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ABSTRACT

Physicochemical limnology of Keystone Reservoir during 1965-66
was compared to 1966-67. Spatial and temporal variations in the
rate of community metabolism in the Cimarron arm during 1966-67
were estimated by the 02 curve method. Structural aspects of the
plankton community were examined in an effort to explain variations
in community function. Phosphorus and oxygen budgets of the Cim
arron arm during 1966-67 were estimated by mass-balance calcula
tions. The 02 curve method was evaluated as a means of estimating
community metabolism of reservoirs.

A change from epilimnetic reservoir discharge during 1965-66
to hypolimnetic discharge during 1966-67 produced marked differ
ences in the intensity of stratification, circulation patterns and
effects of impoundment on water quality. During 1965-66, highly
mineralized Cimarron River water, which formed an underflow along
the bottom of the Cimarron arm, built up in volume behind the dam
and flowed up the Arkansas arm, undercutting lighter water of
Arkansas River origin. Salt-heavy water formed partial meromixis
below 12 m of depth. Underflows of cool, aerated Cimarron River
water into the rnonirnolimnion produced mesotherrny and a negative
heterograde oxygen distribution during the winter. During the
summer, stable thermal stratification imposed upon chemical strati
fication resulted in a thermocline at 5 m of depth and an extreme
clinograde oxygen distribution with anoxia below 8 m.

During 1966-67, the Cimarron River underflow was discharged
through sluce gates and no build-up of salt-heavy water occurred.
Seasonal thermal stratification was similar to that of warm mono
mictic lakes. Water from the Arkansas River formed an overflow
down the Arkansas arm and up the Cimarron arm for approximately
30 km above the dam before turning and flowing back through the
Cimarron arm as a downstream interflow. An underflow occurred up
the Arkansas arm for a distance of at least 20 km above the dam.
Retention times of various water masses varied from 6 to 48 days.
Temperature, conductivity, turbidity, dissolved oxygen, carbonates,
and pH decreased as water flowed through the reservoir, while bi
carbonates and carbon dioxide increased.

Surface and subsurface currents measured by the free-drag
method had an average velocity of 3.02 ± 0.44 m min- l Approximately
86% of the average annual inflow of suspended solids from the
Cimarron River was lost to sediments. The average annual heat
budget of Keystone Reservoir was 17,217 cal cm-2 , and the reservoir
had an average negative winter heat income of -995 cal cm-2



Concentrations of total phosphorus increased with depth and
decreased downstream. Total phosphorus content of the Cimarron
arm increased from 14.3 to 45.8 metric tons between September 1966
and August 1967. Of the 108.3 metric tons of total phosphorus
contributed by the Cimarron River, 38.3% was retained in the
reservoir. Approximately 74% of the amount retained appeared as
an increase in phosphorus content of the water, and 26% apparently
was lost to sediments.

A computer program was developed to compute rates of community
metabolism from 02 changes. Mean gross productivity (Pg) ranged
from 11.34 g 02 m-2 day-l at Station I to 38.63 at Station IV, and
mean total community respiration (Rt) ranged from 11.04 g 02 m-2
day-l at Station I to 54.12 at Station IV. On the average auto
trophic conditions existed at Stations I and II, and heterotrophic
conditions existed at Stations III and IV. Annual means of
efficiency of Pg were 1.97% for Station I, 3.87% for Station II,
6.35% for Station III, and 8.23% for Station IV. An inverse re
lationship between efficiency and solar radiation and a direct
relationship between efficiency and Pg were observed. Direct re
lationships between Pg and chlorophyll a and between Rt and bio
mass existed between Stations I and II,-but inverse relationships
existed among Stations II, III, and IV. Annual mean Rt/biomass
ratios increased from 0.25 at Station I to 0.69 at Station IV,
indicating a greater influence of small organisms with high meta
bolic rates at deeper stations. Pn/biomass ratios decreased from
1.18 at Station I to 0.97 at Station IV and were characteristic of
the first stage of succession.

Biochemical and chemical oxygen demands decreased downstream
and were inversely related to water temperature. Total oxygen
content of the Cimarron arm exceeded potential oxygen demand. Daily
oxygen gains exceeded daily oxygen losses by 40.9 metric tons 02
day-Ion cloudless days. Photosynthetic productivity accounted for
95.2% of average oxygen gains, while atmospheric diffusion-in
accounted for 5.0% and inflows accounted for 0.8%. Community
respiration accounted for 80.0% of average oxygen losses while
diffusion-out accounted for 19.7% and reservoir discharge account
ed for 0.3%.
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SUMMARY

1. Physicochemical limnology of Keystone Reservoir during 1965-66

was compared to 1966-67. Spatial and temporal variations in the rate

of community metabolism in the Cimarron arm during 1966-67 were esti

mated by the 02 curve method. Structural aspects of the plankton

community were examined in an effort to explain variations in community

function. Phosphorus and oxygen budgets of the Cimarron arm during

1966-67 were estimated by mass-balance calculations. The 02 curve

method was evaluated as a means of estimating community metabolism of

reservoirs.

2. All reservoir discharges were made from the epilimnion between

August 1965 and July 1966. Between August 1966 and August 1967, water

was released from the hypolimnion. The change in discharge level pro

duced marked differences in the intensity of stratification, circula

tion patterns, and effects of impoundment on water quality.

3. During 1965-66, highly mineralized Cimarron River water which

formed an underflow along the bottom of the Cimarron arm built up in

volume behind the dam and flowed up the Arkansas arm, undercutting

lighter water of Arkansas River origin. Salt-heavy water formed

partial meromixis below 12 m of depth. Underflows of cool, aerated

Cimarron River water into the monimolimnion produced mesothermy and a

negative heterograde oxygen distribution during the winter. During the
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summer, stable thermal stratification imposed upon chemical stratifica

tion resulted in a thermocline at S m of depth and an extreme clino

grade oxygen distribution with anoxia below 8 m.

4. During 1966-67, the Cimarron River underflow was discharged

through sluice gates and no build-up of salt-heavy water occurred.

Seasonal thermal stratification was similar to that of warm monomictic

lakes. A fall overturn occurred between September and October 1966.

Except for a density current in the Cimarron arm, complete mixing

occurred during the winter of 1966-67. Heating of surface waters

during May 1967 re-established thermal stratification.

S. During 1966-67, water from the Arkansas River formed an over

flow down the Arkansas arm and up the Cimarron arm for approximately

30 km above the dam before turning and flowing back through the

Cimarron arm as a downstream inter flow. The underflow of Cimarron

water combined with the inter flow of Arkansas water to produce a down

stream mass flow through the lower half of the Cimarron arm greater

than the volume of water being discharged through the dam. The excess

volume, primarily of Arkansas River origin but containing Some water of

Cimarron origin, formed an underflow up the Arkansas arm for a distance

of at least 20 km above the dam.

6. The minimum retention time of the downstream underflow of

Cimarron River water was estimated to be 6 days. The Arkansas River

water which traveled as an overflow down the Arkansas arm and up the

Cimarron arm and then traveled back down the Cimarron arm as an inter

flow to the dam was retained a minimum of 18 days. Water from this

interflow which was not released from the dam and which traveled back

up the Arkansas arm as an underflow and then traveled back down the
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Arkansas arm and up the Cimarron arm as an inter flow and then traveled

back down the Cimarron arm to the dam was retained in the reservoir at

least 48 days.

7. Water quality in Keystone Reservoir was better in all respects

during 1966-67 than during 1965-66. Conductivity and turbidity were

significantly lower in 1966-67 than in 1965-66, while dissolved oxygen

and bicarbonate concentrations were higher.

8. Temperature, conductivity, turbidity, dissolved oxygen, car-

bonates, and pH decreased as water flowed through the reservoir, while

bicarbonates and carbon dioxide increased. Although the change in

reservoir discharge level between 1965-66 and 1966-67 produced an im-

provement in the quality of water in Keystone Reservoir, the change was

detrimental to the quality of reservoir discharge. The change from

epilimnetic discharge to hypolimnetic discharge decreased the effec-

tiveness of the reservoir in reducing conductivity from 78% to 48% and

in reducing turbidity from 92% to 74% and resulted in an increase in

the reduction of di.ssolved oxygen concentration from 1010 to 68'70.

9. Surface and subsurface currents measured by the free-drag

. -1method had an average velocity of 3.02 ± 0.44 m m1n Greatest veloc-

-

-

ities were attained in surface waters when wind driven currents were in

the direction of mass flow. High velocities also were measured in the

Cimarron underflow. Slower currents were observed at mid-depths near

the shearing plane between opposing mass flows and in the upstream

underflow in the Arkansas arm. Speed and direction of surface currents

as measured by the free-drag method were similar to estimates made

using dye plumes. No conclusive evidence of Coriolis effect was ob-

served. Both clockwise and counter-clockwise currents were observed,

iii



with the direction of curvature being determined by proximity to shore,

wind direction, and direction of mass flow.

- 10. -3Concentrations (g m ) of dissolved and suspended solids

-2
generally decreased downstream, while amounts (g m ) increased. Con-

centrations of dissolved solids increased with depth. Concentrations

of suspended solids were highest in the Cimarron underflow and were

relatively uniform at other depths.

11.
-3Concentrations (g m ) of chloride ion on the average were

-
-

equivalent to 32% of the concentration of total dissolved solids and

were equivalent to 24% of the ~mhos of specific conductance. Concen-

-3
trations (g m ) of total dissolved solids on the average were equiva-

lent to 75% of the ~hos of specific conductance. Turbidity units on

the average were equivalent to 96% of the concentration (g m- 3) of

suspended solids.

12. Sediment load of the Cimarron River was not directly propor-

tional to run-off but increased more rapidly with increasing discharge.

Total inflow of suspended solids into the Cimarron arm during 1965·66

was 9.1 times the total inflow during 1966-67, while the annual

Cimarron River discharge during 1965-66 was only 1.3 times the annual

discharge of 1966-67. Approximately 867, of the average annual inflow

of suspended solids from the Cimarron River (212.9 x 103
metric tons)

was lost to sediments. Assuming that the rate of sedimentation during

1965-67 is a valid estimate of the long-term rate of sedimentation, the

Cimarron arm of Keystone Reservoir would have a life expectancy of

about 20 centuries before sediments fill the reservoir to normal power

pool level.
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13. The heat content of Keystone Reservoir varied from a maximum

-2 -2of 21,289 cal cm in August 1965 to a minimum of 3,451 cal cm in

January 1967. The average annual heat budget of Keystone Reservoir was

-217,217 cal cm , and the reservoir had an average negative winter heat

mally as a second-class lake according to the scheme of classification-
income -2of -995 cal cm • Keystone Reservoir would be classified ther-

-
of Birge (1915). Heat gains from differences in the heat content of

inflows and outflows were not as important to the annual heat budget as

solar radiation. Heat gained by inflows, averaged over all heating and

-2cooling periods during 1965-67, was 306 cal cm , and heat lost to out-

flows was 270 cal cm- 2, yielding an average net gain of only 36

-2cal cm . Evaporation heat losses probably were the major source of

heat loss from Keystone Reservoir.

14. Concentrations of total phosphorus in the Cimarron arm ranged

from a minimum of 10 mg P m- 3 at Station III in January 1967 to a maxi

-3mum of 994 mg P m at Station I in August 1967. High concentrations

of dissolved forms of phosphorus usually were associated with low con-

centrations of particulate phosphorus (PP), and high concentrations of

particulate phosphorus usually were associated with low concentrations

of dissolved phosphorus. Dissolved inorganic phosphorus (DIP) and

dissolved organic phosphorus (DOP) occasionally were absent or below

the minimum detectable concentration in surface waters. PP was present

-2with depth and decreased downstream, while amounts (mg m ) increased

-
...

in all samples collected during

In general, concentrations

1966-67.

-3(mg m ) of total phosphorus increased

-
-
-

downstream. The annual mean concentration of DIP at Station IV was

48.8% higher than the annual mean concentration of DIP in the rest of

v



the Cimarron arm, excluding Cimarron River data. This increase in DIP

at Station IV supports the hypothesis that water in the lower end of

the Cimarron arm during 1966-67 was primarily of Arkansas River origin,

since phosphate concentrations in the Arkansas arm averaged 48% higher

than phosphate concentrations in the Cimarron arm in 91 observations

made by the U. S. Geological Survey during 1965-66.

Concentrations of phosphorus were greatest in the density current

flowing along the bottom of the Cimarron arm. Reductions in PP between

Stations I and II of 48% and between Stations II and III of 57% closely

paralleled reductions in suspended solids between Stations I and II of

46% and between Stations II and III of 58%. This relationship suggests

that high concentrations of phosphorus at Station I probably were due

to phosphorus associated with silt and clays suspended in Cimarron

River inflows.

15. In general, total phosphorus content increased throughout

1966-67, with most significant increases occurring during high inflows

of the Cimarron River in June and July. Temporal variations in total

phosphorus content closely followed variations in content of PP, which

was the most abundant form of phosphorus during most of the year.

The gain in total phosphorus content of the Cimarron arm from 14.3

to 45.8 metric tons between September 1966 and August 1967 represents

an increase of 32070. This rate of increase is larger than any other

known from the literature and is 12.8 times the rate of increase of

phosphorus in Lake Erie during the past 20 years. Of the 108.3 metric

tons of total phosphorus contributed by the Cimarron River, 38.3% was

retained in the reservoir. Approximately 74% of the amount retained

appeared as an increase in phosphorus content of the water, and the
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remaining 26% apparently was lost to sediments by chemical precipita

tion and sedimentation of particulate matter. Of the 17.0 metric tons

of PP retained in the reservoir, 1.5 metric tons of PP were converted

to other forms of phosphorus by biological activity. Approximately 0.8

metric tons were converted to DIP, and 0.7 metric tons were converted

to DOP. These calculations based on only a l2-month observation period

may either underestimate or overestimate the actual long-term rate of

eutrophication of Keystone Reservoir.

16. A computer program was developed to compute rates of communi

ty metabolism from 02 changes occurring during a Z4-hr period. The

program performed a valid 02 curve analysis of approximately 9070 of the

data tested. Average coefficients of variation for the method in

Keystone Reservoir ranged from 2.7% at Station I to 9.4% at Station IV

for gross productivity (Pg) and 1.7% at Station I to 11.7% at Station

IV for total community respiration (Rt).

17. Slopes of least squares regression lines fitted through

observed "daytime" negative rates of 02 change in laboratory microcosms

were significantly less (a ~ 0.05) than zero, suggesting an increase in

the rate of respiration during the day. Slopes of regression lines

were not significantly different (a ~ 0.05) from slopes of hypothetical

daytime respiration lines drawn between pre-sunrise and post-sunset

negative rates-of-change.

18. The average rate of Pg as estimated by the 0z curve method

was equivalent to 0.69 of the pH-CO
Z

curve estimate and 1.95 of the

Light & Dark bottle estimate in eight laboratory microcosms containing

water from Keystone Reservoir. Rt estimated by the 0z method averaged

0.54.of the pH-COZ estimate and 2.35 of the L & D bottle estimate.
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A similar pattern of variation in Pg and Rt among microcosms was ob-

tained with pH-C02 and 02 curve methods. No significant differences

(a = 0.05) in Pg and Rt were detected among microcosms by L & D bot-

tIes, which apparently inhibited metabolic rates.

19. During 1966-67, 176 oxygen curves were obtained from the

Cimarron arm of Keystone Reservoir. Mean Pg ranged from 11.34 g

-2 -1
02 m day at Station I to 38.63 at Station IV, and mean Rt ranged

-2 -1
from 11.04 g 02 m day at Station I to 54.12 at Station IV. Pg/Rt

ratios indicated that on the average autotrophic conditions existed at

Stations I and II, and heterotrophic conditions existed at Stations III

and IV .

Depth-weighted annual means of community metabolism showed a

different spatial variation than area-based estimates, with the average

3rate of Pg per m of euphotic zone (EZ) highest at Station I and lowest

at Station II. The spatial variation of average Rt m- 3 was similar to

that of Pg with a maximum at Station I and a minimum at Station II.

20. Pg and Rt as measured by the 02 curve method during 1966-67

greatly exceeded Pg and Rt measured by the L & D bottle method during

1965-66. Estimates of Pg by the 02 curve method during 1966-67 also

greatly exceeded estimates of Pg during 1966-67 made by Spangler (1969)

using the chlorophyll-light intensity method of Ryther and Yentsch

(1957).

21. Temporal variations in Pg and Rt were large. Patterns of

variation at Stations I and II were distinct, while patterns of varia-

tion at Stations III and IV were similar. Pg varied from a minimum of

-2 -1
2.09 g 02 m day at Station I in January 1967 to a rraximum of 129.77

g 02 m- 2 day-l at Station IV in November 1966. Rt vari'ied from a

!
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-2 -1
minimum of 1.12 g 02 m day at Station I in January 1967 to a maxi-

-2 -1mum of 171.20 g 02 m day at Station IV in November 1966 .

22. High metabolic rates which occurred at relatively low light

intensities during the fall and winter at Stations III and IV may have

been caused by unidentified small green cells, which were by far the

most abundant form in surface waters.

23. A relationship between the magnitude of Pg and Rt and the

trophic state of the plankton community apparently existed. When Pg

and Rt were high, Pg/Rt ratios were low. When Pg and Rt were low,

Pg/Rt ratios were high.

24. Rates of community metabolism in Keystone Reservoir during

1966-67 were within the range of rates estimated by 02 and pH-C02 curve

methods for other waters. Metabolic rates in Keystone exceeded the

maximum rates obtained by 14C and L & D bottle methods in other waters.

When a consideration of water depth is made, the highest rates of

community metabolism were obtained by 02 curve analysis of oxygen data

of George (1961) for a shallow pond in Delhi, India (Pg = 52.1 g

-2 -1 -2 -1
02 m day and Rt = 41.7 g 02 m day).

25. Solar radiation on clear days when estimates of community

metabolism were made always exceeded monthly averages. Solar radiation

- 2 -1ranged from a minimum of 253 g cal cm day in December 1966 to a

-2 -1maximum of 658 g cal cm day in July 1967. No apparent relationship

existed between rates of Pg and Rt and solar radiation. Solar radia-

tion apparently did not limit photosynthesis and no evidence of photo-

inhibition due to high light intensities was found.

26. Annual means of efficiency of Pg were 1.97% for Station I,

3.87% for Station II, 6.35% for Station III, and 8.23% for Station IV.
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Efficiencies of Pg found in Keystone Reservoir were in the upper range

of those reported in the literature. Variations in Pg, solar radia-

tion, and efficiency during eight consecutive days at Station III in

August 1967 indicated an inverse relationship between efficiency and

solar radiation and a direct relationship between efficiency and Pg.

27. Direct relationships between Pg and chlorophyll ~ and between

Rt and biomass existed between Stations I and II, but inverse relation-

ships existed among Stations II, III, and IV. Concentrations of chlo-

rophyll ~ in the EZ decreased between Stations II, III, and IV, while

- 3 -1Pg (g 02 m of EZ day ) increased. Average biomass concentrations in

the water column decreased between Stations II, III, and IV while Rt

- 3 -1
(g 02 m day ) increased. A relation between average organism size

and rate of community metabolism was suggested by relatively high

values of Rt occurring at relatively low concentrations of biomass at

Stations III and IV during September and November 1966 and January 1967

when species diversity was extremely low and small unidentified ~-cells

were abundant.

28. Diatoms were by far the most abundant phytoplankter and

probably made a significantly greater contribution to biomass than did

bacteria at Station I. Greater seasonal changes in plankton occurred

at Stations II, III, and IV than at Station I. In general, solitary

Chlorophyta were the most abundant form of phytoplankton, with diatoms

and bluegreens in lesser abundance. Bluegreens were most abundant

during late summer and fall. Diatoms were most abundant at Stations

II, III, and IV in the spring. A large bloom in desmids was observed

at all stations during May and early June 1967. Green ~-cells were

common to abundant in the surface waters of Station IV during most of

x
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1966-67. The greater influence of small organisms with high metabolic

rates at the deeper stations was shown by increases in annual mean

Rt/biomass ratios from 0.25 at Station I to 0.69 at Station IV.

29. Pn/biomass ratios decreased from 1.18 at Station I to 0.97 at

Station IV, and ratios at all stations were characteristic of the first

stage of succession proposed by Marga1ef (1958). Immaturity of the

reservoir ecosystem was also suggested by large temporal variations in

community structure and function and by high rates of community

metabolism.

30. Patchiness of the plankton population increased downstream

and decreased with depth. Average variation in Pg and Rt among sub-

2stations within a sampling area was lowest at Station I (s of Pg •

0.10, s2 of Rt • 0.04) and highest at Station IV (S2 of Pg • 21.10,

s2 of Rt • 39.88). Analyses of variation of biomass among substations

within depths gave coefficients of variation of 32% at 1 m, 19% at 8 m,

and 2% at 14 m. The high coefficients of variation for samples at 1

and 8 m of depth were indicative of the patchiness of the phytoplankton

population in the epi1imnion. The low coefficient of variation at 14 m

of depth indicated a lack of patchiness of seston in the hypolimnion.

In future studies the number of substations within a sampling area

should be increased downstream as the reservoir becomes wider to pro

vide a better estimate ~f the true population mean.

31. Annual mean concentrations of 5-day BOD decreased from 3.8 g

The BOD reaction constant k, which is an indication of

-3 -3
02 m at Station I to 1.1 g 02 m

-3 -3from 11. 2 g O2 m to 4.5 g O
2

m ,

-3
to 18 g 02 m

at Station IV, 20-day BOD decreased

-3
and COD decreased from 176 g O

2
m

-
the biodegradability of organic matter, decreased between Stations I

Xi
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and IV. No significant differences in average concentrations of BOD

and COD or in BOD k values were found among depths within stations.

Highest concentrations of BOD and COD "ere present in cold months, and

lowest concc~trations were pre~e~t in warm months. BOD k values gener-

ally were higher in winter than in summer. BOD concentrations in

Keystone Reservoir were within the range of concentrations reported

for other reservoirs. COD concentrations in Keystone Reservoir gener-

ally were high,,, than values reported for other reservoirs.

32. Total oxygen content of the Cimarron arm exceeded potential

oxygen demand on all sampling dates. However, since estimates of oxy-

gen content were made only on clear days, they must be considered as

maximum values, and on Some cloudy days potential oxygen demand may

have exceeded total oxygen content. The relationship between oxygen

content and potential oxygen demand was most favorable during November

and December 1966 when the reservoir would have had more than 6.5 g

O2 m- 3 if the potentia] oxygen demand had been exerted. During June,

July, and Augnst1967, exertion of the potential Qxygen demand would

-3
have redec-ed averd.ge oxvge n concentrations below 4 g 02 rn

33. The da i.l) oxyg;::1 budget was calculated fo~ each of the 11

cloudless sampling dates during 1966-67. Daily oxygen gains exceeded

-1
calculated daily oxygen losses by 40.9 metric tons O2 day The mean

calculated net gai.n Unde1'83t:i.mated the. mean observed gain by 17.4

-]
metric tons 02 day. Pg 2~d Rt were the dominant factors in determin-

ing the oxygen balance of the Cimarron arm on clear days. Photosyn-

thetic productivity accounted for 95.2'; of the total oxygen gains,

while atmospheric diffu,ic'n-in accounted for 4.07, and inflows accounted

for 0.8'7.. Commu"ity respiration accounted for 80.07, of the average

xii
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oxygen loss, while diffusion out of the water accounted for 19.7% and

reservoir discharge accounted for 0.3%. The observed gain on clear

days was approximately 39 times the annual mean daily gain. This

relationship indicates the in,portance of clear days to the annual

oxygen budge t.

34. Greatest sources of error in the 02 curve method appear to

be estimation of the atmospheric reaeration constant and horizontal

movements of water masses of different metabolic history through the

sampling area during periods of measurement. Errors due to horizontal

water movements were eliminated in the present study by averaging

observations at several substations within a sampling area. The number

of substations required to eliminate errors depended on the heterogene

ity of oxygen concentrations within the sampling area and on the

velocity of horizontal water movements. In general, the number of sub

stations required increased as surface area and depth increased, with a

minimum of three substations required in the downstream reaches.

35. The metabolism of a reservoir can be estimated most accurate

ly by determining the average concentration of dissolved oxygen at each

meter of depth, multiplying each mean by the volume of water contained

in the layer, and using the sum of the products to make an 02 curve

analysis. Depth-weighted analyses give more weight to the euphotic

zone, which may be shallow in depth but large in volume. The average

Pg/Rt ratio in Keystone Reservoir calculated from unweighted estimates

of Pg and Rt (rates per unit area) was 0.98 for 11 clear days during

1966-67. The average Pg/Rt ratio calculated from volume-weighted

estimates of Pg and Rt was 1.24.
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36. The 3-point method of analysis of 02 changes used by

McConnell (1962) in carboy microcosms and by Welch (1968) in Lago

Pond, Florida, probably underestimates Pg and Rt. 02 curves from

Keystone Reservoir indicated that the time of minimum and maximum

oxygen concentrations in natural waters are not consistent. The times

of minimum and maximum oxygen concentrations in laboratory microcosms

under controlled lighting conditions probably are more predictable.

Three-point estimates averaged 91% of Pg and 87% of Rt in eight labora

tory microcosms and 71% of Pg and 52% of Rt in Keystone Reservoir when

compared to 02 curve estimates.

xiv



INTRODUCTION

The Reservoir Research Center of Oklahoma State University

initiated studies of the physicochemical limnology and community

structure and function of Keystone Reservoir in June 1965. Key

stone Reservoir was chemically stratified during all seasons of

1965-66 (Eley, Carter, and Dorris 1967), and stratification was

upset only by large floods (Carter and Eley 1967). Physicochem

ical conditions influenced benthic community structure, with

species diversity decreasing in deeper waters which had low con

centrations of dissolved oxygen and high conductivity (Ransom

1969). Reductions in concentrations of chlorophylls and caroten

oids downstream and with depth indicated that physicochemical

conditions also caused spatial variations in plankton community

structure (Spangler 1969). Concentrations of organic compounds

collected by the carbon-absorption method were higher in the

Arkansas arm than in the Cimarron arm of Keystone Reservoir, and

concentrations of organics in Keystone were higher than most

published values from other waters (Burks 1969). Falls (1969)

investigated chemical equilibria in Keystone Reservoir and con

cluded that concentrations of the major dissolved inorganic chem

ical components could be duplicated by a 10 point equilibrium
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model. The model was based on the hypothesis that waters orig

inally in equilibrium with the common evaporite and clay minerals

in large areas of the Great Plains were diluted by fresher waters

not exposed to the evaporite minerals as they flowed toward the

reservoir.

The present study was designed to obtain basic data on the

physicochemical limnology and community metabolism of Keystone

Reservoir during the second and third years of impoundment.

This study was supported by funds granted by the Office of

Water Resources Research, U. S. Department of the Interior; the

Oklahoma Oil Refiner's Waste Control Council; the Federal Water

Pollution Control Administration and the Oklahoma Department of

Wildlife Conservation and the U. S. Army Corps of Engineers through

the Oklahoma Fish and Game Council.
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KEYSTONE RESERVOIR, THE STUDY AREA

Keystone Reservoir, located on the eastern edge of the Great

Plains, is part of the multiple-purpose Arkansas River Project.

The reservoir was formed by impounding the Arkansas River approximately

20 km upstream from Tulsa, Oklahoma, and was filled to power pool level

(elevation 220 m Mean Sea Level) in April 1965. The impoundment was

designed by the U. S. Army Corps of Engineers for flood control, hydro-

electric power generation, recreation, and navigational purposes.

The two chief tributaries of the reservoir are the Arkansas and

Cimarron Rivers which converge about 3 km above the dam to form the two

main arms. The narrow, meandering arms follow the old channels of the

Arkansas and Cimarron Rivers. The Arkansas arm flows generally in a

northwest to a southeast direction and the Cimarron arm flows in a

west-southwest to east-northeast direction. The reservoir has a sur-

6 2 6 3 .face area of 106,5 x 10 m and a volume of 817.8 x 10 m wIth a mean

depth of 7.7 m and a maximum depth of 22.9 m at normal power pool level

(220 m Mean Sea Level) (Table I). Water can be released from the

reservoir through tainter or flood gates, sluice gates, or power pen-

stocks which are 1.2, 20.1, and 21.5 m, respectively, below power pool

level.

Numerous small creeks draining agricultural and woodland areas

flow into the reservoir along both arms. Six towns ranging in

3
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population from 200 to 4,000 and several real estate developments are

located on the shores of the reservoir. Housing developments use

septic tanks for waste disposal. Towns use open bio-oxidation lagoons

for sewage treatment. Overflow of lagoons during large rains and seep-

age from both lagoons and septic tanks probably contribute nutrients to

the reservoir as well as to the ground water aquifer.

TABLE I

MORPHOMETRIC DATA OF KEYSTONE RESERVOIR

-
Total Cimarron Arm Arkansas Arm

Total Drainage Area (109m2) 192.9 48.3 144.6

Contributing Drainage 9 2 57.9 14.5 43.4Area (10 m )

Surface * 6 2 106.5 42.6 63.9Area (10 m )

* (106m3)Volume 817.8 291.3 526.5

*Mean Depth (Z in m) 7.7 6.8 8.2

*Maximum Depth (Z in m) 22.9 20.4 22.9

*Development of Volume (Z/Z max) 0.34 0.33 0.36

-

-

-

*At normal power pool level (220 m MSL) from records of the U. S.
Army Corps of Engineers.
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The Drainage Basin

The Arkansas and Cimarron river systems provide a total drainage

area of 192.9 x 109 m2 which extends from the Rocky Mountains in

Colorado across southern Kansas and northern Oklahoma. The contribut

ing drainage area of 57.9 x 109 m2 produces an average annual flow in

9 3the Arkansas River at Tulsa of about 5.6 x 10 m (Dover et al. 1968).

Most of the moisture in the drainage area is brought in by air

currents moving northward from the Gulf of Mexico (Dover et al. 1968).

