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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 0 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 O, 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 19653-66, 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 cocl, aerated Cimarron River
water into the monimolimnion produced mesothermy and a negative
heterograde oxygen distribution during the winter. During the
summer, stable thermal stratification imposed upon chemical strati-
fication resulted in 3 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
867 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 em™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 747% of the amount retained appeared as
an increase in phosphorus content of the water, and 267 apparently
was lost to sediments.

A computer program was developed to compute rates of community
metabolism from Os changes. Mean gross productivity (Pg) ranged
from 11.34 g 07 m-2 day~l at Station I to 38.63 at Station IV, and
mean total community respiration (Rt) ranged from 11.04 g 09 m—2
day-l at Station I to 54.12 at Statiom IV. On the average auto-
trophic conditions existed at Stations I and II, and heterotrophic
conditions existed at Statioms 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 8.237% 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 0,
da.y‘l on 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-halance calculations. The 0, curve

2
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 5 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 cccurred between September and QOctober 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.

5. 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 interflow. The underflow of Cimarron
water combined with the interflow 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 winimum 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 dowmn the
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Arkansas arm and up the Cimartvon arm as an interflow 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 dissolved oxygen concentration from 10% to 68%.

9, Surface and subsurface currents measured by the free-drag
method had an average velocity of 3.02 T 0.44 m min-l. 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,
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with the direction of curvature being determined by proximity to shore,
wind direction, and direction of mass flow.

10. Concentrations (g m-3) of dissolved and suspended solids
generally decreased downstream, while amounts (g m-Z) increased. Con-
centrations of dissolved solids increased with depth. Concentrations
of sugspended solids were highest in the Cimarron underflow and were
relatively uniform at other depths.

11. Concentrations (g m—3) of chloride ion on the average were
equivalent to 32% qf the concentration of total dissclved solids and
were equivalent to 247 of the pmhos of specific conductance, Concen-
trations (g m-3) of total dissolved solids on the average were equiva-
lent to 75% of the umhos 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 iﬁflow during 1966-67, while the annual
Cimarron River discharge during 1965-66 was only 1.3 times the annual
discharge of 1966-67. Approximately 86% 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
of 21,289 cal cm-2 in August 1965 to a minimum of 3,451 cal cm-2 in
January 1967. The average annhal heat budget of Keystone Reservoir was
17,217 cal cm-z, and the reservoir had an average negative winter heat
income of -995 cal cmﬁz. Keystone Reservoir would be classified ther-
mally as a second-class lake according to the scheme of classification
of Birge (1915). Heat gains from differences in the heat content of
inflows and ocutflows were not as important to the annual heat budget as
solar radiation. Heat gained by infiows, averaged over all heating and
cooling pericds during 1965-67, was 306 cal cm_z, and heat lost to out-
flows was 270 cal cmhz, yielding an average net gain of only 36
cal cm-z. 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 II1I in January 1967 to a maxi-
mumt of 994 mg P m-3 at Station I in August 1967, High concentrations
of dissclved forms of phosphorus usually were associated with low con-
centrations of particulate phosphorus (PFP), and high concentrations of
particulate phosphorus usually were assoclated 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
in all samples collected during 1966-67.

In general, concentrations {(mg m_3) of total phosphorus increased
with depth and decreased downstream, while amounts (mg m-z) 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



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 487 higher
than phosphate concentrations in the Cimarron arm in 91 cbservations
made by the U. S. Geclogical Survey during 1965-66,

Concentrations of phosphorus were greatest in the density current
flowing along the bottem of the Cimarron arm. Reductions in PP between
Stations I and 1I of 48% and between Stations II and III of 57% closely
paralleled reductions in suspended solids between Stations I and II of
467 and between Stations 1II and III of 58%. This relationship sugpests
that high concentrations of phosphorus at Station I probably were due
to phosphorus associated with silt and clays suspended in Cimarrom
River inflows.

15. 1In 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 tetal
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 320%. 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, 38,37% 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 12-month observation period
may elther 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 metaboelism from 02 changes occurring during a 24-hr period. The
program performed a valid 02 curve analysis of approximately 90% 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).

i7. Slopes of least squares regression lines fitted through

observed '"davtime" negative rates of 0, change in laboratory microcosms

2
were significantly less (o = 0.05) than zero, suggesting an increase in
the rate of respiration during the day. Slopes of regression lines
were not significantly different (o = 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 02 curve method
was equivalent to 0.69 of the pH-CO2 curve estimate and 1.95 of the

Light & Dark bottle estimate in eight laboratory microcosms containing

water from Keystone Reservoir, Rt estimated by the 0, method averaged

2
0.54 of the pH-CO2 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-CO2 and 02 curve methods. No significant differences

(¢ = 0.05) in Pg and Rt were detected among microcosms by L & D bot-
tles, which apparently inhibited metabolic ¥ates.

