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ABSTRACT

SOME ECOLOGICAL EFFECTS OF ARTIFICIAL CIRCULATION ON A 
SMALL EUTROPHIC NEW HAMPSHIRE LAKE

by

ROBERT CHESTER HAYNES

Several years previous to the start of this investi
gation, Kezar Lake had developed annual noxious blue-green 
algal blooms. In an attempt to improve lake conditions, 
the New Hampshire Water Supply and Pollution Control Commis
sion decided to try artificial circulation of Kezar Lake.
The study reported here was made to help understand some of 
the ecological effects of mixing the lake.

Samples were collected from meter intervals in the 
water column on at least a weekly basis during May through 
October for the years 1968 and 1969- Water chemistry was 
determined by standard methods. The distribution of Fe, Mn, 
Na, Ca, Mg, K, Zn, Cu, Cl, Si02 in the water column were 
measured before and after mixing. Nitrogen in the forms of 
NHj-N, NOg-N, NOj-N and organic-N were studied. Ortho-P, 
and total-P were determined. Chlorophyll-a was measured as 
an index of phytoplankton potential to assimilate carbon. 
Primary productivity studies were made to the level of 1# 
surface light. Phytoplankton were identified and counted

xii



from live and fixed material respectively under an inverted 
microscope. Physical measurements included temperature and 
transparency.

Artificial circulation destratified Kezar Lake com
pletely and isothermal conditions were maintained throughout 
the test periods. Mixing caused an increase in the heat 
budget of the lake, and the stability of stratification was 
reduced to zero when the lake became homothermous. Water 
transparency increased after remedial aeration in 1968 but 
decreased following mixing in 1969.

Artificial circulation increased the oxygen content 
of bottom waters and concurrently removed large concentra
tions of carbon dioxide, which were lost to the atmosphere 
at the air-water interface. Most nutrients were distributed 
uniformly after the lake was mixed. The supply of nutrients 
before and after artificial circulation was sufficient to 
support phytoplankton populations.

A uniform, vertical distribution of the bloom-forming 
alga Aphanizomenon flos-aquae occurred after lake mixing.
In 1968 concentration of A. flos-aquae eventually declined, 
but following preventative aeration in 1969 A. flos-aquae 
bloomed. After decline of the blooms of A. flos-aquae each 
year the phytoplankton became dominated by chlorophycean 
taxa.

Levels of chlorophyll-a became uniformly dispersed 
in the water column after artificial circulation. Mean 
values for 1968 and 1969 were 0.14- and 0.20 g/m respectively.

xiii



Chlorophyll degradation to pheo-pigments appeared to be 
greater during a bloom of heterogeneous green algae than 
during the bloom of A* flos-aquae.

The average rate of carbon fixation by phytoplankton
pduring the two summers were 190mg (particulate) C/m /hour 

in 1968 and 230 mg(total) C/n/Vhour in 1969. Extracellular 
release of organic carbon-14 increased with depth and 
accounted for 19.4# of the total carbon fixed in the euphotic 
zone for the summer of 1969.

A discussion of the results is included, and a 
comparison is made with the findings of other authors.



INTRODUCTION

Artificial circulation (destratification) of lacus
trine environments was reported first by Grim (1952) and 
Hooper, Ball and Tanner (1952). Grim attempted to pump 
epilimnetic water into the hypolimnion whereas Hooper et al. 
used the reverse procedure. Neither attempt achieved com
plete destratification. Subsequent to these early studies 
more effective techniques to destratify lakes and reservoirs 
were developed. Fast (1968) presented an excellent account 
of the principles and techniques of artificial destratifica
tion. The subject of lake stratification, which is germane 
to all artificial destratification studies, is discussed 
comprehensively by Hutchinson (1957) •

Artificial circulation has been used primarily in 
fresh-water impoundments. The circulation of reservoir 
water can prevent hypolimnetic anoxia and its attendant 
taste and odor problems. The subject of impoundment de strati
fication for water quality control is covered adequately by 
Symons (1969). Symons' compilation of published research 
papers includes an extensive list of references on artifi
cial destratification in lakes and reservoirs.

Reasons for implementing artificial circulation in 
lakes are few. The technique has been used successfully to 
prevent winterkill of fish by Burdick (1959)* Halsey (1968), 
Hamalainen (1969)* Hemphill (1954)* Schmitz (1958),

1
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Rasmussen (1960), Tubb (1966) and Woods (1961)* Patriarchs's 
(1961) attempt to avert winterkill of fish was unsuccessful. 
In these experiments warmer, more dense bottom water was 
transferred to the surface to melt ice and to increase its 
dissolved oxygen content. The application of artificial 
circulation to increase the productivity of brown-stained 
bog lakes by intrafertilization has been reported by Hasler 
(1958), Schmitz (1958) and Schmitz and Hasler (1958). The 
objective of these investigations was to transfer nutrients, 
particularly phosphorus, into the euphotic zone from the 
mud and bottom water. Hooper et al. (1952) attempted to 
artificially circulate a small Michigan trout lake to stimu
late phytoplankton production and thereby increase the car
rying capacity of the lake for fish. Johnson (1966) caused 
circulation of a small lake, and reported increased produc
tivity and rearing capacity for coho salmon. Conversely, 
Yount (1966) tried unsuccessfully to reduce the level of 
nutrients in some "hypereutrophic" Florida lakes by artifi
cial aeration. His aim was to avert reducing conditions at 
the mud-water interface and thereby prevent nutrients from 
going into solution in the water column.

Artificial circulation has been used also to prevent 
summer stagnation in meso- and eutrophic lakes. Karlgren 
and Lindgren (1965) aerated a shallow mesotrophic lake to 
alleviate pronounced oxygen deficiency but reported entirely 
negative results. Ambuhl (1962) and Thomas (1966) described 
the initial and conclusive results respectively of a four
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year study on the aeration of eutrophic Lake Pfaffikon near 
Zurich, Switzerland. Improvement in the condition of "pol
luted" lakes following aeration has been reported (Anon., 
1960; Anon., 1966; and Heath, 1961).

There is little published literature on the biolog
ical effects of artificial circulation although the need for 
such studies has previously been recognized by Falk (1965), 
Fruh (196?) and Whalls (1966). Robinson, Irwin and Symons 
(1969) investigated the influence of artificial circulation 
on phytoplankton populations in reservoirs, but they iden
tified and enumerated to genera only. A recent report by 
the Inland Fisheries Branch (1970) of the California Depart
ment of Fish and Game discussed the effect of artificial 
circulation on the distribution of bottom organisms. This 
paper reports the results of my research at Kezar Lake, a 
small eutrophic lake located in North Sutton, New Hampshire, 
which was circulated artificially during the summers of 1968 
and 1969 by the New Hampshire Water Supply and Pollution 
Control Commission (NHWSFCC) to impede noxious blooms of a 
blue-green alga,

Kezar Lake is a young geological feature. According
to Hoover (1938) it is a shallow, kettle hole lake which
rests in a depression left by melting ice blocks of the
last glacial period (Fig. 1). Since 1965 annual summer
blooms of filamentous blue-green algae have occurred at
Kezar Lake. In 1966 a dense population of Anhanizomenon 
flos-aquae (L.) Ralfs survived application of 0.26 ppm
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Fig. 1. Hydrographic map of Kezar Lake, Merrimack 
County, New Hampshire indicati; *; location 
of the air diffuser apparatus and sampling 
stations.
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copper sulfate (CUSO4.5H2O) by the NHWSPCC on June 15- The 
copper sulfate treatment was repeated at 0.54 ppm on June 
30 and by July 4 a fish kill approximating 6 tons was re
ported by the NHWSPCC* Even after the second control attempt 
Aphanizomenon persisted in dense concentration.

Acting on the suspicion of the NHWSPCC Sawyer,
Gentile and Sasner (1968) demonstrated that a toxic strain 
of A. flos-aquae was present at the time of the fish kill.
This was the first unequivocally documented report of toxi
city of this algal species. During the summer of 1967* mean

gcell counts of 1.5 and 1.4 x 10 cells per milliliter on 
August 3 and 9 respectively exemplified the intensity of these 
annual unialgal blooms. The dilemma of noxious blooms or 
fish kills forced the NHWSPCC to seek other methods to con
trol this alga. The most important consideration was to 
reduce the level of nutrients entering the lake.

According to the NHWSPCC, the primary source of nutri
ents that promoted summer blooms at Kezar Lake was the sew
age treatment plant at New London, New Hampshire. (This acti
vated sludge facility began operating in 1931. In recent 
years the plant discharged daily 200,000 gallons of treated 
effluent into Lion Brook, the main tributary to Kezar Lake.
In 1970 the NHWSPCC modified the existing plant for tertiary 
sewage treatment to alleviate the excessive fertilization 
of the lake, but as an immediate step the NHWSPCC decided to 
de stratify Kezar Lake to increase water clarity.

The aeration system installed at Kezar Lake in 1968
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consists of four 3 h.p, Curtis CW-808 compressors that col
lectively discharged air at 100 cubic feet per minute at 
1 atm. pressure. The compressed air is delivered through 
800 feet of 2 inch polyvinyl-chloride hose that terminates 
at a junction of four arms, each bearing three large ceramic 
diffusers (Pig. 2). The diffuser arms were placed on verti
cally upright cement blocks in the deepest part of the lake 
(Pig. 1). This system was in operation continuously from 
July 16 to September 12, 1968, and May 28 to September 15* 
1969* except for brief maintenance shutdowns.
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Pig. 2. Schematic diagram of air-diffuser apparatus 
installed in Kezar Lake.
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MATERIALS AND METHODS

Two sampling stations were selected at Kezar Lake 
(Pig. 1). Station 2 was located at the deeper, west side 
of the lake adjacent to the diffusers. Station 4 was lo
cated at the shallow, east side of the lake. Sampling was 
conducted May through October during the years 1968 and 
1969. The mean sampling frequency was every fifth day, 
and every tenth day for Stations 2 and 4- respectively.

Water samples were taken at meter intervals with a 
3-liter polyvinyl-bhloride sampler. Portions of each sam
ple were used for chemical analyses, quantitative algal 
enumeration, chlorophyll-a determination, and primary pro
ductivity studies. Water transparency was measured with a 
20 centimeter black and white quadrant Secchi disc. The 
level of 1# incident solar radiation was determined with a 
Whitney Underwater Daylight Meter. Water temperature was 
measured at one-half meter intervals with a Model FT-2 hydro
graphic thermistor thermometer (Applied Research/Austin, 
Texas ).

Dissolved oxygen concentrations were determined by 
the Alsterberg modification of the Winkler Method using Hach 
reagents (Hach Chemical Co., Ames, Iowa). Total Inorganic 
carbon, including free carbon dioxide, bicarbonate and car
bonate alkalinities, was determined stoichiometrically by 
titration as described in American Public Health Association
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et al. (1965)* Hydrogen ion concentration was recorded, 
from a Beckman Model N pH meter.

All nutrient analyses were done by the NHWSPCC.
Water samples collected at Station 2 were placed in poly
ethylene bottles and removed immediately to the NHWSPCC 
Chemistry Laboratory for analyses. Laboratory analytical 
methods were as follows: orthophosphate and total phos
phorus - Jankovic, Mitchell and Buzzell (1967); nitrate 
nitrogen - Montgomery and Dymock (1962); ammonia nitrogen 
(Method A), nitrite nitrogen and organic nitrogen - A.P.H.A. 
(1965); chloride - Argentometric Method (A) of A.P.H.A. 
(1965); silicon dioxide - Colorimetric Heteropoly Blue 
Method (C) of A.P.H.A. (1965). The following nutrients 
were assayed by a Perkin-Elmer Atomic Absorption Spectro
photometer: Calcium, copper, iron, manganese, magnesium,
potassium, sodium and zinc.

Measurements of temperature, dissolved oxygen, and 
carbon dioxide were performed during 1968 at a control lake, 
Otter Pond, of similar size and morphometry to establish 
patterns that would be expected at Kezar Lake if the lake 
was not being circulated or receiving sewage effluent.

Samples for phytoplankton cell counts were preserved 
in acid Lugol's solution and stored at 16-18C. Phytoplank
ton were counted by the method of Utermohl as described in 
lund, Kipling and LeCren (1961) using a Unitron Model BR-
BMIC inverted microscope. A 1 ml sample was pipetted into 
a 1 x 1.5 cm glass sedimentation tube and allowed to stand
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for 15 hours prior to counting. Filaments of A. floa-aquae 
were counted over the entire field at 100X or 200X magnifi
cations, depending on abundance. All other phytoplarikton 
were counted at 430X magnification over one-half the field. 
Dilution of phytoplankton samples was necessary at times 
depending on abundance. Live algae used for identification 
were collected from vertical tows using a #25 plankton net.
The generic designations of Smith (1950) and the species 
designations of Prescott (1962) were used for algae when
ever possible. Other sources referred to for specific 
identification include Huber-Pestalozzi (1938-61), Patrick 
and Reimer (1966), Smith (1920, 24), Skuja (1948), Teiling 
(1967) and Uherkovich (1966).

Chlorophyll-a concentrations were determined spec- 
trophotometrically by the general procedures of Strickland 
and Parsons (1965)» using a Beckman DU (Model 2400) spec
trophotometer. Quartz cuvettes having a light path length 
of 5 centimeters were used. The extinctions of chlorophyll-a, 
-b, and -c were recorded at wavelengths of 665-665* 645, 
and 650 millimicrons respectively. The trichromatic equa
tions of Strickland and Parsons (1965) and SCOR-UNESCO (1966) 
were both used in computing concentrations of chlorophyll-a 
in mg/m^. The method of Lorenzen (1967) was followed for 
ascertaining chlorophyll degradation as pheo-pigments.

The carbon-14 method of Steeman-Nielsen (1952) as 
modified by Goldman (1961) was used to determine phytoplank
ton productivity. Water samples for productivity studies
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were collected at meter intervals in the water column to a
depth just below 1# incident solar radiation. Two micro

'llcuries of Nag 00^ were introduced into 100 milliliters of 
sample water contained in each dark and light bottle. The 
bottles were submerged to their respective sample depth 
and incubated from 1000 to 1400 hours EST on bright, sunny 
days. Each sample was fixed promptly with neutral formalin 
(4$) when the incubation period had elapsed. All samples 
were filtered through Millipore HA (0.45u pore size) fil
ters and rinsed with 0.001 M HCL and distilled water. The 
filters were dried and counted for beta emissions with a 
thin window gas-flow counter. Watt (1966) was followed to 
determine the amount of extracellular organic carbon 
released by phytoplankton.
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RESULTS - 1968 

Transparency

The effect of artificial circulation on water trans
parency is shown in Pig, 3* A maximum Secchi disc trans
parency of 5*5 fact on May 16 was reduced to only 1 foot by 
July 15 by summer growth of A. flos-aquae. Artificial cir
culation commenced on July 16 and by July 21 the Secchi disc 
transparency had increased to 3 feet. During the rest of 
the summer the Secchi disc transparency ranged from 2 to 5 
feet, averaging between 3 end 4 feet. The Secchi disc read
ings at Station 4 were identical to those of Station 2 during 
the summer of 1968. At the control lake, Otter Pond, a 
Secchi disc transparency of 6 feet was recorded for June. 
Water transparency increased steadily during July to a maxi
mum Secchi disc reading of 10 feet on August 6. Thereafter, 
transparency remained between 9 and 10 feet during August 
and early September.

Figure 3 shows that the trends of Secchi transparency 
and 1# light level are identical but the per unit changes 
in transparency are much greater for the latter.

Temperature

Figure 4 shows the development of thermal stratifi
cation in Kezar Lake during the summer of 1968, On July 15* 
the day before the air compressors were started, surface and
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Fig. 3 Light transmission in Kezar Lake. Secchi disc 
transparency and level of surface illumina
tion at Station 2, 1968.
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Fig. 4 Temperature profiles at Station 2 in Kezar 
Lake, 1968. Arrow indicates period of artifi
cial circulation.
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bottom temperatures were 27*90 and 12.00 respectively. No 
change in water temperature occurred during the first day 
of aeration. By July 20, four days after the air compressors 
were started, the surface temperature was reduced to 24.00. 
Conversely, the water at depths from 1.5m to 7*0m warmed 
from 2 to 70 (Pig. 4). By July 26 the lake was isothermal 
at 250. Isothermal conditions were maintained by aeration 
throughout the remainder of the summer as top to bottom 
temperature differences never exceeded 1.80. Thermal strati
fication was not reestablished after the air compressors 
were shut down on September 12. The temperature differential 
between Stations 2 and 4 was generally less than 10.

The pronounced effect of artificial circulation on 
the depth distribution of temperature at Kezar Lake was 
contrasted by the natural events in the non-aerated control, 
Otter Pond. The vertical temperature profiles for both lakes 
were nearly identical prior to mixing of Kezar Lake (Pig. 4). 
Surface temperature varied during the summer, but stratifica
tion remained distinct at the control lake. Por example, 
the surface to bottom water temperature readings at Otter 
Fond on August 6 were 25*0 and 15*10 respectively* On the 
same date at Kezar Lake water temperature ranged from 25*0 
to 22.4C. Natural turnover eliminated thermal stratifica
tion at Otter Pond by September 15*

Dissolved Oxygen

The depth distribution of dissolved oxygen during
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the summer of 1968 is presented in Table 1, Before arti
ficial destratification, supersaturation of dissolved oxygen 
developed in surface waters concomitantly with a dense growth 
of A. flos-aquae. At lower depths, steady depletion of 
oxygen occurred. By July 15, the day before the air com
pressors were started, nearly half the water column contained 
less than 1 ppm dissolved oxygen. This clinograde distribu
tion was altered rapidly following artificial circulation 
so that by July 29 the entire water column was essentially 
100# saturated with dissolved oxygen. During August and 
until the aerators were shut down on September 12 the dis
solved oxygen concentrations remained relatively constant, 
except for some depletion at the bottom was evident.

Sixteen days after the air compressors were shut 
down on September 12 oxygen depletion at the mud-water 
interface was complete. However, fall turnover restored 
dissolved oxygen in the entire water column by October 10.
The dissolved oxygen concentration at Stations 2 and 4 were 
usually similar for corresponding depths. The maximum 
difference of 2.8 ppm occurred on July 20 when the distribu
tion of dissolved oxygen was higher at all depths at Sta
tion 2.

The vertical distribution of dissolved oxygen at 
Otter Fond exhibited the same trend as occurred in Kezar 
Lake prior to aeration (Table 1). As summer progressed the 
surface concentration of dissolved oxygen remained high 
while there was a steady depletion of dissolved oxygen at
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Table 1, Depth distribution of dissolved oxygen 
at Station 2 in Kezar Lake, 1968.

i

i
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DATE
(1960)

DEPTH
(M) pm

PERCENT
SATURATION

DATE
(1968)

DEPTH
(M) PPM

i'-HJi.. r 
saturation

5 /2 3 0 .5 1 0 .5 100 7 /29 0 .5 9 .0 103
1 .5 1 0 .4 97 1 .5 8 .9 101
2 .5 e .8 81 2 .5 9 .0 103
5 .5 6 .2 55 3 .5 8 .8 100
* .5 6 .6 58 4 .5 9 .0 103
5 .5 6 .4 55 5 .5 8 .7 99
6 .5 6 .9 59 6 .5 8 .6 98

6 /6 0 .5 1 1 .7 125 8 /6 0 .5 7 .9 90
1 .5 1 0 .5 108 1 .5 8 .0 92
2 .5 6 .4 63 2 .5 6 .4 73
5 .5 5 .4 51 3 .5 6 .2 71
4 .5 3 .6 33 4 .5 6 .0 69
5 .5 3 .5 32 5 .5 6 .0 69
6 .5 2 .9 26 6 .5 5 .3 60

6 /2 5 0 .5 1 2 .2 133 8 /2 6 0 .5 8 .6 96
1 .5 1 2 .0 128 1 .5 8 .7 97
2 .5 8 .7 89 2 .5 8 .0 90
3 .5 7 .6 77 3 .5 6 .8 75
4 .5 4 .0 40 4 .5 6 .0 67
5 .5 1 .9 18 5 .5 3 .9 42
6 .5 0 .1 1 6 .5 3 .6 39

7 /1 5 0 .5 1 0 .B 135 9 /1 0 0 .5 9 .6 103
1 .5 6 .5 72 1 .5 9 .2 98
2 .5 2 .7 28 2 .5 8 .4 90
3 .5 1 .3 13 3 .5 7 .2 76
4 .5 0 .6 5 4 .5 7 .0 75
5 .5 0 .5 4 5 .5 6 .4 68
6 .5 0 .3 3 6 .5 4 .7 50

7 /2 0 0 .5 6 .8 80 9 /2 8 0 .5 8 .5 90
1 .5 7 .0 82 1 .5 8 .3 87
2 .5 6 .6 77 2 .5 6 .4 88
3 .5 2 .4 26 3 .5 8 .1 85
4 .5 2 .0 21 4 .5 5 .8 60
5 .5 1 .4 14 5 .5 0 .3 3
6 .5 0 .3 3 6 .5 0 .0 0

7 /2 5 0 .5 1 0 .7 128 10 /10 0 .5 9 .4 87
1 .5 9 .9 118 1 .5 9 .3 86
2 .5 5 .4 62 2 .5 9 .5 88
3 .5 3 .9 44 3 .5 9 .5 88
4 .5 3 .9 44 4 .5 9 .4 87
5 .5 2 .7 30 5 .5 9 .3 86
6 .5 1 .6 18 6 .5 8 .4 77
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lower depths. Not until September 13 when natural turnover 
occurred at Otter Pond, was the vertical distribution of 
dissolved oxygen uniform at 8 ppm.

