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Abstract:
The principal objective of this study was to investigate the phytoplankton community in relation to its
physical, chemical and biotic environment in the West Thumb of Yellowstone Lake, Yellowstone
National Park, during the summer of 1972.

Mean seasonal incident solar radiation was attentuated to 1% at an average depth of 20 m.

Temperature and conductivity data were discussed in relation to surface and hypolimnetic water
currents. Thermal stratification lasted approximately forty days, with a maximum temperature of
16.9°C occurring on 25 August. The epilimnion was defined as that water mass above 15 m in depth.

Chemical analyses showed the water to be a sodium bicarbonate type, which is typical of water
draining a rhyolite watershed. Inorganic nitrogen species appeared to be limiting to phytoplankton
growth. Phosphorus concentrations were low, but phosphorus did not appear to be limiting to
phytoplankton.

Standing crops of phytoplankton flora consisted primarily of Chrysophyta, with Melosira distans,
Melosira italioa and Cyolotella glomerata dominating the phytoplankton biomass. Anabaena
flos-aquae, a species capable of nitrogen fixation, reached the largest standing crop at the height of
summer stratification. Mean euphotic zone phytoplankton standing crops ranged from 3,000 to 11,000
mm^3 m^-2. Chlorophyll a concentrations varied from 1.36 to 2.73 µg m^-3. Estimated phytoplankton
production in the euphotic zone ranged from 52 to 323 mg C m^-2 day^-1 Productivity was limited by
nitrogen during the stratification period and physical factors during the overturn periods.

The principal zooplankton fauna consisted of Conoohilus Unicornis, Diccgtorms shoshone and
Diagtomus minutus. Bimodal seasonal peaks were observed for both Diagtomus nauplii and
copepodites. One population peak was observed for Conochilus unicornis on 25 August.

Evidence was given that the West Thumb was low in phytoplankton and relatively rich in zooplankton. 
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ABSTRACT

The principal objective of this study was to investigate the phyto
plankton community in relation to its physical, chemical and biotic 
environment in the West Thumb of Yellowstone Lake, Yellowstone National 
Park, during the summer of 1972.

Mean seasonal incident solar radiation was attentuated to 1% at 
an average depth of 20 m.

Temperature and conductivity data were discussed in relation to 
surface and hypolimnetic water currents. Thermal stratification lasted 
approximately forty days, with a maximum temperature of 16.9°C occur
ring on 25 August. The epilimnion was defined as that water mass above 
15 m in depth.

Chemical analyses showed the water to be a sodium bicarbonate type, 
which is typical of water draining a rhyolite watershed. Inorganic 
nitrogen species appeared to be limiting to phytoplankton growth. 
Phosphorus concentrations were low, but phosphorus did not appear to 
be limiting to phytoplankton.

Standing crops of phytoplankton flora consisted primarily of 
Chrysophyta, with Melosira distans> Melosira italioa and Cyolotella 
glomerata dominating the phytoplankton biomass. Anabaena flos-aquaet 
a species capable of nitrogen fixation, reached the largest standing 
crop at the height of summer stratification. Mean euphotic zone phyto
plankton standing crops ranged from 3,000 to 11,000 mnr*m~ . Chloro
phyll a concentrations varied from 1.36 to 2.73 pg-nT^. Estimated 
phytoplankton production in the euphotic zone ranged from 52 to 323 
mg C*nf2.day“l. Productivity was limited by nitrogen during the 
stratification period and physical factors during the overturn periods.

The principal zooplankton fauna consisted of Conoohilus Unioomist 
Diaptomus shoshone and Diaptomus minutus. Bimodal seasonal peaks were 
observed for both Diaptomus nauplii and copepodites. One population 
peak was observed for Conoohilus unicornis on 25 August.

Evidence was given that the West Thumb was low in phytoplankton 
and relatively rich in zooplankton.



INTRODUCTION

Forbes (1893) was the first person to describe the common zooplank

ton, their relative abundance and the general characteristics of Yellow

stone Lake. Until 1954, only occasional temperature records and plankton 

samples were available. Benson (1961) presented limnological information 

on Yellowstone Lake with special relation to the cutthroat trout. The 

U.S. Environmental Protection Agency (1971) completed a baseline water : 

quality survey report on all major Yellowstone National Park waters. The 

sampling was limited to grab samples and no attempt was made to define 

limnological relationships in the lake.

The present one year study began in 1972 to define the existing and 

potential influence of the Grant Village sewage treatment facility on the 

West Thumb of Yellowstone Lake. In conjunction with the sewage effluent 

study (Garrett and Knight, 1974), a limnological investigation was carried 

out on the West Thumb. The purpose of this study was to determine phys

ical, chemical and biological relationships, with special consideration 

to phytoplankton and nutrient interactions and to provide more complete 
limnological data.

Hutchinson (1957) described Yellowstone Lake as being formed on a 

collapsed lava flow. The West Thumb area is considered to be an old 

geyser basin with present activity of hot springs and geysers on the 

west shoreline and below the water surface (Benson, 1961).

Yellowstone Lake is on the east slope of the Continental Divide at 

an altitude of 2,358 meters. The surface elevation water fluctuation
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varies from 1.5 to 1.8 meters annually. The water level is lowest from

January to March, rises rapidly due to snowmelt until late June or early

July and declines from July through December. Most of the precipitation

falls in late autumn and winter in the form of snow (Benson, 1961).

West Thumb has a bottom configuration which is approximately cone-

shaped, with the deepest area approximately in the middle. The mean

depth is 41 meters and the maximum is 95 meters. The total volume of

West Thumb is 1.911 x 10* m"* with a total surface area of 4.638 x IO^ m \
2West Thumb has a drainage area of approximately 200 km , which is covered 

primarily with lodgepole pine forests and alpine meadows.



METHODS

Biological, chemical and physical data were collected at five per

manent sampling stations from 7 July to 29 September 1972 and on 13 June 

1973. Sampling was done on a weekly basis when possible. Table I in 

the ’Results and Discussion' section show the respective sampling dates.

The five permanent sampling stations were chosen on the basis of the 

wind data of the West Thumb as described by Benson (1961). Station I 

was located approximately one kilometer north of the Grant Village sewage 

treatment plant. Station II was east of the west shore thermal area. 

Station III was located approximately 1.75 km south of Arnica Creek. The 

east-central area of the West Thumb was the location of Station IV. Sta

tion V was situated in the neck of the West Thumb, approximately 1.75 km 

northeast of Breeze Point. Figure I shows the sampling station locations 

Light

Total daily solar radiation incident upon the lake surface was 

measured by a Kipp and Zonen, model CM 3, pyroheliometer and an Esterline 

Angus, model 80-M,recorder. These instruments were installed at Grant 

Village, immediately adjacent to West Thumb. Daily radiation was con

verted to Langleyday ^ as described by the Klpp and Zonen instrument 
manual.

Percentage of light attenuation was obtained at one meter intervals 

with a Beckman EV-6 Envirometer. The selenium photocell is responsive 

to light in the visible spectrum. The mean extinction coefficient was 

determined by the method of Hutchinson (1957).
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Temperature and Conductivity

Vertical profiles of temperature and conductivity were taken in situ 
at all sampling stations with a Beckman KB3-3341 Solu Bridge, which has 

an internal conductivity correction to 25°C.

Water Chemistry

Surface water samples were collected for analysis at all sampling 

stations. In addition, samples were collected at Stations I and IV at 

five meter intervals to a depth of 30 m, and then at ten meter intervals 

to a maximum sampling depth of 70 m. Samples were collected with a 

3-liter polyvinyl chloride Van Dorn type water sampling bottle.

* Immediately upon collection of water samples, a 300 ml BOD bottle 

was filled and fixed for Winkler dissolved oxygen determinations as des

cribed in Standard Methods (APHA, 1971). One liter of water was filtered 

through a Gelman type A glass fiber filter and 300 ml of filtrate was 

saved in acid-washed glass reagent bottles for chemical analyses. The 

filter was immersed in 10 ml of 90% acetone in a darkened centrifuge 

tube for chlorophyll a determinations. A 250 ml glass reagent bottle was 

filled with unfiltered water for alkalinity and chloride determinations.

Concentrations of sodium and potassium were determined by flame 

emission and magnesium and calcium were determined by atomic absorption 

using a Beckman DU flame spectrophotometer and a Beckman atomic absorp

tion unit. Alkalinity and chloride were determined titrimetrically as 

described by the APHA (1971). Sulfate was determined turbidometrically
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as described by the APHA (1971). Field measurements of pH were made with 

an Corning model 6 expanded scale pH meter. Free carbon dioxide and 

total carbon were estimated by calculations involving pH, bicarbonate 

alkalinity and temperature, using the equations of Rainwater and Thatcher 

(1959).

