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ABSTRACT
Most lower elevation California lakes experience one yearly cycle of stratification. Thermal stratification generally
starts about March and extends through November, greatly influencing chemical and biological stratification. The
metalimnion and hypolimnion of eutrophic lakes often are devoid of oxygen. Concomitant with the oxygen deficit is
the build-up of anaerobic decomposition products and the exclusion of biota from the oxygen deficient zones.

Artificial destratification by aeration reduces or eliminates thermal stratification. Oxygen is distributed to all
depths and products of anaerobic decomposition are oxidized. Barriers to biotic distribution are minimal.

The diffuse aeration system is probably the most effective for destratifying large lakes. Other methods are dis-
cussed.

Artificial lake destratification increases the lakes's heat budget. The winter temperature regime is not affected by
destratification. Summer surface temperatures during stratified and destratified periods are about equal. Bottom tem-
peratures are greatly increased by destratification and may equal the surface temperatures. The coldest water temper-
ature in a destratified lake may approach those found at the lake's surface during stratified periods. This increased
heat content should benefit the fishery by increasing invertebrate forage production and decomposition of organic
sediments. However, increased bottom temperatures may eliminate or preclude the establishment of a coldwater
fishery.

Two hypolimnion aeration systems are discussed. These systems aerate the bottom waters without causing
thermal destratification and enhance coldwater fisheries.

Lake aeration is economically feasible. Evaporation and chemical treatment savings alone may more than pay for
the aeration system. Improved drinking water quality and fishery habitats results from aeration.

This report is the first of a series describing our El Capitan Reservoir destratification study. Subsequent reports
will describe the effects of artificial destratification on the zoobenthos, phytoplankton and fishes.
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INTRODUCTION1

The uneven distribution of heat within a lake often conflicts with man's use of the water. Thermal stratification with-
in the lake can cause deteriorated drinking water quality, plankton blooms, fish kills, uneven distribution of ions, an-
aerobic and corrosive conditions, increased evaporation rates, and other undesirable properties.

In brief, reservoir stratification refers to the uneven vertical distribution of properties within the water column.
These gradients are found in: (i) Physical Properties such as temperature, water density, and viscosity, (ii) Chemical
Properties such as oxygen, and pH, and (iii) Biological Properties such as fish, plankton, and benthic plants and an-
imals. Physical stratification is primarily related to thermal energy distribution as it affects water density. Chemical
and biological stratification are greatly influenced by physical stratification.

Lake stratification follows an annual cycle. Most lower elevation California lakes follow a similar cycle, desig-
nated "warm monomictic" by Hutchinson (1957), or "second order tropical" by Welch (1952). During the winter
these lakes have more or less uniform temperature and chemical properties throughout (Figure 1) . The entire lake is
circulated by the wind and oxygen is plentiful at all levels. Thermal and chemical barriers to biota distributions do
not exist, or are minimal. As the seasons progress, the upper waters of the lake are heated faster than the lower. Con-
sequently, the density and viscosity of the surface water decreases rapidly. These changes impede the continued
mixing of all the water and a barrier to mixing is established. Concomitant with these developments is the formation
of three zones: (i) Epilimnion. The warm water volume of the lake. It is circulated by the wind and oxygen concen-
trations are generally near saturation. Temperature and chemical properties are about homogeneous throughout.
Most of the biota is restricted to this zone. (ii) Metalimnion. (also called the thermocline). A zone of rapid change in
temperature, density, and chemical properties. Generally defined as a temperature change equal to, or greater than
1.0°C per 1.0 meter change in depth, and (iii) Hypolimnion. The cold water zone of the lake. This zone is completely
sealed off from the surface. It characteristically stagnates by early summer in organically rich, eutrophic lakes. Stag-
nation results in an oxygen deficit, build-up of hydrogen sulfide, increased iron and manganese concentrations, an-
aerobic conditions, and overall deterioration of drinking water quality.

With the advent of cooler fall weather, surface waters are cooled and the epilimnion continues to erode the
metalimnion and hypolimnion. The rate of erosion increases as the temperature of the epilimnion approaches that of
the hypolimnion. Eventually, at the fall overturn, the entire lake is again circulated by the wind. Temperature and
other
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FIGURE 1. Hypothetical temperature-oxygen profiles during July and December, and lake zones during stratified
periods

properties are again homogeneous. Oxygen is plentiful at all levels and barriers to biotic distribution are minimal.
The purpose of artificial destratification is the reduction of the density barrier to complete circulation. After artifi-

cially induced circulation of a reservoir, the water temperature is about équal from top to bottom and many of the
chemical properties are likewise homogeneous. The whole water mass and bottom area is theoretically habitable by
the biota, which otherwise could only inhabit the epilimnion and metalimnion.

Until recently, little was done to reduce stratification economically. Destratification was tried with mechanical
water pumps; however, this method is generally inefficient, slow, and costly. Several successful artificial destratific-
ation techniques using compressed air were recently developed. These techniques are generally efficient, rapid, and
relatively inexpensive. often the cost of installing and operating aeration equipment is more than met by savings de-
rived from the use of aerated water.

This report is the first in a series dealing with our investigations of artificial destratification. It serves as a general
introduction to the topic of lake aeration and presents some of the results of our El

6



Capitan Reservoir study. I present the effects of destratification on certain chemical-physical properties of El Capit-
an Reservoir and attempt to relate some observed chemical-physical changes to fisheries management practices.
Some changes are seen to affect directly the fishery, while the consequences of other effects can only be inferred.
Subsequent reports will present analyses of the effects of aeration on the zoobenthos, phytoplankton population dy-
namics, fish distribution and growth, and other aspects of the study.
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1. PRINCIPLES AND TECHNIQUES OF ARTIFICIAL DESTRATIFICA-
TION AND AERATION
1.1. Principles of Destratification By Air Injection
Although air injection may be used to aerate isothermal water, it is generally used to aerate stratified water. Indeed,
its consequences are most dramatic to the entire lake regime when it is applied under these conditions. Its economic
feasibility is usually determined by the degree and nature of the stratification.

In theory, destratification by diffuse air injection is accomplished as

FIGURE 2. Hypothetical destratification patterns caused by a diffused aeration system. Figure A illustrates a strati-
fied lake, and Figure B a lake being destratified

shown in Figure 2. Figure 2-A illustrates a thermally stratified lake before air injection. It is characterized by hori-
zontal, iso-density strata. These strata are thickest in the epilimnion and hypolimnion since these zones are almost
uniform in temperature. The metalimnion is the zone of rapid change in density and is characterized by narrow iso-
density strata.

Although air may be injected at any level in a lake, destratification is generally most effective if air is injected at
the deepest point (Figure 2-B). As the air is released and bubbles rise to the surface, vertical water currents are gen-
erated. The temperature and density of the upwelling water is about equal to that at the point of air release.

Upon reaching the surface, the upwelled water diverges radially. The now horizontally flowing cold bottom water
converges and sinks below the warm, surface water. The vertical flow downward is perpetuated by density differ-
ences. Upon converging with the warm surface water and sinking, the cold water mixes with the epilimnion and
metalimnion
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water along its periphery to form water of intermediate temperature and density. This mixed water now spreads out
horizontally at levels of equal density. The depth of outflow depends on the degree of mixing and initially may be
confined mostly to the metalimnion. As the mixing process progresses, the shape and number of the iso-density
strata change. Concomitant with this change is a change in the rate of mixing. The rate of destratification is greatest
when injection begins and approaches zero apparently as an exponential function as the lake approaches isothermy
(Koberg and Ford, 1965). The lake will approach either an isothermal or a steady-state condition as the mixing con-
tinues. The time it takes to reach this condition depends on the time of year, size of lake, and method of injection.
The best method of injection and equipment specifications for a given lake situation are not well defined.

Artificial destratification of a lake by compressed air is commonly called "lake aeration". The reasons for this are
two-fold: (i) Eutrophic lakes experience an oxygen deficit below the metalimnion during the summer. By artificially
circulating the lake, the oxygen deficit is reduced or eliminated, and (ii) compressed air is used to circulate the wa-
ter. While the compressed air adds oxygen directly to the upwelled water, oxygen is also gained from contact of the
water with the atmosphere and by photosynthesis of aquatic plants.

1.2. Air Injection Techniques
Several successful techniques are available for artificially destratifying lakes. Many of these techniques differ in
their approach to the problem. Although few comparative studies are reported, the most appropriate method of aerat-
ing depends ultimately on the specific limnology of the lake under consideration.

1.2.1. Diffuse Air Injection
This system is now operational at El Capitan Reservoir, Lake Wohlford (Koberg and Ford, 1965) and many other
reservoirs. I believe this technique is the most efficient method of destratifying large reservoirs. Bernhardt (1967) in-
dicates an average efficiency value of about 0.42% for diffuse aeration, as opposed to 0.14% for mechanical pump-
ing. Symons and Robeck (1966) present a method of calculating the efficiency based on stability and power input.

The El Capitan and Lake Wohlford systems are essentially identical. A detailed description of the El Capitan sys-
tem is presented in the Compressor Installation and Operation section of this report. Koberg and Ford (1965) de-
scribe the Lake Wohlford system. In brief, the El Capitan system consists of a large compressor situated on the shore
(Figure 3) .

Air is pumped from the compressor via a single iron pipe. The terminal 31 meters of plastic pipe are suspended
from the bottom by a float and anchor system and are perforated for air release.

The Lake Wohlford system eliminated stratification in 24 hours with 4.44 X 106 cubic meters volume. However,
about one week of continuous pumping with this system during June of 1965 reduced, but did not eliminate stratific-
ation, at El Capitan. The volume of El Capitan was about 18 X 106 cubic meters. A further discussion of El Capitan
appears later.
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FIGURE 3. The diffuse air injection system at El Capitan Reservoir. El Capitan dam and control tower are in back-
ground

Figure 3 of Bernhardt (1967) indicates he obtained similar results with his diffuse aeration system. He used two
compressors, an 11.0 kw compressor and a 36.5 kw compressor in Wahnbach Reservoir with about 37 X 106 cubic
meters volume.

1.2.2. Aero-Hydraulic Cannons
This technique is patented and commercially available from the Aero-Hydraulic Corp., Montreal, Canada. The guns
consist of polyethylene tubes, 30.5 cm or 45.7 cm in diameter and various lengths. Figure 4 illustrates a single can-
non. Generally, five or more cannons are situated in a lake and fed by a single small compressor.

Air enters a chamber at the bottom of the tube. When the chamber is full of air, the air breaks a seal and is re-
leased as a single bubble by reverse siphon action. The single, large bubble rises in the tube like a bullet, or piston,
pushing water ahead of it and drawing water up behind it. At least one bubble should be in the tube at all times for
maximum efficiency. Under this condition, water is in constant motion in the tube. The tubes generally are situated
at the deepest point in the lake and extend to near the surface. A peripheral flow is also set up along side the tube by
the effluent water. This system has the advantage of requiring a small compressor. A 5-hp compressor is adequate
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FIGURE 4. An aerohydraulic cannon. The air chamber at the bottom of the barrel is being filled with air from a
shore compressor

to destratify 1.48 X 106 cubic meters, Cox Hollow Lake (Wirth and Dunse, 1966). The maximum depth is about 8.9
meters.

Bryan (1964) describes this device and presents results for several small lakes. To date, they have only been used
in relatively small lakes, but may be applicable to large lakes as well. They also have general use in sewage oxida-
tion ponds.