Carbon Dioxide, Carbonate Alkalinity, and pH

The bloom of A. flos-aouae had a profound effect on 
the distribution of free carbon dioxide in Kezar Lake, Fig
ure 5 shows that free carbon dioxide was not detectable in 
the euphotic zone (Pig, 3) during June and until the air 
compressors were started on July 16. Concurrently, carbon 
dioxide had steadily increased in the aphotic zone, and by 
July 15 the carbon dioxide content had increased to 14.5ppm 
at the 5*5m and 6.5m depths.

The immediate effect of artificial circulation on 
the carbon dioxide distribution was most pronounced at 0.5 
meters. At this depth COg increased to 3*0 ppm after 4 days 
aeration. Carbon dioxide was again not measurable in the 
top 2 meters of the water column on July 23 but the gradual 
loss of carbon dioxide from lower depths continued. There 
occurred only small variation in the vertical distribution 
of carbon dioxide during August and until the air compres
sors were shut off on September 12 (Pig. 5)* Carbon dioxide 
stratification was reestablished by September 28, 16 days 
after termination of artificial circulation. However, fall 
turnover had completely mixed Kezar Lake again by October 10 
and the vertical distribution of carbon dioxide was nearly 
uniform.
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Pig. 5 Carbon dioxide and carbonate alkalinity pro
files at Station 2 in Kezar Lake, 1968. Arrow 
indicates period of artificial circulation.



■  CARBONATE ALKALINITY 

O  C A R B O N  DIOXIDE
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The carbon dioxide concentrations at Stations 2 and 
4 were similar for corresponding depths except immediately 
after artificial destratification. At the 2.5 and 5*5 meter 
depths on July 20 and 21 the carbon dioxide concentrations 
at Station A were 3.5 to 4.5 ppm higher than at correspond
ing depths of Station 2. Also, as previously mentioned, the 
dissolved oxygen content at Station 2 was higher at corres
ponding depths. It is probable that the proximity of Station 
.2 to the aerators facilitated a more rapid exchange of these 
gases with the atmosphere during the initial destratifica
tion period, since the large differences of carbon dioxide 
and dissolved oxygen concentrations at both stations were 
reduced by July 26. The concentration differences between 
stations remained small for the duration of the summer.

At the control lake, Otter Pond, free carbon dioxide 
varied imperceptibly in surface waters but accumulated at 
lower depths during the summer. By August 7 the distribution 
of carbon dioxide ranged from 1.5-17*0 ppm at 0.5 and 6.5m 
respectively. Thermal stratification in shallow Otter Pond 
was ephemeral and by September 13 natural circulation had 
occurred causing a reduced content of carbon dioxide in 
bottom waters. Carbonate alkalinity was not detected in 
any sample at Otter Pond.

At Kezar Lake the utilization of carbon dioxide in
the euphotic zone by the bloom of A. flos-aquae resulted in
the presence of measurable amounts of carbonate alkalinity 
(Fig. 5)* Alter the lake was mixed, carbonate alkalinity
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was detected on few occasions. Carbonate alkalinity con
centrations at Station 4- were generally identical to those 
of Station 2. Any differences could be accounted for by 
the brief time lag between analyses, especially during phy
toplankton blooms.

As expected, the hydrogen ion concentration varied 
directly with the concentration of carbon dioxide. Table 2 
shows the high pH at 0.5 meters prior to the start of artif1 
cial circulation. These high pH values correlate directly 
with the absence of carbon dioxide and the presence of car
bonate alkalinity (Pig. 5). A striking effect of artificial 
circulation was the reduction of pH at 0.5 meters from 9*4- 
on July 15 to 6.7 on July 20. The gradual increase of pH 
at lower depths immediately following artificial circulation 
is related to the loss of carbon dioxide at this time (Fig. 
5). Other fluctuations that occurred during the summer are 
recorded in Table 3-

Nutrients 

Iron and Manganese

Iron and manganese concentrations were affected 
considerably by artificial circulation. Table 3 shows that 
both iron and manganese exhibited inverse clinograde dis
tributions before aeration. The diminution of iron at 6.5m 
on July 10 is related (Hutchinson, 1957) to a slight 
increase in dissolved oxygen at this depth (Table 1). By
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Table 2. Vertical pH profiles at Station 2 in 
Kezar Lake, 1968.



■1 ■ ■. - W ;  . •  |

KAY JUNE JULY
DEPTH

(M) 16 23 6 25 3 10 15 20 23 26 30

0 .5 7 .4 7 .7 9 .7 9 .7 9 .3 9 .4 9 .4 6 .7 9 .0 7 .0 7 .8
1 .5 7 .2 7 .6 9 .2 9 .6 7 .4 7 .7 6.9 6 .8 8 .8 6 .9 7 .8
2.5 6 .8 6 .8 6 .4 7 .3 6 .7 6 .4 6 .2 6 .6 6 .5 6 .8 7 .4
3.5 6 .5 6.3 6.1 6 .7 6 .4 6 .2 6.1 6 .4 6 .5 6 .7 7 .2
*»-. 5 6 .3 6 .2 6.1 6 .2 6 .2 6 .2 6.1 6 .3 6 .5 6 .7 6 .9
5-5 6 .2 6.1 6.1 6 .0 6 .2 6.1 6.1 6 .3 6 .4 6 .6 6 .7
6 .5 - 6.1 6 .2 - 6 .2 6 .2 6 .2 - 6 .3 - 6 .7

AUGUST SEPTEMBER OCT. NOV.
3 7 11 21 27 30 3 10 28 10 1

0 .5 8 .3 6 .8 6 .5 6.3 6 .3 7.1 8 .6 7 .0 6 .4 6 .2 6.1
1 .5 7 .0 6 .7 6 .5 6 .2 6 .3 6 .6 8 .4 6.9 6 .3 6 .4 6.1
2 .5 6 .5 6 .5 6 .4 6 .2 6 .2 6 .3 6 .4 6 .5 6 .3 6 .4 6.1
3.5 6 .6 6 .5 6 .5 6 .2 6 .2 6 .3 6.1 6 .0 6 ,2 6 .4 6.1
* .5 6 .6 6 .5 6 .7 6 .2 6.1 6 .3 6 .0 5.9 5.7 6 .4 6.1
5.5 6 .6 6 .5 6 .6 6 .3 6.1 6 .2 6 .0 5.9 5.7 6 .4 6 .2
6 .5 6 .5 6 .5 6 .5 6 .2 6 .0 6.1 - 5.7 5 .7 6 .2 6 .2
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Table 3. Depth distribution of iron and manganese at 
Station 2 in Kezar Lake, 1968 and 1969. Con
centrations are in mg/1.



BEFORE AERATION AFTER AERATION

DEPTH

JURE 26, 1966 JULY 10, 1968 
(MAT 26, 1969)

JULY 24 
(JUHE 4

, 1968 
, 1969)

AUGUST 7, 1968 
(JUHE 24, 1969)

AUGUST 91, 196". 
(JULY 14, 1969)

<K) Pe Nn Fe Mn Fe Kn Fe Hn Fe [;n

0.5 0.25 0.061 0.190
(0.043)

0.038
(0.015)

0.247
(0.031)

0.084
(0.019)

0.285
(0.113)

0.081
(0.037)

0.062
(0.066)

0.015
(0.012)

1.5 0.24 0.055 0.194
(0.053)

0.037
(0.021)

0.197
(0.038)

0.088
(0.021)

0.230
(0.106)

0.058
(0.037)

0.044
(0.058)

0.016
(0.012)

2.5 0.24 0.062 0.281
(0.058)

0.093
(0.015)

0.249
(0.049)

0.133
(0.009)

0.232
(0.124)

0.059
(0.043)

0.075
(0.052)

0.021
(0.009)

3.5 0.27 0.071 0.366
(0.060)

0.143
(0.015)

0.327
(0.025)

0.152
(0.019)

0.184
(0.118)

0.051
(0.040)

0.057
(0.061)

0.017
(0.011)

4.5 0.50 0.201 0.722
(0.028)

0.412
(0.005)

0.303
(0.078)

0.161
(0.026)

0.256
(0.148)

0.061
(0.043)

0.058
(0.056)

0.017
(0.010)

5.5 0.88 0.355 0.733
(0.064)

0.330
(0.041)

0.380
(0.043)

0.216
(0.017)

0.265
(0.180)

0.064
(0.049)

0.057
(0.056)

0.018
(0.003)

5.5 2.14 0.528 1.06
K0.105)

0.510
(0.072)

0.458
LOST

0.283
(0.031)

0.186
(0.239)

0.054
(0.054)

0.097
(0.048)

0.029
(0.009)
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July 24, after 8 days of aeration, the stratification of 
iron was ameliorated. Iron concentrations remained evenly 
distributed in the water column thereafter but were signifi
cantly reduced by August 21,

The effect of artificial circulation on the depth 
distribution of manganese was identical to its effect on 
iron. Some stratification was still evident on July 24 but 
manganese became evenly dispersed in the water column and 
its concentration was reduced also by August 21.

Sodium

The apparent effect of artificial circulation on 
sodium was to increase the amount of this nutrient in Kezar 
Lake (Table 4). Prior to aeration sodium was uniformly dis
persed in the water column though its concentrations decreased 
slightly from June 26 to July 10. After 8 days of artificial 
circulation sodium had increased 60# at the 0.5m and 1.5m 
depths. Sodium increased an additional 60# to 29.1 mg/1 on 
August 7* Thus, after 3 weeks of artificial circulation 
increases of sodium in the surface waters were most pronounced. 
However, by August 21 an orthograde distribution of sodium 
was evident and decreases had occurred at all depths.

Calcium, Magnesium and Potassium

Calcium was not affected by artificial circulation
of Kezar Lake. Calcium varied only from 5*0 to 5*6 mg/1 
over the entire study period (Table 4).
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Table 4. Deptb distribution of sodium, calcium, 
potassium and magnesium at Station 2 in 
Kezar Lake, 1968. Concentrations are 
in mg/1.



BEFORE AERATION AFTER AERATION

JUNE 26 JULY 10 JULY 24 AUGUST 7 AUGUST 21
DEPTH Ha Ca K kb Ha Ca K Hg Na Ca K kb Ha Ca K Mr Na Ca K Hr

0.5 M 10.4 5.0 1.3 0.35 10.0 5.3 0.6 0.7 17.8 5.0 0.8 0.92 29.1 5.2 - 0.83 9.5 5.1 - 0.87

1.5 M 10.9 5.0 1.3 0.85 8.5 5.3 0.5 0.7 14.2 5.0 0.8 0.91 15.0 5.2 - 0.32 8.7 5.0 - 0.80

2.5 M 12.2 5.1 1.3 0.86 8.3 5.5 0.5 0.7 10.8 5.0 0.3 0.91 10.6 5.2 - 0.82 8.9 5.1 - 0.81

3.5 « 10.9 5.1 1.3 0.86 8.5 5.5 0.5 0.7 11.1 5.0 0.8 0.91 11.0 5.3 - 0.83 8.9 5.0 - 0.79

4.5 H 3-0 5.1 1.3 0.86 8.0 5.5 0.6 0.7 10.5 5.0 0.8 0.91 12.4 5.2 - 0.78 8.9 5.0 - 0.81

5.5 M 10.8 5.1 1.5 0.86 9.8 5.5 0.6 0.7 11.4 5.1 0.8 0.93 11.9 5.3 - 0.79 9.9 5.1 - 0.79

6.6 H 10.6 5.6 1.5 0.87 8.3 5.5 0.6 0.7 10.9 5.0 0.9 0.91 12.8 5.4 - 0.79 8.7 5.0 - 0.78

¥
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The depth distribution of magnesium was uniform 
throughout the summer of 1968 (Table 4). The amount of 
magnesium increased slightly following artificial circula
tion but declined subsequently to a uniform range during 
August,

Prom the data that are available in Table 4 the 
trend for potassium was identical to that described for 
magnesium. Potassium was evenly distributed in the water 
column also and its concentrations increased following 
aeration.

Copper, Chloride and Silicon Dioxide

The depth distribution of copper was irregular prior 
to artificial circulation (Table 5)* Unlike the behavior 
of nutrients previously discussed, copper became stratified 
following artificial circulation. By August 21 copper was 
uniformly distributed again though reduced in concentration. 
Chloride and silicon dioxide appeared little affected by 
artificial circulation (Table 5)»

Zinc

Zinc too was uniquely affected by artificial circu
lation. Before destratification its concentration was 
highest at 0.5 meters (Table 5); below 0.5m it was irregular. 
The data indicate a trend toward increased concentrations 
of zinc before and sifter artificial circulation. As occurred 
with copper, the distinct stratification of zinc on August 7
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Table 5. Depth distribution of copper, silicon dioxide, 
chloride and zinc at Station 2 in Eezar Lake, 
1968, Concentrations are in mg/1.



BEFORE AERATION AFTER AERATION

JURE 26 JULY 10 JULY 24 AUGUST 7 AUGUST 21
DEPTH Cu SiCfe Cl Zn Cu Si02 Cl Zn Cu Si02 Cl Zn Cu Si02 Cl Zn Cu Si02 Cl Zn

0.5 M 0.011 3 15 0.043 0.012 5 15 0.059 0.007 6 15 0.035 0.017 5 15 0.629 0.008 5 17 0.048

1.5M 0.006 3 16 0.016 0.007 4 15 0.022 0.009 5 14 0.055 0.012 5 1 4 0.220 0.006 5 15 0.033

2.5 M 0.005 3 15 0.013 0.009 5 14 0.029 0.007 5 15 0.031 0.012 5 1 4 0.267 0.006 5 14 0.01?

5.5 H 0.006 3 15 0.022 0.013 5 14 0.024 0.007 5 14 0.034 0.008 6 14 0.103 0.008 6 15 0.027

4.5 H 0.006 4 16 0.014 0.005 5 13 0.018 0.007 5 15 0.035 0.008 6 15 0.066 0.005 6 14 0.011

5.5 H 0.017 4 14 0.022 0.004 5 13 0.017 0.005 6 14 0.021 0.008 5 15 0.079 0.006 5 14 0.008

6.5 H 0.008 4 15 0.028 0.009 6 13 0.022 0.008 5 15 0.025 0.007 5 15 0.031 0.005 5 14 0.030
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was due primarily to large surface increases. By August 21 
the stratification of zinc had disappeared, its concentra
tion significantly reduced, and its distribution was again 
irregular.

Phosphorus

The depth distribution of orthophosphate and total 
phosphorus in Kezar Lake is presented in Table 6. Ortho
phosphate ranged in concentration from zero to 0.086 mg/1 
during 1968. Levels of orthophosphate increased gradually 
after the lake was mixed. The mean orthophosphate concen
trations before and after artificial circulation were 0.016 
and 0.022 mg/1 respectively. In contrast to orthophosphate, 
the decreasing trend in total phosphorus concentrations 
before July 16 was immediately reversed after artificial 
circulation (Table 6).

Nitrogen

The occurrence of nitrogenous forms in Kezar Lake 
is presented in Table 7* Because the methods for determining 
ammonia and organic nitrogen are extensive, analyses for 
these nutrients were performed on samples from 1.5m* 3-5m 
and 6.5 meters only. The data for nitrite nitrogen is not 
presented in tabular form.

Table 7 shows that nitrate nitrogen gradually decreased 
until at least July 24. After three weeks of aeration, the 
amount of nitrate nitrogen increased at all depths. Other
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Table 6. Depth distribution of orthophosphate and total 
phosphorus at Station 2 in Kezar Lake, 1968 and 
1969. Concentrations are in mg-PO^/1.
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Table 7. Depth distribution of organic, ammonia and 
nitrate nitrogen at Station 2 in Kezar Lake, 
1968 and 1969. Concentrations are in mg/1.



BEFORE AERATION AFTER AERATION

DEPTH
CM)

JUNE 26, 1968 j JULY 10, 1968 
(MAT 26, 1969)

JULY 24, 1968 
(JUNE 4, 1969)

AUGUST 7, 1968 
(JUNE 24, 1969)

AUGUST 21, 1968 
(JULY 14, 1969)

Org-N NĤ -N HO,-H Qrg-H NĤ -N NO,-N Org-N NH;-N NO,-N Org-N NH,-N NO,-N Org-N NHv-H no*-:?
0.5 0.930 0.139 0.30 1.876

(0.492)
0.070
(0.107)

0.24
(0.12)

1.390
(0.334)

0.009
(O.OOCj

0.18
(0.12)

0.811
(0.844)

0.536
(0.00$

0.21
(0.16)

0.579
(0.124)

0.170
(0.090)

0.22
(0.42)

1.5 - - 0.30 - 0.19
(0.08)

- - 0.05
(0.11)

- - 0.18 
( 0.1?)

- - 0.14
(0.28)

2.5 - - 0.41 - - 0.24
(0.07)

- - 0.09
(0.11)

- - 0.19
(0.27)

- - 0.25
(0.37)

3.5 0.830 0.069 0.28 0.894
(0.455)

0.260
(an2)

0.06
(aio)

1.079
(0.368)

0.280
(o.ooci

0.04
(0.11)

0.875
(0.816)

0.148
(0.013

0.15
0.21)

0.534
(0.771)

0.129
(0.06?)

0.32
(0.27)

*.5 - - 0.27 - 0.19
(0.10)

- - 0.04
(0.11)

- - 0.23
(0.16)

- - 0.29
(0.28)

5.5 - - 0.30 - - 0.19
(0.10)

- - 0.08
(0.13)

- - 0.21
(0.18)

- - 0.27
(0.25)

6.5 0.280 0.626 0.47 0.883 
Co.733’

0.530
(0.118)

0.20
(0.12)

1.039
(0.510)

0.588
(o.ooo;

0.08
(0.13)

0.774
(0.913)

0.144
(0X94)

0.26
(0.24)

0.600
(0.480)

0.112
(Oj053

0.34 
(0.31)
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variations are shown in Table 7. Before destratification, 
nitrite nitrogen was not detectable by analytical methods 
used. After artificial circulation, the concentrations of 
nitrite nitrogen varied from 1.8 to 9.2 pg/1 with a mean 
concentration of 4.1 pg/1.

Before artificial circulation ammonia nitrogen 
exhibited a strong inverse clinograde distribution (Table 7)* 
The only significant change in the distribution of ammonia 
nitrogen after 8 days of artificial circulation occurred 
at 0.5 meters. At this depth a concentration of 0.070 mg/1 
on July 10 was reduced to 0.009 mg/1 on July 24. By August 
7, however, the vertical distribution of ammonia nitrogen 
was completely reversed although about the same amounts were 
measured in the water column on the two dates (Table 7)«
By August 21 ammonia nitrogen levels were diminished and 
more uniformly dispersed.

Table 7 shows that organic nitrogen was stratified 
in the water column on June 26. The concentration of or
ganic nitrogen at 0.5m had increased twofold by July 10 from 
0.930 to 1.876 mg/1 and a threefold increase was evident 
at 6.5 meters. After Kezar Lake was destratified, organic 
nitrogen remained uniformly distributed in the water column 
but the high concentrations were gradually depleted.

Phyto-plankton

A total of 118 species of phytoplankton in 62 genera 
were enumerated during the summers of 1968 and 1969 at Kezar
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Lake. A complete tabulation of the phytoplankton is shown 
in Table 8. (Through most of the research periods the phy
toplankton flora was dominated by one or two species. The 
species that occurred in greatest numbers and that influ
enced the entire ecology of Kezar Lake was Aphanizomenon 
flos-aquae. This blue-green alga was always found as indi
vidual filaments (Pig. 6) and not in raft-like colonies. 
Gruendling and Mathieson (1969b) found A. flos-aquae as 
single filaments also in nearby lakes Newfound and Winnisquam, 
but they reported the "rafted" or colonial form under winter 
ice cover and in the spring. In this paper A. flos-aquae 
was enumerated as cells/ml based on the mean number of cells 
per trichome in each sample. Invariably, the mean was 25 
cells/trichome throughout the summer except at lower depths.

The distribution and abundance of A. flos-aquae at 
Station 2 during 1968 is presented in Table 9. Logarithmic 
growth prevailed in the surface waters until July 15, the 
day before artificial circulation. The count of this species 
at 0.5m increased about 100 fold between May 16 and July 15* 
At lower depths maximum cell counts were recorded on June 27, 
but beyond this date there followed a precipitous decline 
in cell counts. The decline in abundance of A. flos-aquae 
at these depths correlates with their being below the 1# 
level of surface light (Pig. 5) considered essential for 
positive carbon assimilation (Byther, 1956; Tailing, 1962).

Thus by July 15 a surface bloom of A. flos-aquae 
was well established and, in terms of total cells/ml, it
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Table 8, Species of phytoplankton collected from 
Station 2 in Kezar Lake.
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Fig. 6. Some phytoplankton common to Kezar Lake.
a. Aphanizomenon flos-aquae with arrows 
showing an akinete (A) and a heterocyst (H). 
Photomicrograph courtesy of John El. Gentile, 
b and c. Twisted and broken filaments of 
Anabaena flos-aquae with arrows showing an 
akinete (A) and a heterocyst (H) adjacent to 
one another, d, e and f. Rhodomonas minuta 
var. nannonlanctica with arrows showing 
flagella (F) and a pyrenoid (P).
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Fig. 7* Some phytoplankton common to Kezar Lake.
a, b and d. Tetrallantos Lagerheimii. 
c. Ulothrix subconstricta. e. Ankistrodesmus 
falcatus var. mirabilis. f. Dictyosphaerium 
pulchellum. g. Scenedesmus dimorphus. 
h. Scenedesmus ouadricauda var. quadrispina.
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Table 9.

j

Vertical distribution and abundance (1x10^ 
cells/ml) of A'phanizomenon flos-aquae at 
Station 2 in Kezar Lake, 1968.