Concentrations of nitrogen species and orthophosphate were deter

mined colorimetrically with a Bausch and Lomb Spectronic 20 spectropho

tometer using the following tests: NH^-N, phenolhypochlorite method of

Solorzano (1969); NO^-N, hydrazine reduction method of Mullin and Riley 

(in Barnes, 1957); NOg-N, Hach Chemical Co. reagents and procedures;

PO^-P, combined reagent method (Strickland and Parsons, 1972). 

Phytoplankton Standing Crop and Productivity

A surface sample at all stations and composite samples to a depth of 

20 m at Stations I and IV were taken for enumeration of phytoplankton 

standing crop. A 125 ml aliquot was preserved by the addition of acetic 

Lugol's solution. Later, in the laboratory, the phytoplankton were uni

formly resuspended and a 50 ml aliquot was concentrated according to the 

membrane filter technique described by APHA (1971). The organisms were 

counted until 100 individuals of the same taxa were enumerated. Cell Vol
umes were estimated by measuring the appropriate dimensions of a geometric 

volume approximating the shape of the organism. Results are expressed as 

cell volume per unit volume of water (mm^*m~^) for each taxon.

Phytoplankton organisms were identified to the species level wher
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ever possible. Preservation caused distortion of some organisms making 

identification impossible. In these cases, the organisms were identified 

to division, and separation was based on size. Prescott (1962) and Smith 

(1950) were used for identification of all the organisms except the Bacil- 

lariophyceae. The diatoms were identified by the use of FWPCA Bulletin 

(1966), Patrick and Reimer (1966) and Hustedt (1930).

Surface planktonic algal standing crop estimations were also made 
at all sampling stations by measuring chlorophyll a extracted in 90% ace

tone with a Beckman DU spectrophotometer. In addition, chlorophylla de

terminations were made at five meter intervals to a depth of 20 m at 
Stations I and IV to define distribution of phytoplankton in the euphotic 

zone. Measurements of chlorophyll a concentrations were made by the 

trichromatic calculations of Strickland and Parsons (1972).

Seasonal phytoplankton productivity was estimated by the method of 

Martin (1966), who modified the original method of Ryther and Yentsch 

(1957) by applying a temperature correction to the assimilation ratio. 

Zooplankton Standing Crop

Zooplankton samples were collected at Stations I, II, IV and V. 

Oblique tows from a depth of 20 m to the surface were made using a 

Clark-Bumpus plankton sampler with a number 20 net. Zooplankters were 

counted and identified in the laboratory using a circular counting cham

ber, Sedgwick-Rafter cell and a dissecting and compound microscope. 

Successive one to two milliliter aliquots were taken from each sample
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until 200-300 organisms had been counted.



RESULTS AND DISCUSSION

The total solar radiation recorded at West Thumb on the sampling 

days is given in Table I. The values ranged from 165 to 850 Langleyday \  

Generally, the input of solar energy reached a high in August with a gen

eral decrease through September. The pattern of total solar radiation 

received on Yellowstone Lake was heavily influenced by the erratic summer 

storms. Frequent early summer storms tended to reduce the total radiation 

in June and July; while in August and September, storms were less fre

quent, causing greater total solar energy input.

Hutchinson (1957) and Odum (1971) discussed the total solar energy . 

input received by a unit area of surface*day This value is primarily a 

function of time, latitude, altitude and cloud cover. Monthly mean daily 

input of solar radiation (Langley•day *) presented by Odum (1971), Hutch

inson (1957), U.S. Environmental Data Service (1968) are compared with 

data recorded at West Thumb in Table 2. Hutchinson's data would underesti

mate the light energy received at West Thumb since Hutchinson's data was 

from a European alpine lake at 47°N latitude, and hence would receive less 

energy than West Thumb, located at 45°N latitude. The figures from the U.S. 

Environmental Data Service would also underestimate Yellowstone radiation 

input since the altitude of Lander, Wyoming, is less than Yellowstone Lake. 

Odum's data is an average total energy input*day"for the northwest 

United States. Therefore, the mean monthly values of daily solar radiation 

given by Hutchinson (1957), Odum (1971), U.S. Environmental Data Service

Light .
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Table I. Total Solar Radiation at the West Thumb Surface and the Mean 
Extinction Coefficient of Total Light at Station I, 1972.

Date

Actual Surface 
Radiation_ 

(Langley.day

Mean Extinction 
Coefficient 

(m

Depth at 1% 
Surface Intensity 

(m)

14 June 73 — 0.29 16

7 July 72 - 0.20 23

12 July 72 - 0.24 19

20 July 72 165 0.21 22
26 July 72 600 0.28 16

3 Aug 72 770 0.20 23

9 Aug 72 850 0.22 21
25 Aug 72 770 0.20 23

7 Sept 72 680 0.21 22
24 Sept 72 480 0.24 19

mean 615 0.23 20



Table 2. Monthly Mean Daily Solar Radiation (Langley-day From Odum (1971), Hutchinson 
(1957), Environmental Data Service (1968) and Recorded at West Thumb (1972),

Northwest U.S. 
Month (Odum, 1971)

Europe
Lat.47°N, Alt.2000 m 
(Hutchinson, 1957)

Lander, Wyoming 
(Envir. Data Ser.,1968)

West Thumb
1972 Mean

January 150 167 226 - 181

February 225 278 324 - 275

March 350 422 452 - 408

April 475 575 548 - 533

May 550 684 587 - 607

June 600 729 678 - 669

July 650 700 651 382 596

August 550 614 586 . 795 636

September 450 484 472 580 497

October 275 332 354 - 320

November 175 206 239 " — 208

December 125 144 196 — 155
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(1968) and those actually recorded at West Thumb were used for an approx

imation of the mean monthly values of dally radiation input at West 

Thumb, Table 2.

Table I shows the mean extinction coefficient of total visible 

light on each sampling day. Verduin (1964) and Odum (1971) defined the 

euphotic zone as the depth of surface water at which photosynthesis just 

balances respiration. In general, the compensation level is assumed to 

be at the depth at which the surface incident light is attenuated to one 

percent. The maximum depth of the euphotic zone in West Thumb was 23 m; 

the minimum depth, 16 m and the mean depth, 20 m.
Temperature and Conductivity

Two aspects of heat and electrolyte distribution in the West Thumb 

covered in this section include; (I) temporal variation, which defines 

the summer stratification period, and (2) spatial distribution, which 
describes the current pattern in the West Thumb.

The temperature profiles of Station II (representative of maximum 

upwelling) and Station IV (the area of maximum thermocline depth) are 

shown in Figure 2. The period of thermal stratification lasted approxi

mately forty days, from about 20 July to 30 August. During this period, 

the maximum depth of the metallmnion was between 15-20 m at Station IV 

on 25 August. On this date, the metallmnion was at a depth of 10-12 m 

at Station II. The maximum surface temperature observed was 16.9°C on 

25 August. Temperatures in deeper water strata during stratification
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Figure 2. Temperature Profiles at Stations II and IV, West Thumb, 1972.
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remained near 6°C. The strong, prevailing westerly winds of this region 

were sufficient to break up stratification by 7 September and full cir

culation was occurring on 24 September with all water strata near 6°C. '

Weekly temperature and conductivity profiles at all stations showed 

an irregular pattern which was probably due to the movement of internal 

seiches (Hutchinson, 1957). To minimize the distortion of the data 

caused by seiche movements and to determine a general current pattern in 

West Thumb, average temperature and conductivity isoclines at all stations 

during summer stratification have been plotted in Figure 3. The plots 

represent line transects in east-west (Stations II, IV and V) and north- 

south (Stations I, IV and III) orientations. Analysis of these plots 

indicated a general current pattern in agreement with theoretical con

siderations of Hutchinson (1957) and that postulated for the West Thumb 

area by Benson (1961). Warm, less dense, surface water tended to pile 

up in the central and east sections of West Thumb, while cold, denser 

water from deep strata was pushed up along the north, west and southern 

shorelines. Circulation of deep strata appeared to be in a clockwise 

direction, with a west-to-east, wind driven, surface current moving a 

large volume of water out through the neck of West Thumb.

The downward inclination of isoclines from Station V to Station IV 

Indicates a movement of hypolimnetic water into West Thumb from the main 

body of the lake. This observation was also reported by Benson (1961).
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Water Chemistry

Rhyolite formations dominate the western Yellowstone Lake basin, 

hence, dissolved substances in West Thumb water are indicative of such 

drainages. The dominant dissolved ions typical of rhyolite areas were 

demonstrated in the studies of the Madison River drainage by Roeder (1965), 

Martin (1967) and Arneson (1969).