1.2.3. Floating Aerator
This system consists of a perforated iron pipe suspended from a float. Riddick (1957) used a 7.6 cm I.D. pipe, 12.3
meters long, suspended
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horizontally at 2.4 meters from the surface. His point of air release is over the deepest point in the lake. He elimin-
ated stratification in 6 days of pumping at Indian Brook Reservoir. He released about 160 cfm in this 0.37 X 106 cu-
bic meters reservoir. The reservoir has a maximum depth of 8.6 meters. Apparently the aerator caused an upwelling
of deep water over the point of air release. The circulation pattern is probably similar to that described for diffuse air
injection. However, in large reservoirs, the depth of air release must be increased to accomplish complete mixing.

This system has the advantage of mobility and easy accessibility. Riddick used it to disperse lime. A chemical dis-
persion system can be installed on the float. Rotenone, copper sulfate, alum and other chemicals could also be dis-
persed by this technique.

Mobility of the system is desirable from the standpoints of: maintenance, selection of mixing depth, and use in
more than one lake. It is possible to mix a lake only partially by proper selection of air release depth and location.
By positioning the float at locations of less than maximum depth, or by using a relatively shallow release depth, par-
tial destratification is possible. This situation may be desirable under certain conditions.

1.2.4. Blower-Type
Nickerson (1961) uses this technique at Babson Reservoir, Mass., to eliminate stratification. Air from a Roots-
Connerville blower is released from the 2.5 meter depth. About 470 cfm of air at 7 p.s.i. is delivered. This system is
sufficient to destratify this 0.87 X 106 cubic meters reservoir in a few days. Maximum depth of the reservoir is
about 12.3 meters.

Although this technique may be applicable to some small reservoirs, it does not appear to be as efficient as other
methods of aeration.

1.2.5. Plastic Hose Air Distribution System
This system is commercially available from the Hinde Engineering Corp. It consists of a grid-work of weighted air
hoses on the bottom of the lake or pond, Meyer (1962). The hoses have numerous small perforations. Compressed
air from a small shore compressor is distributed by the hoses and released from the perforations.

This system apparently has never been used in a large stratified lake, although the manufacturer claims it can be
used successfully. The system is specifically designed to increase the biological load capacity of sewage oxidation
ponds. It supposedly increases the capacity of these ponds by a factor of four.

1.2.6. Diffuse Air Tubes
This system consists of a vertical tube extending from near the bottom of the lake to near the surface. The tube may
be suspended from a float on which an air compressor is also situated. The diameter of the tube may vary as a func-
tion of air volume. Müller (1963) uses a 2-meter diameter tube with 117 cfm of air, whereas Johnson (1966) uses a
0.46 meter diameter tube with 5 cfm air.

Air is released near the bottom of the tube. Air and water rise in the tube. Hypolimnion water is drawn in from the
bottom of the
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tube and discharged into the epilimnion at the top. This system may be more efficient than a diffuse aerator if small
volumes of air are injected.

Johnson (1967) initially used this system to mix a small Washington lake, but later switched to a diffuse aeration
system. This was done in conjunction with a program to develop lowland lakes as natural rearing impoundments for
coho salmon, Oncorhynchus kisutch. After removing the existing fish population, young salmon are introduced and
grow to smolt size. The smolts migrate through the natural outlets to the sea. Hypolimnion oxygen deficits, either
through natural causes or artificial fertilization, limits the production of smolts. Prior to aeration, only about 15% of
the lake was suitable for salmon due to high epilimnion temperatures and low hypolimnion oxygen concentrations.
Johnson indicates a very substantial increase in smolt survival, but a slightly decreased growth rate associated with
destratification.

1.3. Mechanical Pumping Techniques of Destratification
Two methods of mechanical destratification are used. The more common technique employs a water pump located
on a float, or on shore. A pipe extends into the hypolimnion. Water is drawn from the hypolimnion, passes through
the pump and is discharged into the epilimnion where it mixes. Hooper et al. (1953) used this technique to partially
mix a small Michigan lake. They displaced about 21% of the lake volume during ten days of pumping. This in-
creased the volume of the epilimnion by about 50%. They observed an 8 to 10-fold increase in the phytoplankton
and they considered this equivalent to adding about 43 pounds of fertilizer. Hypolimnion dissolved oxygen in-
creased rapidly with pumping.

Schmitz (1958) induced artificial circulation by mechanical pumping in two small lakes during the summers of
1952 and 1954. He also circulated the water of one small ice covered lake, using a water pump. He compared the ef-
ficiency of mechanical pumping with air injection and concluded the latter is considerably more efficient.

Symons et al. (1967) describes another type of mechanical water pump. This device consists of a motor located on
a moveable float. A 30.5 cm tube extends from the float into the hypolimnion. A propeller and shaft extend into the
tube. The propeller draws water into the bottom of the tube where it is forced to the surface and discharged. He com-
pared the efficiency of this system with air injection and found the latter more efficient.

1.4. Hypolimnion Aerator—Aeration Without Destratification
This new and revolutionary technique for aerating the hypolimnion without affecting stratification holds much
promise for fisheries management. It appears to possess most of the beneficial qualities of destratification systems
without some of the more deleterious. It has just recently been developed and used successfully (Bernhardt 1967). It
is especially beneficial for potential coldwater fishery lakes. These lakes have suitable hypolimnion water temperat-
ures, but lack adequate oxygen concentrations. Although destratification may increase oxygen concentrations to ad-
equate levels, the lake may absorb enough additional
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thermal energy to raise the coldest water temperature above that tolerated by coldwater fish. Hence a year-round
coldwater fishery cannot be established. However, using a hypolimnion aerator, the hypolimnion oxygen concentra-
tions may be increased to accommodate coldwater fishes without increasing hypolimnion temperatures. Thus, a
strictly warmwater lake may be transformed into a two-story lake that will sustain both warmwater and coldwater
fisheries year-round.

1.4.1. Bernhardt Hypolimnion Aerator
This aerator consists of a large diameter pipe extending from the lake bottom to above the lake surface (Figure 5) . In-
let ports are located near the bottom of the pipe and outlet ports are located below the metalimnion. The top of the
pipe is open to the atmosphere. Air is

FIGURE 5. Hypolimnion aerator of Bernhardt, (1967). This illustration is reconstructed with his permission
released and passes through a diffusor near the bottom of the pipe. As air rises in the pipe, water is drawn in through
the bottom ports and rises. Oxygen diffuses into the water as it rises. Water and air are carried to the top of the pipe
where the air escapes to the atmosphere. The water, however, cannot escape at the surface and sinks to the outlet
port level where it flows back into the hypolimnion. Once a hydraulic head is established in the pipe, water may
flow directly from the inlet to outlet ports without rising to the top of the pipe. Consequently, hypolimnion water is
aerated, but not significantly heated or mixed with epilimnion or metalimnion water. Thermal stratification is not af-
fected by this technique if the outlets are below the metalimnion.

Bernhardt (1967) uses the hypolimnion aerator in Wahnbach reservoir near Siegburg, Federal Republic of Ger-
many. This domestic water supply reservoir is about 37 X 106 cubic meters volume with 43.4
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meters maximum depth. His main objective is to supply cold, well oxygenated water for domestic and industrial
uses. Previously, he used a diffuse air injection system to aerate the water, but this technique increased the water
temperatures to undesirable levels.

Bernhardt estimates .167 X 106 cubic meters per day are aerated by the hypolimnion aerator using about 117 cfm
of compressed air. Contact time within the aerator is about 54 seconds and increases the oxygen concentrations from
about 5 mg/l to about 10–11 mg/l.

Oxygen transfer occurs primarily within the bottom 7.5 to 20.0 meters of pipe and decreases rapidly thereafter.
This is primarily a function of: hydrostatic pressure, lower oxygen saturation of the water, greater oxygen content of
the air bubbles, and bubble size. As water and air rise higher in the pipe, conditions for oxygen transfer become pro-
gressively less favorable.

It may be possible to increase the oxygen concentration of the hypolimnion to greater levels than found in the epi-
limnion or metalimnion. This is possible because of the greater hydrostatic pressures and lower temperatures of the
hypolimnion water.

1.4.2. Speece Hypolimnion Aerator
R. E. Speece, presently of New Mexico State University, is developing a different hypolimnion aerator (personal
communications). His aerator consists of two vertical pipes that extend from the surface to below the metalimnion
(Figure 6) . Water is drawn from the hypolimnion through the pipe on the left. A water pump draws the water up the
left pipe and forces it down the right pipe. As water passes through the descending pipe, low pressure air is injected
near the surface. The force from the water pump is greater than the positive buoyancy caused by air injection and the
air-water mixture descends. As the mixture descends, oxygen diffuses into the water. The descending pipe is bent
horizontally after penetrating the metalimnion and extends under the ascending pipe. A slot is cut along the top of
the horizontal section and a funnel shaped, bubble collector is situated above the slot. As the air-water mixture
passes through the horizontal pipe, the air will rise vertically in the pipe, pass through the slot and be collected in the
bubble collector. The aerated water will flow out the end of the pipe and into the hypolimnion. Air in the bubble col-
lector will escape through an opening at its top and pass into the ascending pipe. Thus, the rising air will help aerate
and draw hypolimnion water up the ascending pipe. After reaching the top of the ascending pipe, the air escapes to
the atmosphere and the water is forced down the descending pipe and injected with air.

Although an outboard motor may be used as the water pump, other water pumps are more efficient.
The principal advantage of Speece's system is his method of air injection. A low pressure compressor, or blower,

can be used. This is more economical to operate than a high pressure compressor. In addition, air is re-used. Injected
air aerates the descending water as well as the ascending. It also helps lift the ascending water.

Speece's aerator is mounted on floats and can be moved about the lake to insure adequate contact with hypolimni-
on waters.
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FIGURE 6. A hypolimnion aerator designed by R. E. Speece. This illustration is reconstructed from a sketch
provided by R. E. Speece and presented here with his permission

Although Speece's aerator has not yet been tested, it appears technically sound and may be more efficient and
economical than Bernhardt's aerator.
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2. COMPRESSOR INSTALLATION AND OPERATION
The diffuse aeration system at El Capitan Reservoir uses a LeRoi 50-S-2 air compressor. A 50-hp, 3-phase, 480-volt
electric motor drives the compressor and uses about 31.7 kilowatt-hours per hour at 85% capacity.

Varying amounts of free air are delivered to the lake. The volume released is primarily a function of hydrostatic
pressure at the release depth, air friction in the distribution system, compressor speed, and temperature. The com-
pressor is rated at 215 c.f.m. with 125 p.s.i. However, I never observed a release pressure of 125 p.s.i. With about 20
meters of water over the release point, the pressure in the system, as measured at the compressor, is about 50 p.s.i. of
this, hydrostatic pressure alone accounts for about 30 p.s.i.

The compressor is located on a permanent concrete slab at about 6 meters elevation above the spillway. Figure 10
illustrates the relative locations of the compressor and sampling stations. A heavy steel mesh cage protects the com-
pressor. The cage isolates the compressor from visitors but does not reduce exposure to the weather. Figures 7 and 8
show the compressor with and without its protective cage.

FIGURE 7. Electric compressor at El Capitan without its protective cage and control panel. Photograph by Lee W.
Miller
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FIGURE 8. El Capitan compressor in operation. Photograph by the author
A 5.08-cm I.D. galvanized steel pipe transports air from the compressor to about a gauge height of 24 meters.

From this point, a 92-meter length of 3.96-cm I.D. PVC plastic pipe extends along the bottom. The plastic pipe is
weighted by 15 concrete block anchors. The last 31 meters of the plastic pipe are suspended almost horizontally
above the bottom by 13 styrofoam floats and adjusted lengths of 4.75-mm polyethylene anchor rope. Thirteen sets of
floats with anchors are evenly spaced along the 31 meters of plastic pipe. This 31-meter section is perforated by 90
holes, 3.175 mm in diameter, and sealed at its distal end. Clusters of three holes, spaced 120 degrees apart around
the circumference of the pipe, are located on this section of pipe. The clusters are unevenly spaced. Beginning 29.6
meters from the end of the pipe, the spacing between the first six clusters is 1.54 meters, clusters 6 through 12 is
1.23 meters, clusters 12 through 21 is 0.92 meters and, clusters 21 through 30 is 0.62 meters. This non-linear ar-
rangement of air holes produces a more uniform air release.