SKPZH R A T J 0 H E j u l r
00 16 23 6 12 19 27 3 10 13 15 20 23

0.5 11.7 •27.2 183.8 400.7 498.7 545.9 602.4 675.4 899.3 1041.1 365.5 416.8
1.5 10.2 31.8 173.4 445.8 373.3 613.1 497.1 578.0 545.0 441.1 317.8 400.0
2.5 9.8 22.0 44.4 133.8 115.2 553.9 405.6 241.1 254.7 58.0 293.6 359.1
3.5 7.2 4.9 28.6 6.5 41.0 294.7 169.5 30.1 25.5 25.1 292.0 272.5
*.5 4.8 4.2 12.5 1.6 2.8 147.8 84.0 18.3 10.9 9.8 289.8 207.4
5.5 1.6 5.0 7.0 1.1 1.4 87.2 87.5 18.9 6.8 6.0 188.4 215.5

J V 1 I A U G U S T S I P 1 I H B E 1 OCT. BOV,
26 30 3 7 11 15 21 27 4 10 13 28 10 1

0.5 331.8 994.3 287.9 200.0 96.4 30.4 10.0 8.0 6.4 7.5 4.8 10.6 8.5 1.7
1.5 318.2 313*8 323.4 169.4 84.6 35.1 6.4 6.1 8.5 10.4 3.7 10.9 7.8 1.7
2.5 351.7 442.6 268.6 184.3 81.3 29.3 10.5 9.1 8.6 4.4 5.4 11.3 6.2 1.6
3.5 314.0 409.0 273.5 151.4 86.8 24.5 7.3 6.5 8.0 6.1 5.4 11.2 6.5 1.2
*.5 326.3 383.5 242.3 172.8 100.3 35.0 6.4 6.6 8.6 5.9 5.4 2.8 7.6 1.2
5.5 320.6 360.8 206.0 101.2 101.5 28.0 8.2 7.4 3.9 3.9 4.5 1.4 7.2 1.4

Mlro



53

accounted for over 97# of the standing crop of phytoplankton 
at that time. This essentially unialgal bloom exerted tre
mendous control over many chemical and physical aspects in 
the lake. For example, the great abundance of filaments in 
the surface water: (a) reduced the Secchi transparency to
1 foot (Pig. 5)> 0>) increased oxygen production at 0.5m
to 135# saturation (Table 1); (c) precluded oxygen pro
duction at depths below 1.5m (Table 1) by reducing light 
penetration, that event in turn induced iron and manganese 
to become soluble (Table 5) and concentrations of ammonia 
nitrogen to increase (Table 7); and (d) exhausted free car
bon dioxide in the surface waters that concurrently accounted 
for measurable quantities of carbonate alkalinity (Pig. 5) 
and high pH (Table 2).

Table 9 data show that artificial circulation dis
tributed A. flos-aquae throughout the entire water column. 
However, on the basis of cells per meter square there was 
just as much A. flos-aquae in Kezar Lake on July 20 as on 
July 15* ®ie chemical and physical conditions caused by the 
bloom of A. flos-aquae were reversed on July 20 following 
redistribution of this species. These changes included:
(a) increased Secchi transparency (Pig. 3); (b) decreased
oxygen production at 0.5m and increased oxygen distribution 
at lower depths (Table 1); (c) decreased concentrations of
iron and manganese at lower depths (Table 3); (<D presence
of free carbon dioxide and absence of carbonate alkalinity
in surface waters (Pig. 5); and (©) lower pH in surface 
waters (Table 2).
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The distribution of A. flos-aquae in the water col
umn was uniform by July 26 (Table 9). This correlates with 
the occurrence of isothermal conditions (Fig. 4) and demon
strates that the lake was thoroughly mixed at this time, 
Anhanizomenon flos-aquae increased again by July 30, but 
there followed a gradual decline in the abundance and domi
nance of A*, flos-aquae throughout August, with a subsequent 
improvement in water transparency (Pig, 3)- Beyond August 
21 the population of A. flos-aquae never exceeded 12.0x10^ 
cells/ml. Aeration was discontinued on September 12 and 
by September 28 the homogeneous distribution of A. flos-aquae 
was interrupted temporarily (Table 9)* The greater abun
dance of cells in surface waters at this time was reduced 
again by fall turnover on October 10,

Throughout most of the summer the cell counts of 
A. flos-aquae at Station 4 closely resembled those at Sta
tion 2 (Table 9). Until July 10 the bloom was Just as in
tense at both stations, Prom July 10 through July 15 how
ever, the growth of A. flos-aquae at 0,5m proceeded more 
logarithmically at Station 2. Thus on July 15 the compara
tive counts at 0.5m were 1041,1 x 10^ and 737-6 x 10^ cells/ml 
for Stations 2 and 4 respectively. After artificial circu
lation station to station differences became less pronounced 
and the trend toward decreasing abundance of A. flos-aquae 
during August was identical.

The phytoplankton flora other than A. flos-aquae 
can be separated arbitrarily into four general categories:
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(a) those species whose occurrence was primarily in the 
spring and before artificial circulation; (b) those species 
that were common throughout the summer; (c) those species 
whose occurrence were generally favored by artificial cir
culation; and (d) those algae whose occurrence was infre
quent or irregular.

Phytoplankton common before artificial circulation

This group consists largely of diatoms that charac
teristically prevail in spring waters (Hutchinson, 1967).
The dominant species was Asterionella formosa. Table 10 
shows that the cell count for this species declined gradu
ally during early summer and only 10 cells/ml were found 
at 5.5m on July 15* Asterionella formosa was observed again 
by August 3 but its occurrence thereafter was sparse, never 
exceeding 200 cells/ml. Other common spring diatoms were 
Synedra radians. C.vclotella comta, and Nitzschia acicularis. 
Nitzschia acicularis was not observed after June 6, while
C.vclotella comta and S. radians were found in a few samples 
during August through October. The colonial chrysomonad 
Dinobrvon barvaricum was only observed from samples of May 
16 and 23.

The filamentous blue-green Anabaena flos-aquae 
appeared in surface samples above 3 meters during the brief

To avoid confusion Anabaena flos-aquae will not be abbrevi
ated to A. flos-aquae in this paper. The latter will 
designate Anhanizomenon flos-aquae only.
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Table 10. Vertical distribution and abundance
(1x10^ cells/ml) of five common species 
of phytoplankton at Station 2 in Kezar 
Lake, 1968.



0 0 5 /16 5 /25 6 /6 6 /12 6 /19 6 /27 7 /5 7 /10
MSB

7 /15
(1968)

7 /2 0

0 .5 * .50 * .0 2 1 .65 0.21 0 .10 0 . 0* 0.02 0.00 0.00 0 .00

4 l£ H lM U A 1 .5 6 .4 5 6.11 1 .57 0 .5 * 0 . 0 * 0.03 0 .02 0.02 0.00 0 .00
2 .5 6 .1 0 4.21 2 .1 6 0 .5 2 0 .1 6 0 .00 0 .02 0 .00 0 .00 0 .00
5 .5 5 .5 7 1 .5* 0.99 0 .1 5 0.02 0.06 0 .03 0 .00 0 .00 0 .00
* .5 * .5 5 i.S o 1 .1 6 0 .0 9 0.01 0.01 0 .0 0 0 .00 0 .0 0 0 .00
5 .5 2 .2 9 1 .05 0 .6* 0 .20 0.02 0.05 0.01 0 .00 0.01 0.00

0 .5 2.01 5 .7* 0 .25 0 .2 5 0 .06 0.20 0 . 0* 0.12 0 .0 6 0 .12
1 .5 * .55 7.21 0.*5 0 .0 6 0 .20 0 . 0* 0 .06 0 . 0* 0 .06 0 . 0*
2 .5 * .2 0 * .9 7 0 .65 0 .20 0 .06 0.12 0 .56 0.12 0 .18 0 .00
5 .5 5 .* e 1 .42 0 .5 7 0 .12 0.00 0 .06 0 . 0* 0 .06 0 . 1* 0 . 0*
* .5 2 .0 6 1 .7 6 0.21 0 . 0* 0 .00 0 .1 0 0 .0 6 0 .0 6 0 .00 0 .1 6
5 .5 0 .6 7 1.66 0.17 0 . 0* 0.00 0 .05 0 . 0* 0 .32 0 . 0* 0 .0 0

0 .5 0 .0 5 0.56 5 .0 6 6 .65 11.10 19.08 3**66 25.66 30.36 11.73
1 .5 0 .00 1 .60 6 .2 9 7 .99 9 .4 6 15.75 6 .6 * 19.68 19.19 12. 2*

fiM lU flJcK lA  V * 2 .5 0 .4 9 0 .0 0 0 .9 2 0 .86 5.15 10.92 21 .17 18.00 8 .9 7 5.89
5 .5 0.00 o .o o 0 .56 0 .0 0 o .o o 11.20 10 .5* * .5 5 0 .95 6 .50
* .5 0 .1 8 0 .00 0 .00 0.00 0 .00 7 .2 0 6 .10 0.81 0.81 *.2 1
5 .5 0 .00 0.00 0.50 0 .00 0 .00 2 . 6* 6 .8 0 1 .*3 0 . 1* 5 .25

0 .5 0 .56 0.66 0 .10 0 .4 0 0 .** 0 .92 1.12 0 .30 0 .06 0 . 0*
1 .5 0 .0 6 1.01 0.26 0 .5 2 0 .5 6 0 .9 6 0 .6 0 0 .1 6 0.10 0 .06

S S M A U B ft 2 .5 1 .0 6 0.61 0.55 0.26 0 .15 0 .52 0 .6 0 0 .22 0 .26 0 .06

^ ta flD k u 5 .5 0 .9 6 0 .07 0 .4 0 0 . 2* 0 .20 1 .00 0 .4 6 0 .86 0 .52 0 .52
* .5 1 .0 0 1 .1 9 0.21 0 .00 0 . 0* 0 .46 0 . 6* 0 .6 0 0 .7* 0 .28
5 .5 1 .10 0 .6 7 0 .5 * 0.00 0 . 0* 0.12 0 .2 8 0 .20 0 .16 0.12

0 .5 1 .15 1 .5 9 0 .6 0 0.51 0 .09 0.06 0 .13 0 .10 0 . 0* 0.02

ia k ltts d tM M 1 .5 1 .07 1 .55 0.69 0 .2 5 0.21 0 .06 0 .1 5 0 .09 0 . 0* 0 .05

l y i ^ l  T tr* 2 .5 1 . 0* 0 .9 2 0 .25 0 .1 7 0 .10 0.11 0 .1 7 0 .1 0 0 .06 0 .05

i n t u i t 5 .5 0 .72 0 .60 0 .26 0 .05 0 .02 0 .19 0 .09 0.10 0.11 0 .09
* .5 0 .70 0 .* 9 0 .1 6 0 .02 0.01 0 .09 0 .08 0 .0 7 0 .0 6 0 . 0*
5 .5 0 .52 0 .6 2 0 .1 5 0 . 0* 0 .0 0 0 .10 0 .03 0 .1 6 0 .0 3 0.06

7 /26

0.00
0.00
0.00
0.00
0.00
0.00

0 .60
0.90
0 .92
o .*o
0.12
0 .92

10.9*
16.99
H .9 9
9**56
12.25
15.66

0.20
0 .1 6
0 .1 6
0 .1 6
0.20
0 .26

0 .09
0.10
0.00
0 .05
0 .09
0 .15

a/9 a/7 8/15 8/21 8 /30 9/13 9/28 10/10 11/1

0.00 0.01 0.01 0.00 0.15 0.00 0 .06 0.00 0.05
0.01 0 .0 0 o .o o o .oo 0 .0 0 0.11 0 .0 0 0 .00 0 . 0*
0.01 0 .0 0 0 .00 0.00 0.11 0.01 0 .00 0 .00 0.13
0.00 0 .0 0 0 .0 0 0.01 0.00 0.00 0.00 0 .0 0 0.11
0.00 0.01 o .o o 0.00 0.01 0 . 0* 0 .00 0 ,0 0 0 .0 6
0.00 0 .00 0.00 0.00 0 .0* 0 .06 0.00 0 .00 0.13

0 .6 5 1 .H 13. 0* 26.27 112.36 1*9.38 92.82 84.08 36.80
0 .30 1 .5 6 9 .76 30.19 85.16 156.16 91.92 104.42 9*,6*
0.51 1.11 5.86 27.*9 101.09 214.2* 90.80 122.40 101.09
1 .4* 0 .9 6 8 .19 23.2* 135.87 84.3* 97.13 115.07 90 .4*
1 . 1* 1 .9 2 6 .4 2 15.87 56.52 158.66 1*9,01 112. 6* 56.55
0 .25 0 .66 11.99 50.29 44.85 70.48 13*. 5* 101.25 82 .16

19.58 29 .76 23. 0* 8 .06 25.62 33.77 101.60 0.00 0.00
28.22 19 .48 10.80 11.62 25.25 55.96 7*.*0 0.00 0 .7 0
20.52 26 .17 9 .83 11.73 26.75 44.80 81.95 0.22 1 .4 6
21.10 24.75 10.*3 9 .66 24.36 5**70 95.7* 0 .0 0 0 .99
22.96 26.03 17.6* 5.05 11.57 51.07 58.65 0 .7 2 1 .15
17.23 15 .46 11.51 9 .2* 20.72 55.77 17.65 0 .00 0 .0 0

0 .20 0 .9 2 0 .4* 0 .00 0 .3* 0 .8 7 0 .68 0 .5 2 o .o o
0 .5 2 0 .4 * 0 .16 0 .17 0 .92 0 .2 8 0 .5 2 0 .0 6 0 . 1?
0 .* * 0 .5 6 0.22 0 .2 8 0 .75 0 .5 9 0 .4 0 0 . 2* 0 .0 6
0 .52 0 .4 0 0 .52 0.11 1 .59 0 .5 * 0 .72 0 .2 0 0 .06
0 .5 8 0 .4 8 0.50 0 .22 0 .28 1.01 0 .0 6 0 . 2* 0 .17
0 .3 2 0 .40 0 .5* 0.11 0 .48 0.11 0 .56 0 .5 6 0.00

0.01 0 .57 2 .80 0 .29 0 .1 7 0 . 2B 0 .26 0 .7 0 0 .07
0 . 2* 0 .23 1 .46 0 .2 5 0 .1 4 0 .1 7 0 .5 2 0 .5 * 0 .46
0 .05 0 .29 1 .60 0 .49 0 .29 0 .3 5 0 .22 0 .96 0. 2*
0 . 1* 0.21 1 .83 0 . 2B 0.15 0 . 0? 0 .22 0.70 0 .15
0 .25 0.21 1.81 0 .1 5 0.01 0 .28 0 .18 0.70 0 .25
0.11 0. 2* 2 .59 0 .36 0 . 1* 0 . 0* 0 .13 0 .72 0 .29

VJ1S3
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period May 23 through June 12. The highest count of 2.24 x 
10^ cells/ml was from the 1.5m sample on May 23- Akinete 
formation was in an advanced state (Pig. 6) in the June 12 
samples and Anabaena flos-aquae was not observed after this 
date.

Of the Chlorophyceae, 3 species occurred primarily 
in the spring. Ankistrodesmus falcatus var. acicularis and 
Micratinium pusillum were most abundant on May 23. Sohroederia 
setigera was present in the surface water only from June 6 
through June 19- Ankistrodesmus falcatus var. acicularis 
and M. pusillum were found only sparingly after June 19«
These species were generally observed at 10-50 cells/ml, 
although higher peaks were recorded for each alga.

Phytoplankton common throughout the summer

Of those algae whose occurrence continued generally 
without interruption, Dictyosphaerium pulchellum (Pig. 7) 
was the predominant form. The abundance and distribution 
of this colonial green alga is presented in Table 10.
Dictyo sphaerium pulchellum experienced a spring pulse in 
May followed by a sharp decline in abundance in early June. 
During the period June 12 through July 20, D. pulchellum 
was present at less than 400 cells/ml. By late August
D. pulchellum was the dominant species of a heterogeneous 
phytoplankton bloom. During the period August 30 through 
November 1 counts of D. pulchellum were frequently in excess 
of 100 x 10^ cells/ml. Dictyo sphaerium pulchellum was
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always distributed in the entire water column, even after 
the shut down of air compressors on September 12.

A third filamentous blue-green.Oscillatoria sp., 
was a subdominant species before and after artificial cir
culation of Kezar Lake. Table 10 shows that as summer pro
gressed Oscillatoria sp. flourished in the surface waters 
and that it behaved somewhat comparably to A. flos-aquae. 
although it was less numerous. By July 15» the day pre
ceding aeration, the stratification of this species in the 
water column was strongly established. The combined cell 
counts of A. flos-aquae and Oscillatoria sp. at this time 
accounted for 99# of the phytoplankton standing crop in 
Kezar Lake.

Similar to its effect on A. flos-aouae. artificial 
circulation redistributed Oscillatoria sp. (Table 10). The 
filaments of Oscillatoria sp. were dispersed evenly in the 
water column by July 26 and an increased abundance of this 
species again was evident. There followed a gradual decline 
in cell numbers through mid-August, but by the end of this 
month the abundance of Oscillatoria sp. returned to August 
7 levels. This trend continued until September 28 when a 
peak count of 101.60 x 10^ cells/ml was observed. On the 
latter date Oscillatoria sp. had restratified in the water 
column after discontinuation of artificial circulation. 
Oscillatoria sp. had almost disappeared on October 10, and 
it was a relatively low numbers on November 1.

Eleven species of Scenedesmus were found in Kezar
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Lake. Of these, five were common throughout the summer of 
1968. Scenedesmus dimorphus (Pig. 7) was the most abundant, 
and it was most numerous during May (Table 10). The dis
tribution and abundance of S. bicaudatus and S. quadricauda 
var. longispina was similar to that of S. dimorphus. with 
the exception that the latter species was not found during 
July 15 to July 26. Scenedesmus abundans var. asymmetrica 
was common also throughout the summer of 1968 but its num
bers were sparse before artificial circulation. Throughout 
August and September S* abundans var. asymmetries was very 
common, and it was observed frequently in excess of 100 
cells/ml.

Several other species of the Chlorophyceae occurred 
commonly throughout the summer of 1968. Anki strode smus 
faloatus var. mirabilis (Pig. 7) was invariably present from 
phytoplankton samples collected at Kezar Lake. Table 10 
shows that A. falcatus var. mirabilis experienced a spring 
maximum in the surface waters during May. There followed 
a gradual diminution in abundance of this species and by 
late June and early July less than 200 cells/ml were generally 
observed at each depth. After artificial circulation A. 
falcatus var. mirabilis became more numerous at each depth, 
and it attained maximum abundance on August 15 (Table 10).
Only small fluctuations were observed through the remainder 
of the summer.

Other chlorophycean species that reached peak abun
dance in May included Ohlorella vulgaris. Ooelastrum microporum
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and Golenkenia radiata. Hormidium sp. flourished in late 
June, and it attained counts as high as 1.16 - 1.95 x 10^ 
cells/ml. The desmids Oosmarium bioculatum , Staurastrum 
paradoxum var. parvum. StaurodesmuB connatus. and the colonial 
green alga Selenastrum Westii, were all common before arti
ficial circulation but were not abundant. All of these 
species were sparse at the height of the A. flos-aquae bloom, 
except for G. vulgaris. At this time, 0. vulgaris was 
stratified in the water column, and it was counted usually 
at 100-500 cells/ml in surface waters.

All of the aforementioned species became more numer
ous following artificial circulation and they reached peak 
counts (up to 800 cells/ml) during mid or late August. 
Hormidium sp. was relatively abundant at this time and it 
varied from 4.44 to 8.89 x 10^ cells/ml in the water column 
on August 21. Only 0. microporum. S. connatus. and S. Westii 
were commonly encountered in phytoplankton samples collected 
during September and October.

The pigmented flagellates enumerated at Kezar Lake 
during 1968 were common throughout the summer. The most 
prominent flagellates were three species of Cryptomonas:
C. erosa, C. Marssonii and C. ovata. The abundance and dis
tribution of 0. erosa was typical of the other cryptomonads 
and cell counts for this species are presented in Table 11. 
These data show that the population of C. erosa had shifted 
from bottom waters on May 16 to surface waters on June 12. 
Oryptomonas erosa continued to be most prominent in surface
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Table 11. Vertical distribution and abundance (1x10^ 
cells/ml) of five common species of phyto
plankton at Station 2 in Kezar Lake, 1968.
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waters throughout June and early July. Similarly, 0. ovata 
and C. Marssonii were observed primarily in surface waters 
at this time. The trends of all three species of Cryptomonas 
are nearly identical after artificial circulation. Fluctu
ations of these species can be followed in Table 11. Table 
11 shows also the population trends of the small flagellate 
Rhodomonas minuta var. nannoplanctica (Fig. 6) before and 
after mixing of Kezar Lake.

The chlorophycean flagellate Chlamydomonas spp. and 
the dinoflagellate Glenodinium sp. were common through most 
of the summer, but they were most numerous following artifi
cial circulation. Both flagellates were most abundant (10- 
60 cells/ml) in the surface waters during June. Subsequent 
artificial circulation, both Chlamydomonas spp. and 
Glenodinium sp. were distributed evenly in the water column 
and they were generally counted between 70 and 200 cells/ml. 
The remaining flagellate and last species that was common 
throughout the summer is Trachelomonas varians. This test- 
bearing euglenoid was observed on every sampling date, but 
it was distributed sparingly before July 16. After artifi
cial circulation T. varians became more numerous and. it was 
evenly dispersed in the water column. The highest count of 
100 cells/ml was recorded at 0.5® on August 7- Trachelomonas 
varians and Chlamydomonas spp. were encountered only sparingly 
after August 30 whereas Glenodinium sp. was still a common 
phytoplankter.
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Phytoplankton common after artificial circulation
The third general category of phytoplankton is com

posed almost exclusively of chlorophycean taxa. The abundance 
and distribution of Scenedesmus arcuatus var, platydisca 
exemplifies this category best and cell counts of this species 
are presented in Table 11. The Table shows that S. arcuatus 
var. platydisca was absent from the phytoplankton flora until 
August 15- By August 50, however, a maximum count was re
corded and most of the population was located in surface 
waters irrespective of artificial circulation. A gradual 
diminution in the abundance of S. arcuatus var. platydisca 
followed, and subsequent to the discontinuation of artifi
cial circulation most of the population of this phytoplankter 
was located in bottom waters on September 28 (Table 11).