Frontal-cyclonic rainfall is produced by moist air from the Gulf meet-

ing cooler dry air masses moving southward from the continental interi-

or. Convection rainfall caused by daytime heating also is an important

type of precipitation. Average annual rainfall in the drainage basin

ranges from above 41 cm in the High Plains in western Oklahoma to 80 cm

in the east. There are considerable variations in seasonal and annual

rainfall. Annual rainfall amounts during the period of this study

ranged from 49.5 cm in 1966 to 81.2 cm in 1967 (Table II). Most of the

annual precipitation occurs between April and September with May and

June normally the wettest months of the year (Fig. 1). Winter is the

dry season of the year with low precipitation in the drainage basin

from October through March. The eastern edge of the basin has an

average annual air temperature of about 15 C. Temperature changes are

often rapid as is typical of a continental climate. Average monthly

temperatures range from near 0 C in December, January, and February to

near 30 C in June, July, and August.
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- TABLE II

MEAN ANNUAL AIR TEMPERATURE AND PRECIPITATION
FOR TULSA, OKLAHOMA, U. S. WEATHER BUREAU

1965 1966 1967 x

.- Mean air temperature (C) 16.0 14.8 14.8 15.2

-
Precipitation (em) 62.2 49.5 81.2 64.3

- Despite low precipitation and a high rate of evaporation in

western parts of the drainage basin, nearly perennial flow in the

Cimarron River is maintained by springs and seeps from a huge ground-

water reservoir underlying the High Plains of western Oklahoma (Dover

et al. 1968). Water from the principal aquifer, located in a layer of

sand and gravel known as the High Plains deposit, is of the calcium-

magnesium bicarbonate type with a total dissolved solids content of

-3about 400 g m and has a low sodium content, usually less than

-
-325 g m Smaller aquifers located in alluvial deposits of the

...
Cimarron River and smaller streams supply water of more erratic quali-

-3
ty, often containing sulfate concentrations as high as 2,000 g m and

The Cimarron River takes on entirely different characteristics as

highly mineralized water, water of the Cimarron River in the western

suitable for irrigation purposes.

part of the Oklahoma Panhandle is generally of good quality and is

Despite these sources of-3total dissolved solids exceeding 3,000 g m

...

...

-

-
it flows through natural salt and gypsum deposits in the Permian
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redbeds of Harper, Woodward, Major, and Woods counties in western

Oklahoma (Dover et al. 1968). The redbeds contain three massive layers

of halite and gypsum. The Cimarron River in many places has eroded a

channel 30 m deep into the bedrock. Ground water moving along frac-

tures and joints in the Permian beds dissolve gypsum and halite and in

places large springs of highly mineralized water, such as those in

Roman Nose State Park, flow out. In Woods county, west of Freedom,

Oklahoma, the Cimarron River at times is more highly mineralized than

seawater, and the floodplain for several miles is covered with a thin

layer of salt crystals. On low-flow days Cimarron River water south of

-3Waynoka often contains 34,000 g NaC1 m

North of the Cimarron River in western Oklahoma are sandy soils

overlying an area of terrace deposits. The deposits provide a sizeable

6 3 -2ground water reservoir of 7.5 x 10 m km • Water from this aquifer

is of the calcium-magnesium bicarbonate type with a total dissolved

-3solids concentration of 400 g m Ground water from this aquifer

contributes to stream flow. The alluvium underlying the Cimarron River

flood plain in western and central Oklahoma consists of sand and gravel

8 to 23 m in thickness, with water generally less than 6 m below the

surface.

The Arkansas River originates in the Rocky Mountains near Lead-

ville, Colorado, 1,500 km above the Oklahoma-Kansas state line. This

the Arkansas River flows across the plains of Kansas, it receives large-
reach of the river system drains an area

flow into Oklahoma is about 2.5 x 109 m3

2
of 120,000 km , and the average

-1yr (Dover et al. 1968). As

...

-
..

amounts of industrial and municipal effluents from Hutchinson and

Wichita, Kansas, and from oil refineries in southcentra1 Kansas and
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northcentral Oklahoma. Quality of the incoming water is poor, with

high concentrations of calcium and magnesium sulfate and sodium

chloride. Ground water in the alluvium and terrace deposits along

the Arkansas River in northcentral Oklahoma is of better quality than

ri.ver water. Normally the water table in these deposits is sufficient-

ly high to contribute to stream flow •

The first major tributary to the Arkansas River in Oklahoma is the

Salt Fork River which makes its entrance near Ponca City. The stream

rises in the gypsum hills of southern Kansas, and sulfate concentra-

-3tions sometimes exceed 1,000 g m during periods of low flow. The

river takes on a sodium chloride attribute as it flows through the

natural salt plain just above Great Salt Plains Reservoir. Water from

this reservoir usually does not have as high a salt concentration as

-3the Cimarron River, but occasionally contains up to 7,000 g NaCl m

(Dover et al. 1968). Water in the sand and gravel aquifer of the

alluvium and terrace deposits along the Salt Fork is of the calcium

su lfa te type.

The Arkansas and Cimarron Rivers flow through areas of major oil

and gas production, and the industry has drawn considerable attention

as a major source of pollution. Occasionally oil-field brine pollution

and oil spills occur, but in most instances these pollutants influence

only local areas. Although industrial and municipal pollutants con-

tribute to poor water quality in the drainage basin of Keystone Reser-

voir, salt deposits in northwestern Oklahoma are the dominant factors

determining the composition and quality of these waters.
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Water Balance of Keystone Reservoir, 1965-67

The water balance of a lake or reservoir is calculated by equating

the rate of change in volume to the difference between the rate of

water gain from all sources and the rate of water loss (Hutchinson

1957). Sources of income are inflow of drainage basin run-off, precip

itation falling on the reservoir surface, and seepage into the reser

voir basin. Drainage basin run-off is by far the most important source

of water to main-stern reservoirs. This is also the case for most

lakes, although some very large lakes, such as Lake Victoria, may re

ceive most of their water as precipitation on the lake surface

(Hutchinson 1957). The modes of loss of water from reservoirs are dis

charge of effluent through the darn, evaporation, and seepage from the

reservoir basin. Most of the water loss from main-stem reservoirs is

by discharge through the darn, while in many lakes evaporation or seep

age are the primary modes of loss.

The water balance of Keystone Reservoir was calculated for each of

the two years of this study (Table Ill). The first water year extended

from 1 September 1965 through 31 August 1966. The second water year

extended from 1 September 1966 through 31 August 1967. Of the calcu

lated annual inflow, 69% was contributed by the Arkansas River, 17% by

the Cimarron River, 10% by small streams tributary to the two main

arms of the reservoir, and 2% by direct precipitation on the reservoir

surface. Discharge through the darn accounted for about 96% of the

calculated total outflow with loss by evaporation accounting for the

remaining 4%. Estimates of the amount of seepage into or out of the

reservoir were not available and were not included in calculating the

water balance. Total outflow was computed by summing discharge and
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TABLE III

WATER BALANCE OF KEYSTONE RESERVOIR

(All volumes x 106m3)

...

.-

-

Cimarron River Discharge
% of Total Inflow

Arkansas River Discharge
% of Total Inflow

Inflow From Other Sources
% of Total Inflow

Average Drainage Basin Pre
cipitation (cm yr- )

Contribution of Precipitation to
Contributing Drainage Area

Contribution of Direct Pre
cipitation

% of Total Inflow

Reservoir Discharge

Loss by Evaporation
% of Total Out~low

Rate of Loss m m- 2yr- l

Total Inflow

Total Outflow

Change in Storage Volume

*Balance

9/65 - 8/66

599.9
17%

2426.3
70%

401.0
11%

57.0

33,000

59.4
2%

3383.8

135.1
47

1.27

3486.6

3518.9

-46.8

-14.5

9/66 - 8/67

459.1
17%

1911.5
68%

364.1
13%

55.8

32,300

69.5
2%

2658.5

121.1
4%

1.14

2804.2

2779.6

+34.5

+ 9.9

Average

529.5
17%

2168.9
69%

382.5
12%

56.4

32,650

64.4
2%

3021. 2

128.2
4%

1.20

3145.3

3149.4

Net = -12.3

Net = - 4.6

-

-
-

*The balance which was unaccounted for by evaporation loss or change
in storage can be attributed to a net error of 2% in making the various
estimates when compared to total volume of the reservoir. Gains from or
losses to ground water by seepage also may have contributed to this unac
countable balance. Data were derived from the records of the U. S.
Geological Survey and U. S. Army Corps of Engineers. Cimarron River dis
charge was measured at Perkins. Oklahoma, and Arkansas River discharge was
measured at Ralston, Oklahoma.
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evaporation. Total inflow was computed by summing total outflow and

net change in storage volume.

Inflows during 1965-66 averaged 110 m3 sec- 1 and were more erratic

than inflows during 1966-67, which averaged 87 m3 sec- l (Fig. 2).

Floodwaters entered the reservoir in September 1965 and in June 1967.

The U. S. Army Corps of Engineers manipulated reservoir discharge to

offset inflows and to maintain desired storage volume. During 1965-66,

the normal pattern of storage manipulation was fo11ow~d. Inflows

exceeded outflows during the fall season causing an increase in storage

volume during the dry winter months (Fig. 3). Outflows exceeded in-

flows during the early spring to provide additional storage capacity

for anticipated floods during the wet season. During October and

November 1966, large discharges were made to facilitate construction of

a downstream navigation project and supplement hydro-power storage in

downstream reservoirs. Water level dropped about 2.5 m resulting in a

reduction in storage volume of over 200 x 106 m3

April and May 1967, the reservoir returned to normal power pool level.

In June 1967, flood waters entered the reservoir and caused an increase

in volume of 133 x 106 m3 over normal storage volume.

Of the 32.6 x 109 m3 of water which fell as precipitation on the

contributing drainage area, only 3.1 x 109 m3 entered the reservoir.

This loss of 90% of the total drainage basin rainfall represents an

average rate of evaporation and transpiration by plants in the drainage

3 -2 ·1area of 0.5 m m yr . About 85% of total precipitation in Oklahoma

is lost by evaporation and transpiration (Dover et al. 1968). The

average water loss by evaporation from the surface waters of Keystone

3 -2 -1Reservoir of 1.2 m m yr appears to be a conservative estimate when
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compared with losses from Lake Mendota of 1.3 m3 m- 2 yr- l for 1948-49

3 -2 -1and 0.9 m m yr for 1954-55 (Frey 1963), since the rate of evapo-

ration in Wisconsin should be less than the rate of evaporation in

Oklahoma.

Evaporation from surface waters of Keystone Reservoir showed

notable seasonal variation (Fig. 4). Rates varied from less than

3 -12 m sec during the cool months of December, January, and February

3 -1to greater than 6 m sec during the warm months of June, July, and

August. Rate of evaporation from surface waters of Keystone Reservoir

averaged 4.3 m3 sec- l in 1965-66 and 3.8 m3 sec- l in 1966-67.

Sampling Areas

Four sampling areas in the Cimarron arm of the reservoir were

selected for intensive study (Fig. 5). Occasional surveys of physico-

chemical conditions were made in the Arkansas arm of the reservoir.

The study effort was concentrated on the Cimarron arm of the reservoir

because the Cimarron River, although it contributes only about 17% of

the total inflow, contains a concentration of dissolved solids about

four times that of the Arkansas River and is a key factor in determin-

ing the stability of stratification in the reservoir (Eley et al. 1967).

Station I was located about 53 km above the dam at the point where

the Cimarron River meets the backwater of the Cimarron arm of the res-

ervoir. The water was shallow (0.5-4.5 m) with high turbidity, high

flow rate, high conductivity, and rapid temperature change relative to

the other sampling areaS. The area served as a control in determining

changes in water quality as water moved through the reservoir. Station

II was about 32 km above the dam, varied in depth from 8 to 10 TIl, was
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Figure 5. Keystone Reservoir, Oklahoma. Roman numerals
indicate locations of sampling stations
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turbid much of the year, and had reduced flow rate. Station III was

located about 16 km above the darn in a constricted region where the

channel makes a sharp bend. The water varied in depth from 13 to 15 m,

was generally less turbid than upstream stations, and stratification

was better developed than at Station II. Two large backwater areas

were located between Stations II and III, and large backwaters also

were located between Stations III and IV. Station IV was located 4.6

km above the darn and about 1 km above the confluence of the Cimarron

and Arkansas arms. The depth of water varied from 17 to 20 m.

Turbidity was usually lower than at other stations, and stratification

was most pronounced.
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MATERIALS AND METHODS

Sampling Procedures

Temperature, conductivity, pH, alkalinity, carbon dioxide, turbid

ity, dissolved oxygen, and light penetration were determined monthly at

each meter of depth at four stations along the Cimarron arm during the

water year 1965-66. Measurements were made of conductivity and sulfate

and chloride concentrations at several points along the Cimarron and

Arkansas armS and below Keystone dam in September 1965 and January,

March, and May 1966.

The sampling program was expanded during 1966-67. Temperature and

conductivity were measured at each meter of depth and water samples for

chlorophyll and biomass determinations were collected at 3- to 5-m

intervals of depth at four stations in the Cimarron arm at 1- to 2-week

intervals. Measurements of turbidity, pH, alkalinity, carbon dioxide,

phosphorus, ammonia and nitrate nitrogen, chloride ion, chemical oxygen

demand, biochemical oxygen demand, and dissolved and suspended solids

were made at each 5 m of depth at each station in the Cimarron arm at

6-week intervals from August 1966 to June 1967 and at 2-week intervals

from June 1967 to September 1967. Depth profiles of temperature,

oxygen, and conductivity were taken at the dam and at several locations

in the Arkansas arm in November 1966 and in March 1967. Occasional

estimates of the speed and direction of surface and sub-surface
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currents and measurements of wind velocity were made at several loca-

tions along the Cimarron and Arkansas arms.

Estimates of community metabolism were made 12-24 hr before physi-

cochemical data were taken. Three substations were established in each

of the four sampling areas to provide an estimate of variation of

metabolic rates within an area. Substations were established by plac-

ing permanent buoys 200-400 m apart in the form of a triangle in water

of uniform depth within each sampling area.

Water samples for laboratory analysis were collected with a

Kemmerer bottle, transferred into amber polyethylene bottles, and

stored on ice for transportation to the laboratory. Since ammonia is

volatile in alkaline water, water samples for ammonia analyses were

collected in glass bottles and fixed in the field by adding two drops

of concentrated H2S04 ,to form ammonium ion from the more volatile

ammonia.

Field Measurements

Water temperature was measured using a Yellow Springs tele-

thermometer. Micromhos of specific conductance at 2S C were measured

in~ using an Industrial Instruments RB solu-bridge.

Depth of light penetration was determined with a Gem submarine

photometer calibrated against a pyroheliometer located on the campus of

y = 0.04136 + 0.00012x, describing the least squares regression line

Oklahoma State University. Microamp readings taken with the photometer

- 2 -1were converted to langleys (g cal cm min ) by an equation,

....

- fitted through calibration data. Daily solar radiation was

....

-

obtained from pyroheliometer readings taken by the Department of
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On days when data were miss-

-
ing, solar radiation values were obtained from U. S. Weather Bureau

Records for Oklahoma City.

During 1965-66, dissolved oxygen samples were collected in 126 ml

glass bottles, fixed in the field by the Alsterberg-azide modification

of the Winkler method (A.P.R.A. 1960), and titrated in the lab with

0.01575 N sodium thiosulfate. During 1966-67, dissolved oxygen concen-

trations were determined in~ using a Precision Scientific galvanic

cell oxygen analyzer equipped with a 30.5 m lead. The oxygen probe was

calibrated against the Alsterberg-azide modification of the Winkler

method in the laboratory before and after each field trip and twice in

the field at each of the four sampling stations. Sensitivity of the

oxygen probe at the temperature of the calibration sample was ca1cu1at-

ed by the formula:

p.amps
6 =

Dissolved oxygen concentrations in the reservoir were calculated from

probe readings taken at each meter of depth using the equations:

-3
m =

~amps of unknown sample

Lo g 61 = Lo g (; 0 + 2147. 199 (~o

- lpersonal communication from R. M. Elkhatib, Technical Service
Dept., Precision Scientific Company, Chicago, Illinois.



Tl = absolute temperature of unknown sample (K),

TO = absolute temperature of the calibration
sample (K).
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where 1\ =

;, =o

sensitivity of the oxygen probe at the
absolute temperature of the unknown
water sample,

sensitivity of the oxygen probe at the
absolute temperature of the calibration
sample,
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Free carbon dioxide was estimated from a

'-

_.

....

-
-
-
-

Hydrogen ion concentration was measured by use of a Hellige

Comparator. Phenolpthalein and methyl purple alkalinity were deter-

mined by field titration with 0.02 N sulfuric acid (A.P.H.A. 1960).

Stoichiometric classification of carbonate and bicarbonate alkalinities

-3is expressed as g CaC0
3

m

nomograph using pH and bicarbonate alkalinity (Moore 1939).

Laboratory Techniques

Special techniques of cleaning and storing sample bottles and

laboratory glassware between each set of analyses were necessary to

prevent contaminations in sensitive colorimetric analyses. Sample

bottles and all glassware were washed with a strong commercial wetting

agent, rinsed three times with distilled water, rinsed with hot 30%

sulfuric acid, and finally rinsed four to six times with double, glass-

distilled, deionized water. Glassware was allowed to drain dry, and

openings were covered with aluminum foil for storage. Water which had

been distilled in a Barnstead water still and re-distilled in an all-

glass still was further deionized by passage through a glass column

10 cm in diameter and 1.2 m long filled with research grade, mixed-bed,

ion-exchange resin.
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In the laboratory, water samples were kept in a cold room at 2 C

until analyses were completed. Analytical procedures usually were

started on all samples within 6 hr after collection, and all analyses

normally were completed within 24 hr after sample collection.

Samples which required separation into soluble and particulate

fractions for chemical analysis were filtered immediately after return

ing to the laboratory by passing water through 0.22 ~ Millipore filters.

Water samples used in determination of chlorophyll ~ and biomass were

concentrated by centrifugation at the rate of 1 liter per 7 min with a

Foerst plankton centrifuge.

Absorbances of solutions in colorimetric analyses were read on a

Beckman DB-G recording spectrophotometer. Automatic slit width program

for medium width was used. Most samples were read in 4 em quartz cells,

but 1 em cells were used for samples having extremely high concentra

tions. Distilled water was used in the reference cells. The wave

length at which absorbance was measured was selected from scans of

standards of several known concentrations. The selected wave length

was a compromi3e of resolution, least slope of the tangent to the

curve, and adherence to Beer's Law.

Laboratory Analyses

Phosphorus

One-half of each sample for phosphorus analyses was filtered

through 5 ~ and 0.22 ~ Millipore filters. Rigler (1964) found that

0.22 ~ Millipore filters removed 95% of the particulate organic phos

phorus, while the commonly used 0.45 ~ Millipore filters removed only

76% of the particulate organic phosphorus in seston of an Ontario lake.
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Samples of both filtered and unfiltered water were digested by persul-

fate oxidation (Menzel and Corwin 1965) for 1 hr in a boiling water

bath. Phosphorus was determined in the filtered and unfiltered digest-

ed samples and in a filtered undigested sample by the single solution

method of Murphy and Riley (1962). Absorbance was read at 720 m~ after

15 min color development. The advantages of the colorimetric method of

Murphy and Riley over the standard stannous chloride method (A.P.R.A.

1960) are that antimony is used to promote rapid color development so

there is less chance of interference by dissolved organic phosphorus

compounds with inorganic phosphate analyses; the molybdenum blue color

is more stable; and errors due to chloride interference are less than

Standard curves were prepared by using standard solutions of

potassium dihydrogen phosphate at concentrations from 0.050 to 2.000

-3
g P m Undigested standards followed Beer's Law throughout

-
~'

-
-
-

the range of concentrations tested, and absorbances of unknown samples

were converted to concentrations by equations representing least

squares regression lines fitted through plots of absorbance versus

concentration of standards. Plots of digested standards formed smooth

curves with slopes that decreased with higher concentrations (Fig. 8).

Since the only difference between the two procedures was digestion with

potassium persulfate, apparently the digestion procedure caused a de-

crease in color proportional to concentration. Absorbances of digested

phosphorus samples were converted graphically from the standard curve,

since considerable error would occur at concentrations above 1.0

-3g P m if a straight line was fitted to the data and the resulting

equation used to convert absorbance to concentration.
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The various forms of phosphorus occurring in the reservoir

water were calculated from the unfiltered digested, filtered digested,

and filtered undigested determinations in the following manner:

A - Unfiltered, digested

B - Filtered, digested

C = Filtered, undigested

Total phosphorus c A

Total dissolved phosphorus (inorganic and organic) - B

Dissolved inorganic phosphorus = C

Total organic phosphorus (D) = A-C

Dissolved organic phosphorus (E) - B-C

Particulate organic phosphorus = D-E

Ammonia Nitrogen

The direct nesslerization method was used for ammonia nitrogen

determinations (A.P.R.A. 1960). Interference from calcium, magnesium,

iron, and sulfide was eliminated by making samples alkaline and remov-

ing the resulting precipitate by filtration. A number of aliphatic and

aromatic amines, organic chloramines, alcohols, aldehydes, and acetone

interfere with the method by causing turbidity with nessler reagent.

No correction was made for interferences from these compounds. Color

intensity was determined photometrically at 425 m~ after allowing 10

min for color development. Ammonium chloride was used to prepare

ammonia standard curves. Absorbance of standards from 0.200 to 2.000

g N m- 3 adhered to Beer's Law
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Nitrate Nitrogen

Nitrate nitrogen was determined using the reagents and procedures

of the Hach Chemical Company. Absorbance was read at 415 m~ after 10

min color development. Standard curves for nitrate analyses were pre-

pared with potassium nitrate standards ranging in concentration from
'- -30.05 to 2.00 g N m Absorbance of standards adhered to Beer's Law

-
-

--

...

-

throughout the concentration range

Chloride and Sulfate Ions

Chloride ion was measured by the standard Mohr method using potas-

sium chromate as the indicator and 0.0141 N silver nitrate as the

titrant (A.P.H.A. 1960). Sulfate was determined by a standard gravi-

metric method with ignition of residue at 800 C after precipitation of

sulfate in a hydrochloric acid medium as barium sulfate by the addition

of barium chloride (A.P.H.A. 1960).

Solids

Standard gravimetric procedures were used to analyze for dissolved,

suspended, and total solids, and an attempt was made to differentiate

between organic and inorganic solids. Water samples for gravimetric

analysis were divided into fil tered and unfi ltered portions by fi ltra-

tion through 0.22 ~ Millipore filters. A 50 ml sample of filtered and

a 50 ml sample of unfiltered water each were placed in tared porcelain

crucibles and dried at 105 C for 24 hr. Crucibles were cooled to room

temperature in a desiccator and weighed to the nearest 0.0001 g on a

Mettler balance. Crucibles then were ignited in a muffle furnace at

600 C for 1 hr. After ignition, crucibles were placed in an oven, and

50 ml of distilled water, which had been saturated with carbon dioxide,

were pipetted into each crucible. This procedure was followed because

calcium carbonate is broken down upon ignition, liberating carbon
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dioxide as a gas. Loss of inorganic elements would result in a posi-

tive error in the determination of organic solids. By adding carbon

dioxide water, the carbonate balance was restored according to the

following equations:-
-

-

(Loss)

(Res tara tion)

CaC0
3

~~ CaO + CO
2

t,
H20 + CO2 ------~~ H2C03

CaO + 2H
2

C0
3

- ... CaC0
3

+ 2H
2

0 t + CO
2
t

-
-

Crucibles were dried at 105 C for 24 hr, cooled in desiccators, and

weighed on a Mettler balance. Distilled water blanks and empty cruci-

bles were run as controls. Weight of residue of the distilled water

blanks was subtracted from the loss of weight on evaporation to correct

for any solids contained in carbon dioxide-saturated water added after

ignition. Using the tared, evaporated, and ignited weights, the

following calculations were made:

Loss on evaporation (g) = evaporated weight - tared weight

Loss on ignition (g) = evaporated weight - ignited weight

Defini tions: E =
I =
U
F =

loss on evaporation (g)
loss on ignition (g)
unfiltered
filtered

-
-

-

-
-

-3a. total solids (g m ) = UE x 20,000
b. total organic solids (g m- 3) = UI x 20,000
c. total inorganic solids (g m- 3) = a-b
d. total dissolved solids (g m- 3) = FE x 20,000
c. dissolved organic solids (g m- 3) = FI x 20,000
f. dissolved inorganic solids (g m- 3) = d-e
g. total suspended solids (g m- 3) = a-d
h. suspended organic solids (g m- 3) = b-e
i. suspended inorganic solids (g m- 3) = (c-f) or (g-h)

Theoretically, all of these parameters can be calculated from this

analysis, but it was found that error in the method using relatively

heavy crucibles and small water samples was too great for estimation of
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all parameters except dissolved, suspended, and total solids. A net

f 8 -3. f' 1 1analytical error of 0.0002 g caused an error 0 g m 1n 1na ca cu-

lations. Consequently, since most of these parameters were not of

greater magnitude than 5-20 g m- 3 in Keystone Reservoir, they could not

be determined accurately.

Chemical Oxygen Demand

Chemical oxygen demand (COD) was estimated by refluxing water

samples with 0.025 N potassium dichromate and back titrating the unre-

duced dichromate with 0.025 N ferrous ammonium sulfate using ferrion

i.ndicator (A.P .H.A. 1960). The principal inadequacies of this method

are that straight-chain aliphatic compounds and aromatic hydrocarbons

are not oxidized to any appreciable extent, and chlorides are quantita-

tively oxidized by this procedure in the presence of organic matter.

More complete oxidation can be obtained by adding silver sulfate as a

catalyst. A correction for chlorIdes can be calculated by multiplying

-3
m =

-30.226 g 0 m . However, if silver sulfate is used as a catalyst to

facilitate the oxidation of straight-chain alcohols and acids, chloride

precipitates some of the silver ion and thereby decreases the catalytic

efficiency and invalidates the chloride correction factor.

The procedure---·chos"e-n for use on wa ter from Keys tone Reservoir was

to reflux the mixture without catalyst for 20 min to oxidize all chlo-

rides, allow the mixture to cool, and then add silver sulfate catalyst

(A.P.H.A. 1960). By following this procedure complete catalytic action

was obtained, and a correction for chloride interference could be

applied.
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Biochemical Oxygen Demand

Five-day and 20-day biochemical oxygen demands were determined by

standard methods (A.P.H.A. 1960) modified for use on low-BOD, reservoir

water. One ml each of phosphate buffer, magnesium sulfate, calcium

chloride, and ferric chloride solutions and 5 ml of settled sewage from

the primary settling tank of the Stillwater sewage treatment plant were

added to 1 liter of reservoir water. The sample was saturated with

dissolved oxygen by shaking in a flask, and three 250 ml BOD bottles

were filled. Duplicate distilled water blanks were prepared by using

1 liter of distilled water as sample water. Samples were placed in an

ice chest to retard biochemical activity during transportation to the

laboratory. ln the laboratory the dissolved oxygen in one of the

triplicate bottles was determined by the Alsterberg-azide modification

of the Winkler method (A.P.H.A. 1960). The remaining two bottles were

incubated in a water bath at 20 C. The concentration of dissolved

oxygen in the second bottle was determined 5 days after the initial

determination, and the dissolved oxygen concentration in the third

bottle was determined 20 days after the initial determination. By sub

tracting the 5- and 20-day determinations from the initial determina

tion, the biochemical oxygen demand was calculated. By subtracting

the distilled water blank from the total oxygen demand, the oxygen

demand of the sewage seed was eliminated, and the true BOD of the

sample of reservoir water was known.

On several occasions a more extensive series of determinations

were made in which the BOD of reservoir water was determined after 1,

3, 5, 7, 9, 11, 13, 15, 17, and 20 days of incubation. By plotting

oxygen uptake versus incubation time, it was determined that the total
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BOD of reservoir water was exerted before the 20th day of incubation.

Therefore, it was valid to assume that the 20-day BOD

represented the ultimate BOD of the water for the purpose of calculat-

ing the first-order reaction constant k (personal communication from

D. F. Kincannon, OSU). The reaction constant k was calculated by the

equation, k = log L - log (L-Y)
t

derived from the theoretical rela-

-

-
...

-

tionship determined by Theriault (1927):

where Y = 5-day BOD,

L = ultimate BOD (20-day BOD),

t = incubation time required for the exertion
of Y (which in this case equals 5 days), and

-1
k = first order reaction constant in day units.

Turbidity

Turbidity, as measured with a Bausch and Lomb Spectronic 20 color-

imeter calibrated against a Jackson Turbidimeter, is expressed as

-3"Turbidity Units," roughly equivalent to g suspended solids m .

Biomass

Ash-free weight (loss on ignition) determinations were used to

estimate biomass. Samples were prepared by centrifuging 100 to 500 ml

of reservoir water and diluting with distilled water and commercial

formalin to a final volume of 10 ml. Samples were placed in porcelain

crucibles, dried 24 hr at 105 C, weighed on a Mettler balance, ignited
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for 2 hI at 550 C in a muffle furnace, and reweighed.

The Foerst centrifuge is less than 1007. efficient in concentration

of plankton (Hartman 1958, Laskar and Holmes 1957, Reinhard 1931).

Parallel series of 48 samples, taken on two dates at all four sampling

stations, were used to compare centrifugation at the rate of 1 liter

per 7 min to filtration through 0.22 ~ Millipore filters. Biomass

amounts obtained by the filters were 38.3 ± 13.5% higher than those

obtained by centrifugation. Therefore, biomass values were multiplied

by 1.38. Wright (1959) found an average loss of biomass by centrifuga

tion of 281•.
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COMPARISON OF PHYSICOCHEMICAL LIMNOLOGY

OF KEYSTONE RESERVOIR DURING THE WATER

YEARS 1965-66 AND 1966-67

Differences in Reservoir Operational Procedures

During 1965-67, Keystone Reservoir was operated primarily for

flood control and recreational purposes. Except for a few special

water releases to facilitate downstream construction, operational pro

cedures were not affected by navigation requirements. Hydroelectric

power generation did not begin until 1968, and elevation of discharge

intakes was not critical. Water could be released from tainter gates

located near the surface of the reservoir or from sluice gates located

near the bottom of the reservoir. All discharges from the reservoir

were made through tainter gates from August 1965 through July 1966.

Because of a build-up of salt-heavy, stagnant water in the lower layers

of the reservoir (Eley et a1. 1967), operational procedures were

changed in July 1966 in an effort to improve water quality. From 15

July through 28 July, water was released through tainter and sluice

gates in an attempt to provide acceptable downstream water quality.

On 16 July, bottom water released through sluice gates composed only

25% of the total discharge. By 22 July, this proportion had been

increased to 80%, and by 29 July, the total discharge was being re

leased through sluice gates. All discharges were made through sluice

32
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gates th oughout the remainder of 1966-67. In 1968, the generation of

hydroele tric power during periods of peak power demand was begun, and

water wa discharged through power penstocks and sluice gates located

near the bottom of the dam.