We installed the plastic pipe by stretching a rope across the reservoir about perpendicular to its longitudinal axis.
The unweighted PVC pipe floated next to the rope. We located 13 boats and attendants along the rope. Each attend-
ant attached a styrofoam float, cement anchor, and drop line. We lowered all anchors in unison to avoid breaking the
pipe. Figure 9 shows the plastic pipe installation.

A cross-sectional profile of the reservoir illustrates the compressor and distribution system (Figure 3). This sys-
tem is relatively stable and insensitive to fluctuations in water level. We used it continuously for two summers
without modification.
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FIGURE 9. Project personnel installing the air distribution system. The iron pipe in the foreground extends to the
second boat. The plastic pipe has its styrofoam floats attached, but not its anchors. Photograph by Lee W. Miller
The aeration system is located in a section of the reservoir that is closed to recreational use. A sturdier distribution

system may be necessary to prevent damage from boat anchors where recreational use is permitted.

2.1. Operation
Aeration commenced June 10, 1965 and continued for 263 hours through June 21st. Aeration was discontinued from
June 21st through July 1st. Aeration was resumed on July 1st and continued through October 4th, 1965. The June
starting date was selected to coincide with
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the beginning of the pre-aeration study and the availability of the compressor.
During 1966, aeration extended from March 19th through October 17th, without interruption. The objective dur-

ing 1966 was to accomplish the greatest possible reduction in stratification with this system. When operating, the
compressor ran continuously on a 24-hour schedule during both years.

2.2. Costs
The County of San Diego purchased the compressor, control panel, and protective cage. The Utilities Department,
City of San Diego and Helix Irrigation District shared the costs of installing the compressor and pipe lines, mainten-
ance, repair, and electrical power. The U.S. Geological Survey provided the perforated PVC pipeline.

Total cost of equipment, materials, and labor to install the system was about $6,010. A breakdown of these ex-
penditures and estimated yearly operating costs are given in Table 1. With a 10-year amortization of $6,010, at 6%
interest, the annual cost was $825.

TABLE 1
Itemization of Estimated Yearly Operating Costs Based on Six Months of Continuous Operation and a 10-Year

Amortization of Initial System Installation Costs
Operation costs included power consumption, electrical service charges, oil and filter changes, and routine repairs

and maintenance. For continuous operation over a 30-day period, about 22,824 kilowatt-hours were consumed.
Power costs were on a sliding scale and depend on the rate of consumption and size of the motor. For the above con-
ditions, monthly power rates were about $279. The monthly electrical service charge was $29.50 additional. A
10-quart oil change was necessary every 500 hours of operation. Because the compressor was
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relatively new, few repairs were necessary. A head gasket blew due to inadequate anchoring of the steel pipe. The
unanchored steel pipe caused unequal distribution of force on the compressor head. Adequate support of the steel
pipe alleviated this problem. Minor adjustments to the drive belts and bolts were made. It is impossible to predict the
repair and maintenance costs for a given compressor over a 10-year period, but for our purposes, I estimate $250 per
year.

With continuous operation on a 6-month basis each year, total power consumption was about $1,674, and service
charges $177. Including the $825 annual amortization of equipment and an estimated $250 for maintenance and re-
pair over a 10-year period, the estimated annual cost of operating this destratification system was about $2,926.

Further considerations of the savings and benefits derived from this estimated annual investment are discussed in
the Economics section.

3. METHODS
Chemical analysis of water samples from 0, 7, and 17 meters were made at about monthly intervals from August
1964 through September 1967. The 7 and 17 meter samples were collected with either an 8-liter Van Dorn water
sampler, or a 2-liter GM water sampler from location S-1, (Figure 10) . These samples were then placed in amber,
1-liter polyethylene plastic bottles. The surface samples were generally collected by hand dipping the inverted
plastic bottle to elbow length and then reversing it. Samples were taken to the City of San Diego's Alvarado Water
Filtration Plant, for complete chemical analyses. Samples were generally analysed within a week, but occasionally it
took longer.

Complete chemical analysis by the city chemists consisted of 41 chemical determinations. The determination and
method used to derive it are shown in Table 2. Unless otherwise specified in Table 2, specific procedures are de-
scribed in more detail by the American Public Health Association (1965).

Spectrophotometric determinations were made with a Beckman model B spectrophotometer with flame adapter. A
Coleman photonephlometer model 17 was used for turbidity. Conductivity measurements were made with a Leeds
and Northrup conductivity meter. A Beckman model K autotitrater was used for pH measurements and titration pro-
cedures.

Complete chemical analyses prior to August 1964 were either made by the City of San Diego chemists, as de-
scribed, or by the Wilson Laboratory of Los Angeles. The Wilson Laboratory used the prevalent standard techniques
recognized by the American Public Health Assn., but favored titrametric rather than photometric procedures. Specif-
ic methods used by the Wilson Laboratory are not available. Prior to the early 1950's, the Wilson Laboratory made
the determinations. However, after this period the City of San Diego made all determinations. City of San Diego
personnel made all collections prior to August 1964 with a specially designed sampler. The sampler consisted of a
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FIGURE 10. El Capitan Reservoir including sampling locations, compressor site and major tributaries. Sample site
S-1 is our principal sampling location
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TABLE 2
Chemical Analysis Performed by the City of San Diego and Method of Determination
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metal tube of about 10 cm diameter and 40 cm length. Each end of the tube contained hinged valves that flopped
open when the device was lowered. The sampler was lowered to the desired depth and jerked rapidly up and down
several times before retrieval. Samples were generally taken from selected depths, but apparently composite samples
from several depths were sometimes taken.

In addition to the complete chemical analyses made by the City, we made several chemical determinations at the
reservoir from June 1964 through September 1965. These analyses include oxygen, pH, and alkalinity. Prior to May
1, 1965, oxygen determinations at each depth were made using the Alsterberg (ozide) modification of the Winkler
Method. Thereafter, oxygen determinations were made using a Precision galvanic cell oxygen analyser and the Als-
terberg method for standardization. Prior to July 1965, pH was measured using a Beckman Model G pH meter and
alkalinity was estimated by methyl purple titration. Thereafter, both pH and alkalinity were measured with a Beck-
man Model N pH meter. A pH end-point of 4.4 was used for alkalinity. Oxygen, pH, and alkalinity samples were
collected with one of the water samplers mentioned and generally from each 2-meter depth interval at location S-1,
(Figure 10). Samples were either analysed on the lake or taken immediately to the shore laboratory for analysis.

Temperature-depth measurements prior to 1964 were made by City of San Diego personnel, using an unspecified
resistance thermometer. From May 1964 through May 1, 1965, a Bright Radio Laboratories resistance thermometer
was used. Thereafter, temperatures were taken with the Precision D. O. analyser. Temperature-depth measurements
were occasionally made using a bathythermograph. We used a grid-viewer to read the temperature profile etch. The
etch was made on a gold plated glass slide. The pre-1964 temperature measurements were generally made in the
center of the reservoir near the dam. Measurements during 1964 and after, generally were made at location S-1,
(Figure 10).

Daily surface water temperatures, minimum-maximum air temperature, rainfall and reservoir gauge height meas-
urements were taken since 1935. Surface water temperatures were generally measured twice daily using a glass ther-
mometer. One measurement was made at about 0700 hours near the dam, and another at about 1500 hours in the
Chocolate Creek arm. Air temperatures were measured with a minimum-maximum glass thermometer. Gauge height
and rainfall were measured to the nearest 0.25 mm. Measurements other than water temperature were generally
made each morning at about 0700 hours at a field weather station near the base of the dam.

A 20-cm secchi disc (Welch 1948) was used for turbidity measurements.
Area-capacity values used in this report are based on surveys made in 1927 and 1956. Volume estimates for ana-

lyses involving chemical determinations prior to 1964 are based on extrapolated values between the 1927 and 1956
area-capacity values. Volume estimates used for other analyses are based on the 1956 table values.
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Stability values in this report were calculated according to McEwen (1941), except that the graphical estimate de-
scribed in his paper is estimated by fitting a linear regression. Regression lines are fitted to each pair of ascending
and descending values. The regression line with a data point nearest the isothermal center of gravity is selected for
estimating the desired value. A computer program was written to calculate stability values, heat contents, and tem-
perature ranges.

Heat content is calculated by dividing the lake into horizontal strata. The volume of each stratum is multiplied by
its average temperature. The sum of these products yields the total heat content. This sum divided by total surface
area yields heat per unit area; and divided by total volume yields average temperature.

Sediment size was determined by the California Department of Water Resources laboratory using procedures de-
scribed by the California Department of Water Resources (1968). They used the U.S. sieve series to estimate sedi-
ment sizes 200 microns and greater. Hydrometer tests were used to estimate sizes of 5 microns and less. Samples
were collected from three transects using an Ekman dredge. Figure 10 shows the sample transects designated T-A,
T-B and T-C. A sediment sample was collected from each 2-meter depth interval along each transect. Excess water
was decanted and the sediment frozen for shipment to the Water Resources Laboratory in Sacramento.

Sediment percent solids, chemical oxygen demand and percent nitrogen analyses were made by the City of San
Diego's Pt. Loma Sewage laboratory. They used procedures described by the American Public Health Association
(1965). Samples were collected with a vertical core sampler similar to that described by Welch (1948). About the
upper 5 cm of core sample was collected and taken to the laboratory. Samples were collected near the air release
point (Figure 10) at selected depths.

We used a special barge to collect most of our samples. The barge was constructed of three 3.96-meter wooden
boats covered by a 6.10- x 3.05-meter plywood deck, (Figure 11) . The boats were 1.22 meters apart. Trap doors per-
mitted lowering of samplers between the boats. A 40-hp outboard with forward controls powered the barge. The
craft was very stable and highly maneuverable.

Spearman's rank correlation coefficient (rho) is computed as described by Steel and Torrie (1960). A t-value con-
version is used to calculate significance of the correlation coefficient. Isotherms, isopleths, scattergrams, and line
plots were constructed with programs designed for an IBM 1620 computer with a CalComp x-y plotter. One scatter-
gram program using a 407 lister is described (Fast, 1967), but the others are not. Stability, heat content, average tem-
perature, and many other calculations were made using a computer.

All times presented in this report are in Pacific Standard Time.

25



FIGURE 11. Experimental barge especially designed for use at El Capitan. Photograph by Martha L. Fast
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4. EL CAPITAN RESERVOIR
DESCRIPTION AND HISTORY
El Capitan Dam impounds the intermittently flowing San Diego River. The reservoir is located about 40 kilometers
east of San Diego within the Upper Sonoran life zone, (Beland, 1960). Characteristically, the surrounding terrain is
steep-sided mountains of decomposed granite covered with chapparal (Figures 12 and 13 ). Dam construction

FIGURE 12. View of El Capitan Reservoir and dam looking westward from an adjacent mountain. This view looks
down the San Diego River bed. Photograph by the author

began during 1932 and was completed during 1934 at a cost of $5.8 million. By 1938 the reservoir filled to capacity
and overflowed during 1938, 1939 and 1941. The dam is of semi-hydraulic rock embankment, with an impervious
clay core. It rises 66.7 meters above the streambed and extends 7.7 meters below. The crest length is 360 meters and
the foundation width at streambed is 194 meters. The crest elevation is 236.5 meters above mean sea level and the
spillway is 230.5 meters above MSL. Water is drawn, or enters, through an independent wet tower with six 76-cm
saucer valves for level selection. Fowler (1953) presents a more detailed physical description of this reservoir, and
an interesting history of the dams and water supply system of western San Diego County.
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FIGURE 13. View of El Capitan Reservoir and control tower taken from the dam. Photograph by the author
The basin topography illustrates El Capitan's steep sides and reduced littoral area (Figure 14) . Roelofs (1944) indic-

ates a high slope not only limits the dimension of the littoral area but also reduces production of rooted aquatic
plants. Rooted aquatics are abundant only when the water level is stable. This condition seldom occurs in El Capit-
an. Consequently, it appears that most of the primary production occurs in the phytoplankton.