Rations jmd Anions_
Monovalent cations, particularly sodium and potassium, dominate rhy

olite rock with calcium and magnesium accounting for less than one per

cent of the cations. Concentrations of sodium, potassium, calcium and 

magnesium in both the epilimnion and hypolimnion of West Thumb are shown

in Table 3. Sodium was the dominant cation with seasonal mean concentra-
-1 -Itions of 0.43 meq*& and 0.44 meq.il in the epilimnion and hypolimnion, 

respectively. The seasonal ranges of sodium in the epilimnion were 0.38 

to 0.49 meq*Jl the hypolimnion ranges of sodium were 0.40 to 0.49 meq.
-IJl . Potassium concentrations were much less, with the epilimnetic range 

of 0.03 to 0.045 meq*Jl ^ with a seasonal mean of 0.040 meq*Jl \  Hypo- 

limnetic range of potassium was 0.03 to 0.05 meq*Jl \  with a mean of
-I0.04 meq*Jl

Ranges of calcium in both the epilimnion and hypolimnion were 0.02 

to 0.05 meq-Jl *, with seasonal means of 0.03 meq*Jl Magnesium con

centrations in the epilimnion ranged from 0.10 to 0.16 meq*Jl~\ with a 

seasonal mean of 0.13 meq*Jl \  Hypolimnetic concentrations of magnesium
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Table 3. Concentrations (meq•I ) of Sodium, Potassium, Calcium and 
Magnesium in the Epilimnion (0-15 m) and the Hypolimnion 
(20-50 m) of West Thumb, 1972.

Date
Sodium 

Epi Hypo
Potassium 
Epi Hypo

Calcium 
Epi Hypo

Magnesium 
Epi Hypo

14 June 0.42 0.44 0.04 0.045 0.03 0.04 0.15 0.17

7 July 0.43 0.42 0.04 0.04 0.04 0.03 0.12 0.12
12 July 0.49 0.49 0.04 0.05 0.02 0.02 0.145 0.15

20 July 0.45 0.46 0.045 0.05 0.05 0.05 0.16 0.16

26 July 0.44 0.45 0.03 0.03 0.05 0.05 0.15 0.14

3 Aug 0.38 0.42 0.03 0.03 0.02 0.02 0.11 0.11
9 Aug 0.38 0.40 0.03 0.03 0.02 0.02 0.11 0.11
25 Aug 0.41 0.44 0.04 0.04 0.02 0.02 0.01 0.12
7 Sept 0.42 0.43 0.04 0.04 0.02 0.02 0.11 0.12
24 Sept 0.45 0.45 0.04 0.04 0.02 0.02 0.11 0.13
mean 0.43 0.44 0.038 0.04 0.03 0.03 0.125 0.13
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-I -Iranged from 0.11 to 0.17 meq-i, , with a seasonal mean of 0.13 meq*2.

The principal anions in West Thumb were bicarbonate, chloride and 

sulfate (Benson, 1961). Concentrations of those anions are given in
-ITable 4. Total alkalinity ranged from 0.55 to 0.64 meq*I with a sea- 

sonal mean of 0.60 meq«& in the epilimnion. The hypolimnetic ranges 

of total alkalinity were slightly higher, 0.58 to 0.65 meq«i ^ with a 

mean of 0.62. Carbonate alkalinity was negligible at the pH values found 

in West Thumb.

Ranges and means of chloride and sulfate concentrations were very 

similar in both the epilimnion and hypolimnion. Ranges of chloride were 

0.12 to 0.20 with a mean of 0.16 meq-JL \  Sulfate ranges were 0.10 to 

0.23, with a seasonal mean being 0.18 meq.fc \

Concentrations of all cations and anions have not significantly 

changed since Benson's study (1961). Benson (1961), however, reported 

slightly higher values of calcium. This discrepancy is probably a re

sult of the technique of analysis, i.e. titration versus atomic absorp

tion. Also, seasonal and spatial ranges of concentrations seldom devi

ated from the limits of the precision of analysis.

Figure 4 shows the seasonal concentrations and relative abundance 

of the major cations and anions in both the epilimnion and hypolimnion. 

All ions, with the exception of bicarbonate, exhibited the same curves 

in both the epilimnion and hypolimnion. This indicates that the West 

Thumb biota has little, if any, effect on the concentrations of these
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Table 4. Concentration (meq*& ) of Bicarbonate, Sulfate,and Chloride 
in the Epilimnion (0-15 m) and the Hypolimnion (20-50 m) of 
West Thumb, 1972 •

Bicarbonate Sulfate Chloride
Date Epi Hypo Epi Hypo Epi Hypo

14 June 0.57 0.62 0.112 0.117 0.156 0.165

7 July 0.61 0.60 0.095 0.103 0.201 0.176

12 July 0.55 0.58 0.210 0.202 0.117 0.118

20 July | 0,64 J).63__ 0.244 0.233 0.174 0.179

26 July 0.62 0 • 61 - 0.199 ,0.215 0.168 . 0.161

3 Aug • 0.59 0.60 0.159 0.151 0.178 0.191

9 Aug 0.59 0.61 0.171 0.195 0.134 0.149

25 Aug 0.56 0.65 0.196 0.203 0.137 0.145
7 Sept : 0.64 0.65 0.208 0.190 0.146 0.153
24 Sept : 0.60 0.63 0.207 0.190 0.139 0.142

mean 0.60 0.62 0.180 0.180 0.155 0.158
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Epilimnion
0 .7  -I

0.6 -

0 . 5  -

0 . 4  -

0 . 3  "

0.2 -

< ____
0 .1-

Hypolimnion
0 .7 - 1

0.6 -

0 . 5 -

0 4 -

0 . 3 -

0 .2 -

Figure 4. Mean Daily Concentrations of the Major Cations and Anions in 
the Epilimnion and Hypolimnion of West Thumb, 1972.
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nutrients. However, the bicarbonate concentration increased slightly in 

the hypolimnion with a simultaneous decrease in the epilimnion. Bicar

bonate appears to be the only non-conservative ion in the West Thumb.

!Dissolved Gases and j>H_

Dissolved oxygen concentrations were near saturation throughout the 

entire sampling period. Table 5. Figure 5 shows the profiles of dissol

ved oxygen at Station I and IV throughout the summer stratification per

iod. The profiles are essentially of the orthograde type as described 

by Hutchinson (1957). There is little change in oxygen concentration 

with depth, which is characteristic of deep, oligotrophia, temperate 

lakes.
-IThe maximum concentration of 11.86 mg*£ dissolved oxygen was ob

served at Station I on 14 June. The minimum relative saturation value of 

85% (8.0 mg*Jt occurred on 17 August at 50 m. On 25 August, the date 

of maximum stratification, the relative saturation at 50 m was 90%. At 

no time were oxygen deficits critical to the lake biota as described for 

cold water systems (FWPCA, 1968).

Table 5 presents the mean daily concentrations of dissolved oxygen 

in the epilimnion and hypolimnion. Figure 6A is a plot of the mean oxy
gen concentrations in both layers of water. Oxygen concentrations de

creased in both the epilimnion and hypolimnion throughout the summer 

period. However, relative saturation values in the epilimnion were at 

or above the 100% saturation level at all dates except 7 September and
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Table 5. Mean Dissolved Oxygen Concentration and Percent Saturation
Values in the Epilimnion and Hypolimnion, West Thumb, 1972.

Concentration
(mg«&~l) Percent Saturation

Date Epi Hypo Epi Hypo

14 June 10.78 9.13 118 99

12 July 9.46 - 108 -

20 July 9.31 9.18 H O 101
26 July 8.96 9.02 106 97

3 Aug 8.73 8.59 108 92

9 Aug 8.43 8.56 108 93

17 Aug 8.27 8.45 107 92

25 Aug 8.19 8.49 106 92

7 Sept 8.19 8.43 98 91
24 Sept 8.59 8.26 96 91
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24 September. This decrease was probably due to the decomposition, of the 

Anabaena floa-aquae bloom. In the hypolimnion, oxygen concentration as 

well as the percentage of saturation gradually decreased throughout the 

sampling period.
Free carbon dioxide and pH values for the epilimnion and hypolimnion 

are shown in Table 6. The pH values ranged from 6.60 to 7.29, but values 

were consistently lower in the hypolimnion.

Figure 6A and Figure 6B show seasonal changes of oxygen and carbon 
dioxide concentrations respectively, in the epilimnion and hypolimnion. 

Photosynthesis in the epilimnion and respiration in the hypolimnion in

fluenced the dissolved gas concentrations. Photosynthetic activity in 

the epilimnion reduced CO^ concentrations while oxygen concentrations 

remained over 100% saturation. Since only respiration occurred in the 

hypolimnion, free carbon dioxide was released and oxygen consumed.

Nutrients^
Mean daily combined nitrogen and phosphorus data for the epilimnion

and hypolimnion are given in Table 7. Mean orthophosphate-phosphorus
—1 -Iconcentrations ranged from 9 yg*A to 28 pg«& . Average nitrate-nitro

gen values ranged from undetectable amounts to 38 yg*A \  Ammonia-nitro-
-1gen concentrations were between one and 22 yg*A . Nitrite-nitrogen 

was undetectable throughout the sampling period.

Hutchinson (1957), Odum (1971), Sverdrup, et at. (1942), Russell- 

Hunter (1970) and other authors discussed the role and recycling of
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Table 6. Mean Daily Concentrations of Free Carbon Dioxide and pH Values
in the Epilinmion and Hypolinmion, West Thumb, 1972.

