Co., Pittsburgh} was
used to plot each sounding on the shoreline maps after which depth
contours were drawn. Areas within depth contours were measured
by planimetry. These values were then used to calculate individual
strata and total lake volumes using the volume formula of Welch (1948}
Shoreline length was measured by a linear distance map measurer.
Mean depth is represented as the volume of a lake divided by its sur-
face area, Lake drainage areas were calculated by planimetry of

stereo relief aerial photographs,
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B, Results

The lake maps are shown in Figures 3, 4, and 5. Accompany-
ing morphometric details are shown in Table 2. The data are ex-
pressed as both metric values and their english equivalents. The
ratio of areas for Goose, Round, and Star Lakes is 14:4:1, total
areas being 41. 18 Ha (101. 75 A), 12.54 Ha (30. 98 A), and 3. 21 Ha
(7.94 A), respectively. The approximate ratic of volumes is 41:3:1
for Goose, Round, and Star Lakes. Goose is deepest with a maxi-
mum depth of 39. 6 M (130 ft. } and a mean depth of 14. 4 M {46, 4 {t. },
while Round is shallowest at a mean depth of 3.5 M {11. 1 ft. }. Mean
depth of Star L.ake is 4.5 M (14, 4 {t. ). Shore development values
{Ratio of a lake's shoreline to the circumference of a circle of the
same area) for Goose, Round, and Star Lakes are 1, 54, 2. 27, and
2. 88, Waterlevel fluctuations are negligible throughout the year.

Shoreline examination showed them to be no greater than + 0. 2 meter,
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Figure 5. Hydrographic Map of Goose Lake,



Table 2. Round, Star,

and Goose Liakes,

Morphometric features,

i8

Round L. Star L. Goose L.

Altitude

Meters 2831 2968 2998

Feet 3340 9730 9830
Area

Hectares 12, 54 3. 21 41,18

Acres 30. 98 7.94 101, 75
Yolume

Cubic Meters 433, 460 143, 750 5,943, 650

Gallons 114, 498, 400 37,971,100 1,570,015, 300
Maximum Depth

Meters 1.5 11,0 39. 6

Feet 34,5 36,1 130, 0
Mean Depth

Meters 3.5 4,5 14, 4

Feet 11,5 14, 4 46, 4
Shoreline Length

Meters 1890 1085 2820

Feet 5082 3492 9252
Shore Development

2. 27 2. 88 1. 54

Maximum Length

Meters 488 257 990

Feet 1601 827 3185
Maximum Width

Meters 378 224 513

Feet 1220 721 1650
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Table 3. Round and Star Lakes, Avreas within each Depth Contour,

Depth Round 1. Star L.
Shoreline 12, 54 Hectares 3. 21 Hectares
30, 98 Acrea 7.94 Acres
1 Meter 10. 84 Ha 2.56 Ha
26. 78 A 6,33 A
2 M g, 328 Ha 2.14 Ha
232,18 A 5,28 A
3M 6. 11 Ha 1.81 Ha
15,10 A 4,47 A
4™ 4,09 Ha 1.57 Ha
10,10 A 3.89 A
504 2. 98 Ha 1. 34 Ha
7. 36 A 3,31 A
aM 1. 93 Ha 1.13 Ha
4,77 A 2.80A
T 1.10 Ha 0,93 Ha
2. 70 A 2. 30 A
a8 0. 62 Ha 0. 75 Ha
1,54 A 1.85 A
SM 0,21 Ha 0,67 Ha
.52 A 1,64 A
i0M 0. 04 Ha .16 Ha
0.09 A 0. 40 A

1IM 0.03 Ha
— 0.08 A
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Table 4. Goosge Lake, Aveas within each depth contour,
Depth Area
Shoreline 41, 18 Hectares

161,75 Acres
3 Meters 33,51 Ha
82.81 A
6 M 29. 82 Ha
73.69 A
9 M 26.31 Ha
65.01 A
12 M 22. 90 Ha
56,58 A
15 M 19.79 Ha
48.91 A
18 M 16. 67 Ha
41. 18 A
21 M 12,79 Ha
31,62 A
24 M 8. 46 Ha
20,91 A
27 M 4, 46 Ha
11,02 A
M 2.08 Ha
5 13 A
33 M 0.97 Ha
2,41 A
36 M 0. 33 Ha
0.82 A
39 M G, 10 Ha

0.25 A



Table 5, Round and 5tar Lakes.

volumes, Values in cubic meters and gallons,

21

Individual strata and total lake

Strata Bound 1. Star L.