Table 11 shows also the population increments of two 
other green algae, Scenedesmus serratus forma minor and 
Tetrallantos Lagerheimii. following artificial circulation 
of Kezar Lake. Tetrallantos Lagerheimii (Pig. 7) was 
observed in large numbers during late August and early 
September. According to Smith (1950) and Prescott (1962) 
this species is rare in the United States. Crucigenia 
apiculata (2.52-5.82 x 10^ cells/ml) and Selenastrum 
Bibraianum (1.36 - 2.02 x 10^ cells/ml) also reached peak 
populations during late August and early September respec
tively. Other green algae that were numerous (generally, 
50-500 cells/ml) following artificial circulation of Kezar
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Lake are (in order of abundance): Kirchneriella contorta.
K. obesa. Sphaerocystis Sohroeteri. Scenedesmus sp,, S. 
quadricauda var, quadrispina (Fig. 7)» S. acuminatus var. 
tetradesinoides. Nephrocytium Agardhianum. Tetraedron 
liraneticum. T. gracile. and T. muticum.

The abundance and distribution of Ulothrix subcon- 
stricta (Fig. 7) stands in contrast to chlorophycean taxa 
previously mentioned. Only after artificial circulation 
was discontinued on September 12 was U. subconstricta rela
tively abundant. Counts of U. subconstricta often exceeded 
1.00 x 10* cells/ml; a peak abundance was reached by October 
10. On September 28 U. subconstricta was most numerous at 
1.5m, which is contrary to the vertical distributions of 
S. arcuatus var. platydisca. S. serratus forma minor. 
Scenedesmus sp., T. Lagerheimii. K. contorta. K. obesa. and 
S. Bibraianum mentioned previously. It should be noted 
that the abundance of all the latter species diminished 
after September 28, while U. subconstricta remained numerous.

In addition to the many green algae previously dis
cussed, two species of diatoms appeared in phytoplankton 
samples after artificial circulation of Kezar Lake. Melosira 
ambigua was common at 20-266 frustules/ml throughout August 
and September, but it was distributed intermittently in the 
water column. Synedra rumpens occurred in phytoplankton 
samples during this same interval, but it was not as numerous•
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Phytoplankton distributed irregularly
In the remaining category, we find great diversity 

and the largest number of species. Among the blue-green 
algae, Aphanocapsa delicatissima was observed in phytoplank
ton samples collected during mid-June and again in the fall. 
Merismopedia tenuissima was encountered sparingly during 
late June and early July, whereas in samples collected after 
artificial circulation, trichomes of Oscillatoria limnetica 
were occasionally present. Several diatoms were found in 
phytoplankton samples collected in the spring and fall months, 
but they were uncommon. Of these, Navicula spp. and 
Cyclotella glomerate were present (10-50 cells/ml) during 
the spring but only the latter species was common in Sep
tember and October. Both Mallomonas Presenii and Mallomonas 
tonsurata reappeared in phytoplankton samples at 10-110 
cells/ml during late August, after small peaks in May and 
early June.

Six species of Chlorophyceae are categorized as 
generally not abundant or irregularly distributed. Ankis- 
trodesmus falcatus was common on May 16 only, and it was 
observed infrequently thereafter. Spondvlosium planum 
appeared in some spring samples, but it was not observed 
again until late August. Scenedesmus denticulatus was counted 
at 40-120 cells/ml during late June, early August, and in 
samples collected during September and October. Scenedesmus 
Beraardii was not abundant and it prevailed in surface
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phytoplankton samples on only 7 of 20 collection dates. 
Pediastrum tetras was most numerous (40-224 cells/ml) from 
September 15 until October 10, but it was distributed 
sparingly in the water column. Ooc.ystis Borgei did not 
appear in phytoplankton samples until September but was 
uncommon until November 1.

Euglena sp. was observed usually on each sampling 
date, but only in one or two samples and at 10 cells/ml.
In addition, two nonpigmented flagellates were enumerated 
from phytoplankton samples collected at Kezar Lake.
Entosiphon sulcatum was observed in only one sample, while 
Cyathomonas truneata was encountered sporadically throughout 
the summer.

Finally, thirty-eight species of algae were encoun
tered in 5# or less of the 120 phytoplankton samples col
lected at Kezar Lake during the summer of 1968. Since these 
species contributed insignificantly to the standing crop 
of phytoplankton they will not be discussed. Instead, they 
are indicated in Table 8 by a single asterisk.

Total phytoplankton

In summary, tie phytoplankton standing crop before 
and shortly after artificial circulation was exclusively 
blue-green, being dominated by A. flos-aquae. Throughout 
August the bloom of A. flos-aquae dissipated, and it was 
succeeded by a heterogeneous assemblage of green algae. By 
late August 80 percent of the phytoplankton standing crop



69

was composed of chlorophycean species. Figure 8 shows this 
trend. After mixing was terminated on September 12 the per
cent standing crop attributed to blue-green algae increased 
to 53# during the peak growth of Oscillatoria sp. However, 
by October 10 the chlorophycean genera were again dominant.
It is clear also from Fig. 8 that phytoplankton other than 
Oyano'phyceae and Chlorophyceae contributed insignificantly 
to tie standing crop of phytoplankton following artificial 
circulation of Kezar Lake.

Chloroph.yll-a

Chlorophyll-a concentrations were determined at Kezar 
Lake as indices of phytoplankton standing crop and of algal 
potential to assimilate carbon. For comparative reasons 
calculation of chlorophyll-a in mg/m^ was accomplished by 
two different equations and at two different spectrophoto- 
metric wavelengths (665mu, 663mu) as suggested respectively 
by Strickland and Parsons (1965) and SCOR-UNESCO (1966).
The results of these comparisons will be submitted for pub
lication separately, but I will state now that no signifi
cant differences were found regardless of the equation or 
wavelength employed. Since earlier studies (Gentile, 1966; 
Gallup, 1969) on New Hampshire lakes have reported chloro- 
phyll-a results based on the trichromatic equation and recom
mended wavelength suggested by Strickland and Parsons (1965) 
the results in this paper will be reported similarly.
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Pig. 8. Ma^or successional changes in the phyto
plankton standing crop at Station 2 following 
artificial circulation of Kezar Lake. Pumps 
on July 16 - off September 12, 1968.
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Table 12 shows the distribution of chlorophyll-a 
in Kezar Lake during the summer of 1968. Through June and 
July chlorophyll-a samples were collected frequently to the 
depth of 1# surface illumination only. Otherwise, chloro- 
phyll-a samples were collected to a depth of 5*5m. Concen
trations of chlorophyll-a were stratified in the water 
column at Station 2 on sampling dates prior to artificial 
circulation. The largest concentration of chlorophyll-a 
on May 23 was found at 2.5m, but on succeeding dates it was 
invariably at 0.5 meters. At the latter depth the amount 
of chlorophyll-a increased gradually to 76.09 mg/m^ on June 
30, then leveled off to 72.21 mg/m^ on July 15- A similar 
event occurred at 1.5 meters. At lower depths maximum con
centrations of chlorophyll-a were recorded on July 3 where
upon rapid depletion ensued. The stratification of chloro- 
phyll-a on July 15 correlates closely with the vertical dis
tribution of A. flos-aquae (compare Tables 9 and 12).

After artificial circulation, chlorophyll-a was 
uniformly dispersed in the water column. A gradual reduction 
in chlorophyll-a was evident during early August, which is 
in agreement with the decline in abundance of A. flos-aquae. 
By August 15, however, the concentration of chlorophyll-a 
leveled off, and it remained stable with a mean concentra
tion of 22.20 mg/m^ during the next 6 weeks. Thereafter, 
chlorophyll-a decreased steadily, and it was evenly dispersed 
at 10.69 - 12.18 mg/râ  on November 1.

The distribution of chlorophyll-a at Station 4 is
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Table 12. Depth distribution of chlorophyll-a at 
Station 2 in Kezar Lake, 1968. Concen 
trations are in



DEPTH HAY JUNE JULY AUGUST
(M) 23 12 19 30 3 15 21 23 26 30 3

0.5 12.9 41.7 59.3 76.1 71.2 72.2 42.8 41.9 46.2 50.8 57.3
1.5 14.2 40.0 53.5 72.5 66.0 63.9 44.2 42.9 51.6 56.0 47.7
2.5 18.7 31.8 17.1 - 60.2 14.4 38.4 39.5 53.2 44.9 53.3
5.5 8.4 4.9 7.0 - 42.9 5.1 - 42.2 58.3 50.4 42.8
*.5 5.9 3.5 - - 29.1 7.5 - 35.0 - 53.1 45.2
5.5 4.9 - - - - - - 36.2 - 55.9 46.3

AUGUST SEPTEMBER OCTOBER NOV.
7 11 15 21 27 30 3 13 28 10 1

0.5 36.0 22.3 17.3 22.4 20.0 21.2 16.7 24.8 22.4 16.2 10.8
1.5 37.4 27.1 16.6 21.8 19.3 20.2 19.6 27.5 21.0 17.4 12.2
2.5 30.3 23.1 21.5 22.8 22.2 20.3 19.3 25.9 21.7 15.6 10.7
3.5 39.5 24.9 14.9 22.4 19.0 24.7 25.2 26.9 19.6 18.3 10.8
4.5 36.3 23.2 19.3 18.9 16.8 24.2 25.9 - 28.0 14.2 11.3
5.5 30.3 24.5 15.7 20.7 19.5 18.5 20.8 — 32.3 13.1 10.8
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very similar to that shown for Station 2. The important 
exception is at 0.5m on July 15, when 35-40 mg/m^ chloro- 
phyll-a measured at Station 4 was one-half the amount mea
sured at Station 2 (Table 12). Similarly, at 1.5m the amount 
of chlorophyll-a was less at Station 4. X cannot explain 
the slower growth rate of A. flos-aquae and reduced levels 
of chlorophyll-a bound in surface waters at Station 4 dur
ing mid-July.

Primary Productivity

In situ primary productivity studies were conducted 
at Kezar Lake as an index of the vitality of phytoplankton 
populations. At Station 2 the rate of photosynthesis more 
than doubled at 0.5m between June 30 and July 15 (Table 130 - 
On the latter date a summer maximum of 2109.2 mg(particulate) 
C/m^/4 hrs. was fixed at the 0.5m depth. Primary productivity 
at 1.5m was severely curtailed and no photosynthetic activity 
was evident at 2.5 meters attesting to the dense shade caused 
by very high cell numbers near the surface. The extremely 
high assimilation rates of carbon in surface waters at this 
time was responsible for the absence of free carbon dioxide 
and subsequent increase in carbonate alkalinity (Pig. 5) and 
pH (Table 2).

The initial effect of artificial circulation on pri
mary productivity was a sharp decrease at 0.5 meters by July 
21. At the 1.5 and 2.5m depths primary productivity increased 
(Table 13) in response to deeper light penetration (Pig. 3)*
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Table 13. Primary productivity in mg (particulate)
C/m^A hrs. at Station 2 in Kezar Lake, 1968,



JUNE JULY AUGUST
DEPTH
CM) 30 3 15 21 26 30 3 7

0 .5 8 6 7 .5 1218 .6 2109.2 331.7 85 8 .4 1040 .7 738 .2 385 .6
1 .5 1 8 .4 17.2 10.1 6 2 .4 100 .7 170 .2 19 9 .3 6 5 .5
2 .5 - - 0 .0 1 .9 - 6 .7 1 3 .5 7 .8
3 .5 - - - - - - - 1 .1

AUGUST SEPTEMBER

11 15 21 27 30 3 13 28

0 .5 258 .0 178 .6 201 .2 141 .8 7 9 .7 56 .2 25.2 1 .3
1 .5 208 .9 127 .6 1 0 0 .7 7 9 .4 4 5 .9 2 9 .0 9 .3 0 .9
2 .5 6 5 .2 6 8 .0 2 9 .9 2 8 .0 15 .2 7 .8 1 .3 0 .1
3 .5 1 2 .8 2 1 .3 6 .5 7 .8 5 .4 1 .6 0 .2 -

4 .5 5 .7 2 .3 4 .9 2 .7
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After 10 days of aeration, primary productivity had increased 
measurably and this trend continued until July 30 when a 
post-aeration maximum of 1040.7 mg(particulate) C/m^/4 brs.
At 0.5m was recorded. Beyond July 30 decreasing rates of 
photosynthesis were found at 0.5 meters. At 1.5» 2.5 and 
3*5m the maximum rates of photosynthesis were recorded on 
August 11 and 15* thereafter a gradual diminution occurred 
also at these depths. No primary production was detected 
at any depth on November 1.

With few exceptions the primary productivity at 
Station 4 parallels closely that presented previously for 
Station 2 (Table 13). At Station 4 primary productivity 
decreased from 1546.3 to 1028.3 mg(particulate) 0/m^/4 hrs. 
on July 7 slucI 15 respectively in contrast to the significant 
increases recorded at Station 2. The decrease in primary 
productivity at Station 4 during this interval contradicts 
increases in the population of A* flos-aquae but correlates 
with a lower level of chlorophyll-a (see page 75). Primary 
productivity was severely curtailed also at 0.5m after the 
lake was mixed and the increases at lower depths were nearly 
identical to the rates shown for Station 2 (Table 13). At 
0.5m, primary productivity remained lower at Station 4 until 
August 11 whereupon the results became similar for both 
stations•
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RESULTS 1969 

Transu arency

The changes in water transparency during the summer 
of 1969 were not unlike those of 1968. Even though the air 
compressors were started on May 28 the water transparency 
continued to decline (Fig. 9). The Secchi disc transparency 
of 10 feet on May 2 was reduced to 2.5 feet during the last 
week of June. As the bloom of A. flos-aquae dissipated, the 
water transparency increased, and by July 15 the Secchi disc 
transparency was 6 feet.

The improved water clarity was only transitory for 
a subsequent increase of predominantly green algae occurred 
during the latter half of July and throughout August. Dur
ing this period the Secchi disc transparency varied between 
5 and 4 feet. By September 10 the water had cleared favor
ably, but on October 9 the Secchi disc transparency was dim
inished again because of the accumulation of algae in surface 
waters. However, on October 30 a Secchi disc transparency 
of 13*5 feet was observed, the deepest Secchi disc reading 
recorded during the 2 year research period. The Secchi 
readings at Station 4 were identical to those at Station 2 
during the summer of 1969*

The level of 1# surface light proved again to be a 
more sensitive indicator of water transparency. Figure 9 
shows that in shallow lakes more than 1$ of surface light
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Pig. 9 Light transmission in Kezar Lake. Secchi disc 
transparency and level of 1JI5 surface illumina
tion at Station 2, 1969.
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may reach the bottom when the water transparency is good,

Temperature

The effect of artificial circulation on the tempera
ture regime at Kezar Lake during 1969 is illustrated in Fig, 
10, Since the surface to bottom temperature differential 
was less on May 28, 1969 (Fig, 12) than on July 15* 1968 
(Fig, 4) less work was required to completely circulate the 
lake. With only 2 of 4 air compressors in operation the 
lake was completely mixed after 7 days aeration. Still, the 
lake waters gradually warmed to between 200 and 250 and re
mained isothermal throughout the summer. The lake remained 
thermally destratified after the air compressors were shut 
down on September 15* Since only 5 compressors were opera
tive during most of the summer slight surface-to-bottom 
temperature differences are evident (Fig. 10). These tempera
ture differences generally were less than 20. Temperature 
differences between Stations 2 and 4 were always less than 
1C during the entire summer.

Dissolved Oxygen

Stratification of dissolved oxygen was obvious as 
early as May 28, the same day the air compressors were 
started (Table 14). After circulation the dissolved oxygen 
content of the surface waters was high in June due to the 
bloom of A. flos-aquae. By July 6 the bloom had dissipated
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Fig. 10. Temperature profiles at Station 2 in Kezar 
lake, 1969. Arrow indicates period of 
artificial circulation.
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and the vertical distribution of dissolved oxygen was ex
tremely uniform.

The high levels of oxygen during the latter half of 
July and throughout August were caused by high density of 
predominantly green algae. By September 10 the bloom of 
green algae had subsided and the dissolved oxygen content 
was extremely uniform again in the water column (Table 14).
The reason(s) for the uniformly low dissolved oxygen con
centrations on July 6 and September 10 is (are) unknown.
Both dates occur, however, at the termination of successive 
algal blooms, and a high BOD must have existed (Prescott, 
1962). Stratification of oxygen did not reoccur after the 
air compressors were shut off on September 15. By October 
9 the dissolved oxygen content was near saturation in the 
entire water column. The difference between oxygen con
centrations at Stations 2 and 4 was generally less than 1 ppm.

Carbon dioxide. Carbonate alkalinity

The vertical distribution of free carbon dioxide in 
Kezar Lake during the summer of 1969 is presented in Pig. 11. 
Carbon dioxide stratification was well established by May 
28, the day artificial circulation was started. As in 1968, 
a reduction of carbon dioxide occurred at lower depths after 
the lake was mixed. The concentration of carbon dioxide 
was reduced by 7.0 ppm at 6.5m on May 31, after only 3 days 
of aeration. During the remainder of the summer and until 
the air compressors were shut off on September 15 the carbon
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Table 14. Depth distribution of dissolved oxygen 
at Station 2 in Kezar Lake, 1969.
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DATE
(1969)

DEPTH
(H) PPM

FStCIMT
SATURATION

DATE
(1969)

DEPTH
(M) PHI

PEBCEBT
SATURATION

5 /1 2 0 .5 1 0 .5 95 7 /1 5 0 .5 8 .5 96
1 .5 1 0 .5 95 1 .5 8 .5 96
2 .5 1 0 .4 95 2 .5 8 .4 94
5 .5 1 0 .5 95 3 .5 7 .9 89
4 .5 9 .9 88 4 .5 7 .9 89
5 .5 1 0 .0 89 5 .5 7 .7 85
6 .5 9 .7 86 6 .5 6 .7 74

5 /28 0 .5 1 0 .0 100 7 /1 9 0 .5 1 0 .4 125
1 .5 10 .1 100 1 .5 1 0 .3 124
2 .5 1 0 .0 99 2 .5 9 .5 113
5 .5 9 .9 98 3 .5 8 .0 94
4 .5 9 .5 90 4 .5 6 .7 78
5 .5 8 .9 86 5 .5 5 .9 67
6 .5 2 .1 19 6 .5 4 .1 46

5 /51 0 .5 9 .6 97 8 /7 0 .5 11 .1 130
1 .5 9 .4 95 1 .5 7 .9 91
2 .5 9 .6 97 2 .5 7 .9 90
5 .5 9 .4 95 3 .5 7 .0 80
4 .5 9 .6 97 4 .5 6 .4 73
5 .5 9 .5 96 5 .5 5 .7 64
6 .5 6 .4 65 6 .5 5 .7 41

6 /1 0 0 .5 1 0 .0 108 8 /2 3 0 .5 1 0 .4 118
1 .5 9 .9 106 1 .5 8 .8 100
2 .5 9 .5 99 2 .5 8 .1 91
5 .5 8 .6 92 5 .5 8 .1 90
4 .5 7 .8 85 4 .5 8 .1 90
5 .5 7 .6 80 5 .5 7 .3 80
6 .5 7 .1 75 6 .5 7 .5 80

6 /2 2 0 .5 1 1 .5 127 9 /1 0 0 .5 5 .0 54
1 .5 9 .6 105 1 .5 5 .0 54
2 .5 8 .5 94 2 .5 4 .9 53
5 .5 8 .5 94 3 .5 4 .8 51
4 .5 8 .4 92 4 .5 4 .8 51
5 .5 8 .7 95 5 .5 4 .9 53
6 .5 8 .6 94 6 .5 5 .0 54

7 /6 0 .5 7 .5 84 1 0 /9 0 .5 1 0 .2 98
1 .5 7 .5 84 1 .5 1 0 .4 99
2 .5 7 .5 84 2 .5 1 0 .5 99
5 .5 7 .5 84 3 .5 1 0 .4 98
4 .5 7 .4 85 4 .5 1 0 .2 96
5 .5 7 .5 64 5 .5 1 0 .0 94
6 .5 7 .4 85 6 .5 * -
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Fig. 11. Carbon dioxide and carbonate alkalinity pro
files at Station 2 in Kezar Lake, 1969. Arrow 
indicates period of artificial circulation.
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dioxide concentration in the bottom waters was comparatively 
low except around August 7» when the carbon dioxide level 
reached a high of 9.5 ppm. Recall from Table 14- that stratifi
cation of dissolved oxygen during the period of aeration 
was most pronounced also on August 7*

In the euphotic zone complete utilization of carbon 
dioxide was evident again during phytoplankton blooms even 
though the air compressors were in operation (Pig. 11). The 
black areas of Pig. 11 depict times and depths when no car
bon dioxide was found. After the bloom of A. flos-aquae 
had subsided, the distribution of carbon dioxide in the 
water column was uniform (July 6, Pig. 11). By September 
10 the second phytoplankton pulse had dissipated at Kezar 
Lake and carbon dioxide was present again in surface waters 
for the first time since July 19.

When the air compressors were shut down on September 
15 the carbon dioxide distribution gradually restratified 
(Pig. 11). Pall turnover eliminated this transitory strati
fication, and the carbon dioxide distribution was uniform 
again at 1.5 ppm on October 50. The differences in carbon 
dioxide concentration between Stations 2 and 4- were usually 
less than 1.0 ppm.