These primary producers are numerically abundant in this reservoir. Their populations are characterized by spe-
cies indicative of highly productive communities. Bluegreen algae, diatoms, and green algae predominate. Over 150
genera were recorded from 1960 through 1966, but relatively few of these commonly occurred in the counts. A more
detailed description of the phytoplankton will be included in subsequent reports.

Sedimentation of the basin is relatively slight. Estimated total pre-impoundment capacity was 1.44 X 108 cubic
meters. By 1956 this volume was estimated at 1.39 X 108 cubic meters, and represents a 3.5% reduction in total ca-
pacity during the ensuing 22 years.

Although total volume is diminishing slowly, the form of the depth-volume curve shows marked changes (Figure

15) . Considerable quantities of sediment are transported from higher to lower levels of the reservoir by wave cut and
fill erosion. This process is expedited by fluctuating water levels and loose composition of the decomposed granite
substrata. Although cut and fill erosion does not reduce the total capacity of the reservoir, it does result in a reduced
bottom slope and reduced maximum depth. Both these situations should increase lake fertility.
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FIGURE 14. Topographic map of El Capitan Reservoir's basin. Depth contours are in meters. This map is based on
a pre-impoundment survey of the basin
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FIGURE 15. Area-Capacity curves constructed from 1927 and 1956 surveys of the lake basin
Beland (1960) and Fast (1966a) discuss the fisheries management history of this reservoir. Although water was

impounded in quantity since 1935, the reservoir was not open to fishing until 1955. The fishery consists essentially
of the warmwater species: largemouth basses (Micropterus salmoides salmoides, M. salmoides floridanus, and inter-
grades), bluegill (Lepomis macrochirus) , green sunfish (L. cyanellus) , brown bullheads (Ictalurus nebulosus) , and
channel catfish (I. punctatus) . Walleye (Stizostedion vitreum vitreum) were introduced during 1962–63. Walleye
show excellent growth rates (Miller, 1967) but do not enter the creel in significant numbers. White crappie (Pomoxis
annularis) are periodically abundant but have declined since 1961.

More than 300,000 largemouth bass were planted between 1956 and 1963 to correct an "out of balance" bluegill-
bass fishery. The beneficial consequences of this action are dubious (Fast, 1966).

The basic limnology of El Capitan is similar to other comparable San Diego County reservoirs (Rawstron, 1964).
It is a eutrophic, warm monomictic reservoir (Hutchinson, 1967) and may be termed an alkali lake, according to
Moyle's (1949) classification. According to Welch's classification (1952), it is a second degree tropical lake.

Characteristically, the lake experiences one annual period of stagnation. Thermal stratification usually begins dur-
ing March or April
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and disappears during November or December (Figure 16) . The thermocline depth appears to be influenced only
slightly by the total water volume.

Surface water temperatures follow an annual cycle, reaching a maximum during the last week of July and the first
week of August, and a minimum during January (Figure 17) . The yearly range in average median daily temperature is
from about 11°C to 25°C. However, surface temperatures as low as 1.1°C and as high as 28.3°C are recorded.

Air temperatures follow a similar cycle but exhibit much greater daily fluctuation (Figure 18) . The range in average
median temperatures is also about 11°C to 25°C, with recorded extremes of minus 7.8°C and 45.5°C.

Average weekly median air temperatures and surface water temperature appear to be very highly correlated (Figure

19) . Based on 521 observations, a correlation coefficient of .906 and a least squares line of y = -14.86 + .92 x was
calculated. Where y = average median weekly surface water temperature in °C and x = average median weekly air
temperatures in °C. The same least square line for degrees Fahrenheit is: y = 5.24 + .92 x.

El Capitan's watershed is about 51,800 hectares. This includes upstream Cuyamaca Reservoir's watershed. Only
runoff water was impounded prior to 1958. However, since then imported Colorado River water is also periodically
stored in the lake (Table 3). The two sources

FIGURE 16. El Capitan isotherms during 1954 through 1961. Isotherms are in degrees centigrade. The reservoir
stratified normally during this period

31



FIGURE 17. Average and extreme surface water temperatures for each day of the year based on more than 30 years
of daily observations (1935–1966). From top to bottom the water temperature curves are: absolute maximum, aver-

age maximum, average median, average minimum and absolute minimum

FIGURE 18. Average and extreme air temperatures for each day of the year, based on more than 30 years of daily
observations (1935–1966). From top to bottom the air temperature curves are: absolute maximum, average maxim-

um, average median, average minimum and absolute minimum
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FIGURE 19. Scattergram plot and least squares lines of average median weekly surface water and air temperatures

TABLE 3
Volumes of Imported Colorado River Water Added to El Capitan Reservoir through November 1967

of El Capitan's imported water are Colorado River water via the San Diego aqueducts, and water from San Vicente
Reservoir. The ionic concentrations of these sources vary considerably; as do the relative proportions of these ions.
Table 4 illustrates the ionic concentrations of: El Capitan Reservoir surface water, Colorado River water in San
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TABLE 4
Complete Chemical Analyses of Water from San Diego Aqueduct Number 1, San Vicente Reservoir (Surface Water),

and El Capitan Surface Water and Surface Runoff Following a Storm
Diego aqueduct number one, San Vicente surface water, and El Capitan runoff following heavy storms. El Capitan
sample locations are illustrated in Figure 10. The zero meter (0-M) El Capitan sample is from Station 1. Table 4 il-
lustrates the disparity in ionic concentrations from these sources. It should be noted that the concentrations of each
source may also vary considerably depending on several factors; such as time
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of year, amount of rainfall, reservoir volumes, and depth of withdrawal from the reservoirs.
Rainfall and runoff follow an annual cycle. Figure 20 illustrates this pattern based on daily observations from

1935 through 1966. Most of the yearly rainfall occurs during December through March. Little or no rain occurs dur-
ing May through October. Hence, the reservoir receives the bulk of its runoff during periods of isothermy, i.e., be-
fore strong stratification develops.

Figure 21 illustrates the moving means of monthly rainfall based on 3-month averages and the yearly total rainfall
for 1935 through 1966. Although the monthly averages illustrate the monthly cycle, the yearly totals do not appear
cyclic. The yearly totals coincide somewhat with fluctuations in reservoir water volume.

Large quantities of imported sediments are received periodically as a consequence of irregular, torrential runoff.
Examination of some of the sediments illustrates this condition. Strata of light colored clay are interspersed with
black bands of apparent organic origin. The clay strata vary greatly in thickness and appear to represent periods of
high runoff, whereas the black strata apparently represent periods of low runoff. Further analyses of this stratigraphy
were not made.

Dramatic changes in ionic concentrations and water volumes occurred. Some of these changes are illustrated in
Figures 22 through 24. Many of the chemical constituent trends are strongly correlated with water volume trends.
Table 5 illustrates the Spearman rank correlation coefficients of water volume vs. ionic concentrations.

FIGURE 20. Monthly pattern of rainfall based on more than 30 years of daily observations. Absolute minimum (A),
absolute maximum (C) and average rainfall totals (B) for each month are shown
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FIGURE 21. Moving means of monthly rainfall totals and total yearly rainfall from 1935 through 1967. Monthly
moving means are based on three month averages

Not apparent from either the correlation coefficient or the line graphs is the nature of the relationship between the
water volume and ionic concentrations. Figures 25 through 27 illustrate scattergram plots of certain ions and water
volumes. An exponential relationship is suggested by these plots, but several such transformations of the data do not
add significantly to the correlation coefficient. This does not mean an exponential relationship does not exist, since it
may be obscured by other concomitant processes. If ionic concentrations are allowed to approach comparable levels
of equilibrium at each observed water volume, a more definitive relationship between ionic concentrations and water
volume may be evident. However, water volumes often fluctuate rapidly. For any given set of chemical analyses, the
water volume may have been stable for a long period, or in the process of rapid change. The degree of equilibrium
for these two conditions may be quite different. These conditions, in addition to limitations of the chemical analyses,
could be responsible for most of the variability in chemical concentration at a given water volume. This variation ap-
pears to be greatest at reduced water volumes. Nevertheless, a remarkably strong correlation between certain ions
and water volume is evident.

In general, increased water volume results in decreased ionic concentrations. This reduction could be explained by
a simple dilution effect since influent water generally has lower ionic concentrations (Table 4). However, the reas-
ons for an increased ionic content with decreased volume are not as evident. This is especially true since reduced
volumes are primarily a function of water withdrawals, rather
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FIGURE 22. Line plots of El Capitan calcium and bicarbonate concentrations and water volumes. Water volume is
the solid line
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FIGURE 23. Line plots of El Capitan sodium and sulfate concentrations and water volumes. Water volume is the
solid line
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FIGURE 24. Line plots of El Capitan total hardness, concentration value and water volumes. Water volume is the
solid line
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TABLE 5
Spearman Rank Correlation Values of El Capitan Chemical Constituents and Total Water Volumes. Correlation

Coefficients for 1935 to 1964, and August 1964 through September 1967, Are Shown
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FIGURE 25. Scattergram plots of El Capitan total hardness, bicarbonate and silica concentrations vs. water
volumes from 1935 through 1964
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FIGURE 26. Scattergram plots of El Capitan total alkalinity, sodium and magnesium concentrations vs. water
volumes from 1935 through 1964
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FIGURE 27. Scattergram plots of El Capitan sulfate, conductivity and concentration values vs. water volumes from
1935 through 1964
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than evaporation. Three processes that probably account in part for observed increases in concentrations with de-
creased volume are: (i) Epilimnion withdrawal. During stratified conditions there is a considerable vertical disparity
between certain ions. Higher concentrations of certain undesirable ions often exist in the hypolimnion. Con-
sequently, water is almost always withdrawn from the epilimnion. This process causes an increase in the average
concentration of stratified constituents as a function of decreased water volume. Epilimnion withdrawal should not
greatly affect ions that do not show vertical stratification. Epilimnion withdrawal may result in the long term accu-
mulation of certain ions and account in part for the gradual eutrophication witnessed in most lakes, (ii) Evaporation.
Although evaporation concentrates dissolved substances, I doubt if it explains all the observed changes. More water
is generally withdrawn than evaporates. About 130 cm of water evaporates annually from El Capitan Reservoir, and
(iii) Ionic equilibrium between lake basin and water. The deeper bottom area of El Capitan is covered by fine, col-
loidal silt and sludge. This material has a high organic content relative to shallower areas (Table 6 and Figure 28 ).
The shallow bottom areas are mostly coarse sand and gravel.

TABLE 6
Total Solids, Chemical Oxygen Demand and Nitrogen Content of El Capitan Bottom Sediments during August and

November 1964
The lake basin and water strive to reach an ionic equilibrium. This equilibrium is probably never attained. The

nature and degree of the equilibrium is probably a function of thermal stratification, total water volume, and ratio of
total sludge area to total volume.