Vol of Strata T of Toial Vol. of Strata % of Total

0-1 Meter 116,776 m°> 28,815 m-
30,846, 200 gal  26. 94% 7,611,400 gal  19.78%

1.2 M 101,004 m3 23, 447 m>
26,680,100 gal  23. 30% 6,193,500 gal  15. 98%

2-3 M 76,881 m° 19, 698 m3
20,308,000 gal  17.74% 5,203,200 gal 13, 50%

3-4 M 50, 651 m° 16,903 m?3
13,379,400 gal 11, 69% 4, 464, 900 gal 11, 55%

4-5 M 35,185 m- 14,544 m°
9,294, 100 gal 8. 129 3,841, 800 gal 9, 90%

5.6 M 24,353 m? 12,287 m>
6,432, 800 gal 5, 62%, 3,245, 600 gal 8. 35%

6-7 M 14,932 m= 10,303 m3
3,944, 300 gal 3, 44% 2,721,500 gal 7. 14%

. :

7-8 M 8,494 m~ 8,395 m-
2,243,700 gal 1. 96% 2,217,500 gal 5, 64%

8-9 M 4,008 m° 7,071 m>
1,058, 700 gal 0.92% 1,867,800 gal 4,719

9.10 M 1,119 m° 3,852 m°
295, 600 gal 0. 26% 1,017, 500 gal 2, 47%

10-11 M 59 m? 1,434 m>°
15,600 gal 0. 01% 378, 800 gal 0,98%

Total Lake 433, 462 m> 143, 749 m>
Volume 114,498,400 gal 100.00% 37,971,100 gal 100. 00%,



Table 4. Goose Lake, Individual strata and total lake volumes.
Values in cubic meters and gallons.

Strata Volume of Strata % of Total

0-3 Meters 1,114,673 m>
294, 439, 800 gal 18, 76%

3-6 M 948,723 m°
250, 604, 200 gal 15, 96%

6-9 M 841,382 m?
222,250, 200 gal 14. 16%

917 M 737,521 m°
194,815, 400 gal 12.41%

12-15 M 639, 823 m°
169, 008, 600 gal 10. 76%

1518 M 546,251 m°
144,291, 700 gal 9.19%

18-21 M 440, 646 m?
116,396, 200 gal 7. 14%

21-24 M 316,734 m>
' 83, 665, 000 gal 5, 33%

24-27 M 190, 672 m>
50, 365, 800 gal 3. 21%

27-30 M 95,827 m°
25,312, 600 gal 1. 61%

30-33 M 46,277 m3
12,224,000 gal 0. 79%

3336 M 18, 711 m°
4,942, 500 gal 0.31%

36-39 M 6, 208 m>
1,639, 800 gal g, 10%

39-39. 6 M 205 -
54, 200 gal ——

Total Lake 3

Volume 5,943, 653 m

1,570,015,900 gal 100. 00%



IV, METHODS

A, bampling Schedule

Work done in late summey of 1960, 1962, 1963, and 1964 on
these and other lakes of the Plateau consisted of irregularly spaced
carbon-14 productivity and standard chemical determinations. This
work carried out by Dr. Cummins and Hartman of the University of
Pittsburgh, has been used to supplement my own study,

Throughout August, 1965, five sampling trips were made to
Round, Star, and Goose Lakes from a base camp at Cocke Pass on
Highway 21Z. It was impossible to transport enough supplies and
sampling equipment to carry out all measurements on every trip so
sampling runs were divided accordingly.

On August 6, an exploratory trip was made to each lake. Goose
l.ake was briefly sounded and a temperature profile was taken, On
August 10-11, Round Lake was mapped and sounded; a jeep break-
down prevented further work., From Auvgust 15 through August 18,
Goose and Star Lakes were mapped and socunded. Standard physical
and chemical measurements were taken, in addition to benthic sam-
ples and water for organic matter and chemical analyses on all three
lakes. A trip to Star Lake occupied August 21-22 as 2 carbon-14
productivity run was made. Plankion sampling was done at this time,
These same coperations for Goose and Round Lakes were carried out
on the final trip of August 23-24. Standard physical and chemical

measurements were also carried out during these final two trips.

