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ABSTRACT

Photosynthesis of plankton and benthos (in situ), standing 
crops of chlorophyll and zooplankton, and plant nutrient income from 

tributaries were measured at 4- mountain lakes in central eastern Arizona 

between August 1965 and August 1966 to determine their relation to game 

fish production. Standing crop of zooplankton was considered the most 

reliable available index of secondary production. Despite high benthic 

photosynthesis at 2 lakes, phytoplankton appeared to be the principal 
support for zooplankton. The possibility must be considered, however, 

that energy from benthic plants may pass through benthic fauna and not 

zooplankton. High zooplankton standing crop relative to phytoplankton 

photosynthesis at Becker Lake was attributed to the comparatively shallow 

mean depth. Alkalinity and phosphate were the only two chemical factors 

related to phytoplankton photosynthesis. Physical factors (water clarity 

and average depth) were more important than chemical factors in determin

ing benthic photosynthesis. To improve standing crop of chlorophyll as 

an index of phytoplankton photosynthesis, a method of relating assimila

tion number to euphotic depth is presented.
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INTRODUCTION

In recent years in the State of Arizona considerable State, 
Federal, and Indian tribe money has been spent for the construction of 

small fishing impoundments. Although the specific purpose of these 

impoundments has been to supply fishing in a state with very few 

natural bodies of water, the criteria for the selection of impoundment 

construction sites have not included a consideration of those factors 

which influence fish production in small impoundments. Because of the 

lack of knowledge concerning the physical, chemical, and biological 

factors important in determining potential fish production in small im

poundments, and because of the general arid nature of Arizona, avail

ability of water to fill and maintain impoundments has been the principal 

criterion for impoundment site selection.

In an attempt to understand the basis of game fish production, 

there are several questions to be answered. These questions include the 

following; What chemical and physical attributes of lakes and impound

ments influence photosynthesis and fish production? What are the 

relative quantitative effects of these factors? What is the relative 
importance of phytoplankton versus benthic plants in fish production? 

What chemical and physical factors favor one of the two aforementioned 

types of photosynthesis over the other? Another question arises from 

the need of fishery biologists and limnologists to know phytoplankton 

productivity in lakes as a basis for management decisions. This ques

tion concerns the relationship between standing crop of phytoplankton

1
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chlorophyll and gross primary phytoplankton productivity, and the 
factors influencing variations in this relationship. Although many 

investigators have proposed reasons for the variation in the relation

ship between phytoplankton gross photosynthesis and standing crop 

phytoplankton chlorophyll, Wright (1959, I960) presents strong evidence 

for his view that the relationship is density dependent. Other ques
tions concern the relationship of gross photosynthesis to fish pro

duction. The only publications concerning this problem have been 

Odum (1957), Hepher (1962), McConnell (1963), Sreenivaason (1964), and 

McConnell (1965).
Rawson (1952) has summarized the work of Thienemann in the 

1920's. Thienemann attempted to relate organic production in lakes to 

lake basin morphometry. With advancing techniques in quantitative 

analysis (especially colorimetry) plant nutrients were related to lake 

productivity. Deevey (1940) correlated phosphate and alkalinity with 

productivity of phytoplankton. Northcote and Larkin (1956) have 

attempted, with little success, to relate productivity to the total 

ionic content of lake waters. More recently, Ryder (1965) compared a 

combined index of total dissolved ions and mean depth of lakes to fish 

production. Hays and Anthony (1964) did similar work. An important 

work in the area of factors influencing fish production has been done by 

Kemmerer (1965). He showed the importance of phosphate and alkalinity, 

and how the morphometry of the lake basin can be important in modifying 

the effect of these two chemical factors.

Many investigators have been concerned with defining and measur

ing productivity in lakes. Standing crops of fish, fish food organisms,



3
primary producers, and chlorophyll have been measured as indices of 

productivity in lakes. Fish production, the value desired by fishery 

workers, is often not available, and so productions or standing crops 

at lower trophic levels have often been used. Even though fish harvest 
may not be directly related to productivities or standing crops at 

lower trophic levels, these are probably fair indices of potential fish 

production. Odum (1959) has pointed out the fallacy of interpreting 

standing crops as an index of productivity without any knowledge of the 

time necessary to produce the standing crop. A method which avoids some 

of the difficulties associated with interpretation of standing crops 

employs the measurement of gross primary productivity. This method 

measures the rate of production by plants and thus avoids difficulties 

associated with interpretation of standing crops of organisms. Ryther 

(1956) and Odum (1959) summarize the methods and difficulties associated 

with the measurement of gross primary productivity.

The goal in fishing impoundment site selection should be the 

ability to forecast the potential fertility of impoundments prior to 

construction. This should allow trout impoundment fishing to be sup

ported, for the most part, by stocking of fingerlings or fry instead of 

catchable sized fish. With very heavy fishing pressures this may not 

be entirely compatible with the maintenance of a reasonably high rate of 

fishing success even in highly fertile impoundments, but even in these 

cases fry or fingerling stocking should support the bulk of the fishing 

pressure. The reason behind this goal is economic; for a given size 

impoundment the expense of maintaining fishing by fry or fingerling



plants is only a small fraction of that for maintenance of fishing by 

stocking with catchable sized fish.

To gain a further understanding of the basis of game fish 

production in small impoundments, the following have been measured at 
intervals through the year August 1965 through August 1966, in four 

trout impoundments in central eastern Arizona:

1. Phytoplankton gross photosynthesis (in situ)

2. Benthic gross photosynthesis (in situ)

3. Alkalinity, total dissolved salts, orthophosphate, total 

phosphate, nitrate, and pH of inflow waters

4. Standing crop of chlorophyll

5. Standing crop of zooplankton
6. Temperature stratification

Fish growth and production data was supplied by the Arizona Game and Fish 
Department and by the Department of the Interior, U. S. Bureau of Sport 

Fisheries and Wildlife.

4



DESCRIPTION OF STUDY AREAS

Hawley Lake
Hawley Lake is located on the Fort Apache Indian Reservation 

in Apache County, Arizona about 15 miles southeast of McNary, Arizona. 

Morphometric and climatic data are given in Table 1. A contour map of 

Hawley Lake is shown in Figure 1.
The lake receives strong flushing in the spring and also in the 

summer in some years from four permanent inflows and several other 
smaller channels that carry storm water and snow melt into the lake.

None of the watersheds cover more than a few square miles, and are 

gently sloping. Watersheds are forested with a mixed conifer-aspen 

stand having a fairly heavy undergrowth of shrubs and grasses. In 

places pine needles and aspen leaves cover the ground to a considerable 

depth.

Water was first impounded in the late 1950's and stocked with 

rainbow trout, Salmo gairdneril (Gibbons). The lake receives annual 

fall stocking of fingerling rainbow trout with the addition of occasion

al summer stocking of catchable rainbows. Golden shiners, Notemigonus 

crysoleucas (Mitchell) are commonly seen in the lake, but little is 

known of the exact population size except that it is considerable. A 

few brook trout, Salvelinus fontinalis (Mitchell) are also present. 

These are re-introduced whenever water flows over the spillway of a 

large impoundment on the watershed of Porcupine Creek, tributary to 

Hawley Lake.

5



Figure 1. Contour map of Hawley Lake. Modified from a map supplied by the
White Mountain Apache Recreation Enterprise. ^



Table 1. Selected Morphometric and Climatic Features of Becker, Woods Canyon, Hawley and Fool Hollow Lakes.a

Lake

Mean Depth 
(ft.)

Maximum
Depth
(ft.)

Surface
Area
(Acres)

Elevation
(ft.)

Approximate Yearly 
Rainfall at Lake 

(Inches)

Becker 10 20 110 7000 12

Woods Canyon 20 36 51 7526 20

Hawley 21 52 290 8300 28

Fool Hollow . 20 61 149 6256 18

Lake

Approximate Mean Jan
uary Air Temperature 

__________ (21}_____________

Approximate Mean 
July Air Temperature 

(°F)
Period of Ice 
Cover 1965-1966 

(Days)
Maximum Temper
ature Observed 
at 2* depthf0?)

Shoreline
Development
Factor

Becker 31 67 46 74 1.3
Woods Canyon 28 63 100 72 2.6
Hawley 24 58 108 70 3.2
Fool Hollow 32 68 59 77 3.3

^Morphometric data are from impoundment basin relief maps supplied by the Arizona Game and Fish Department 
(Fool Hollow and Woods Canyon Lakes) and by the White Mountain Apache Tribe for Hawley Lake. Data for 
Becker Lake is from a map constructed by the author. Climatic data is estimated from data for nearby 
communities.
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Woods Canyon Lake is located just north of the Mogollon Rin 

about 20 miles southwest of Heber, Arizona in Coconino County, Arizona. 

Morphometric and climatic data are listed in Table 1. A contour map 
of the lake is shown in Figure 2.

The lake has two principal inflows, both of which have small 

watersheds and are intermittent. The lake receives strong flushing 

from the spring snow melt, but summer rains are usually insufficient 

to push water over the spillway. Both watersheds are only moderately 

sloping.
Water was first impounded in 1956; rainbow trout were stocked 

the following year. The fishery is now supported principally by 

stocking of catchable sized rainbows. The lake has received a few 

stockings of brook trout from time to time since water was impounded.

Soon after water was impounded golden shiners were introduced 

from an unknown source. By 1965 the shiner population had reached a 

considerable size. In September 1965 the water level was drawn down 

about 15 feet in anticipation of renovation. On September 16, 1965 

the lake was renovated with rotenone in hope of destroying the shiner 

population. Reports from Arizona Game and Fish Department personnel 

indicate the eradication program was unsuccessful; the golden shiner 

is still present in the lake.

By spring 1966 the lake was restocked with fingerling rainbow 

trout. Catchahles were stocked soon after at weekly intervals through 
the summer.

Woods Canyon Lake



.Figure 2. Contour map of Woods Canyon Lake. Modified from a map supplied 
by the Arizona Game and Fish Department.

vO
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This impoundment is located in Navajo County about three miles 

northwest of Show Low, Arizona. Morphometric and climatic data are 

presented in Table 1. A contour map of the lake is shown in Figure 3.
The lake has two principal inflows. The lake receives heavy 

flushing from snow melt in the spring via Show Low Creak, a perennial 

stream. This is a large stream with a watershed of considerable size. 
There is an apparent chemical pollution of Show Low Creek with a phos

phate compound as it passes through the town of Show Low. However, 
there is no indication of organic pollution. The other tributary 

stream, Fool Hollow Creek, is of only minor importance in its contribu

tion of water to the lake. It has a watershed of not more than a few 

square miles. Both watersheds are forested with a mixed stand of 

ponderosa pine and oak; undergrowth is no more than moderate on either 

watershed.

Water was first impounded in the late 1950*3, but the basin was 

unable to retain the water. Subsequent repair on the lake bottom yielded 

a basin that has hold water since the early 1960*3.

Due to the perennial nature of Show Low Creek, several fish 

species are present in Fool Hollow Lake in addition to the rainbow trout 

for which it is managed. These include the black bullhead, Ameiurus 
melas (Rafinesque); green sunfish, Lenonis cyanellus (Rafinesque), and 

the common carp, Cvorinus carpio (Linnaeus). A few smaller species are 

most likely present too.

Fool Hollow Lake



. Figure 3. Contour map of Fool Hollow Lake. Modified from a map supplied 
by the Arizona Game and Fish Department

HH
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This lake, located on private property, differs from the other 

three lakes used in the study in that is is located on a natural basin.