19, During 1966-67, 176 oxygen curves were obtained from the
Cimarron arm of Keystone Reservoir. Mean Pg ranged from 11.34 g

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

5 m-2 daynl at Station I to 54.12 at Station IV. Pg/Rt

from 11.04 g O
ratios indicated that on the average autotrophic conditions existed at

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

and 1V,

Depth-weighted annual means of community metabolism showed a

different spatial variation than area-based estimates, with the average
rate of Pg per m3 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 0, curve method during 1966-67

2
greatly exceeded Pg and Rt measured by the 1. & D bottle method during

1965-66. Estimates of Pg by the 02 curve method during 1966-67 alsoc
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 III1 and IV were similar. Pg varied from a winimum of

2.09 g 02 m_2 d.&y_l at Station I in January 1967 to a raximum of 129,77

) m % day ' at Station IV in November 1966. Rt var%ed from a
|

g 0
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minimum of 1.12 g 02 rn-2 t:lay-1 at Station I in January 1967 to a maxi-

mum of 171.20 g 02 m-2 daybl 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 0, and pH-CO2 curve

2

methods for other waters. Metabolic rates in Keystone exceeded the
maximum rates obtained by 1&0 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 O, curve analysis of oxygen data

2
of George (1961) for a shallow pond in Delhi, India (Pg = 52.1 g

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

25. Solar radiation on clear days when estimates of community

0,
metabolism were made always exceeded monthly averages., Solar radiation
ranged from a minimum of 253 g cal cmn2 day'1 in December 1966 to a
maximum of 658 g cal cm-2 day_l 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 weans of efficiency of Pg were 1.97% for Station I,

3.87% for Station II, 6,35% for Station III, and 8.237% for Station IV,

ix



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 a 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 a in the EZ decreased between Stations II, III, and IV, while
Pg (g 02 m“3 of EZ day-l) increased. Average biomass concentrations in
the water column decreased between Stations II, III, and IV while Rt

3

(g 02 m d#y_l) 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
Statiens III and IV during September and November 1966 and January 1967
when species.diversity was extremely low and small unidentified p-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, I1I, and IV in the spring. A large bloom in desmids was observed
at all stations during May and early June 1967. Green p-cells were

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



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 1 to 0.69 at Statiom 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 ﬁhe first
stage of succession propoéed by Margalef (1958). Immaturity of the
regervoir 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-
stations within a sampling area was lowest at Station I (52 of Pg =

0.10, 52 of Rt = 0.04) and highest at Station IV (32 of Pg = 21.10,

52 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 epilimnion., 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 of the true population mean.

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

3

0 at Station IV, 20-day BOD decreased

3

9 m-3 at Station I to 1.1 g 02 m
from 11.2 g 02 m-3 to 4.5 g 02 m~3, and COD decreased from 176 g 02 m
to 18 g 02 m-3. The BOD reaction constant k, which is an indication of

the biodegradability of organic matter, decreased between Stations 1
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and TV. 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 were present in cold months, and
lowest concaentrations were preszent 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 higher than values reported for other reservoirs.

32. Total oxvgen content of the Cimarron arm exceeded potential
oxXygen 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 pbtential oxygen demand may
have exceeded total oxygen content. The relationship between oxygen
content and potential oxygen demand was most faverable during November
and Decewber 1966 when the reservoir would have had more than 6.5 g
02 mﬁB if the potential oxygen demand had been exerted. During June,
July, and August 1967, exerrion of the pctential oxygen demand would
have reduced average oxvger concentrations below 4 g O2 m-3.

33. The daily oxvgsn budget was calculated for each of the 11
cloudless sampling dates during 1966-67. Daily oxygen gains exceeded
calculated daily oxygen losses by 40.9 metric tons 02 day‘l. The mean
calculated net gain underestimated the mean observed gain by 17.4
metric tons 02 dayul. Pg and Rt were the dominant factors in determin-
ing the oxygen balance cof the Cimarron arm on clear days. Photosyn-
thetic productivity accounted for 95.2% of the total oxygen gains,
while atmospheric diffusion-in accounted for 4.0% and inflows accounted

for 0.8%. Community respiration accounted for 80.0% of the average
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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 importance of clear days to the annual
oxygen budget,

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 O, curve

2
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
oxXygen concentrations in natural waters are not consistent. The times
of minimum and maximum oxXygen concentrations in laboratory microcosms
under controlled lighting conditions probably are more predictable.
Three-point estimates averaged 91% of Pg and 877% of Rt in eight labora-
tory microcosms and 71% of Pg and 52% of Rt in Keystone Reservoir when

compared to 0, curve estimates.