Differences in Quantity and Quality of
Inflowing Water

Qua1tity and quality of inflowing water are as important as opera

tional Pfocedures in the physicochemical limnology of main-stem reser

voirs. typical main-stem impoundments alter the original configuration

of strea~s much less than storage reservoirs do, and much of the im

pounded ~ater is restricted to the original channel, although backwater

I

may extend into valleys of tributary streams to form large embayments

in the d6wnstream end of reservoirs (Kittrell 1959). Retention time

of water 'usually is a few days to a few weeks and is controlled primar-

ily by t~e quantity of inflows. High inflows often create turbulence

throughout main-stem reservoirs and may upset stratification estab-

lished d9ring periods of low inflow. Density of inflowing water is

determinJd by temperature and the load of dissolved and suspended

solids add may be different than densities of impounded water. Inflows

may ente reservoirs as overflows, inter flows, or underflows (Love

1961) .

Wat r quality and discharge records of the U. S. Geological Survey

show str'king differences between annual means of the Cimarron and

Arkansas Rivers and between the water years 1965-66 and 1966-67 (Table

IV). Th1 Cimarron River at Perkins, Oklahoma, contained a concentra

tion of 4issolved solids about four times the concentration of dis-
,

solved s9lids in the Arkansas River at Ralston, Oklahoma. The
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difference in concentrations of dissolved solids between the two rivers

largely was due to high concentrations of NaCl in the Cimarron River.

Concentrations of Na ion and Cl ion in the Cimarron River were about 7

times greater than concentrations in the Arkansas River. The concen

tration of 504 ion in the Cimarron River was only one to two times

greater than the concentration in the Arkansas River. These differ

ences resulted in a Cl/504 ratio for the Cimarron River of approximate

ly nine while the Arkansas River had a ratio between one and three.

Bicarbonate was the other major anion besides Cl and 5°
4

, Other major

cations were Ca, Mg, and K, although they occurred in much lower con

centrations than Na ion. Mineralization of the Arkansas River below

Keystone Dam was intermediate to that of the Cimarron and Arkansas

Rivers above Keystone. A notable effect of impoundment on the physico

chemical parameters shown in Table IV was the large reduction in con

centrations of nitrate nitrogen and-phosphate phosphorus .
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TABLE IV

*COMPARISON OF WATER QUALITY AND DISCHARGE OF THE CIMARRON AND ARKANSAS RIVERS

Conduc- Dissolved
Water Discharfe tivity Solids Na Cl S04 Cl/S04 N03-N P04-P HC03
Year Location m3 sec- IJoIDhos g m- 3 g m- 3 g m- 3 g m- 3 Ratio g m- 3 g m- 3 g m- 3 pH

10/65-9/66 Cim. R. at
Perkins 10.5 9320 5580 1840 2890 331 8.7 0.79 186 8.2

Ark. R. at
Ralston 51.2 1960 1210 267 366 282 1.3 0.79 180 8.3

Ark. R. below
Keystone 73.8 2800 1530 433 640 288 2.8 0.29 133 8.2

10/66-9/67 Cim. R. at
Perkins 14.6 6020 2970 986 1510 174 8.7 0.25 135 8.3

Ark. R. at
Ralston 66.3 1020 621 132 200 86 2.3 0.68 0.31 135 8.3

Ark. R. below
Keystone 96.9 2240 1280 369 567 131 4.3 0.38 0.09 132 8.3

*Concentrations, ~hos, and pH are discharge-weighted averages, and discharges are time-weighted averages
taken from U. S. Geological Survey Water Quality Records for 1966 and 1967. Differences in discharge values given w
in this table and Table III are due to omission of September 1965 in the U.S.G.S. 1965-66 water year. During '"
1965-66, 30% of the total precipitation to the contributing drainage area fell in September.
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TABLE V

DIFFERENCES IN WATER QUALITY BE1'WEEN WATER YEARS 1965-66 AND 1966-67 AND
AMONG SAMPLING LOCATIONS IN KEYSTONE RESERVOIR

Water Station I Station II Station III Station IV
Parameter Year i X X X X

Temperature (C) 1965-66 16.13 16.55 • 15 ..47 15.19 15.83

1966~67 15.68 16.28 16.04 15.74 15.93

Conductivity 1965-66 10208.33 .. 2994.94 2910.50 3275.59 4841.34
(j.>IIIhos) .. •

1966-67 7884.63 .. 31<'7.47 2569.17 2490.47 4022.93

Turbidity Units 1965-66 226.83 •• 43.96 .. 29.11 22.23 80.53.. ••
1966-67 139.62 •• 42.94 • 27 .. 21 30.15 59.95

& 0,
-3 1965-66 8.35 7.94 7.98 • 7.14 7.85m

•• .. •
1966-67 10.10 9.30 • 8.30 &.00 8.90

& 1IC03
-3 1965-66 86.42 •• 94.58 .. 106.97 .. 116.19 101.04m .. • .. • ..

1966-67 96.00 100.27 .. 113.43 .. 120.42 107.53

g C0
3

m
-3 1965-66 16.67 • 11.03 7.42 8.06 10.80..

1966-67 41.18 •• IS .27 9.13 6.09 16.07

g CO
2

-3 1965-66 0.57 1.05 .. 2.96 3.20 1.94m

1966-67 0.31 0.83 •• 2.34 2.52 1.50

pH 1965-66 8.50 •• 8.23 8.19 * 8.04 8.21
• '"1966-67 8.58 •• 8.29 8.34 .. 8.00 8.30 0-

* 4nd ~~ indi~ate statistically significant differences (~ ~ 0.20 and 0.10, respectively) bet~een meanS using error terms presented
1n Table XVII.
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Differences in Quality of Reservoir Water

In general, water quality of Keystone Reservoir was better in all

respects during 1966-67 than during 1965-66. Significant differences

in physicochemical conditions were present among sampling stations

within years, between years within stations, and between years averaged

over all stations.

Conduci:Tvity---(fecreased significantly between Stations I and II

during 1965-66 and 1966-67. This reduction was due to dilution of the

highly mineralized Cimarron River by less conductive water from small

streams tributary to the Cimarron arm and by Arkansas River water

flowing into the Cimarron arm. The reservoir acted as an efficient

settling basin for the turbid Cimarron River resulting in significant

decreases in turbidity between Stations I and II and between Stations

II and III during both years. Significant decreases in oxygen concen

trations as a result of stratification in deeper water were demonstrat

ed between Stations III and IV during 1965-66 and between Stations II

and III during 1966-67. Significant increases in bicarbonate ion due

to higher hydrogen ion concentrations in the hypolimnion of deeper,

stratified waters were demonstrated among Stations I, II, Ill, and IV

during 1965-66 and among Stations 11, III, and IV during 1966-67.

Associated with this shift in eqUilibria, a significant decrease in

carbonate ion occurred between Stations I and II during both years, and

an apparent decrease occurred between Stations II and III during both

years, although significance could not be demonstrated statistically .
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Carbon dioxide was significantly higher at Stations III and IV than at

Stations I and II during both years. pH decreased between Stations I

and II and between Stations III and IV during 1965-66 and 1966-67.

Apparent increases in temperature between Stations I and II during both

years and apparent decreases in temperature between Stations III and IV

during both years could not be demonstrated statistically using station

x date interactions as estimates of error, but using the true experi

mental EMS, differences were shown to be significant (a = 0.05). Like

wise using true experimental EMS, significant decreases (a = 0.05) in

dissolved oxygen between Stations I and II could be demonstrated for

both 1965-66 and 1966-67.

Significant differences between annual means averaged over all

stations for 1965-66 and 1966-67 were demonstrated for four physico

chemical parameters. Conductivity and turbidity were significantly

lower in 1966-67 than in 1965-66, while oxygen and bicarbonate were

significantly higher in 1966-67 than in 1965-66. Reductions in con

ductivity and turbidity probably were due both to the change in opera

tional procedures and to differences in quality of inflowing water.

Inflowing waters during 1966-67 were less conductive and less turbid as

demonstrated by significant differences among annual means at Station

I. The change from releasing less conductive and less turbid water

from the epilimnion during 1965-66 to releasing more turbid and more

conductive hypolimnetic water during 1966-67 helped to reduce annual

means. The increase in dissolved oxygen between 1965-66 and 1966-67

could have been caused by differences in photosynthetic productivity or

oxygen demand at Stations I and II. Increases in dissolved oxygen con

centration at Stations I and II also might have been caused by
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reductions in annual mean water temperatures resulting in greater solu-

bility of oxygen. The change in reservoir discharge level resulted in

a reduction of anoxic hypolimnion although significant differences be-

tween annual mean concentrations of oxygen at Stations III and IV could

not be demonstrated between the two years using station x date EMS.

Significant increases in bicarbonate ion concentration at all stations

between the years 1965-66 and 1966-67 may have been due to an increase

in the average bicarbonate concentration of inflowing waters. The re-

lease of hypolimnetic water as opposed to epilimnetic water would be

expected to cause a decrease rather than an increase in bicarbonate ion

concentration.

Effects of Discharge Level on Stratification
and Density Flows

Stratification

Differences in operational procedures of Keystone Reservoir be-

tween 1965-66 and 1966-67 produced marked differences in winter and

summer stratification patterns (Fig. 6). During the fall and winter

-
-
-

-
-
...

of 1965-66 when all reservoir discharges were made from the epilimnion,

a build-up of highly mineralized Cimarron River water in the hypolim-

nlon produced meromic tic condl tions in the reservoir. The chemoc li ne

was located at a depth of about 12 m, and specific conductance in-

creased 8,000 ~hos from the top to the bottom of the monimolimnion.

The lower layers were not entirely anoxic during the winter indicating

partial mixing across the chemocline or importation of aerated Cimarron

densi ty flows suffic ient to prevent complete oxygen deple tion. Condi-

tions in Keystone during 1965-66 would be termed partial meromixis
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(Carter 1967). The meromixis in Keystone Reservoir during 1965-66 does

not strictly meet the definitions of either ectogenic or crenogenic

meromixis (Hutchinson 1937), because the inflow of mineralized Cimarron

River water cannot be classified as an external "catastrophe" as in

ectogenic meromixis nor can the inflows he considered equivalent to

internal saline springs as in crenogenic meromixis. Keystone Reservoir

and ectogenic and crenogenic meromictic lakes of North America have

"mar ine" characteristics or an ltalkali-evaporite" affinity, with low

Ca/Mg ratios in comparison to Na/K ratios, Cl and 804 as the dominant

anions, and an average pH greater than 7.8. Holomictic

lakes and reservoirs and biogenic meromictic lakes of North America are

essentially "fresh water" types with respect to water chemistry, with

Ca/Mg ratios equal to or higher than Na/K ratios, bicarbonate as the

major anion and chloride conspicuously low, and an average pH less than

7.8 (Livingstone 1963).

Meromixis produced mesothermy and a negative heterograde oxygen

distribution in January 1966, with maximum temperature and minimum

dissolved oxygen concentration occurring between 13 and 16 m of depth.

Temperature stratification in January 1966 was in contrast

with the characteristic dichothermy of meromictic lakes. The unusual

distributions of temperature and oxygen during the winter of 1965-66

were caused by the chemocline preventing convection currents produced

by surface cooling from entering the monimolimnion and reoxygenating

and cooling water below 12 m. During a period of low flow extending

from December 1965 through March 1966, the highly mineralized Cimarron

River formed an underflow along the bottom of the Cimarron arm and

brought cooler, aerated water into the bottom of the monimolimnion.
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Intrusions of density flows with high oxygen concentrations into the

hypolimnion of reservoirs have been observed in Norris Reservoir (Wiebe

1938), Cherokee Reservoir (Lyman 1944), Boone Reservoir (Churchill

1957), and Tenkiller Reservoir (Summers 1961) .

No spring turnover occurred in 1966, and surface warming during

the spring and summer months produced stable thermal stratification

imposed upon chemical stratification already present. In

July 1966, the thermocline was located between 5 and 6 m of depth,

resulting in an extreme clinograde oxygen distribution with anoxia

occurring below 8 m. Inflows from the Cimarron River during the spring

and summer of 1966 were less mineralized than winter inflows and en

tered the reservoir as inter flows between the less dense epilimnion and

denser hypolimnion. Mixing of spring and summer interflows with more

highly mineralized water from winter inflows decreased conductivity

thermocline and above 12 m of depth was increased.

Temporary monimolimnions formed by build-ups of high concentra

tions of dissolved solids in "akinetic spaces" have been observed in

South Holston Reservoir of the TVA (Churchill 1957) and in Klicava,

Slapy, and Kruzberk Reservoirs of Czechoslovakia (Fiala 1966). The

formation of a monimolimnion in South Holston Reservoir in 1964 result

ed from continued releases of water from the upper layers of the reser

voir. Akinetic spaces observed in reservoirs of Czechoslovakia result

ed from epilimnetic discharges and the presence of "inner dams" located

behind regular dams to insure a minimum water storage during times of

extreme reservoir drawdown .

-

-
-
...
...

-
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below 16 m by 2500 ~hos. Conductivity of water below the
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A program to drain off the stagnant hypolimnion of Keystone Reser

voir was initiated by the U. S. Army Corps of Engineers in July 1966 in

an attempt to improve reservoir water quality. Release of hypo1imnetic

water had an immediate effect upon chemical stratification in the res

ervoir (Fig. 7). Complete mixing of reservoir water occurred during

the last week of September 1966. During the winter of 1966-67, the

reservoir was completely mixed to a depth of 15 m (Fig. 6). A highly

mineralized, density current of Cimarron River water flowed along the

bottom of the Cimarron arm of the reservoir during the winter of 1966

67, but the dense underflow was discharged through sluice gates and no

build-up occurred.

Warming of surface waters during May 1967 resulted in thermal

stratification (Fig. 8). Stratification was not stable and high in

flows during June 1967 produced rapid warming of the entire water mass.

A temperature difference between the epi1imnion and hypolimnion of only

4 C existed in July 1967 as compared to a difference of 17 C in July

1966. The small thermal gradient at high temperatures pro-

-
..

duced a density difference sufficient to prevent wind action from com

pletely mixing the water mass. A combination of stable thermal strati

fication above 5 m of depth and relatively stable chemical stratifica

tion below 14 m resulted in an unusually shaped clinograde oxygen

distribution. Three regions of uniform oxygen concentration

were separated by regions of rapid oxygen depletion between 2 and 3 m

of depth and between 13 and 14 m of depth.

Isotherms (Fig. 8) and iso1ines of conductivity (Fig. 9), dis

solved oxygen (Fig. 10) and pH (Fig. 11) indicate seasonal patterns of

stratification during 1965-67. Vertical or sharply dipping isotherms
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and isolines between September and October 1965 and between June and

July 1967 illustrate upsetting of stratification by floods. Effects of

the flood of September 1965 have been described by Carter and Eley

(1967). Significant stratification was present during August and the

first half of September 1965 . Floodwaters upset

chemical stratification and aerated the anoxic hypolimnion, but the

large oxygen demand of organic matter contained in floodwaters de

creased the oxygen content of bottom waters after high inflows sub-

sided. Immediately after the flood, chemical stratification

was re-established, and the build-up of highly mineralized Cimarron

River water in the hypolimnion continued from October 1965 until July

began in the last half of December 1965 and continued through April

1966.

-
1966 . An underflow of extremely dense Cimarron River water

-
-
-
-
-

Inflows of Cimarron River water were of variable quality between

July and December 1966. Because of the continual draining of dense

bottom water, chemical stratification was not sufficient to prevent a

fall overturn between September and October 1966. The underflow of

Cimarron River water between December 1966 and April 1967 was less

conductive than the underflow between December 1965 and April 1966·

The duration of the negative heterograde oxygen distribu

tion shown in Fig. 6 is demonstrated by the size of the circle formed

by isolines of dissolved oxygen and pH in the hypolimnion between

November 1965 and March 1966 .

Analyses of variance among average monthly differences in tempera

ture and conductivity of surface and bottom water at Stations II, III,

and IV demonstrated statistically significant differences between
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intenSity of stratification during 1965-66 and 1966-67 •

Differences between surface and bottom temperatures averaged over

all dates varied from 1.7 C at Station II to 3.2 C at Station III

during 1965-66 and varied from 1.0 C at Station II to 1.6 C at Station

IV during 1966-67 (Fig. 12). Thermal stratification was most intense

during May, June, and July of both years. The sharp decrease in

thermal stratification between June and July 1967 was caused by flood

waters flowing through the reservoir during the last half of June.

Effectiveness of the change in discharge level in reducing thermal

stratification is shown by the smaller temperature gradient during all

months of 1966-67 than during 1965-66 except November No

month x year interaction was present for temperature, indicating that

thermal stratification followed a similar pattern during both years and

the change in discharge level reduced intensity of thermal stratifica

tion but did not alter the seasonal pattern.

The change in discharge level had a notable effect on the intensi

ty of the chemical stratification (Fig. 13\. Intensity of chemical

stratification was significantly less during all months of 1966-67

than during months of 1965-66, except July and August. An inflow of

highly mineralized Cimarron River water into the hypolimnion of the

reservoir during July and August 1967 increased the intensity

of chemical stratification. The large difference in conduc-

tivity of the epilimnion and hypolimnion in August 1967 also was caused

by highly dilute water from the June flood remaining in the epilimnion.

Differences in the pattern of chemical stratification during July and

August of 1966 and 1967 resulted in a significant month x year inter

action for conductivity
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Density Flows

Density flows were first detected by their high specific conduct

ance in Keystone Reservoir (Eley et a1. 1967). During the winter of

1966, highly mineralized Cimarron River water entered the reservoir as

an underflow along the Cimarron arm (Fig. 14). Since all discharges

from the reservoir during 1965-66 were made through tainter gates

located near the surface, dense Cimarron water build-up in volume in

the hypolimnion and flowed up the Arkansas arm, undercutting lighter

Arkansas River water. Highly conductive water of Cimarron River origin

was found in the bottom of the Arkansas arm 15 km above the dam during

March 1966 • During periods of heavy precipitation, the

-
-

-
-
-

Cimarron River entered the reservoir as an inter flow or overflow.

During dry periods of 1966-67, the Cimarron River again entered the

reservoir as a dense underflow. The density current flowed along the

bottom of the Cimarron arm and was released through the dam because

all reservoir discharges were made through sluice gates. No

significant build-up of dense bottom water occurred, but 2000, 2400,

and 3000 ~mhos isolines of conductivity suggest that flows

partially composed of water of Cimarron River origin were occurring up

the bottom of the Arkansas arm in 1967.

Because of the distinct Cl/S0
4

ratios of the Cimarron and Arkansas

Rivers (Table IV), occasional surveys of Cl and S04 concentrations in

the reservoir were made in an effort to identify the origin of various

reservoir water masses (Fig. 15). In September 1965 and in January and

May 1966, the water mass of the bottom 5 m of the entire Cimarron arm

and below 12 m of depth for approximately 17 km up the Arkansas arm

was primarily of Cimarron River origin. All water above 12 m of depth
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Figure 14. rsolines of conductivity (~mhos) showing density
flows in Keystone Reservoir during 1966 and 1967.
Arrows indicate the level at which water was
being discharged through the dam.
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in the Arkansas arm was primarily of Arkansas River origin except for a

small section in the lower one-third of the arm. The large water mass

lying between water primarily of Cimarron River origin and water pri-

marily of Arkansas River origin apparently was a zone of mixing, as

indicated by intermediate Cl/S0
4

ratios. In August 1967, one year

after the change in level of reservoir discharge from the epilimnion to

the hypolimnion, the proportion of water in the reservoir primarily of

- Arkansas River origin had greatly increased Water primari ly

-
-

-

of Cimarron River origin was confined to an underflow along the bottom

of the Cimarron arm. The zone of mixing shifted entirely into the

Cimarron arm of the reservoir as indicated by the wedge of intermediate

Cl/S04 ratios in the mid-reaches of the Cimarron arm .

Velocity and Direction of Water Currents

Methods of Measurement

A modification of the free-drag method used by the University of

Wisconsin was adopted for use in estimating the velocity and direction

of surface and sub-surface currents in Keystone Reservoir. Modifica-

tions included using 1 x 60 x 60 cm plywood boards instead of 6-oz milk

2cans as floats for the drag, and using four 30 cm metal blades instead

of four 10 x 15 cm blades to construct vanes. These modifi-

-
-
-
...

-

cations increased the area ratio of vane to float from 20:1 to 30:1 and

reduced exposure of float above the water surface. The large area

ratio of vane to float reduced errors in estimating the velocity and

direction of sub-surface currents caused by opposing surface currents.

For example, if surface and sub-surface currents of an equal velocity

-1
of 100 m min were traveling in opposite directions, the estimate of
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velocity of the sub-surface current would be 97 m min-I, resulting in

an error of only 3%. Changes in the location of drags over known

intervals of time were plotted by triangulation from sightings by two

plane tables with alidades located at each end of a baseline estab

lished on shore. Telescopic alidades were not available, and all

current measurements were made within 400 m of shore so that visual

sightings could be made.

A comparison of estimates of the velocity and direction of surface

currents obtained using free-drags and uranine dye plumes was made to

test the accuracy of the free-drag method (Fig. 16). Estimates made by

dye plumes and free-drags agreed closely in speed and direction, but

defining the perimeter of dye plumes was more difficult than sighting

free-drags. Dye plumes became elongated parallel to the direction of

surface currents This elongation has been interpreted as

-
-
-
-
0.-

-
-
-

vertical differential advection due to a shearing current (Ichiye

1965). Dye plumes in Keystone Reservoir did not possess the character

istic curvature of the tail part of the dye patch which is commonly

observed in ocean studies. Dye plume curvature normally has been

attributed to Ekman spirals produced by the Coriolis effect in pure

wind currents (Ichiye 1965). Absence of clockwise curvature of surface

currents in Keystone Reservoir probably was due to the lack of depth

and high eddy viscosity (personal communication from R. A. Bryson,

University of Wisconsin).

Velocity of Currents

The average velocity of 211 observations on currents in Keystone

Reservoir by the free-drag method was 3.02 t 0.44 m min-I, with an
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average coefficient of variation of 14.6% (Table XXI). Average current

velocities ranged from a high of 5.10 t 0.58 at the surface to a low of

1.65 ± 0.22 at 14 m of depth and increased again to 3.84 t 0.54 at 18 m

of depth. The high velocity of surface currents was primarily caused

by observations made in surface waters when wind driven currents were

... in the direction of mass flow . Occasionally wind velocities

were sufficient to cause surface currents to oppose mass flow, and

- their velocities were reduced accordingly. The increased

-

-
-
-

average velocity of currents at 18 m of depth was due to density under-

flows being pulled toward the dam by bottom discharge.

TABLE VI

AVERAGE CURRENT VELOCITIES AND PRECISION OF THE
FREE DRAG METHOD IN KEYSTONE RESERVOIR
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Velocities of currents at various depths in Keystone Reservoir

are similar to the velocities of currents in Lake Mendota

The velocity of the underflowing density current of

Keystone Reservoir is within the range of velocities reported for

similar underflows in other reservoirs.

Direction of Currents

At Station IlIon several occasions during 1967, a boat tied to a

permanent buoy oriented itself upstream into the wind, indicating an

upstream mass flow caused by something other than wind action. In

August 1967, the speed and direction of surface and sub-surface cur-

rents were measured at Station III using the free-drag method.

-1
Wind was from the northeast at variable speeds from 5 to 25 km hr .

When wind velocities were between 5 and 10 km hr- l , an upstream surface

current of 2.66 m min- l existed against the wind. Increases in wind

-1
velocities to 15 to 25 km hr were sufficient to offset the upstream

mass flow and produced a cross-wind surface current of approximately

l.85
. -1m m~n Even high wind velocities were not sufficient to prevent

upstream flow at 5 m of depth, but the direction was slightly altered

to a cross-wind course· A downstream mass flow occurred in

...

..
-
-
-

-1
the lower layers with velocities ranging from 3.60 m min at 10 m to

4.77 m min- l at 14 m. The relatively low velocities of currents at

5 m indicate that upstream maSS flow did not greatly exceed 5 m of

depth and that currents at 5 m were close to the shearing plane between

the two opposing mass flows.

On 22-23 June 1968, a complete survey of the direction and veloci-

ty of surface and sub-surface currents in Keystone Reservoir was made
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). Greatest velocities were present at the inflow of the

-

-
-

Arkansas and Cimarron Rivers, in surface waters when wind driven cur-

rents were in the direction of mass flow, and in a downstream density

current along the bottom of the Cimarron arm. Lowest current veloci-

ties were recorded in an upstream flow along the bottom of the Arkansas

arm. Observations made at the surface and 5 m of depth approximately

5 km upstream in the Cimarron arm offer further evidence that wind

velocities occasionally were sufficient to cause surface currents to

flow in the direc tion of prevai ling wind. Occasionally, wind

-
action was sufficient to cause surface currents to directly oppose a

mass flow of considerable velocit~ as shown by observations 5 km above

-1driven surface current of 2.9 m min was presen~ although a downstream-
the dam in the Arkansas arm. At that point an upstream wind

-
-1wind-aided mass flow of 5.1 m min existed only 7 km upstream.

Further verification of the upstream flow in the surface waters of

the Cimarron arm was shown by the direction of currents on 7 July 1968

- (Tab Ie VII). An upstream mass flow of varying velocity existed

-
-
-
-
-
-
.-

throughout the day between 0 and 5 m depth, and a downstream mass flow

existed throughout the day below 12 m of depth. The randomness of

direction and low velocity of currents at 8 m of depth indicated the

location of the shearing plane between opposing mass flows. Surface

flows moving upstream to offset downstream bottom flows also have been

observed in Fort Patrick Henry Reservoir by Churchill (1957) and in

Slapy Reservoir by Hrbacek and Straskraba (1966).
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... TABLE VII

...
VARIATION IN SPEED AND DIRECTION OF CURRENTS

AT STATION IV, 7 JULY 1968*

...

..
....

-

-

Time of Day (hr)

9.80 - 10.15 13.50 - 14.00 17.50 - 18.00

-1Wind (km hr ) 0-1 S-SE 0-1 variable 2-3 E-NE

Surface -1 0.77 -: 1.32 -: 0.36 2.79 ± 0.49(m min ) 0.58
toward shore upstream upstream

4 m 1.44 ± 0.18 0.99 ± 0.12 0.47 -: 0.12
upstream upstream upstream

8 m 0.46 "! 0.14 0.56 "±" 0.16 0.75 :- 0.12
toward shore circle toward shore

12 m 1. 73:- 0.15 1. 34 -: 0.14 1.32"!0.10
downstream downstream downstream

16 m 2.02 -: 0.35 2.70 -: 0.56 1.59 "±" 0.26
downstream downstream downstream

....
*Derived from measurements made by K. A. Kochsiek .

-
Circulation Patterns

Two distinct circulation patterns existed in Keystone Reservoir

during 1965-67, depending on the method of reservoir operation (Fig.

and were verified by direc t measurements of the direc tion of surface

18). These patterns of circulation were suggested by isolines of

and the distribution of C1/S0
4

ratiosc onduc tivi ty

-

...
-

-

-
and sub-surface currents

During 1965-66 when all reservoir discharges were from surface

waters, the Cimarron River entered Keystone Reservoir as an underflow

-
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during dry periods and as an interflow during wet periods. Highly

mineralized water flowed along the bottom of the Cimarron arm and

collected above the dam forming partial meromixis. Dense Cimarron

water which built up in volume above the dam flowed up the bottom of

the Arkansas arm for a distance of approximately 15 km. The Arkansas

River entered the reservoir and flowed at all depths through the

Arkansas arm until reaching the build-up of dense Cimarron water backed

up in the Arkansas arm. At this point, Arkansas River water formed an

overflow over denser water of Cimarron River origin and traveled for

approximately 20 km up the Cimarron arm before turning back as a down

stream surface flow toward the dam. The majority of water released

from Keystone Reservoir during 1965-66 was a direct overflow of water

from the Arkansas River moving along the surface of the Arkansas arm.

A mixolimnion of both Arkansas and Cimarron water was present in the

lower half of the Cimarron arm. The observed pattern of circulation

during 1965-66 was similar to a hypothetical flow pattern generated by

a mass transfer model (Falls 1969).

During 1966-67, the change in level of reservoir discharge from

the epilimnion to the hypolimnion produced a striking difference in the

pa.ttern of circulation in Keystone Reservoir. Densp. Y.~a t~r

-
-
...
...
..

from the Cimarron River again formed an underflow along the bcttom cf

the Cimarron arm, but instead of building up above the dam, the und'Or

flow was released through sluice gates. Less mineralized Arkansas

River water entered the reservoir and formed an overflow down the

Arkansas arm and up the Cimarron arm for approximately 30 km above the

dam before turning and flowing back through the Cimarron arm as a down

stream interflow. The underflow of Cimarron water combined with the
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interflow of Arkansas water and produced a downstream mass flow through

the lower half of the Cimarron arm greater than the volume being dis-

charged. The excess volume primarily of Arkansas River origin, but

containing Some water of Cimarron origin because of mixing occurring in

the Cimarron arm, formed an upstream underflow up the Arkansas arm for

a distance of at least 20 km above the dam. This upstream underflow in

the Arkansas arm was verified by direct current measurements on 22 June

1968 • The upstream underflow was detected approximately 6 km

-
-
-

-
-

above the dam at 12 and 17 m of depth, approximately 15 km above the

dam at 14 m of depth, and approximately 24 km above the dam at 10 m of

depth. The average velocity of 12 observations made in three locations

+ . -1in the upstream underflow in the Arkansas arm was 1.3 _ 0.4 m m1n

The observed pattern of circulation in Keystone Reservoir during 1966-

67 is in disagreement with the hypothetical flow pattern generated by a

mass transfer model (Falls 1969). Falls (1969) suggested,

When water is released from the bottom layers of the reser
voir, ... lighter Arkansas water ... will exhibit its
strongest flow in the lower half of the Arkansas arm, flow
ing toward the outlet gate. Lighter flows are expected in
the upper layers.