Free CO. Concentrations
(mg-S.-1) pH

Date Epi Hypo Epi Hypo

14 June 6.3 9.8 7.12 6.96

12 July 8.4 11.7 6.95 6.85 .
20 July 11.8 15.5 - 6.85 6.75

26 July 6.8 13.9 7.06 6.80

3 Aug 7.5 18.0 6.99 6.85

9 Aug - - - -

25 Aug 5.8 21.0 7.07 6.67

7 Sept 11.0 16.2 6.88 6.76
24 Sept 7.5 10.4 7.05 6.93
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7 -

lTune1 1 'J u ly ' l A ugl * 'sept' '

hypolimnion /

•  pilimnion

Figure 6A. Mean Daily Concentrations of Dissolved Oxygen in the Epilim- 
nion and Hypolimnion.

Figure 6B. Mean Daily Concentrations of Free Carbon Dioxide in the Epi- 
limnion and Hypolimnion.
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Table 7. Mean Daily Nutrient Concentrations (yg*i *) in the Epilimnion
and Hypolimnion, West Thumb, 1972.

Date pVEpi H
-P
Hypo

NO- 
Epi J

-N
Hypo

NH.- 
Epi *

-N
Hypo

14 June 16 21 0 12 2 6
12 July 12 21 2 6 I 14

20 July 9 16 2 11 2 13

26 July 21 22 I 14 4 14

3 Aug 12 20 0 19 13 19

9 Aug 15 23 I 26 13 15

17 Aug 13 14 I 25 15 16

25 Aug 28 28 I 28 8 22
7 Sept 14 26 6 38 5 6
24 Sept 16 22 22 35 3 3
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plant nutrients in lakes. During stratification, biological productivity 

removes inorganic nutrients from the epilimnion. Nutrients incorporated 

into organic material passes through the thermocline into the hypolim- 

nidn by sinking cells. In the deep strata, inorganic nutrients are re

leased through bacterial decomposition. Hutchinson (1957) described the 

turbulent diffusion of nutrients along a concentration gradient back in

to the epilimnion. West Thumb also illustrated this process, as describ

ed below.

Orthophosphate-phosphorus concentrations increased irregularly in 

the hypolimnion, but did not decrease in the epilimnion throughout the 

summer stratification period, Figure 7A. Since phosphorus comprises 

approximately one percent of the total mass of protoplasm (Strickland, 

1960) and the West Thumb was typically non-productive, only slight in

creases of phosphorus were observed in the hypolimnion throughout the 

summer stratification period.

Nitrate-nitrogen concentrations rapidly approached undetectable 

limits in the epilimnion subsequent to vernal circulation. Concentra

tions remained undetectable until after the height of summer stratifica

tion. Hypolimnetic concentrations of nitrate-nitrogen increased, but the 

concentration differences between nitrate at the start of stratification 

and the height of stratification were much more pronounced than for 
phosphorus.

Ammonia-nitrogen also increased in the hypolimnion due to bacterial
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Figure 7. Mean Daily Concentrations (pg* Jt"1) of PO^-P, NCL-N, NH3-N and Total Combined Inorganic 
Nitrogen in the Epilimnion and Hypolimnion, West Thumb, 1972.
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decomposition of settled material removed from the epilimnion. Ammonium 

ion is the first form of inorganic nitrogen produced from the breakdown 

of proteins. However, some ammonia was undoubtedly converted to nitrate 

by nitrification. Ammonia-nitrogen concentrations were low in the epi

limnion until 26 July. From 26 July to 25 August ammonia-nitrogen 

(Figure 7D) accumulated in the epilimnion. At the time of ammonia- 

nitrogen increase, Anabaena flos-aquae was also increasing. Anabaena 
flos-aquae is a known nitrogen fixer, converting gaseous nitrogen to in

organic, ionic nitrogen (Joint Industry/Government Task Force on Eutroph

ication, 1969).

Combined inorganic nitrogen concentrations ranged from undetectable 

amounts to 2.14 ymoles in the epilimnion, and 0.36 to 5.0 pmoles in the 

hypollmnlon. Orthophosphorus concentrations ranged from 0.19 to 1.48 

in the epilimnion as compared to 0.35 to 1.06 pmoles in the hypolimnion. 

Combined inorganic nitrogen to phosphorus ratios in the epilimnion 

ranged between zero atoms of nitrogen to one of phosphorus and 6.17 

nitrogen atoms to one phosphorus atom, with a mean of 1.7 to one. 

Hypolimnetic ratios varied from a low of 0.59 atoms of nitrogen to one 

phosphorus to 5.56 nitrogen to one phosphorus atom with a mean ratio of 

3.4 to one.

Sawyer (1966) presented nitrogen to phosphorus ratios between 

about six to one and about 25 and one, with an average ratio of fifteen 

to one. Russell-Hunter (1970) cited an average ratio of 23 nitrogen
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atoms to one phosphorus atom. Stunm and Morgan (1970) stated a ratio 

of sixteen N to one P in algal protoplasm. Edmondson (1969) showed the 

ratios of N:P in Lake Washington ranged from 50:1 to 10:1. The change 

in these ratios were related to the eutrophication of the lake, with 

phosphorus limiting the primary production. The mean epilimnetic ratio 

of N:P in the West Thumb of approximately two to one P clearly demon

strates the over abundance of phosphorus as compared to nitrogen. The 

mean hypolimnetic nitrogen to phosphorus ratio of 3.4 to one again 

demonstrates the limiting nature of nitrogen. Nitrogen was, however, 

being accumulated in the hypolimnion.

A regression analysis was made between combined inorganic nitrogen 

and nitrogen to phosphorus ratios for both the epilimnion and hypolimnion 

according to Snedecor and Cochran (1967). The results are presented in 

Figure 8. Nitrogen accounted for 76% of the variance in the nitrogen 

to phosphorus ratios in the epilimnion and 71% of the variance in the 

N:P ratios in the hypolimnion. Phosphorus concentrations remained near

ly constant in both the epilimnion and hypolimnion eventhough the nitro

gen to phosphorus ratios varied six-fold.

Roeder (1965), Wright and Mills (1967) and Martin (1967) have shown 
higher concentrations of phosphorus than nitrogen in the Madison River. 

Since these studies were also of a drainage originating from rhyolite 

deposits, it is expected that the West Thumb should also show a nitrogen 
deficiency.
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Epilimnion

jimoli P
* 2.IS N + 0.05 

r * 0.87

pmoli N jimoli P

Hypolimnion

jimoli N

= 0.96 N + I 19 
r = 0.84

Figure 8. Nitrogen to Phosphorus Ratios Plotted Against Nitrogen and
Phosphorus Concentrations in the Epilimnion and Hypolimnion, 
West Thumb, 1972.
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Hutchinson (1957) listed three major sources of nitrogen inputs to 

surface waters; (I) influents, draining primarily sedimentary deposits,

(2) precipitation and (3) fixation in the lake and its sediments. Since 

West Thumb does not receive surface water from a sedimentary rock drain

age, nitrogen inputs by this source could be considered negligible. Pre

cipitation input of combined nitrogen would also be negligible consider

ing the small concentration of combined nitrogen of rainfall of 0.7 mg«i ^ 
(Hutchinson, 1957). With the substantial increase of ammonia-nitrogen 

in the epilimnion at the time of the Anabaena flos-aquae pulse, it is 

concluded that the major contribution of nitrogen to the West Thumb is 

through gaseous nitrogen fixation.
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Phytoplankton Standing Crop

The phytoplankton taxa and respective average cell volumes are 

listed in Table 8. As can be noted from Table 8, most species of the 
phytoplankton community were rare, with a few dominating the standing 

crop. This is undoubtedly not a complete list since the occurrence of 

rare species is a function of the enumeration technique and of sample 

size (Hurlbert, 1971).

Table 9 gives the average euphotic zone cell volumes for the most 

important taxa. The total cell volume reported for each sampling day 

includes all taxa encountered for each day.

Cyanophyta was represented by only two genera, Aulosiva Iaxa

Kitchner and Anabaena flos-aquae Debrebisson. Of all taxa, Anabaena
3 —3flos-aquae had the highest average recorded cell volume of 360 mnr »m 

on 25 August. Chrysophyta was the most diverse division being repre

sented by 22 genera and 68 species. Except for the Anabaena flos-aquae 
pulse, the Chrysophyta dominated the phytoplankton. Cyolotella Qlomeratas 
Melosira distans and Melosira italioa accounted for 95% of the observed 

cell volume. The Chlorophyta, represented by six genera and six species, 

did not contribute greatly to the total cell volume. However, Ankistro- 
desmus faloatus (West) was present in every sample, but due to the 

extremely small cell size, the contribution to the total phytoplankton 

cell volume was negligible.
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Table 8. List of the Phytoplankton Taxa in the Euphotic Zone, West Thumb, 

1972.