An earthen dam of about 4 foot in height increases the area of the 

lake. The lake is located in Apache County, two miles north of Spring- 

erville, Arizona. Morphometric and climatic data are summarized in 

Table 1. A contour map of the lake is shown in Figure 4.

Evaporation and unimportant irrigation withdrawals are con

tinuously replaced with water from the nearby Little Colorado River, 

through a canal, between October and March each year. This results in 

continued concentration of water in the lake. The Little Colorado 

River has a watershed of several hundred square miles with vegetation 

varying from grassland in the area of Becker Lake to Engleman spruce 

on the upper reaches.

The basin was first filled in 1886 and receives yearly fall 

stocking of fingerling rainbow trout only. The lake has a reputation 

for a high production of large rainbow trout. A sucker of unknown 

species (probably Catostomus) is present along with the rainbow trout, 

but no other fish species are known to be present. Bennett (1962) states 

that Becker was the first lake to be renovated with toxaphene. This 

renovation was done in 1953.

Beckar Lake



Figure 4. Contour map of Becker Lake. Map was constructed by the author 
from depth soundings. Hw



METHODS AND MATERIALS

Phytoplankton Gross Photosynthesis

Productivity theory and terminology are described by Ryther 

(1956) and Odum (1959). The method used in this study is based on a 

three-measurement technique described by McConnell (1962, 1963).

Because the methods and materials have been described by Xenmerer 

(1965), only modifications of Xommerer1s (1965) methods and materials 
will be described here.

Because of turbulent, wind-generated, horizontal currents, 
which cause changes in dissolved oxygen concentrations at any given 

point in the lake, polyethylene tubes similar to those originally de

scribed by Goldman (1962) were used to isolate water parcels. These 

tubes differed from those used by Xommerer (1965) in that a sheet metal 

device similar to a stove pipe damper closed the bottom to prevent 

water exchange with the unconfined lake. The damper could be opened by 

using a rope to facilitate removal of the tube from the water.

Water samples for determination of dissolved oxygen were col

lected with the same continuous filling syringe described by Xenmerer 

(1965), but the syringe filling procedure differed. The syringe was 

allowed to fill continuously while being rapidly raised and lowered to 

the lower limit of the euphotic zone within the tube. Uneven sampling 

of the water strata should not have resulted from this procedure be

cause of the relatively shallow euphotic zones and the rapidity with 

which the syringe could be raised and lowered. Two duplicate samples

14



wore usually taken, but on occasion only a single smaple was taken 

from each tube at the sampling times.
Phenylarsene oxide (PAO) was used for titrating dissolved 

oxygen samples. PAO has the advantage of being stable indefinitely, 

obviating the necessity of frequent standardization.

Kemmerer (1965) and McConnell (1962, 1963) demonstrate the 

method for the graphical determination of phytoplankton photosynthesis. 

This method was used without modification in this study.

The depth of the euphotic zone was considered to correspond to 

the depth at which 1% of the light incident to the surface remained.

This depth was measured with a Schuler submarine photometer or with an 

Ocean Research Equipment submarine photometer connected to a multi- 

range milliammeter. Euphotic zone depth determinations were made be

tween 11:00 A.M. and 2:00 P.M, A few measurements made as late as 

3:30 P.M. should be only slightly less than the day’s maximum, because 

of the refractive properties of water.

Benthic Gross Photosynthesis

The general procedure for the measurement of benthic gross 

photosynthesis was the same as used for phytoplankton gross photo

synthesis except that water columns were not confined in the measure

ment of the former.• Water samples were taken at 6 (occasionally as few 

as 4) random locations in a cove; water exchange rate with the pelagic 

area is reduced in these protected areas. At Becker Lake, where there 

are no coves, and a large portion of the lake bottom is often littoral, 

samples were taken in the shallow end of the lake. Different coves

15
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were sampled through the year. It would have been desirable to sample 

more than one cove at each determination of benthic photosynthesis, but 

measurement theory imposes a time limit.

Beds of benthic plants often extended nearly to the surface; 

samples were not taken routinely within the plant beds because the 

syringe sampler was ineffective where it could be fouled. Possible 

errors caused by not sampling within plant beds were evaluated by 

measuring dial oxygen changes there with the syringe mounted on a long 
pole and filled directly by a long rigid extension of the plunger 

handle. This arrangement allowed remote filling of the syringe despite 

obstruction by aquatic plants. Water samples were taken which were 

representative of the average dissolved oxygen concentration between 

the lake bottom and the upper level of the benthic plants. Oxygen con

centrations were also measured above the level of the plants. This 

procedure was followed twice at Hawley Lake - once in July and once in 

August. In the first measurement diel dissolved oxygen concentration 

changes within the plant beds were insignificant compared with that 

above the plant beds; however, the second time, diel changes within the 

plant beds were 30-40% of diel changes above the plant beds. In further 

treatment of the data it is assumed that there was no diel oxygen change 

below the level of the plant beds. For this reason values given for 

benthic photosynthesis should be considered minimal. The true values 

may be 25-75% higher than the values recorded.

Assumptions for the calculation include equal phytosynthesis by 

phytoplankton in littoral and pelagic areas (McConnell, 1963 was unable 

to demonstrate phytoplankton chlorophyll differences in littoral and
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pelagic areas in a similar small impoundment), applicability of benthic 

photosynthesis measurements made in a small part of the littoral area 
to the total littoral area; applicability of Ryther’s (1956) oceanic 

curves for the verticle distribution of phytoplankton photosynthesis 

(these curves were used to calculate the average areally expressed 

phytoplankton photosynthesis occurring in the littoral wedge). The 

applicability of these curves from a northern latitude may be ques

tioned, but they are the best approximation available.
Benthic gross photosynthesis is presented and compared with 

phytoplankton gross photosynthesis on an areal basis. This areal re

presentation was used because benthic photosynthesis occurred in a 

relatively thin layer rather than in the larger water volume where the 

photosynthetic effect on oxygen concentration was detected. Submarine 

photometer readings within plant beds indicated light intensity quickly 

fell below 1% of that incident to the surface even when the upper level 

of the weeds reached the water surface.

A demonstration calculation of areal benthic gross photo

synthesis using hypothetical values follows.

Total photosynthesis measured in the littoral
area as determined graphically = 10.00 gms Qg/lfi/Zi* hrs.

Pelagic gross phytoplankton photosynthesis as 
determined from oxygen measurements =
1.00 gms 02/m 3/24 hrs.
Depth of euphotic zone = 5.0 M

Average littoral depth sampled (to top of plants)= 2.0 M 

Percent of lake littoral = 50%

Date - June 21



The mean depth sampled in the littoral area is U0% of the 
depth of the euphotic zone. From Ryther's (1956) curves 60^ of the 

areally expressed phytoplankton photosynthesis occurs in the upper 

40,3 of the euphotic zone. Phytoplankton photosynthesis in the littoral 

area is (1.00 gms Og/M^/ZA hrs.) (5.0 M) (0.6) = 3.00 gias Og/M^/Z/. hrs. 

Total gross photosynthesis in the littoral area is (10.00 gms 0;>/M̂ /24. 

hrs.) (2.0 M) = 20,00 gms Og/M^/^ hrs. Subtraction of phytoplankton 

gross photosynthesis in the littoral area from total photosynthesis 

gives gross photosynthesis attributed to benthic plants = 20.00 gms 

hrs, - 3.00 gms Og/M^/Z^ hrs. = 17.00 gms hrs.

Since only half of the lake bottom area was littoral this value must 

be divided by 2 for it to be comparable to phytoplankton photosynthesis. 

Benthic gross photosynthesis expressed as if it were occurring over the 

total lake bottom is 8.50 gms Og/M^/Z^ hrs.

Standing Crop of Chlorophyll

Water for chlorophyll content determination was obtained with 

the previously described syringe sampler. On most occasions water was 

taken to the lower limit of the euphotic zone at three widely separated 

stations in the pelagic area of the lake between 2:00 P.M. and 4:00 P.M. 
When samples were taken as soon as tubes were placed in the water and 

again 24 hours later, the two values were averaged.

A pooled sample of one liter was placed on ice within one half 

hour in darkness and transported to the laboratory; the water was then 

filtered through "AA" 0.8// "Millipore" membrane filters. The filter 

plus the filtered material was placed in 90-95# acetone and allowed to

18
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stand for 24 hours in darkness. Optical density of the extracted 

material was measured at 663 >r.ft with a Bausch and Lorab "Spoctronic 20". 

Chlorophyll concentrations were calculated after the method of Odum, 

McConnell, and Abbott (1958). This publication also gives a more detail 
ed description of extraction and optical density determination pro

cedures. The average chlorophyll concentration in the euphotic zone 

was calculated and expressed as milligrams per M^.

Zooplankton Standing Crop
Zooplankton samples were collected with a Clarke-Bumpus meter

ing tow net (#20 mesh). The net was towed for a total of 200-400 yards 

at each time of sampling; usually a single tow was made, but on a few 

occasions two zooplankton samples were collected. The distance towed 

constituted a considerable portion of the long axis of the lake, so 

errors from horizontal differences within the lake should have been 

minimized. By continually raising and lowering the net from top to 

bottom of the lake at a constant rate, while the boat was moving at an 

even speed, all levels of the lake were sampled equally. Zooplankton 

samples were transported to the laboratory in 20^ formalin.

Plankton was concentrated on taxed bolting cloth, dried in an 
oven at 60° C for 24 hours, allowed to return to room temperature, and 

weighed to the nearest 0.5 mg. on a torsion balance.

Although the metering net was towed at all depths of the lake, 

weight of zooplankton per cubic meter was calculated on the assumption 

that all zooplankton was captured in the epilimnion. Ruttner (1963) 

discusses the reasons for zooplankton avoidance of the hypolimnion.
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Because of the high trout populations maintained in the lakes 

studied and probable heavy cropping of zooplankton by trout, it was 

concluded that zooplankton standing crop constituted a valid index of 

zooplankton production.
Zooplankton data from September 1965 - March 1966 was collected 

by William M. Seawell, Graduate Research Assistant, Arizona Cooperative 

Fishery Unit.

Temperature Stratification
Underwater temperatures were measured at two feet intervals 

with a Yellow Springs Instrument Company electric telethermometer.

Some measurements in July 1966 and all of those in August 1966 were made 

with an Applied Research Associates electronic thermometer. This ther

mometer was not considered sufficiently accurate to give a dependable 

absolute temperature, but it was sufficient to show whether or not 

stratification had been maintained. Temperature stratification was 

always measured in the deepest part of the lake.

Chemistry of Inflow Waters

Water samples were taken in one liter amber glass bottles.

These were pre-rinsed with the water to be sampled. Rainwater and 

Thatcher (i960) do not recommend this type of bottle for water collec

tion because of possible ion exchange. Although the degree of error 

from this source was not determined in this study, Kemmerer (1965) was 
unable to find any serious error caused by the use of this type of

bottle



Water samples taken for analyses of alkalinity and total 

dissolved salts are commonly considered to be in error if the samples 

are not analyzed immediately at the site of collection. Ruttner 

(1963) describes precipitation of calcium carbonate with loss of 

carbon dioxide from water. However, as sample bottles were filled to 

capacity so that the water was not in contact with air, this type of 

procedure was probably not a serious source of error. Kommerer (1965) 

found a 4$ decrease in the specific conductance of tap water stored 
in this type of container for three days. In this study no periods of 
time longer than three days elapsed between collection and analysis.

Water samples were taken as close to the lake as possible, 

without contaminating the sample with water from the lake basin.