Although ions are exchanged between the water and gravel sediments, the rate of exchange may be greatest over
the sludge area. Thermal stratification seals off much of the water from contact with the sludge. Stratification re-
duces contact by causing discontinuous circulation and reduced water flow over the sediments. This situation may
limit the rate of ion exchange. Essentially only the hypolimnion is in contact with the sludge.

Water volume should influence the equilibrium since the relative epilimnion volume decreases as total volume in-
creases. Figure 29 illustrates this relationship if we assume a constant epilimnion depth of
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FIGURE 28. Mean particle diameter of sediments collected from El Capitan transects A, B and C. Figure 9 illus-
trates these transect locations. Particle size scale is logarithmic

FIGURE 29. Change in epilimnion volume as percent of total volume, as total volume increases from zero to max-
imum capacity
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about 8 meters. Epilimnion volume decreases from 100% to 31% of total volume as total water volume increases
from 0 to maximum capacity.

On the other hand, Mortimer (1941, 1942) demonstrates that the diffusion of certain ions from the mud is in-
creased by stratification and hypolimnion oxygen depletion.

Probably the most important factor influencing ionic concentrations is the ratio of total sludge area to total water
volume. The sludge area is a function of time and water depth. Fine colloidal particles settle out below the level of
wave and current action to form the sludge zone. This zone generally starts at about 8 meters, if water levels are stat-
ic, and coincides with the metalimnion depth. Changes in water level affect the size of this zone.

A relatively small ratio exists between sludge area and water volume at high water volumes. The sludge area may
cover the entire bottom if water is withdrawn rapidly, or if the volume is much reduced.

As the ratio of sludge area to water volume increases, the rate of ion transfer should increase. Maximum transfer
should occur at reduced water volumes where sludge covers the entire bottom and the ratio is greatest.
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5. EFFECTS OF ARTIFICIAL DESTRATIFICATION ON THE CHEMIC-
AL-PHYSICAL REGIME OF EL CAPITAN RESERVOIR
5.1. Introduction
The study of El Capitan commenced during May 1964. This year was a control period. Many lake parameters were
measured without altering the natural cycle of stratification. El Capitan was aerated during 1965 and 1966. Aeration
began June 10, 1965. The lake stratified strongly by this date. The reservoir was aerated continuously from June
10th through June 21st. A steady state condition existed then. Compressor operation was discontinued from June
21st through July 1, to observe the rate of restratification. The compressor was started for the second time July 1st
and it ran continuously through October 4, 1965. Aeration was discontinued from October, 1965 until March 19,
1966. By March 19th the lake started to stratify. The compressor ran continuously from March 19th through October
17, 1966. The year 1967 was a second control period. The lake stratified normally and we did not alter that condi-
tion.

Hence, we have one year of pre-aeration observations, two years of aeration observations and one year of post-
aeration observations.

5.2. Temperature
A lake's temperature regime is probably its most important parameter. Yearly and seasonal extremes and the distri-
bution of heat within the water at any given time reveal much about the condition of the lake. Indeed, the kind and
extent of life may be determined by its temperature regime.

Isotherms from December 1954 through March 1961 are illustrated in Figure 16. Although maximum depth and
water volume fluctuated greatly, seasonal stratification and the limits of the epilimnion were quite uniform. In gen-
eral, stratification commenced during March. With stable water levels during summer, the metalimnion depth
deepened as the metalimnion and hypolimnion were eroded by the epilimnion. Concomitant with this erosion was
the heating of the epilimnion in the spring and summer and its cooling in the fall. Complete mixing generally oc-
curred in November. The uniformity of this process was witnessed by the similarity in metalimnion formation and
depth during 1958 as compared to previous years. The reservoir volume and depth during 1958 were more than
double those of the preceding years.

Isotherms for May 1964 through September 1967 illustrate the effects of artificial destratification on the temperat-
ure profiles (Figure 30) . Isotherms during 1964 illustrate the normal cycle of stratification (Figure 31) , with gradual
thermocline deepening preceding the fall overturn.
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FIGURE 30. El Capitan isotherms in °C from May 1964 through September 1967. The reservoir stratified normally
during 1964 and 1967. We destratified it during 1965 and 1966
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FIGURE 31. El Capitan isotherms in °C during 1964. We did not aerate this year
Isotherms during 1965 and 1966 (Figures 32 , 33 ) illustrate another story. Normal stratification commenced dur-

ing March 1965 and extended into June. Destratification commenced June 10, 1965. The isotherms reflect the abrupt
changes caused by this action. They illustrate the elimination of the metalimnion and hypolimnion and the consider-
able heating of lower lake depths during the summer. They also show gradual cooling during the fall, rather than the
abrupt changes caused by fall overturn.

FIGURE 32. El Capitan isotherms in °C during 1965. We aerated from June 10th through June 21st, and from July
1st through October 4th
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FIGURE 33. El Capitan isotherms in °C during 1966. We aerated from March 19th through October 17th
Temperatures during the winter of 1965–66 are comparable to other years and apparently weren't influenced by

the summer events of 1965. A metalimnion formed by early March 1966. Air injection was started March 19th and
continued through October 17, 1966. The metalimnion disappeared rapidly and did not reappear until March 1967.
The 1966 isotherms are similar to 1965's after destratification. They illustrate the gradual warming and cooling at all
depths. Thermal barriers to biotic distribution appear minimal.

Isotherms for 1967 appear similar to 1964 and before (Figure 34) . We did not aerate during 1967 and stratification
developed normally. However, the gradual metalimnion deepening was not observed. On the contrary, the metalim-
nion depth became shallower during the summer. This was caused by epilimnion withdrawal. As a result of stratific-
ation and hypolimnion stagnation, good quality water remained only in the epilimnion. Water for domestic purposes
was withdrawn from the epilimnion and this reduced its total volume faster than it eroded the metalimnion and hy-
polimnion. Epilimnion water quality deteriorated rapidly and an avalanche of consumer complaints (about 400 a
day) by the end of September caused the water managers to discontinue using this source.

The initial effects of air injection on the temperature profiles during 1965 are illustrated in Figure 35. The June
10th profile shows the temperature-depth distribution prior to air injection. A well developed metalimnion started at
about 7 meters and extended to about 11 meters. The surface temperature was about 19°C and the bottom temperat-
ure about 13°C. On June 12th, after 2 days of air injection, the "classical" profile was much distorted. There were es-
sentially two restricted metalimnions, one at about 3 meters and the other at about 16 meters. The zone between
these depths was nearly uniform in temperature.
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FIGURE 34. EI Capitan isotherms in °C during 1967. We did not aerate this year

FIGURE 35. Changes in the temperature-depth profiles during June and July 1965
This zone reflects the nature of the mixing process. As hypolimnion water is upwelled and mixes with epilimnion
water, intermediate mixtures are formed. These mixtures seek a level of isodensity and initially flow into the
metalimnion. The metalimnion increases its volume and becomes more uniform. Consequently, the metalimnion
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loses its integrity, per se. This intermediate zone of mixed water increases in volume as the former epilimnion and
hypolimnion are reduced through mixing.

The lake approached a steady state thermal condition by June 20, 1965.
The water was essentially isothermal from about 4 meters down. A temperature cline existed above that depth and

was maintained by the net influx of heat. Although mixing by aeration continued, the rate of mixing was less than
the influx of heat energy from the sun and atmosphere. Mixing efficiency is greatest during maximum stratification
and approaches zero as the water approaches an isothermal condition (Koberg and Ford, 1965). Hence, complete
mixing during the spring is thwarted by reduced mixing efficiency as the lake approaches isothermy, and a net in-
flow of heat energy. During late summer and fall, mixing is assisted by a net outflow of heat energy. This heat en-
ergy is lost essentially at the lake surface and the surface water during later summer and fall is cooled. As it cools, it
sinks and mixes with deeper, warmer water. This process will maintain the lake in an isothermal condition until the
following spring when a net influx of heat again occurs. Air injection was discontinued June 21, 1965 to observe the
rate of restratification. On this date, about 2.5°C difference between surface and bottom existed. On July 1st, after
10 days of restratification, about a 5°C difference existed. Air injection was again started July 1st and continued un-
til October 4th. By July 11th, the lake was almost isothermal. Less than a 1°C difference existed. By the end of July
this difference was further reduced. It was reduced primarily because the net flow of heat to the lake was reduced
and eventually reversed. Concomitant with the mixing and trend toward isothermy the entire water is gradually
warmed. By July 15th all depths were warmer than the warmest water on June 10th.

During normal stratified years, surface temperatures reach minimum values of about 11.5°C generally in January
and maximums of about 25.5°C during late July or early August (Figure 36) . The average difference between these
extremes is about 14°C. Bottom temperatures follow a similar cycle with minimum values of about 11.0°C during
January and maximums of about 13.5°C during November. The maximum bottom temperature was observed at the
fall turnover. During destratified years, this cycle was altered drastically (Figure 37) . During 1965 and 1966 the sum-
mer bottom temperature almost equaled the surface temperature. This represents an average increase of about
10.5°C over the normal yearly maximum bottom temperature. A high of about 23.0°C was observed during 1965,
and a high of about 24.5°C during 1966. The 1966 maximum was probably greater than 1965's because aeration was
started earlier during 1966. However, normal climatic fluctuations might account for this difference.

Although increased bottom temperature may be beneficial in certain situations, it may also be a liability. Elevated
bottom temperature may preclude the establishment or continuance of year-round coldwater fisheries. Most coldwa-
ter fishes are stressed or killed by water temperatures above 24.5°C. Water temperature of more than 21°C are gen-
erally considered undesirable. Artificial destratification may increase
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FIGURE 36. EI Capitan surface and bottom temperatures from 1954 through 1961

FIGURE 37. EI Capitan surface and bottom temperatures from May 1964 through September 1967
the minimum temperature in the lake to greater than 25°C. Highs of 23°C and 24.5°C were observed at El Capitan.

Increased metabolic potential of zoobenthos is afforded by increased temperature and oxygen concentration. The
great increase in bottom temperature, coupled with a shift from anaerobic to aerobic conditions, should have a pro-
found influence on the processes in the lower levels of the lake. Chemical reactions alone are theoretically doubled
by every
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10°C increase in temperature. Aerobic and facultative anaerobic zoobenthos have invaded this region in quantity
(Fast, 1966b) and apparently are benefited by the rich organic natures of the profoundal sediment (Table 6).

Although bottom temperatures are elevated drastically by forced circulation, surface temperatures are only
slightly affected (Figure 38) . Surface temperatures during aeration are generally lower in the spring and summer and
higher during the fall (Koberg and Ford, 1965).

FIGURE 38. EI Capitan surface temperatures from May 1964 through September 1967
This situation accounts for the reduced annual evaporation rates described by Koberg (1964); Koberg and Ford

(1965). The aeration system and wind distribute heat throughout the lake. Formerly it was distributed mostly within
the epilimnion by the wind. There is a time lag between absorption and distribution to the deeper levels of the lake.
This lag might account in part for the lowered surface temperatures in the spring and summer. As expected, the
mean lake temperature is elevated by artificial destratification. Average maximum water temperature during strati-
fied years is about 22.5°C (Figures 39 and 40 ). The maximum for any given year is affected greatly by total water
volume and the depth of water withdrawal. At higher water volumes, the hypolimnion accounts for a relatively
greater percentage of the total volume (Figures 16 and 29 ). However, total volume and percentage volume of the hy-
polimnion apparently do not have much effect on the epilimnion temperature, although the average lake temperature
is lower at higher water volumes.

The maximum average water temperature during 1965 was about 23.8°C, and about 25.2°C during 1966. The
1966 average was probably greater than the 1965 because aeration was started later during 1965. The average max-
imum temperature for the two destratified years
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was 24.5°C or about 2.0°C greater than for stratified years. This represents a considerable increase in the heat
budget of the lake due to forced circulation.