Taxa

Mean
Cell Volume

(pm3)
Division Chlorophyta

Class Chlorophyceae
Order Tetrasporales

Family Palmellaceae
Gleoaystis gigas (Kuetz) Lagerhgim 
Sphaerooystis Sohroeteri Chodat 

Order Ulotricales
Family Protococcaceae ^

Protoooaaus sp. Agardh ..........
Order Chlorococcales

Family Oocystaceae *
Planktosphaeria gelatinosa Smith . 
Ankistrodesmus faloatus (West) . . 

Family Scenedesmaceae ^
Tetrastrum punataturn (Schmidle)

Unidentified
microplankton .............................
microplankton* ..........  ................

Division Chrysophyta
Class Xanthophyceae

Botryooooous Braunu (Kutzing)1 . . 
Class Bacillariophyceae^

Order Centrales
Family Coscinodiscaceae

Cyolotella botanioa* ............
C. oomta .........................
C. glomerata .  ̂ ................
C. Meneghiniana ................
C. miohiganiana ................
C. ooellata* ....................

200
125

30

5
6
75

50
12

65,000

4,300
610
45

380
390
400

I There is disagreement as to the classification of Botryoooooust for 
discussion, see Smith (1950) and Prescott (1962).

 ̂Patrick and Reimer (1966) consider the Bacillariophyta as a division, 
with a class Bacillariophyceae, the orders not being the Centrales and 
Pennales, but rather what Smith (1950) defines as suborders.
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Table 8. (con’t.)

Taxa

Mean
Cell Volume 

(ym3)

Melosira distans ..........  ........
M. italica . . . . . ^ . . . . . . .
Stephanodisous astrea ........ .. . .
S. dubius. . . . . . . .  ............
S. Hantzsohii*. ......................
S. niagarae. . .......................

Order Pennales
Suborder Fragllarlneae 

Family Diatomaceae
Diatoma hiemale (Roth) ..............
D. vulgare (Bory)....................

Family Fragilariaceae
Asterionella formosa*................
Fragilaria brevistriata (Pant.) Hust .
F. oonstruens.(Ehr) Grun ............
F. orotenesis Kitton ................
F. pirmata (Ehr)*. . . ..............
F. vauoherae (Kutz.)^Peters* . .. .
Eannea arcus (Patr.) ...............  <
Synedra oyolopum grutschy* .........  ,
S. inoisa (Boyeg) .................  ,
S. nonpens YMtz*^........ ..
S. soda Wallace.................. .
S. ulna (Nitz.) Ehr................

Family Achnanthaceae *
Achnanthes hauokiana Grun ........
A. Ianoolata (Breb) Grun ..........
A. minutissima Kutz* . ^ ..........
Cooooneis dimunu^a Pant ..........
C. pediaulus Ehr ..................
C. plaoentula Ehr..................
Rhoioosphenia curvata (Kutz.) Grun . 

Suborder Naviculineae 
Family Naviculaceae

Diploneis elliptioa (Kutz.) Cl. . .
Naoioula aurora Sov................
N. baoillum Yfoxk ..................
N. oanalis Patrick*................
N. cryptooephala * ................
N. exigua (Greg.) Grun*. . . . . . .

740
420
650

1,525
1,000
15,500

1,100
3,400

190
200
320
950
120
100
900
875
300
200
100

1,025

120
200
25
120

2,750
680
600

1,300
7,000
1,900

175
290
575
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Table 8. (con’t.)

Taxa

Mean
Cell Volume 

(yim3)

N. puputa Kutz* ................
N. rhyohocephala gutz ..........
N. Simula Patrick . . . . . . . .
N. trivunaata (O.F. Mull.) Bory* .

sp. . . ..................... .
Pinnularia miorostauron (Ehr) Cl .
P- sp.*............. ............
Stauroneis anoeps Ehr*..........

Family Gomphonemataceae
Gomphonema abbreviation........
G. constriction ...................
G. intricatum *..................
G. parvulum........ ...........
G. olivaceum....................

Family Cymbellaceae ^
Cyrrbella leptoceros............
C. turgida......................
C. ventricosa *................ .
Epithemia turgid̂ * ............  ,
Rhopalodia gibba ..............  ,

Suborder Surirellineae 
Family Nitzschiaceae

Nitschia amphibia ............
N. elliptica*..................
N. flexa .......................
N. fCnticolqt ..................
N. linearis..................
N. palea . . ...................
N. sublinearis ................
N. vermieularis*..............

Family Surirellaceae
Surirella ovata ..............

1,750
1,725

725
1,500

300
2,000
21,100
5,425

125
1,900

950
275
375

1,270
960
65

2,200
10,400

100
325

2,725
10

4,050
100
800

4,325
2,700

Division Cyanophyta
Class Myxophyceae

Order Ossillatoriales 
Suborder Nostochineaej

3 Mean cell volume was based on a trichome length of 100 pm.
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Table 8. (con’t.)

Taxa

Mean
Cell Volume 

(vim3)

Family Nostocaceae
AuZosira Iaxa Kltchner ..................... 700
Anabaena flos-aquae (Lyngb.) Debreblsson . . 700

Division Uncertain
Class Crypotophyceae

Order Cryptomonadales
Family Cryptochrysidaceae

Rhodomonas laoustris Pascher, Ruttner . . .  95
Family Cryptomonadaceae

Cryptomonas erosa Ehrenberg*..............  750

* Taxa were encountered in only a few samples.
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West Thumb, 1972.
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The seasonal cell volume abundance of the major phytoplankton

taxa Is shown In Figure 9. Anabaena flos-aquae was not present

until mid-July, then the population remained small until 25 August,
3 -3when the cell volume of this species reached 360 mm *m . Hutch

inson (1967) and Ryther (1956) have pointed out that the Cyanophyta 
as a whole are thermophilic. The Anabaena flos-aquae peak occurred 

simultaneously with the highest recorded temperature, which corre

sponds to their conclusions. Anabaena flos-aquae fixes molecular 

nitrogen (Joint Industry/Government Task Force on Eutrophication, 

1969), and the increase in this species occurred when ep!limnetic 

inorganic nitrogen was low. Cyolotella glomerata and Melosiva 
italica populations decreased as the summer progressed. Both species 

reached the lowest level when Anabaena flos-aquae was high. The 

Melosiva distans population increased throughout the summer until 

Anabaena flos-aquae peaked. When the Anabaena flos-aquae population 

died, Melosiva distans again increased. The microplankton, consid

ered to be a composite of Ankistvodesmus faloatus3 tGleooystis Qigasi 
unidentified Chlorophyta and Rhodomonas Iacustvist increased in late 

July and early August. During this time a gradual decline in the 

total cell volume occurred.

Benson (1961) reported Astevionellat Melosiva and Stephanodisous 
as the dominant taxa. The U .S.Environmental Protection Agency (1971) 

reported Melosivat Gomphonema and Astevionella as dominant. However,
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Anoboeno flos-oouge •— •— •  
Cvclotella qlomerata o o o 
Meloslro distons 0— °— °

MeIosiro itolico -----------
Microplankton -----------

Cell
Volume

(mm^-rn3)

360

350

Figure 9. Seasonal Distribution of the Major Phytoplankton Taxa, 
West Thumb, 1972.
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Table 8 Indicates that AaterionelZa was rare, even in June, when Benson 
(1961) reported a dense pulse. Melosira was common in late summer (Fig

ure 9), which agrees with findings of Benson (1961) and the U.S. Environ

mental Protection Agency (1971). Stephanodiaaua nor Gomphonema was dom

inant, although both taxa were common in the samples (Table 8). The dis

crepancies could have resulted from sampling and enumeration techniques. 

Benson (1961) used net plankton and the U.S. Environmental Protection 

Agency used a Sedgwick- Rafter counting cell, both of which discriminate 
against the smaller forms. The annual August pulse of Anabaena floa-aquae 
appears to be of natural origin, since Benson (1961) and the U.S. Environ

mental Protection Agency (1971) both found similar results.

Figure 10 describes the seasonal change of both chlorophyll a and 

total cell volume through an average column of water in the euphotic 

zone. Generally, both indices of phytoplankton standing crop showed a 

decrease in the standing crop from early June to late August. This 

decrease was probably due to the deficient nitrogen resources in the 

epilimnion (Figure 7B). The large peak in late August was almost en

tirely due to Anabaena floa-aquae» As surface temperatures decreased, 

thermal stratification weakened resulting in the release of nitrients 

from the hypoIimnion to the surface water. With these physical and 

chemical changes, the Anabaena floa-aquae population decreased, and 

concurrently there was an indication the standing crop of Melosira 
diatana, Cyalotella glomerata and Meloaira italioa began to increase.
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Figure 10. Seasonal Variation of Total Cell Volume and Chlorophyll a in the Euphotic Zone 
West Thumb, 1972. .
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The relationship between average euphotic zone chlorophyll a con

centration and average phytoplankton cell volume is postulated to be a 

linear relationship by Martin (1967), Soltero (1971) and Rada (1974). 