Samples were taken only at times when water was flowing; no standing 

water was taken because of possible physical and biological modifications 

of the chemical content of the water. Many previous studies have used 

the chemical composition of water standing in the lake as a basis for 

predicting productivity. Studies in lake fertilization such as done 

by Nelson and Edmondson (1955) have shown that nitrate and phosphate are 

removed at such a high rate that the concentration of these nutrients 

in lake waters gives no index of the total amount available to primary 
producers. In light of this information, knowledge of nitrate and 

phosphate in standing waters is probably of little value in predicting 
potential productivity.

Rate of flow in permanent creeks tributary to the study lakes 

was approximated by measuring the flow rate at each creek at a time of 

base flow and after a storm. Intermediate rates of flow were estimated

21
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by visual observation. All flow rates at Woods Canyon Lake inflows 

and the other ephemeral creeks were estimated visually; ephemeral 

creeks accounted for only a small fraction of the water reaching 

Hawley and Fool Hollow Lakes. Flow rates were measured by timing the 

float of a twig through a 15-40 feet section of the stream. Cubic 

feet per second was calculated from average speed of the twig, length 

of the metered stream section, and average width and depth. Wisler 

and Brater (1959) recommend multiplying the determined velocity by a 

factor of loss than one. This was considered a needless refinement 

because of the shallowness of the study lake tributaries. Average con

centration of individual chemical factors reaching each lake was calcu

lated by weighting according to flow rate at the time the sample was 

taken.

Water samples were filtered through "AA" 0.8/1 "Millipore" 

membrane filters on the few occasions when there was slight turbidity. 

If the sample was to be filtered, alkalinity and total dissolved salts 

were determined before filtration. Determinations of pH were made to 

the nearest 0,1 pH unit in the field with a LaMotte Chemical Company 

comparator. All other analyses were done in the laboratory.

Alkalinity expressed as milligrams per liter Ca Cog was deter

mined basically by the method described by APHA (1955). Sulfuric acid 

(0.10 N) was diluted to 0.020 N for the titration. The buret was read 
to the nearest 0.1 ml.

Total dissolved salt concentration was approximated with a 

portable conductivity meter, model RA-2A, manufactured by Industrial
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Instruments Inc. A chart provided by the manufacturer was used to 

convert conductivity readings to milligrams per liter of calcium carbon

ate. This chart would be in error to the degree that ions with differ

ent weight to conductivity ratios were present. For most fresh waters, 
in which calcium and bicarbonate are the principal ions, this chart 

provides a good approximation.
Nitrate, orthophosphate, and total phosphate were determined 

colorimetrically using a Baush and Lomb "Spectronic 20". The methods 

were those of APHA (1955) as modified by the Hach Chemical Go. Ortho 

and total phosphate were determined by the Stannous Chloride Method. 

Nitrate was determined by the Phenoldisulfonic Acid Method.



RESULTS

Phytoplankton Production
Phytoplankton production data are presented in Tables 2 

through 5. Productivities at Becker, Hawley and Woods Canyon Lakes 

are 30£, and 17% respectively of the productivity at Fool Hollow

Lake. The productivity estimate at Becker Lake may have been lowered 

somewhat by a treatment with copper sulfate early in August 1965#

Complete data for phytoplankton photosynthesis is presented in 

Appendices A through D.

Phytoplankton productivities in this study are reported on a 

volumetric basis rather than the conventional areal basis. The volu

metric expression seems to be a better measure of food available to 

higher trophic levels. See Ruttner (1963) for details of this argument..

Weighting in Tables 2 through 5 has been done according to days. 

Since sampling was more intensive during the summer months (a time of 

higher productivity), unweighted averages would be biased upward.

The Fool Hollow Lake phytoplankton is dominated most parts of 

the year by blue-green algae. Although Becker Lake had a bloom of un

identified, but large colonial filamentous blue-green algae, they were 

not important other parts of the year. Blue-greens were only incidental 

in the phytoplankton at Hawley and Woods Canyon Lakes. At Hawley, Becker, 

and Woods Canyon lakes diatoms were the predominant forms of phyto

plankton during the colder parts of the year; chlorophyta predominated 

during the warmer parts of the year at these three lakes. The large
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Table 2. Phytoplankton productivity data for Hawley Lake.

Date

Photic
Depth
(Meters)

Production Number of
(gms 02/M3/24 hrs) Representa

tive Days
Weighted 
Production 
(gms 0VM3/24 hrs) 
x (# of days)

Chlorophyll
(mg./W)

gms Og/gms 
Chlorophyll/hr. 
(assimilation no.)

Hours of 
Daylight1

1965
13 Aug. 6.0 1.66 12.5 20.75 6.32 20.269 13.0
8 Sept. 2.1 1.35 47.0 63.45 12.22 8.838 12.5

24 Sept. .a - - * 14.74 — -
11 Nov. 7.6 0.36 52.0 18.72 7.14 4.580 11.0
27 Nov. 6.0a — ' — — 6.55a - -

ice cover - 0.00 109.0 00.00 - - -

1966
15 April 3.8 0.60 38.5 23.10 15.81 3.036 12.5
15 May 7.5a - - - 10.39a — —

31 May 6.3 0.34 46.5 15.81 16.84 1.496 13.5
18 June 8.2a - - — 8.93a - —

9 July 6.6 0.54 34.5 18.63 13.50 2.963 13.5
22 July 8.0a - - - 8.69a — —
4 Aug. 5.3 1.06 25.0 26.50 18.67 4.365 13.0

Weighted
Mean
Unweighted
Mean
Total

5.3
6.1

0.51

365.0 186.91

11.09

11.65

4.899

aNot used in calculation of weighted mean; used as a comparison to chlorophyll and photic depths taken during 
period phytoplankton gross photosynthesis measurements.



Table 3. Phytoplankton productivity data for Becker Lake.

Date

Photic
Depth
(Meters)

Production Number of
(gms Og/M^/ZA hrs) Representa

tive Days

Weighted 
Production 
(gms 0p/M3/24 hrs) 
x (# of davs)

Chlorophyll
(mg./M^)

gms Og/gms 
Chlorophyll/hr. 
(assimilation no.)

Hours of 
Daylight

1

1965 
17 Aug. 4.2 0.21 19.0 3.99 10.03 1.675 12.5
15 Sept. _a — - - 33.60* — —
25 Sept. 4.3 2.03 49.5 100.49 41.52 4.075 12.0
12 Nov. 1.7a - - - 48.75* — —
26 Nov. 1.0 0.22 69.0 15.18 12.37 1.624 10.5
ice cover — 0.00 46.0 00.00 — — —
1966 
25 Feb. 1.8* 16.80a
11 March 1.7 0.29 55.5 16.10 8.13 2.977 12.0
16 April 3.4* - - - 9.95* - -
13 May 3.4 0.26b 49.5 12.37 5.03 3.937 13.0
5 June 5.6* — - - 12.52a — —

20 June 5.1 0.10 37.5 3.75 18.13 0.397 14.0
14 July 5.2a - - - 11.24* - -
27 July 2.1 2.75 25.0 68.75 73.13 2.892 13.0
9 Aug. 4.6 2.51c 14.0 35.14 13.51 14.286 13.0

Weighted
Mean
Unweighted
Mean
Total

2.9

3.4

0.70

365.0 256.27

20.48

22.59
3.H3

aNot used in calculation of weighted mean; used as a comparison to chlorophyll and photic depths taken during 
period of phytoplankton photosynthesis measurements.

^Productivity for all six tubes calculated using only evening and morning measurement because of high winds.
^Productivity for three of six tubes calculated using only an evening and morning measurement because of 
high winds.



Table 4. Phytoplankton productivity data for Woods Canyon Lake.

Date

Photic
Depth
(Meters)

Production Number of
(gas 02/M3/24 hrs) Representa

tive Days
Weighted 
Production 
(gms 0p/M^/24 hrs) 
x (# of days)

Chlorophyll
(mg./MJ)

gms Og/gms 
Chlorophyll/hr. 
(assimilation no.)

Hours of 
Daylight

1965
23 Aug. 2.9 0.88 11.0 9.68 12.65 5.565 12.5
12 Sept. 4.3 0.57 33.5 19.10 23.91 1.987 12.0
30 Oct. 4.0 0.32 76.5 24.48 9.48 3.070 11.0

ice cover - 0.00 100.0 00.00 - - -

1966
29 April 2.3 0.31 56.5 17.52 3.35 6.442 12.5
14 May 3.9a - - - 5.25a — —
2 June 5.8* - - - 17.91* — —

24 June 4.5 0.40 42.5 17.00 29.82 0.959 14.0
25 July 4.5 0.42 25.00 10.50 19.85 1.567 13.5
12 Aug. 4.9 0.24 20.0 4.80 17.86 1.036 13.0
Weighted
Mean
Unweighted
Mean
Total

3.8

4.1

0.28

365.0 103.80

15.11
15.62

3.122

aNot used in calculation of weighted mean; used as a comparison to chlorophyll and photic depths taken 
simultaneously with phytoplankton photosynthesis measurements.



Table 5. Phytoplankton productivity data for Fool Hollow Lake

Date

Photic
Depth
(Meters)

Production Number of
(gms 02/M3/24 hrs) Representa

tive Days

Weighted 
Production 
(gms Op/M-^/aA hrs) 
x Ur of days)

Chlorophyll
(mg./MJ)

gms 02/gms 
Chlorophyll/hr. 
(assimilation no.)

Hours of 
Daylight1

1965
19 Aug. 1.8 2.83 25.0 70.75 193.50 1.170 12.5
10 Sept. - - - - 33.69* - -
15 Oct. 2.3 3.19 103.0 328.57 78.50 3.534 11.5
31 Oct. 2.7* - - — 60.51* - -

ice cover - 0.00 59.0 00.00 - — -

1966
12 March 0.9* - - - 16.38* — —
25 March 0.9 0.72 59.0 42.48 16.03 3.743 12.0
30 April 1.5* - - - 24.22* - -
3 June 1.4 1.91 53.0 101.23 43.38 3.262 13.5

19 June 1.9 - - - 61.68* - -

12 July 3.8 0.96 36.5 35.04 20.08 3.541 13.5
23 July 2.1 - ■ - - 46.01 - -

6 Aug. 3.0 1.50 29.5 44.25 24.86 4.642 13.0
Weighted 
Mean 2.1 1.70 57.63 3.442
Unweighted 
Mean 2.0
Total 365.0 622.32

51.57

aNot used in calculation of weighted mean; used as a comparison to chlorophyll and photic depths taken 
simultaneously with phytoplankton photosynthesis measurements.



blue-green algal species at Becker and especially Fool Hollow Lakes 
may not be as readily used for food by zooplankton as smaller forms.

Productivity was measured under ice cover only once; a zero 

value was found at this time for oxygen production. In light of this 

zero value and the snow cover that was common over the ice, periods of 

ice cover were considered to have zero productivity.

The phytoplankton photosynthesis measurements for Becker and 

Hawley Lakes are similar to those for other lakes in Arizona. The 

measurements for Woods Canyon and Fool Hollow are somewhat lower and 

considerably higher, respectively.

A pronounced seasonal variation in phytoplankton photosynthesis 

was observed at Fool Hollow, Hawley, and Becker Lakes; this was not the 

case at Woods Canyon Lake. Late summer and early fall were the times 

of high phytoplankton photosynthesis; this is in contrast to the spring- 

fall phytoplankton blooms commonly described.