Current velocities in the upstream underflow of the Arkansas arm were

among the lowest recorded in the reservoir. The greatest current

velocities were recorded in the downstream overflow of the Arkansas

arm, in the upstream surface flow of the Cimarron arm, and in the down-

stream underflow of the Cimarron

An accurate estimate of the retention time of a reservoir is im-

portant in predicting the effects of polluted inflows on water quality

in the reservoir or in predicting the water quality of reservoir dis-

charge. The retention time of a reservoir theoretically can be
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computed by dividing volume by total inflow. This theoretical value

has little practical use since its calculation is based on assumptions

that the density of inflow is equal to the reservoir density, no strat

ification exists in the reservoir, and water is released from the res

ervoir from all depths. Using data for Keystone Reservoir presented in

Tables I and III, the theoretical retention time would be 20.1 days for

the Cimarron arm, 8.9 days for the Arkansas arm, or average 9.5 days

for the entire reservoir. Theoretical retention times given in the

literature for other water bodies are 38.5 days for Slapy Reservoir

(Hrbacek and Straskraba 1966); 11, 12 and 14 days for three TVA reser

voirs (Churchill and Nicholas 1967); and about four years for Lake

Mendota (Rohlich 1963) and Lake Constance (Lanzer 1961).

Since the assumptions of theoretical retention time were not met

in Keystone Reservoir, an attempt to estimate true retention time using

current measurements and circulation patterns was made. Assuming the

circulation pattern presented in Fig. 18 for 1966-67 and the physico

chemical conditions and current velocities present in the reservoir on

22-23 June 1968, the time of travel of various water masses in Keystone

Reservoir was calculated (Fig. 19). Using the time of travel estimates

presented in Fig. 19. the estimated retention time of the downstream

underflow of Cimarron River water would be approximately 6 days. The

Arkansas River water which traveled as an overflow down the Arkansas

arm and up the Cimarron arm and then traveled back down the Cimarron

arm as an interflow to the darn would have a retention time of approxi

mately 18 days. Water from this interflow which was not released from

the dam and which traveled back up the Arkansas arm as an underflow and

then traveled back down the Arkansas arm and up the Cimarron arm as an
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22-23 JUNE 1968
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TIME OF TRAVEL IN DAYS

Figure 19 . Estimated time of travel (days) of water masses in Keystone Reservoir assuming
the physicochemical conditions present on 22-23 June 1968 '"(Xl
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inter flow and then traveled back down the Cimarron arm to the dam would

have a retention time of approximately 48 days. These estimated times

probably should be considered as minimum retention times, but varia

tions in quantity or density of inflows, quantity of reservoir dis

charge, intensity of reservoir stratification, and wind velocity and

direction could interact to produce increases or decreases in actual

retention times.

Effects of Impoundment on Water Quality

The major effects of impoundment on water quality of inflowing

rivers are well known and have been reviewed by Churchill (1957),

Kittrell (1959), and Churchill and Nicholas (1967). Changes most often

observed between inflows and outflows of impoundments are decreases in

temperature, dissolved oxygen, pH, and turbidity and increases in CO2,

H2S, and NH
3

•

Keystone Reservoir had a notable effect on the water quality of

the Cimarron River during 1965-67, with the magnitude of change depend

ing on the level of reservoir discharge (Fig. 20). Physicochemical

conditions of Cimarron River inflows were measured at Station I.

Physicochemical conditions of outflows were measured at Station IV at

the depth from which water was being released through the dam. The

most striking effects of impoundment on the water quality of the Cimar

ron River were large reductions in conductivity and turbidity. Temper

atures of reservoir outflow exceeded inflow temperatures during the

winter months but were less than inflow temperatures during the summer

months. Dissolved oxygen concentration of reservoir outflow always was

less than that of Cimarron River inflow, except between April and July
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1966 when high primary productivity in the euphotic zone of the reser-

voir apparently supersaturated surface water with oxygen and caused

oxygen concentrations in water released through tainter gates to

exceed concentrations in the inf10wing Cimarron River. Alkalinity and

pH of Cimarron inflows exceeded alkalinity and pH of reservoir outflows

throughout most of 1965-67 .

Although the change in reservoir discharge level between 1965-66

and 1966-67 produced an improvement in the quality of water in Keystone

Reservoir, the change was detrimental to the quali ty of reservoir dis-

charge (Table VIII). The change from epilimnetic discharge to hypolim-

netic discharge decreased the effectiveness of the reservoir in reduc-

ing conductivity from 78% to 48% and in reducing turbidity from 92% to

74% and resulted in an increase in the reduction of dissolved oxygen

concentration from 10% to 68%. Change in level of reservoir discharge

also increased the reduction of temperature, alkalinity, and pH, but

these changes were not as significant in altering the quality of reser-

voir discharge as were the changes in the effect of impoundment on

conductivity, turbidity, and dissolved oxygen.

Solids and Sedimentation

Solids contained in reservoir waters may be classified as either

dissolved or suspended. Dissolved solids provide an estimate of the

concentration of inorganic ions or the degree of "mineralization" of

water. Concentrations of dissolved solids may be estimated directly by

gravimetric analysis of filtered water samples or indirectly by con-

ductivity measurements. Suspended solids include sand, clays, silt,

and plankton and provide an estimate of potential sediment. Suspended
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TABLE VIII
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RELATION OF THE EFFECT OF IMPOUNDMENT ON WATER QUALITY TO RESERVOIR DISCHARGE LEVEL

Level of
Annual Mean Reduction (%) Between Inflow and Outflow

Reservoir Tempera- Conduc- Dissolved
Water Year Discharge ture tivity Turbidity Alkalinity pH Oxygen

1965-66 epilimnion 2 78 92 3 4 10

1966-67 hypolimnion 4 48 74 7 8 68
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solids may be estimated directly from the difference between gravimet-

ric analyses of filtered and unfiltered water samples, or indirectly by

photometric turbidity measurements.

Concentrations (g m- 3) of dissolved and suspended solids in the

Cimarron arm generally decreased between Stations I and IV, while

- -2amounts (g m ) increased (Table IX). Concentrations of dissolved

-

-
-

-
...
....

solids increased with depth. Concentrations of suspended solids were

higher in the density current flowing along the bottom of the Cimarron

arm, while no significant changes occurred with depth in the upper

waters, except for an increase in the surface waters of Station III.

The increase in the annual mean concentration of suspended solids in

the surface waters of Station III primarily was due to the high concen

-3
tration (220 g m ) of suspended solids present in March 1967. Chloro-

phyll analyses during March 1967 indicated that this high concentration

of suspended solids was not due to a phytoplankton bloom. Zooplankton

samples were not collected; therefore, speculation about their contri-

bution to the suspended solids in March 1967 cannot be made, although

low concentrations ofastacin type carotenoids indicated that Crustacea

were not particularly abundant (Spangler 1969).

-3Concentrations (g m ) of chloride ion on the average were equiva-

lent to 32% of the concentration of total dissolved solids and were

equivalent to 24% of the ~mhos of specific conductance.

-3Concentrations (g m ) of dissolved solids on the average were equiva-

lent to 75% of the ~hos of specific conductance. Concentrations

(g m
o3

) of dissolved solids in Lake Mead averaged about 70% of the

~mhos of specific conductance (Smith et al. 1960).
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TABLE IX

-3 -2ANNUAL MEANS OF CONCENTRATIONS (g m ) AND AMOUNTS (g m ) OF SOLIDS AND CONCENTRATIONS
OF CHLORIDE ION AND TURBIDITY IN KEYSTONE RESERVOIR DURING 1966-67

Depth Stations

(m) I II III IV I II III IV

1 6390 * 1670 1413 1302 160 * 26 * 40 * 16

5 1719 * 1444 1300 21 20 14

* *
10 2196 * 1516 1319 86 * 18 16

* * *
14 Dissolved 2220 2197 Suspended 36 * 21

Solids Solids *
18 2352 77

-2 7893 * 14496 * 21732 * 29020 209 * 355 366 424g m

1 1322 * 653 * 585 * 516 143 * 26 * 35 * 19

*
5 651 * 590 * 518 27 18 21

* *
10 834 * 631 * 530 75 * 18 21

* * *
14 Chloride 746 * 592 Turbidity 38 * 20

Ion * Units *
18 739 69

.....
* indicates significant difference (0' = 0.10) between means using depth x date MS as error term .p-

to test for differences among depths within stations and station x date MS to test for differences
among stations within depths.
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The relationship between photometric measurements of turbidity and

concentrations of suspended solids apparently depended on the optical

properties of solids present. Gravimetric estimates of suspended

solids exceeded turbidity measurements during 7 months of 1966-67,

while turbidity exceeded gravimetric estimates during 5 months (Fig.

21), Averaged over all measurements, turbidity units were equivalent

-3to 96% of the concentration (g m ) of suspended solids. The 4% dif-

ference was considerably less than the coefficient of variation for the

gravimetric method of analysis, and turbidity units were considered to

be as good an estimate of suspended solids as gravimetric estimates.

Annual mean turbidity for 1965-66 was higher than the annual mean

for 1966-67 (Table V). The higher annual mean during 1965-66 was due

-
-

to high concentrations of suspended solids during the fall of 1965.

Turbidity was lower from January through August in 1966 than in

1967. A large increase in the suspended solids content of the Cimarron

arm in July 1967 was caused by a flood which occurred during the last

half of June.

An indirect estimate of the rate of sedimentation in the Cimarron

arm during 1965-66 and 1966-67 was made, assuming turbidity units were

-3e4uivalent to g m suspended solids (Table X). The weight of sus-

-
...

....

-

pended solids deposited as sediment was converted to volume assuming a

weight-volume relationship of 1.30 metric tons of unpacked, dry sedi-

3ment per m. This relationship was derived from data for Lake Mead,

Arizona, in which sediment averages about 45% sand and 55% silt and

clay (Smith et al. 1960). Estimates of the amount of sediment in Lake

Mead made by mass-balance calculations assuming a weight-volume rela

-3tionship of 1.30 metric tons m were within 2% of more direct
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TABLE X

BALANCE OF SUSPENDED SOLIDS IN CIMARRON ARM DURING 1965-66
AND 1966-67 INDICATING RATE OF SEDIMENTATION

(All Amounts Except Volumes Are
103 Metric Tons)

...
1965-66 1966-67 X

... Total inflow 382.7 43.1 212.9

Total outflow 43.9 13.4 28.7

... Amount retained 338.8 29.7 184.2

Solids suspended in
water at beginning
of water year 16.1 6.9 11.5

Solids suspended in
water at end of
water year 6.9 9.0 8.0

Change in content
during water year -9.2 +2.1 -3.5

Weight of solids
lost to sediments 348.0 27.6 187.7

* (103 m3 ofVolume
solids lost to
sediments 267.4 21.2 144.3

...
*Calculated assuming a weight-volume relationship of 1.30 metric

tons of unpacked, dry sediment per m3 derived from data presented by
Smith et al. (1960).

-
-
...

...
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estimates made from echo soundings during hydrographic surveys (Smith

et al. 1960). Variations in particle size and proportions of sand and

clays composing the sediments of Lake Mead and Keystone Reservoir

probably resulted in errors in estimating sediment volume of Keystone.

Estimates of the outflows of suspended solids from Keystone Reservoir

probably are valid, but estimates of the inflow of suspended solids

into the Cimarron arm probably underestimated the actual sediment load

of the Cimarron River. The total inflow of suspended solids was

estimated by multiplying monthly estimates of the concentration of

suspended solids at Station I by total monthly Cimarron River discharge

and summing the products. Samples used to estimate the concentration

of suspended solids at Station I were always collected at least 0.5 m

above the river bottom and on some occasions probably underestimated

the average concentration of suspended solids in the water mass.

The estimated total inflow of suspended solids into the Cimarron

arm during 1965-66 was 9.1 times the total inflow during 1966-67

while the annual Cimarron River discharge during 1965-66 was

only 1.3 times the annual discharge of 1966-67 (Table III). Sediment

load is not directly proportional to run-off but increases more rapidly

with increasing discharge (Smith et al. 1960). Between 1926 and 1949

the annual suspended load of the Colorado River at Grand Canyon varied

9 3from 45 metric tons in 1934, when runoff was less than 6.2 x 10 m ,

to nearly 454 metric tons in 1929, when annual runoff was more than

9 323.4 x 10 m (Smith et al. 1960). The large annual variation in the

suspended load of the Cimarron and Colorado Rivers indicated that

estimates of the rate of sedimentation used to predict the life expect-

ancy of reservoirs should be based on long-term, intensive sampling

programs .
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Assuming that 144.3 x 103 m3 is a valid estimate of the long-term

rate of sedimentation, the Cimarron arm of Keystone Reservoir would

have a life expectancy of about 20 centuries before sediments fill the

reservoir to normal power pool level. Based on the rate of sediment

accumulation during the first 14 years of impoundment, it will be

slightly less than 5 centuries before Lake Mead is filled with sediment

to the level of the permanent spillway crest (Smith et al. 1960). A

long-term, more intensive study of the rate of sedimentation in Key

stone Reservoir probably would show that the life expectancy is consid

erably less than 20 centuries.

Heat Budgets

Heat budgets have long been used by limnologists to classify lakes

according to their thermal properties. The first work with heat budg

ets was done by Forel (1880). Forel's methods apparently were theoret

ically unsound and the revised methods and definitions of Birge (1915)

have been accepted as standard methods for calculating heat budgets.

The annual heat budget of a lake may be defined as the total amount of

heat that enters the lake between the time of its lowest and its high

est heat content (Hutchinson 1957). This quantity may be sub-divided

for temperate dimictic lakes into summer and winter heat budgets. The

summer heat budget may be defined as the amount of heat required to

raise a lake from an isothermal condition at 4 C up to the highest

observed summer heat content, with most of the distribution of heat

being accomplished by wind action. The winter heat bUdget may be de

fined as the amount of heat needed to raise the water of a lake from

the temperature at time of minimum heat content up to 4 C, with most of
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the heat distribution being accomplished by convection streaming. In

warm monomictic lakes with minimum heat contents above 4 C, the winter

heat budget is calculated by the difference between the minimum heat

content of the lake and the theoretical heat content at an isothermal

temperature of 4 C. This quantity may be considered as the negative

winter heat income and is a measure of the equatorial versus temperate

nature of lakes (Hutchinson 1957).

To determine the heat budget of Keystone Reservoir, the volume-

weighted mean temperature of the reservoir was determined for each

month of 1965-67, and the times of minimum and maximum heat content

were selected. Minimum and maximum heat contents were calculated from

average temperature profiles (Fig. 22) by plotting depth z against the

product of (A )(T ), where A equals the area at depth z and T equals
z z z z

the average temperature at depth z; integrating the area under the

resulting curve; and dividing by the surface area of the reservoir.

The heat content of Keystone Reservoir varied from a maximum of

-2 -221,289 cal cm in August 1965 to a minimum of 3,451 cal cm in

January 1967 (Fig. 23). Average water temperatures and average and

extreme air temperatures at times of minimum and maximum heat contents

-2
Reservoir was 17,217 cal cm and the reservoir had an average nega--
are shown in Table XI. The average annual heat budget of Keystone

••

,
•-

...

-

-2tive winter heat income of -995 cal cm . The temperate nature of

monomictic Keystone Reservoir is demonstrated by comparing the negative

winter heat income of Keystone to that of Lake Atitlan, Guatemala.

-2Atitlan has an annual heat budget of 22,110 cal em , similar in magni-

tude to the annual heat budget of Keystone Reservoir, but has a nega

-2tive winter heat income of -288,300 cal em •
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TABLE XI

*AVERAGE AIR AND WATER TEMPERATURES AT TIMES OF MINIMUM
AND MAXIMUM HEAT CONTENT OF KEYSTONE RESERVOIR

X it Max. or Min. Monthly it
Water Temp. Air Temp. Air Temp. of

Date C C Season (C)

Augus t 1965 26.7 27.6 27.6 in August

February 1966 5.4 3.9 0.4 in January

August 1966 23.8 25.8 30.7 in July

January 1967 4.7 4.2 2.9 in December

August 1967 25.3 24.4 25.3 in July

*Air temperatures were derived from records of U. S. Weather
Bureau for Tulsa, Oklahoma •

Keystone Reservoir would be classified thermally as a second-class

lake according to the scheme of classification of Birge (1915). Birge

considered a first-class lake in temperate North America to be any body

2of water with a surface area of at least 20 km and a mean depth of at

least 30 m. Lakes with these dimensions were assumed to take up the

climatic maximum amount of heat. Shallower lakes were considered to be

unable to take up the maximum amount of heat and were classified as

secondary.
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- No corrections were made for heat lost to sediments in calculating

-
-
-

the annual heat budget of Keystone Reservoir; therefore, values must be

considered as the heat budget of both water and sediments. In Lake

-2Mendota, which has an annual heat bUdget (23,500 cal cm ) similar to

that of Keystone Reservoir, 1,350 cal cm- 2 were lost to sediments

(Birge 1916). In shallower, monomictic Keystone Reservoir, the loss

-
to sediments may be even more important than in Lake Mendota.

All sources of heat gains and losses from the reservoir were not

determined, but gains and losses of heat due to differences in heat

-
content of inflowing and outflowing water during 1965-67 were deter-

mined (Fig. 24). The change in level of reservoir discharge appeared

to have a definite effect on the pattern of net gains and losses of

heat due to differences in heat content of inflows and outflows.

During 1965-66 when all releases were from the epilimnion, the reser-

voir showed a net heat gain between inflows and outflows during all

months except November, December, January, and February. During 1966-

67 with hypolimnetic discharge, the reservoir showed a net heat loss

between inflows and outflows during 7 months of the year, but the gains

occurring during the spring and summer months were sufficient to result

During 1966-67, inflows had a higher heat

The fact that this increase in the net gain

cal) than in 1965-66, but outflows had a total

55.91 x 109 cal, resulting in an increased netof only

9x 10 cal.gain of 7.51

heat content

in an increase in the annual net gain of heat. During 1965-66, inflows

into Keystone Reservoir had a total heat content of 61.07 x 109 cal,

and outflows had a heat content of 57.97 x 109 cal, resulting in a net

9heat gain of 3.10 x 10 cal.

9content (63.42 x 10

-
-
-

-
of heat from inflows during 1966-67 did not have a noticeable effect

...
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Fiaute 24.. Comparison of monthly net .aina and loaaea of heat due
to differencea in heat cOntent of inflowing and out
flowina water durina 1965-66 and 1966-67
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on the magnitude of the annual heat budget indicated that gains from

differences in the heat content of inflows and outflows probably were

not as important to the heat bUdget as gains from solar radiation .

In fact, during the period between January and August 1967 when the

reservoir had the largest net gains of heat from differences in inflows

and outflows, the lowest annual heat budget was obtained.

The reason for the lack of effect is indicated by a comparison of heat

gains and losses by inflow and outflow to the annual heat budget on a

per-unit-area-of-reservoir-surface basis. Heat gained by inflows,

averaged over all heating and cooling periods during 1965-67, was 306

-2 -2cal em , and heat lost to outflows was 270 cal em ,yielding an aver-

-2age net gain of only 36 cal em while the average annual heat budget

was 17,217 cal cm- 2 The advective gains of heat from differences in

.-

-
-
-
-

temperature of inflows and outflows in Keystone Reservoir are surpris-

ingly low when compared to that of other warm monomictic reservoirs.

Over one-half of the annual heat budget of Lake Mead, Arizona (46,200

-2cal cm ), is due to advective gains from inflows (Anderson and

Pritchard 1951).

The loss of heat from Keystone Reservoir due to evaporation was

not determined because the "pan method" which was used to estimate

evaporation in Keystone Reservoir has been severely criticized in the

literature. Smith et al. (1960) indicated that pan estimates may be

twice as high as the true rate of evaporation from reservoir surfaces.

However, Kohler (1952) indicated that accurate pan data may be only

about lot greater than the true rate of evaporation. Evaporation from

Lake Mead, which has a volume (27.9 x 109 m3) about 34 times that of

Keystone Reservoir, was estimated to be between 800 and 1200 x 106 m3
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or about 5% of the average inflows (Smith et al. 1960). Evaporation

rates (Table 111) for Keystone Reservoir amounted to about 4% of the

average annual inflow, and therefore, do not appear to be excessively

high. Evaporation heat losses accounted for about 46% of total heat

losses from Lake Mead (Anderson and Pritchard 1951) and probably are

the major source of heat loss from Keystone Reservoir .
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NUTRIENT BALANCE OF THE CIMARRON ARM

Factors Affecting Phosphorus Distribution
and Regeneration in Reservoirs

Large and often erratic fluctuations in the concentration of

1various phosphorus forms which cannot be explained by gains from or

losses to allochthonous sources have puzzled limnologists for many

years (Hutchinson 1957). The complexity of the phosphorus cycle is

reflected by the unpredictability of the relationship between phospho-

rus concentrations and primary productivity (Hutchinson 1944, Whitford

and Phillips 1959). This unpredictability is the result of interac-

tions between abiotic and biotic factors affecting the concentration of

phosphorus. High energy phosphate bonds are a source of energy in the

respiratory metabolism of all plants and animals; therefore, variations

in the structure and function of biotic communities cause variations in

phosphorus concentrations. In addition to this biotic influence, the

amount of inorganic phosphorus that can remain in solution is deter-

mined by the state of ionic equilibria existing between phosphate and

other inorganic ions.

lForm as used in this discussion pertaining to phosphorus will be
defined as the state or manner in which phosphorus exists, e.g., dis
solved or particulate, inorganic or organic.
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To fully understand the phosphorus cycle in reservoirs, three

principle forms of phosphorus must be differentiated: dissolved inor

ganic, dissolved organic, and particulate phosphorus (Juday et al.

1928, Ohle 1939). Dissolved inorganic and dissolved organic phosphorus

are those forms of phosphorus which are in true solution. Particulate

phosphorus is primarily organic phosphorus tied up in biomass, but

recently evidence has been introduced to support the hypothesis that

algae also store "luxury" phosphorus as orthophosphate or as a highly

labile form which readily reverts to orthophosphate when algae die

(Wassink 1955, Arnon 1956, Fitzgerald 1966). Particulate inorganic

phosphorus also may occur during fall overturn as ferric phosphate

(Hutchinson 1957) or as calcium phosphate in Some hard-water lakes

(Gessner 1939). For the purpose of studying the phosphorus cycle in

most reservoirs, it is sufficient to assume that most of the particu

late phosphorus is organic and is associated with biomass.

There is a continual exchange of phosphorus between water and

solids within natural waters, and the quantitative distribution of

phosphorus between the solid and liquid phases represents a state of

dynamic eqUilibrium (Phillips 1964).· Exchange rates can vary from one

biological system to another and also can vary seasonally within the

same system (Watt and Hayes 1963, Rigler 1964).

The three forms of phosphorus which were distinguished in this

study are generally assumed to form a transfer cycle:
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Dissolved
Organic

/"(~<"'~
Particulate Dissolved
Phosphorus < ) Inorganic

(PP) Phosphorus
(DIP)

The reac tion, DIP - ~;. PP, represents uptake of or tho-

phosphate by living phytoplankton and bacteria. Zooplankton do not

playa significant role in this reaction (Harris 1957, Rigler 1961,

Watt and Hayes 1963).

The proces,s, PP ------:>~ DOP, represents the release of organic, ,
phosphorus from dead organisms, presumably as a result of bacterial

attack and leaching out by water (Hayes and Phillips 1958, Watt and

Hayes 1963), and the elimination of incompletely digested food contain-

ing organic phosphorus by zooplankton, especially during periods of

superfluous feeding when phytoplankton density is high (Redfield 1958,

Harris 1959, Pomeroy et al. 1963, Satomi and Pomeroy 1965, and Barlow

and Bishop 1965). Superfluous feeding by zooplankton may begin when

-3
phytoplankton biomass reaches about 3 g m (wet weight)(Bekleroishev

-
- 1961) • -3Three g biomass m is approximately equivalent to 6-12 mg

-
-
-
-

-3chlorophyll m (Strickland and Parsons 1960). The annual mean concen-

tration of chlorophyll ~ in Keystone Reservoir during 1966-67 was more

than twice the concentration at which superfluous feeding may occur

(Spangler 1969). Therefore, zooplankton probably play an important

role in the phosphorus cycle of Keystone Reservoir.

The return process, DOP -;>~ PP, represents the uptake of

dissolved organic phosphorus compounds by bacteria, and possibly
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phytoplankton and certain protozoans (Watt and Hayes 1963). Krogh

(1931) concluded that no multicellular animals take up dissolved organ

ic substances to any significant extent. However, Chu (1946) and

Abbott (1957) found that phytoplankton can derive phosphorus by the

uptake of soluble organic compounds. Apparently zooplankton do not

playa part in this transfer.

DOP -----.,:)~ DIP is the result of several simultaneous

processes:

(1) the release of DIP from organic compounds which have been

broken down by bacteria; the source could be dissolved compounds taken

up from water or obtained from dead cells, organic detritus, or organic

colloids;

(2) the return of DIP to the water by phytoplankton and bacteria

as a result of the exchange by which inorganic phosphate is continually

passed into and out of living cells (Hayes and Phillips 1958, Watt and

Hayes 1963); and

(3) autodephosphorylation by phosphatase activity of labile

organic phosphorus compounds contained within dead organisms (Matsue

1940, Grill and Richards 1964, Fitzgerald 1966).

In addition to biotic effects, the distribution and flux of phos

phorus in reservoirs is influenced by the chemical equilibria of other

ionic species. Accumulation of phosphorus in the hypolimnion and in

the sediments occurs by precipitation of insoluble phosphorus-bearing

compounds and sedimentation of phosphorus-bearing particulate matter.

Precipitatipn of phosphorus is accomplished primarily by oxidized heavy

metals, mainly ferric iron (Hutchinson 1957). If reducing conditions

are present in the hypolimnion or sediments, insoluble Fe+++ is reduced
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++to soluble Fe ,and P04 is slowly released into the hypolimnion. In

alkaline waters where there is an excess of calcium, phosphorus also

may precipitate as tricalcium phosphate, Ca
3

(P04)2 (Neess 1949). This

salt is converted to the more soluble di- and mono-calcium phosphates

as the pH of the water is reduced. Equilibrium with hydroxyapatite,

CalO (P04)6(OH)2' may control phosphate concentrations in the Great

Lakes (Kramer 1964). Falls (1969) has suggested that this heterogene-

ous reaction could control or at least buffer the phosphorus content

of the waters of Keystone Reservoir.

Distribution of Phosphorus in
Keystone Reservoir

Concentrations of total phosphorus in the Cimarron arm ranged from

-3
a minimum of 10 mg P m at Station III in January 1967 to a maximum of

-3
994 mg P m at Station 1 in August 1967 (Table XII).

tions of dissolved forms of phosphorus usually were associated with low

concentrations of particulate phosphorus, and high concentrations of

particulate phosphorus usually were associated with low concentrations

of dissolved phosphorus. DIP was absent or below the minimum detect-

able concentration in surface waters of Stations III and IV in Septem-

ber 1966, Station III in January 1967, Stations 11 and III in March

1967, and Stations III and IV in June 1967. These were the only occa-

sions when inorganic phosphorus may have been limiting to primary

productivity, and inorganic phosphorus may not have been limiting on

these dates since it is well known that algae store "luxury" phosphorus

in excess of their needs (Wassink 1955, Arnon 1956, Fitzgerald 1966).

DOP was unde'llllCtable or, ift Olitr....l1 low concentrations throughout the
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water column at Stations 11, Ill, and IV in September and November

1966. PP was present in all samples collected during 1966-67.

TABLE XII

MINIMUM AND MAXIMUM CONCENTRATIONS (mg P m-3) OF PHOSPHORUS
MEASURED AT ANY DEPTH AT EACH STATION DURING 1966-67

Station Station Station Station

Form of 1 II III IV- Phosphorus min max min max min max min max

Total P 87 994 13 456 10 174 22 309

DIP 34 850 0 116 0 102 0 176

DOP 2 134 0 46 0 23 0 30

PP 22 790 8 388 4 121 0 144

-
-
.-

-
-
-
-
-
-

In general, concentrations of total phosphorus increased with

depth and decreased downstream (Table XIII). Increases in concentra-

tions of phosphorus between Stations III and IV were caused almost

entirely by increases in concentrations of DIP. The annual mean con-

centration of DIP at Station IV was 48.8% higher than the annual mean

concentration of DIP in the rest of the Cimarron arm, excluding

Cimarron River data. This increase in DIP at Station IV supports the

hypothesis that water in the lower end of the Cimarron arm during

1966-67 was primarily of Arkansas River origin. Phosphate concentra-

tions in the Arkansas arm averaged 48% higher than phosphate
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TABLE XIII

ANNUAL MEANS OF CONCENTRATIONS (mg P m- 3) AND AMOUNTS (mg P m- 2)
OF PHOSPHORUS IN KEYSTONE RESERVOIR DURING 1966-67

Depth Stations
(m) I II III IV I II III IV

1 545 * 100 * 83 * 114 249 * 64 * 48 * 50

5 92 78 113 71 * 40 47

* *
10 171 * 86 * 118 129 * 47 47

*
14 Total 106 123 Par ticu late 55 47

P * P
18 132 60

-2 858 * 1029 * 1248 * 2174 487 * 771 681 * 910mg m

1 259 * 24 29 * 54 37 * 12 7 10

5 14 31 * 60 7 7 * 13

*
10 29 34 * 62 13 * 4 * 9

*
14 Dissolved 42 57 Dissolved 10 8

Inorganic P Organic P
18 64 8

-2 330 * 179 * 475 * 1084 41 * 79 * 93 * 177mg m

-0

* indicates significant difference (a = 0.10) between means using depth x date MS
..,.

as error term
to test for differences among depths within stations and station x date MS to test for differences
among stations within depths.
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and II of 48% and between Stations II and III of 57%

closely paralleled reductions in suspended solids between Stations I

concentrations in the Cimarron arm in 91 observations made by the U. S.

Geological Survey during 1965-66. The annual mean concentration of DIP

in the Arkansas River was 24% higher than the annual mean concentration

in the Cimarron River during 1966-67 (Table IV).

Concentrations of phosphorus were greatest in the density current

flowing along the bottom of the Cimarron arm (Table XIII). Considerable

reductions occurred in the concentration of PP in the density current

between Stations I and II and between Stations II and III. These re

ductions appeared to be due to sedimentation of PP since significant

increases in DIP did not occur. Reductions in PP between Stations I

-

-
-
-
-
-
- and II of 46% and between Stations II and III of 58% (Table IX). This

relationship suggests that the high concentrations of phosphorus at

Station I were due to phosphorus associated with silt and clays sus

pended in Cimarron River inflows. Annual mean concentrations of DIP

exceeded annual mean concentrations of PP at Stations I and IV, while

concentrations of PP exceeded concentrations of DIP at Stations II and

III. Concentrations of DOP were highest at Station I and

-
-

-
-
-

were uniformly low throughout the rest of the Cimarron arm.