2

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 oxvgen 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



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 0il Refiner's Waste Control Council; the Federal Water
Pollution Contrcl Administration and the Oklahoma Departmeﬁt of
Wildlife Conservation and the U. 5. 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
Plajng, 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. 8. 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-
face area of 106:5 x 106 mz and a volume of B17.8 x 106 m3 with a mean
depth of 7.7 m and a maximum depth of 22.9 m at normal power pool level
(220 m Mean SeAVLevel) (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



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 agquifer.

TABLE I

MORPHOMETRIC DATA OF KEYSTONE RESERVQIR

Total Cimarron Arm Arkansas Arm

Total Drainage Area (10°m2) 192.9 48.3 144.6
Contributing Drainage Area (109m2) 57.9 14.5 43.4
* 6 2
Surface Area (10 m' ) 106.5 42.6 63.9
s
Volume® (10%%) 817.8 291.3 526.5
* e
Mean Depth (Z in m) 7.7 6.8 . 8.2
Meximum 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,



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
Colorade across southern Kansas and northern Oklahoma. The contribut-
ing drainage area of 57.9 x 109 m2 produces an average annual flow in
the Arkansas River at Tulsa of about 5.6 x 109 m3 (Dover et al. 1968).

Most of the moisture in the drainage area i1s brought in by air
currents moving northward from the Gulf of Mexico {(Pover 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 éaused by daytime heating also is an important
type of precipitation. Average annual rainfall in the drainage basin
ranges from above 41 c¢m 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 ecastern 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 1I

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 (cm) 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 peremnnial 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
about 400 g m-3 and has a low sodium content, usually less than
25 é m-3. 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
total dissolved solids exceeding 3,000 g m‘3. Despite these sources of
highly mineralized water, water of the Cimarron River in the western
part of the Oklahoma Panhandle is generally of good quality and is
suitable for irrigation purposes.

The Cimarron River takes on entirely different characteristics as

it flows through natural salt and gypsum deposits in the Permian



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 énd 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
Waynoka often contains 34,000 g NaCl m-3‘

North of the Cimarron River in western Oklahoma are sandy soils
overlying an area of terrace deposits. The deposits provide a sizeable
ground water reservoir of 7.5 x 106 m3 km_z. Water from this aquifer
is of the calcium-magnesium bicarbonate type with a total dissolved
solids concentration of 400 g m-3. Ground water from this aquifer
conkributes 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, Coloradeo, 1,500 km above the Oklahoma-Kansas state line. This
reach of the river system drains an area of 120,000 kmz, and the average

flow into Oklahoma is about 2.5 x 109 m3

yl:'—1 (Dover et al. 1968). As
the Arkansas River flows across the plains of Kansas, it recelves large

amounts of industrial and municipal effluents from Hutchinson and

Wichita, Kansas, and from oil refineries in southcentral Kansas and



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
river 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-
tions sometimes exceed 1,000 g m—3 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
the Cimarron River, but occasionally contains up tc 7,000 g NaCl m_3
(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
sulfate 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. Occasionalily 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 balaﬁce 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 tun-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-ttem reservoirs. This is also the case for most
lakes, although some very large lakes, such as Lake Victoria, may re-
ceive mbst 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 dam, evaporation, and seepage from the
reservoir basin. Most of the water loss from main-stem reservoirs is
by discharge through the dam, 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 III). 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, 107% by small streams tributary to the two main
arms of the reservoir, and 27, by direct precipitation on the reservoir
surface. Discharge through the dam 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 ocutflow was computed by summing discharge and



TABLE III

WATER BALANCE OF KEYSTONE RESERVOIR

{(All volumes x 106m3)

11

9/65 - 8/66 9/66 - 8/67 Average

Cimarron River Discharge 599.9 459.1 529.5
7% of Total Inflow 177 17% 17%
Arkansas River Discharge 2426.3 1911.5 2168.9
% of Total Inflow 70% 687 69%
Inflow From Other Sources 401.0 364.1 382.5
% of Total Inflow 11% 13% 12%
Average Drainage Basin Pre-

cipitation {(cm yr~ ") 57.0 55.8 56.4
Contribution of Precipitation to

Contributing Drainage Area 33,000 32,300 32,650
Contribution of Direct Pre-

cipitation 59.4 69.5 64.4
% of Total Inflow 2% 2% 2%
Reservoir Discharge 3383.8 2658.5 3021.2
Loss by Evaporation 135.1 121.1 128.2
% of Total Outflow 47, 47 47
Rate of Loss m> m~2yr~} 1.27 1.14 1.20
Total Inflow 3486.6 2804.2 3145.3
Total Outflow 3518.9 2779.6 3149.4
Change in Storage Volume -46.8 +34.5 Net = -12.3

*

Balance -14.5 + 9.9 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.