Phytoplankton was not always the principal cause of light 

attenuation. The shallowest photic depths at Becker Lake, found in fall 

1965 and spring 1966 were associated with a milky turbidity of possible 
bacterial origin. A muddy turbidity at Fool Hollow Lake caused by 

large amounts of inflow during the spring, required 3-4 months to 

settle. Photic depths at Hawley Lake were unusually deep for a small 
impoundment.

Occasional negative productivities computed for individual tubes 

can be explained on the basis of experimental error. Kemmerer (1965) 

determined the precision of the entire sampling and analytical procedure 

by taking ten replicate samples from a single tube. The standard
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deviation was found to be 0.11 with a mean oxygen concentration of 

A.31 mg/1. This allows for considerable error with productivities of 

the order of 0.30 gms Og/M-^/Zi hrs. Negative values occurred only at 

times of low productivity; usually only one or two of the six tubes 

gave a negative value. Negative values never departed from zero by 

more than 0.10 gms hrs. Fatten (1966) reports occasional

negative productivities in light and dark bottle studies. He also 

cites experimental error as the cause. Differences between tubes on 

days of high productivity were often several times greater than the 

standard error of 0.11 mg/l. This is evidence that phytoplankton 
productivity may vary from place to place in the pelagic area of the 

lake.
Precision was increased by duplicate sampling from tubes 

(Table 6). Abandonment of duplication of measurements made in June,

July, and August 1966 was done in hope of increasing accuracy by taking 

samples for each ••instant" of sampling within a shorter period of time.

This abandonment of duplication was accompanied by a loss of precision 

(Table 6).

Tukey’s w-procedure, also called the honestly significant dif

ference (hsd), was chosen for statistical treatment of phytoplankton 

photosynthesis data. This test is presented in Steel and Torrie (I960). 

The hsd test is useful in that it allows comparisons to be made between 

all possible pairs of means, within a set of several means. The 20£ 

significance level was chosen because of the stringency of the hsd test 

and the high degree of variability in the data. At the 20^ level phyto

plankton photosynthesis at Fools Hollow Lake was found to be significantly



Table 6. Relative standard errora of measurements for gross photosynthesis by phytoplankton at all four lakes.

Hawley Woods Canyon Becker Fool Hollow

Duplicate 
samples from 
some tubes

One sample 
per tube

Duplicate 
samples from 
some tubes

One sample 
per tube

Duplicate 
samples from 
some tubes

One sample 
per tube

Duplicate 
samples from 
some tubes

One sample 
per tube

21.1 46.2 21.4 37.3 52.2 64.5 11.8 24.4
10.4 28.0 12.3 32.2 37.6 82.0 5.9 15.1
30.8 11.8 23.8 81.7 35.5 3.0 18.6 8.3

12.3 30.0 23.8 30.1

Means 18.7 25.3 21.6 50.5 37.3 44.9 12.1 15.9

a gx « 100 = relative standard error
x

b Each value in the table is calculated from productivities in six tubes at each time of measurement.



greater than at Hawley and Woods Canyon Lakes. On the basis of 

chlorophyll standing crop the same significant differences were found.

Because of the manner in which water was confined in the tubes, 

and the decreased opportunity for turbulent diffusion at the air-water 
interface, it seems unlikely that turbulent diffusion of oxygen could 

be an important source of error. The magnitude of the source of error 

would be difficult to determine with the method used. Oxygen enter

ing or leaving the water in the tubes for physical reasons cannot bo 

separated from oxygen appearing or disappearing in the tubes for bio

logical reasons.

On the other hand, it could be postulated that the decrease in 

turbulence in the tubes might cause a settling of phytoplankton and a 

resultant underestimation of phytoplankton photosynthesis. On eight 

occasions standing crop of chlorophyll was measured as soon as the 

tubes were placed in the water, and then again 24 hours later; if phyto

plankton was settling in the tubes, chlorophyll should have decreased 

over the 24 hour period. Lack of any significant 24 hour decrease on 

these B occasions appears to confute this possible source of error.

A measurement of phytoplankton gross photosynthesis at Fool 

Hollow Lake in August 1965 is probably an exception. On this occasion 

24 hour measurements of chlorophyll were not made, but the phytoplankton 

was dominated by a macroscopic blue-green alga (Aohanizoraenon sp.). 

Twenty-four hours after the tubes were placed in the water, very little 

of this algae remained inside the tubes as compared with the pelagic 

area of the lake outside of the tubes.
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Possible errors, some of which were probably serious and 

caused the large variation in assimilation ratio (Tables 2-5), in
clude the following: errors associated with sampling, variation in

percent of non-functional chlorophyll from time to time and lake to 
lake, and variation in effectiveness of chlorophyll extraction.

Sampling errors should have been minimized by the small size of the 

study lakes and sampling at three stations. The other two sources of 

error.were probably more serious. Odum, McConnell, and Abbott (1958) 

found that non-functional chlorophyll cannot be distinguished spectro- 

photoraetrically from functional chlorophyll, and that non extraction 

in acetone of chlorophyll in usually small plankton cells is very 

difficult to determine.

In hope of obtaining a check on the representativeness of time 

consuming phytoplankton gross photosynthesis measurements, standing 

crop of chlorophyll was sampled more intensively. Prom Tables 2-5 it 
can be seen that mean standing crop of chlorophyll when phytoplankton 

photosynthesis measurements were made was only slightly different from 

the mean for all measurements of chlorophyll; for this reason the phyto

plankton photosynthesis measurements were considered representative of 
the year.

The validity of afternoon chlorophyll samples might be questioned 

in the light of recent evidence for diurnal fluctuation in chlorophyll 

content of water in the epilimnion (Yentsch and Ryther, 1957), (Shircada, 

1958), (Yentsch and Seagal, 1958), and (Lorenzen, 1963). The evidence 

for diurnal fluctuation is very weak. There is great disagreement and 

direct contradiction among the observers as to the time of day of peaks
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and low points in the daily fluctuation. Much of this work on diurnal 

chlorophyll variation was done in the laboratory, all of it was done 

with sea water. There is no evidence for diurnal chlorophyll variation 

in the euphotic zone of fresh water. In all probability chlorophyll 

content of algal cells rarely changes to an important degree in a few 

hours in fresh water.
It may be noted (Tables 2-5) that chlorophyll concentration 

range was largest at Becker and Fool Hollow Lakes. The minimum chloro

phyll values observed were quite similar, with all four lakes con

sidered, but large absolute differences were found in the maximum 

chlorophyll value observed. Most of these low values were recorded 

during the autumn and winter.
At Becker and Fool Hollow Lakes the highest chlorophyll and 

phytoplankton photosynthesis values tended to correspond in time (low 

variability in assimilation number). This was not the case at Hawley 

and Woods Canyon Lakes. At these two lakes times of high phytoplankton 

photosynthesis were accompanied by high assimilation numbers. These 

observations are probably associated with the observed productivity 

rankings.

Tables 2-5 show great variability in individual measurements of 

assimilation number. Manning and Juday (1941), Odum, McConnell and 

Abbott (1958), and Patten (1961) summarize the reasons for this large 

variation. With annual averages considered, the range is lowered to 

3.1-4.9, with three of the values between 3.1-3.5. This is probably 

caused by averaging of factors which influence assimilation number 

through the year.
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Benthic Gross Photosynthesis

Data for benthic gross photosynthesis are presented in Table 7. 

Negative values calculated never departed greatly from zero and so are 

probably explained by experimental error of the method employed for 

measurement.
Predominant genera of benthic plants were: Elodea so. at

Hawley Lake, Mvriophvllum so. at Fool Hollow and Becker Lakes, 

Potomogeton so. at Woods Canyon Lake. Because the floating leaf 

Potomogeton that predominated at Woods Canyon Lake bears stomata on the 

upper side of the leaves (Ruttner, 1963), some photosynthetically pro

duced oxygen was probably lost to the atmosphere. However, these 

plants grew in such thin stands that their contribution to the total 

productivity of the lake was probably unimportant.

An error in measurement of benthic photosynthesis of unknown 

magnitude occurred because of wind induced mixing of cove and pelagic 

water. Mixing would cause an underestimation of benthic photosynthesis, 

since diel oxygen concentration changes were generally much greater in 

coves than in the pelagic area. This error was probably greatest at 

Becker Lake because of frequent strong winds and the lack of coves.

Relative standard errors for benthic gross photosynthesis are 

roughly 10% of those for phytoplankton gross photosynthesis (Table 8).

A part of this large difference in relative standard errors may be ex

plained by the difference in the individual observations. For phyto

plankton gross photosynthesis each observation was a productivity for 

a tube, while for benthic photosynthesis each observation was a value 
for oxygen concentration.



Table 7. Benthic gross photosynthesis and its comparison to phytoplankton gross photosynthesis for Becker, 
Woods Canyon, Fool Hollow, and Hawley Lakes as gms hrs.

Date Becker Woods Canyon Fool Hollow Hawley

August 1965 5.90 Negative*3 2.67* 2.73

September 1965 1.97 Negative - 1.27
October 1965 - Negative Negative -

November 1965 0.45 - - 2.81
June 1966 11.21 Negative Negative 1.01
July 1966 3.13 Negative Negative 16.33
August 1966 2.36 Negative 0.88 ____ 2.56
Mean0 1.78 Negative 0.30 2.51
Mean phytoplankton photo
synthesis as % of mean 
benthic photosynthesis 114% (2.9)* - (2.1)4 11905$ (2.l)d 108% (5.3)d

a This value is probably high because of a macroscopic blue-green algae settling out in the tubes and causing 
an underestimation of phytoplankton photosynthesis and a resultant overestimation of benthic photosynthesis,

b Negative values averaged as zero.

Mean is weighted for number of days and then divided by 365 in order to be comparable to phytoplankton 
photosynthesis.

&Weighted mean photic depth when phytoplankton photosynthesis measured expressed in meters.
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Table 8. Relative standard error for each three measurement series 
of gross benthic photosynthesis at all four lakes.a

Hawlev Woods Canyon Becker Fool Hollow

1.35% 0.42% 0.58% 1.77%
2.60% 0.44% 7.24% 1.52%
1.30% 0.69% 3.81% 1.41%
1.79% 0.31% 4.23% 8.28%

4.84% 0.63% 12.08% 0.99%

1.91% 0.32% 4.18%

Means 2.30% 0.47% 5.35% 2.79%

a Each value in the table is a mean for three standard errors each of the 
three being calculated from six (sometimes five) determinations for 
dissolved oxygen.
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Low variability batween cove oxygen measurements for one 

sampling period of a given day was offset in the annual mean by the 
large differences between coves and between days.

The size of the relative standard errors appears to be directly 
related to the amount of surface area sampled at each time of measure
ment. Becker Lake, having no coves, has the highest relative standard 
error for benthic photosynthesis. Relative standard error is lowest at 

Woods Canyon Lake, which has the smallest coves.

The means in Table 7 show that benthic photosynthesis is im

portant in the total production of Hawley and Becker Lakes, of only 

minor importance at Fool Hollow Lake, and of no importance at Woods 

Canyon Lake. The only statistical difference revealed by the hsd pro

cedure at the 20,o level is that Hawley Lake (highest) has a greater ben

thic productivity than Woods Canyon Lake (lowest).

Raw data for benthic photosynthesis is presented in Appendices 

A through D.