The detection of carbonate alkalinity in measurable 
quantities coincided with the absence of carbon dioxide on 
the dates specified previously (Pig. 11). The differences 
in carbonate alkalinity between stations 2 and 4- never ex
ceeded 1.0 ppm.
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Nutrients

Iron

The vertical distribution of iron is given in Table 
3. Comparison of data in this Table shows that lower con
centration of iron prevailed during the summer of 1969. The 
iron content decreased slightly at most depths from May 26 
to June 4. It increased markedly after 4 weeks of aeration, 
and on June 24 varied from a 0.5 meter value of 0.13 to 0.239 
milligrams per liter at 6.5 meters. Iron concentrations 
were lower by July 14 after 7 weeks of artificial circula
tion, and the similarity in the distribution of iron on this 
date and on August 21, 1968 (after 5 weeks aeration) is 
striking. The mean concentrations of iron were 0.057 mg/1 
and 0.064 mg/1 on these dates respectively.

Manganese

Stratification of manganese was absent during 1969 
and manganese concentrations varied less perceptibly and 
were much lower than those of 1968 (Table 3). mean con
centration of manganese changed insignificantly from May 26 
to June 4, but the variation at differenct depths was less 
on the latter date. The depth to depth variation was smaller 
once more on June 24 but the amount of manganese had approxi
mately doubled. By July 14, however, manganese concentra
tions of 0.008 to 0.012 mg/1 in the water column were the 
lowest recorded.
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Sodium

Early circulation of Kezar Lake in 1969 caused ini
tially a different sodium distribution than in 1968 (compare 
Tables 4 and 5)* Eventually, the sodium content was greater 
at all depths in 1969» and a 60# increase was observed at 
0.5 meters on July 14. Levels of 10.5 - 13*7 mg/1 on July 
14 are contrasted with the lower concentrations on June 24.

Calcium, potassium and magnesium

Unlike sodium, the concentrations of calcium, potas
sium and magnesium varied imperceptibly during the analysis 
period (Table 15)* The calcium content was slightly lower 
in 1969 than in 1968 (Tables 4 and 15). Except for 1.1 mg/1 
potassium measured at 0.5m on June 4, the concentrations of
0.6 to 0.9 mg/1 at other depths and on other dates for both

*

years are comparable. Magnesium concentrations were constant 
also and evenly dispersed in the water column. The range 
of magnesium during the analysis period was from 0.7 to 0.85 
mg/1 with a mean concentration of 0.73 milligrams per liter.

Chloride

In contrast to 1968, the level of chloride slowly 
increased following artificial circulation of Kezar Lake 
in 1969 (Table 16). Increases of 2-5 mg/1 chloride were 
evident by June 24, except at 1.5 meters, and by July 14 
chloride was evenly dispersed in the water column at 19 or
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Table 15. Depth distribution of sodium, calcium, 
potassium and magnesium at Station 2 in 
Kezar Lake, 1969. Concentrations are in 
mg/1.



BEFORE AERATION AFTER AERATION

DEPTH
MAY 26 JUKE 4 JUKE 24 JUL'I 14

Ha Ca K Mg Na Ca K Mg Na Ca K MR Na Ca K «R

0.5 M 9.2 5.2 - 0.72 6.3 3.1 1.1 0.7 3.7 3-3 0.3 0.73 13.7 3.6 0.8 C.77

1.5M 10.6 5.5 - 0.72 3.8 3.1 0.7 0.7 8.6 3.2 0.8 0.72 10.3 3.8 0.8 0.77

2.5 H 11.4 5-5 - 0.73 3.8 3.1 0.7 0.7 7.6 3.2 0.3 0.72 12.1 3.8 0.8 0.77

5.5 H 8.6 3.2 - 0.72 3.3 5.1 0.9 0.7 8.0 3.2 0.8 0.72 10.7 3.8 0.8 0.77

4.5 M 10.5 3-5 - 0.73 8.8 3.1 0.6 0.7 9.5 3.3 0.3 0.74 12.7 3.8 0.9 0.79

5.5H 9.5 3.2 - 0.73 8.2 3.1 0.6 0.7 9.4 3.3 0.8 0.83 12.5 3.8 0.8 0.77

6.5 M 9.5 3-0 - 0.73 8.7 3.0 0.6 0.7 9.5 3.3 0.9 0.77 10.5 3.8 0.8 0.77

vD4*
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Table 16, Depth distributions of copper, silicon dioxide, 
chloride and zinc at Station 2 in Kezar Lake, 
1969. Concentrations are in mg/1.



BEFORE AERATION AFTER AERATION

DEPTH
MAY 26 JUNE 4 JUNE 24 JULY 14

Cu Si02 Cl Zn Cu Si02 Cl Zn Cu Si02 Cl Zn Cu Si02 Cl Zn

0.5 M 0.002 4 15 0.109 0.003 3 16 0.018 0.006 7 19 0.045 0.006 7 20 0.065

1.5 M 0.002 4 17 0.013 0.005 3 16 0.018 0.006 7 14 0.028 0.008 7 19 0.050

2.5 M 0.002 4 16 0.013 0.003 3 17 0.009 0.008 8 19 0.047 0.006 8 19 0.049

5.5 M 0.006 5 16 0.014 0.004 3 16 0.016 0.007 8 19 0.047 0.006 7 20 0.067

4.5 M 0.002 5 15 0.003 0.004 3 16 0.011 0.006 8 19 0.051 0.005 7 20 0.044

5.5 M 0.003 6 16 0.013 0.004 3 17 0.008 0.006 8 20 0.079 0.007 8 19 0.043

6.5 M 0.003 7 15 0.014 0.004 3 15 0.019 0.005 10 20 0.066 0.006 8 20 0.056
vO<T>
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20 milligrams per liter.

Silicon

After an initial decrease in concentration, silicon 
dioxide also increased in Kezar Lake following continued 
aeration. Table 16 shows that an inverse clinograde dis
tribution of silicon dioxide on May 26 was completely 
altered after one week of aeration. At this time the sili
con dioxide content was diminished but uniform at 3 mg/1.
There followed substantial increases and slight restratifica
tion of this nutrient by June 24. Silicon dioxide was 
evenly dispersed once more at 7 or 8 mg/1 on July 14.

Copper

Table 16 shows that copper was only marginally 
influenced by artificial circulation and that it remained 
uniformly dispersed in the water column during the summer 
of 1969. Generally, lower concentrations of copper were 
detected in 1969. After at least four weeks of artificial 
circulation, however, the range of copper (0.005-0.008 mg/1) 
and mean concentration (0.006 mg/1) are identical for both 
1968 and 1969 (Tables 5 16).

Zinc

Similar to 1968, the high concentration of 0*109 mg/1 
zinc before artificial circulation was detected at 0.5 meters. 
Unlike 1968, however, the immediate effect of artificial
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circulation was a decrease of zinc at this depth (Table 16),
No significant changes in zinc content occurred at depths 
below 0.5m from May 26 to June 4. During the next 20 days 
the mean zinc content rose from 0.014 to 0.052 milligrams 
per liter. Although depth to depth variations were evident 
the mean zinc content remained unchanged between June 24 
and July 14. Zinc never exhibited stratification following 
aeration in 1969.

Phosphorus

The depth distributions of orthophosphate and total 
phosphorus during 1969 are shown in Table 6. The mean con
centration of 0.093 mg/1 orthophosphate on May 26 was re
duced after artificial circulation to 0.057 mg/1 by June 4.
The downward trend in orthophosphate content continued until 
June 24 except at 0.5 and 5.5 meters. At 0.5m orthophos
phate had increased more than sixfold to 0.504 mg/1; a 
slimmer high. This high concentration had diminished con
siderably by July 14 (Table 6). conversely, at all depths 
below 0.5m increases in orthophosphate ensued between June 
24 and July 14 and the mean content increased from 0.080 to 
0.124 mg/1 on these dates respectively. The vertical dis
tribution of orthophosphate on the latter date was irregular 
and 75# of this nutrient was contained in the top half of 
the water column. As compared to 1963, orthophosphate con
centrations were significantly higher during the 1969 analyses 
period (Table 6).
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Total phosphorus concentrations in 1969 were also 
generally higher (Table 6). The depth distribution of total 
phosphorus was homogeneous in the water column before and 
after artificial circulation. Nevertheless, the data indi
cate a trend toward greater concentrations of total phos
phorus from May 26 to June 24. However, reduction of total 
phosphorus occurred by July 14 at all depths (Table 6).

Nitrogen

Data presented in Table 7 show increasing levels of 
nitrate nitrogen following aeration of Kezar Lake in 1969.
On June 4, after one week aeration, concentration increments 
were small but the distribution of nitrate nitrogen was less 
irregular. Between June 4 and July 14 significant increases 
in nitrate nitrogen content were evident and the mean con
centrations on these dates rose from 0.12 to 0.31 mg/1 re
spectively. The content of nitrate nitrogen in Kezar Lake 
after at least 3 weeks aeration are comparable for both 
1968 and 1969 (Table 7).

Contrary to 1968, the levels of nitrite nitrogen 
diminished immediately following artificial circulation in 
1969. Two days before aeration nitrite nitrogen was strati
fied in the water column at a range of 9 ug/1 at 0.5m to 
6 ug/1 at 6.5 meters. These levels dropped after 7 days 
aeration to 1 - 2 ug/1 evenly distributed at each depth.
The mean nitrite nitrogen concentration remained unchanged 
until July 14. On the latter date nitrite nitrogen levels
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varied from 3 to 7 ug/1, which are comparable to 1968 levels 
after 3 to 5 weeks of artificial circulation.

Depletion of ammonia nitrogen was evident immediately 
following aeration in 1969 (Table 7)* However, after con
tinued aeration, ammonia nitrogen increased to between 0.053 
and 0.090 mg/1 on July 14. In contrast to 1968, stratifica
tion of ammonia nitrogen was absent, and concentrations 
were subsequently much lower throughout the summer of 1969 
(Table 7).

Table 7 shows also the depth distribution of organic 
nitrogen. Initially there occurred a reduction of organic 
nitrogen at all depths subsequent to artificial circulation. 
The lower concentrations recorded for June 4 were still dis
tributed unevenly, and the tendency of higher concentrations 
at 6.5m remained unaltered as of June 24 even though the 
organic nitrogen content had redoubled. On the latter date 
concentrations of 0.816 to 0.913 mg/1 were recorded; they 
were comparable to those recorded on August 7» 1968 (Table 
7). Both dates follow 27 and 23 days respectively after 
initiation of artificial circulation. By July 14, 1969 
the distribution of organic nitrogen was erratic, the result 
of large concentration losses at 0.5 and 6.5 meters.

Phytonlankton

The succession of phytoplankton during the summer of 
1969 was similar to that described for 1968. The dominant 
alga as summer progressed was again A. flos-aquae even though



101

Table 17 Vertical distribution and abundance (1x10^ 
cells/ml) of Aphanizomenon flos-aquae at 
Station 2 in Kezar Lake, 1969.



DEPTH M A Y J U N E J U L Y
CM) 2 12 18 26 29 4 10 17 22 26 _ 30 6

0.5 0.00 0.06 0.04 0.56 0.55 4.50 15.50 121.10 241.40 266.90 309.70 70.20
1.5 0.00 0.01 0.19 0.52 0.14 5.90 15.70 142.00 280.60 248.50 230.00 71.90
2.5 0.03 0.02 0.13 0.45 0.33 5.40 19.30 144.20 322.60 235.90 248.20 77.70
3.5 0.00 0.03 0.13 0.20 0.34 4.30 17.90 110.80 247.10 223.20 289.50 83.10
*.5 0.06 0.02 0.03 0.29 0.29 3.60 12.90 94.40 276.00 204.00 166.70 65.60
5.5 0.04 0.01 0.06 0.18 0.36 3.10 10.10 96.80 272.10 200.00 74.50 ,'1.10

J U L Y A U G U S T S S P T. OCT.
15 19 23 31 7 12 18 23 27 10 20 9

0.5 9.60 18.60 29.10 15.90 31.00 25.60 44.30 23.50 24.60 1.60 0.17 0.00
1.5 8.60 23.50 24.00 14.10 26.00 26.30 33.80 19.00 17.60 1.60 0.33 0.00
2.5 10.00 18.90 21.00 11.10 20.40 27.20 40.60 20.30 21.20 1.10 0.36 0.02
3.5 8.20 19.50 18.60 11.10 12.70 23.80 23.40 21.30 28.10 1.20 0.44 0.00
4.5 8.70 19.00 16.00' 5.60 10.30 16.90 22.20 22.70 26.60 2.00 0.13 0.00
5.5 9.50 16.40 20.40 6.20 5.70 20.20 27.50 21.30 24.50 1.40 0.06 0.00
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artificial circulation was started on May 28, 1969. Table 
17 shows that less than 600 cells/ml A. flos-aquae were 
present at any depth when aeration was started. However, 
logarithmic growth of this species was evident as early as 
June 4 and prevailed during that month. Because the lake 
was being mixed by artificial circulation growth of A. flos- 
aquae proceeded uniformly at all depths.

By late June A. flos-aquae was the dominant alga 
and was responsible for 98# of the phytoplankton standing 
crop (as percent of total cells per milliliter). During 
this period A. flos-aquae attained a maximum of 322.60 x 10^ 
cells per milliliter. The abundance and distribution of 
this species during late June, 1969 (Table 17) is similar 
to that shown for July, 1968 (Table 9) following circulation 
of Kezar Lake. It is noted also in Table 21 that a trend 
toward stratification of A. flos-aquae appeared between June 
26 and June 30. However, 3 of 4 air compressors were 
operating on June 26 and by June 30 only 2 air compressors 
were in operation.

The bloom of A. flos-aquae dissipated abruptly and 
by July 15 counts diminished to 10.00 x 10^ cells/ml or less. 
Pour days later the counts of this species had redoubled 
and through late July and August A. flos-aquae was sustained 
at 10.30 to 44.30 x 10^ cells/ml. On July 31 and August 7 
stratification of A.flos-aquae was evident again and quanti
tative counts were lower in bottom waters. However, on both 
these sample dates only 2 of 4 air compressors were in opera



104

tion. Anhanizomenon flos-aquae gradually disappeared from 
phytoplankton samples during September (Table 17) and no 
cells were detected on October 30. The abundance and dis
tribution of A. flos-aquae at Station 4 was identical to 
that described for Station 2.

The bloom of A. flos-aquae during June, 1969 influ
enced the chemical and physical conditions of Kezar Lake 
as in 1968. The enormous number of filaments in the water 
column was responsible for: (a) decreased transparency
(Pig. 9); (b) high dissolved oxygen concentrations in sur
face waters (Table 14); and (c) loss of free carbon dioxide 
and detection of carbonate alkalinity in surface waters 
(Pig. 11). All of these conditions were ameliorated by 
July 6 during the terminal phase of the bloom.

Early aeration of Kezar Lake in 1969 precluded using 
general algal categories that facilitated a discussion of 
phytoplankton other than A. flos-aquae collected in 1968. 
Nevertheless, a few species appeared briefly in the spring, 
many species were common throughout the summer, and still 
other phytoplankters appeared in samples later in the summer.

Ehytoplankton common in spring samples

Of the algal species that appeared primarily in sam
ples collected in the spring Dinobrvon bavaricum was the 
most numerous. This alga occurred in samples during the 
period May 18 through June 10 and it reached a peak of 1.16 
x 10* cells per milliliter. Dinobryon cylindricum occurred
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in phytoplankton samples during the same time interval, but 
it numbered only 190 cells/ml at its population peak.

Among the diatoms, Asterionella formosa was most 
prominent but this species was far less numerous than de
scribed for the spring of 1968. Asterionella formosa was 
only common (10-250 cells/ml) during May and June; it 
reappeared in autumn samples and by October 30 this diatom 
was counted at 30-230 cells/ml. Melosira ambigua was present 
from May 18 through July 15, and similar to A. formosa. it 
was encountered again later in the season. Synedra rumpens 
was common at 10-100 cells/ml from May 2 until June 10, but 
it was observed thereafter only sparingly. Another diatom, 
Cvclotella comta was rarely encountered in Kezar Lake sam
ples except during the brief interval of May 12 through 
June 4.

Other algae that were common in spring waters included 
Anabaena flos-aquae. Mallamonas Eresenii. Ankistrodesmus 
falcatus var. acicularis. Chlamydomonas spp., Gonium sociale 
and Qphiocytium capitaturn var. longispinum. The filamentous 
blue-green Anabaena flos-aquae was observed first on May 29, 
and it reached maximum numbers of 1.29-6*43 x 10** cells/ml 
in the top 4 meters of water on June 10. Thereafter, Anabaena 
flos-aquae became less abundant and this alga was not found 
in any samples after June 26. Mallomonas Eresenii was most 
numerous (130-350 cells/ml) on May 12, but subsequently it 
was counted at 50 cells/ml or less until June 10. Mallomonas 
Eresenii was rare throughout the summer but it reappeared
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in October samples. Ankistrodesmus falcatus var. acicularis 
peaked at 160-220 cells/ml in the surface waters on May 2 
and then disappeared after June 4.

Another green alga, Chlamydomonas spp., attained 
maximum counts (80-250 cells/ml) on May 12, but it rarely 
exceeded the minimum value thereafter. Chlamydomonas spp. 
was scant after July 15* Gonium sociale was present in 
samples collected from May 12 to July 6 but it was absent 
on all other sampling dates. The last alga that occurred 
primarily in the spring at Kezar Lake is Ophiocytium 
capitatum var. longispinum. This phytoplankter was present 
from May 26 until June 17, but at 10-60 cells/ml it was not 
abundant.

Phytoplankton common throughout the summer

Tables 18 and 19 show the abundance and distribution 
of representative phytoplankton exclusive of A. flos-aquae. 
Of these, Dietyosphaerium pulchellum was the most numerous 
species. Pictyo sphaerium pulchellum flourished in the 
spring and it was the dominant alga during May (Table 18), 
with a peak population of 100.71 x 10^ cells/ml on May 29. 
The decreased abundance of D. pulchellum during June was 
coincident with the growth of A. flos-aquae (Tables 17 and 
18). Thus, a renewed abundance of D. pulchellum occurred 
during July after the bloom of A. flos-aquae. The second 
and smaller peak abundance of D. pulchellum was observed 
between July 15 and July 31. Thereafter D. pulchellum was
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Table 18. Vertical distribution and abundance (1x10^ 
cells/ml) of five common species of phyto
plankton at Station 2 in Kezar Lake, 1969.



P ie t r o  u t a a f l m  
w tlc h a llu a

jstiiastiaBi
falmtn. Tar.

Soanaflawwa

n«« (19«)
0 0 5 /2 5 /12 5 /18 5 /26 5 /2 9 6 /9 6 /1 0 6 /1 7 6 /2 6 7 /6 7 /1 5 7 /2 3 7 /31 8 /7 8 /1 2 8 /1 8 8 /2 7 9 /1 0 9 /2 0 10 /9 1 0 /30

0 .5 0 .3 6 0 .7 5 7 .0 5 91 .2 3 6 1 .0 9 8 .0 9 1 9 .7 0 5 .2 5 0 .9 5 0 .9 9 6 .5 1 13 .13 5 .3 9 2 .21 1 .5 0 1 .8 9 9 .3 0 1 .6 5 2 .1 1 5-91 0 .7 2
1 .5 0 .5 3 3 .2 6 7 .1 5 63.28 . 7 0 .82 37 .27 0 .5 9 0 .7 9 0 .6 3 7 .7 5 13 .09 1 5 .5 9 1 .6 8 3 .5 9 2 .3 2 1 .6 2 1 .8 9 1 .3 8 1 .8 6 0 .5 9

2 .5 0 .2 9 2.61 12.68 95 .0 8 7 9 .67 65.00 39.19 9 .0 6 1 .0 0 1 .0 5 7 .5 9 16 .60 19 .87 0 .6 6 2 .9 6 1 .1 2 2 .9 9 1 .5 2 2 .1 5 3 .58 1 .1 6

3 .5 0 .3 3 0 .7 6 7 .9 9 9 8 .2 0 100.71 73 .89 28 .77 1 .1 7 1 .1 9 1 .3 3 6 .5 9 11 .98 1 1 .9 3 1 .7 2 3 .3 7 3 .9 9 1 .9 6 1 .9 7 1 .9 7 3 .0 9 0 .6 0

9 .5 0 .31 2 .6 7 6 .2 7 39.69 69 .69 6 8 .5 5 31.33 9 .5 2 0 .8 7 1 .2 9 7 .0 8 1 9 .02 29 .92 1 .6 9 1 .6 2 2 .9 9 3 .3 7 1 .2 9 1.81 1 .2 9 0 .5 8

5 .5 0 .21 2 .9 7 6 .3 6 2 8 .29 7 1 .9 5 6 7 .3 6 29 .52 3 .5 0 0 .6 0 1 .1 8 6 .3 7 1 3 .1 0 21 .29 1 .7 9 1 .9 9 2 .5 8 1 .6 5 1 .5 6 1 .0 0 3 .7 6 1 .5 7

0 .5 0 .01 0 .0 5 0 .11 0 .2 8 0 .51 0 .2 6 0 .2 5 0 .1 8 0 .2 2 0 .2 9 0 .5 3 0 .6 0 0 .1 9 0 .6 6 0 .5 0 0 .1 5 0 .9 5 0 .1 6 0 .0 7 0 .9 8 9 .6 6

1 .5 0 .01 0 .03 0 .1 2 0 .3 7 0 .3 6 0.51 0 .2 7 0 .0 2 0 .1 5 0 .3 3 0 .5 9 0 .5 0 0 .2 9 0 .9 9 0 .5 0 0 .1 5 0 .3 9 0 .1 5 0 .0 5 0 .9 7 9 .7 8

2 .5 0 .0 0 0 .03 0 .0 6 0 .5 9 0 .9 9 0.91 0 .2 8 0 .1 5 0 .1 9 0.31 0 .6 3 0 .5 9 0 .91 0 .3 5 0 .5 6 0 .2 9 0 .9 3 0 .1 9 0 .0 5 0 .7 9 9 .7 5