Geclogical Survey and U, 8, 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 s.ec:-1 and were more erratic

than inflows during 1966-67, which averaged 87 m3 .‘?'ev::-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 followed. Infliows
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 additiomal 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_ During

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,

3

0f the 32.6 x 109 m~ 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
area of 0.5 m3 m-2 yr-l. 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 .
Reservoir 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 m_2 yr-1 for 1954-55 (Frey 1963), since the rate of evapo-

and 0.9 m
ration in ﬁﬁsconsin should be less than the rate of evaporation in
Oklahoma.

Evaporation from surface waters of Keystone Reservoir showed
notable seasconal variation (Fig. 4). Rates varied from less than

3

2 m sec-l during the cool months of December, January, and February

to greater than 6 m3 ss_-c:"1 during the warm months of June, July, and
August. Rate of evaporation from surface waters of Keystone Reservoir

averaged 4.3 m> sec”! in 1965-66 and 3.8 m> sec - in 1966-67.

Sampling Areas

Four sampling areas in the Cimarron arm of the reserveir 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 temperaghre 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

11 was about 32 km above the dam, varied in depth from 8 to 10 m, was
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turbid much of the year, and had reduced flow rate. Station III was
located about 16 km above the dam in a constricted region where the
channel makes a sharp bend. The water varied in depth from 13 to 15 m,
was generally lesé turbid than upstream stations, and stratification
was better developed tham at Station II. Two large backwater areas
were located between Stations II and ¥II, and large backwaters also
were located between Stations III and IV. Station IV was located 4.6
km above the dam and about 1 km above the confluence ¢f 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 vear 1965-66. Measurementé 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, chioride ion, chemical oxygen
demand, bicchemical 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 interwvals
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 H Soa,to form ammonium ion from the more volatile

2

ammonia.
Field Measurements

Water temperature was measured using a Yellow Springs tele-
thermometer. Micromhos of specific conductance at 25 C were measured

in situ 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
Oklahoma State University, Microamp readings taken with the photometer
were converted to langleys (g cal cmﬂz min—l) by an equation, |
y = 0.04136 + 0.00012x, describing the least squares regression line
fitted through calibration data, Daily solar radiation was

obtained from pyroheliometer readings taken by the Department of
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Geography at Oklahoma State University. 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.H.A, 1960), and titrated in the lab with
0.01575 N sodium thiosulfate. During 1966-67, dissolved oxygen concen-

trations were determined in situ 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 calculat-

ed by the formula:

Dissolved oxygen concentrations in the reservoir were calculated from

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

pamps of unknown sample

1

1
Log dl = Log 60 + 2147.199 (% - % )
0 1

1Perscmal communication from H. M, Elkhatib, Technical Service
Dept., Precision Scientific Company, Chicage, Iliinois.
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!!

where 61 sensitivity of the oxygen probe at the

absolute temperature of the unknown
water sample,

éo = sensitivity of the dxygen probe at the
absolute temperature of the calibration
sample,

T1 = absolute temperature of unknown sample (K),

T = absolute temperature of the calibration
sample (K).

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
is expressed as g CaCO m—3. Free carbon dioxide was estimated from a

3
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 te 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 em 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 a and biﬁmass were
concentrated by centrifugation at the rate of 1 liter per 7 min with a
Feoerst plankton centrifuge.

Absorbances of solutioms 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 cm quartz cells,
but 1 cm 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 compromise 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 4 and 0,22 4 Millipore filters. Rigler (1964) found that
0.22 y Millipore filters removed 957 of the particulate organic phos-
phorus, while the commonly used 0.45 j, Millipore filters removed only

767% of the particulate organic phosphorus in seston of an Ontario lake,



24

Samples of both filtered and unfiltered water were digested by persul-
fate oxidation (Menzel and Corwin 1965) for 1 hr in a beoiling 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 my after
15 min color development. The advantages of the colorimetric method of
Murphy and Riley over the standard stannous chloride method (A.P.H.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
1%.