23
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B. Physical and Chemical Methods

Temperature measurements were faken with a Model Ft-2
Electrical Resistance Thermometer {Allied Hesearch Associates,
Austin, Texas)., Underwater light readings were faken in the mid-
dle of each carbon-14 run with 2 Marine Submarine Photometer
{G. M, Mig. Co., New York). The deck cell readings were later
calibrated to Langleys{cal, per cm?) with a Belfort Pyrheliograph.
A portable Oxygen Cell Analyser (Precision Scientific Co., Chicago)
was used to determine oxygen content. These readings were taken
in the boat, as soon as the 250 ml. B, O. D, bottles were filled, with
the aid of a battery-operated magnetic stirrer. The Oxygen Cell
Analyser was calibrated at the beginning and end of August using
the unmodified Winkler anzlysis since nitrite was assumed to he
negligible (Hutchinson, 1957; A, P, H. A., 1960). Free COy and alka-
linities were determined by titration with 0. 02 N Sulfuric acid and
Sodium hydroxide, using phenolphthalein and methyl orange as indica-

ntrations were determined colorimetrically

o

tors. Hydrogen ion conc
with bromthymol blue and phenol red, using standard Hellige disc
comparators (Hellige Corp., Garden City, New Yorkl

Water samples for nutrient, organic matter, total dissolved
solids, and conductivity analyses were collected from a depth of 3
meterg over each lake’s deep point. These water samples, as well
as water samples taken for all other purposes, were collected in a 2
liter brass Kemmerer Water Bottle. Each sample was placed in a

4 Liter polyethylene bottle, immediately packed in snow, then taken
back to camp where the samples were divided into 250 ml portions

in sterile Twirl-Pak bags and frozen vuntil analysis, Two exceptions



to this procedure were the preparation of samples for nitrate and trace
metal analysis. Nitrate samples were collected as separate 300 ml
Twirl-Pak samples to which 3-4 drops of 5 per cent chloroform were
added to retard bacterial action until freezing. For trace metal anal-
yses, 2 liters of water were concentrated to 35 ml by slow boiling in
Pyrex fiasks. These concentrates were frozen and shipped to the U. S,
Geological Survey, Sacramento, California, for emission spectro-
graphic anaiysis of 17 trace metals. Silica, nitrogen, and phosphor-
cus were measured colovimetrically with the Hellige Aqua Tester.
Total residue, ash, and non-volatiie organic matter content were
obtained by drying replicated 125 ml samples at 106° C.  To deter-
mine particulate residue of water, replicates were filtered through
tared 0. 45 micron Millipore filters {Millipore Filter Corp, Bedford,
Mass, j then dessicator-dried. Conductivity of the water converted

to ppm total dissolved solids was read from a Myron Dissolved S>l-

ids Meter (Precision Scientific Co., Chicagol.

C. FPrimary Productivity

Primary productivity may be measured in several ways, the
two most reliable being direct measurements of carbon uptake and
oxXygen evolution, Various aspects of these and other methods are
reviewed by Ryther {1956). In the present study, the method of car-
bon-14 uptake measurement initiated by Steemann-Nielsen {1951) and
improved upon by Goldman {1960 and 1963) was used. The basic method
involves the resuspension of a water sample at its original depth in a
clear 250 ml B, O, D, bottle after innoculation with 5 microcurie

o i . N wn .
ampoules of NaHO 4*"0? in agusous soluticn (New England Nuclear
o



Table 20, Diastom cccurrence list, Round, Star, and Goose Lakes,

Auvgust, 1965,

SPERCIES

Star

Sarf,
M
J%!

el

Relative ranking system:
r= rare
p= present
CE common

CHRYSOPHY TA (Bacillariophyceae)

Achnanthes clevel Grynow

A, lancepdata var, rostrata Hust

A, linearis W, Smith
A, minutissima Kiite
A, oestrupii Hust

peragallii Brun et Heriband
B8P,

Amphora pervusilla Grun

A, Bp.

Anomoeoneis exilis (Kite) Cleve

Asterionella formosa Hass
Caloneis latiuscula {(Kiitz) Cleve
. s

Ceratoneis {(Kate;

C. osp.

Coconeis themensis Maver
Fi =

Lo B

Cvelotella bodanica Evlenst
. steligera Cl, Grun

L. spp.

Cymbella afiinis Ktz

C, cistyla {Hemprich} Grun
C. herbridica (Gregory) Grun
C. microcephela Grun

C. naviculiformis Auerswald

. Eurgi{i&;};& Grun

. ventricosa Kiltz

VMR- 5

Diatoma ancens (Ehr. ) Grun
nnloneis ovalig {Hilse) Cleve

D. sp, :
Enithema sorex Kutz
FEunotia arsus Lhr

E. bidentula W. Smith

o] L)

et

#

e

i

g

[+

om0

8

&
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L
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Table 20 {Continued), DHatom occurrence list, Reound, Star, and Goose
Lakes, August, 1365,