3 .5 0 .0 0 0 .0 2 0 .0 8 0 .3 9 0 .9 7 0 .9 3 0 .11 0 .0 5 0 .1 8 0.91 0 .6 7 0 .3 6 0 .2 9 0 .3 6 0 .5 0 0 .2 5 0 .3 6 0 .1 7 0 .0 6 0 .6 2 9 .5 2
9 .5 0 .0 0 0 .0 5 0 .0 5 0 .3 9 0 .5 7 0 .3 6 0 .2 5 0 .1 3 0 .2 0 0 .3 2 0 .6 2 0 .5 0 0 .1 8 0 .3 5 0 .9 2 0 .2 0 0 .3 9 0 .1 7 0 .0 6 0 .61 9 .9 5

5.5 0.01 0 .03 0 .0 5 0 .21 0 .3 7 0 .6 0 0 .2 9 0 .1 2 0 .1 9 0 .31 0 .6 7 0 .7 9 0 .1 9 0 .3 6 0 .3 9 0 .2 0 0 .9 6 0 .1 6 0 .0 6 0 .6 6 9 .6 8

0 .5 0 .0 0 0 .0 0 0 .1 2 0 .3 6 0 .1 7 0 .1 2 0 .0 0 0 .0 0 0 .1 0 0 .1 8 0 .3 2 0 .6 3 0 .2 8 0 .5 6 0 .2 8 0 .6 9 0 .5 2 0 .0 2 0 .0 0 0 .0 2 0 .01
1 .5 0 .0 0 0 .0 0 0 .2 0 0 .1 8 0 .1 2 0 .0 9 0 .0 9 0 .0 9 0 .0 9 0 .0 9 0 .1 ? 1.11 0 .5 7 0 .7 7 0 .2 2 0 .21 0 .4 8 0 .0 2 0 .0 3 0 .0 0 0 .0 0

2 .5 0 .0 0 0 .0 0 0 .0 8 0 .1 6 o .o e 0 .0 8 0 .0 0 0 .0 0 0 .0 9 0 .2 0 0 .2 8 0 .7 0 0 .5 0 0 .6 9 0 .8 5 0 .5 3 0 .1 9 0 .0 5 0 .0 0 0 .0 6 0 .0 0

3 .5 0 .0 0 0 .0 0 0 .1 2 0 .2 9 0 .2 9 0 .2 2 0 .0 9 0 .0 9 0 .0 8 0 .1 6 0 .5 6 0 .7 9 0 .7 8 0 .7 9 0 .8 7 0 . 3B 0 .1 0 0 .0 3 0 .0 2 0.11 0 .0 0

9 .5 0 .0 0 0 .0 9 0 ,0 0 " .1 2 0 .1 2 0 .0 6 0 .0 5 0 .0 0 0 .1 2 0 .0 6 0 .9 5 0 .7 3 0 .5 5 0 .6 2 0 .7 0 0 .6 3 0 .2 7 0 .0 9 0 .0 2 0 .0 3 0 .0 2

5 .5 0 .0 0 0 .0 0 0 .0 0 0 .2 0 0 .1 6 0 .11 0 .0 0 0 .0 9 0 .0 0 0 .0 9 0 .3 9 0 .6 2 0 .9 3 0 .5 6 0 .5 6 0 .7 9 0 .5 3 0 .0 5 0 .01 0 .0 7 0 .0 2

0 .5 0 .01 1 .6 5 1 .91 0 .2 6 0 .1 9 0 .0 2 0 .0 3 0 .0 8 0 .7 9 0 .6 9 7-91 2 .2 5 0 .6 6 0 .2 0 0 .5 3 0 .2 8 0 .3 9 0 .31 0 .5 8 1 .1 3 1 .7 6

1 .5 0 .0 3 1 .6 5 2 .6 9 0 .2 0 0 .0 3 0 .0 9 0 .0 6 0 .11 0 .0 7 0 .6 8 7 .9 7 0 .8 0 1 .5 3 0 .5 3 0 .5 6 0 .3 2 0 .2 8 0 .2 8 0 .6 0 0 .3 2 2 .2 2
2 .5 0 .0 0 1 .6 7 2 .3 6 0 .3 2 0 .0 3 0 .0 7 0 .11 0 .2 0 0 .0 7 0 .7 9 6 .9 6 0 .1 9 1 .01 0 .0 6 0 .2 9 0 .2 0 0 .2 9 0 .3 5 0 .5 2 0 .9 9 1 .9 2
3 .5 0 .01 1 .5 3 2 .2 3 0 .1 8 0 .1 0 0 .1 3 0 ,11 0 .01 0 .0 2 0 .8 3 7 .9 8 0 .1 5 0 .6 6 0 .0 0 0 .3 5 0 .2 2 0 .3 2 0 .3 6 0 .2 7 0 .2 9 1 .7 9
9 .5 0 .0 0 1 .91 0 .5 8 0 .9 2 0.11 0 .0 7 0 .01 0 .01 0 .0 5 0 .6 5 9 .1 9 0 .1 5 0 .01 0 .0 0 0 .0 3 0 .0 7 0 .21 0 .3 5 0 .1 2 0 .0 3 2 .2 6
5 .5 0 .0 0 0 .9 0 0 .6 9 0 .9 0 0 .0 8 0 .0 8 0 .0 2 0 .0 0 0 .0 2 0 .5 0 1 .5 5 0 .9 8 0 .01 0 .0 3 0 .0 3 0 .01 0 .11 0 .2 8 0 .0 8 0 .3 5 2 .3 6

0 .5 0 .01 1 .3 8 1.11 0 .9 6 0 .0 7 0 .01 0 .0 6 0 .0 0 0 .0 ? 0 .0 6 0 .21 0 .9 5 0 .2 7 0 .1 8 0 .3 2 0 .5 0 0 .0 7 0 .7 7 0 .8 5 0 .2 0 0 .1 2
1 .5 0 .1 5 1 .7 2 1 .3 9 0 .3 5 0 .0 9 0 .0 3 0 .0 5 0 .0 5 0 .0 3 0 .0 3 0 .2 0 1 .6 9 0 .8 5 3.11 0 .7 9 0.31 0 .0 8 0 .8 2 3 .9 6 0 .1 5 0 .1 0
2 .5 0 .0 9 1 .9 3 1 .5 7 0 .2 8 0 .11 0 .0 2 0 .1 0 0 .0 5 0 .0 3 0 .0 8 0 .2 2 0 .8 3 0 .6 2 0 .3 2 0 .9 9 0 .9 2 0 .0 3 0 .8 5 3 .8 8 0 .1 5 0 .1 2
3 .5 0 .0 3 1 .7 2 1 .6 0 0 .1 8 0 .0 9 0 .0 7 0 .0 6 0 .0 3 0 .0 2 0 .0 6 0 .1 8 0 .7 0 0 .5 9 0 .0 8 0 .21 0 .3 9 0 .0 8 0 .8 0 2 .5 2 0 .1 2 0 .0 5
9 .5 0 .0 0 1 .3 2 0 .6 9 0 .5 2 0 .2 6 0 .1 3 0 .01 0.01 0 .0 3 0 .1 0 0 .31 0 .5 7 0 .01 0 .0 9 0 .0 7 0 .2 9 0 .0 8 0 .81 1 .5 5 0 .0 0 0 .1 0
5 .5 0 .0 0 1 .7 3 0 .7 2 1 .1 2 0 .7 2 0 .1 3 0 .0 6 0 .0 2 0 .0 8 0 .0 9 0 .1 3 0 .81 0 .0 8 0 .1 0 0 .3 5 0.21 0 .0 9 0 .91 0 .9 7 0 .1 5 0 .1 3

_iOCO
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Table 19* Vertical distribution and abundance (1x10^ 
cells/ml) of five common species of phyto- 
plankton at Station 2 in Kezar Lake, 1969.
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sustained primarily at 1,00 to 3.60 x 10  ̂cells/ml.
Table 19 presents the distribution of Tetrallantos

Lagerheimii during the summer of 1969* During late June and
3July T. Lagerheimii grew vigorously to a peak of 45.64 x 1(r 

cells/ml on July 31. Tetrallantos Lagerheimii was abundant 
during August, but it disappeared gradually during September 
and October. Another green alga, Ulothrix subconstricta. 
was abundant also during August. Unlike D. pulchellum and 
T. Lagerheimii« however, U. subconstricta was scant prior 
to July 23- Table 19 shows the growth of U. subconstricta. 
with a maximum population on August 18. Cell counts of 
U. subconstricta were lower at most depths by August 27, 
but it remained the most numerous species during the last 
half of that month. The abundance of U. subconstricta was 
substantially reduced by September 10, and this species 
gradually disappeared from phytoplankton samples.

Ankistrodesmus falcatus var. mirabilis was a very 
common species at Kezar Lake and it was observed in every 
sample collected after May 12. Table 18 shows that A. falcatus 
var. mirabilis was present in varying numbers throughout 
the summer, and that by October 30 it was the dominant alga 
in Kezar Lake.

Ohlorella vulgaris was a common phytoplankter also 
throughout the summer. After a peak abundance (336-574 cells/ml) 
on July 15, 0. vulgaris remained at 100-300 cells/ml until 
September 20. Numbers of Nephrocytium Agardhianum fluctuated 
up and down during the summer, but this alga was common
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until September 20, varying usually between 100-800 cells/ml* 
Both C. vulgaris and N. Agardhianum gradually disappeared 
beyond the latter date. The frequency and distribution of 
the colonial green alga, Sphaerocystis Schroeteri, resem - 
bled that of N. Agardhianum. However, during June S. 
Schroeteri was rare.

Three species of Scenedesmus were observed frequently 
throughout the summer of 1969. The distribution and abun
dance of S. dimorphus is presented in Table 18. The fre
quency and distribution of Scenedesmus bicaudatus and 
Scenedesmus quadricaudata var. longispina duplicate very 
closely the data shown for S. dimorphus. Unlike S. dimorphus. 
the abundance of the other two species of Scenedesmus 
remained high at 100-225 cells/ml on September 10. S. bicau
datus was numerous also on October 9.

Another common species, Scenedesmus serratus forma 
minor, reached a peak of 100-400 cells/ml during July, but 
it was less abundant at other times. Scenedesmus abundans 
var. asymmetries was scant until June 26, but it was numer
ous (100-300 cells/ml) during most of July. Scenedesmus 
abundans var. asymmetries was less abundant during August 
and it was encountered sparingly after September 10.

Several pigmented flagellates were widespread and 
often important contributors to the phytoplankton standing 
crop. Table 18 presents the distribution of the smallest 
but most numerous species, Rhodomonas minuta var. nanno- 
planctioa. Peak populations of R. minuta var. nannoplanctica
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occurred during mid-May, mid-July and late in October.
Table 18 shows also the abundance and distribution of 
Cryptomonas Marssonii. Cryptomonas Marssonii also reached 
a peak in mid-May too and it exhibited stratification of 
cell numbers at that time. Similar to R. minuta var. 
nannoplanctica. C. Marssonii was more abundant by mid-July 
and it tended to accumulate in surface waters. In the fall 
0. Marssonii flourished earlier than R. minuta var. nanno
planctica, and it reached a maximum population on September 
20 (Table 18).

Three other pigmented flagellates were of common 
occurrence throughout the summer of 1969* Though less abun
dant the distributions of Cryptomonas erosa. Cryptomonas 
ovata and Glenodinium sp. were all similar. Between May 2 
and June 26 all three species were usually counted at 10-50 
cells/ml. Counts increased during July (10-250 cells/ml) 
for all three flagellates, but C. erosa and C. ovata were 
the most numerous. Similar to C. Marssonii discussed pre
viously, C. erosa and C. ovata were most frequently observed 
during September, but these two phytoplankters were uncommon 
during October. Glenodinium sp. was scant in samples col
lected after August 27*

There are four species whose occurrence in phyto
plankton samples was documented throughout the summer months 
but whose abundance was comparatively low. Two diatoms, 
Nitzschia acicularis and Synedra radians. were counted at 
10-50 cells/ml from May to October although occasional
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increments to 90 cells/ml were observed, The desmid 
Cosmarium bioculatum was common from May 12 to August 12 
varying between 10-50 cells/ml, 0. bioculatum was not 
observed after the latter date, Treubaria setigerum was 
found sparingly from late May through mid-June, but it was 
missing thereafter until July 25, During the interval 
July 23 to August 27 T* setigerum was common at 15-60 cells 
per milliliter. T. setigerum was rare in algal samples 
collected during September and was absent entirely from 
October samples.

Ehytoplankton common in late summer

In addition to U. subconstricta discussed previously, 
several other chlorophycean species were important contribu- 
ters tolfce standing crop of phytoplankton subsequent to the 
bloom of A. flos-aquae. Table 19 shows the abundance and 
distribution of two of these phytoplankters, Scenedesmus 
arcuatus and Scenedesmus arcuatus var. t>latydisca. Prior 
to July S. arcuatus was observed only in three samples. 
Subsequently, S. arcuatus became more numerous and attained 
counts of 0,?8 - 1.99 x 10^ cells/ml on July 23* Depth to 
depth fluctuations were evident until August 12 when the 
distribution of S. arcuatus in the water column was more 
homogeneous. Scenedesmus arcuatus reached a population 
peak on August 18 (Table 19) and then gradually disappeared.

Table 19 shows also the frequency and distribution 
S. arcuatus var. platvdiaca. This phytoplankter was not
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encountered until July 15* but its abundance during the re
mainder of that month and early August approximates closely 
that of the nominal species, S. arcuatus. However, through
out the remainder of August S. arcuatus var. platydisca 
was less numerous, and it varied mostly between 100-800 cells 
per milliliter.

Other green algae not shown in my tables but which 
were present in phytoplankton samples in varying numbers 
during mid- and late summer include the following: Selenastrum
Westii. Ooelastrum microporum. Dictyosphaerium Ehrenberghianum. 
Hormidium sp., Staurodesmus connatus. Kirchneriella contorta. 
Kirchneriella obesa, Ankistrodesmus falcatus, Ankistrodesmus 
falcatus var. tumidis. Elakatothrix viridis. Scenedesmus sp., 
Scenedesmus Bernardii, Scenedesmus denticulatus. Golenkenia 
radiata. Oocystis Borgei, Oocystis parva. and Olosterium 
gracile.

Two species of Cyanophyceae were not present in algal 
samples until late summer. Unlike its abundance and distribu
tion during 1968 Oscillatoria sp. was common only during the 
interval from August 12 through September 10 (Table 19).
Counts of Oscillatoria sp. increased gradually during this 
period and they reached a peak on August 27* Oscillatoria 
sp. diminished by September 10 and thereafter disappeared.
The colonial blue-green Aphanocapsa delicatissima was absent 
before July 31 * and it was common only from mid- to late 
August. During this brief span A. delicatissima was counted 
frequently at 20-200 small colonies/ml (20-40 u diameter).
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Anhanocapsa delicatissima was sparse during September and 
October.

The non-pigmented flagellates Cyathomonas truncata 
and Peranema trichonhorum were encountered in varying num
bers throughout the summer of 1969. There remains 37 addi
tional species of phytoplankton that were enumerated during 
1969. These species were rare and many were observed from 
only one sample. All of these uncommon species contributed 
little to the standing crop of phytoplankton, and they will 
not be discussed. These phytoplankters are indicated in 
Table 8 by a double asterisk.

Total phytoplankton

Figure 12 summarizes the major successional changes 
in phytoplankton standing crop during the summer of 1969.
In late May the green algae (Ohlorophyceae) predominated due 
to the large population of Dictyosphaerium pulchellum.
After the start of artificial circulation on May 28 there 
occurred a precipitous decline in the green algae from 975*5 
of the standing crop of phytoplankton to a summer minimum 
of only 15*5 on June 26. Coincident with the decline of the 
chlorophycean species was an increase in the blue-green 
algae (Cyanophyceae), composed almost entirely of Aphanizomenon 
flos-aouae. Thus, between late May and late June the algal 
populations shifted from a green to a predominantly blue- 
green composition.

When A. flos-aouae decreased during early July many
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chlorophycean species replaced it. However, throughout late 
July and August an equilibrium was formed between blue-green 
and green algal populations (Fig. 12). In September and 
early October the blue-green algal populations declined and 
consequently the green algae prevailed in Kezar Lake during 
this time. Fig. 12 shows also that algae other than Cyano- 
phyceae or Chlorophyceae attained brief population peaks only 
when the dominance of the blue-green and green algal popula
tions were in transition. However, late in the sampling 
season these other algae accounted for 15 to 27# of the 
total standing crop of phytoplankton.

Chlorophyll - a

The depth distribution of chlorophyll-a in Kezar Lake 
during the summer of 1969 is presented in Table 20. At 
Station 2 little change occurred in chlorophyll-a concentra
tion between May 12 and June 4. The amount of chlorophyll-a 
redoubled by June 10, and concurrent with the bloom of A. 
flos-aquae increased nearly tenfold by late June. The con
centration of chlorophyll-a was 70.32 - 77-29 mg/m^ on June 
22; the values correlated with the spatial distribution of 
A. flos-aquae on that date (Table 17).

Chlorophyll-a values dropped during the first 3 weeks 
of July but they rose again by July 31 (Table 20). A bloom 
of predominantly green algae mentioned previously caused the 
rise. The maximum concentration of chlorophyll-a recorded 
during this bloom was 64-. 54- mg/m^ on July 31* but during the
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Pig. 12. Major successional changes in the phyto
plankton standing crop at Station 2 following 
artificial circulation of Kezar Lake on May 28, 
1969.
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Table 20. Depth distribution of chlorophyll-a, pheo- 
pigments, and the ratio of absorbance of 
chlorophyll-a before and after acidification 
at Station 2 in Kezar Lake, 1969.
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MTS
(1969)

DEPTH
0 0

CHL0H0EHYLL-A
KG/M5

EHBO-PIGHfitTS
MO/M5

RATIO

« 5 o l665.

DAIS
(1969)

DEPTH
<10

CHLOROPHYLL-A
MO/M5

PHEO-PXOMJVTS
MO/H5

RATIO
665fll665,

5 /1 2 0 .5 8 .4 6 3 ,9 5 1 .4 7 /1 9 0 .5 2 5 .8 4 12 ,34 1 .4
1 .5 6 .7 5 3 .8 4 1 .4 1 .5 2?*68 14 .08 1 .4
2 .5 7 .3 5 3 .5 5 1 ,4 2 .5 26.91 13-96 1 .4
5 .5 8 .1 0 2 .91 1 .5 3 .5 3 4 .3 9 16 .23 1*4
* .5 7 .9 6 3 .4 0 1 .4 4 .5 3 1 .5 5 15-35 1 .4
5 .5 6,72 3 .5 5 1 .4 5 .5 2 7 .9 4 14 .92 1 .4

5 /26 0 ,5 6 .4 8 8 .5 6 1 .1 7 /31 0 .5 5 6 .3 0
1 .5 6 ,2 5 6 .4 9 1 ,1 1 -5 64*54 32-91 1*4
2 .5 6 .3 4 B .32 1 .1 2 .5 6 1 .6 0 4 6 .4 9 1 ,3
5 .5 6 .7 0 8 .9 2 1 .1 3*5 4 6 ,8 6 52 .50 1 .3
• .5 7 .4 1 9 .2 4 1*1 4*5 4 2 .6 8 37.21 1 .3
5 .5 6 .2 0 7 .9 5 1 .2 5*5 4 7 .4 7 35 .93 1 ,3

5/29 0 .5 6 ,0 4 7 .2 6 1 .1 8 /7 0 .5 4 6 .7 8 31 .35 1 .3
1 .5 5 .8 4 7 .7 8 1*1 1*5 6 0 .9 6 4 1 .4 9 1 .3
2 .5 5*97 7 .1 4 1 ,1 2 .5 54.81 34*22 1 .4
5 .5 6 .1 2 6 .8 0 1 .2 3 .5 50 .65 33-57 1 .3
♦ .5 7 .2 7 8 .1 3 1 .2 4 ,5 4 9 .3 5 38 .02 1 .3
5 .5 8 ,6 4 7 .7 9 1 .2 5 .5 37.21 27-54 1 .3

6 /* 0 ,5 7 .0 6 6 .1 5 1 ,3 8 /1 2 0 .5 5 0 .0 6 2 3 .6 5 1 .4
1 .5 7 .5 7 6 .3 2 1 .3 1 .5 4 8 .3 0 27*63 1 .4
2 .5 7 .5 7 7 .7 8 1 .2 2 .5 56 .35 36.31 1 .3
5 .5 7 .9 2 6 .1 9 1 .3 3 .5 4 6 .4 1 2 9 .0 0 1 .4
4 .5 8 .3 1 6 .7 9 1 .3 4 .5 4 3 .7 7 33-23 1*3
5 .5 7 .9 2 8 .3 7 1 .2 5 .5 4 1 .9 1 2 8 .4 8 1 .3

6 /1 0 0 .5 17-44 1 6 .2 3 1 .2 8 /1 B 0 .5 4 7 .1 3 1 8 .9 9 1*5
1 .5 1 7 .4 6 1 4 .8 0 1 .3 1*5 48 .01 2 1 .9 4 1 .4
2 .5 1 7 ,6 3 1 5 .8 2 1 .2 2 .5 45*40 2 3 .2 7 1 .4
3 .5 1 7 .9 7 17.88 1 .2 3*5 4 1 ,9 9 2 3 .3 9 1 .4
4 .5 1 6 .1 4 2 1 .4 3 1 .1 4*5 4 ? ,8 5 2 3 .8 2 1 .4
5 .5 1 6 .1 7 1 6 .3 4 1 .2 5 .5 4 3 .7 4 2 1 .3 0 1 .4

6 /1 7 0 .5 4 9 .3 0 3 .93 1 .6 S /2 3 0*5 4 3 ,5 1 1 7 .3 6 1 .5
1 ,5 5 0 .7 2 5 .1 0 1 .6 1 .5 4 3 .9 2 23*05 1 .4
2 .5 5 5 .8 8 14*18 1*5 2 .5 4 6 .8 4 24.51 1 .4
3 .5 4 5 .1 6 1 1 .1 5 1*5 3 .5 47*95 24*85 1 .4
4 .5 3 7 .2 0 5 .2 5 1*6 4 .5 4 4 .3 9 2 2 .5 0 1 .4
5*5 3 6 .8 5 6*11 1 .6 5 .5 41*03 24*81 1*4