Standard curves were prepared by using standard solutions of
potassium dihydrogen phosphate at concentrations from 0.050 to 2.000
g P m-3. 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 rhat 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
g P m-3 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 = A

Total dissolved phosphorus (inorganic and organic) = B
Dissolved.inorganic phosphorus = C

Total organic phosphorus (D) = A-C

Dissoclved organic phosphorus tE) = B-C

Particulate organic phosphorus = D-E

Ammonia Nitrogeﬁw

The direct nesslerization method was used for ammonia nitrogen
determinations (A.P.H.,A, 1960). Interference from éalcium, magnesium,
iron, and sulfide was eliminated by wmaking 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 mp 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 wmu after 10
min color develcopment. Standard curves for nitrate analyses were pre-

pared with potassium nitrate standards ranging in concentration from

3

0.05 to 2.00 g Nm ~. Absorbance of standards adhered to Beer's Law

throughout the concentration range

‘Chloride and Sulfate Tons

Chloride ion was measured by the standard Mchr 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 atlBOO 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 sclids, and an attempt was made to differentiate
between organic and inorganic solids. Water samples for gravimetric
analysis were divided into filtered and unfiltered portions by filtra-
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. C(Crucibles then were ignited in a muffle furnace at
600 C for L 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:

a» Cal + CO T

(Loss) CaC03 > 2

(Restoration) H20 + CO2 3 H-ZCO3

Ca0 + 2H2C03

—» CaC0, + 2H,0 ! + CO,

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

Definitions: E loss on evaporation (g)
I loss on ignition (g)
U = unfiltered
F

filtered

total solids (g n ) = UE x 20,000

total otganic solids (g m-3) = UI x 20,000

total inorganic solids (g m” 3 = a-b

total dissolved seolids (g m'3) = FE x 20,000
dissolved organic solids (g m™ ) = FI x 20 000
dissolved inorganic solids (g ) = d ~e

total sugpended solids (g m ) = a-

suspended organic solids (g m~3) = b -e

suspended inorganic solids (g m” 3y = (c-f) or (g-h)

+

om0 TR

.

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 exceéfmgiggalved, suspended, and total solids. A mnet

-3, .
analytical error of 0.0002 g caused an error of 8 g m ~ in final calcu-
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 (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
indicator (A.P.H.A. 1960). The principal inadequacies of this method
are that straight-chain aliphatic compounds and arcmatic hydrocarbons
are not oxidized to any appreciable extent, and chlorides are gquantita-
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
0.226 times the chloride concentration, since 1 g Clﬁ m-3 =
0.226 g 0 m_3. 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 procedire chosen for use on water from Keystone 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 oxygeﬂ 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, wagnesium sulfate, calcium
chloride, and ferrie 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 resérvoir 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. In 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 botiles 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 wore 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. XKincannon, 05U). The reaction constant k was qalculated by the

K = log L - log (L-Y)

v , derived from the theoretical rela-

equation,
tionship determined by Theriault (1927):

Y =1 (1 - 10755

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

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

Ash-free weight (loss on ignition) determinations were used to
estimate biomass. Samples were prepared by centrifuging 100 to 500 wl
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 hr at 550 C in a muffle furnace, and reweighed.

The Foerst centrifuge is less than 100% efficient in concentration
of plankton (Harﬁman 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 28%.



COMPARISON OF PHYSICOCHEMICAL LIMNOLOGY
OF KEYSTONE RESERVOIR DURING THE WATER

YEARS 1965-66 AND 1966-67
Differences in Reservoir Qperational 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 al. 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 throughout the remainder of 1966-67. 1In 1968, the generation of
hydroelectric power during periods of peak power demand was begun, and
water was discharged through power penstocks and sluice gates located
near the | bottom of the dam.

Differences in Quantity and Quality of
Inflowing Water

Qua$tity and quality of inflowing water are as important as opera-
tional procedures 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 water is restricted to the original channel, although backwater
may exteld inte valleys of tributary streams to form large embayments
in the downstream end of reservoirs (Kittrell 1959). Retention time
of wateriusually is a few days to a few weeks and is controlled primar-
ily by the guantity of inflows. High inflows often create turbulence
throughoﬁt main-stem reservoirs and way upset stratification estab-
lished dqring periods of low inflow. Density of inflowing water is
determian by temperature and the load of dissclved and suspended
solids and may be different than densities of impounded water. Inflows
may entey reservoirs as overflows, interflows, or underflows (Love
1961).

Watdr quality and discharge records of the U. S. Geological Survey
show striking differences between annual means of the Cimarron and
Arkansas [Rivers and between the water years 1965-66 and 1966-67 (Table

1V). Thed Cimarron River at Perkins, Oklahoma, contained a concentra-

tion of dissolved solids about four times the concentration of dis-

solved sqlids 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 SO4 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/SO4 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 304. 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,



TABLE IV

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

Conduc- Dissolved
Water Dischatfe tivity Solids Na cl 50, C1/80, ¥NO3-N PO,-P HCO3
Year Location m3 sec” pmhos g w3 g w3 g m=3 g m Ratio g m3 gm3 gmw3d 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 0.3%7 135 8.3
Ark. R, below
Keystone 96.9 2240 1280 369 567 131 4,3 0.38 0.09 132 8.3