Phosphorus Budget of the Cimarron Arm

The phosphorus content of the Cimarron arm was calculated by

multiplying the average concentration of phosphorus at each meter of

depth by the volume of water contained in that layer and summing the

products (Fig. 25). In general, total phosphorus content increased

throughout the year, with most significant increases occurring during



r I r r ( i I f

.~~

I f r f f

60

50

0.
4

(/l

c:
o
t- 30

o......
Q)2
~

10

9

Cimarron River
Discharge

Tolol

lI:4-
Particulate I

P Irnorganic P
I .

I
I Ditlaly.d

.=-:S6W"'"'" -4+: - ..... .-.~ Organic P
--~ ..,. - -_.--...... ..- .....- ..- - --.~..-

678

25

'0
Q)

20 (/l..,
E

Q)

15 ~
o
..c:
o
(/l

10°
1><

>.

..c:...
5 c:o
~

Figure 25. Relation of phosphorus content of Cimarron arm to
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high inflows of the Cimarron River in June and July 1967. Temporal

variations in total phosphorus content closely followed variations in

content of PP, which was the most abundant form of phosphorus during

most of the year. DOP content of the Cimarron arm remained fairly

constant during 1966-67. DIP content remained relatively constant

until June 1967. Between September 1966 and June 1967, inflows of DIP

apparently were being offset by losses through outflows, conversion to

PP, and precipitation. Gains in DIP exceeded losses during high in

flows· in June 1967 and resulted in a significant increase in DIP con

tent of the Cimarron arm. Large gains of phosphorus during June and

July apparently saturated the reservoir system with inorganic phosphate

as indicated by a relatively small increase in DIP content between July

and August 1967 and a large decrease in PP content. Of the

total loss in PP content between July and August 1967, only 5.9% was

converted to DIP and only 11.8% was converted to DOP (Table XIV).

Apparently 82.3% of the decrease in PP content was due to precipitation

to sediments. Between 23 July 1967 and 24 August 1967, DIP increased

from 38.6% to 51.3% of total P, while PP decreased from 59.3% to 42.1%

of tota 1 P.

The gain in total phosphorus content of the Cimarron arm from 14.3

to 45.8 metric tons between September 1966 and August 1967 represents

an increase of 3207,. This rate of increase is larger than any other

known from the literature and is 12.8 times the rate of increase of

phosphorus in Lake Erie during the past 20 years (Verduin 1964, 1967).

Concentrations of phosphorus recorded for Missouri River Reservoirs are

higher than average concentrations found in Keystone Reservoir, but the

phosphorus content of Keystone Reservoir is increasing at a greater
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differences in the age of the reservoirs or may be due to the use of

different analytical methods. Methods used to measure phosphorus in

the 1950's are not considered to be as reliable as methods used for

phosphorus analyses in the present study. The importance of using

modern methods was pointed out by Rigler (1964) .

TABLE XIV

RELATION OF CONCENTRATIONS (mg P m-3/ OF THE THREE FORKS
OF PHOSPHORUS TO THE DECREASE IN TOTAL PHOSPHORUS

CONTENT DURING JULY AND AUGUST 1~67

Total P DIP DOP PP

Date X X % of total X % of total X 70 of total

7/23/67 194 75 38.6 4 2.1 115 59.3

8/24/67 152 78 51. 3 10 6.6 64 42.1

*All concentrations are volume-weighted means.

A phosphorus budget of the Cimarron arm of Keystone Reservoir was

calculated to gain insight into the mechanisms causing the large in-

crease in total phosphorus content during 1966-67 (Table XVI).

Total inflow and outflow of phosphorus in the Cimarron arm were esti-

mated by the method described by Hrbacek (1966). Inflow of phosphorus

was calculated by multiplying Cimarron River discharge by the concen-

tration of phosphorus in the Cimarron River at its entrance to the
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reservoir. Outflow of phosphorus was calculated by multiplying

Cimarron River discharge by the concentration of phosphorus in the

density current in the hypolimnion at the lower end of the Cimarron

arm. In calculating outflow of phosphorus by this method, the assump-

tion was made that all water entering the reservoir from the Cimarron

River was discharged from the hypolimnion through sluice gates. This

assumption was justifiable since the Cimarron River discharge was only

17% as great as the total reservoir outflow (Table Ill), and studies of

stratification and currents in the Cimarron arm indicated that the

hypolimnetic density current flowed through the Cimarron arm to the

dam. Gains from and losses to waters of Arkansas River origin which

flowed into and out of the Cimarron arm were considered equivalent and

ignored in this analysis.

TABLE XV

RATE OF INCREASE IN TOTAL PHOSPHORUS IN
RESERVOIRS OF THE GREAT PLAINS

...

...

Reservoir

Keystone

*Garrison

*Gavins Point

*Fort Randall

Increase in Concentration Rate of
Time Period (mg P m- 3) Increase

9/66-8/67 49 to 157 320% -1yr

1955-57 180 790 21970 -1to yr

1956-57 190 290 153% yr
-1to

1952-57 40 260 9310 -1to yr

-
...

-

*Neel (1967).
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*The contribution of DIP by direct rainfall is the average of five
estimates based on rates reported in the literature (Chalupa 1960, Miller
1961, Tamm 1951, Tamm 1953, Voight 1960).
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... Of the 108.3 metric tons of total phosphorus contributed by the

...

-
Cimarron River, 38.3% was retained in the reservoir. Approximately 74%

of the amount retained appeared as an increase in phosphorus content of

the water, and the remaining 26% apparently was lost to sediments by

..
chemical precipitation and sedimentation of particulate matter. The

retention of 38.3% of the total influx of phosphorus to the Cimarron

...
arm is similar to retentions reported for other reservoirs (Table

XVII) .

TABLE XVII

- RETENTION OF PHOSPHORUS BY RESERVOIRS

1959-60 59.0

1966-67 38.3

1955-56 28.9

1955-56 62-65

% of Total
Time Period Inflow RetainedReservoir Reference

Keystone Present study

Slapy, Czech. Hrbacek (1966)

Garrison Nee1 et a1- ( 1963)

Lake Mendota Rohlich (1963)

Cim1janskoe, Russia Fesenko and Rogozkin
(1961), from Hrbacek
(1966)

35.0

-
Tystrup So Lake Berg (1943) 44.3

-
...

-
...
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To determine the net change in forms of phosphorus in the reser-

voir, the relative importance of DIP. DOP, and PP to the total amount

of phosphorus retained in the reservoir was compared to the relative

importance of DIP, DOP, and PP to the total amount of phosphorus

appearing as an increase in phosphorus content of the water. Using

this approach it was estimated that of the 17.0 metric tons of PP re-

tained in the reservoir, 1.5 metric tons of PP were converted to other

forms of phosphorus by biological activity. Approximately 9.8 metric

tons were converted to DIP and 0.7 metric tons were converted to DOP.

The total influx of phosphorus into Keystone Reservoir is obvious-

ly much greater than the 108.3 metric tons contributed by the Cimarron

River, since the Cimarron contributes only 17% of the total inflow.

Assuming equal concentrations of phosphorus in all inflow, Keystone

Reservoir would have a total inflow of 637 metric tons of P year- l

Assuming that about 38% of this amount was retained, the reservoir's

total phosphorus content would increase by 242 metric tons of

-1P year This is probably an underestimate since the concentration

of DIP in the Arkansas River is higher than the concentration in the

Cimarron River, and the percentage (46.6%) of DIP retained was higher

than the percent retention for PP (32.1%) or DOP (25.7%).

From the mass balance calculations presented in Table XVI, it

is apparent that the increase in total phosphorus content of the

Cimarron arm was primarily due to retention of phosphorus contributed

by inflows from the Cimarron River. These calculations based on only

a 12-month observation period may either underestimate or overestimate
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the actual long-term rate of eutrophicationl of Keystone Reservoir.

The conclusion that increases in total phosphorus content of the

Cimarron arm were due to contributions of inflows was questioned by

Falls (1969), largely because of misinterpretation of personal communi-

cations. Falls (1969) stated"

Eley (personal communication) found that the total phosphate
concentration in the reservoir increased approximately 320%
from September 1966 to August 1967. The possibility of
inorganic chemical reactions controlling the concentrations
of dissolved inorganic phosphate in natural waters is fre
quently ignored.

Total phosphorus, not phosphate, increased 3201.. Falls (1969) suggest-

ed that the increase in phosphorus content of the Cimarron arm was due

to an increase in the amount of phosphate required to saturate hydroxy-

apatite. By comparing selected DIP concentrations observed during the

present study to concentrations calculated from equilibrium relation-

ships, Falls (1969) concluded that the waters of Keystone Reservoir

were supersaturated with respect to apatite by a factor of about 10,

and that this unlikely situation was a result of slowness of the pre-

cipitation reaction or of systematic errors in equilibrium calculations

or phosphorus analyses. The possibility of inorganic equilibria af-

fecting the DIP content of the Cimarron arm was not ignored in calculat-

ing the phosphorus budget. In fact, calculations indicated that 24% of

the total amount of DIP retained from inflows was lost to the sediments

by precipitation. This precipitation of DIP may have resulted from

supersaturation of apatite, but it is likely that precipitation of

Fe P0
4

was also important. It is apparent from Figure 35 that increases

lEutrophication in this study is defined as an increase in the
nutrient content of a reservoir by allochthonous sources, either of
natural or domestic origin •



indicate the order of

....

-
...

-
....

...

....

....

-

....

-
...

-

104

in the total phosphorus content of the Cimarron arm between September

1966 and June 1967 were primarily due to increases in PP. An increase

in the amount of phosphate required to saturate apatite would not

result in an increase in PP.

Ammonia and Nitrate Nitrogen

The accuracy and precision involved in estimating concentrations

of ammonia-nitrogen (NH3-N) and nitrate-nitrogen (N03-N) were not con

sidered to be sufficient to warrant detailed analysis of nitrogen data .

Annual meanS of concentrations and amounts of NH
3

-N (Table XVIII)

average concentrations of N03-N (Table XIX)

magnitude of concentrations during 1966-67. ·Significantly higher con-

centrations were found at Station I, but no other differences in con-

centrations among stations or among depths within stations were demon-

strated.

-3 .Concentrations of NH
3

-N exceeded 12 g N m Ln the anoxic hypolim-

nion of Keystone Reservoir during July 1966 (Eleyet al. 1967). No

bUild-up in concentrations of NH
3

-N occurred in the hypolimnion of

Keystone Reservoir between September 1966 and August 1967. Maximum

-3
concentrations of NH3-N were less than 5 g N m ,and these were re-

corded in the aerated surface waters of Station I during December 1966

and January 1967. Significant concentrations of NH3-N would not be

expected in water saturated with oxygen. Concentrations of NH3-N

apparently were below the minimum detectable concentration of the

direct nesslerization method, and values observed in the reservoir

probably were the result of inferences by aliphatic and aromatic amines

and ch10ramines or other unidentified nitrogen-bearing compounds .
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High concentrations obtained at Station I support this hypothesis •

iii/! TABLE XVIII

ANNUAL MEANS OF CONCENTRATIONS (mg N m-3) AND AMOUNTS
(mg N m- 2) OF AMMONIA-NITROGEN IN KEYSTONE

RESERVOIR DURING 1966-67

..
Depth Stations

(m) I II III IV

1 1334 * 255 * 170 * 328

5 232 184 406

10 201 317 332

14 385 282

18 344

-2 1818 1911 * 3564 * 5915m

*. d·1n 1cates
depth x date or

significant difference (a = 0.10) between means using
station x date MS as error terms.

-
-
-
-
....

Faulty reagents invalidated results of all N0
3

-N analyses between

September 1966 and June 1967. Concentrations observed during June,

-3July, and August 1967 ranged from 50 to 460 mg N m and were lower

than the annual mean concentrations of the Cimarron and Arkansas Rivers

during 1965-67 (Table XV).
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TABLE XIX

AVERAGE CONCENTRATIONS (mg N m- 3) OF NITRATE-NITROGEN IN
KEYSTONE RESERVOIR DURING JUNE, JULY, AND AUGUST 1967

106

-
Depth Stations

- (m) I II III IV

1 330 * SO 130 180

5 130 150 230

10 200 120 170

14 120 180

18 120

*indicates significant difference (~= 0.05) between means
(lsd. OS = 176).

-

-
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COMMUNITY METABOLISM OF KEYSTONE RESERVOIR

Definition of Terms and Abbreviations

Terminology involved in the concept of community metabolism has

been established for several years and has been reviewed by Odum and

Hoskins (1958), Davis (1963), and Byers (1963a). However, variations

in the definition of terms exist in the literature. Common terms will

be abbreviated in this discussion and are defined below.

Gross Froductivity~ - The rate of energy stored as reduced

organic material or the liberation of oxygen as a by-product of photo

synthesis by photoautotrophic organisms.

Community Respiration~ - The rate of OXidation of organic

matter to provide energy for the life processes of the biota and the

chemical oxygen demand of the abiotic components of the community.

~ Froductivity~ - The net rate of energy storage by the

community during a 24-hr period or the difference between Fg and Rt.

Gross Froductivity £2 Community Respiration Ratio (Fg/Rt) - The

ratio of gross productivity to community respiration must be unity

(Fg/Rt = 1.0) in a balanced steady state system, if no export or import

occurs (Beyers 1963a). If SOme event should disturb this ratio in such

a manner that it becomes greater or less than unity, an increase or

reduction of the biomass through growth or starvation will take place,

and the ratio will tend to return to unity.

107
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EfficiencY of Production - The ratio, expressed as percent, of

gross productivity to the quantity of light energy of suitable wave

length which falls on the system.

Euphotic~~ - The depth of penetration of 1% of the in ten-

sity of light entering the water surface •

Method of Measurement

Procedures

1A modification of the diurnal oxygen curve method of Odum and

Hoskin (1958) was used to estimate the rate of community metabolism of

the Cimarron arm of Keystone Reservoir during 1966-67. The concentra-

-3tion (g 02 m ) of dissolved oxygen was determined at each meter of

depth from surface to bottom at 3-hr intervals during a 24-hr period.

Concentrations of oxygen in the water column were summed to obtain

-2
g 02 m ,and the need for considering vertical transport of oxygen was

eliminated (Odum et al. 1963). The average rate-of-change

-2 -1
(g 02 m hr ) was calculated for each 3-hr interval. A correction

for atmospheric reaeration was calculated by multiplying a diffusion

constant (k) by the average oxygen saturation deficit of the surface

waters during each 3-hr interval. The diffusion constant (k) was

estimated by averaging k values determined for each nighttime sampling

interval by the formula,

1Diurnal is commonly used to designate events pertaining to day
only, while the diurnal oxygen curve method involves measurements of
oxygen concentration during a 24-hr period. In this discussion, the
method will be referred to as the 02 curve method .



k =

...

-
where,

qn - qn+l

Sn - Sn+l

-2 -1
k = g 02 m hr at 0% oxygen saturation

-3
= rate-of-change of the surface g 02 m

at nighttime n,
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-3
the rate-of-change of the surface g 02 m
at nighttime n+l,

-

....

-
-
-
-
...

S = the oxygen saturation deficit of the surface
n water at nighttime n, and

Sn+l = the oxygen saturation deficit of the surface
water at nighttime n+l,

or by direct measurement using a plastic dome and Scholander device

(Copeland and Duffer 1964). The corrected average oxygen rate-of-

change for each 3-hr interval was plotted against time, and a daytime

respiration line was extrapolated between pre-sunrise and post-sunset

negative rate-of-change points (Fig. 26) (Odum and Wilson 1962). The

area above the nighttime negative rate-of-change line and the daytime

respiration line and below the zero rate-of-change line was considered

to be an estimate of Rt. The area above the daytime respiration line

and below the daytime rate-of-change line was considered to be an

estimate of Pg.

A computer program was developed to compute Pg, Rt, Pn, Pg/Rt,

atmospheric diffusion-in, and atmospheric diffusion-out. A listing of

the program with comment cards explaining methods of calculation with

examples of input and output data is presented in the Appendix. The

program performed a valid 02 curve analysis of about 90% of the data

tested. Data used to test the program included 176 02 curves from

Keystone Reservoir, 48 02 curves from laboratory microcosms, 16 02

curves from lake studies reported in the literature, and 8 02 curves
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from Oklahoma farm ponds. When the program did not select correct

points for the daytime respiration line, analyses were performed

graphically by hand (Fig. 26).
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Estimation of Daytime Respiration

Estimates of Pg and Rt by the 02 curve method as used by Odum and

Hoskins (1958), the light and dark bottle 02 method (Gaarder and Gran

1927), and the pH-C02 curve method (Byers and Odum 1959) are based on

the assumption that the rate of respiration is constant during both day

artd night. If day respiration exceeds night respiration, both Pg and

Rt are underestimated.

A convincing amount of evidence has accumulated to indicate that

the average rate of respiration in the light is higher than the average

rate of respiration in the dark (Jackson and McFadden 1954; Ryther

1954; Verduin 1957, 1960; Gessner and Pannier 1958; Weis and Brown

1959; Odum and Wilson 1962; Odum, Beyers, and Armstrong 1963; Odum et

al. 1963; Lorenzen 1963; Hoch, Owens, and Kok 1963; Beyers 1963a,

1963b, 1965). 'This conclusion is based primarily on observations that

the maximum rate of respiration often occurs immediately after sunset

and that the rate declines through the night to a minimum before sun

rise. It is assumed that the rate of respiration increases during the

day from a pre-sunrise minimum to a post-sunset maximum. The mathemat

ical function describing this increase is not known. Therefore, the

rate of respiration may increase linearly or exponentially. Odum,

Beyers, and Armstrong (1963) stated that respiration diminishes loga

rithmically during the night as the storage of labile organic matter

decreases. They constructed an electrical analogue circuit which

simulated this characteristic metabolic pattern of balanced aquatic

systems. Beyers (1963a, 1965) found this pattern of respiration

occurring about 8Tk of the time in laboratory microcosms. In addition

to diurnal variations in the rate of respiration, variations in the
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rate of photosynthesis and in photosynthetic capacity have been found

(Schimada 1958, Hastings et al. 1961, Lorenzen 1963, Palmer et al.

1964, Newhouse et al. 1967).

Mechanisms which have been proposed to explain the diurnal varia

tion in metabolic rates are:

1. an internal "biological clock" which is dependent on light

but independent of temperature (Hastings et al. 1961, Palmer

et al. 1964);

2. differences in the rate of 02 diffusion caused by differences

in 02 tension, which is also affected by the rate of water

mixing (Franck and French 1941, Gessner and Pannier 1958); and

3. the amount of stored labile organic matter, acting through

competition between substrate electrons and photosynthetic

reductant for components of the respiratory electron transport

system (Weis and Brown 1959).

Experiments were conducted on 4-7 July 1968 to determine if the

observed increase in daytime respiration was approximated by a line

drawn between pre-sunrise and post-sunset negativerate-of-change

points (Fig. 27). The increase in daytime respiration was estimated by

average negative rates of 02 change immediately after light was extin

guished in four replicate-pairs of laboratory microcosms containing

water from Keystone Reservoir and receiving photo-periods of different

duration. Microcosms were randomly chosen for treatments on each day.

On 4 July and 6 July, all microcosms received a 12-hr photoperiod.

Lack of differences among rates-of-change of treatment pairs when

treated alike indicated the similarity of experimental units.
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Figure 27. Effect of a varied photoperiod on the rate-of-change of
oxygen in eight laboratory microcosms during the early
stages of succession. --- = negative rate-of-change
observed after light was extinguished in treatments re
ceiving a photoperiod shorter than 12 hours. *** =
hypothetical daytime respiration line of trea!ments re
ceiving a l2-hr photoperiod. When treatment X rates-of
change were not significantly different (a = 0.05), x is
represented by a single line. Numbers on the rate-of
change line indicate which treatments are represented by
that segment of the line.
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A statistical analysis of data shown in Fig. 27 indicated that

slopes of least squares regression lines fitted through observed nega

tive rates-of-change were significantly less (a = 0.05) than zero,

suggesting an increase in the rate of daytime respiration.

Slopes of regression lines were not significantly different (a = 0.05)

from slopes of hypothetical daytime respiration lines.

Comparison of the 02 Curve Method With Other Methods

Few comparisons have been made between bottle and free-water

methods, although it is generally conceded that bottle methods under

estimate actual metabolic rates (Ryther 1956a, Talling 1957, Rodhe

1958, Verduin et al. 1959, Verduin 1960). Talling (1957) found meta

bolic rates estimated from O2 changes to be greater than L & D bottle

rates by 1.9 for Gebel Aulia Reservoir and 1.6 for a bay of Lake

Victoria. L & D bottle rates were found to be less than one-half rates

measured under natural conditions in western Lake Erie (Verduin et al.

1959).

Not all investigators agree that higher rates obtained by free

water methods are correct. Vinberg (1960) defended the L & D bottle

method and concluded that differences between free-water and bottle

methods were due to incorrect adjustments for atmospheric reaeration

and lack of consideration of gas exchange with bottom muds. L & D

bottle estimates of photosynthesis were slightly higher than estimates

based on natural pH changes in Sanctuary Lake (Jackson and McFadden

1954). Productivity estimates by L & D bottles in Amaravathy Reser-

voir, India, were higher than estimates made from natural 02 changes,

but the techniques of measurement and calculation were not described
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adequately (Sreenivasan 1965).

Apparently no comparisons between free-water 02 and CO2 curve

methods were reported in the literature before 1957 (Talling 1957).

Metabolic rates estimated from changes in pH-C02 were found: to exceed

rates obtained by 02 changes by Park et al. (1958) for Texas bays and

by Megard (1961) for two lakes of the Chuska Mountains, New Mexico.

Verduin (1960) concluded that phytoplankton communities of western Lake

Erie during exponential growth use considerable CO2 for carboxylation

in the synthesis of organic acids above that used in glucose produc-

tion; therefore, CO2 estimates would be expected to exceed 02 estimates.

Odum et al. (1963) found that rates determined by CO2 changes exceeded

rates determined by 02 changes in polluted Texas bays having nighttime

anaerobic conditions. Beyers (1963a) concluded that the two methods

agreed fairly well in observations in laboratory microcosms, with 02

rates averaging about 1.2 times CO
2

rates. Beyers felt the discrepancy

between his results and the results of other investigators might have

been caused by lower light intensities (1000 ft-c) in the laboratory

than under natural conditions of sunlight.

A direct comparison of the O
2

curve method, pH-C02 curve method,

and L & D bottle method was made in July 1968. Eight laboratory micro-

cosms were established by filling battery jars with 12 liters of water

from Keystone Reservoir. Microcosms were enriched by adding sufficient

Ca (N0
3

)2 and Na HP0
4

to increase nutrient concentrations to 5 g

N0
3

-N m- 3 and 5 g P0
4

-P m- 3 and were illuminated at 257 ft-c by

Sylvania Gro-Lux lights. Rates of Pg and Rt obtained by the three

methods were significantly different (0' = 0.01) within each microcosm

and over all microcosms (Fig. 28). The average rate of Pg as
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estimated by the 02 curve method was equivalent to 0.69 of the pH-C02

curve estimate and 1.95 of the L & D bottle estimate. Rt estimated by

the 02 curve method averaged 0.54 of the pH-C02 curve estimate and

2.35 of the L & D bottle estimate. A similar pattern of variation in

Pg and Rt among jars was obtained with both pH-C02 and 02 curve methods.

No significant differences (a = 0.05) in Pg and Rt were detected among

jars by the L & D bottle method. Free-water methods were more sensi-

tive to differences in rates of metabolism among jars than the bottle

method. Bottles apparently inhibited metabolic rates.

Gross Productivity and Community Respiration

Spatial Variation

During 1966-67, 176 oxygen curves were obtained from the Cimarron

arm of Keystone Reservoir. On 11 dates, spaced at 2 to 8 week inter-

vals, measurements were made simultaneously at four sampling locations.

All measurements were made on clear days so that temporal comparisons

could be made. Rates of Pg and Rt per unit area increased downstream

(Table XX). Pg exceeded Rt at Stations I and II, but Rt exceeded

Pg at Stations III and IV. A maximum annual mean Pn of 5.06 g

_? -1
02 m ~ day was obtained at Station II. The decrease in Pn from -2.42

- 2 -1to -5.03 g 02 m day between Stations III and IV probably was due to

an increase in the relation between total depth and EZ depth from 6.26

at Station III to 6.74 at Station IV. The relations between total

depth and EZ depth at Stations I and II were 3.27 and 5.40, respective-

ly. Pg/Rt ratios indicated that on the average autotrophic conditions

existed at Stations I and II, and heterotrophic conditions existed at

Stations III and IV.
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TABLE XX

ANNUAL MEANS OF COMMUNITY METABOLISM (g 0 m- 2 day -1)
IN KEYSTONE RESERVOIR DURING 1966~67

r I f I

Stations

I II III IV

Parameter
-+ S -+ S -+ S -+ SX _ X _ X _ X _

Pg 11. 34 ! 0.31 *** 27.38 "!: 1.17 *** 38.63 "!: 1.28 ** +49.09 _ 4.59

Rt 11.04 ~ 0.19 *** 22.32 "!: 0.96 *** 41.04 ! 2.19 * 54.12 ! 6.31

Pn 0.30 ! 0.38 *** 5.06 "!: 0.24 *** - 2.42 ! 1.10 ** -5.03 ! 2.05

Pg/Rt 1.03 ! 0.10 @ 1.23 "!: 0.08 * 0.94 "!: 0.12 0.91 ! 0.01

Asterisks indicate significant differences between means. *** (a = 0.01),
** (a= 0.05), * (a= 0.10),@(a= 0.15).
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In deep waters, examination of area-based estimates of Pg and Rt

often results in false conclusions about spatial variations in the rate

of metabolism. Depth-weighted annual means of community metabolism

area-based estimates.- (Tab Ie XXI) show a strikingly different spatial variation than

3The average rate of Pg per m of

-
- 3 -1EZ was highest at Station I (21.81 g O

2
m day ) and increased from a

-3 -1minimum of 17.01 g O2 m day at Station II to 18.18

- at Station IV. The spatial variation of

-3 -1
g O2 m day

-3average Rt m

-
-

-
-

-

waS similar to that of Pg with a maximum at Station I and a minimum at

Station II. Increases in area-based rates of Pg and Rt downstream pri-

marily were caused by increases in EZ depth.

TABLE XXI

DEPTH-WEIGHTED ANNUAL MEANS OF COMMUNITY METABOLISM
IN KEYSTONE RESERVOIR DURING 1966-67



-
-

-
-

-

121

The magnitude of Pg and Rt as measured by the 02 curve method

during 1966-67 greatly exceeded the magnitude of Pg and Rt measured

by the L & D bottle method during 1965-66 (Fig. 29). Monthly measure-

ments were made from August 1965 through March 1966. Annual means of

-2 -1
Pg ranged from a maximum of 2.3 g 02 m of EZ day at Station I to a

-2 -1
minimum of 0.7 g 02 m of EZ day at Station III, and means of Rt

-2 -1 -2ranged from 1.5 g 02 m of EZ day at Station II to 0.6 g 02 m of

EZ day-l at Station IV. Inhibition due to enclosing water in bottles

was evident, and on numerous occasions zero values of Pg and Rt were

obtained. Maximum rates obtained by the L & D bottle method were

m- 2 of EZ day-l Pg at Station I in January 1966 and 5.1

of EZ day-l Rt at Station III in August 1965.

The magnitude of estimates of Pg and Rt by the 02 curve method

during 1966-67 also greatly exceeded estimates of Pg during 1966-67

made by Spangler (1969) using the chlorophyll-light intensity method of

Ryther and

I (0.592 g

Yentsch (1957).

-2 -1
C m day ) and

Annual means of Pg were minimum at Station

-2 -1
maximum at Station III (0.890 gem day )

(Spangler 1969). - 2 -1Maximum values of approximately 3.0 gem day

-
-
-

were recorded at Station I in September 1966 and at Station II in

January 1967. The relationship between chlorophyll and light intensity

was derived from estimates of Pg by bottle methods and possess the same

errors due to inhibition as the L & D bottle method.

Temporal Variation

Temporal variations in the magnitude of Pg and Rt were large (Fig.

30 and 31. Patterns of variation at Stations I and II tJere distinct,

while patterns of variation at Stations III and IV were similar.
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Figure 31. Temporal variation of Rt at stations in the Cimarron
arm during 1966-67
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- 2 -1
2.09 g 02 m day at Station I in January

-2 -1
g 02 m day at Station IV in November..

1966. Rt varied from a minimum of 1.12 g °2
-2 day-1 at Station I inm

January 1967 to a maximum of 171.20 g 02 m
-2 day-1 Station IV inat...

-
-
...

November 1966.

Station II exhibited the most definite seasonal pattern of varia-

tion of Pg and Rt. Maximum values of Pg and Rt at Station II were

recorded in August and September 1966 and in June and August 1967.

Pg and Rt were consistently low between November 1966 and March 1967 .

The flood which occurred during the last half of June 1967 produced a

large decrease in both Pg and Rt at Station II. The flood did not

noticeably affect Pg at Station I.

Peaks in Pg occurred in September 1966 and January and July 1967

at Station III and in November 1966 and January 1967 at Station IV

(Fig. 30). Minimum values of Pg were recorded in August and December

1966 and March and August 1967 at Station III and in August and Decem-

ber 1966 and July 1967 at Station IV. Increases and de-

...

-
...

-
-

creases in Pg at Stations III and IV generally were accompanied by

similar increases and decreases in Rt (Fig. 31). A notable exception

occurred at Station III, when Pg decreased significantly between

September and November 1966 while Rt increased. Flood waters which

entered the reservoir during June 1967 may have caused the decreases

in Pg at Stations III and IV during the first half of Jul~

The influence of flooding was also suggested by a large decrease in Rt

at Station IV during July 1967, but Rt increased at Station III during

the same period of time •
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High values of Pg and Rt at Stations III and IV in November 1966

and January 1967 probably are valid. 02 curves for these dates fol

lowed the expected pattern, but the magnitude of change was great.

The oxygen content of the water column at Station IV varied from a...
-2minimum of 127.9 g 02 m at 4.7 hr to a maximum of 173.1

22.0 hr in November 1966 and from a minimum of 188.5 g O2

-2
g 02 m at

-2
m at 4.4 hr

-
-

-
...

-
-
-

-2to a maximum of 244.2 g 02 m at 20.2 hr in January 1967. Water tem-

peratures (5.5 C) in January 1967 were at the lower limit of the ac-

ceptable range for the galvanic cell oxygen analyzer, but in November

1966 water temperatures (13.5 C) were well above the lower limit.