FIGURE 39. EI Capitan average temperatures from 1954 through 1961

FIGURE 40. EI Capitan average temperatures from May 1964 through September 1967

5.3. Heat Budget
Heat budgets are generally expressed as calories per cm2 (Hutchinson, 1957; Welch, 1952). This convention may be
applicable to lakes
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with stable water levels; however, this unit of measure apparently cannot be used to compare lakes of different sizes,
nor yearly values of a fluctuating reservoir. Table 7 illustrates minimum and maximum heat content values and cor-
responding water volumes for El Capitan Reservoir. The heat content is expressed both as calories/cm2 above 0.0°C
and calories/m3 above 0.0°C. The total caloric content of the lake is divided by total surface area in square centi-
meters and by total volume in cubic meters to estimate the corresponding values. Both yearly maximum and minim-
ums for January 1955 through February 1961 are presented. Yearly maximums for 1964 through 1967 are shown.

TABLE 7
Water Volumes, Yearly Minimum and Maximum Heat Content Values for EI Capitan Reservoir. Minimum Values

for 1964 through 1967, Are not Presented
It is apparent from Table 7 that the per unit area heat content values are influenced to a great extent by water

volumes. The yearly minimum heat content as cal./cm2 during 1959, when the volume was large, is actually greater
than the maximums as cal./cm2 during 1956, 1957 and 1964. The heat content expressed in calories per unit volume
is influenced to a much less extent by water volumes.

Heat content per unit area is influenced greatly by water volumes, because the surface area—water volume curve
is not linear.

Water volume increases relatively more than surface area per unit change in depth. This trend causes an apparent
increase in the heat content per unit area as water volume increases, even though the average temperature remains
constant. For El Capitan the ratio of surface
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area in hectares to volume in cubic meters at about 62 meters gauge height is 1.06 X 105. At about 31 meters height,
this ratio is 2.28 X 105. Therefore, if we compute the heat capacity per cm2 of El Capitan under isothermal condi-
tions with gauge height 31 meters, this value will be more than twice the heat capacity per cm2 at gauge height 62
meters. Heat content as calories/m3 would give the same value regardless of gauge height if the lake is isothermal at
a given temperature. Intuitively, I prefer a heat per unit volume measure. Heat is distributed in three dimensional
space, not two.

Because of the relative consistency of heat contents per unit volume of El Capitan, I feel this is a better measure
of the annual heat budget. Although considerable variation occurs in yearly heat contents as cal/m3, this unit of
measure is not as sensitive to total volume changes as calories/cm2. The annual heat budget of a cm2 column of wa-
ter, equal to observed reservoir depths, may give a reasonable estimate of the heat budget. However, this method
tends to give undue weight to the deeper depths in the lake which represent only a small fraction of total volume.

Aeration during 1965 and 1966 apparently caused an increase in the heat budget. A maximum of 25,116.0 cal/m3

above 0.0°C occurred during 1966, and a maximum of 23,900.5 cal/m3 above 0.0°C occurred during 1965. The
1966 maximum is the greatest observed during the 10 years and the 1965 maximum is the second greatest. The high
value during 1966, as compared to 1965, can possibly be attributed to the longer period of destratification during
1966.

Artificial destratification apparently increases the heat budget by distributing the heat to greater depths. Prior to
forced circulation, heat is distributed essentially within the epilimnion by wind driven currents. The maximum epi-
limnion temperature is limited essentially by energy exchange processes at the surface. After destratification, energy
is distributed to all depths. In addition, the maximum surface temperature of stratified periods is equaled or ap-
proached.

5.4. Stability
Schmidt (1915) describes stability as the energy required to change a thermally stratified lake to one of equal tem-
perature throughout. He calculates this energy as that necessary to lift the entire water mass from its center of grav-
ity under isothermal conditions to its center of gravity under stratified conditions. Stability is zero when the lake is
isothermal and reaches a maximum value when the lake is well stratified.

McEwen (1941) presents a graphical method for calculating stability per unit area. Symons and Robeck (1966)
also describe a method of calculating stability and use this technique to evaluate the efficiencies of destratification
systems. The efficiency of a given system may be calculated as the change in lake stability divided by the energy ex-
pended by the destratification system to cause the observed change. Theoretically, this procedure may appear sound,
but in practice it has limited application. Figure 41 illustrates El Capitan's stability as kilogram-meters per hectare
and water volume in cubic meters from December 1954 through March 1961. The lake stratified normally during
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FIGURE 41. EI Capitan stability and water volume from 1954 through 1961

FIGURE 42. EI Capitan stability and water volume from May 1964 through September 1967
this period (Figure 16). It is evident from Figure 42 that stability is influenced considerably by maximum water
volume. I have also calculated stability as kg-m/m3 and as kg-m, but found essentially the same situation, although
it is not as pronounced as for kg-m/hectare. Most authors use stability per unit area. In addition to the problem of
different volumes, the seasonal cycle of stratification will distort the observed efficiency of a given destratification
system. During the spring and early summer there is a net influx of heat energy. This
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influx tends to work against the forced circulation system. It may prevent complete destratification during this peri-
od, as we observed during the spring and summer of both 1965 and 1966. It may also indicate a lower efficiency if
compared with later summer or fall destratifications, as there is a net outflow of heat during the late summer and
fall. This condition tends to perpetuate an isothermal condition, and will indicate a greater efficiency value if the
lake is destratified during this period, as compared to spring and early summer.

Figure 42 illustrates El Capitan stabilities and water volumes during 1964 through 1967. Again, stability is shown
to be greatly influenced by water volumes. Although the lake stratified normally during both 1964 and 1967 (Figure
30) the 1967 stability values are much greater. This is essentially a function of increased water volume during 1967.

Although water volume and season have an overbearing effect on stability, the influence of the aeration system is
evident during 1965 and 1966. Even though water volumes increased during 1964 to 1965, the stabilities after June
1965 are much less compared to 1964. This same effect is evident for 1966. Although water volume had more than
tripled by 1966, stabilities are much less than during 1964. The lower stabilities during 1966, compared to 1965, are
attributed to a longer period of destratification during 1966.

If thermal stratification is eliminated, stability will be zero regardless of how it is expressed. We did not com-
pletely eliminate stratification because our aeration system was not large enough to completely disperse all the heat
absorbed during the spring and summer at the same rate it was absorbed. Likewise, although our system may be able
to disperse all the energy absorbed during a given 24-hour period, there may be times during this period when the
rate of absorption is greater than the mixing rate. This condition may occur during the daylight hours. We generally
measured temperature between 1000 and 1400 hours. Only a few degrees temperature difference between the sur-
face and bottom may result in a relatively large stability value.

If stability changes can be expressed as a function of both water volumes and energy exchange processes, it
should be a good method of evaluating aeration systems and techniques. Although forced circulation definitely re-
duces stability, our techniques for calculating efficiencies based on stability changes are not refined enough to give
valid comparisons. Some multivariant formula is undoubtedly needed. This formula should consider the principle
energy exchange processes of the lake.

5.5. Oxygen
Dissolved oxygen is probably the second most important lake parameter. Its seasonal and depth distributions indic-
ate a great deal about the conditions of life in the lake. It indicates the organic richness of the lake and restrictions to
animal distributions. It also indicates the kind of decomposition taking place and the quality of drinking water.

El Capitan is organically rich and normally develops an oxygen deficit below the metalimnion. During June 1964,
an oxygen deficit existed from the 9-meter depth to the bottom (Figure 43) . During 1965, an oxygen deficit developed
early, but cold, aerated surface run-off recharged the hypolimnion with oxygen before we began aeration. The 1964
and 1967 isopleths are relatively uniform and do not show the

59



FIGURE 43. El Capitan isopleths from May 1964 through September 1967. Isopleths are in mg/I. oxygen
considerable oscillations observed during air injection. These fluctuations are probably attributed mostly to phyto-
plankton activity, bacterial decomposition, and oxidation of organic and inorganic materials. Increased bottom tem-
peratures and rates of flow over the organically rich sediments undoubtedly contribute to those oscillations. During
normal stratified years, most biota is limited to the zone above the metalimnion. After destratification, oxygen is
generally plentiful at all depths (Figure 44) . High oxygen concentrations in the deeper areas permit wider fish and in-
vertebrate forage organism distribution. It also changes organic decomposition from anaerobic to aerobic and many
of the compounds causing taste and odor problems in drinking water are oxidized.

Figure 45 illustrates the oxygen-depth profiles during comparable periods of 1964 and 1965. Aeration was not at-
tempted during 1964. Figure 45-A illustrates the oxygen profiles during June 10, 1965 before aeration began, and
the same period of 1964. These profiles are essentially similar and illustrate low oxygen concentrations below the
metalimnion. After 11 days of aerating, the oxygen profile is illustrated by Figure 45-B. Oxygen is now distributed
to all depths, but is most concentrated near the surface. We discontinued aeration June 21, 1965 to observe the rate
of restratification. After 10 days of restratification, an oxygen deficit again developed and the oxygen profile was
approaching a pre-aeration configuration (Figure 45-C). July 1st we commenced aeration again and ran our aerator
continuously until October 4, 1965. Figure 45-D illustrates the oxygen profiles during September 1964 and 1965.
Although oxygen is plentiful and uniform at all depths during 1965, its surface concentration is much less than dur-
ing 1964. This indicates the accelerated oxidation rate that apparently occurs during forced circulation. This is par-
ticularly notable since oxygen
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recharge from the atmosphere, injected air and aquatic plants, should be much greater during aeration than during
stratified periods.

FIGURE 44. El Capitan oxygen concentrations at the surface, 10 meters depth and the bottom, from May 1964
through September 1967

FIGURE 45. Oxygen concentrations during comparable periods of 1964 and 1965. We aerated from June 10th
through June 21st, 1965, and from July 1st through October 4th, 1965

61



5.6. Chemistry
Certain ion concentrations and physical water characteristics show pronounced differences as a result of stratifica-
tion and hypolimnion oxygen depletion. These differences are especially noticeable with iron (Fe), manganese (Mn),
carbon dioxide (CO2), bicarbonate (HCO3), total alkalinity (TA), total hardness (TH), total solids (TS), and con-
ductivity (Cond.). Many other ions do not appear to be specially affected by stratification. Many show erratic differ-
ences. Some of these erratic changes may be real, but others may be due to sampling or analytical error.

The appendix gives a listing of El Capitan chemical analyses run by utilities department chemists between August
1964 and September 1967. Generally three samples were collected each month. Sample depths of 0, 7 and 17 meters
were selected to determine the effects of stratification on the vertical distribution of each chemical. The surface (0
m) and 17 meters depth samples are most useful in this respect. The 7 meters sample may be located above or below
the summertime oxygen deficit, depending on whether it is early or late summer, and if the lake is stratified.

Iron and manganese are especially important to water quality. The U.S. Public Health Service (1962) advised a
combined concentration limit of 0.3 mg/l for potable water. During August 1964 (appendix) the El Capitan concen-
trations were 0.02, 0.65, and 1.46 mg/l at 0, 7 and 17 meters respectively. The 7 and 17 meters concentrations ex-
ceed that recommended for drinking water. Following destratification the concentrations during August 1965 and
1966 are below 0.3 mg/l at all depths. Several other researchers indicate a reduction in iron and manganese concen-
trations following destratification.