*Concentrations, pwohos, 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
in this table and Table IIT are due to omission of September 1965 in the U.8.G.S8. 1965-66 water year. During
1965-66, 30% of the total precipitation to the contributing drainage area fell in September,

S€



TABLE V

DEFFERENCES IN WATER QUALITY BETWEEN WATER YEARS 1965-66 AND 1966-67 AND
AMONG SAMPLING LOCATIONS IN KEYSTONE RESERVOIR

Water Station 1 Station IT Station III Station IV -
Parameter Year X h:4 b4 X i X
Temperature {C) 1965-64 16.13 16.55 * 15.47 15.19 15.83
1966=-67 15.68 16.28 16.04 15.74 15.93
Conductivicy 1965-66 10208,33 X 2994 .94 == 2910.50 3275.59 4847,34
(uwhos) % *
1966-67 T884.63 fadad 31u7.47 2569.17 2490.67 4022.93
Turbidicy Units 1965-66 226.83 ol 43.96 *r 29.11 22,23 80.53
wh ok
1966-67 £39.62 deke 42,94 * 27.21 30.15 59.95
g0, m> 1965-66 8,35 7.94 7.98 * 7.14 7.85
2 *rk * *
1966-67 10,10 9.30 * 8,30 8.00 8.90
g HCO. m > 196566 86.42 *n 94.58 *x 106.97 on 116.19 101.06
3 ke * %% * ok
1966-67 96.00 100.27 il 113.43 bad 120,42 107,53
g C{)3 m-3 1965-66 16.67 * 11.03 7.42 §.06 10.80
wk
1966-67 41.18 i 15.27 9.73 6.09 16.07
2 002 m-3 1965-66 0.57 1.05 ** 2.96 3.20 1.94
1966-67 0.31 0.83 *% 2.34 2.52 1.50
pH 1965-66 8.50 ok 8.23 8.19 Tk 8,06 8.21
) *
1966-67 §.58 *x 8.29 8,34 ke 8.00 B.30

* and #* indicate statistically significant differences (x = 0.20 and 0,10, respectively) between means using error terms presented
in Table XVII.

9¢
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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 yeatrs averaged

over all stations.

" Conductivity decreased 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 IT and between Stations
IT 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 ITII during 1966-67. Significant increases in bicarbomate ion due
to higher hydrogen ion concentrations in the hypolimnion of deeper,
stratified waters were demonstrated among Stations I, II, III, and IV
during 1965-66 and among Stations II, I1I, 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 Statioms I1I and IV than at
Stations I and II during both years. pH decreased between Stations I
and 11 and between Statioms 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 showm to be significant (¢ = 0.05). Like-
wise using true experimental EMS, significant decreases (g = 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 1 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 IIT 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 an& 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 wmarked differences in winter and
gummer 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 hvpolim-
nion produced meromictic conditions in the reservoir. The chemocline
was located at a depth of about 12 m, and specific conductance in-
creased 8,000 umhos 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
density flows sufficient to prevent complete oxygen depletion. 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 crencgenic
meromixis (Hutchinson 1937), because the inflow of mineralized Cimarron
River water cannot be classified as an external "“catastrophe" as in
ectogenic meromixis mor can the inflows be considered equivalent to
internal saline springs as in crenogenic meromixis. Keystone Reservoir
and ectogenic and crenogenic meromictic lakes of North America have
"marine" characteristiecs or an "alkali-evaporite" affinity, with low
Ca/Mg ratios in comparison to Na/K ratios, Cl and SO4 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 conspicuocusly low, and an average pH less than
7.8 (Livingstone 1963).

Meromixis produced mescothermy 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 keservoir {(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 interflows between the less dense epilimnion and
denser hypolimnion. Mixing of spring and summer interflows with more
highly mineralized water from winter inflows decreased conductivity
below 16 m by 2500 pmhos, Conductivity of water below the
thermocline and above 12 m of depth was iﬁcreased. |

Temporary monimolimnions formed by build-ups of high concentra-
tions of dissolved solids in "akinetic spaces" have been observed in
South Holston Reservolr 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 resule-
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 reservolr drawdowm.
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A program to drain off the stagnant hypolimnion of Keystone Reser-
voir was initiated by the U. 8. Army Corps of Engineers in July 1966 in
an attempt to improve reservoir water quality. Release of hypolimnetic
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 epilimnion 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 isolines of conductivity (Fig. 9), dis-
solved oxygen (Fig. 10) and pH (Fig. 11) indicate seasonal patterms 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 hypolimnicon, 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
1966 . An underflow of extremely dense Cimarron River water
began in the last half of December 1965 and continued through April
1966,