Zooplankton Standing Crop

Zooplankton standing crop measurements with unweighted and 

weighted means are presented in Table 9. Number of days represented 

by a measurement are the weights.
Zooplankton populations were slow in redeveloping following 

renovation at Woods Canyon Lake in September 1965, six weeks later there 

was still no measurable zooplankton in the lake. Considering the depth 

and temperature of the lake six weeks was more than sufficient for de

toxification. The slow redevelopment at this time of the year nay be



Table 9. Zooplankton standing crop measurements for Becker, Fool Hollow, Woods Canyon and Hawley Lakes
Becker Fool Hollow Woods Canyon Hawley

Date gms/M^
Days

Represented pms/M^
Days

Represented
Days

Represented pms/M^
Days

Represented

Sept. 1965 2.653* 36 2.149a 26 0.180* 33 0.430* 15
Sept. 1965 
Oct. 1965

1.036a 30
3.749* 91 O.OOOa 75

1.112a 32

Nov. 1965 2.000a 33 - - - - 0.083* 31
Nov. 1965 3.342* 34 - - - - 0.279 27
Feb. 1966 2.998a 31 - - — - — -

March 1966 - - 0.432 43 - - — -

April 1966 2.863 40 2.020 35 0.391 46 0.005 27
May 1966 2.845 27 - - - - 0.040 23
June 1966 2.289 20 1.120 25 0.253 28 0.056 17
June 1966 2.596 20 3.196 20 0.135 20 1.019 20
July 1966 1.572 43 13.156 18 0.187 17 1.961 17
July 1966 _ b 6.736 14 0.095 16 1.664 13
Aug. 1966 _ b 2.688 17 0.245 15 0.781 14
Aug. 1966 _ b 1.752 17 0.356 16 0.292 14
Weighted Mean 
or Total0 2.407 314 3.699 306 0.260 266 0.644 250
Unweighted
Mean 2.419 3.218 0.217 0.578

a Value recorded is an average of two tows.

b Not measured because of bloom of filamentous blue-green alga which would quickly fill net.

0 Period of ice cover was not considered for purposes of calculation of means; no zooplankton data was 
collected during period of ice cover.

to
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associated with the generally low trophic status of the lake. The zero 

value for zooplankton on October 30, 1965 was not thrown out because 

the lake was virtually without fish from September 15, 1965 until May 

11, 1966. During this period zooplankton populations were allowed to 
develop unhindered by predation from fish. It is considered that the 
two unusual situations (renovation and period without fish) balanced 

out and gave an annual average that was reasonably representative. 

Zooplankton rankings for the four lakes would be unchanged even if the 

zero value at Woods Canyon Lake was disregarded.

Unidentified cladocera predominated on most occasions at all 

four lakes. However, Chaoborus sp. larvae on occasion made' up a con

siderable portion of the zooplankton at Hawley, Fool Hollow, and Woods 

Canyon Lakes. Only at Becker Lake did the copepods make up an import

ant part of the zooplankton.

Becker and Woods Canyon Lakes sustained fairly constant zoo

plankton populations. Variation was greater at Hawley and Fool Hollow 

Lakes. Low concentrations of zooplankton at Fool Hollow Lake and 

especially at Hawley Lake during the spring may have been at least 

partially caused by strong flushing from snow melt.

Using the hsd test at the 20% level, 3 of the 6 possible com

parisons are significantly different. Standing crop of zooplankton at 

Fool Hollow is significantly greater than at Hawley or Woods Canyon 

Lake; Becker Lake is significantly greater than Woods Canyon Lake. 

These same differences are also significant at the 10^ level.
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Temperature Stratification

Vertical temperature gradients are shown for Hawley, Fool 

Hollow and Woods Canyon Lakes in Figures 5 through 7. These data were 

collected as an aid in interpretation of other data. A figure is not 
shown for Becker Lake as the strong winds and shallow depth never 

allowed a temperature stratification.

The period of mixing at Hawley and Fool Hollow Lakes was suf

ficiently long to warm the whole mass of water to 46° F and 48° F 

respectively before stratification set in. A further warming during 

the late spring and summer of the hypolimnion of both lakes can be 

noted. In contrast, the period of spring mixing at Woods Canyon Lake 

was very short. Stable stratification had set in by April; water in 

the hypolimnion was 41° F at this time. The temperature gradient in 

the thermodine was correspondingly strong. This was probably caused 

by calm conditions during the spring.

Depths of temperature measurement are much less than maximum 

basin depth at Woods Canyon Lake in the fall because of a drawdown 

which resulted in loss of most of the hypolimnion. The lake did not 

refill until late fall and possibly not until snow melt in the spring 

1966.

Temperature gradients shown for dates later than July 25, 1966 

probably indicate an incorrect absolute temperature. This data does 

show, however, that stratification was maintained through August 1966.
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Chemistry of Inflow Waters

Range and mean of biogenic salts reaching the four lakes 

through tributary streams are presented in Tables 10 through 16.

Means are weighted by flow rate. This manner of weighting may have 
been a source of some degree of error at Fool Hollow and Hawley Lakes. 

Because of the perennial nature of tributary creeks, these two lakes 
may receive nearly as much ground water as surface and subsurface flow. 

The manner of weighting gives considerably more weight to analyses 

made on surface and subsurface flows than to ground water flows. Total 

dissolved salts and alkalinity varied inversely with flow rate; as a 

result these may have been underestimated at Hawley and Fool Hollow 

Lakes. Nitrate concentration in inflow waters varied directly with 

flow rate; as a result nitrate may have been overestimated. Goldman 

(1961) also found nitrate to be high in surface water. He attributes 

this nitrate to decomposing leaves on the watershed.

Weighting according to flow rate should not have been a serious 

source of error at Woods Canyon and Becker Lakes. Woods Canyon Lake 

has no permanent inflow creek; it is filled almost entirely with sur

face and subsurface runoff. The rate of flow in the irrigation ditch 

which fills Becker Lake was controlled by gates and therefore inde

pendent of the rate of flow in the nearby Little Colorado River which 

is the source of water for the irrigation ditch.

Although only three samples of inflow water were collected at 

Woods Canyon, one of these is for a high flow rate and is weighted 

accordingly because the lake is filled with surface and subsurface flow. 

It would have been highly desirable to have collected more samples from
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Table 10. Range and mean of selected chemical and physical measurements
for 12 samples from Porcupine Creek, tributary to Hawley Lake.
Concentrations are expressed as milligrams per liter.

Factor Maximum Minimum Weighted Mean

Estimated flow rate (cfs) 6.00 0.20 1.63

pH 3.2 7:1 7.6

Total dissolved salts 89 41 53
Phenolphthalein alkalinity 0 0 0

Methyl orange alkalinity 48 18 28

Nitrate 1.35 0.00 0.42

Orthophosphate 0.41 0.02 0.07

Total phosphate 0.46 0.09 0.21

Table 11, Range and mean of selected chemical and physical measurements 
for 13 samples from Trout Creek, tributary to Hawley Lake. 
Concentrations are expressed as milligrams per liter.

Factor Maximum Minimum Weighted Mean

Estimated flow rate (cfs) 3.00 0.15 0.70

pH 8.0 6.8 7.7

Total dissolved salts 90 45 66

Phenolphthalein alkalinity 0 0 0

Methyl orange alkalinity 70 24 39
Nitrate 1.55 0.00 0.38
Orthophosphate 0.26 0.09 0.17
Total phosphate 0.74 0.19 0.44
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Table 12. Range and mean of selected chemical and physical measurements
for 10 samples from unnamed creek "A", tributary to Hawley Lake.
Concentrations are expressed as milligrams per liter.

Factor Maximum Minimum Weighted Moan

Estimated flow rate (ofs) 1.00 0.02 0.31
PH 7.8 6.6 7.3
Total dissolved salts 74 • 37 47
Phenolphthalein alkalinity 0 0 0

Methyl orange alkalinity 44 20 26

Nitrate 0.85 0.00 0.48

Orthophosphate 0.24 0.02 0.07

Total phosphate 0.44 0.02 0.16

Table 13. Range and mean of selected chemical and physical measurements
for 10 samples from unnamed creek "B", tributary to Hawley Lake. 
Concentrations are expressed as milligrams per liter.

Factor Maximum Minimum Weighted Mean

Estimated flow rate (cfs) 4.00 0.03 0.71

pH 8.0 7.1 7.8

Total dissolved salts 85 35 45
Phenolphthalein alkalinity 0 0 0

Methyl orange alkalinity 68 18 36
Nitrate 0.90 0.00 0.48 .

Orthophosphate 0.14 0.06 0.13
Total phosphate 0.66 0.12 0.32
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Table 14. Range and mean of selected chemical and physical measurements
for 12 samples from Show Low Greek, tributary to Fool Hollow
Lake. Concentrations are expressed in milligrams per liter.a

Factor Maximum Minimum Weighted Mean

Estimated flow rate (cfs) 16.0 0.6 2.4

PH 7.8 7.2 7.5
Total dissolved salts 380 69 146
Phenolphthnlein alkalinity 0 0 0
Methyl orange alkalinity 250 46 93
Nitrate 1.90 0.00 0.60

Orthophosphate 8.80 0.05 1.54
Total phosphate 10.40 0.10 2.12

a Although not shown in the table, one analysis from Fool Hollow Creek and 
one from an unnamed inflow tributary to Fool Hollow Lake are included in 
the averages. These two creeks contribute only a small fraction of one 
percent of the total water the lake receives through runoff.

Table 15. Range and mean of selected chemical and physical measurements for 
4 samples of water from an irrigation ditch tributary to Becker 
Lake. Concentrations are expressed in milligrams per liter.

Factor Maximum Minimum Weighted Mean
Estimated flow rate (cfs) 1.5 1.5 1.5
pH 8.0 7.7 7.9
Total dissolved salts 148 78 116

Phenolphthalein alkalinity 0 0 0
Methyl orange alkalinity 102 48 76
Nitrate 0.70 0.10 0.49
Orthophosphate 0.18 0.12 0.16
Total phosphate 0.48 0.21 0.32
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Table 16. Results of analysis for selected chemical measurements from
Woods Canyon Creek (2 samples) and from an unnamed creek
(l sample). Concentrations are expressed as milligrams per
liter.

Factor

Unnamed
Creek

26 March 1966
Woods Canyon 

Creek
29 Anril 1966

Woods Canyon 
Creek

25 July 1966
Weighted

Mean
Estimated flow 
rate* (cfs) 2.50 0.05 0.03 0.86
pH 7.3 7.4 6.0 7.3
Total dissolved 
salts 25 26 36 25
Phenolphthalein
alkalinity 0 0 0 0

Methyl orange 
alkalinity 11 12 10 11

Nitrate 1.00 0.05 0.11 0.97

Orthophosphate 0.07 0.02 0.11 0.07

Total phosphate 0.07 0.00 0.44 0.07

a Estimated visually



high flows, but this was impossible because the lake is inaccessible 

for most of the snow melt period and high flows cease very quickly 

after summer rain storms.

Although not shown in Tables 10-16, total dissolved salts and 

alkalinity were considerably lower when flows contained large propor

tions of surface and subsurface flow. Kemmerer (1965) has reported 

similar findings. Ruttner (1963) states that in order for water to 
contain large amounts of bicarbonate as the calcium salt (this usually 
makes up at least half of the dissolved ions) the water must contain 

carbon dioxide (from the soil), and that it must spend appreciable 

amounts of time in contact with limestone. Neither of these conditions 

are met with surface flow; the latter is not met with subsurface flow 

because it percolates through superficial soil, but does not reach 

deeper lying rock strata.

Phenolphthalein alkalinity, due to carbonate and hydroxide, 

can exist only at pH values of 8.5 or higher (AFHA, 1955). This type 

of alkalinity was not found in any of the samples of inflow water.