Most, but not all depth concentration differences are reduced or eliminated by aeration.
Although we did not analyze for hydrogen sulfide, artificial destratification limits this substance. Seventeen-meter

water samples during the summer 1964, were clear when first collected. After they set a few minutes they turned a
milky white color due to elemental sulfur formation. The samples had a pronounced rotten egg odor, attesting to
high hydrogen sulfide concentrations. I did not detect these odors during either 1965 or 1966. Aeration prevented the
accumulation of this substance. The rotten egg odor again became pronounced during the summer, 1967, following
several months of hypolimnion stagnation. The 1967 levels did not appear to be as high as 1964's, due in part to
greater water volume and the persistence of higher oxygen concentrations until late summer.

Figures 46 through 49 illustrate the concentrations at 0, 7 and 17 meters of several chemicals during the study
period. Not all are noticeably affected by the thermal properties of the water. However, several show a strong correl-
ation between water volume and their concentration. Figures 50 through 52 illustrate scattergram plots of this rela-
tionship for several of the chemicals. Table 5 shows the rank correlation value for these chemical constituents and
water volumes from August 1964 through September 1967.
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FIGURE 46. Iron and manganese concentrations at 0, 7 and 17 meters depths from August 1964 through September
1967

A negative correlation between water volume and certain chemical concentrations is evident. This relationship is
discussed earlier in this paper. Whereas an exponential relationship is suggested for these analyses made prior to
1964, a linear relationship appears to exist during 1964–67. This may be due in part to a smaller variation in water
volume compared to that of the earlier period. Improved analytical technique may also be responsible for this appar-
ent difference.

of the three factors suggested to account for the relationship between water volume and ion concentration, only
the ratio of sludge area to water volume, and evaporation appear significant here. Any differences caused by strati-
fication are not readily apparent.
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FIGURE 47. Calcium and sodium concentrations at 0, 7 and 17 meters depths from August 1964 through September
1967
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FIGURE 48. Carbon dioxide and sulfate concentrations at 0, 7 and 17 meters depths from August 1964 through
September 1967
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FIGURE 49. Total phosphate and conductivity values at 0, 7 and 17 meters depths from August 1964 through
September 1967
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FIGURE 50. Scattergram plots of surface calcium, magnesium and sodium values vs. water volumes at El Capitan
from August 1964 through September 1967. The least-squares regression line is also shown
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FIGURE 51. Scattergram plots of surface total alkalinity, sulfate, and chloride values vs. water volumes at El Capit-
an from August 1964 through September 1967. The least-squares regression line is also shown
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FIGURE 52. Scattergram plots of surface conductivity, concentration value and percent sodium values vs. water
volumes at El Capitan from August 1964 through September 1967. The least-squares regression line is also shown
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6. FISHERIES BENEFITS FROM AIR INJECTION
From the fisheries management standpoint, the most appropriate method of aerating depends ultimately on the: (i)
specific limnology of the lake under consideration, (ii) relative importance of changes caused by the aeration sys-
tem, and (iii) desired fisheries management program. These factors, in addition to other multiple use conditions,
must be considered simultaneously.

Changes caused by a given aeration system will conflict at times, with different interest group goals. Aeration by
destratification may be most beneficial to a warmwater fishery, but preclude the establishment or continuance of a
year-around coldwater fishery. Hypolimnion aeration may be most beneficial to a year-around trout fishery, but not
reduce evaporation. Destratification may result in a significant savings in evaporation, but eliminate a coldwater
fishery potential and cause undesirable algae growth. Consequently, an overall and somewhat subjective appraisal of
any situation should be made before deciding to install an aeration system. Water managers with the best of inten-
tions may be discouraged because their "bubbler" is not a panacea for all that ails their lake. Aeration of a shallow
lake with a reduced hypolimnion, or none at all, could have essentially no ecological effect. However, in all reser-
voirs thus far aerated, the results are generally beneficial in all measured aspects and are financially profitable.

Fishery management benefits from air injection should be considered under two main categories: (i) Aeration with
Thermal Destratification, and (ii) Aeration without Destratification. Although the benefits from either category may
be similar for a given lake situation, the potentials of each category are unique and justify separate consideration.

6.1. Aeration With Destratification
Any of several techniques previously discussed may be used to artificially destratify and aerate a lake. Each method
consists essentially of mixing hypolimnion water with surface water. The resultant mixture is aerated by contact
with injected air, the atmosphere and aquatic plants. Although the summer surface temperature may be lowered
slightly by continuous mixing, the bottom temperatures will approach, or equal, the surface temperature. This may
be beneficial to warmwater fishes, but disastrous to coldwater fishes.

We do not understand all the fishery consequences of artificial destratification. However, we measured and ob-
served some effects and inferred others. We observed the effects on the vertical distribution of fishes (L. W. Miller,
unpublished data). During the summer, 1964, the oxygen deficit associated with stratification limited all fish species
to the epilimnion. Their vertical distribution extended deeper after the natural fall overturn and remained deep until
thermal stratification commenced in the spring, 1965. Mayhew (1963) found a similar distribution pattern in Red
Haw Lake, Iowa. He concluded this cycle
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adversely affected fish growth and angler success. Growth checks and retarded growth rates are indicated. He sug-
gests extreme stratification limits bluegill growth rates. Angler success is partly reduced by anglers fishing below
the metalimnion.

Red Haw Lake has a pronounced oxygen deficit starting in the metalimnion during the summer and fish are not
present in the hypolimnion. Horak and Tanner (1964) observed similar depth distribution patterns in Horsetooth
Reservoir, Colorado. This reservoir supports coldwater fish year around. They conclude fish are limited to the epi-
limnion of this lake by the temperature barrier, since oxygen is not limiting below the metalimnion.

El Capitan stratification during the spring, 1965, again compressed fish distributions into the epilimnion. After ar-
tificial destratification during the summer, 1965, their distributions were deepened and approximated their winter
distribution patterns. Fish species do not all capitalize equally on the increased living space available to them. Chan-
nel catfish and threadfin shad (Dorosoma petenense) extend their distributions ubiquitously after destratification.
Walleye distribution is significantly deeper after destratification (Miller, 1967), but does not extend as deep as the
catfish or shad.

We can infer some consequences of increasing available living space. Intuitively, I expect this change is benefi-
cial.

Space may be a prime factor limiting a fish population. Destratification increases the available space and thus
may allow the population to increase. Expanding fish populations generally provide good fishing. Expanding fish
populations occur in new impoundments, following chemical treatment to control fish populations in existing im-
poundments, and in some fluctuating reservoirs.

Food density is another important factor that may limit a fish population. Destratification increases the depth dis-
tribution of benthic forage organisms and also appears to increase their total biomass (Fast, 1966b and unpublished
data). Most benthic invertebrates are limited to the littoral zone during stratified periods. After artificial destratifica-
tion, most extend their distribution uniformly to all depths. Benthic feeding fishes such as catfish, bullheads, and
carp should benefit most from increased density and distribution of zoobenthos forage.

Zooplankters are also limited to the epilimnion by stratified conditions. Prior to artificial destratification, essen-
tially all zooplankters are confined to the zone above the oxygen deficit. After destratification, their distribution ex-
tends to the bottom of the lake (Fast, unpublished data).

Artificial destratification may prevent fish kills. Kills due to epilimnion drawdown will be prevented by continu-
ous destratification. Such fish kills may be caused by water managers withdrawing large quantities of water select-
ively from the epilimnion, due to poor water quality at greater depths. If this water is not replaced, the epilimnion
volume may be reduced greatly relative to the hypolimnion volume. A strong wind, or the fall turnover may rapidly
mix the diminished epilimnion with the stagnant deep water. The oxygen content throughout the lake may be
drastically reduced and suffocate the fish. In addition to the oxygen deficit threat, an algae bloom may develop after
mixing.

71



The decaying algae may also reduce the oxygen concentration enough to cause fish suffocation.
Continuous destratification may reduce fish kills by limiting the intensity and frequency of algae blooms. Algae

blooms in Lake Wohlford appear to be damped by destratification (Fast, 1966b). In addition to preventing the
blooms, diffuse aeration may add enough oxygen directly to the water to carry fish through critical periods should a
bloom occur.

Aeration may prevent fish winter kills (Woods, 1961; Rasmussen, 1960; Schmitz, 1958). However, some invest-
igators have not been successful (Patriache, 1961). Fish winter kills often occur in ice-covered lakes if oxygen con-
centrations below the ice are reduced. Oxygen in these lakes comes mostly from photosynthesis of submerged aquat-
ic plants. If photosynthesis is inhibited by low light intensities, oxygen is depleted by respiration and decay of or-
ganic materials. Light is often limited by cloudy weather or snow-covered ice.

Water is at maximum density at 3.98°C. Water above or below this temperature is less dense. Hence, water under
an ice-covered lake will exhibit inverse stratification. The coldest water, at 0°C is just under the ice and the warmest,
at 3.98°C or less is on the bottom.

Warm bottom water is lifted to the surface and melts the ice if air is injected along the bottom of an ice-covered
lake. Rasmussen (1960) melted about 50 cm.of ice with about 60 cm of snow cover by injecting air in Soda Lake,
Wyoming.

Although artificial mixing can assist several types of chemical dispersion, its use to eliminate unwanted fish pop-
ulations is promising. Thermal stratification inhibits the dispersal of some types of fish toxicants. (Clemens and
Martin, 1952; Hooper and Grzenda, 1955).

Air injection could be used to distribute rotenone in a reservoir. The toxicant could be applied either directly at
the air discharge location or at several locations in the lake. Forced circulation may mix the compound uniformly
throughout the lake and thereby eliminate pockets of low concentration.

Destratification may be used in post-treatment rehabilitation of the lake. Continued air injection should reduce de-
toxification time. Rotenone is detoxified rapidly by increased temperature and concentrations of oxygen and light.
Lake circulation results in an increased heat content. The bottom temperature approaches the surface temperature
and the total heat content of the lake is much greater. Because of uniform temperature, the entire lake should detoxi-
fy at about the same time. Artificial destratification adds oxygen to the water and brings deep water in contact with
surface light. These conditions and the increased heat content should reduce detoxification time.

A portable air injection system could be used to assist lake rehabilitation operations. The device could be moved
from lake to lake as needed.

Long term destratification may reduce or reverse the natural eutrophication process. Under normal stratified con-
ditions, certain ions will concentrate in the hypolimnion. Water withdrawals during this period are generally made
from the epilimnion. Due to this practice, a lake may accumulate certain ions in the hypolimnion during 7 months of
each year. During the winter, the lake is well mixed and all ions will
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tend to be removed nonselectively. Intuitively, I expect the yearly period of stratification to result in the accumula-
tion of nutrients and gradual eutrophication of the lake.

If the lake is never allowed to stratify and thereby approximates the winter mixed condition, ions should be re-
moved nonselectively. Under these conditions the lake water should tend toward the ionic content of its water
sources. This state would never be attained, however, because of ionic diffusion from the bottom sediments. If ion
transfer from the bottom and water retention time are low, destratification may retard eutrophication due to this pro-
cess.

During normal stratified conditions, organic material settles in the profoundal zone. Accumulation of this material
is assisted by anaerobic conditions since the rate of decomposition is much slower by anaerobiosis. The accumula-
tion of this organic material in the lake enhances eutrophication. Artificial destratification should reduce the rate of
organic sedimentation and thus retard eutrophication by this process. Destratification eliminates anaerobic condi-
tions at the water and mudwater interface. This should increase the rate of organic decomposition and oxidation and
reduce the accumulation of organic sediments. In addition, destratification will increase the bottom temperatures
greatly. The destratified bottom temperature may be 10°C warmer than stratified bottom temperatures. Theoretic-
ally, the shift from anaerobic to aerobic decomposition and increased temperatures should more than double the rate
of organic decomposition. This may not only reduce the rate of organic sedimentation, but oxidize and remove
quantities of accumulated organic material.