Hound | Stay Gioose
SPECIES sisizldlsis 8332
il 2l ) w O
E. pectinalis var, minor {Kutz) Rab £y
E. prasrupta Ehr rp r T
E. serra var. diadema {Ehr.} Patr, r
. incisa {Kitz) Habh T
Fragilaria capuncina Desmazieres r o
F. constuens (Ehr) Grun D¢« fe o)
F. grotonensis Kition o
¥, opipnata Ehr R N P D o p o<
¥, virescens Falfs DD o o
F.ospn. o i
E?‘raﬁ‘%: 1liz rhomboides {Ehr) Detoni ¥ T
Var Sapncnica o r
F. vulparis Thwaites T
Gomphonema angustatum (Kitz) Rabh T
var producta Grun T
G. constrictum Ehr oDp T r
var capiata (Ehr) Cleve r r
. gracile Ebr k4 T
G. longiceps var. subclavata Grun T
G. olivaceum Lyng T
. parvalum Kitz r T r c
Ovrosigme attenatum {Eatz) Rabh roT
Hantzschia amphloxys {Ehr) Grun T
Melosirs distans (Ehr) Kits DT -
var, lirata {(Ehr} Bethge c «©
M, italica (Ehr) Kitz P oo B p c B
Meridion circulare Agardh ror T
Navicula anglica Ralfs
I, bacilliformis Grun o r T c
M. bacillum Ehy oor
N, cingta var Haufliexi Grun r
N. cryptocephala Kitz T B pIip T r je]
var, intermedia Grun D
HN. var. veneta (Katz) Grun T
E’% cuspidata datz Kitz T
M. exigua- like {Greg) &, Muller T
E\;, minima-tike Grun o) T
Tx new species T T
M. pupuls Kotz 2'r P ¥R

var. rectengularis (Greg) Grun DD P




Table 20 {Continusdl.

Lakes, August, 1965,

Diatom ocourrence list,

Round, Star, and Goose

Hound Star Gooae
SPECIES Eggigﬁzggg
I e s‘_?} o R IT s g Py
N. pesudosaitiformis Hast o T p or ix p
N, sp. r ¥ ri¥ ¥ v |r ¥ ¥
N, ventralis Krasske r o¢oor
N, verecunds Hust T
Meidium affine (Ehr} Cleve T
var. longiceps {Greg) Cleve T
N, dubium {Ehz) Cleve T
N. iridis {Ehr) Cleve r
var. armphigsomphus (Ehr} V., Heuvck r v r T
var. ampliata {Ehzr) T
fo, vernalis Reickelt T T
N. new speciesg T
Nitzschia amphibia Grun DT T
N. dissipata (Kitz) Grun T poror
N. epiphytica O. Mull P or T r
M, fonticuia Grun r ¥ r r T o
N, sp. T r ¥ T
Pinnularia borvealls Ehr I P roa
. Brevidostata Cleve ¥
P, fasciata Lagerstedt ¥ r r r lr
P. gibba Ehr. oD OpIT o]
var. mesogongvia {Ehrj Hust T
P. interupta W. Smnit o or v ¢ piPp PP
P, Karelica Cleve r
P. mesclepta (Ehr} W. Smith e
fo. angusta Cleve T
P. microstayron (Ehr} Cleve P B P P
var. brebissonii (Kiitz) D
P, new species r
. SpP. T r T
Bhopalodia r T
H. gibba {Ehr} O. ull D T
Stauroneis anceps Ehr P P oYip
var, gracilis {Ehr} Cleve P
fo. linearis{Ehy Cleve T
5. new species r T
5. parvels var. _prominuiz Grun z
&, vhoenocentron Ehr oy T r
T

. pygmaea Erieger



Table 20 {Continued).