Wright (1960) and McQuate (1956), however, postulated a density depen

dent relationship between optimal photosynthesis and cell volume. Ryther 

(1956) and Ryther and Yentsch (1957) proposed a model of predicting 

photosynthetic activity based on a relationship that optimal photosyn

thesis is a function of chlorophyll a concentration. Hence, it seems 

reasonable that a density dependent relationship between chlorophyll a 
concentration and cell volume exists.

Linear and logarithmic regression analyses were made between mean 

chlorophyll a concentrations and mean cell volume concentrations 

found in the West Thumb. Both series of regressions were made with and 

without the chlorophyll a and cell volume concentrations observed during 

the Anabaena pulse. The results of the analyses are presented in Table 

10. Both the linear and logarithmic regressions without the concentra

tions observed during the Anabaena pulse were not significant. The semi

log plot of mean cell volume versus average chlorophyll a concentrations 

was more significant (r ■ 0.82, p < 0.01) as compared to a direct pro
portion between the two variables( r - 0.74, p < 0.05).

The semi-log relationship suggests that the measured chlorophyll a 
concentration to cell volume ratio decreased as cell volume increased.

A further test of these relationships is presented in Table 11. Data
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Table 10. Regression Analyses of Chlorophyll a to Cell Volume, West 

Thumb, 1972.

LINEAR LOGARITHMIC

All Points

All Points 
Without Andbaena 

Population All Points

All Points 
Without Andbaena 

Population

Correlation
Coefficient 0.74* 0.58 0.82** 0.62

Slope 215 78 0.019 0.010
y-intercept -4078 682 715 1486

* significant to the 5% level 
significant to the 1% level

Table 11. Regression Analyses of Mean Chlorophyll a to Cell Volume 
Ratios to Mean Cell Volume in Five Southern Montana Lakes.

LINEAR LOGARITHMIC

Correlation *Coefficient 0.87 0.97**
Slope 0.001 -5.72

y-Intercept 8.5 23.2

significant to the 5% level 
significant to the 1% level
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was collected from Wright (1959), Martin (1967), Soltero (1971), Rada 

(1974) and the West Thumb. These studies were of drainages from the same 

general location of southern Montana. Mean values of chlorophyll a 
concentrations and mean annual cell volume values from each study were 

used for the regressions.

As was observed for the West Thumb data, a direct proportion of 

chlorophyll a to cell volume ratios and cell volume was found to be less 

significant ( r - 0.87, p < 0.05) than the logarithmic relationship 

(r - 0.97, p < 0.01). These regressions tend to indicate that a density 

dependent relationship between chlorophyll a and cell volume is very pos

sible .

Wright (1960) found a relationship of decreasing chlorophyll a con

centration to cell volume ratios with Increases in phytoplankton standing 

crop expressed as cell volume. This relationship was also paralleled by 

the ratio of optimal gross photosynthesis to cell volume. Thus, as 

Wright (1960) stated, ' one cannot assume the rate of optimal photosyn

thesis per unit standing crop is constant; instead it is density depen

dent. ' Since photosynthetic rates are proportional to chlorophyll a 
concentrations at low densities, and chlorophyll a per unit of cell volume 

decreases as standing crop increases, chlorophyll a synthesis appears 

to be limited by a density dependent function. Wright (1960) suggested 

that chlorophyll synthesis becomes limited by a nutrient factor, such as 

nitrogen, as the standing crop increases. As was previously discussed,
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nitrogen was probably the most limiting nutrient in the West Thumb, as 

is generally the situation for waters in the southern Montana drainages.

However, the log cell volume versus chlorophyll a concentration 

relationship could be a real phenomenon or an artifact of experimental 

technique (Pickett, personal communication). At low absorbance values, 

light scattering in the spectophotometer becomes an increasing problem 

which yields higher values of absorbance than would be expected. At the 

other end of the scale, i.e. high cell volumes, incomplete chlorophyll 

extraction from the cells could present a problem of yielding lower 

chlorophyll a to cell volume ratios. Both technique problems would tend 

to skew the curve into a logarithmic function.

Phytoplankton Production

Accurate estimations of daily photosynthetic activity of phyto

plankton are extremely difficult without direct measurements. Light and 

dark bottle experiments on West Thumb water were too insensitive to mea

sure primary productivity. However, estimations of primary productivity 

are possible by averaging daily trends over longer periods of time.

Ryther and Yentsch (1957) developed a method of predicting daily 

primary production based on photosynthetic responses to incident light 

and measured chlorophyll concentrations. However, they assumed a con

stant assimilation ratio (mg C-mg chlorophyll a **hour )̂ of 3.7. Curl 

and Small (1965) obtained a better predictive value of production by 

applying an average assimilation ratio obtained locally. Wright (1959)
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replaced the constants in the original Ryther and Yentsch equation by 

variables endemic of the local situation. The Curl and Small equation 

and Wright's equation could not be applied to the West Thumb since the 

necessary variables were not measured. Small, Curl and Glooschenko (1972) 

again modified the equation by accounting for changes in chlorophyll 

content in the water column with time of day and the change in the assim

ilation ratio with time of day. These correction factors are not known 

for the West Thumb. Furthermore, these corrections seem unjustified in. 

the West Thumb since seasonal variations of chlorophyll content per unit 

water column are small, with much fewer variations in chlorophyll with 

time of day.

Martin (1967) found that the assimilation ratio was an exponential 

function of temperature. Similar results were expressed by Szumiec (1971) 

To determine productivity in the West Thumb using Martin's equation, 

extrapolation of data points is necessary to obtain desired assimilation 

ratios which apply to the West Thumb. The drawback of applying Martin's 

relationship to West Thumb is the question of whether the same function 

holds at colder water temperatures. However, Rodhe (1948) and Lund (1965) 

discussed the very complex situation of the importance, interdependence 

and the difficulty in the separation of light from temperature on photo- 

synthetic rates. Also, Sorokin (1960), Bindloss, et al. (1970), Szumiec 

(1971) and Schindler and Holmgren (1971) found that temperature was 

highly correlated with growth and photosynthetic rates. Therefore,
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Martin's (1967) equation to calculate production values and extrapolated 

assimilation ratios were used to predict phytoplankton productivity values 

in the West Thumb, since, (I) temperature effects on photosynthetic and 

growth rates are. known to be significant and (2) Hebgen Lake watershed is 

of similar origin to that of the West Thumb (Water Chemistry section). 

Table 12 gives the values of photosynthetic rates per day and the values 

used in the equation:

p = ! x C x a t *
— 2 - 1where P is equal to the photosynthetic rate (mg C*m -day ), R is equal

-I ^ -I'to the relative photosynthesis (P^ ePjnax̂ hrs day light, day -Vm, from Fig

ure 6, Ryther, 1956), k is equal to the extinction coefficient of light,
C is equal to the chlorophyll a concentration (mg Chl a*m ) and Â , is 

equal to the assimilation ratio (mg C*mg Chl a **hr~*, extrapolated from 

Figure 13, Martin, 1967).
S' ■ r ^

Average cell carbon concentration per m , estimated by Strathmann’s 
(1967) equation:

log(Cell Carbon) - 0.866 log(Cell Volume) - 0.460 ,
2and average daily production rates per m of the euphotic zone through-t;,. . ■ . ' - •

out the sampling season are shown in Figure 11. Primary productivity 

values were low in June, 89 mg C.nf^.day""1, but increased slightly until 
20 July. At that time, which coincides with the beginning of thermal 
stratification, the average daily production rate increased to approxi
mately 200 mg C-m day \  Estimated production remained about 
constant until 17 Augusti at which time the production rate



Table 12. Values Used to Calculate Productivity Rates and the Amount of Carbon
Assimilated per Water Column in the Euphotic Zone for Each Sampling Day, 1972.

Date

Relative * 
Photosynthesis 

k

Chlorophyll a 
Concentration 
(mg Chl a em~3)

Assimilation
Ratio. .

(mg C*mg Chl 'hr 1)
Production 

(mg C-m-2.day '

14 June 92.2 2.41 0.40 89

12 July 104.8 2.15 0.44 99

20 July 119.8 1.90 0.56 127

26 July 89.8 2.10 0.56 106

3 Aug 130.0 2.06 0.74 198

9 Aug 118.2 1.96 0.91 211
17 Aug 123.8 1.45 1.00 180

25 Aug 130.0 2.73 0.91 323

7 Sept 108.3 1.50 0.58 ' 94

24 Sept 94.8 1.36 0.40 52

-I -IP-eP ehrs daylighteday »m I max



Stonding Crop 
(gC - m"2)

Figure 11. Estimated Seasonal Variation of Mean Daily Phytoplankton Productivity Rates and 
Standing Crops, West Thumb, 1972. '
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mm*} mm Ireached the seasonal maximum of 323 mg C*m" •day-'1' on 25 August.