6 /2 2 0 .5 7 6 .0 7 1 1 ,0 2 1 .6 8 /2 7 0 .5 45.86 35 .37 1 .3
1 .5 77*29 1 0 .6 4 1 .6 1 .5 4 5 .7 2 24*16 1 .4
2 .5 76*10 8 .5 4 1 .6 2 .5 4 4 .3 5 31*95 1 .3
3*5 72*60 7 .2 2 1 .6 3 .5 4 7 .8 4 34 ,30 1 .5
4 .5 7 0 .3 2 1 3 .0 7 1 .6 4*5 45*04 3 3 .1 5 1 .3
5*5 73*75 1 3 .6 7 1 .6 5 .5 4 1 ,4 6 3 0 .7 9 1 .3

6 /2 6 0 .5 7 2 .1 7 9 .5 3 1 ,6 9 /1 0 0*5 8 .2 3 5 .8 3 1 .3
1 .5 6 6 ,0 5 6 .6 2 1 .6 1 .5 8 ,4 1 7 .3 0 1 .2
2 .5 6 8 .3 8 6 .8 9 1 .6 2 .5 8 .5 6 6 ,8 1 1 .3
3 .5 6 7 .7 0 5 .2 5 1 .6 3 .5 8 .6 2 6 .9 3 1 ,3
4 .5 7 0 ,6 3 1 0 .7 7 1 .6 4 .5 8 .3 ? 6*51 1 -3
5 -5 6 3 .6 8 7 .8 2 1 .6 5 ,5 8 .0 1 6 .0 6 1 -3

6 /5 0 0 .5 6 2 .8 5 1 5 .7 7 1*5 9 /2 0 0 .5 6 .3 3 5 .3 6 1 .3
1 .5 5 7 .5 4 1 3 ,5 8 1 .5 1 .5 1 7 .9 3 1 2 ,14 1 .3
2 .5 5 2 .6 3 1 4 .2 3 1 .5 2 .5 1 7 .3 9 8 .1 9 1 .4
3*5 47*95 9 .9 5 1*6 3 .5 12.21 8 ,7 3 1 .3
4 .5 4 2 .0 7 18*42 1*4 4 .5 8*27 5 .4 0 1 .3
5 .5 31.20 1 6 .5 9 1 ,4 5 .5 5*86 4 ,5 8 1 .3

7 /6 0 .5 2 4 .9 3 3 ,4 9 1 .6 1 0 /9 0 .5 17*54 1 1 .1 6 1 .3
1 .5 27*09 5 .01 1 .6 1 .3 1 8 .3 7 8 ,4 7 1*4
2 .5 2 0 .9 9 6 .0 9 1 .6 2 .5 1 8 .6 4 1 1 .8 6 1 ,3
3-5 27*64 6 .5 5 1 .3 3 .5 1 3 ,8 3 7 ,7 6 1 .4
4 .5 28*10 7 .5 6 1 .5 4*5 1 2 .3 6 7 .3 4 1 .4
5 .5 29*11 6 .9 1 1 .5 5 .5 9 .3 8 6 ,4 8 1 ,2

7 /1 5 0 .5 3 1 ,4 8 1 7 .6 2 1 .4 1 0 /3 0 0 .5 4 .9 2 2 ,8 2 1 ,4
1 .5 3 4 .2 8 16*77 1 .4 1 .5 4 .8 4 2*85 1 .4
2 .5 3 5 .2 3 18*56 1 .4 2 .5 4 .8 6 3 .2 0 1 ,3
3 .5 3 3 .9 6 1 8 .4 5 1 .4 3 .5 4 ,8 7 2 .7 6 1 ,4
4 .5 3 2 .0 5 16*37 1 .4 4*5 4 .9 2 2 .9 7 1 .4
5 .5 3 0 .3 2 1 6 .0 0 1 .4 5 -9 4 .7 9 2 .7 9 1 ,4
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entire month of August most concentrations ranged from 40- 
50 mg/m^ chlorophyll-a. The relatively uniform distribution 
and concentration of chlorophyll-a during August correlates 
with the stability in the phytoplankton composition (Pig. 12).

By September 10 the previously large phytoplankton 
populations were reduced substantially and this is reflected 
in a five-fold decrease in chlorophyll-a (Table 20). After 
the discontinuation of artifical circulation on September 
15, chlorophyll-a increments were evident at 1.5 to 3.5 meters 
on September 20 and at all depths by October 9. The dis
tribution of chlorophyll-a was uniform again at 4.79-4.92 
mg/m^ on October 30, which were the lowest values recorded 
during the summer of 1969.

Table 20 includes also the amount of chlorophyll-a 
degraded to pheo-pigments. Since pheo-pigments absorb light 
in the red portion of the spectrum also and may account for 
overestimates of chlorophyll-a (Lorenzen, 1967) the decision 
was made to monitor chlorophyll degradation in samples col
lected during the summer of 1969. Table 20 shows that pheo- 
pigments increased from May 12 to May 26, and then doubled 
again by June 10. Throughout June the amount of pheo-pigments 
was variable and the distribution was irregular. By July 6, 
however, the pheo-pigments were again dispersed evenly in 
the water column and were less concentrated.

Pheo-pigments increased during late July and remained 
high during August in concurrence with increased amounts of 
chlorophyll-a. The distribution of pheo-pigments was uniform
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throughout the water column during this interval and stands 
in contrast to the distribution during late June (Table 20). 
The amount of pheo-pigments diminished again on September 
10, and they were at lowest levels by October 30* During 
the intervening period small increases in pheo-pigments 
were most obvious in surface waters (Table 20).

The ratio of fresh chlorophyll extracts to that after 
acidification (corrected for turbidity at 750 mu), 665_:665Q*O SI
can be used to estimate the percent of chlorophyll or pheo- 
pigments present in a sample Lorenzen (1967). As shown in 
Golterman (1969) this relationship is not entirely linear. 
Thus, ratios of 1.0, 1.3* 1-5 and 1-7 indicates that 0#, 55#^ 
80# and 100# of the sample contains non-detrital or healthy 
chlorophyll. Table 20 shows chlorophyll-a readings expressed 
as the ratio of absorbance before divided by absorbance 
after the addition of acid.

These ratios indicate that on May 12 about 20# to 
30# of the chlorophyll-a measured was actually detrital.
The ratios of 1.1 to 1.3 during the sampling period of May 
26 through June 10 imply that the algal community was senes
cent at this time and contained mostly (45-75#) degraded 
chlorophyll-a. However, due to equipment failure these 
particular samples were stored (in the dark over silica-gel 
at 00) and very likely (SCOR-UNESCO, 1966) suffered some 
conversion to pheo-pigments. Coincident with the bloom of 
A. flos-aouae the most common ratio recorded was 1.6 (90# 
healthy chlorophyll-a), and this confirms the vitality of
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this alga. Some degradation of chlorophyll-a is evident 
on June 30, particularly at 4.5m and 5#5m, but only two 
compressors were in operation on this date.

The moderate ratios calculated during the succeeding 
bloom of predominantly green algae during late July and 
August are perplexing. Except for a ratio of 1.5 recorded 
at 0.5m on both August 18 and 23, all remaining samples 
yielded ratios of 1.3 or 1.4 during this interval. This 
indicate that only 55# to 70# of the measured chlorophyll-a 
was functional and is contrary to the growth and division 
of phytoplankton mentioned previously. Little change was 
evident in the percent of healthy chlorophyll-a during 
September and October (Table 20).

No important differences were observed in the amount 
of chlorophyll-a or pheo-pigments at Station 4 during the 
summer of 1969. The chlorophyll-a concentrations were high 
at Station 4 during both phytoplankton blooms and they were 
very close to the specific values presented for Station 2 
(Table 20). Also, at Station 4 the absorbance ratio of 
chlorophyll-a before and after the addition of acid was 1.5 
or 1.6 during the peak growth of A. flos-aquae. and it 
diminished to only 1.3 or 1.4 during the heterogeneous bloom 
of green algae.

Primary Productivity
In addition to determining the amount of partfculate 

carbon fixation during 1969, analyses were routinely per
formed to ascertain the amount of carbon bound organically
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and released to the extracellular environment during the 
brief period of incubation. The combination of these two 
parameters permits the calculation of total carbon fixation 
and the percent of this total released out of the cells.
All of this information is presented in Table 21.

2At Station 2, the primary productivity was rela
tively constant from May 12 through June 4. As the bloom 
of A. flos-aquae progressed the primary productivity in
creased significantly at 0.5m and reached 310.6mg(particulate) 
C/m^/4 hrs. on June 30, the maximum rate of photosynthesis 
recorded at this time. After the bloom of A. flos-aquae 
dissipated and coincident with the diminution of chlorophyll-a 
(Table 20), the primary productivity was much lower during 
early July.

The vitality of the second bloom of heterogeneous 
algae is indicated by the high rates of primary productivity 
during late July and early August (Table 21). The results 
contradict data that indicated much of the chlorophyll-a 
(30-4-5#) was detrital during this period (Table 20). The 
primary productivity subsided at 0.5m by August 12 but 
increased gradually thereafter until August 23* The rates 
of primary productivity on August 7 and 23 are quite com
parable. At lower depths and on all sampling dates the 
primary productivity decreased on a gradient in agreement
g—  ......For comparative reasons and to be consistent with the data 
presented for 1968 (Table 13) primary productivity will be 
discussed initially as particulate carbon fixation.
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Table 21. Primary productivity, including particulate 
carbon fixation, extracellular organic car
bon and total carbon fixation in mgC/m^/4 hrs. 
at Station 2 in Kezar Lake, 1969.
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with the penetration of light. Table 21 shows the gradual 
decrease in planktonic primary production beyond August 23* 
This trend is related not entirely to the amount of chloro- 
phyll-a (Table 20) but more likely to the inclination of 
solar illumination. By October 30 the primary productivity 
was less than 1.0 mg (particulate) C/m^/4 hrs. at all depths.

It is evident also from Table 21 that extracellular 
release of organically bound carbon during in situ primary 
productivity studies was routinely observed at Kezar Lake.
The Percent Extracellular Release (P.E.R.) of organic car
bon indicates the extent that particulate carbon fixation 
underestimates total primary productivity. On most sampling 
dates the P.E.R. increased with depth and frequently ex
ceeded 50# at the lowest incubation depth during June and 
July. P.E.R. values in excess of 50 imply large errors 
in using particulate carbon fixation only as an indices of 
phytoplankton vitality. However, it is obvious from Table 
21 that P.E.R. values of 50 or greater were responsible for 
8.7 mg(organic) C/m̂ /4- hrs. or less except at 3*5m on 
August 7-

La general, the P.E.R. at lower depths was greater 
during the bloom of A. flos-aquae than during the subsequent 
bloom of heterogeneous algae. In the surface waters there 
was little difference in P.E.R. even though primary produc
tivity was considerably higher during the August bloom. At 
the 0.5m depth a P.E.R. between 8 and 20 w%s observed on 
most (75#) sampling dates and more than half of the deter-
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minations were included in the range of 13-18,
The release of extracellular carbon on July 31 is a 

striking exception. On this date the P.E.R. was uniform at 
32 to 35 in the euphotic zone and accounted for 515-4 mg 
(organic) C/m^/4 hrs. at the 0.5 meter depth. Thus the total 
carbon fixation at 0.5m on July 31 is comparable to the rates 
given at the same depth on August 7 and 23.

The primary productivity at Station 4 was nearly 
identical to the rates of carbon fixation given previously 
for Station 2. The only notable exceptions were at 0.5m 
on July 6 and July 19 when the particulate carbon fixation 
for Station 4 was 66.2 and 75-9 mg(particulate) C/m^/4 hrs. 
respectively as compared to 37-8 and 58.2 mg C/m^/4 hrs. at 
Station 2.

The P.E.R. was similar also for both stations. At 
the 0.5m depth most (78#) P.E.R. values were included in 
the range of 8-20 at Station 4. The release of extracellu
lar organic carbon was most pronounced also on July 31. On 
this date the P.E.R. was very uniform at 30 or 32 and at 
0.5m was responsible for 505-5 mg(organic) C/m^/4 hours.
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DISCUSSION

Physical Effects of Artificial Circulation

Lakes as small as 98 acre-feet and as large as 1260 
acre-feet have been completely mixed by mechanical pumping 
(Irwin, Symons and Bobeck, 1966). Biddick (1958) proposed 
that larger bodies of water (3000 acre-feet or more) might 
be completely mixed with the aeration system provided suf
ficient power was used. Based on their initial investigation, 
Irwin gjj, al,. (1966) concluded that artificial mixing of lakes 
causes a uniform distribution of water quality parameters. 
Vanray (1969) demonstrated with Ehodamine dye that the water 
mass of a lake behaves as a unit during the destratification 
process. I have shown in Pigs. 4 and 10 and Tables 3-7» 15 
and 16 that the temperature regime and chemistry of Kezar 
Lake responded to mixing similarly to those lakes investi
gated by Irwin et al. and Vanray mentioned above.

Heat Budget

As a result of artificial circulation the heat bud
get of Kezar Lake was altered greatly. The summer heat 
income (wind-distributed heat) prior to de stratification 
in 1968 was 4004 gram-calories/cm . After 10 days the lake 
was isothermal at 23C (Pig. 4) and the annual heat income

phad increased 33$ to 5320 gram calories/cm . This large 
addition of heat to the lake was due principally to warming
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and redistribution of cold bottom water. For example, at 
6.5m the temperature increased from 12.1C to 22.8C during 
this brief period (Fig. 4). Others (Fast, 1968; Robinson, 
Irwin and Symons, 1969) have observed the heat content of 
lakes to increase subsequent to artificial circulation be
cause of the distribution of heat to lower depths. The 
calculation of summer heat income is from Welch (1948).

Stability

Concomitant with the heat increment at lower depths 
was a decrease in the stability of stratification at Kezar 
Lake (Ruttner, 1966). Based on Symons and Robeck (1969) the 
stability before circulation was 7-9 kg hrs. After 10 days 
the lake was isothermal and the stability was zero. When 
the air compressors were restarted on May 28, 1969 the 
surface-to-bottom temperature differential was slight (Fig. 
10) and at this time the stability was only 0.4 kg hrs. With 
only 2 of 4 air compressors in continuous operation the lake 
was completely mixed after 7 days. Fast (1968) and Symons 
et al. (1967) also reported a decrease in stability follow
ing aeration.

Chemical Effects of Artificial Circulation

Oxygen

After Kezar Lake was mixed the dissolved oxygen con
tent increased in bottom waters, but decreased initially in 
surface waters (Tables 1 and 14). Among others who have
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measured higher concentrations of dissolved oxygen in bot
tom waters following artificial circulation are Fast (1968), 
Hooper et al. (1952), Thomas (1966), and Wirth and Dunst 
(1967)- Some (Halsey, 1968j Schmitz, 1958; and Riddick, 
1958) have witnessed initial losses of dissolved oxygen 
after lake mixing whereas more extensive losses have been 
reported by Johnson (1966). Most authors ascribe lower 
levels of oxygen to the increased biological oxygen demand 
of organic matter agitated from bottom muds during artifi
cial circulation. At Kezar Lake, I feel the decreased 
levels of dissolved oxygen in surface waters is associated 
also with reduced photosynthesis (Table 13)- Wirth and 
Dunst (1967) measured higher concentrations of dissolved 
oxygen initially at a sampling station which was nearer to 
the site of aeration. Similar results were observed at 
Station 2 in Kezar Lake.

Carbon dioxide and pH

At a lake's surface there is a tendency for estab
lishment of an equilibrium between the carbon dioxide con
tent of the air and water (Ruttner, 1966). I believe that 
artificial mixing of lakes enhances this tendency when 
bottom water rich in carbon dioxide is transferred to the 
air-water interface. The loss of large concentrations of 
carbon dioxide to Hie air was evident after Kezar Lake was 
mixed (Figs. 5 and 11)- Riddick (1958) measured an increase 
in pH from 6.0 in the zone of stagnation to a uniform value
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of 6.9 in the water column coincident with reduced levels 
of carbon dioxide. I observed similar results at Kezar 
Lake (Table 2).

Symons et al. (1969) detected lower pH values in 
surface waters after brief periods of aeration, which they 
ascribed to increases in carbon dioxide transferred from 
bottom waters. The latter workers observed little change 
in the carbon dioxide content of bottom waters. At Kezar 
Lake, the increased levels of carbon dioxide measured in 
surface waters after destratification was due to reduced 
uptake by photosynthesizing algae. I believe this to be 
true because the dense surface algal population present 
before aeration was re-distributed throughout the water 
column by aeration. Also, primary productivity was severely 
curtailed at this time (Table 13)* variability of pH
(Table 2) in Kezar Lake was not sufficient to significantly 
affect algal populations (Lund, 1965} Tailing, 1962).

Iron and Manganese

The inverse clinograde distribution of iron and 
manganese (Table 3) in Kezar Lake, prior to aeration, is 
typical of shallow, eutrophic lakes (Ruttner, 1966). Ruttner 
states that the iron content in bottom waters of these lakes 
is generally "a few" milligrams per liter. As soon as oxy
gen is distributed to lower depths by mixing (natural or 
artificial), soluble iron and manganese compounds are pre
cipitated and their concentrations are subsequently diminished.
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After Kezar Lake was mixed the distributions of iron and 
manganese became uniform and these elements decreased in 
concentration (Table 3). Fast (1968), Irwin et al.(l966). 
Wirth and Dunst (1967), and Bernhardt (1967) report similar 
findings.

Neither iron nor manganese were considered (Gerloff 
and Skoog, 1957a) as factors limiting algal growth under 
natural conditions. Rodhe (1948) removed iron from highly 
productive cultures of Scenedesmus quadricauda and he ob
served continued growth and chlorophyll formation for 6 
months if the iron-free media was renewed. Little is known 
about the natural availability of manganese (Tailing, 1962) 
and the quantitative requirements of phytoplankton appear 
to vary from species to species (Hutchinson, 1957)•
Hutchinson noted that manganese may play a role in regulating 
phytoplankton succession, and both he and Lund (1965) cite 
Guseva (1937a, 1959) who proposed that quantities of man
ganese found in nature (0.2 mg/1 and above) inhibited A. 
flos-aquae. Quantities of manganese this high were found 
only in bottom waters at Kezar Lake (Table 3)» and I feel 
that manganese did not reach toxic levels near the surface.

Calcium, Magnesium and Potassium

The results reported in this paper concerning cal
cium, magnesium and potassium (Tables 4 and 15) are in 
general agreement with the literature and these substances 
were little influenced by artificial mixing (Fast, 1968;
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and Symons, Irwin and Robeck, 1969, There is little evi
dence that amounts of calcium, magnesium, or potassium 
found in natural waters limits the production of planktonic 
algae (Lund, 1965; Tailing, 1962; and Wiessner, 1962).

Sodium and Chloride

Tables 4 and 15 show that significant increases in 
the surface water content of sodium occurred after the lake 
was mixed in July of 1968 and 1969 respectively. Hutchinson 
(1957) stated that cyclical salts carried in maritime air 
may be precipitated in lake basins close to the ocean so 
that sodium (and chloride) can become the dominant inorganic 
ion. However, I believe the magnitude of the increments 
shown in these Tables and the coincidence of its occurrence 
(July 1968 and 1969) preclude any possibility that greater 
intrusion of maritime air may have been responsible for the 
increased levels of sodium detected at Kezar Lake.

Instead, I have learned from the NHWSFCC that pre
winter storage of road salt (sodium chloride) by the town 
of New London, N.H., is deposited during July on a lot 
adjacent to Lion Brook, the main tributary draining into 
Kezar Lake. The time and place of deposition of this alloch- 
thonous source of sodium is the more probable explanation 
for the high content of this element measured from Kezar 
Lake water. In contrast to my data Fast (1968) indicates 
decreased levels of sodium subsequent to destratification.

There is little evidence (Lund, 1965; Tailing,1962j
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Wiessner, 1962) that sodium limits algal production, but 
Wiessner points out that certain blue-green algae require 
appreciable amounts of this element. In Kezar Lake, sodium 
concentrations were highest when the bloom of A. flos-aquae 
subsided (Table 4). Thus, sodium seems not to be limiting 
algal growth at Kezar Lake.

The levels of chloride tended to increase after 
aeration of Kezar Lake and similar results are given by 
Fast (1968). Wirth and Dunst (1967) provide data showing 
levels of chloride to increase when they compared a lake 
during aeration to a previous non-aerated year. Chloride 
does not seem to have a direct effect on plankton production 
(Lund, 1965)*

Silicon

Silicon can become limiting to diatom populations 
when concentrations diminish to 0.03 to 0.04 mg/1 (Lund,
1965). The presence of diatom populations in the spring 
at Kezar Lake was accompanied by lower concentrations 
(3-4 mg/1) of dissolved silicon, which were 2 orders of 
magnitude above critical levels. Extensive diatom popula
tions have been recorded (Gruendling and Mathieson, 1969a) 
at nearby Lake Winnisquam when silicon levels were below 
0.10 mg/1. I found that silicon dioxide was little influ
enced by aeration of Kezar Lake. Fast's (1968) data is 
in agreement with my results.
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Copper and Zinc

Little attention has been given to the availability 
and occurrence of copper and zinc in inland waters Hutchinson 
(1957) and Tailing (1962). Nevertheless, the levels of 
these elements determined at Kezar Lake do fall within the 
range of concentrations that have been measured to date as 
shown in Hutchinson (1957)* Hutchinson mentions that levels 
of copper generally increase in the autumnal circulation 
period. In agreement with this statement my data (Tables 
5 and 16) show some increase in copper following artificial 
lake mixing.