Considerable amounts of phosphate were often found in both 

surface and ground water flows. The phosphate in ground water probably 

had its origin from phosphatic rocks. Soil and dust are likely sources 

of phosphate in surface waters.

Results of individual water analyses are shown in Appendices 

E through K.

50



51

Fish Growth and Production

John K. Andersen, U. S. Bureau of Sport Fisheries and Wildlife 

conducted creel census on Becker and Hawley Lakes and supplied fish 

growth and production data for these two lakes. Fish production at 

Becker Lake is about 300 lbs. per acre. Five inch fingerlings stocked 

in October each year at Becker Lake are known to average about 16" in 

total length one year later. Fish production at Hawley Lake is 75-100 
pounds per acre. Five inch fingerlings stocked in October commonly 

grow to ten inches in one year. The lower figure for production at 
Hawley Lake is probably more nearly correct as some catchable size 

fish are stocked in the summer. A complicating factor at this lake 

is the production of an unknown weight of unharvested golden shiners; 

consideration of this factor would tend to increase the lake’s total 

production.

Foster (1958) showed that 2.5" rainbow trout stocked early in 

1957 in Woods Canyon Lake had reached only 7.3" by spring 1958. Gill 

netting in the summer 1958 revealed no increase in growth since the 

previous spring. This study attributed poor growth to sterile lake 

conditions and heavy initial stocking.

Very little is known of game fish production in Fool Hollow Lake. 

Trout production figures for this lake, even if available would not be 

representative of the lake's capacity to produce fish because of the 

presence of several other unharvested species and inhibiting (sometimes 

lethal) temperature and oxygen conditions in the epilimnion. A large 

trout kill was noted at Fool Hollow Lake during the summer 1966.



52

Summer Oxygen Stratification

In August 1966 oxygen stratification was measured at all four 

lakes. Fool Hollow and Hawley Lakes had no oxygen below the epilimnion. 
Becker Lake was oxygenated to the bottom, although the bottom 3 or 4 

feet in the deepest part of the lake had 2-3 mg/l less oxygen. Al

though oxygen had disappeared from the zone just above the bottom of 
Woods Canyon Lake, there was one mg/l oxygen remaining as deep as 

6 feet below the bottom of the epilimnion.



DISCUSSION

Relative Value of Benthic and Phytoplankton Photosynthesis

■In spite of very little information concerning the relative 

value of benthic plants versus phytoplankton as a base for fish food 

chains, fishery managers have advocated building lakes with steep banks 

and minimal littoral areas (Bennett 1962), on the assumption that ben

thic plants have no value in fish food chains. While it is probably 
true that few fish or fish food organisms can utilize macrophytic 

benthic plants directly, it is thought by some that benthic plants may 

enter game fish food chains upon decomposition through bacteria and 

fungi (Penfound, 1956).

Areally expressed benthic photosynthesis was about equal to 

areally expressed phytoplankton photosynthesis at Hawley and Becker 

Lakes (Table 7). McConnell (1963) also observed high benthic productiv

ity at Pena Blanca Lake, a small impoundment in Southern Arizona. High 

productivity rates by benthic plants may compensate for a possible 

extra energy transfer not needed by phytoplankton before reaching fish.

The four study lakes are placed in the same order by ranking 

according to zooplankton standing crop (Table 9) fish growth and pro

duction and phytoplankton gross photosynthesis (Tables 2-5). Because 

the zooplankton data is more reliable than the available fish growth 

and production data, it will be used here as a measure of secondary 
production, although fish production would be a more desirable index. 

Agreement between zooplankton and benthic photosyntheses (Table 7) or
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total (benthic plus phytoplankton) photosynthesis is poor. These 

data tend to discount benthic photosynthesis as a basis for zooplank

ton production.
Graphing weighted annual average zooplankton standing crop 

against annual average phytoplankton gross photosynthesis, the points 

for Hawley, Fool Hollow, and Woods Canyon Lakes lie noarly on a straight 
line (Figure 3). Becker Lake has a weighted average standing crop of 

zooplankton about twice that which would be expected from the phyto

plankton photosynthesis occurring, when the relationship shown by the 

other three lakes is considered. Some factor is apparently operating 

to increase the efficiency of phytoplankton utilization by zooplankton 

at Becker Lake, or zooplankton is not largely based on phytoplankton 

production. Fish production is also higher at Becker Lake than would 

be expected from phytoplankton photosynthesis. Benthic photosynthesis 

does not seem to be a logical explanation for the higher than expected 

secondary productivity because benthic photosynthesis was higher at 

Hawley than at Becker Lake (Table 7). Fool Hollow Lake, having the 

largest zooplankton standing crop of the four study lakes had a lower 

benthic productivity than either Hawley or Becker Lakes.

Mean lake depth could conceivably be the factor influencing high 

secondary productivities at Becker Lake. Rawson (1952), Kommerer (1965), 

and Ryder (1965) have recognized the influence of mean depth on fish 

production.

Strong winds and shallow depth, which prevented stratification 

might have kept living and dead microorganisms suspended in the water 

where they would be more available to higher trophic levels than if they
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had settled out in a stagnant hypolimnion uninhabited by oxygen re

quiring zooplankton and fish. This could explain higher than expected 

secondary productivities at Becker Lake.

Equal amounts of volumetrically expressed phytoplankton photo

synthesis should have equal trophic effectiveness only in lakes of 
equal mean depth. The phytoplankton productivities in Figure 9 have 

been divided by mean lake depth in order to discount volumetric phyto
plankton photosynthesis by a factor inversely proportional to mean depth. 

The point for Becker Lake is the only one changed radically from Figure 

8 to Figure 9, because the mean depth is about half of the mean depth 

for the other three lakes.

The fact that the linear relationship expressed in Figure 9 

(and Figure 8 if Becker Lake is excluded) does not have a positive 

intercept is further evidence that zooplankton is not supported to any 

great extent by benthic plant decomposition at any of the four study 

lakes. If there was a large positive intercept it would be necessary 

to hypothesize a source of nourishment for zooplankton other than phyto
plankton.

When phytoplankton and benthic productivities are compared at 

the four study lakes (Table 7), it is surprising that a stronger case 

cannot be made for the importance of benthic plants as ultimate food for 

zooplankton at Hawley and Becker Lakes. Zooplankton crustaceans may 

prefer to avoid the lake bottom area where benthic plants are most 
likely decomposed.

The possibility that the bacteria and fungi plus benthic plant 

detrital material are food for benthic fauna and not zooplankton must



be allowed. Penfound (1956) states that organic detritus from ben

thic plants is important food for aquatic insects. Benthic insect 

abundance and use by fish were not investigated in this study.

Figures 10 through 13 are presented as further evidence for 

phytoplankton being the chief support of zooplankton and possibly for 

fish .production at the four study lakes. The relative quantities of 

zooplankton roughly follow chlorophyll concentration in fall 1965 at 

Beckor Lake, fall 1965 and spring 1966 at Fool Hollow Lake, fall 1965 

and spring 1966 at Woods Canyon Lake, and summer and fall 1965 at 
Hawley Lake. Lack of coincidence between chlorophyll and zooplankton 

at certain times of the year might be explained by a possible decrease 
in zooplankton cropping by fish during cold seasons. The extended 

period at Becker Lake in the spring when zooplankton density was high 

and while chlorophyll concentration was low might be evidence for 

benthic plant support of zooplankton. The higher benthic plant pro

duction along with low springtime zooplankton at Hawley Lake tends to 

discount this hypothesis. However, benthic photosynthesis may have 

been much higher at Becker Lake than at Hawley Lake for previously dis
cussed reasons.

Unpublished investigations by William K. Seawell, Graduate 

Research Assistant, Arizona Cooperative Fishery Unit, suggest that im

port is not great at any of the four lakes.

In summary, phytoplankton photosynthesis appears to be the basis 

for fish production at all four lakes, although there is evidence that 

decomposition of benthic plants at Becker Lake during the spring and 

the resultant bacterial crop may support high zooplankton standing crops.

53



Figure 10. Fluctuations during the year in phytoplankton chlorophyll, zooplankton,
and phytoplankton photosynthesis at Becker Lake.
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Figure 11. Fluctuations during the year in phytoplankton chlorophyll, zooplankton

and phytoplankton photosynthesis at Fool Hollow Lake
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Figure 12. Fluctuations during the year in phytoplankton chlorophyll, zooplankton

and phytoplankton photosynthesis at Woods Canyon Lake.
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Figure 13. Fluctuations during the year in phytoplankton chlorophyll, zooplankton,

and phytoplankton photosynthesis at Hawley Lake
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Tho possibility that benthic plants may be a partial basis for fish 

production through the support of benthic fauna cannot be ignored.

Biogenic Salts and Their Influence on Phytoplankton Productivity

Kommoror (1965), who discussed the relationship between water
shed geology and the relative amounts of biogenic salts dissolved by 

water percolating through the various types of rock formations, points 

out that only deep ground water has had sufficient opportunity to come 

in contact with underlying rock strata; surface and subsurface flows 

usually do not reflect the geology of underlying strata. Because water 

filling the small impoundments studied is principally contributed by 

surface flow, watershed geology was not considered. It appears much 

more reliable to periodically sample water reaching a reservoir or pro
posed site.

Atmospheric sources of nutrients from inorganic ions in dust 
from the atmosphere, dissolved in rainwater, are probably relatively 

unimportant as a source of biogenic salts when compared to tributary 

streams. At any rate, mineral contribution to each lake from this 

source is most likely about equal. At certain times of the year there 

were considerable amounts of dust in the air in the area of all four 

lakes.

It was hoped that this study would add to the knowledge of the 

relative importance of the individual biogenic ions in the determination 

of lake productivity so that the factor of potential fertility could be 

considered in choosing impoundment sites. Hickling (1962) in extensive 

fertilization experiments has found that of the biogenic ions, only
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nitrate, phosphate, and a carbon source (alkalinity) have value in 

improving fish pond fertility.

It is evident from the means in Tables 10 through 16 that rank

ing the four lakes by total dissolved salts, orthophosphate, total 

phosphate, and methyl orange alkalinity of inflows places them in the 
same order as ranking by phytoplankton photosynthesis. Nitrate concen

tration of inflow waters was not as closely related to phytoplankton 

photosynthesis.

The importance of total salts.probably lies in the fact that 

alkalinity expressed as mg/l calcium carbonate usually constitutes a 

largo portion of the total dissolved salts. In unusual cases where, 
for some reason, alkalinity was only a small portion of the total salts, 

the trophic status of the lake would probably be better related to 
alkalinity than to total salts. For this reason, alkalinity is con

sidered in further treatment rather than total salts.

As some algae can probably utilize complex meta (poly) phosphates 

(Abbott, 1957) as well as the simple orthophosphate, total phosphate 

appears to be a better index than either ortho or meta phosphate alone. 

Hawley and Fool Hollow Lakes have permanent inflow creeks; they probably 

receive considerable amounts of phosphate in particulate organic matter. 

The contribution from this source was not measured. Fool Hollow re

ceives tremendous amounts of phosphate in the dissolved form (Table 14); 

further amounts of phosphate received in the particulate form could 

hardly be important in explaining the lake’s phytoplankton productivity. 

Because Hawley Lake had a moderately low phytoplankton productivity 

(Table 2), any further amounts above the already moderately high total



65
phosphate received by the lake (Tables 10-13) vould tend to discount 
phosphate as an indicator of potential phytoplankton photosynthesis.