Artificial destratification may result in the more efficient utilization of nutrients through autofertilization. Under
normal stratified conditions nutrients are often lost to the ecosystem during long periods. Destratification may de-
crease the turn around time for these nutrients and thereby increase the overall productivity and efficiency of the
food web. This possibility is evidenced by an increased zoobenthos total biomass and density (Fast, 1966b) without
an apparent commensurate increase in net primary productivity (Fast, unpublished data).

6.2. Aeration Without Destratification
Bernhardt's (1967) hypolimnion aeration system described in this bulletin is the only tested method that I know of
for aerating the hypolimnion without destratifying the lake. This new and unique technique holds much promise for
management of coldwater and potential coldwater fisheries.

Using the hypolimnion aerator, the stagnant hypolimnion water may be aerated without mixing it with the epilim-
nion or metalimnion. In many situations this is desirable from the fisheries management standpoint, as well as do-
mestic water management's.

By aerating without mixing, most of the fishery benefits discussed under Aeration by Destratification should be
realized, with the additional benefit of not increasing the heat budget and minimum water temperatures. By using a
hypolimnion aerator, many otherwise strictly warmwater fisheries may be transformed into two story lakes that sup-
port year around warmwater and coldwater fisheries. If this is the

73



case, it may be possible to economically plant fry, fingerlings and/or sub-catchable trout in these lakes and let the
lake, rather than the hatchery supply the nutrition to produce catchable size trout. It is presently impossible to do this
in most stratified eutrophic lakes since the trout would not put on enough growth to attain catchable size before the
advent of lethal epilimnion temperatures, or lethal hypolimnion oxygen concentrations. In destratified lakes, the en-
tire lake may attain lethal temperatures.

Hypolimnion aeration is beneficial to water managers since it provides cold, oxygenated water which is essential
for many domestic uses. However, because hypolimnion aeration does not mix the entire water mass, there will not
be a reduction in yearly evaporation by this method. This is probably the only potentially deleterious consequence of
this technique, but this will not be a significant factor in many lake situations. Even if it is, the other benefits may
more than compensate for the loss of evaporation savings.
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7. ECONOMIC BENEFITS
A complete monetary evaluation of any ecological change is difficult, especially if some consequences of the change
are difficult or impossible to measure. Artificial aeration is a gross ecological alteration of the lake habitat and con-
sequently affects essentially every process in the lake. The consequences of aeration vary as functions of method
used and lake type. Furthermore, certain alterations may be considered very important in one lake situation, but not
so important in another. Certain domestic water managers exclude all recreational use of their water supply. They do
not care about the fishery benefits of aeration, but might be very interested in its effects on water quality and evapor-
ation savings. The converse may be true in strictly recreational lakes. In most multiple use situations both water
quality and fishery consequences are of major importance. As our population and recreational needs increase, con-
tinued emphasis is placed on the development of multiple use reservoirs. The greatest overall benefits from aeration
are realized in these impoundments.

Although many of the fishery benefits are difficult to evaluate except esthetically, I assume a priori that changes
in the fishery will eventually be manifested in the local economy of most lakes. Increased fish forage, expanded fish
population size, decreased fish kills and other possible fishery benefits from aeration should increase fishing quality.
This in turn should increase patronage and become a financial asset.

Establishment of a new fishery in a reservoir, such as a year-around trout fishery, is easier to evaluate. In many
areas such as southern California, few lakes maintain year-around coldwater fisheries. Summer trout fishing is es-
sentially non-existent. If by hypolimnion aeration or some other aeration technique, a summer trout fishery could be
established, I would expect a very profitable return.

It is easiest to evaluate monetarily certain water quality improvements. These include improvements in taste and
odor, reduced chlorine dosage, chemical dispersion, and reduced evaporation rates.

Aeration has reduced or eliminated many cases of extreme taste and odor caused by thermal stratification and
stagnation (Nickerson, 1961; Ogborn, 1966; Ford, 1963). In some cases, alternate sources of water are sought be-
cause of the intensity of the problem. The taste and odor are often caused by increased hydrogen sulfide, iron, and
manganese concentrations. These elements are oxidized to acceptable levels by aeration.

Water managers employing aeration equipment to reduce their taste and odor problems considered this both eco-
nomically feasible and superior to other methods of combating the problem.

Concomitant with oxidation of anoxious substances and improvements in taste and odor is a reduction in the
chlorine demand (Koberg and Ford, 1965; Ford, 1963). Diffuse aeration of Lake Wohlford reduces their breakpoint
chlorine demand from about 12 mg/l to about 7 mg/l.
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Chlorine savings alone saved the water managers about $6,000 annually, (Jim Burns, personal communication).
In addition, they estimated about $10,000 worth of extra chlorination equipment would have been needed if this re-
duction by aeration had not been achieved. They estimate an annual operating cost of about $2,300 for their aeration
system. This includes amortization of their system's hardware, yearly power consumption and compressor mainten-
ance. They achieved additional savings in evaporation, and consumer complaints dropped off. The aeration system
at this lake resulted in a direct savings to the water managers from the standpoint of water quality control alone.

Forced circulation can be used economically to disperse chemicals within a reservoir. Riddick (1957) dispersed
lime using a floating aerator. This method of dispersal proved economically superior to other methods of applica-
tion. He added lime to Indian Brook Reservoir to increase the coagulating properties of the raw water and reduce
corrosion. He also observed a reduction in iron concentration, reduction in color and a numeric increase in certain
zooplankters.

Ogborn (1966) dispersed alum using a plastic hose distribution system. He installed this system in two Johnstown,
Pennsylvania domestic water reservoirs to improve taste and odor. He eliminated the taste and odor problem, but
caused an increase in turbidity attributed to biodegradation of the bottom sediments. He used this system to apply
alum, and after 24 hours reservoir transparency changed from muddy to "crystal clear". Copper sulfate, rotenone,
and other chemicals may be economically dispersed using an aeration system.

Koberg (1964) estimates a 5% annual reduction in evaporation at Lake Wohlford due to artificial destratification.
He estimates a 4.1% reduction during 1965 and a 6.5% reduction during 1966 at El Capitan Reservoir (personal
communication). We destratified El Capitan beginning in June 1965 and March 1966.

Assuming aeration reduced evaporation by 6.5% during 1966, this saved about 2.36 X 105 cubic meters of water,
(about 192 acre-feet). At $40.50 per 1,000 cubic meters ($50 per acre-foot), this saved about $9,600 of water from
evaporating. The yearly cost of operating our diffuse aeration system at El Capitan is about $3,000 (Table 1). Sav-
ings from evaporation reduction alone more than paid for our system.

Figure 53 is a nomograph for estimating savings from reduced evaporation rates. Each regression line represents
evaporation rate prior to destratification. Savings due to reduced evaporation is based on an estimated 4% annual re-
duction and water costs of $40.50 per 1,000 cubic meters. A reduction of more than 4% annually should be realized
from large, deep reservoirs. Table 8 illustrates estimated evaporation rates for several San Diego County reservoirs.
The surface area necessary to just pay for the yearly operation and maintenance of a diffuse aeration system (about
$3,000) is defined as the compensation area. This assumes a reduction in evaporation of only 4% and water costs of
$40.50 per 1,000 cubic meters.

Artificial circulation of ice-covered waters may be profitable. By circulating these inversely stratified waters, ice
cover may be removed for navigational purposes. A diffuse air injector removed about 60 cm
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FIGURE 53. Nomograph illustrating the relationship between evaporation savings, surface area and evaporation
rates. Savings are based on a 4% reduction in evaporation and water costs of $40.50 per 1000 cubic meters, (i.e.

$50 per acre-foot)

TABLE 8
Yearly Evaporation Rates for the 1966–67 Water Year and Compensation Areas for Several San Diego County

Reservoirs. Compensation Areas Are Based on 4% Reduction in Evaporation Rates and Water Costs of $40.50 Per
1000 Cubic Meters ($50 Per Acre-Foot)

of ice from Babine Lake, British Columbia (Engineering News-Record, 1966). Even during the coldest months, an
open stretch of water about 3000 meters long is kept open to Copper Island. This permits access to year-round min-
ing operations on Copper Island that might otherwise be limited to only ice-free months.

Artificial circulation can be used to keep harbors ice free. It may be more economical to de-ice a harbor than to
remove the boats for the winter.
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Artificial aeration and circulation, either by destratification or hypolimnion aeration, may be financially profit-
able. Many studies demonstrate this without a doubt. Use of aeration equipment is spreading as water manipulators
become aware of its potential. Eventually, I expect to see most of our major reservoir systems employing aeration
devices. They will be as commonplace as spillways, if not as useful.
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APPENDIX

APPENDIX
Complete Chemical Analyses of El Capitan 0, 7, and 17 Meter Water Samples. These Samples Were Collected from
August 1964 through September 1967 and Analysed by Utilities Department Personnel, City of San Diego at the Al-

varado Filtration Plant
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GLOSSARY
A few of the technical terms used in this bulletin are listed here. For further assistance, you may consult Odum
(1959), Ruttner (1963), Lagler (1956), Welch (1948, 1952), Hutchinson (1957, 1967), or A Handbook of Chemistry
and Physics.

Aerobe (aerobic). Organism that requires the presence of free oxygen to carry on its life processes.
Anaerobe (anaerobic). Organism that may thrive in the absence of free oxygen.
Benthic. The shore and bottom region.
Calorie. That quantity of heat necessary to raise 1 milliliter of water at 0.0°C to 1°C. Also called gram-calorie.

1000 calories = 1 kilogram calorie.
Coldwater Fishery. A fishery consisting of fish requiring cold water, generally below 70°F. Trout and salmon are

typical coldwater fishes.
Ecology. The study of living organisms and their interaction with the environment.
Epilimnion. The warmwater volume of a stratified lake. Generally circulated by the wind, lacks thermal stratifica-

tion and oxygen concentrations near saturation. Located above the metalimnion.
Eutrophic. Water characterized by a high organic and nutrient content. Eutrophic lakes develop an oxygen deficit

in or below the metalimnion.
Heat Budget. The change in heat content during the year. May be expressed as difference between the maximum

and minimum values per unit area or unit volume.
Hypolimnion. The coldwater volume of a stratified lake located below the epilimnion and metalimnion. Temperat-

ures are almost homogeneous throughout. Oxygen is usually absent in the hypolimnion of eutrophic lakes sometime
during their stratified period.

Ion. An electrically charged atom, or group of atoms.
Lake. A large body of water that characteristically stratifies during summer.
Limnetic Zone. The open water zone of the lake away from the shore and bottom.
Littoral Zone. The shoreward area of the lake. Shallow water zone characterized by rooted aquatic plants.
Metalimnion. A layer of water between the epilimnion and hypolimnion. A transition zone that generally has a

temperature gradient of 1°C/meter or greater. Also called the thermocline.
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Monomictic. A lake that does not develop inverse stratification during the winter, (no ice cover) but does stratify
during the summer. Has a fall overturn, but not a spring overturn.

Pelagic Zone. Open water area of the sea. Analogous to limnetic zone of lakes.
Phytoplankton. Plant portion of plankton.
Plankton. Small organisms that live in the open water and are carried by the water currents. May possess some

means of locomotion.
Primary Production. Generally the fixing of carbon dioxide and water into organic compounds by plants.
Profundal Zone. The deep water benthic area beyond the depth of effective light penetration. The bottom of the

hypolimnion.
Warmwater Fishery. A fishery consisting of fishes that tolerate warm water of 75°F or greater. Bass, bluegill, cat-

fish and bullheads are typical warmwater fishes.
Zoobenthos. Animals living on the bottom of the lake.
Zooplankton. Animal portion of the plankton.
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