To the best of my knowledge there is no literature 
available regarding the influence of artificial circulation 
on levels of copper or zinc. Also, there is little informa
tion about the influence of zinc oh phytoplahkton popula
tions (Lund, 1965 and Wiessner, 1962). In sufficient quan
tities (0.030-0.050 mg/1) ionic copper is toxic to phytoplank
ton and copper sulfate has long been used to destroy algal 
blooms in lakes and reservoirs Hutchinson (1957)* Levels 
of total copper measured from Kezar Lake samples (Tables 5 
and 16) were invariably below the concentrations considered 
to be toxic to phytoplankton.

Nitrogen

The rapid uptake of nitrate nitrogen in Kezar Lake 
as summer progressed is typical of eutrophic lakes supporting
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extensive phytoplankton growth (Ruttner, 1966). The effect 
of artificial circulation was to increase levels of nitrate 
nitrogen in Kezar Lake (Table 7) and similar results have 
been reported by Brezonick, Delfino and Lee (1969), Johnson
(1966), and Symons et al. (1969)#

At Kezar Lake levels of nitrite nitrogen increased 
subsequent to lake mixing in 1968 because this constituent 
was an intermediate in the oxidation of ammonia nitrogen to 
nitrate nitrogen (Hutchinson, 1957)• Brezonick et al.d969) 
noted increased concentrations of nitrite nitrogen following 
the appearance of oxygen throughout the water column. The 
authors interpreted these results as indicating the onset 
of nitrification shortly after artificial circulation dis
tributed oxygen to lower depths. The diminished concentra
tions of nitrite nitrogen after artificial circulation in 
1969 was probably related to the complete loss of ammonia 
nitrogen (Table 7)*

During natural turnover ammonia may disappear entirely 
from the water column without compensating increases in 
other forms of nitrogen (Hutchinson, 1957)- un-ionized 
species of ammonia (NH^) is a gas and may be lost from 
natural waters at pH as low as 8.5 (Stratton, 1968). Vigor
ous aeration promotes the transfer of NH^ from liquid to 
air.

The accumulation of ammonia nitrogen in the hypo- 
limnion of Kezar Lake is characteristic of eutrophic lakes 
and results primarily from the breakdown of protein (Ruttner,
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1966). The large concentration of ammonia nitrogen at 0.5® 
shortly after artificial circulation in 1968 (Table 7) is 
perplexing. Perhaps this is associated with the immediate 
breakdown of protein upon dissipation of the A. flos-aquae 
bloom and, in part, with the transfer of ammonia nitrogen 
from bottom waters during mixing. Wirth and Dunst (1967) 
observed a transfer of ammonia nitrogen to surface waters 
following lake aeration. Depletion of large concentrations 
of ammonia nitrogen in the hypolimnion following artificial 
circulation has been reported by Irwin et al. (1966), and 
Wirth and Dunst (1967; see also Brezonick et al., 1969).

There is general agreement (Hutchinson, 1957; Lund, 
1965; Syrett, 1962; and Tailing, 1962) that fresh-water 
algae can use either nitrate or ammonia as a source of 
nitrogen. Nitrite nitrogen can serve as a nitrogen source 
for some algae, but high concentrations are inhibitory 
(Syrett, 1962). Many Cyanophyta can utilize simple organic 
compounds (Lund, 1965). Most important, there is evidence 
now that Anhanizomenon flos-aquae is a nitrogen-fixing 
alga (Gentile and Maloney, 1969; Stewart, Fitzgerald and 
Burris, 1967; and Stewart, 1968). This information helps 
explain the prominence of A. flos-aquae in Kezar Lake and 
other eutrophic lakes. It also explains in part the high 
nitrogen content of A. flos-aouae as compared to algae not 
able to fix nitrogen (Stewart, 1968). Crude analysis (dry 
weight) shows that A. flos-aquae is 62.8 percent protein 
(Prescott, 1960).



140

There is evidence that large concentrations of sol
uble organic nitrogen (mostly peptide) are released from 
healthy cultures of nitrogen-fixing blue-green algae (Fogg 
1962a) and that most organic nitrogen found in lakes is 
protein or protein degradation products (Hutchinson, 1957)* 
Organic nitrogen appears to be the predominant form of com
bined nitrogen in lakes due to the uptake of inorganic 
nitrogen during photosynthesis (American Water Works Asso
ciation, 1970). The large concentrations of organic nitro
gen (Table 7) measured from Kezar Lake waters during the 
bloom of A. flos-aquae seem explicable in view of the inform
ation cited above.

Phosphorus

Generally, levels of orthophosphate increase after 
artificial mixing of Kezar Lake and its distribution was 
isometric. Lower amounts of orthophosphate recorded after 
the 1969 mixing (Talie 6) may be associated with onset of 
the A. flos-aquae bloom. Hammer (1964) observed orthophos
phate levels to decline prior to maximum development of 
blue-green blooms, and it is known that some algae can 
incorporate phosphate in excess of amounts required for 
immediate growth (Ruttner, 1966).

An isometric distribution of soluble phosphorus 
following aeration was noted also by Hasler (1958)* Hasler 
observed a trend toward higher levels near the surface, 
which was also evident at Kezar Lake. Bernhardt (1967)
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detected no increase of soluble phosphorus in the "free-water 
zone" following complete destratification. Wirth and Dunst
(1967) found dissolved phosphate to approach uniform dis
tributions after aeration but with subsequent reductions.

The large increase in total phosphorus following 
aeration of Kezar Lake in 1968 (Table 6) is ascribed to 
suspended organic detritus transferred into the water col
umn from the profundal mud. This material was visibly evi
dent in phytoplankton samples. Similar to my observations, 
other authors (Hasler, 1958; Hooper et al., 1952; and Wirth 
and Dunst, 1967) have reported a uniform distribution of total 
phosphorus after lake mixing.

Sawyer (194?) proposed that algal blooms could be 
expected if inorganic nitrogen and phosphorus exceeded the 
critical levels of 0.3 mg/1 and 0.015 mg/1 respectively. 
Gentile and Maloney (1969) provide corroborating evidence 
from culture studies of A. flos-aquae by suggesting 0.010 
mg/1 phosphorus as the critical level for development of 
nuisance blooms. Gerloff and Skoog (1957b) concluded that
0.001 mg/1 phosphorus would be adequate for development of 
another blue-green, Microcystis aeruginosa. The mean value 
of inorganic phosphorus measured at Kezar Lake during both 
summers was in excess of the critical levels cited above 
(Table 6).

In 1969 only, the mean value of 0.24 mg/1 inorganic 
nitrogen was slightly below the critical level suggested 
by Sawyer (1947)* However, as mentioned previously there



142

is now evidence that blooms of A. flos-aquae can fix nitro
gen. This information, coupled with the knowledge that 
blooms of A. flos-aquae commonly occur when inorganic nitro
gen levels are low and inorganic phosphorus is undetectable 
(Hutchinson, 1967)i suggests strongly that nitrogen and 
phosphorus were not limiting the growth of planktonic algae 
in Kezar Lake.

Some Biological Effects of Artificial Circulation

Phytoplankton

The annual massive blooms of A. flos-aquae charac
teristic of Kezar Lake typify many eutrophic lakes (Prescott, 
1962). The numbers of A. flos-aquae filaments decreased 
under the influence of remedial circulation in 1968, while 
the numbers of filaments increased under the preventative 
treatment attempted in 1969. The major difference between 
the two years was the time at which these two events took 
place. In 1968 the air compressors were started in July, 
while in 1969 aeration began in May.

There is some evidence (Symons, 1969) that blue- 
green algae are more adversely affected by lake mixing than 
are green algae. Bernhardt (1967) noted that filaments of 
a blue-green alga (Oscillatoria rubescens) were distributed 
throughout the water column and were reduced in abundance 
by artificial destratification. Bernhardt proposed that 
exposure to UV light and lower epilimnetic temperatures 
were responsible for the decline of 0. rubescens. Wirth
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and Dunst (1967) conjectured that mixing might limit blooms 
by lowering the temperature of the epilimnion and by pre
venting algae from stratifying in the euphotic zone.

It is probable also that mixing caused dilution of 
inhibitory substances released by A. flos-aquae (Lefevre, 
1964), thus permitting growth of other phytoplarikton. But 
Lund (1965) astutely proclaimed that "in explaining the 
rise and fall of [phytoplankton] populations in nature, 
chemical inhibition is as easy to suggest as it is difficult 
to prove." A paucity of any essential element can limit 
the growth of algae but it is unlikely (Sawyer, 1968) that 
micronutrients (those not measured) were limiting phyto
plankton growth in eutrophic Kezar Lake. Many nutrients 
required by phytoplankton, especially nitrogen and phos
phorus, have been shown to be not limiting at Kezar Lake.

I believe that temperature alone was not responsible 
for the decline of A. flos-aquae subsequent to artificial 
circulation. Although Gentile and Maloney (1969) found 260 
to be optimum for a toxic strain of A. flos-aquae in culture, 
peak growth of this alga has been observed in another New 
Hampshire lake (Gruendling and Mathieson, 1969a) in a tem
perature range of 21-220. Natural blooms of A. flos-aouae 
have been reported also at temperatures of 22.5 - 26.50 by 
Hammer (1964) and over a temperature range of 5-280 by 
O'Flaherty and Ehinney (1970). The water temperature at 
Kezar Lake varied between 220 and 230 when the decline of 
A. flos-aquae occurred in 1968.
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In addition, A. flos-aquae bloomed early in 1969 
irrespective of artificial circulation and I observed log 
growth in a temperature range of 12-220. Hammer (1969) 
reported log growth of this alga in a temperature range of 
17-190. Thus, strains of this species seem to tolerate a 
wide range of temperatures.

Experimentally, Kezar Lake cultures of this alga 
attained log growth equally well at 230 and 250, and the 
species reached nuisance levels even at 160 (Fig. 13).
Because these samples remained quiescent during incubation 
it is suggested that artificial circulation per se is 
responsible (at least indirectly) for averting continuous 
blooms of A. flos-aquae. It is important to reiterate that 
while in vitro log growth of A. flos-aquae was observed no 
change in abundance occurred in situ (Table 17» August).

I have shown earlier in this paper (Tables 9 and 
13) that summer blooms of A. flos-aquae exclude most other 
phytoplankton. Gruendling and Mathieson (1969a) reported 
the same results from their investigation of Lake Winnis- 
quara in Laconia, New Hampshire. These authors believed the 
paucity of other phytoplankton was probably due to antagonistic 
substances released by A. flos-aquae. and to the shading 
effect from the surface growth of this alga. I suspect 
these same controls were operating to inhibit algal growth 
at Kezar Lake.

The advent of chlorophycean species after the blooms 
of A. flos-aquae is not surprising. Usually, planktonic
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Fig. 13. In vitro growth of Aphanizomenon flos-aquae 
at different temperatures. Data represent 
duplicate 50 ml samples of unadulterated lake 
water incuhated in 250 ml Erlenmeyer flasks at 
each temperature on a 14 hr.-10 hr. light-dark 
cycle under about 225-250 ft-candles illumina
tion.
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green algae are most numerous during late spring and early 
autumn, but they are found at all times and the numbers of 
fresh-water species is very large (Smith, *1950). Among the 
Chlorophyceae, the genera likely to be present in the phy
toplankton of shallow fertile lakes are: Chlamydomonas, 
Elakatothrix. Snhaeroc.vstis. Tetraedon, Oocyst is, Ankistro- 
desmus, Kirchneriella. Selenastrum. Dietyosnhaerium. 
Pediastrum. Cirtftlfifitnim. Crucigenia and Scenedesmus 
(Hutchinson, 1967). All of the aforementioned taxa con
tributed in varying degree to the phytoplankton flora of 
Kezar Lake, primarily after termination of the A. flos- 
aquae blooms.

Palmer (1962) listed the following algae found at 
Kezar Lake, as tolerant of organically enriched waters: 
Chlorella vulgaris, Scenedesmus quadricauda, Tetraedron 
muticum, Nitzschia acicularis and Nitzschia oalea. Not 
previously mentioned but characteristic of eutrophic phyto
plankton and found in Kezar Lake are the diatoms Asterionella. 
Fragillaria crotonensis« Synedra and Melosirat the desmids 
Staurastrum chaetocerus and Oosmarium bioculatum: and the
dinoflagellate Glenodinium (Hutchinson, 1967). Some of these 
genera and their included species are common to oligotrophic 
waters as well (Hutchinson, 1967).

The "ideal" environmental conditions of nutrient
availability, deeper light penetration, and lower surface
temperatures after mixing of Kezar Lake stimulated large
populations of green algae, but they did not reach the con
centrations attained by the blooms that typify A. flos-aquae
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and other noxious blue-greens. This is explicable in terms 
of the slower rate of reproduction of green algae (Prescott, 
1962), The most numerous green algae at Kezar Lake were 
Pictyosphaerium pulchellum, Tetrallantos Lagerheimii and 
Ulothrix subconstricta (Tables 10, 18 and 19).

Robinson, Irwin and Symons (1969) found green algae 
to be favored over blue-green algae during brief mixing per
iods of two test lakes. This was true of most experiments 
by this research group (see Symons, 1969). In two studies 
where complete destratification was not achieved blue-green 
algal populations increased (Hooper et al., 1952; and Thomas, 
1966).

Chlorophyll-a

The chlorophyll-a values recorded at Kezar Lake 
(Tables 12 and 20) agree with the amounts reported by other 
authors (Aruga and Monsi, 1963; and Odum, McConnell and 
Abbot, 1958) for eutrophic lakes. Thus, Amiga and Monsi 
(1963) classified lakes as oligo-, meso-, or eutrophic based 
on the amount of functional chlorophyll present in the 
euphotic zone (with a lower limit at the level of 1 percent 
surface light). Under this classification eutrophic lakes

pwere those with 0.03-0.12 g chlorophyll/m of lake surface. 
Aruga and Monsi pointed out that the amount of chlorophyll

pmay vary from 0.1 to 1 g/m during phytoplahkton blooms.
The mean concentrations of chlorophyll-a (only) at Kezar 
Lake for June, July and August of 1968 and 1969 were 0.14

pand 0.20 g/m respectively. The maximum concentration during



149

phytoplankton blooms of A. flos-aquae was 0.30g chlorophyll 
-a/m2.

oA value of 0.3g chlorophyll/m was suggested by 
Steeman-Nielsen (cited in Tailing, 1962) as maximum for the 
euphotic zone. This value agrees closely with my data and 
with data of Aruga and Monsi (1963). Odum et al. (1958) 
found a range of 0.1 to 3-0g chlorophyll/m in euphotic
zones (to level of 1# light) in many varied environments.

2However, chlorophyll concentrations as high as 3.0g/m are 
rare.

As far as I am aware only Johnson (1966) has con
sidered the influence of artificial circulation on the dis
tribution of chlorophyll-a. He reported increased levels 
in surface waters of a small test lake before and after 
mixing. However, complete destratification was not evident 
in his experiment.

Primary Productivity

The high rates of carbon fixation at Kezar Lake 
(Tables 13 and 21) are indicative of its eutrophic status.
For June, July and August the average rates were 190mg

P  P(particulate) C/m /hour and 230mg (total) C/m /hour for
1968 and 1969 respectively. The amount of carbon fixed by
phytoplankton during blooms at Kezar Lake was high, reaching
550 mg (particulate) C/m2/hour in 1968 and 620 mg(total)

pC/m /hour in 1969. Goldman's (1968) average of 300 mg 
2C/m /hour for Clear Lake during the "growing season" compares
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favorably with my data. Clear Lake is shallow, "very eutrophic"
and it supports periodic blooms of Aphanizomenon flos-aquae.

On each sampling date the amount of carbon fixation
invariably decreased with depth (Tables 15 and 21) due to
light inhibition. To demonstrate that light was the only
factor limiting primary productivity at lower depths water
samples collected at 2.5m, 3.5m and 4.5m on August 25, 1968,

14were innoculated with Nag CO,, but incubated at 0.5m, 1.5m 
and 2.5m respectively. Table 22 shows the primary produc
tivities of these samples in comparison to standard samples 
which were incubated at the same depth from which the water 
was drawn.

Table 22. Primary productivity in mg C/m^/4 hrs. of 
samples drawn from different depths but 
incubated at the same depth.

Particulate Extracellular Total
Depth of Depth of Carbon Organic Carbon
Sample Incubation Fixation Carbon Fixation
(M) (M)

0.5 (2.5) 0.5 42.1 (57-5) 3.6 (5.3) 45.7 (42.8)
1.5 (3.5) 1.5 17.5 (15.7) 2.7 (6.2) 20.2 (21.9)
2.5 (4.5) 2.5 4.9 ( 4.4) 4.2 (5.6) 9.1 (10.0)

Since chlorophyll-a was uniformly dispersed in the water 
column at 57*09-44.55 mg/m^ on this date and because the
primary productivities resulting were nearly identical, it 
is apparent that diminution of carbon fixation with depth 
is a function of decreased light penetration.
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In the only literature found pertaining to the effects 
of artificial circulation on primary productivity, Johnson 
(1966) measured carbon fixation in a surface sample once 
before (1.76mg C/m^/hour) and once after (4.10mg C/mVhour) 
mixing of a small test lake. In this experiment the lake 
was not completely destratified. On the basis of these 
two measurements Johnson believed that the primary produc
tivity had increased by a factor of 2.5* It was my experi
ence that many carbon-14 trials were required to define 
primary productivity trends.

In this paper the release of extracellular organic 
matter is primarily of quantitative importance. As I men
tioned previously (see page 128) the percent extracellular 
release (F.E.R.) of organic carbon-14 varied from 0 to 100, 
but 75# of the values ranged from 8-20. Similarly, Fogg 
(1962b) found liberation of extracellular products amounted 
to 5 to 905(5 of the total carbon fixed when diatoms were 
predominant. Fogg, Nalewajko and Watt (1965) noted that in 
a 10m water column extracellular organic carbon-14 amounted 
to 17*1# of the total carbon fixed over a four-hour incuba
tion period. I found a similar mean value (19.4515) in the 
euphotic zone for the summer of 1969. This data provides 
an indication of what extent particulate carbon fixation 
underestimates total primary productivity.

Watt (1966) found the amount of extracellular carbon- 
14 to be highest at depths where carbon fixation was highest 
but the P.E.R. was at its lowest value. The F.E.R. in light



152

bottles always increased with depth and with decreasing 
population densities. The liberation of organic-14- usually 
increased with depth at Kezar Lake (Table 21) and so my 
data complies with that of Watt (1966). In addition, I have 
checked duplicate samples to determine whether or not addi
tion of formalin to one sample caused lysed cells, which 
could liberate intracellular organic carbon-14 molecules.
In these experiments no important differences were observed. 
Breakage of cells during filtration is considered an unlikely 
source of labelled organic substances in sample water (Fogg 
et al., 1965). Watt(1966) ascribed the escape of organic
molecules partly to high concentration gradients although 
he recognized that such products as growth inhibitors may 
be actively secreted into the environment.
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SUMMARY

On the basis of data from 2 summers, several con
clusions can be stated concerning the ecological effects 
of artificially circulating Kezar Lake:

*1) The entire lake became isothermal due to the 
distribution of warmer water to lower depths causing an 
increase in the heat budget of the lake* The stability 
of stratification was reduced to zero.

2) Bottom waters poor in oxygen were reaerated 
at the surface during the mixing, and the vertical oxygen 
distribution became more isometric. A true orthograde 
distribution of oxygen was seldom observed because of the 
heavy algal growth, which produced excess oxygen in the 
euphotic zone but respired oxygen as it was cycled through 
the aphotic zone.

3) High concentrations of carbon dioxide in bot
tom waters were lost to the atmosphere during mixing. An 
isometric distribution of carbon dioxide was seldom observed 
as a result of rapid utilization by dense algal growth near 
the surface. Carbonate alkalinity and pH varied directly 
with the presence or absence of GOg and both were little 
affected in surface waters by artificial circulation. The 
pH increased in, bottom waters when the large concentrations 
of carbon dioxide were reduced.

4-) Isochemical distributions were evident for Pe,
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Mn, and NH^-N only after artificial circulation distributed 
dissolved oxygen to bottom waters. There was a definite 
tendency for levels of Zn and perhaps Cu to exhibit tem
porary stratification after the lake was destratified. 
Artificial circulation had little effect on the depth dis
tributions of Oa, Mg and K.

5) Levels of Na, Zn, NOg-N, ortho-P and total-P 
increased following artificial circulation in 1968 whereas 
Pe, Mn, NHj-N and Organic-N were reduced in concentration. 
After 5 bo 7 weeks of continuous aeration the concentra
tions of Pe, Gu, Mg, K, NOg-N and NO^-N were similar for 
both summers. Reasons are given for the view that the 
supplies of each nutrient, particularly nitrogen and phos
phorus, were sufficient to support phytoplankton populations.

6) A uniform, vertical distribution of the bloom- 
forming alga Aphanizomenon flos-aquae occurred after lake 
mixing. After remedial aeration (1968) A. flos-aquae 
eventually declined but following preventative aeration 
(1969) A. flos-aouae bloomed.

7) Water transparency increased after artificial 
destratification (1968) but decreased following preventa
tive mixing (1969).

8) After the blooms of A. flos-aquae dissipated 
the phytoplankton became dominated by chlorophycean taxa.
The species composition seemed to be related to the small 
size and eutrophic status of Kezar Lake.

9) Levels of chlorophyll-a became uniformly dis
persed in the water column after artificial circulation.
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Chlorophyll degradation to pheo-pigments appeared to be 
greater during a bloom of heterogeneous green algae than 
during the bloom of A. flos-aquae.

10) Primary productivity was high in surface 
waters and varied in accordance with the phytoplankton 
standing crop and the amount of chlorophyll-a. At lower 
depths the primary productivity decreased rapidly because 
of the poor penetration of light.

11) A discussion of the effects of artificial 
circulation on the physical, chemical and biological 
aspects of Kezar Lake is presented, and the results are 
compared with the findings of other authors.
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