In an attempt to explain high metabolic rates which occurred at

relatively low light intensities during September and November 1966 and

January 1967, plankton samples from the surface waters of Stations III

and IV were examined. Species diversity was extremely low. Small

green cells showing a definite clumped distribution in gelatinous-like

masses were by far the most abundant form in surface samples. The

morphology of the cells ranged from small rods approximately 0.5-1.0 ~

in diameter and 2.0-3.0 ~ in length to small coccoid or spherical cells

ranging in diameter from 0.5-3.0~. The cells had an appearance simi-

lar to that of green sulfur bacteria belonging to the family Chlorobac-

teriaceae (personal communication from Francis Drouet, Academy of

Natural Sciences, Philadelphia). The size and morphology of the cells

were not characteristic of any alga common to Oklahoma (personal com-

munication from A. G. Carroll, OSU). Green sulfur bacteria contain

bacteriochlorophyll ~ and a yellow carotenoid pigment and are capable

of photosynthesis and chemosynthesis in which inorganic sulfur com-

pounds are the hydrogen donors (Jensen et al. 1964). Photosynthetic
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sulfur bacteria of the genus Chlorobium have been reported to be suffi

ciently abundant to impart a green color to the water of several lakes

(Manning and Juday 1941, Newcombe and Slater 1950, and Czeczuga 1965).

Since water apparently does not act as a hydrogen donor in bacterial

photosynthesis (Gest et al. 1963, Pfennig 1967), sulfur bacteria could

not be responsible for the high rates of community metabolism measured

by the O2 curve method. The only evidence found in a review of the

literature that oxygen is liberated by bacterial photosynthesis was

reported by Godniew and Winberg (1951) (Czeczuga 1965). Godniewand

Winberg (1951) stated that green bacteria which were abundant in sewage

pools contained chlorophyll ~ and ~ in similar proportions to those of

higher plants and gave off oxygen in the process of photosynthesis

(Czeczuga 1965). Most sulfur bacteria are extremely sensitive to high

concentrations of dissolved oxygen and probably could not exist in the

surface waters of Keystone Reservoir during the winter (personal com

munication from E. T. Gaudy, OSU).

Available evidence indicates that the small cells which were

abundant in Keystone during the winter of 1966-67 were not sensitive

to high concentrations of oxygen and had a high rate of metabolism in

which oxygen was involved. Green, unidentified "Il-cells" also were the

predominant form during the winter of 1968-69 (personal communication

from D. W. roetz, OSU).

A relationship between the magnitude of Pg and Rt and the trophic

state of the community existed (Fig. 32). When Pg and Rt were high,

Pg/Rt ratios were low. When Pg and Rt were low, Pg/Rt ratios were

high. A notable exception existed at Station III during June and July

1967 when a peak in Pg was accompanied by high Pg/Rt ratios. Extremely
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autotrophic conditions existed at all stations in December 1966 when

rates of community metabolism were low (Fig. 32). Low Pg/Rt values in

November and January 1967 were associated with heterotrophic conditions

during high rates of community metabolism at Stations III and IV.

Comparison With Other Waters

Rates of community metabolism in Keystone Reservoir during 1966-67

were within the range of rates estimated by 02 and pH-C0
2

curve methods

for other waters (Table X<r». Metabolic rates in Keystone exceeded the

maximum rates obtained by 14C and L & D bottle methods in other waters.

When a consideration of water depth is made, the highest rates of

community metabolism were obtained by 02 curve analyses of oxygen data

of George (1961) for two small, shallow ponds in Delhi, India.

Roshanara Garden Tank is a small pond with an area of 24.3 x

103 m2 and an average depth of 1.1 m (George 1961). The sides of the

pond and an island in the center of the pond support a luxuriant growth

of palm trees that shade the water surface except when the sun is at a

vertical (George 1961). A permanent bloom of Microcystis aeruginosa

exists. During 21 June 1959, the concentration of dissolved oxygen

-3
increased from a minimum of 0.1 g 02 m at 6.00 hr to a maximum of

-328.2 g 02 m at 15.00 hr, and oxygen saturation increased from 1.3 to

nity metabolism were also obtained for Naini Lake, India which has a

as an example of program output in the Appendix. High rates of commu-

The 02 curve analysis of data from Roshanara Garden Tank is presented-
...

405.8% (George 1961). This change in

- 2 -1Pg of 52.1 g 02 m day and an Rt of

02 concentration resulted

-2 -1
41.7 g 02 m day

in a

-
...

mean depth of 0.9 m. The only other rates of similar magnitude for
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TABLE XXII

f I , ,

COMPARISON OF RATES OF COMMUNITY METABOLISM OF KEYSTONE RESERVOIR AND OntER WATERS

Water Body

Keystone Reservoir,
Oklahoma

•Roshanara Garden
Tank, India

Naini Lake, India

•Kadel Pond, Florida

Corpus Christi
Harbor. Texas

Rockport and Boffin
Bays, texas

Western Lake Erie

Roanoke Rapi.ds
Reservoir

Ashtabula Reservoir,
Nor th Dakota

Sylvan Lake, Indiana

Lago Pond, Gear gia

Oil Refinery Effluent
Holding Ponds, Oklahoma

Skeleton Creek.
Oklahoma

Blue River,
Oklahoma

Reference

Present study

Present study using
data of George (1961)

Present study using
data of Kehde (1967)

OdUlll (1960)

Park et al.
(1958)

Verduin (1960,
1967)

Hull (1965)

Peterka (1968)

Wetzel (1966)

WeLch (1968)

Copeland (1963)

Baumgardner (1966)

Duffer and Dorris
( 1966)

Method

02 curve

02 curve

02 curve

02 curve

02 curve

pH-CO2
curve

L6.I) bottles

L&O bottles

Carbor - ~/.

02 curve

02 curve

02 curve

O
2

curve

°2
-2

day
-1• m

T'ype of Data p. Rt

Annual X (0-33) Station I 11.3 11.0
Station II 27.4 22.3
Station III 38." 41.0
Station IV 49.1 54.1

6/21/59 (n-i) 52.1 41.7

5/10/59 (n-i) 29.5 46.0

Winter ii (n-6) B.3 25.8

7/13/59 (n"l ) 31.0 51.0

SUIIllller ii 41. 2

Sumner ii 31.7

-2
of euphotic 4.2 2."•m ~one

Annual ii B." 3.4

Annual ii 7.2

Annual ii 5.3 7."

Maximum 29.2 50.5

Annual X. of
02 Sag Zone D.G 33.5

Annua 1 X for .....
granite reach 21.4 12.6

...,
0

•02 curve calculations are presented as examples of 02 curve program output in the AppendiX.
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waters of similar depth were reported by Copeland (1963) for oil re-

finery effluent holding ponds and by Baumgardner (1966) for Skeleton

Creek, a stream receiving oil refinery and domestic sewage effluents.

Rates of community metabolism similar to those of Keystone Reservoir

have been reported for polluted, stratified Texas Bays by Park et al.

(1958) and Odum (1960) and for Western Lake Erie by Verduin (1960,

1967) .

Variation in Community Metabolism During
Eight Consecutive Days

Temporal variations in Pg and Rt in Keystone Reservoir indicated

that weekly or even daily estimates of community metabolism would be

necessary to adequately monitor temporal changes (Fig. 30 and 31). To

provide an estimate of daily variation in the rate of community metab-

1967 at Station III (Table XXIII).Pg ranged from a maximum of 29.95 g

olism, O2 curves were obtained during eight consecutive days of August

-
-

-2 -1
O

2
m day on 14 August to a minimum of 15.83

August, and Rt varied from a minimum of 23.23 O2
-2 -1to a maximum of 35.00 g O2 m day on 17 Augus t.

-2 -1
m day on 15

-1day on 16 August

The

-
-
....

-
-

only significant differences (Q = 0.10) demonstrated among daily esti-

mates of Pg and Rt were between the extremes. During 4 days, estimates

of Pg and Rt were made at six substations. No significant differences

between the means obtained at the three additional substations and the

means obtained at the regular substations were found. The lack of

differences between means obtained at two sets of three substations

indicated that three substations provided an adequate estimate of the

average rate of community metabolism at Station Ill. Several differ-

ences in Pn and Pg/Rt between successive days were found.
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Daily variations in metabolic rates were within the range reported for

a constant temperature river in Texas (Hannan 1967).

TABLE XXIII

VARIATION IN COMMUNITY METABOLISM AT STATION III
IN AUGUST 1967

x g O
2

m- 2 day-l (3 reps per date)

-

Date

10 August

11 August

12 August

13 August

14 August

15 August

16 August

17 August

Pg

16.93

21.43

21.20

26.99

29.95

*
15.83

18.56

23.47

Rt

28.09

24.13

25.20

30.06

31.56

29.73

23.23

*
35.00

Pn

-11. 16

*-2.70

-4.00

-3.07

-1. 61

*
-13.90

*
-4.66

*-11. 70

Pg/Rt

0.60

*
0.89

0.84

0.90

0.95

*
0.53

*
0.80

*
0.67

-

-
-

* indicates significant difference (a = 0.10) between means.

Solar Radiation and Efficiency of Pg

Solar radiation on clear days when estimates of community metabo-

lism were made always exceeded monthly averages (Fig. 33). Solar radi-

- 2 -1
ation ranged from a minimum of 253 g cal cm day in December 1966 to
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Figure 33. Comparison of solar radiation on sampling dates
to monthly means of solar radiation, and
spatial and temporal variations of efficiency
in the Cimarron arm during 1966-67

-
-
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-2 -1
a maximum of 658 g cal Cm day in July 1967. No apparent re1ation-

ship existed between high rates of Pg and Rt and solar radiation.

Solar radiation apparently did not limit photosynthesis and no evidence

of photo-inhibition due to high light intensities was found. High mid-

day light intensities probably inhibited photosynthesis in the surface

water, but the effect was masked by increased metabolism at lower

layers of the euphotic zone.

Efficiency of Pg was calculated using solar radiation data by the

formula,

-
F = {3500 Pg) 100

10,000 x S (modified from Oswald et al. 1957)

where, F· percent efficiency,

-2 -1
S = effective solar radiation in g cal cm day ,and

2 2
10,000 is a factor to convert cm to m .

-
-

Pg
-2 -1= g O2 m day

-

-
-
-
-
-
-

A value of 50% of total solar radiation was considered to fall within

the range of photosynthetically effective light (Edmondson 1955, Ryther

1956b) .

Efficiencies ranged from a minimum of 0.52% at Station I in Janu-

ary 1967 to a maximum of 32.68% at Station IV in November 1966.

Annual means of efficiency were 1.97% for Station I, 3.87% for

Station II, 6.35% for Station III, and 8.23% for Station IV. Maximum

efficiencies at Stations I, III, and IV occurred on days of low solar

radiation. Bauer (1957) concluded that there is an inverse relation-

ship between solar radiation and efficiency, and that efficiency is

also dependent on the quantity and quality of photosynthetic pigments.

The transparency of water also determines the efficiency of light
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utilization (Comita and Edmondson 1953) •

Vinberg (1960) stated that phytoplankton can use only about 4% of

the total energy of solar radiation under the most favorable condi-

tions. Using 100% of solar radiation to calculate efficiency, the

maximum efficiency found in Keystone Reservoir would exceed the maximum

reported by Vinberg (1960) by a factor of 4. Vinberg's conclusion was

based on L & D bottle data and probably is not valid.

Efficiencies of Pg found in Keystone Reservoir were in the upper

range of those reported in the literature. Efficiencies varied from

0.5 to 107. for 11 Florida springs and a turtle grass community (Odum

1957). Oswald et a1. (1957) reported efficiencies ranging from 1 to

10% for sewage oxidation ponds. Lower efficiencies were reported in

Skeleton Creek, Oklahoma, 0.5 to 6.4% (Baumgardner 1966); in San Marcos

River, Texas, 0.2 to 4.8% (Hannan 1967); in Blue River, Oklahoma, 0.2

to 5.4% (Duffer and Dorris 1966); and in oil refinery effluent holding

ponds, 0 to 3.9% (Copeland 1963).

The relation of Pg, solar radiation, and efficiency during eight

consecutive days at Station III in August 1967 indicated an inverse

relationship between efficiency and solar radiation and a direct rela-

tionship between efficiency and Pg (Fig. 34). Similar results have

been reported by Odum and Hoskin (1958), Copeland (1963), Butler (1964),

Duffer and Dorris (1966), and Hannan (1967).

Relation of Community Metabolism to
Chlorophyll ~ and Biomass

The relation of community metabolism to chlorophyll ~ and biomass

was investigated in an effort to explain spatial and temporal varia-

tions in metabolic rates. Variations in solar radiation apparently
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were not the controlling factor in temporal variations of Pg and Rt.

Nutrients probably were not limiting and probably did not contribute to

variations in Pg and Rt. Spatial variations were caused by differences

in light penetration, but spatial variations in depth-weighted means of

Pg and Rt indicated that other factors were also influencing metabolic

rates (Table XXI). On some dates, correlations between Pg and

-
-

-

-
-
-
...

...

chlorophyll ~ concentrations and Rt and biomass concentrations were

evident, but at other times apparently no relationship existed (Fig.

35, Fig. 36). A notable lack of correlation between Pg and chlorophyll

~ occurred at Stations III and IV in September and November 1966 and

January 1967.

Direct relationships between Pg and chlorophyll ~ and between Rt

and biomass existed between Stations 1 and II, but inverse re1ation-

ships existed among Stations 11, Ill, and IV (Fig. 37). Concentrations

of chlorophyll ~ in the EZ decreased between Stations II, Ill, and IV

-3 -1while Pg (g 02 m of EZ day ) increased. Average biomass concentra-

tions in the water column decreased between Stations II, Ill, and IV

-3 -1
while Rt (g 02 m day ) increased. According to the inverse size

metabolism law, the relations between community structure and function

at Stations II, Ill, and IV indicate that the average size of organisms

present in the communities decreased downstream. A relation between

average organism size and rate of community metabolism is suggested by

relatively high values of Rt occurring at relatively low concentrations

of biomass at Stations III and IV during September and November 1966

and January 1967 when species diversity was extremely low and small

unidentified ~ cells were abundant (Fig. 38). Although the scatter of

points was large, especially those from Station I, a relationship
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between Rt and biomass apparently existed. A linear correlation be

tween biomass and Rt of 0.75 was obtained (95% C.I. = 0.47 < P < 0.88).

The large variation in the relationship between Rt and biomass at

Station I probably was caused by errors in biomass determinations .

Biomass was estimated by gravimetric analyses of ash-free dry weight,

and significant errors occurred when clay turbidity was high (Spangler

1969). Clay particles retained moisture in oven-dried samples but lost

the moisture on ignition.

BacteriA were always abundant in plankton samples collected at

Station I. Heterotrophic forms were dominant but probably did not

constitute a large percentage of the biomass. Diatoms were by far the

most abundant phytoplankter and probably made a significantly greater

contribution to biomass than did bacteria. In November 1966, an analy

sis of phytoplankton community structure at Station I was made using a

Sedgewick-Rafter counting chamber and the strip-count method. Based on

examination of six slides (600 individuals), there was an average con

centration of 13.98 x 106 organisms per liter. Diatoms composed 83% of

the total number of individuals. The next most abundant photoplankter,

Selenastrum, composed less than 6% of the total number of individuals.

The phytoplankton community had a species diversity (d) of 2.02 using

Shannon's formula (Patten 1962) .

Greater seasonal changes in plankton occurred at Stations II, III,

and IV than at Station I. In general, solitary Chlorophyta were the

most abundant form of phytoplankton, with diatoms and bluegreens in

lesser abundance. The bluegreens, Oscillatoria and Merismopedia, were

most abundant in October and November 1966 and in August 1967. The

observed peak in bluegreen algae during late summer and fall follows
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the expected pattern of seasonal succession of diatoms, green algae,

and bluegreen algae (Fogg 1965). High concentrations of chlorophyll b

in the fall also indicated an abundance of bluegreen algae (Spangler

1969). Diatoms were most abundant at Stations II, III, and IV in the

spring. A large bloom in desmids, primarily Scenedesmus, was observed

at all stations during May and early June 1967. The flood during June

1967 practically eliminated desmids from Stations I and II, but desmids

remained at Stations III and IV throughout June 1967. Green ~ cells

were common to abundant in the surface waters of Station IV throughout

1966-67, except in October 1966 and June 1967. In January 1967, green

~ cells were extremely abundant in the surface waters of Stations III

and IV, and phytoplankton were extremely scarce. The greater influence

of small organisms with high metabolic rates at the deeper stations is

indicated by increases in Rt/biomass ratios (Table XXIV). The Rt/

biomass ratio was lowest at Station I and highest at Station IV, with

the most significant increase occurring between Stations II and III.

Margalef (1958) stated that as succession proceeds Pn decreases at

a greater rate than biomass increases; therefore, the Pn/b ratio de

creases. In marine communities the Pn/b ratio varied from 0.5 to 2.0

during the first stage of succession, from 0.2 to 0.5 in the second

stage of succeSSion, and was less than 0.2 in the third state of suc

cession (Margalef 1958). To examine the relationship between Pn and

biomass in Keystone Reservoir it was necessary to estinlate the Pn of

the EZ since no production occurred below the EZ, and the relationship

between depth of EZ and maximum depth would influence the Pn/b ratio.

To estimate Pn of the EZ, the average Rt m- 3 of EZ was estimated from

O
2

curve analyses of 02 changes at 0.5 m of depth. The average rate of
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R m- 3 of EZ was 1.5' h R f hIS .t tlmes t e mean tot e water co umn at tatlon

I, 3.0 times mean Rt of the water column at Station II, 4.0 times mean

Rt of the water column at Station Ill, and 4.5 times mean Rt of the

water column at Station IV. These values must be considered as approx-

imations since errors in 02 curve analyses of surface waters probably

resulted from vertical transport of O2 ,

TABLE XXIV

VARIATION OF STRUCTURAL AND FUNCTIONAL PARAMETERS
AMONG STATIONS IN THE CIMARRON ARM

Stations

Parameter I II III IV

Pn (g 02 m
-2 of EZ day-I) * 16.75 14.97 12.49 13.02

Biomass (g m-2 of EZ) 14.21 13.68 12.33 13.4Z

Pn/Biomass 1.18 1.09 1.01 0.97

Rt (g 0z
-3 -1 6.49 Z.57 2.91 Z.97m day )

-3 25.75 6.62 4.33 4.Z9Biomass (g m )

Rt/Biomass 0.25 0.39 0.67 0.69

*Pn per mZ of EZ was estimated by the relationship, Pn m- Z of
EZ = Pg m- Z - Rt m- Z of EZ, where Rt m- Z of EZ= (X Rt m- 3 of EZ)
(EZ in m). X Rt m- 3 of EZ was estimated from 0z curve analyses of 0z
changes at 0.5 m of depth.
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Pn/b ratios decreased between Stations I and IV, and ratios at all

stations were characteristic of the first stage of succession proposed

by Margalef. Immaturity of the reservoir ecosystem was also suggested

by large temporal variations in community structure and function and by

high rates of community metabolism. Wilhm and Long (1969) found that

Pn/b ratios in laboratory microcosms were characteristic of the third

stage of succession, and no definite relationship between Pn/b ratios

and nutrient concentrations was observed.
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OXYGEN BALANCE OF THE CIMARRON ARM

Biochemical and Chemical Oxygen Demand

Spatial and Temporal Variation

Average concentrations of 5-day and 20-day BOD and COD decreased

downstream with the greatest decrease occurring between Stations I and

II (Tab le XXV). The BOD reaction constant k, which is an indication

-
-
...

...

-

of the biodegradability of organic matter, increased between Stations

I and II and decreased between Stations II and IV.

Lowest BOD k values would be expected at Station IV since chemical com

pounds which are easily biodegradable would be oxidized in the upper

reaches of the reservoir, and the relative proportion of organic com

pounds resistent to biochemical oxidation would increase downstream.

The cause of the significant increase in BOD k at Station II is not

known. No significant differences in average concentrations of BOD and

COD or in BOD k values were found among depths within stations.

Since BOD and COD parameters are estimates of potential oxygen

demand rather than exerted oxygen demand, highest BOD and COD concen

trations would be expected when conditions for oxidation were most

unfavorable. Temporal variation in BOD and COD concentrations followed

the expected pattern, with highest concentrations occurring in cold

months and lowest concentrations occurring in warm months •

146
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TABLE XXV

SPAT~ AND TEMPORAL VARIATION OF MEAN CONCENTRATIONS OF
BOD AND COD AND MEAN BOD REACTION CONSTANTS

IN CIMARRON ARM DURING 1966-67

147

- 5-day 20-day BOD
BOD BOD k COD

- Station I 3.8 11.2 0.035 176

* * * *
Station II 2.5 6.6 0.041 46

* *Station III 1.4 5.2 0.029 28

Station IV 1.1 4.5 0.026 18

8/1/66 1.4

9/24/66 2.1 4.7 33

- *
11/19/66 3.1 7.9 0.042 42

12/17/66 2.8 8.0 0.038 48- * * *
1/28/67 3.6 11.6 0.031 163

* 1,

3/29/67 2.8 9.2 0.028 103

* * *
6/4/67 1.6 7.5 0.019 36

*
7/23/67 1.2 4.7 0.026 22

*
8/24/67 1.1 3.1 0.042 29

*Indicates significant difference (a = 0.20) between means.-
-
-
-
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BOD k values generally were higher in winter than in summer, but a

significantly higher BOD k value in August 1967 was associated with low

BOD concentrations.

Comparison With Other Waters

BOD concentrations in Keystone Reservoir were within the range of

concentrations reported for other reservoirs and were considerably less

than BOD concentrations in Skeleton Creek, a stream receiving oil re-

finery and domestic sewage effluents. COD concentrations

in Keystone Reservoir generally were higher than values reported for

other reservoirs, and COD concentrations at Station 1 exceeded concen

trations found in Skeleton Creek by Baumgardner (1966). The higher

ratios of COD to BOD in Keystone Reservoir than in Skeleton Creek indi

cated an increase in the relative concentration of chemical compounds

which are resistant to biochemical oxidation.

Total Oxygen Content and Potential Oxygen Demand

Total oxygen content of the Cimarron arm was calculated by deter

mining the average oxygen concentration at each meter of depth, multi

plying this average by the volume of water contained in the 1-m inter

val, and summing the products. Total potential oxygen demand of the

Cimarron arm was calculated in a similar manner using average 20-day

BOD concentrations at each meter of depth. Oxygen content and poten

tial oxygen demand of the Cimarron arm were lowest during warm months

and greatest during cool months in 1966-67 (Fig. 39). Oxygen content

exceeded potential oxygen demand on all sampling dates. However, since

estimates of oxygen content were made only on clear days, they must be
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considered as maximum values. Potential oxygen demand would not be

expected to vary significantly between clear and cloudy days. On Some

cloudy days potential oxygen demand may have exceeded total oxygen

content.

An estimate of the average concentration of dissolved oxygen which

would remain after exertion of potential oxygen demand was obtained by

dividing the difference between total oxygen content and potential

oxygen demand by the volume of the Cimarron arm. The rela-

tionship between oxygen content and potential oxygen demand was most

favorable during November and December 1966 when the reservoir would

-3
have had more than 6.5 g 02 m if the potential oxygen demand had been

exerted. During June, July, and August 1967, exertion of the potential

oxygen demand would have reduced average oxygen concentrations below

-3
m

-
.'
-

Daily Oxygen Budgets

Gains in the oxygen content of a reservoir may occur through

photosynthetic productivity, atmospheric diffusion, or inflows. Losses

may occur by community respiration, diffusion of oxygen out of the

water, and reservoir discharge. The oxygen budget of the Cimarron arm

was calculated for each sampling date during 1966-67 to estimate the

relative importance of the various factors in the oxygen balance of the

reservoir and to evaluate the accuracy of the 02 curve method in pre

dicting the oxygen balance. To estimate the contribution of oxygen by

productivity and atmospheric diffusion-in and the oxygen losses by

community respiration and diffusion-out, 02 curve analyses were made of

.-
-

changes in total oxygen content of the Cimarron arm (Fig. 40). Since
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estimates of the total oxygen content were volume-weighted, changes in

oxygen concentrations in the upper layers of the reservoir had a great-

er influence on changes in total oxygen content than did changes in

lower layers. The contribution of oxygen by inflows was estimated by

multiplying the average oxygen concentration at Station I by Cimarron

River discharge. Oxygen losses by reservoir discharge were estimated

by multiplying oxygen concentrations in the hypolimnion at Station IV

by the volume of Cimarron River discharge. This was considered to be a

valid approach since total reservoir discharge always exceeded Cimarron

River inflow, and Cimarron River inflow traveled along the bottom of

the Cimarron arm and was discharged through the dam.

The oxygen budget of the Cimarron arm on 24-25 August 1967 is

shown as an example of the method of calculation (Table XXVI~. To test

the validity of the 02 curve method in estimating the daily oxygen

-1
budget, the calculated net gain of 126.9 metric tons 02 day was com-

pared to the observed increase in total oxygen content of the Cimarron

arm during the 24-hr period. On 24-25 August 1967, the net gain calcu-

lated by the 02 curve method underestimated the observed net gain in

oxygen content by 38.7 metric tons.

The daily oxygen budget was calculated for each of the 11 cloud-

less sampling dates during 1966-67. Net losses in oxygen content were

observed on 1-2 August 1966, 24-25 September 1966, and 28-29 January

1967, and net gains were observed on all other sampling dates.

Averaged over 11 cloudless days, daily oxygen gains exceeded calculated

daily oxygen losses by 40.9 metric tons 02 day-l (Table XXVII). The

mean calculated net gain underestimated the mean observed gain by 17.4

-1
metric tons 02 day
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TABLE XXVI

OXYGEN BUDGET OF CIMARRON ARM, 24-25 AUGUST 1967

(Metric Tons O2)
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- ~

Produc tion

Diffusion in (k=1.60)

Cimarron R. inflow

+ 931.0 day
-1

+ 58.9 day-1

+ 1.4 day
-1

-
-
-

+ 991.3 . + 991.3 day
-1

Losses

Respiration 744.1 day
-1

Diffusion (k=1.60) 120.1 day
-1

out

Reservoir discharge 0.2 day
-1

864.4 - 864.4 day
-1

Calculated Net Gain + 126.9 day
-1

Oxygen Content

24 August, 16.8 hr 1866.5

25 August, 16.8 hr 2032.1

Observed Gain 165.6 . + 165.6 day
-1

+
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TABLE XXVII

COMPARISON OF THE AVERAGE CALCULATED DAILY OXYGEN BALANCE
AND THE AVERAGE OBSERVED DAILY OXYGEN BALANCE ON

11 CLOUDLESS DAYS TO THE ANNUAL MEAN OBSERVED
DAILY OXYGEN BALANCE DURING 1966-67

(Metric Tons O2)

X Gains on Clear Days

Produc tion

Diffusion in (X k=1.49)

Cimarron R. inflow

976.1 day-1+

+ 42.0 day-1

+ 6.8 day -1

+ 1024.9 . + 1024.9 day -1

X Losses on Clear Days

Respiration 787.8 day-1

Diffusion out (X k=1.49) 194.8 day-1

Reservoir discharge 1.4 day-1

984.0 984.0 day-1

X Calculated Net Gain + 40.9 day-1

X Oxygen Content on Clear Days

...

-
-
-
-

Beginning 24-hr period

End 24-hr period

X Observed Gain

Oxygen Content

8/1/66, 19.6 hr

8/24/67, 16.8 hr

Observed Net Gain

2431. 9

2490.2

+ 58.3 +

1462.1

2032.1

+ 570.0 in 388 days . +

-1
58.3 day

-1
1.5 day
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Pg and Rt were the dominant factors in determining the oxygen

balance of the Cimarron arm on clear days. Photosynthetic

-

-

productivity accounted for 95.Z% of the total oxygen gains while atmos-

pheric diffusion-in accounted for 4.0% and inflows accounted for 0.8%.

Community respiration accounted for 80.0% of the average oxygen loss

while diffusion out of the water accounted for 19.7% and reservoir

discharge accounted for 0.3%.

The importance of cloudless days to community metabolism and to

the annual oxygen balance is indicated by the large difference in the

average observed gain in oxygen content of the Cimarron arm on 11 clear

days as compared to the average observed daily gain over a period of

388 days • The observed gain on clear days was approxi-

wa ters •

-

....

-
...

mately 39 times the annual mean daily gain.

Evaluation of the Oz Curve Method

Rates of community metabolism obtained by analyses of free-water

changes in 0z or pH-COZ are unmistakably higher than estimates obtained

by l4c and L & D bottle methods. Many limnologists have been skeptical

of the high rates of metabolism obtained by free-water methods.

Vinberg (1960) has defended bottle methods, criticized free-water

methods, and concluded that high rates obtained by free-water methods

were due to incorrect adjustments for atmospheric reaeration and lack

of consideration of gas exchanges with bottom muds. A majority of

aquatic ecologists are advocating the adoption of the l4C method as

the standard method for determining community metabolism of natural

The value of the l4c method as a means of assaying for nutri-

ent deficiencies, for determining relative metabolic rates between
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depths, or in determining the relative rate of metabolism of oligo

trophic waters cannot be denied. However, evidence from this study

indicated that bottle methods grossly underestimate metabolic rates in

eutrophic waters and are of limited use in studies of community func

tion.

Comparison of the average calculated net gain of oxygen and the

average observed net gain of oxygen during clear days indicated that

the 02 curve method is relatively accurate in estimating metabolic

rates The lower calculated values could have been caused

by an underestimation of Pg or an overestimation of Rt, but the differ

ence more likely was caused by errors in estimating the rate of oxygen

diffusion through the air-water interface. Assuming that the rate of

community metabolism during 1965-66 was approximately the same as the

rate of community metabolism during 1966-67, bottle methods underesti

mated Pg by a factor of 24 and underestimated Rt by a factor of 30 and

would be worthless in calculating the oxygen budget of the reservoir.