Diatom coccurrence list,
Liakes, August,

96

Round, Star, and {soose

SPECIES Round Stari Goose
L
slsis 43532 2
] a3 D £ ("}5 [Eg] Yy 3
Suriella biseriata Brebisson by
5. gracilis {(W. Smith) Grun r
S, linearis W. Smith
var. helvetica {Brun} Meister T
5. ovata Kuiz T
S, robusta T
5, sp. r
Synedra affinis Kotz o
5. parasitice W, Smith P pir P p T

5. rumpens Kitz
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Table 21. Complete species occurrence list of Round, Star, and Gooss

Lakes, August, 1965.

e

Round LJ Star L Goose L.
CHLOROPHYTA
Acanthosphaera zachariasi Lemm. * A
Chlamydormonas sp. X
hiorella vulgaris Beijerinck X
Closteridium sp. A
Closteriopsis sp. X X
Coelastrum microporum Nag X
Cvlindrocapsa conferta W. West X
Dictosphaerium pulchellum Wood Pt X bt
Llakotothrix gelatinosa Wille X
Closocystis ampla Kuetz X X
G, gigas {(Kuetz} Lag. X X
Hirchueriella sp. b4
Mougelia sp. X X
Scenedemus bijuga {Turp. } Lag ¥
Scenedeamus spp. X X
Sphaerocystis schroeteri Chodat, A
shaeroplea annulina (Roth, } Agavdh pe
Spivogyra 8p. Z
Tothrix zonata {Weber and Mohr) Kuets, ®
Vancheria sp. X
Unknown Green X X x
CHLOROPHY TA{Desmidlaceas)
Closterium setaceumn Ehr, b4
Desmidium 5D. = X
Hyalotheca mucosa (Dillw. ) Ehr e
Staurastrum gemelliparum Nordst. X
Staurastrum spp. X X X
Unknown Desmids X
CYANOPHYTA
Anabaena sp. X X X
Aphanocapsa delicatissima West and West X
Chroocuccus pallidus Naeg, A
Coelosphaerium &p, A
Lyngbya sp. = X
Merismopedia glauca {Ehr. } Naeg X X
Microcystis aerugincsa Kueiz X X *
Oscillatoria sp. “
A

Unknown Bluegreens
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Table 21 {Continued). Complete species occurrence list of Round, Star,
and Goose Lakes, August, 1965,

Round L. Star L. |Guose L.

EUGLENOFHYTA

Euglena sp.
CHRYSLOPHTA {Chrysophvceae)
Dinchryon sertularia

CRUSTACEA
Cladocera
Daphnia rosea X
. pulex DeGeer
Holopedium gibberum Zaddach

olyphemus pediculus Linne X X
Copepoda
Cyclops sp. X
Inaptomuse shoshoni Forbes A
L. spp. X x
Hotatoria

Brachionus calycifiorus Pallus
Conochiloides sp.
Conchilus unicornus
Filinia opoliensis Zacharias
Gasgtropis stylifer

ellicotiia Tongispinus Kellicott
Keratella cochlearis Gosse

. guadrata Muller
Folyarthra valgaris Carlin
Unknown Hotifers

e

s

P D K
palra i

gl

MOLLUSKA
Pisidium spp.

4
4
b

ANNELIDA
Oligochasta
Higenliella tetraedra
Ehvacodrilus montana Brinkh
Unknown Lumbridulidae
Unknown Oligochastes
Hellobdella stagnalis L.

PP B R
U
bafieefiasie
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Table 21 {Continued). Complete species occurrence list of Round, Star,
and Coose Lakes, August, 1965,

Round LJ Star L. Goose L.

INSECTA
Diptera
Chironomidae [Tendipedidae}
Thironominae {Tendipedinac)
Chironomus (lendipes) riparius Melg,
Cryptochironomus {Chironomus) sp.
Frndochironomus (Lhironemus) négri{:ans Joh
Harnishiz {Harnischia) amachaerus Townes
Timnochironomus {Chironomusitenuicaudatus
Mall
Stictochironomus {Tanytarsus) sp. 1 Roback
Tanyiarsus atridorsum Joh
T, {Calopsectra) confusa Mall b
T- dissimilis Joh
. {Calopsectra) guerla Joh
{Mi cropsecira? logant Joh
{Calopsectra) mancus Walk
{Calopsectra) Sp. & Joh
{Stempellina} sp. A Joh
{
{

ke

el

bl

b

e
Eg

PS>

Calopsectra) sp. &6 Roback
Calopsectra) sp.

Orthocladiinae {Hydrobaerinae)
Corynoneura scutellata Winn :
Metriccnemus lundbecki Joh

sectrocladius (Spanictoma) simulans

Group P psilopterus Joh

Tanypodinae {Pelopiinas}
Procladius (Fsilotanypus) adumbratus Joh
P, (P} culiciformis Linn,
Fentaneura moniius Joh

Ceratopogonidae {Heleidae)
Alluaudomyia splendida Winn

i%ﬂﬂ%ﬂﬁﬂ
O

e

e A R T
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