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 Qater at Statioms II, III,

and IV demonstrated statistically significant differences between



50

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 Statien IT to 3.2 C at Station IIX
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 . HNo
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 ai. 1967). During the winter of
1966, highly mineralized Cimarron River water entered the reservoir as
an underflow along the Cimarron arm (Fig. l%). 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 interflow 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 pmhos 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 C1/50, ratios of the Cimarron and Arkansas

4
Rivers (Table IV), occasional surveys of Cl and S0, concentrations in
the reservoir were made in an effort to identify the origin of variocus
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. 1Isolines of conductivity (umhos) 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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Figure 15, Chloride/sulfate ratios in Keystone Reservoir during 1965-67. High ratios
identify water primarily of Cimarron River origin while low ratios
identify water contributed by the Arkansas River. Shaded areas in-
dicate zones of mixing.
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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/SO4 ratios. 1In August 1967, one year
after the change in level of reservoir discharge from the epilimnion to
the hypolimnion, fhe proportion of water in the reservoir primarily of
Arkansas River origin had greatly increased . Water primarily
of Cimarron River origin was confined to an underflow along the bottom
of the Cimarron arm., 7The zone of mixing shifted entirely into the

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

Cl/SO4 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
cans as floats for the drag, and using four 30 cm2 metal blades instead
of four 10 x 15 cm blades to construct vanes . These modifi-
cations increased the area ratic of vane to fléat 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, 1if surface and sub-surface currents of an equal velocity

of 100 m rnin']L were traveling in opposite directions, the estimate of
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velocity of the sub-surface current would be 97 m minnl, 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 w of shore so that visual
sightings could be made.

A comparison of estimates of the velocity amd 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
dyve plumes and free-drags agreed closely in spegd 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
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. Brysonm,

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_l, 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 * 0.58 at the surface to a low of
1.65 t 0.22 at 14 m of depth and increased again to 3.84 % 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 RESERVQIR

Meters Number of m min-1 Coefficient of
of Depth Observations Xts Variation (%)
0 80 5.10 T 0.58 11.4
5 47 2.82 t 0.51 18.1
10 46 1.70 Y 0.35 20.6
14 17 1.65 + 0.22 13.3
18 21 3.84 T 0.54 14.1
X+tS=3.02% 0.44 14.6
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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 III on 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 .

Wind was from the northeast at variable speeds from 5 to 25 km hr-l.
When wind velocities were between 5 and 10 km hr—l, an upstream surface
current of 2,66 m mixf1 existed against the wind. Increases in wind
velocities to 15 to 25 km hr_1 were sufficient to offset the upstream
mass flow and produced a cross-wind surface current of approximately
1.85 m minﬁl. 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
the lower layers with velocities ranging from 3.60 m minn1 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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(Fig. ). 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 ubstream 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 direction of prevailing wind. Occasionally, wind
action was sufficient to cause surface currents to directly oppose a
mass flow of considerable velocity, as shown by observations 5 km above
the dam in the Arkansas arm., At that point an upstream wind
driven surface current of 2.9 m min-l was present, although a downstream

wind-aided mass flow of 5.1 m min_l 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 currénts on 7 July 1968
(Table 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 Reserveoir 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

Wind (km hr” 1y 0-1 S-SE

0-1 variable 2-3 E-NE
Surface (m min” ') 0.77 * 0.58 1.32 % 0.36 2.79 * 0.49
toward shore upstream upstream
4 m 1.44 * 0,18 0.99 t 0.12 0.47 T 0.12
upstream upstream upstream
8 m 0.46 T 0.14 0.56 t 0.16 0.75 T 0.12
toward shore circle toward shore
12 m 1.73 ¥ 0.15 1.3 Y 0.14 1.32 t 0.10
downstream downstream dowvmstream
16 m 2,02t 0.35 2.70 T 0.56 1.59 T 0.26
downstream downs tream downstream

*Derived from measurements made by K. A, Kochsiek,

Circulation Patterns

Two distinct circulation patterns existed in Keystone Resarvoir

during 1965-67, depending on the method of reservoeir operation (Fig.

18). These patterns of circulation were suggested by isolines of

conductivity

and the distribution of C1/S0

4

ratios

and were verified by direct measurements of the direction of surface

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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Figure 18 Effects of the level of reservoir discharge on circu-

lation patterns in Keystone Reservoir. Relative
speed of flows, which was derived from current
measurements, is indicated by the size of arrows.
General direction of flows was derived from current
measurements, isolines of conductivity, and distri-
bution of C1/80, ratios. Direction of flows above
5 m of depth often was modified by wind action.
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during dry periods and as an interflow during wet periods. Highly
mineralized water flowed along the botteom 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 arﬁ before turning back as a dowm-
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).