This peak coincided with the Andbaena flos-aquae August pulse. From
_225 August to 7 September, the production rate decreased to 94 mg O m  

day"^ and continued to decrease to the minimum seasonal value of 52 mg 

C*m" 'day on 24 September. This period of production decline coincided 

with the decrease in Andbaena floe-aquae and the breakdown of thermal 

stratification. Estimated cell carbon values showed the same seasonal 

trends as the calculated daily production rates. A cell carbon value of 

of 476 mg C'm was observed in June and the standing crop fluctuated

around this value until 25 August when the seasonal maximum value of
—2 —2 1096 mg C*m was observed. The standing crop decreased to 314 mg C»m

I
on 7 September. A slight increase in the phytoplankton biomass was ob

served on 24 September. Jassby and Goldman (1974) found very similar 

relationships, as well as similar production and biomass values in 

Castle Lake, a mountain lake in northern California.

Attempts to analyze the causes of seasonal phytoplankton produc

tivity and biomass fluctuations have centered on physical, chemical and 

biological influences. Physical factors, particularily light and temper

ature regimes, tend to set the limits of photosynthetic rates; sinking, 

vertical transport and horizontal'transport tend to influence the bio

mass within a volume of water. Chemical influences, most notably nitro

gen and phosphorus, may limit productivity within the limits set by 

light and temperature. Biological activity of the phytoplankton them-



selves can Influence productivity, such as the physiological condition 

of the cells (Strickland, 1960) and density dependent factors (Wright, 

1960). Biological influences on phytoplankton productivity and standing 

crop are also expressed by grazing of zooplankton and - algal disease or 

parasitism. :

The knowledge of either standing crop or the primary productivity 

of a phytoplankton population gives little information as to the inher

ent 'production intensity' or 'vitality' of the population (Strickland, 

1960). Verduin (1956) demonstrated that large standing crops may be 

producing little organic matter and,'conversely, small standing crops 

may be producing large amounts of organic matter. Strickland (1960), 

therefore, recommends both the standing crop and production data to de

cide on the fertility of a water mass.

The most widely used relationships of productivity to biomass has 

involved three measures: (I) cell volume and/or cell carbon, (2) seeton 

and (3) chlorophyll ( Verduin, 1956 and Wright, 1959). The last of 

these measures, productivity per chlorophyll, is used as the assimilation 

ratio in calculations using chlorophyll to estimate productivity. The 

relationship of photosynthesis to seston appears not to be a valid 

criterion for phytoplankton assimilations since detritus to seston ratios 

can vary tremendously, 0.21-0.80 (Wright, 1959). The first relationship, 

photosynthesis to cell volume and/or cell carbon, directly estimates 

phytoplankton production to phytoplankton biomass and is widely used to

54
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evaluate phytoplankton populations.

The use of the productivity to biomass ratio has varied applications.

Elster (1965) discussed this ratio In terms of relative assimilation rates.

Platt and Filion (1973) claimed that the ratio has two major uses; (I)

the ratio, when scaled to the lifetime of the organism, is a statistic

important in theoretical food chain analysis and (2) the ratio is a

simple estimation of yield from biomass estimates. Odum (1971) simply

uses the reciprocal of the ratio as an estimation of population turnover

times. However, as was stated above, Strickland (1960) recommends the
'

use of this ratio to discuss the fertility of a water mass.
—2 —iTable 13 shows the absolute productivity (mg C*m "day ), the 

biomass (mg C*m ), production to biomass ratio (day ), turnover time 

(day) and average euphotic zone concentrations of inorganic nitrogen and 

phosphorus. Linear regression analyses of these variables are shown in 

Table 14. In an attempt to separate the effects of vertical transport 

and mixing of an unstratified water column, the regressions were carried 

out on a two-fold basis; (I) analysis of the period of thermal stratifi

cation, as discussed in the ’Temperature and Conductivity’ section.and 

(2) analysis of the entire sampling period.

Table 14 shows the regression analyses of the P:B ratio and phyto

plankton turnover time against the physical and chemical nutrient envi-
" . i

ronmental factors. Both the period of thermal stratification and the 

entire sampling period are shown. The phytoplankton population flue-



Table 13. Estimated Productivity, Calculated Biomass, P :B Ratios and Turnover Time with 
Mean Euphotic Zone Nutrient Concentrations, 1972.

Date

Absolute 
Productivity 

(mg C,m~2.day~^)
Biomass 
(mg C»m~2)

Production
Biomass
(day-1)

Turnover
Time
(day)

Mean Combined 
Inorganic N 

(yg-i-1)

Mean 
PO4-P 
(pg-i 3O

14 June 89 476 0.19 5.4 I 18

12 July 99 356 0.28 3.4 4 14

20 July 127 563 0.23 4.4 5 10

26 July 106 466 0.23 4.4 5 21

3 Aug 198 544 0.36 2.8 12 13

9 Aug 211 366 0.58 1.7 16 16

17 Aug 180 314 0.57 1.8 17 15

25 Aug 323 1096 0.30 3.4 9 27

7 Sept 94 314 0.30 3.3 15 16

24 Sept 52 356 0.15 6.6 25 18



Table 14. Simple Linear Regression Analyses [correlation coefficient (r),
slope (m) and y-intercept (y)] of Estimated Productivity to Biomass 
Ratios Against Mean Euphotic Zone Chemical and Physical Factors.

Dependent Variable Independent Variables
Inorganic Inorganic Incident
Nitrogen Phosphorus Temperature Light

Entire Sampling Season: 
(14 June-24 Sept)

p (r) 0.31 -0.16 0.833** -0.33
—  Ratio (m)
B (y)

0.006 -0.005 0.056 -0.0005
0.25 0.41 -0.21 0.62

(r) -0.06 0.16 **-0.84 -0.40
Turnover Time (m) -0.01 0.05 -0.58 -0.01

(y) 3.85 2.85 9.24 10.02

Stratification Period:
(20 July-25 Aug)

p (r)
**0.97 -0.17 *0.81 -0.51

—  Ratio (m)
B (?)

0.02 -0.005 0.079 -0.007
0.06 0.46 -0.47 0.85

** * *(r) -0.996 0.12 -0.87 -0.85
Turnover Time (m) -0.23 0.02 -0.64 —0.05

(y) 5.52 2.69 9.96 33.83

** significant to the 5% level 
significant to the IZ level
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tuations during summer stratification were best explained by temperature 

changes and inorganic nitrogen concentrations. The correlation coeffi

cients for the P to B ratio versus inorganic nitrogen (r * 0.97, p < 0.01) 

and turnover time versus inorganic nitrogen (r * 0.996, p < 0.01) indi

cate that nitrogen was definitely limiting to the rate of biomass in

crease. Phosphorus concentrations, conversely, had little, if any effect 

on the phytoplankton population since phosphorus was not in limited supply. 

When regressed over the entire sampling period, nitrogen does not appear 

to be the limiting factor to the phytoplankton population (r ■ 0.31, 

p >> 0.05). Temperature, undoubtedly regulates the rate at which car

bon is organically combined. Other physical factors, such as light 

(previously discussed) and vertical mixing (Sverdrup, 1953) probably 

limit production more so than nutrients during" the time of vernal mixing. 

Zooplankton Standing Crop

The species composition of the zooplankton was essentially the same 

as that described by Benson (1961) .* Diaptorrrus shoshone Forbes and 

Diaptomus minutus Lilljeborg were the dominant copepods. * Cyclops sp. 

represented only 0.1% or less of the total number of copepods. Conoohilus 
unicornis Hlava composed nearly 99% of the recorded rotifers.

Keratella sp. Bory de St. Vincent , Kellicottia sp. Ahlstrom and 

Notholca sp. Gosse were the other rotifer genera observed. Daphnia 
sohoedleri Sars was present in very small numbers in the samples. 

However, as reported by Benson (1961), Daphnia were observed swarming in
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littoral areas during the late summer.

The mean density, expressed both as numbers of Individuals *m and 
-2mg dry w f m  , for each sampling date are given in Table 15. Copepodite 

density includes the total number of all adult or late stages of all 

copepod species. Rotifer density includes all species of rotifers. 

Biomass values (mg dry wt) were obtained by multiplying the total num

ber of individual organisms by a conversion factor (vg dry wt per indi

vidual). Hall, Cooper and Warner (1970) give conversion factors of 

3 yg per individual calanoid copepodite and 0.01 yg per nauplius. Doohan 

and Rainbow (1971) give conversion factors of 0.143 yg per ovigerous 

KerateVLa quadrata Muller and 0.075 yg per non-ovigerous female. An 

average value of 0.1 yg per individual was used to calculate mg dry wt 

of the rotifers.

Figure 12 shows the seasonal trend of both copepod nauplli and 

copepodites. Two seasonal peaks are apparent; one in July, and the 

other in late August and early September. Nauplli numbers ranged from 

8,700 to 47,000 individuals*m . Copepodites ranged from 8,200 to 21,250 

individuaIs•m”^.