The points graphed in Figures 14 and 15 are weighted annual 

means. The inflow chemistry data from Kemmerer (1965) have been 
weighted according to flow rate. A few of Kemmerer*s (1965) samples 

were taken at a time of unknown, but high, flow rate. There were 

assigned an arbitrarily high weight calculated from known high flow 

rates.
Figure 14 shows that there is a high degree of agreement between 

phytoplankton gross photosynthesis and average alkalinity of inflow 

water reaching the seven lakes. The relationship appears to be nearly 

linear with phytoplankton gross photosynthesis increasing in direct pro

portion to alkalinity. Certainly this relationship would not hold as 

alkalinity increased to several hundred mg/l or higher. Deevey (1940), 

Hickling (1962) and Neess (1949), all report precipitation of calcium 

phosphate with very high alkalinities. At very high alkalinities some 

factor other than carbon supply would most likely become limiting. The 
relationship between alkalinity and phytoplankton gross photosynthesis 

is not unexpected. Waters and Ball (1957) and Hickling (1962) have 

demonstrated the importance of alkalinity in fertilization experiments. 

Rawson (1951) and Northcoate and Larkin (1956) have found positive cor

relations between total dissolved salts and standing crops of plankton 
and benthic fauna.

Alkalinity appears to be a useful indicator of potential phyto

plankton photosynthesis despite the possibility that some other factor 

which varies with alkalinity may also be causative.
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Figure 15 shovs that phytoplankton gross photosynthesis in

creased more slowly than did average total phosphate concentration of 
waters reaching the lakes. Comparing Figures 14 and 15, phytoplankton 

photosynthesis increased more with a given percentage increase in 

alkalinity than it did with the same percentage increase in total phos
phate. The value for Fool Hollow Lake actually lies considerably below 

the line that would be drawn for the other six lakes; on the basis of 

phosphate alone, Fool Hollow Lake has less phytoplankton photosynthesis 
than would be expected from the relationship shown by the other six 

lakes.

Because high alkalinity and high total phosphate tend to be 

associated in the study lakes (Kezmnerer, 1965 has also observed this), 

it is difficult to separate their effects on phytoplankton photosynthesis. 

This is compounded by a continued concentration by evaporation of the 

waters at Becker Lake. However, because of the unusually high phos

phate concentration at Fool Hollow Lake, phosphate is probably not limit

ing to phytoplankton photosynthesis here.

The literature is of little help in determining the relative 

effects of alkalinity and phosphate. McIntyre and Bond (1962) report 

large increases in standing crops of plankton and benthic organisms with 

the addition of nitrate and phosphate fertilizers to four ponds despite 

total alkalinities, previous to fertilization, of 12-16 mg/l. Prescott 
(i960), however, states that excessive and troublesome growths occur 

only in lakes with ample supplies of carbon dioxide or bicarbonate when 

enriched with nitrate and phosphate from sewage. Hickling (1962) in 

extensive fish pond fertilization experiments reports that phosphate
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alone is not as effective a fertilization technique as adding of lime 

with phosphate.
In summary it may be stated that phosphate and alkalinity are 

the most useful chemical factors in predicting potential phytoplankton 
productivity. The relative effects of these two factors cannot be 

differentiated.

Chemical and Physical Factors Influencing Benthic Photosynthesis

Physical factors seemed to predominate over chemical factors in 

controlling photosynthesis by benthic plants, but some minimum level of 

plant nutrients is probably necessary for a high benthic production. 

Light penetration seemed to be the most important factor controlling 
benthic photosynthesis.

Further evidence for the importance of physical factors in 

benthic photosynthesis is seen in the data for Hawley Lake. Despite a 

fairly low level of nutrients reaching the lake (Tables 10-13), Hawley 

Lake had the highest absolute value for benthic photosynthesis. Fool 

Hollow Lake with its high level of nutrients had a low benthic produc

tivity.

It is evident from the Woods Canyon Lake data that a certain 

minimum level of nutrients is necessary for high benthic photosynthesis. 

Despite favorable physical conditions this lake had practically no 
benthic photosynthesis.

Chlorophyll as a Measure of Phytoplankton Photosynthesis

Knowledge of annual phytoplankton photosynthesis is a parameter 

important to fishery biologists. Methods based on dirunal changes in
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concentration of metabolic gases are time consuming, requiring several 

to 36 hours for each individual measurement. For this reason many 

investigators have attempted to predict phytoplankton photosynthesis 

from chlorophyll measurements. These investigators include Ryther 

(1956), Ryther and Yentsch (1958), and Wright (1959, I960).

The high variation in the assimilation number has discouraged 

the use of chlorophyll as a measure of phytoplankton photosynthesis. 

Patten (1961) summarized the reasons for this large variation.

Annual average assimilation numbers in this study ranged from 

3.1-4.9. Assimilation numbers for long term averages from the literature 

yield an even greater range. In a three year study at Pena Blanca 
Lake McConnell (1963) reports a mean assimilation number of 2.1. For 
seven months of data at Canyon Ferry Reservoir, Wright (1959) reports 

a mean assimilation number of 5.1. In this lake in Montana seven months 

is probably equal to the period with no ice cover; for this reason the 

value is considered an annual average. Because of the range of assimi

lation numbers a method is needed for computing different assimilation 

numbers for different lakes, so that chlorophyll data may be used to 

compute phytoplankton photosynthesis. In the present study a relation

ship was suggested between long term mean (a year or more) assimilation 

number and mean photic depth, but this did not hold for individual 

measurements of photic depth and chlorophyll. The relationship indicated 

in Figure 16 suggests that the annual average assimilation number may be 

calculated from the formula: assimilation number = 1.23 + (0.57) depth

of the euphotic zone, if the linear relationship holds for all photic 

depths. However, the relationship is probably not linear, but sigmoid.
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With a photic depth of 50 meters the assimilation number predicted 

from the linear regression line would hardly be expected. However, 

the linear relationship should hold for photic depths commonly found 

in lakes and impoundments of average water clarity.
Density dependence may explain the high degree of correlation 

between photic depth and assimilation number. Chlorophyll concentrations 

are known to vary directly with depth.of the euphotic zone when color 

and turbidity are negligible. Wright (1959) observed that assimilation 

numbers vary indirectly with chlorophyll concentration. Therefore, 

assimilation numbers would be expected to vary directly with depth of 

the euphotic zone when plankton was the chief cause of turbidity.

The possible density dependence of assimilation numbers might 

be explained on the basis of nutrient limiting factors or oxygen accumu

lation (methoblic product of photosynthesis). These factors would be 

much more likely to exert a limiting effect on high density algal popu

lations, thus explaining lower assimilation numbers with high chlorophyll 

values.

The overall precision of the method presented in Figure 16 for 

the computation of phytoplankton gross photosynthesis can be expected 

to be somewhat lower than the precision obtained with oxygen measure

ments, Both methods have associated sampling errors, but the method 

just presented has an additional error: deviations from the calculated 

regression line. With a sample size of 7 it is difficult to estimate 

the magnitude of this errorj this will be disclosed only by testing at 

several different lakes having a wide range of photic depths.
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APPENDIX A, Phytoplankton and Benthic Gross Photosynthesis Measurements
for Hawley Lake.

gms Og/M^
Date Tube tf Sunset Sunrise Sunset
13 August 1965 1 5.13 4.73 5.57

2 6.17 4.83 5.43
3 6.43 4.34 5.14
4 5.07 5.00 5.43
5 5.76 4.73 5.62
6 5.94 5.27 5.62
cove 9.65 8.19 11.04

8 September 1965 1 6.73 6.23 6.532 6.80 6.26 6.693 6.77 5.54 6.19
4 7.06 5.97 6.355 6.58 5.62 6.51
6 6.65 6.02 6*64
cove 8.60 6.10 10.32

11 November 1965 1 8.00 8.28 8.51
2 7.95 7.98 8.27
3 8.24 8.16 8.24
4 3.03 7.86 8.35
5 8.29 7.97 8.23
6 8.42 8.25 3.56
cove 10.13 9.02 10.58

15 April 1966 1 7.45 7.37 7.73
2 7.92 7.63 8.03
3 7.76 7.47 7.81
4 8.00 7.86 8.04
5 7.84 7.50 7.93
6 7.72 7.54 8.03
cove — -

31 May 1966 1 6.60 6.74 6.91
2 6.71 6.78 6.87
3 7.02 6.91 7.28
4 6.58 6.62 6.68
5 7.34 6.93 7.156 7.31 7.00 7.29

cove 7.62 7.04 7.50

73
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APPENDIX A - Continued

Date Tube # Sunset
gms Og/M^ 
Sunrise Sunset

9 July 1966 1 6.13 6.02 6.21
2 6.79 6.62 7.25

• 3 7.13 6.93 •7.16
4 6.58 6.62 6.72
5 5.64 5.67 6.24
6 6.10 5.73 6.36
cove 8.53 4.35 8.82

4 August 1966 1 6.02 5.80 6.25
2 5.70 5.69 6.26
3 4.91 4.54 5.73
4 5.89 5.65 6.23
5 3.94 3.83 5.17
6 5.29 5.20 6.17
cove 7.15 5.42 7.84
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APPENDIX B. Phytoplankton and Benthic Gross Photosynthesis Measurements
for Becker Lake.

gms Og/M^
Date Tube ft Sunset Sunrise Sunset

16 August 1965 1 6.79 6.19 5.91
2 6.79 6.35 5.89
3 6.39 6.05 5.60
4 5.36 5.31 5.29
5 5.23 4.76 4.35
6 4.32 4.51 4.62
cove 8.23 5.93 10.71

24. September 1965 1 10.35 8.35 - 8.03
2 10.42 8.88 8.14
3 - 8.21 8.91
4 10.65 8.83 8.35
5 11.29 7.88 8.80
6 11.12 8.08 8.67
cove 13.24 7.63 10.91

25 November 1965 1 8.00 8.28 8.51
2 7.95 7.98 8.26
3 8.24 8.16 8.24
4 8.08 7.86 8.35
5 8.29 7.97 8.23
6 8.42 8.25 8.59
cove 10.14 9.02 10.58

11 March 1966 1 9.41 9 . U 9.42
2 9.26 9.19 9.41
3 9.21 9.39 9.38
4 9.39 9.21 9.39
5 9.28 9.25 9.47
6 9.28 9.04 9.31

cove — — -
13 May 1966 1 7.32 7.28

2 7.25 7.17 —

3 7.52 7.43 -

4 7.17 7.10 —

5 7.44 7.23 -
6 7.25 7.07 —
cove -
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APPENDIX B - Continued

Date Tube # Sunset
gms Og/l-P 
Sunrise Sunset

20 June 1966 1 5.32 5.36 5.92
2 5.24 5.19 5.58
3 6.39 6.03 6.36
4 6.11 6.03 6.17
5 5.SO 5.70 6.11
6 6.43 6.55 6.49
cove 6.34 6.47 6.73

27 July 1966 1 7.88 7.53 9.84
2 7.97 6.96 8.55
3 8.65 7.65 9.29
4 9.07 8.00 9.26
5 9.40 8.49 9.88
6 10.03 8.90 9.84
cove 7.62 2.30 9.38

9 August 1966 1 3.94 3.62 3.80
2 4.77 3.09 3.54
3 5.32 3.65 3.69
4 3.24 1.81 -
5 5.42 2.98 -
6 6.25 4.71 -
cove 5.40 2.55 5.82
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APPENDIX C. Phytoplankton and Benthic Gross Photosynthesis Measure
ments for Fool Hollow Lake.