Greatest sources of error in the 02 curve method appear to be

estimation of the atmospheric reaeration constant and horizontal move

ments of water masses of different metabolic history through the sampl

ing area during periods of measurement. Errors due to horizontal water

movements were eliminated in Keystone Reservoir by averaging observa

tions at several substations within a sampling area. The number of

substations required to eliminate errors depended on the heterogeneity

of oxygen concentrations within the sampling area and on the velocity

of horizontal water movements. In general, the number of substations

required increased as surface area and depth increased, with a minimum

of three substations required in the downstream reaches.
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The metabolism of a reservoir, lake, or pond can be estimated most

accurately by determining the average concentration of dissolved oxygen

at each meter of depth, multiplying each mean by the volume of water

contained in the layer, and using the sum of the products to make an 02

curve analysis. Depth-weighted analyses give more weight to the eu

photic zone, which may be shallow in depth but large in volume. Water

bodies which appear to be heterotrophic and apparently are maintained

by inflows of organic matter from allocthonous sources actually may be

autotrophic. The average Pg/Rt ratio in Keystone Reservoir calculated

from unweighted estimates of Pg and Rt (rates per unit area) was 0.98

for 11 clear days during 1966-67. The average Pg/Rt ratio calculated

from volume-weighted estimates of Pg and Rt was 1.24. Although auto

trophic conditions existed in Keystone Reservoir on clear days, even

volume-weighted estimates of Pg/Rt probably would be less than unity if

a true annual mean over both clear and cloudy days was obtained.

In the 02 curve method the length of sampling intervals during a

24-hr period can vary, but samples should be taken at least at 3-hr

intervals (Odum and Hoskins 1958). Analyses of 02 curves obtained in

this study indicated that shorter intervals are desirable.

The 3-point method of analysis of 02 changes has been used by

McConnell (1962) in carboy microcosms and by Welch (1968) in Lago Pond,

Florida. The method underestimates Pg and Rt if minimum oxygen concen

trations do not occur at sunrise and the rate of community respiration

is not constant throughout a 24-hr period.

02 curveS from Keystone Reservoir indicated that the time of mini

mum and maximum oxygen concentrations in natural waters are not con

sistent. Variations occur due to changes in cloud cover and the
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physiological state of the community. The times of minimum and maximum

oxygen concentrations in laboratory microcosms under controlled light-

ing conditions probably are more predictable. The 3-point method

greatly underestimated Pg and Rt as calculated by the 02 curve method

using data from a shallow pond in India. Using the 3-point method Pg

-2 -1 -2 -1
was 26.5 g 02 m day and Rt was 13.2 g 02 m day

analysis gave values of 52.11 for Pg and 41.71 for Rt (Appendix). A

-2 -1net diffusion correction of -13.28 g 02 m day was used for both

methods. Three-point estimates averaged 91% of Pg and 87% of Rt in

eight laboratory microcosms and 71% of Pg and 52% of Rt in Keystone

Reservoir when compared to 02 curve estimates •
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(. Il<**.* I1IIJRN!\L nXY{;f-N CUI{VF: Pf~I/GIHd~ ** •• *
c r,[I/[L(iPt:[) i)Y R(X t. HFY, ~rS~KVl.lf:': kI::SF::~i(C.H CrrHI;K,jl<.l~HI.'~A 5TATC lWtV,
r. "o\l1J MAX M. ,""CKl:-E, UKl,\ STATf UNtV C~)"lPIJlf-R Ct'HI->J.
C THI'i. PRUGKAlol f i rAD5 IN iJIS50lVEOll(Vr;rI>.J CnNC£NTHATIQN ·...r-~Il PERC£:t...il 1,'.X.f"f-N
C SATUI-l.AT(UN OF THE SIJR~'ACf \oihTE[, AN!) OISSlJl.V£O nX'I"JfN U1NH:·\jl :JF IH(
C WATfI-l COlUMNIG IJ2IM**2) (lR wHtl<. ~tl5SIr., Un AND CJ\l("Jl'-\TF-S PI< ("l<'d<v
-L--------~-f«lDUCTTvTiy~M-UNifY--tol.t--SP lR~ TlON,--A"Nn ATMOSf>Hll{ Ie D i FFU~ 111~., ANfi
L OPTIONAllY PLOTS THf UIU4,NAL UXY(Jt:N ~ATt:-rH'-CHA''ij{'L (L)I{VI:.
C A nlURflJf!,l DI\1A SET 5HliUlD CO;\jSI:iT ur- H LeAST q llJSft..'VATJjf\j1.:;
C (', Hntm INTE!·{V,H'd TAKEN I)ljR.ING ,\ ?4-HR Pfi<II.'I), p~r!H<ARLY ... !T'H
C URSfPI/AlI11N5 AT ')U".liUSt=. h"H) ';lJ~SFT Il,NO WIII1 THl r 11<(;,1 AND I ·'<.>f
C 0[3<.;EWvAIllJN5 MADi. AT THt SA~t TI"lr OF OAY. MO'~I r,l.f:"IlJlNT
C f)A~tilI/AT l'lJN5 AKf'--l)rSlRAi3lE~~[) THr- PKiJGRI\M IS I)UII N'iIl';\jfD T:I ,~l.V-rT

~ UP Tu 49 ORS[RVATIONS DURING h 24-liR pENIU1.
C ORSI:RIJ!\,T IONS MUST IH- MA'lF ON THE- SAM[ W'\TFI< MASS Uft m~ w"TER ~c\')s[-s F
C SIMILAR METAB(JlIC HISTLlRY TdR·)UGliUUr ll-n 24-HR I'[killil. IF ItilS
r RESTRICTIUN IS MrT, All CHANGE'S 1:-.. THE DISSIJlVEiJ l,n:yr,I-N CU\lT[~T Dr
C THF W4f[R MASS A,'F [JUt T[J fHF "4fT LF-FfCT Of PHOIt.'SYNTHf-SIS,
eKESP (R ATTu~,' AN-i)"ijTFFU5TbN-'t}~-- 6-)(y,:;~:';~AER-ns s"T"H-E'"·-r.. I f./- W~ f!': I{ I !\;l[:H A-r~--

C HY DETERMPnNG THE TuT4l OIS5UlVEJ .JXYGFN (UNTt"'T Of THi w..... rFl-l. !...l:lU,..,N
( ((; 1)2/M**2) AT t::ACI-t IHSFI-l.VATIII'\l TIME, fPrHI;{,,) !JUt: lU V~IHIC.AI 'lxyr;I-:,
C Tl{hNSPORl AY CONVtCflnN CU4RE'HS A'\lil fllOY DIFFUSI.1N .liKE H 1:-\!N,\TE1.
r. CAlCUlATlflN") ARt ACCUMI-'LIS'1!:1J I.'! 5lHiR.!)lITINES: CAlCK, C,HUf-U-, RI"<;P, .''oK',.'..,

C _~I,.T '_ A'" PNC H.. .. __~_. . ~._.--.---_ _ .
·C Hil S Pi-l.OGKAM WAS PUNCHt') UN AN Tt\!'1 'l,?g KEyPUNCH US IN" I-HCD!L Lflu[. fdl
C PRllf,RAM IS COMPtl,lAHtF WITH TrtE 10"1 160 rLJI{T:{A~lrl CuMPIlEK.

CfJ"1MO"'l T,QK,OE:lT,INDX,MARK,lE-RRflP
CIJ"1MON leAll SUIHI-l.,1ll1-
COMMON/HE "dIS T 1, SlJ!H ,,'1U1, dY 1, VR 1
nlPo1FNSlflN TYPf:(b,31,rITlt(2'"'11,~~TI2'1)

---f'j!\ TA '·r"Yr'-F/tcATc·'. i Ul. Aft;' iO· f\-',-;-.y·i-V'-,-;:-{R "-G', I ING--;'c-,-----

* 'SlJPP','lII-ll'.' I-OK',' E'NT','!f<t. ','SET "
* 'SlJPP','llll1',' i--OR',' Tl-tl ' ,'';) DA','Tf '
D[MfN~((lN SUNl12dll, SFT(L?t111,IO\H (1),HI
f)IMFNSIIJN TllUOI,SUI{f (1'J"JI,SATll())I,S'J"1110~I,rJKIIOJI,I)[FrI11"),

• fnt Tf II~()I ,SURFR (lOa" $IJMR. (1~)') I ,11[f {I ),)1
IN Tf GF"R· S T·~-C:;lj!:i-·,-Y·R ;ov";s'tl, <:,"'UB (~y~ 1, ~j YT-------

1 H1P:MhT(20A4!
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3 FnRMAT(lH ,'lX,flO.I,J')l(,Fl1.7,l'lX.d 1,}.ltl':lX,F(".1,1.
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*H/tl2,lH/d? ,1/1
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1 F[1~MAT(lH0,9X,'GR(lSS ~~nn = ',~I;'.~,7X,·G UF lJIIM.*?124~R' I IrX,

.. 'DIFFUSIUN-UUT = ·,F7.2,r.X,'G ~)F n)11oil**?124H~·. I,
• IH ,9X,'TOTAL R[Sf' '" ',FL:.?,?X,'G f'F 1)7/M**2IZ4Hl{',I~X.

---CO· '01 FF·(iSfrJN-.:JN"--";"--, F{.T ~ 2X;-if;·-;JF ''''J2/"M... '2 I 24HP"I:"T;-
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* IH ,9X,'PRUO/RfSP '" I, FIO.2t1.1X,':JIFFU$ION CONSTANT (KI =-',
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.. F6e?,?X,6A4tll I
e FuRMArt IliQ ,11Xf'TI~E INTfRVAL'~K,'SUHFACE
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.', 7X,'G/M•• 2 G/M • .tZ/HR CD!~R G/M**?/HR'
9 FOHMATllH ,5X,FIQ,2.1JX, flO.L, 2EIJ,I)

10 fURMAT( 3t5,f~.2IF5.2)

11 FORMAT(2IS,3rlO.2J
l2 FlJRt1ATIIH1, tOX,'VALUE') f.lOJUSTl:D \cCJU,nING TO C.lAS51',Il,lH, ,ll. IHl
. __~ 1.1-1 l rI J 1 Ii .d!J.~.J'_!.JiB.£.Lf3..A.I1lL..I'~_J.. J.N-l:: 'lE..\'uJ':!.'i......Al F H. 2.' IHJ UR. 50 i\NJ t Nn ')

*ND'i AT ',fAIZ,'HOURS' )
13 rllRMAi(IHr),lrx,'TIMf INTlKVAL', ~l(,'KAHI,/

14 t-UK~AT(lHI, liJX.2!JA4 I
15 FrJRHAT( Itll,,:,()X,'Ott=INITIuN III l.li\5StS OF UAfA',I,(J7':<.'Hlk','

• "'~\x.'PU'U-MtNr Of' [fW!>llINTS Jf- ffit" ~tYPI)THrTICI\L DAYliGHT
.IJLSP 1.tiALHH'L-1.l.lit..!.....r...lLL..L1..OAL-!..'iIlRN 1N.> (,L ASSL::" ,1,2 VX,' r L AS J ( 1 , XI, , ,I
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• 'kFsP[RA,TION LiNt wltl 'H' I)Rl\wN FKllM THF I t:AlJtNf. rL)i>l~ :If TrH:
~ "11:'-lI"1U'" INHRVALI)

16 FrlR'-1AT(20X,'ClASSI2.Xl",IF THt "1INI"'U~ I\;TfI<.VAl ()(;(I;~<;;' tn·FORI:: THf:
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*fl,T(VE. TH[ LINE WILL i\[ or~AWNlr.l.~3X,II-;:I.lM THf: KhHT I-I)"f: OF THe S
>\II{ TNTEQV"I,,11

17 !-,JRto1AT(20l(,'CLASS\::i,X),.,lF f.l,)Kl: T~tt'l.N ?5 prl-{C[NT 'IF THI-. SI{ INHI,VA
~L IS U';HT n;.{ IF THE 5R PHFR.VAL I~ POSITIVE, TH( ;.l:J'd[ rjf-',/,33'(,'

_:If.'J:H:..f.LH5.L..P...B.£..C..E..UL''L''. !'II G;)T...lVE !'HCKy,u ;;!U IH f.Xl[NDl':l Tfl Sf.', A'jiJ T
HiF I.[NF WILL gE ORAw,\j rRflM TH!l,f',/dJX,'POJNT.lJ

l~ FORMAT(lOX,'tVENIN.:i PlilNT'tlt2'_lX,'~L'\SS(XJl}•• ,[r TII~ tV[NI:H, ,,\11,:1
j)."'U~ INHRVi\l. UCCURS BrT"lI-.~ NfJO\l ,\'l,JL) fHf~ INHRVAl ""l[I\,,;::5T SI!r'jSFT.
*Trl( LI'lE \o/llL'tldJx,I~~~ JKAW~j T~] IH[ U·FT f.. O::';[ (iF TIH' Mj~llo\UM PH
*Ei.!.VhL,l)

__19 J-:QH""MA,U?_OJ,.'.C1.~$.S.LI\..I.1..L'..J.-!Jr THE :"11",!"'1 I)1"I Ir-onkVAI 'lCl\JR~ AFTFfI Tllf
*I~HFRI/AI NI-'AIU"ST c;s. lHi ;~ATt: of lHr \1I~TMUM If>H[llI/AL ;ojILL·,1.3.~)(.

*'iH· F:.XTf-NOfLJ BACK Tf] THt· RIGHT En;r '.IF THf INT[i~Vl\L CI;c.jT!'i.I"IjIN(~ SS
tAf>.lO THE L1f>.lF ~ILl BE il/<AWN rrl THAT· ,I, nX,'PUINT,"

WR ITE (h,l S)
IoIKITF.(6,16)

___.lili.LLli,.Ll.IL. _
Ir/KITF:(fJ,l'"
wR. IrE U.lt 19 J

L fJE!-=iNtIIU\I O~ INPljT AI.<.,IJM!'NIS
L A. INPI/T A~«~UMU\\rs SIJ~(lF-Ifl) UN CtI,K:J 1 nF DATA StT
( NTIMf"), •• fnll\L NUM,Il-Q Of; ntu"t.'".L'i IN OATA ~t:T m: NUM:\[-< cr

.i...........-. u. . .--.S_LJ~y.lkU~J_-:-i!.JNSI-.T(S ... 1 CARlJ5 TO Sf ~EAJ,

c: NPLT"."EUU~LS n nR BL~NK F,l~ 4U PLOTTFO RATF I'F (H~NG[ CJRVF,
l. ((JUALS fOI{ PLiJfn.. o KA.H-QF-CHAf\iCoE CUi{VF.
C NflUNCH., .FiJUA[S I1R ~LANK f'J';: Nl' PUNrtH::D nUTPUf,
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( tFJUNn,.,.UPPl-~ LL"lIT iJF rdS,Jl1lTf VAlllt OF AT:'<4nSPHERIC nIFF')SIC~!
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r. COMPUTING TrH: ,Wf:RAf',l NIGHTTIME: OIFFUslON Cf.Jf\lS1A~r,

-

-

-

-

-
-
...



-
-
-
-

c
c
c
c
c
C
1 1 I 10
<.
C

C
t
C
r
C
C
C
(

c

c
C

174

SFTYAl ••• OPTIONAl !JIFFUSIUN ClJNSTANT ••• !F GIVEN, THIS CONSTANT WILL
BE USf:O FOR THE E~TJ~E 04TASET ANnWIl.I".QVE~_~tQ[.UI\Jk'L

DIFFUSION CUNSTANTS SUPPLIED AS RATEIMO,DV) ON SUNRISE
SUNSET CARDS AND WILL OVERRIDE OIF~uSIuN CUNSTANTS
CALCULATEO FROM NIGHTTIME OXYGEN RATES-OF-CHANG~ IN
SlJ61WLlJI NE_ C_A_l_~K. _ ~

REAOl5,IOI NIIMES. NPLl ,NPUNCH,BOUND,SETVAl
B. I~PUT ARGUMENTS SP<CIFHD~O~ WNRtS<C~UNS~~L_C_A"D_L~

SUN(",u.DY) ••• SUN~I,)E TIME IN HOURS 10.00-24.')01 FOR MONTH Mil ANfJ DAY
OV.

Strom,ovl ••• SUNSET TIME IN HOURS FOR MONTH 10\0 ANU [lAY DY.
RArE(~o.Uy)•• OPTIONAL DIF,FUSION C.ONSTANT.SUpPLItO.rOKMONTH .MUI\N0

nAY DY ••• NORMAllY USED If THE': RATE Of "fMfJSPHE-RI-C- :lIF-I--usfr"ij-
WA_S ES_TJMATf.O tNlJfP[NOt~TLY_{~N ~!'~!::I Of!~E.R_'t_~!JO~ O.ATE JW THF
PLASTiC IJIIMF METHOD (C!JPELANOAND DUFFf-R, LtO, 196<+).
FUR DAilY CONSTANTS Tn Bl- USED, SETyAl "4UST til:: UMITTE'l'. IF
ROTtt SETVAl ANO R~TEtMU,DYl ARE OMITTED, A DAilY ATMU~PHb~rc

DIFFUSiON CUNSTANT WILL BE CALCULATED RY SU~ROUTINE CALCK.
REAnC".ll)( MO,Oy,SU-~HMU,DYltSEr(MU,O,(I,RAl(-·(M'(},OY)' , ..--.-------- - -----

• ,KOUNT=l,NTIMES)
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A. INDUT DAIA ITEM SPECIFIED UN FIRST CARD AFTER Sk-SS CARDS
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TITlE ••• THE NA"'IE 1Jf- THF WATER HUDY OR STREAM BEiNG STUDIED. THIS
IOENTlrlCATION WIll BE PRINTI::O (]N UUTPUT PAGES ABOVE EACH DIURNAL
lHlf Will !\jOT AE PUNCHED ON OUTPUT CAROSCUNTIlININu. METABOLIC vALur".

Q E AI) ( ? , I I TIT l E
READI5,l) HH

REAO( 5,fMT) ST ,SUB ,iR,Mfl,DY, fl. SAT 1 ,~URFl ,SUMl
11111 CONTINUE

Sf} = Sf
SUfH :::: SUB
YR 1 = yR
"'lUI = "'In
UY 1 :::: n'(

-----,:;K-I1TI604)U-TlE----·----·

wRr'Elh,~1 ST1,SUBL,MU1.DY1,YRl
fill :: T1
">URFI11 '" SURFl
SATIl) = SATl
SUo"H I I = SliM I
Sfol·:;;-··5l~·( M(fi~f)-YlI-

S~ :: SETfMOI,Oil1
KATE5=RATE(M01,OYI I
O!] III I ~ 2,100

R. INPIIT DATh ITEMS TO IH GIVE~ nN ALL OTHF-R D!U"'NAl DATA CAROS
THI:, PRUGRAM IS WRITTeN Ttl IU'~D I~PUT O.r\TA CAfol,DS I--'RIJ~ y,\I<l.\Hlf FI)RI>\~T".

A·f"K-b·-o(~TNTNG-THE FlJRMAT Of' THE 9 INPUT JArt:. \Ti:M'), WHICH ll.rn
DEHNED BY THE rOllf'W[NG COMME"IT f:A:W'), SHUUlI) hl- PUNCHED AND PLll.CFn
AFH:.R TITlF CARl). AN INPUT O"TA CAKD [UNTAINtN(; THE Q iNPUT I1ATI\
ITP1$ 'iH[)IJlO HI:' PUN(.HFiJ FOR fA(H Of-\SfKVATI:JN T1Ml ,-IF F-ACH DIURNAL.

hFHR <;rWRC[ DECK ANn Ulf'.ITRDl (.AKD'l. INPUT DATA CARPS '';~-l()Ull) B( h,{RAN,;F-i)
Ir..j THE rllllowlNG (IRO[f.l..: INPuT Ai{I~UMEI\jT CMu. S\H~RTS[-SUNSU ( ..o"f-',)S I-- 1,j

r\LI DIUKNAtS. Tlllr CARn NA,'11r...G 'flATrR '~·[i;fy-~··-iiA~t"'tiL~kIo1Ar r.4~f)---

M,m INPUT DIURNAL ,)ATA CAi<iJ5 !'lIT!'! THf (ARt)S f-nR f fIr,H DATI: ,\Nil
lfH;r'.rIuf'.l GkiHJPEi) TllGk-Tti(1-( 1:'-4 fHI C,l\,juF-.\Jef IN WHllH TI-H- DATa \'it ,,,t.
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IJ1Fr~,,"')lfF 1
'11r D5 .. i"l{f-F

• nl: LT I I I
Illf-N(;
l.lf f- P S

U,KFN.
SI ••• STATIUN NUMfH:P O~ ll)CAflO"t IDOHlFICArl(JN
')lm •• SUBSTATlU~ NUMBER UR K[PlICAH: IUE:NTIFl(.. ATIO~
YQ, ••• YEAR
~(J ••• MUNTH
UY ••• DAY ••• NOT£ ••• A ~IUR~AL USUALLY lNCOMPAStS TWU ~ATES (UNLESS

r:mSFRVATl,lNS AR!: 6f(;U'4 <11 J.oe HUUR')) RUT oy IS At "",\yO:;
GIVEN AS THE DATE IN ~HICH TtiE LIGHT PtRIUU DCCUpitlD.

T •••• TI"IE IN HUtJHStO.OO-24.(10) UF DBHPVATlnN.
I)AT •• PERCF:NT (lX.YGE'i SATu,<Arll];'i UI- SURfAr,F J!AT£:R ~_T_TI"I["_, To. . _
SIIRF.UISS'UlV!:'D f)X.Y jf'\j CU,~CFt~TRATlONI';/M.*11 '-IF SlJi<f-ALE wArER\T

t I Mf T.
";ljM •• AMOtHH (JI" OISc,OLVF') {lll:VlOr.., IN THt. WATf:R CtJLU~tI;l(, (IU""H7I ,j;' ",1

THE WAH:R "14')$1'; 1121 AT TIMf T.
~ I:. An ( '). FM T I Sf I SUn t y~ f Mfl ,OV , T( I I , S,U I I ) , $UHF ( I I , su·'·q I I
IFl -:'T.NLSTl .UI-I.. SUB.!II!::.~Ul:H , GO TO 222__~_ ~,~ _._._,_~. "_
IF! 'fR.:-"f'-.Vf.(l .uiol. MII.NE."'1l11 .01:(. DY.tIlE-OYI I Gll rn ?,>~

CUNTlf\,iU[
CJ\ll I:RROI-! I
GO TO 88H~

t "lOX '" l-?
Tl ' TIll
(j,ljRF 1 '" 5HRr< I'

SATI '" SHill
SUMt :: SU"ICI)
DO 444 1 -= 1.1NlJ)(

iJ[lT1I) '" IIIH) - TIll
IFI UELTIII.GE.O.C I G~ TO J~3

"'ARK. :: [+1
DElTII) :;0 24.0 .. DllT111
)U~Hi.111 '" (SURF(I"II - SURrlll)/l)LLTlll
')UMPIII ;;: I~UMII+l) - ';\JMIIIIlUUT())
UEFlfl =- 100 - ('.:iAT<I) .. ~AT(t+llt/2.')

r.:nNT INU:-
CALL C'\LCKISR.SS,RATF5,<.,f::fI/Al,':HJlJNIl,QI\VR,KTI
flU bb6f, I :: 1 t 1NDX

DIFf( [I = OEFCII*QAV'1
QKI!1 :: SUMRlll+DlF-Hll

cmn I NIJF
DIFNG ' 0.]
OfFflS '" 0.;)
lJLJ 177-, 1-= 1.lNDX

III Fri :: r)Hr( II
IF-I 'lIFt-I.LT.O.'')
Ifl rlIrF-!.Gl.O.(1

CllNr[tI4IJF
iJIf-NG =-OIFNG
Wf1 1 T f: { ;J t ~t I
\'0 P [ T[( I). ~ ) I T ( I I , SA T ( 1 I , '\UI{l- ( I I • ') liN! ( I I •

0: Dl:l ftlltr)l:F( I I. Silk FI-I. ( I,,')\J~~P( !),r'lil-Fl II "JI<-j II ,1-=1 ,11\")/)
I I fill)"; .. t
',vRITEt6,3) Till,
CIUL SHUfLF
CALL Rf:SPl INCltl!'.lC2,St.::,SS,r-lA r MfJ
WRITtI6,l?l ~A,MP ,T1INCl),Tllt>.jC21

III

fin

(

c
(,
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WRITE(6.1H
WRIT E 16, 2 ) I Tt II ,0 fl T( , ) r QK( J • , I'" 1.1 I ~O.X J
CALL AREA{ VAR,HAR.RATJO.XPRU,INLl.INC2J
WRrTE(b.71 VA~,DIFPS,HAR!DIFNG!XPRO!RAT10'9AVR,(TYP~IJ,KT),J=l,bl

IF(NPUNCH.EQ.l1 CALL PNCH(VAR,HAR,RATIO,XPRO,DtFPS,OlFNGI
_ IFt~PLT.EQ.lI CA~L. p~T(SR,_SW_!Jj•.U . _

Hf188 IHST+SUB+MO+OY+YIU 11111tllll0,Illll
f: Nn _ __ _ __ _~ _ _ .__..," .. _~. __. ._
SUBROUTINE CAlCK( SR,SS,RATc,SETVAl,BOUND,OAVR,KT

C (Al(K ••• THIS SUBROUTJ~E DfTERHINES THE DIFFUSION CONSTANT(K) FO/{ MONTH Mn
C AND DAY ot. (F St:TVAl IS GIVEN AS AN INPUT ARGUMENT, THE VAlU!:: OF
C SFTVAl WIlt BI::.U$EU .FOR THE EfliTIRE DATi\.SE.r. IFSETVAl [S nMIr:TED,
( RATUMU,DYJ WILL dE USED "F"OR-DA-TE---M{J,DV IF -GYVEN ON -T·HC-SR-~S·S--CA-R-O-·-

( FOK DATE MO,DV. IF BOT~.S_ET_YAl __A~P_~~I_E:.t"!Q.,9_~"LARLQ~J.JTEO_L~"~L,C~_._
C WiLL DETERMINE- THE ATMOSPHERIC DIFFUSION CUNSTANT BY AVERAGING THl::
C K VALUES CALCULATED BfTWEEN FACH PAIR OF NIGHTTIME OXYGEN
( KAHS-UF-CHANGE AND SURfACE SATURATION DEFiCITS.

COMMON ICALI SURFR,OfF
CflM,110N T,iJK,OElT,INO)(,MflRK,[E~RnR

I) I MF N5 P1N Til 00 I ,-".K' 1(] 0 I ,OE LT 1 LIJO: ) ,SURF.R 1.1.00 I., DE F ( 100)
(FIAB~ISETVALI.Lf. 0.0 ) GU TO"l - --- .- ._--~-- -
K T :::: ?
OAVI-< - SETI/Al
RETURN
IFI ABSIK<\TfI.LE.,'1.C' (,0 TO ')
KT -= :1
;JAVr< :::. RATE
Kf TURN

') \.JSUM=O.11
KT :::: I
tjKNT=().n
1 :::: 1

10 IH fll).GF.<;RI GO TO '\0
(;U TO 1 rJ

15-,t='ToEF"lli.EO.Offll+1 II GO TO 11
IrlnEF111.I:Q.Uf:f( l+l)IGu TO 16
i)VAL -= - ABS I I SURf R ( 1+ 1 J -SU RF R I I I II t Db F I I +1 1-Ot:: F I I 1 ) )

16 IFIABSI")VI\LI.Gl.AK5iBOUNOI.OK.fJEFII1.EfJ.OEFIIt-111 QVAL::::-ABS(BCUNr)1
oSUM: OSUM + \JVA L
()KNT::::QKNT+l.0

111=1+1 _. __ .

If I I.EQ.INOX) GO TO ~O

10 IFITII+II.lE.SR J GU Tn 1')
25 1=1+1

Ifll.tQ.INlJ)() GU TO 51
iO t F I Tt I I • L T. S$ I GU TO 2" _
4() I FIT I I +1 I .L F:'SS I fJfTo",,'(l ..._._--

IttDH·II).I-Q.[Jt:.fIIH)1 (~O Tfl 4')
P"(UtF{II.t'Q.OlF-II+I)Il;1 f(J 4?
IN I\L =- - I'd) S I I SUP F R I 1 +l ) - 51 )tH- ~ ( 1 I ) II 1)1 F I I + 1 J - Ol F I I I ) I

'.1 1F:-(Af\~f,JVALI.Gr.ABSIHUllNDI.OR.fltF(II.t-tJ.UH(I+l))QVAloo- ... UO::;IKIJU'IUI

j SlJM c= lJSllM+ WVAl
WK N f= ()K NT+ '1-~ -0 ...---~-_._~.-

l~ ') I r + 1
If-( 1.1. r .INOXI (;U TO 40
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50 OAV~'-A~S(OSUM/OKNTI

RETURN
END
SIIRRQIlTI Nf SHtlEI f

C SHUFlE ••• THlS SUBROUTINe REORGANIZES INPUT DATA, SO RtADTNGS WILL BeGIN
L AT TIME Q.QQ.AIIQ_LNIl_ALTl.ML2!u.QQ_~ ~ .._. ~__~

CUMMON T,QK,OElT,INOXtMARK,lERROR
01 ME IISION I (lQD.), SURE ( 10!U •.sAI1.lJlJlJ~ \!!\..(l.(l(l1..DE I T ( I DO I • \!.llJlJlL....~ _
DEL f( INOx I = T(l I - T( INOX t
MINQX = INDX .. 2 MARK
SURFC 1.= 0.0
Olll = QKIMARKcll
SATII) '" TCMARK)
DO 1111 1:: Z,MINDX

MARl = MARK + [ -2
[,HI 1 - lJKlMAKJt

SURF( II '" TIMARI)
SATlII = OELT (MARll

1 III CONT (NUl::
MRKM1. = MARK - I
OUl222 I '" 1,MPKMI

HI = MfNDX+!
Q(Mll '" i.,lKII)
SURflMU = TUI
SAlIMI) '" DtlH11

.2222 CUNTINUE
IN[)X :: INDx .. 2
SI!BEI INnXI = 24,0
SAT(INI1X-l) '" 24.0 -SUfH{[NOX-li
SAT( {NDXJ = D"D
Q( INOX I = Qj INOX-II
DO 33j3 1 ~ 1.lNOX

I",iK (II :: Ql I )
rill '" SIlKt ( I I
DElli I I = SAlll)

3J3.3 CONTINUE
on 14'1 I =: ltiNOX

11 ::: iNOX .. 1-1
IF(ll II l.lf.Il.J I GO TO 14~

OK! ; I + I I '" OK I I I }
TIII+ll :: rtII)
ur.LTIIl+:L) '" DI:LT({11

140 CflNTINlJf
14'> MAt{K co 11+1

Of I Til) :: T ( ? )
IlMJ\RK I :. \l.O
r)lITIMA~K) - TtMAWK+l)-12.0
UKI~AHK.I ::: I.,iK(MARK-U
rH.LTIMAQK-lt :: 12.') -T(MARK-II
INnx '" INf)x+!
PfTUKN

___.>.taN.I<O=c.· ----::::-==-------------------
')UIW,l)iJT{Nf RESPI INCl,l~C2,SR.,SS,MA,MP J

r: R(SP ••• THIS S\J!3ROUTINf I1[C(O£::S ~HI(.H Pf.l.t-SUNPlSf Ar~f1 PiJST-SUN$H P111"llS ,~'J

C THt NfGATlVE RATE-{JF--CHANI";1: CUkvE WILL BE lJ$f-D Til Ci'llCULi'lTf THE
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~ ------ .__ .. _.
HYPOTHETICAL DAYTIME RESPIRATION LINE.