The bimodal curves of copepodites and nauplli shown in Figure 12 are 

combined data for both Diaptomus ehoshone and Diapotomue minutus. 
Hutchinson (1967) stated that when two species of calanoid copepods 

occur together in a single lake they are different in size. This is 

the case in West Thumb since Diaptorms minutus is a smaller species than

-3



Table 15. Mean Numbers of Zooplankton and Calculated Biomass Values of Copepods and Rotifers, 
West Thumb, 1972.

Number of Individuals*m x 10 Calculated mg dry wt-m

Date Rotifers
Copepod
Nauplii

Copepod
Copepodites Rotifers

Copepod
Nauplii

Copepod
Copepodites

14 June 0 18.7 14.3 0 4 860

12 July 2.5 53.1 21.3 5 11 1275

20 July 25.0 47.0 19.8 50 9 1185

26 July 64.4 34.8 15.8 129 7 945

3 Aug 70.1 28.4 14.4 140 6 • 863

9 Aug 40.0 28.3 15.0 80 6 900

17 Aug 80.0 16.8 11.0 160 4 660

25 Aug 311.0 51.0 14.3 623 10 855

7 Sept 0 30.3 17.8 0 6 1065

24 Sept. 0 8.8 8.2 0 2 490
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Copepod Nouplii

Copepod Copepodites■ 25-1
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(thousands)

Figure 12. Seasonal Variation of Copepod Nauplli and Copepod 
Copepodites, West Thumb, 1972.
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Diaptomus shoshone. The co-existence of the two species of calanoid 

copepods probably reflects differences in feeding habits, longevity 

and resting egg versus subitaneous egg production.

The seasonal variation of the rotifer density is shown in Figure 13. 

Rotifers ranged from undectectable to 311,000 individuals*m . Rotifers 

were not encountered before 12 July or after 7 September. Rotifer con

centrations reached the first peak of 70,000 on 3 August, declined slight- 

Iy, and reached the seasonal maximum of 311,000 individuals‘m on 25 

August. The dramatic increase of the rotifer population occurred simul

taneously with the increase of the Andbaena flos-aquae population. Wind- 

berg (1970) and Edmondson (1965) related high birth rates of rotifers to 

the available food supply. This suggests that living and decomposing 

Andbaena flos-aquae and the bacteria associated with the Andbaena were 

the principal food source of the rotifers.

Seasonal variations in the zooplankton biomass values (g dry wt*ni ) 

are illustrated in Figure 14. The curves show the same seasonal trends 

in copepods and rotifers as were discussed above. Fifty to 100% of 

the zooplankton biomass was due to the copepod population. On 25 August 

the maximum rotifer biomass accounted for only 42% of the total zoo

plankton standing crop.

Most of the zooplankton species found in the West Thumb are classed 

primarily as filter feeders (Hutchinson, 1967). Hence, it is reasonable 

to ascertain that the phytoplankton is the major food source of the zoo

plankton. Riley (1940) contended that oligotrophic lakes, such as the
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Figure 13. Seasonal Variation of Rotifers, West Thumb, 1972.
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Figure 14. Seasonal Variation of Calculated Total Zooplankton Biomass, West Thumb, 1972.
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West Thumb, have relatively low levels of phytoplankton due to grazing

by zooplankton. Based on mean seasonal standing crop values of 0.485 
—2 -2g C-m and 1.035 g dry wt«m of phytoplankton and zooplankton, respec

tively, West Thumb appeared to be phytoplankton poor and relatively rich 
in zooplankton.



SUMMARY

The West Thumb of Yellowstone Lake, Yellowstone National Park,
4 2Wyoming, Is a natural lake basin covering an area of 4.638 x 10 m 

with a mean depth of 41 m. The basin was formed when rhyolite de

posits collapsed during the Eocene period, forming the present topog

raphy. Active thermal springs and geysers are located on the west 

shore and below the water surface. The lake is considered oligotropic 

due to the low concentration of dissolved solids, high dissolved oxygen 

content and low productivity.

West Thumb was thermally stratified for a period of approximately 

40 days during 1972. Surface water temperature reached a maximum of 

16.9°C on 25 August. The average depth of the epilimnion was 15 m.

The hypolimnetic waters maintained water temperatures of near 6°C 

throughout the entire sampling period, 14 June through 24 September. 

Evidence of internal seiches were observed by noting the changes of 

hypolimnion temperature profiles. Westerly wind driven surface currents 

caused upwelling of hypolimnetic water along the southern, western and 

northern shorelines, with the upwelling near the western shore being 

the most pronounced. Less dense surface currents tended to pile up on 

the central and east sections of West Thumb, with surface water leaving 

West Thumb into the main body of Yellowstone Lake. Hypolimnetic water 

entered West Thumb from the main body of the lake.

Specific conductance values ranged from 92 to 104 umhos*cm- .̂ 

Conductivity data revealed the low amount of total dissolved solids.
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Epilimnetic conductivity values ranged from 92 to 98 pmhos•cm while

conductivity in the hypolimnion ranged from 98 to 104 ymhos•cm \  

Conductivity profiles were in the same agreement with temperature iso

clines, yielding the same water movement estimations.

The chemical species and concentrations are indicative of waters 

draining from rhyolite watersheds. The water can be characterized as

a sodium bicarbonate type. The mean concentration of sodium was
“•1 *1 0.43 m e q , with a range of 0.35 to 0.56 meq«£~ . Bicarbonate con-

-1centrations ranged from 0.40 to 0.73 meq*Jt , with a mean concentration 

of 0.61. Bicarbonate appeared to be a non-conservative compound. 

Potassium, mean concentration of 0.04 meq*iT*; calcium, mean concen

tration of 0.03 meq*£ magnesium, mean concentration of 0.13 meq»Jl-*;
— I

sulfate, mean concentration of 0.13 meq»Jl ; and chloride, mean con

centration of 0.15 rneq'i *, accounted for the principle dissolved 

solids. All were illustrated to be conservative elements.

The generalized oxygen distribution through a column of water was 

typically orthograde, as is typical of deep, unproductive, temperate 

lakes. The minimum mean relative saturation value was 91%. Undoubt

edly oxygen is a non-conservative element, but due to turbulence, low 

water temperature, volume and low biological productivity, saturation 

values were maintained near or above the 100% saturation value.

The pH values ranged from 6.60 to 7.29, with values consistently 

lower in the hypolimnion. Free carbon dioxide decreased in the epi-
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epilimnion throughout the stratification period. Conversely, free 

carbon dioxide values increased in the hypolimnion. These changes 

reflected the biological processes of photosynthesis and aerobic 

respiration respectively.

Mean orthophosphate-phosphorus concentrations ranged from 9 to 28 

Wg'& \  Average nitrate-nitrogen values ranged from undedectable limits 

to 38 yg« Si \  Ammonia-nitrogen concentrations were between one and 22 

pg'i "*■. Orthophosphate concentrations increased irregularly in the 

hypolimnion, but did not decrease in the epilimnion. Nitrogen con

centrations increased in both the hypolimnion and epilimnion. Both 

phosphorus and nitrogen are essential plant nutrients and, therefore, 

highly non-conservative. But phosphorus fluctuations did not indicate 

that phosphorus was in short supply. Nitrogen fluctuations, however, 

suggested that nitrogen was an important limiting factor to the phyto

plankton community. This was also shown to be true by a mean atomic 

nitrogen to phosphorus ratio of 1.76 to one in the epilimnion.

The phytoplankton flora was dominated by the Chrysophyta, with

Meloaira (Katana, Meloaira italioa and Cyolotella glomerata composing

90-95% of the biomass. The Chrysophyta were represented by 22 genera

and 68 species. However, the Cyanophyte, Anabaena flos-aquae reached
3 *3the largest biomass of 360 mm *m on 25 August. Anabaena floe-aquae 

probably added significantly to the nitrogen budget since it fixes 
atmospheric molecular nitrogen.
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3 -2The phytoplankton standing crop ranged from 3,000 to 11,000 mn -m 

or from an estimated 314 to 1,096mg C*m The daily phytoplankton 

productivity was estimated to vary from 52 to 323 mg C*m «day . Max

imum biomass and productivity probably occurred on 25 August, correspond

ing to the Anabaena floa-aquae pulse.

Factors regulating the phytoplankton standing crop and productivity 

varied throughout the sampling season. During the spring and fall 

overturn, physical factors, such as, temperature, light and turbulence, 

regulated the phytoplankton population. However, during the stratifi

cation period, nitrogen and temperature appeared to regulate the phyto

plankton biomass and productivity.
— 3In order of abundance (individuals*m J), the zooplankton consisted 

primarily of Conoohilus unicornis, Diaptomus shoshone and Diaptomus 
rmnutus. Based on an estimated biomass (g dry wt«m ), the order of 

dominance was Diaptomus shoshone, Diaptanus minutus and Conoohilus 
unicornis. Evidence'indicates a high utilization of phytoplankton as 

a food source by the zooplankton.
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