Date
gms

Tube #________Sunset________Sunrise________Sunset
19 August 1965

15 October 1965

25 March 1966

3 June 1966

1 9.12
2 15.84
3 15.53
4 12.94
5 12.50
6 11.12
cove 24.49
1 10.21
2 10.14
3 8.82
4 8.94
5 10.80
6 11.49
cove 12.24
1 8.48
2 8.54
3 8.44
4 8.62
5 8.42
6 8.90
cove -

1 6.47
2 6.52
3 6.58
4 6.76
5 7.18
6 6.99
cove 6.22
1 1.65
2 1.54
3 2.19
4 2.16
5 1.87
6 1.89
cove 2.14

7.73 8.54
13.59 13.63
13.73 14.79
10.03 10.18
3.52 8.67
9.51 10.08

14.07 19.71

7.39 7.89
7.34 7.65
6.96 7.36
7.38 8.54
3.95 9.51
9.15 10.81
8.15 10.02

8.25 8.56
3.19 8.51
8.20 8.52
8.22 8.69
8.13 8.41
8.37 8.95

6.10 7.02
5.78 7.16
4.90 6.49
6.49 7.28
6.65 7.23
6.72 7.28
6.16 6.55

1.13 1.08
1.26 1.24
1.32 1.52
1.40 1.43
1.18 1.33
1.13 1.22
1.30 3.56

12 July 1966
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APPENDIX C - Continued

Date Tube # Sunset
gms Og/M^ 
Sunrise Sunset

6 August 1966 1 3.65 3.39 4.66
2 4.82 4.17 4.54
3 5.23 4.30 4.73
4 4.29 3.50 4.03
5 4.49 3.53 4.41
6 5.47 4.33 4.33
cove 5.23 3.89 6.49
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APPENDIX D. Phytoplankton and Benthic Gross Photosynthesis Measure
ments Cor Woods Canyon Lake.

Date Tube # Sunset
gms
Sunrise Sunset

22 August 1965 1 7.51 7.09 7.46
2 7.40 7.13 7.47
3 6.65 6.08 7.25
4 7.56 7.25 7.62
5 7.42 7.06 7.54
6 7.47 7.26 7.54
cove 7.76 7.13 7.68

12 September 1965 1 6.97 6.78 7.15
2 7.23 6.93 7.21
3 7.28 6.91 7.25
4 7.24 7.03 7.25
5 7.17 6.83 7.27
6 7.09 6.82 7.13
cove 6.91 6.98 7.01

29 October 1965 1 7.34 7.31 7.53
2 7.40 7.09 7.50
3 7.59 7.50 7.53
4 7.57 7.38 7.62
5 7.70 7.58 7.65
6 7.66 7.53 7.75
cove 7.69 7.54 7.61

29 April 1966 1 6.46 6.60 6.69
2 7.60 7.49 7.70
3 5.82 5.99 6.45
4 6.10 5.93 6.31
5 7.4.0 7.33 7.52
6 5.94 5.95 6.43
cove — — —

20 June 1966 1 5.32 5.36 5.92
2 5.24 5.19 5.58
3 6.39 6.03 6.36
4 6.11 6.03 6.17
5 5.80 5.70 6.11
6 6.43 6.55 6.49
cove 6.84 6.47 6.73
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APPENDIX D - Continued

Date
gms 02/M^

Tube tf________Sunset________Sunrise________Sunset

25 July 1966 1 5.81 5.54 6.31
2 4.93 4.96 5.21
3 5.43 5.52 5.56
4 5.50 5.34 5.54
5 5.80 5.43 5.53
6 4.13 4.22 4.82

cove 6.43 6.31 6.65
1 4.84 4.90 4.96
2 4.73 4.90 4.97
3 4.77 4.68 4.61
4 4.55 4.85 5.01
5 4.90 4.57 4.90
6 4.41 4.18 4.90
cove 6.25 5.94 6.02

13 August 1966



APPENDIX E. Concentrations (mg/l) of selected chemical factors from Trout Creek, tributary to Hawley Lake

Collection
Dates

Discharge
(cfs) oH TD3

Phth.
Alkalinity

M. 0.
Alkalinity Nitrate

Ortho
phosphate

Total
Phosphate

14 Aug. 1965 0.60 - 63 0 48 1.55 0.21 0.32
8 Sept. 1965 0.50 7.7 90 0 70 0.30 0.25 0.47

25 Sept. 1965 0.50 6.8 84 0 30 - 0.16 0.39
11 Nov. 1965 0.25 7.7 83 0 54 0.05 0.16 0.39
25 Nov. 1965 3.00 8.0 60 0 30 0.50 0.19 0.43
24 Feb. 1966 . 1.00 7.7 55 0 48 0.56 0.15 0.68
16 April 1966 1.20 7.3 45 0 24 0.10 0.09 0.19
15 May 1966 0.50 7.7 75 0 38 0.05 0.17 0.34
1 June 1966 0.25 7.8 76 0 46 0.02 0.17 0.38
18 June 1966 0.25 7.9 80 0 50 0.02 0.19 0.57
14 July 1966 0.15 7.8 89 0 54 0.02 0.17 0.62
23 July 1966 0.15 7.8 82 0 52 0.00 0.26 0.53
4 Aug. 1966 0.80 7.8 80 0 44 0.02 0.19 0.59

H



APPENDIX F. Concentrations (mg/l) of selected chemical factors from Porcupine Creek, tributary to 
Hawley Lake.

Collection
Dates

Discharge
(cfs) pH TDS

Phth.
Alkalinity

M. 0.
Alkalinity Nitrate

Ortho
phosphate

Total
Phosphate

14 Aug. 1965 4.50 - 63 0 35 1.35 0.11 0.26

8 Sept. 1965 0.40 7.1 66 0 30 1.05 0.41 0.46

25 Sept. 1965 0.40 7.8 89 0 41 0.05 0.16 0.44
11 Nov. 1965 0.30 7.6 87 0 50 0.15 0.06 0.26
25 Nov. 1965 2.00 7.8 53 0 30 0.50 0.07 0.25
16 April 1966 6.00 7.6 41 0 20 0.00 0.02 0.09

15 May 1966 0.40 7.5 42 0 18 0.04 0.04 0.19
1 June 1966 0.30 7.8 57 0 48 0.29 0.11 0.28

18 June 1966 0.30 7.8 76 0 46 0.00 0.11 0.26

14 July 1966 0.20 8.2 88 0 52 0.04 0.11 0.38

28 July 1966 0.20 7.9 71 0 42 0.01 0.12 0.31
4 Aug. 1966 4.50 7.5 51 0 26 0.13 0.06 0.23

coto



APPENDIX G. Concentrations (mg/l) 
Hawley Lake.

Of !selected chemical factors from unnamed inflow "A", tributary to

Collection
Dates

Discharge
(cfs) . PH TDS

Phth.
Alkalinity

M. 0.
Alkalinity Nitrate

Ortho
phosphate

Total
Phosphate

14 Aug. 1965 0.40 59 0 35 0.85 0.07 0.16
8 Sept. 1965 0.20 7.6 74 0 44 - 0.07 0.24
11 Nov. 1965 0.03 6.7 60 0 32 0.05 0.24 0.26
25 Nov. 1965 1.00 7.8 40 0 22 0.75 0.02 0.02
24 Feb. 1966 0.40 6.6 43 0 24 0.50 0.11 0.36
16 April 1966 0.60 7.1 37 0 20 0.10 0.06 0.12
15 May 1966 0.20 6.8 50 0 26 0.00 0.06 0.30
1 June 1966 0.02 7.4 53 0 26 0.04 0.12 0.23
18 June 1966 0.02 7.0 66 0 34 0.02 0.17 0.33
4 Aug. 1966 0.20 7.5 50 0 26 0.17 0.19 0.44

ocv>



APPENDIX H. Concentrations (mg/l) 
Hawley Lake.

of 1selected chemical factors from Unnamed inflow "B", tributary to

Collection
Dates

Discharge
(cfs) PH _TD3

Fhth.
Alkalinity

M. 0.
Alkalinity Nitrate

Ortho-
ohosnhate

Total
Phosphate

14 Aug. 1965 0.70 60 0 41 0.45 0.14 0.14
8 Sept. 1965 0.05 7.1 85 0 63 0.90 0.12 0.23
11 Nov. 1965 0.03 7.6 67 0 40 0.05 0.06 0.12

25 Nov. 1965 4.00 8.0 43 0 42 0.60 0.14 0.42
16 April 1966 1.10 7.5 35 0 18 0.50 0.12 0.16

15 May 1966 0.05 7.2 44 0 20 0.00 0.11 0.17
1 June 1966 0.03 7.6 47 0 30 0.02 0.09 0.26
18 June 1966 0.03 7.8 63 0 36 0.03 0.09 0.16
28 July 1966 0.03 7.7 77 0 48 0.00 0.07 0.36
4 Aug. 1966 1.10 7.6 51 0 30 0.07 0.11 0.66



APPENDIX I. Concentration 
Hollow Lake.

(mg/l) of selected chemical factors from Show Low Creek, tributary to Fool

Collection
Dates

Discharge
(ofs) dH TD3

Fhth.
Alkalinity

M. 0.
Alkalinity Nitrate

Ortho
phosphate

Total
Phosphate

19 Aug. 1965 1.4 - 278 0 169 1.15 3.92 4.86

10 Sept. 1965 1.4 7.2 244 0 150 0.65 2.94 6.04

15 Oct. 1965 0.8 7.8 - 0 216 0.75 6.48 8.03

31 Oct. 1965 0.7 7.7 380 0 250 0.95 4.29 10.40
7 Jan. 1966 3.2 - 190 0 120 1.90 0.34 0.34

12 March 1966 16.0 7.5 69 0 46 0.50 0.05 0.10

30 April 1966 0.6 7.7 305 0 177 0.00 4.49 4.49

4 June 1966 0.8 7.7 271 0 163 0.06 5.05 5.65

19 June 1966 0.8 7.8 338 0 190 0.07 8.80 8.80

13 July 1966 1.4 7.6 276 0 158 0.14 6.50 7.85

23 July 1966 1.8 7.5 190 0 114 0.10 4.13 4.98

6 Aug. 1966 2.4 7.4 194 0 104 0.11 0.20 2.10

7 Jan. 1966 1.3 - 80 0 56 0.80 0.40 0.49
7 Jan. 1966 1.3 — 134 0 76 0.40 0.21 0.30

CO



•APPENDIX J. Concentration (zng/l) of selected chemical factors from ditch, tributary to Becker Lake

Collection
Dates

Discharge
(cfs) oH TDS

Phth.
Alkalinity

M. 0.
Alkalinity Nitrate

Ortho-
ohosohate

Total
Fhoschate

26 Nov. 1965 1.5 - 115 0 64 0.70 0.16 0.30

25 Feb. 1966 1.5 8.0 148 0 102 0.43 0.16 0.48
12 March 1966 1.5 7.7 124 0 88 0.80 0.18 0.21
16 April 1966 1.5 8.0 78 0 48 0.10 0.12 0.30

APPENDIX K. Concentration (mg/L) of selected chemical factors from Woods Canyon Creek and an unnamed
Creek, both tributaries to Woods Canyon Lake.

Creek and
Collection
Dates

Discharge
(cfs) oH TDS

Phth.
Alkalinity

M. 0.
Alkalinity Nitrate

Ortho
phosphate

Total
Phosphate

Unnamed Greek
26 March 1966 2.50 7.3 25 0 11 1.00 0.07 0.07
Woods Canyon Creek
29 April 1966 0.05 7.4 26 0 12 0.05 0.02 0.11
Woods Canyon 1Creek

25 July 1966 0.03 6.0 36 0 10 0.11 0.11 0.44
00o
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