COMMON T,QK .P~I.TdNQK, "~~K~.'-~6liO'!.- ~~ ~~_~~ ~_~~~~~ ~_ ~__~

DfMENSION TI1001.QKIIOOI.OELTII001
MINI '" 1
MRKHI ,. HARK-l
00 150 f~~ =L!!~_IU4J..~~~ _~~_~~_~_~_~__ ~

lFIOKIII.LE.OKIMINIII MINI = I
~ ~-llQCONT INV~~__ ~ __~~~_ ~ _ _~~

IFIQKIMINII .GT.O.O I CALL ERROR I
00 170 I - I,MARK

C

-
-

If ( T ( I ) • GT • SA.» GO TO 180
.. ~_l.rQ CONJINUE

IRO II '" 1-1
I PBSR :-: It. __ .____ _ ~ ~__ ._._. ,__ .
IF(MLNt.lT.(PBSRI GO TO 18S
MA '" 1
INCl '" HUH + 1
GO TO 730

185 I F Ie" SR-'r (IPBSR j) iifE'l f(IP8-SR)-:L'T-~--'~-7-5--'Y-Goy-6--iqo·----------------
t F (QK (,tPB~R_)_.~E..Q..~L_G9__T_O_t~Q __~ . .~ .. ..__
INCI ,. IPBSR+!
MA ,. 2
GU TO 230

190 CD.NT I NII[
MA '" 3
no 200 I ,. I,IPBSR

II "" IPBSR-I
IFIOKIIll.LT.O.O GO TO 210

?QO CUNTINUF
210 IPI -= II

TtIPB5Rl :::: SR
!JEl T( I PHSR-ll SR-Ttj PI3Sj:(_-:.LL
OE:lT(IPASR) :: rtIPBSR+lI - SA.
IPBSRl -= IPB$R-!
no 220 t - IPl,IPBS~l

OK II I ' OKIIPJ I
?20 CONTINUE

___ 1Nc:J= IP.BSR
:?30 CONTINUE

DO 240 ( = MARK,INOX
fF( SS.lT.T{I •• GO Til 750

__?40 CUNTI NUE
~50 IPASS '" I

IN(Z = I
IfIITIIPASSI-SS)/DElTIIPASS-fT.GE-. ~51

LIMIT = [NOX
INC2 INC2- C

[r(INDX-I~C2.GE.21 lIMIT=[NC2+2
MIN? " LIMIT
Dli lhO T=MARK,L1MIr
1Ft (JK(!).lT.QK(Jr4IN2ll ~INl:: t

1 bO CuNT I NIJF
rrlUKIMIN?) .GT.O.O I CAll ERRORl ,

260 IFUto\IN:?GT.INCn GO TO 270
MP I
INe2 = MIN2

-
-
-
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(~I) TrJ .no
210 C!JNTINUt

MP -:= l
Dr) 3QIJ I - tpASS.MIN?

1)1(,{11 '" QKIMIN?)
j 00 (UN TI NUr

INC;! = 'PASS
HO CUNT1NUf'

Pl:-; TURN
______L'IlL _

SUARUUTINE AR~A( VhRtHARt~ATIU,XPKOttNCl,INC21

r. APfA ••• THIS SUHRQUTjNj-; INTtGRltH:S.APPKDPRLAT£ .$i:CTlL.N'.) or TH[
( ~AH-rlf-CH"N(;,r CUl-I.Vf TO V(lU> GROSS PRIMARY PROUU(IIV(rY(V!\i./) AN\)
(. CUM'-'UNlTy Kf::5PIRAIIJN(HJ\K), "ND VJ"'PUT(S_NE1J~I(.(lOJJ(T.vITYU(Pyn,-AND
f. P/,<- PIl.TH}(RATJO).
____ .c..lJM.t1111L I! OK .Ot:! r. I NDX. MARK, I ERROR

OJMFNSlfJN TtiOO) , OKllO'" I • Ot:lTllu'il

'''ClMl " I"CI-l
AR = 0.1)

("C2Mt - INCZ - 1
n[l lU') I = INCl,INC?Ml

AR " AR to OK ( I ) *!l [\ T I I )
1')0 C(JNTINIJf

.... R T ;: (IJK ( INC 1-1) +QK ( IN(2) ''''Cft LNC2) -T( INC 11 ti2. t.O
VAR '" ll,1{ - ART
HAR ;: ),0
Dll 300 l=l,INCIMl

1ft QKtII.LT.Q,) HAR HAR + QKIIl*'DELTq)
qO CONT!NUF

DO 400 1 ~ INC2,INDX
IF { QK ( I I .l T. O. I H4~ HAR + QK I I J *iJEl T I [ )

-.)0 C.U!\jT(NUF
liAR ~ -IA~T+HARI

XPPU ,- VAR-HAR
RATIO := liAR/HAl{
RETURN
f "0
SUBKOUTIN~ PLTI)R,5S,TITLE)
CUMMON/HEAIJ/S T t. ')u~l ,M!lt ,DVI ,vRI

[ PI I. .. pHS SUtlIHltJ1WE PlOTS CORKE:CIlll DISSOlVEiJ UXYt,EN KATI:;-ul~:.!,~N:'l

C IG/M**2/HI{) VE>t5Uo;. TIMF: IN H!llJ~_S. Pl.T IS (JPTIUNAt. :<,5 SPf([f-ltD r"\Y

C INPUT ARGUME.NT NPll.
COMMON T,oK.
nI ME NS ION T I I DO ) I QK 110 .)
nlMtNSION TXI2?OI.OYI2~0110UMI?SOI,TIIlEI2nl

INTEGfK STl,StlBl.MlJl.UY1.YKl
f)1j 716 [=1,750

TX( II " 0.0
QYlfl -= 0.0

/76 (UNfINUf.
TXIII=T(ll
OYlll=QKlll

.J -= 1
00 771i 1=1,241

rX(I+l) := lXIII + .1
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J>l

c
[

lfl Txt l+ll.GI:.TCJ+ll) J
U'f t I .. I) = QK ( J )

(78 CUNTI NUE
TXt 247) "" SR

QY12421 • 0.0
TXI2411 "" $S

QY(241) ').0
TX(Z44) -: -,32
QV(244) "" 0.0
~)(1.2.'.!_2! ~=_24. 3L _
QV(J45) ;:: 0.0
CAll PllH(TX,(',QV,(),nIJ~,O,24-~,1.1,O,2,,),11

IolRITElh.2)
wKIHlh,ll TITlE,STl,SIJ~t,Mnl,l)'t'l.VRI

wRITf(t,,1) ~H.SS

___t .U~_~_l(}_!~_~~,AtiSTArI_JN..J i2, ~X.,lltjSU~STAT[ON ,ll,JX,"lHDhT( ,1/,1
*H/,tZ,lH/,I2 ,II)

? fllRIol'TtlHO,lOX,''(-AXIS,. lUTE IIF CHANGE IN r,RA~S-UF-()XY(;fN/"4.*?/HilU;';

"U~',}flXt')(-AXIS '" TP1F IN t-iOUf{S')
3 fnRMAT (ll;?X,' SUNR ISf=' ,F'). 2. ':lX, I SlINSt--T = I tV,>.? I

RETURN
OW
SUBR(]UTINE PNCH(VAR,HAK,KATfn,XPRO,QIFPS,[)lfNGl
CUMMON/HEAI)/STltSIJ~l,M(ll,Otl.YRl

PNCH ••• IHlS SUBkOUTINE PUNCHES ·JUTPUT r)N CARDS. PNCH IS OPTIUN .... L "AS
SPrCIFIED BY INPUl AR(.UMEf\tT f\tPUNCH.

I')CVA~ {lOO.*ABS( VAR )1 + .'1
IHAR 110Q.*AHSl fiA~ })+.5

-
-

• I

lXP~O (lOO.*ABS( XPIUJ )) + .5
IRATI -=- IIOO.*ARSI flAT 10 'I + .'1
IOIFP (IOD •• ABs! ~JIFPS I) + .'l
[[)[FN IIOO.*ABSt l,JfNG I) + .5
WI{ I Tt: ( 7,4) S Tl , SUB I, Y:, 1 , MlJ 1 ,on, IS C VAR , I H AR , I X Pflll, I1U T 1 , I!) I F P,

* ID I F"l
-- '4-FCJ"R"'IAT(6'X, 21H4 ,212,31 j ,/t X,211 J,41'>

tH TURN
fNI1
SUBROUTINE FRROP (MI
r.o TI) fI,l,,),M

1 WR I TE (6, 111M ~ _
------RfTiTRN-----------------

2 \o/RITElu,??I
I{[ TURN
WI{ITFlh,.HI
K[ TUKN

11 rU!JMATIIHI), 11H****" H<",O~ ,11,l'ti nCCUKPF-O *****
---.---lH~-1"'7~i*....__;..__sTIpfu-N~·),·TUATh I)tT ,,**«¥ 11(11

?2 FOf.I.MAT(Ui ,'\F'IHU*.* AM VALUES MH: fill prl~ITIVE .*.**
33 ~ORMATllli ,38H*.*** p~ VALUES ARE All. PU$ITrVE ~*••*

~ND

SUBRUlJ1INE Pl()T(X,lX,Y,lY,lfll,N~r,~~LOT,NCopY,"lLr),NnIM,NxTRfM.

*NPAGE IC--- Plj·RPOSE'---·..·------

C TH[S SUf1KOUTtNE PLUTS UP Ttl HN ~F:LArlrr\jSHIPS UF-. TH[ F(jRM Y '" ',1 Xl.
r: IT WILL ALSO PRf:PARf" luPOGRAPHIC M""PPIN(:'S OF frll<.Ef- r;PlfNSlnNAL

-
..
-
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C SURFACfS.
C _~U5AGE

C CALL PLUT (X ,lX, Y,l Y, l,ll,Nf'T ,NPLOT, NC['PV, NCO,NO, Mi, NXTKEM,NPA&f)
C x. y. I - rO[)RQINAUS (If pATA pillNI5
( LX, LV, II - SCALING FACTORS. THF. SCALES ON [ACH AXIS fo4AY BE lINE4R,
L ONE CYCLE lUG. rwo.cYUE-..lOG.....~lX CYClE LOG_ .
C NPI - NU~RER ()F POINTS TO BE PlrJTTEO
C NPLUT - N.UIIJlEROE KhAT IUN5HIPS. TU BE PLOTIEO lN~ UltLtRENl
C SYMBOLS IF PLOTS AIH TWO I)JMENSrONAl. H· A TopnGIUPtilC
C MAPPING IS CALLEQ FOR NPI VI IS NUMBER OF CONTOURS TO BE Pl0TTED.
C NCOPy - NUMBER OF DUPLICATE PLOTS TO BE MADl
C __ NCO - NIJ,f'16ER. __UF. INfQB..M4TJON CMtOS_.TJ1,JtE; R~AO.!! ~ IF. NeD tS lE;RU Nil
C CARDS ARt: !'lEAD. OTHERWISE SEE WR.ITE UP.
e NDIM. - IF THE REI.AUllNSHIPS. WHICHARf. IOJl.E.J!I.QUED ~RLI'Q_

C DIMENSIONAL NOIM IS 2, AND IF A TOPOGRAPHICH MAPPING IS DFSI~fO

r NQ''''' IS 3e
C NXTREM - IF NXTREM IS 1, A CARD WiTH THE LIMITING IJAltJFS Ot-
C JtlE.~J(L.Y'.A.ND l SCALES U. REAO. t:iltlEBII.UE.ItI.loLARE ~

C CALCULATED WITHIN THE SUBRUUTiNE 50 THAT All DATA POINTS WIll
CAPP.EAR lIlLDiLJ>I.OJ•.
C NPAGE - NUMBER OF PAGrs THE PLOT IS T') COVER. IF NPAGE IS 1 TH~ PLOl
( IS 59 tiNES HiGH. EACH l!itREASE QF 1 1'1 NPAGE CAUSES THE:
C PLOT TO EXTEND ACROSS AN AODITIO~AL bb LINES.
~C ..S.UBIillUUNELREQlLJREll_~.~. ~.

C THE FORTRAN IV SUBROUTINE PUT IS INCLUDED AS PART OF lH~

C . PLOT IlliG. .PACItAGk
C

BfA! N
n I MF N$ ION X( 1 I ,Y ( 1 l , l ( 11 ,S X( 1 ) , TIT l F( 70) ,l.C 1 34 )., NC H( 4 I I , NH( 4 I J

.~_.MllPH21 • fMllbJ JJI.21b.l.fJUl6L fM.4161.fll5l8J..fll.H~1JJ'J l6LERJ.L'l1
I,SCU 3'

__.ll.4JA._fM.l/' UH '.1' .. Al,.' I. 'f9 .2.' .• •.•~21 ~_--l~_A U ', ..'.~L
DATA FM2/1(1H '.',Al,','FQ.4',',121','AU I,' 'I
QAIA fM}('IlH '.',Al,','lPE2','dol·,'21Al','J 'I
DATA F~4/'Clx,t,'lPfl','6.2,1,'5E20','.l,f','15.2·.'1 ',' 'I
DAIA.£~5/·15XL' J..' f9.lt:...'.J 1 .J5 ~ ~'-•. 'lX .. F- '_.r-' 9 •..tt:J '..•_' .9X •.I .J.' F~_ .• ".!" '.L 'I
OAIA FM6/ 1 15X,I,'F9.l l .'.5Cl','lX,F','lJ,2)',·,9X,','F·<}.2',') 'I

_~__,_ DA.I_LNCHI H·iO JHU..J'.ltil..t.UUd_H't.... l tt5..t.lJi6.lll1.l. 1 H.e. J.IHtt._LHA·J.J.ti.6----'.JJJCJ.l fif). L._.. _

• 1HE, 1 HF , 1HG, 1HH, 1HI, 1HJ, 1HK , 1HL , 1HM • lI-iN, 1HO, 1HP, 1HQ, 1HR, 1 H'So , IH T, 1
.HU,JHY,IHW,JHX,lHy.IHQ.IH*,lHi.lH~,lHt,lH-1

-
-
-
-
...

...

-

OATA NO,NP,NM,NB/IH.,lHt,lH-,lH I
_____CAIA.. SC.LLl.HX,ltlY".1HLI

1 FORMATI20A4)
.__2 .FORHAT (52-A I. 7A41
3 FORMAIIIH ,26X,20A41
5 fORMAT(lJ2All

b FORMATC5H All ,Al,57H VALUES ARE NEGATIVE.
__!PEGlflED. ~~ I
7 FORMATCIPE17.2,El15.2.
,8.... f.oRMA.LC l PE..l1 ,Z.•.EQ L.Z.J.f. 54,2 )
9 FORM4ItIPEll.2,2E40.2,E35,2)

10 EOBMATIIPEll.2,3E10,2.E25.?1
11 FORMATCIPE17.2,4E24,2,E19.2J
12 FORHATIIHK.59X.7A41
7~ FORMAT(bE12.2~

lOG SCALE MAY ~OT AF S
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94 FORMAT(4?AI,lOX,TA41
f)U9SI-=1,41

9') NH( tl=NCH( 11
N=50+66*(NPAGE-l.1
llX=Lx+l
NDD=NCOH _

Goral15, 13, 14,13) ,NOD
H.EAD(5,ll (liTlEI t I ,1=1,2·')

14 IF1NOU.lT.3IGOr015
IfINDIM.NE.3JGUT093
fU: AIJ( 'J ,(4) I MOP I ! ) • 1";1 ,42 I , TAA I, TAB 2, TAB3, TAB4-~iAB-S;-r-AA'b~~ fA:B-1
GO TO 81

NPLOTINll •OF PTS.) MUST BF fVf;NlY 01V1SIBLF BY
)

PLOT NUT ALLOWED.

16 FoURMAT( IHll
YO FIJRMAr{TOH NPT(NO.

• 'JF CURVES.)
84 fiJRMAT(lX,3bkUNE: nlMEN510NAl

13

-
-

93 REAIJ(S,.?1fMOP(II,I=1,42),1 NHtl),I=1,101.TA81,IAB2,TAB3,TAB4,TAH'),
lTAA.b,TAB7

GOrOBl
151)0821:1,42
87. MOPCIJ"'NR
81 NCHC41)=NR

IF(FlOAr(NPT/NPlOTI-Fl6ATtNPT)/FLOAT(NPlOTI)101,8~,101

>J') IF(NXTRFM.EQ.~IGOTQJ.?

YMIN=l.OOF 15
)(M(N=YMIN
lMIN=VMIN
VMAX= l.OOE-78
XMAX-YMAX
p1AX=VMAX
n05ll=1.NPT
GUTOlln3.52.53).NDIM

53 IF(ZI!I.GE.IMAXIIMAX=llll
IFIll II.l~.IMIN)lMIN=IIII

52 IF(VI II.GE.YMAX)YMAX=Y( I)
IFIYI I).lE.YMINJYHIN::.:Y(I I
1Ft XI I J .GE • XMA X J XMAX:X« I )
IF ~X ( I I. lJ .XM I NI X~! N= X( I I

'51 CONTINUE
IFllX.GT.OIGOT0900
XM[N-XMIN-IXMAX XMIN)/7~.n

XMAX=XMAX+(XHAX-XMI~)17'5.0

900 IFllY.GT.O)GOr073
YMIN=YMIN-IYMAX-yMINI/10.O
YMAX=yM4)(+(YMAX-yHINJ/l0.0
GOT073

12 KEAU(S,74IXMtN,XMAX,YMIN,YMAX,lHIN,lM4X
71 If (YH4)(. GT .10000 .O.OK. YMIN. LT.1-10000 .0) GOrDbO.

IF (YMAX-YMIN.lT.S.0)GOT060
IF(YHAX.GT.IO.0.OR.YMIN.lT.(-lO.OJ'Gnr062
I,", (YMAX.l. T • 0'-0 t" .O"R.-ABS"C YMI N'--~ l. r.o.o 1 I GOTObO
00'591-=1.6

-

...

..
...
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61 FMT(110!:~M3(t)

GOTU6'J
62 On~,1=1,6

63 tMTI!l:fMllii
6~ JFIXMAX.GT.IOOQO.O.OR.X~I~.lT.I-I0010.01IGnT067

If (XMAX-XMI N. LT • 5. a1!;U [Ub.] ~ ~_~

IF(~MhX.GT.IO.O.OR.XMIN.LT.f-10.0J)GOTn69

1 F ( XMA X.. l T. 0.01... UR...A.8S {XM.IN.J ...L I.,LO ... O1 HiQIUttI _
n066[=1,8

--IUJ.--EB.ll~U.-c-'tE-"ML:lScl(.1I.lI _
GOT07f)

67 D0681=1,8
~8 f-'RTI J)=FM41 II

GOTU70
6.9 on 71 1 .. 1,8
7J EB If! bH1b ( II

70 fF(iX.GT.01GOTU17
CX=l2U./(XMAX-XM.l~J

')Xlll=X"'[N
5X( 11 =XMAX
IJ::)(MI N
1111l6K= 2) Q
U=(XMAX-XMINJ!6.+U

16 $)(1\)=11
G:JHllq

17 XlX=lX
IF(XMAX.lE.O.OI&OrOl00
x M I N= 1 Q. 0*. I Al m.l Q« X MA x* 9.9999991 -F b U AT II X I I
"15-1
CX.=120./Xlx..
NX=i\lflGlOIXMINJ
If IXM IN. LT. 1.0 lNX=AiUG.lQ I xMIN.l-~Q.9999999
XMIN=lo.O**NX
no l~K= I,L L X

18 SX(K}-lO.*.tNx+K-l)
19 J-: ALLPUH X• ~"'-LN...lLX ,r.u' T..0__ -.12.0 "--Lc..X.-L __"~ . ... __ ~ .. ,__.. . ~ ..._

IFfLV.GT.OIGOT020
CY=N/I YMx.-Y~INI
GOTOZl

ZPVIY=IY
IFlYMAX.lE.O.OlGOTnl01
YM I N= 1 O.O"IAlOGLO lYMAX.'9~.99999'1I-ElOI>.I IlYJL _
MS=2
CY=N!YlY
r(V=Cv
Nv=AlQGlotXMINJ
!F{yMIN.LT.l.O)NY-AtOG\0(YMIN)-O.99999QQ
YMIN=11.0·*NY _

21 CAllPflTCY.YMIN,lY,NPT,l,N,CY)
l'INUIM.LT.3IGOTOZ'_~

FPl.IJ1=NPlOT
IF Il 1 .GT.Q ",OIO??
(l~FPlOT!(lMAX-IMIN)

GOT023
22 lll""LI



-
-
-

IF(IMAX.lE.O.OJGOlOIOO
lMIN=10.0··(AlOGIOlZMAX*9.QQQ99Q)-ll11
MS=3
Cl=FPlOT/ILl
IFllMIN.GE.l.OIGO TO 23
1A=: AlOGl 0 t.1 HI N,-_.~9.9_9.9_q.9.~ __
IMIN=lO.O··IA

2.3 CALL flOT( Z, lt1JFII..,.lJ.tJ·jE'LLo....tfP.LOT.tt:n
11077I=1,NPT
II=I( I l+t.O
llll=NCHllll

77 CONTI NtJE
r,OTUqq

?4 NP~=NPT/NPLOT

no 78I=t,NPlOT
JJ= (I -1) *NPN+ 1
JK= l*NPN
I)07~J"'JJ,.,IK

lIJ):NH(ll
78 CONT[NUr
9900l0ll=l,NPT

OOl02J=l,NPT
(FIY( II.GE.Y(JIIGOTOI02
,A=VII)_
f!l=)( I I)
Y(J)=Y(J)
X(():X(JI
Y (J I =A

184

102

x( JI-B
C= I { I ,
l ( I) =l (J I
II J I =C
CONT I NUE
O()S6NO=1,NCOPY
""1 - 1
"12=1
Ll=O
LVY",lY
TT=N
wR I TE (6,161

-
-

IF(NOO.EQ.l.OR.NOU.EQ.l)Gn TO ~7

WR I IF I 6, 3 ) { Tl Tl E: ( I I , 1= 1 t 20 I
97 NN"'N+l.O

n043KK=1,NN
M=l
NNN=NPN
JFf):[

T=INTtN)-KK+l
DLl25J=I.lB

25 l(J}::NR
L( 1331 =ND
IFILY.GT.OlGOI026
U 131-NP
[F{T.GT.TT)GOT030
SCAlE=T/CY.YM(N
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-

111331 'NP
~·O

Tr"'TT-').
IfIL.lf,Q,ISCAI F=YMIN

GOT030
l-b GOIOl2.1.2L.2.A..2B.27,28l.1 '!
27 SS=KY.lY'f

GQIU29
7.R ,\S"'KY.lYY+l
29 11131=ND

IF(T.GT.SS)GOT030
SI;AU=·lQ,~·ll'lH.I.HL _ .__
M=O
LYY=LHel
U13)=NP
t(J33hNp

30 IF(N.EQ.TIGOT031
I Fl 0.•• NE...I 1 G01lI3.L_

310032J=14.133
II L1 J L=NIL_ _ ._____ _

IF(LX.GT.O)GOT034
niB} j", 13. loB, 10

33 lIJI=NP
.Ji!l1113b _

34 KX=1201l)(
D'O.35J=;:_.lJ-Ilj3.....K.~ ~ ~ _

3S UJI=NP
3D IE-lN,fQ,III11331=ND
31 lL=ll+l

.lFlI.L,GLJi~.I1GOI1lli__ . _._______ _ _
IF(Y(ll)-T)19,92,31

_. __9Z _J=X11.Ll
l(J+13)=lILll
GOlPl]

19 LL=lL-l
c __._.lU_~I~GIJ4+l tNTl NJ-.5QUZ

1121'NB
_0010.;.5

')4 l( 21=MOP(!'lZ)
H?-HZ+!

185
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-
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47

55 Ml=Ml+1
_41 IfJM.,tiJ.lIGOT04Z.

WR iT E I f:l, F MT ) L ( 2 ) • SCAl. E , t LI J) ,J = 1 3, t 33 I
GOT043
WR (T E ( 6, 5 ) t L I J) , J =1 t 11 ) , II ( J) I J:= 1 '3, 1'3 -i I

4;} CONTI NUE
GOIU(44,45.4b.47,4B,49,44I,llX

44 WRITE(6,FRT)lSX(K),K~l,1)

r.OTfl50
45 ~~ITE(Qt1)(SXtKll~=ltllXl

GOT050
46 WBITElb,BJISXIK),K=l,LlxJ

GQT050
47 WRITE(6,9)ISXlIO,K:l.,LLX)

r,rlTn';f)



-------

-

-
-
...

-

-
...

-

-
-
-

-

186

48 WRITElh,lOJISXIKl,Krl,llX)
GOI050

4q WRtTEI~tlL)tSX(KI.K·l,llXJ

50 IFINOO,lT.3IGOT056
WRITE(b.12}TABl.TAB2.TAB3,TA84,TA8~tTABb,TA61

~6_ ~ONUNVf .. _. ~ ~ ~__
83 RETVRN

lQQW"'lTH6. 61 ~~1 LII-Sl. . _
RETURN

101 WRITEI6,80 •
RETURN

l_Q~ .ItR U.!=.Li~-L8~~ __._. _
RfTURN
END
SUBROUT I NfPOT (V, YH-"N-tL-V-~N-P-;-J,-VC,C) --------------.---~----- ----------
OIMENSlONV(1!

IF(v( I).tE.D.O'GOIO]
VIII=FlOATI INT(C*(ALOG(V( (I/VMINlll.302585H".'j))
VT=V( J I -,.. -- _.- - -------

3 CONTiNUE
4 DrJ6l=l,NP

IFIVIII.Ll.D.'GOTOS
IFIY( I l.lf:.VC'GOT06

:; V( I )='1(+1.
6 CUNTINIJF

R.ETURN
(NO

--_._--------------------
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1 10.00
5.'5 5 1 '9. 63

ROSHAHARA CARDEN TANK DELHI, INDIA
irx.-21r,in;4x.FS~'Z-,""F,;z',n;r;1="7-'[-r--- ---.-"--- ._-

1 1 59 621 l09.00 12 5.1 5.3
1 1 59 6 Zl - i fz~oeIT·'l---U'.'S i2~S

1 1 SCjJ to 21 1 15.00 ~06 28.2 28 .. 2

21

12

"Il

•

12
12
12

_ .12
12
It
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1 1 0;9 b 21 1 06.00 1 0.1 0.1
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.3 ~

11 24
. Z. _li
4 ,
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b.'H
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&.32

17.45
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18.85
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8X.212.313.4X,F5.2.F4.. 2,F6.1,F7.1 J
!~ _1 1 ~7_ 4 3 _3 07_,,-0_0 _8~L 1 .. ] ~ __U,.~.~_
Ie 1 1 &7 4 3 3 11.00 81 7 .. 4 21 .. 6
Il I 1 b7 4 ] } l'i,aa 95 8.1 12.]
12 1 I &7 4 3 3 19.00 103 8.9 ZIt. 8
l?: 1 I 97 4 __L~,__~l&Q. 92 .Ltl..-_~_! .._z...., __
12 1 1 &7 4 3 3 03,00 85 7.6 22.2
11 l_J _4J 4 3 :} 07,OQ 80 _' .. J __,U~_~
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A SHAllOW POND nf DElH r, INDIA
SUTHJ'f SU3STlflON 1 DATE 6/21/59

---------

fI~E t~TE~II.u SU"-FACE SH SURFA:E SURF OT COLJ"N COL OT DIFF CORR RATE
iO HO SAT DEF ;,..... 3 :;/"··3'!i~ :;n,"z :i/H··Z/IiR CORR G/M"21HR

9.00 Q.12 5.3 5.'
3.00 - 0.25 2.ItO 2.~J 0.41 2.811

12.00 1.18 12.5 12.5
--3.00 ~---- -1.92 5.23 5.23 3.62 8.850

15.00 1t.0b 28.2 28.2
3.00 -2.:Ht -4-.47 -It.47 ].88 -0.581

lR.JO 2.0b H.8 lit .. 8
3.:>0 -0.54 -2.40 -2.40 1.03 -1.31ft

21.00 1.03 T.S 1••
--';00-- D.H -0.71 -:J.l1 -0.25 -1.011

0.0 0.70 5.3 5. ,
3.00 0.56 -1.3::> -1.30 -1.05 -2.355

3.00 O. \8 I •• I ••
3.00 0.91 -).4'4 -0.43 -1.70 -Z.138

&• .)0 0.01 0.1 , .1-- -_._-- ----.
'.~D 0.B3 0.11 0.71 -1.55 -0 .. 787

9.00 O.H Z.' Z.'

VAlUes AOJUS TED ACCORDING TO ClASS(Z.ll
~E_S!_r_\o\TION LI N': 3~:;INS " b.OO HOURS Ap.,jD E~')S AT 18.0()HOJRS

)1 FFU$IClIi :ONSTMH (K)

T tME fNTERY At R.ArE

0.0 0.0 -Ie 02,., 3.) ) -le15
1.00 1.00 -le 14
6:1)Cf --ToaD· -De 7q
q.JO 3.00 Z .81

12.00 0.0 a.85
l?OO 3 e):) 8.8')
1';.00 leOD -Oe'i9
1 It.oo 3eOO -1.31
ti ~OO leJ' -l. ') Z
7.4.00 0.0 -1.02

GROSS PRQ!,) 52e 11 G )F J2/~"Z/24",~

TOTAL RESP 'B.n G OF OZI",.*Z/2ttHA:
"fn PRJ!) lO.311 ; OF 02/"'''Z tz'tiR
~Rn!)/RESP 1.25

IJIFl=US[ON-OUT =
OIFFUSIJ~-I~

2b.98 G OF 02l"'UZ1Z4tiR
l3.10 ;); ~2f~•• lf24~~

-1.3R CALCULATED 8Y AIiERAGlliG
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