Buring 1966-67, the change in level of reservoir discharge from
the epilimnion to the hypolimnion produced a striking difference in the
pattern of circulation in Keystone Reservoir. Dens= waterw
from the Cimarron River again formed an underflow along the bettom of
the Cimarron arm, but instead cf building up above the dam, the under-
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
in the upstream underflow in the Arkansas arm was 1.3 * 0.4 m min_l.
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 £he 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 eétimate 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 dam 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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interflow 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 wminimum 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 COZ’
HZS’ and NHB'

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 measﬁred 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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Figure 20, Effects of impoundment on water quality of the Cim-
arron River. Shaded area indicates the period of
time during which the level of discharge was being
changed from the epilimnion to the hypolimnion.
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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 inflowing Cimarron River, Alkélinity 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 quality of reservoir dis-
charge (Table VIII), The change from epilimnetic discharge to hypolim-
netic discharge decreasedathe 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 687%. 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



TABLE VIII

RELATION OF THE EFFECT OF IMPOUNDMENT ON WATER QUALITY TO RESERVOIR DISCHARGE LEVEL

Annual Mean Reduction (%) Between Inflow and Outflow

Level of
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

el
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solids may be estimated directly from the difference between gravimet-
ric analyses of filtered and unfiltered water saméles, 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
amounts (g m-z) increased (Table IX). Concentrations of dissolved
solids increased with depth, Concentrations of suspended scolids 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 scolids in
the surface waters of Station III primarily was due to the high concen-
tration (220 g m-3) 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 collécted; therefore, speculétion about their contri-
bution to the suspended solids in March 1967 cannot be made, although
low concentrations of astacin type carotenoids indicated that Crustacea
were not particularly abundant (Spangler 1969).

Concentrations (g m'3) of chloride ion on the average were equiva-
lent to 327 of the concentration of total dissolved solids and were
equivalent to 24% of the umhos of specific conductance.

Concentrations (g m—3) of dissolved sclids on the average were equiva-
lent to 75% of the umhos of specific conductance. Concentrations
(g m'3) of dissolved solids in Lake Mead averaged about 707% of the

umhos of gpecific conductance (Smith et al. 1960).



TABLE IX

ANNUAL MEANS OF CONCENTRATIONS (g m_3) AND AMOUNTS (g m—z) OF SOLIDS AND CONCENTRATIONS
. OF CHLORIDE ION AND TURBIDITY IN KEYSTONE RESERVOIR DURING 1966-67

Depth Stations
(m) 1 11 ITL v I II III v
1 6390 * 1670 1413 1302 160 % 26 * 40 * 16
5 1719 * 1444 1300 21 20 14
* *

i0 2196  * 1516 1319 86 * 18 16

* % *
14 Dissolved 2220 2197 Suspended 36 * 21
Solids Solids *
18 2352 77
gm 2 7893 * 14496 % 21732 % 29020 209 % 355 366 424
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 *
13 739 69

among stations within depths.

* indicates significant difference (o = 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

L
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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
to 96% of the concentration (g m_3) 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
equivalent to g m-3 suspended solids (Table X). The weight of sus-
pended solids deposited as sediment was converted to volume assuming a
welght-volume relationship of 1.30 metric toné of unpacked, dry sedi-
ment per m3. This relationship was derived from data for Lake Mead,
Arizona, in which sediment averages about 45% sand and 557 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-

tionship of 1.30 metric tons m"3 were within 27 of more direct
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of the Cimarron arm during 1965-66 and 1966-67




77

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 Tonms)

' 1965-66 ' 1966-67 X

Total inflow | 382.7 43.1 212,
Total outflow 43.9 13.4 28.
Amount retained 338.8 29.7 184,
Solids suspended in

water at beginning

of water year 16.1 6.9 11.
Solids suspended in

water at end of

water year 6.9 9.0 8.
Change in content

during water year -9.2 +2.1 -3.
Weight of solids

lost to sediments _ 348.0 27.6 187.

*

Volume (103 m3 of

solids lost to

sediments 267.4 21.2 144,

*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 hyd:ographic 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 sclids 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 sclids 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 II1}, 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
from 45 metric tons in 1934, when runoff was less than 6.2 x 109 m3,
to nearly 454 metric tons in 1929, when annual runoff was more than
23.4 x 109 m3 (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 befére éediments i1l the
reservoir to normal power pool level. Based on the rate of sediment
accumulation during the first l4 years of impoundment, it will be
slightly less than 5 centuries before Lake Mead {5 filled with sediment
to the level of the permaneﬁt spillway crest (Smith et al., 1960). A
1ong-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 Iinto 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 €, 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 wvolume-
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 (Az)(Tz), where Az equals the area at depth z and Tz equals
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 Keystqne Resérvoir varied from a maximum of

21,289 cal c:m-2 in August 1965 to a minimum of 3,451 cal cm“2 in
January 1967 (Fig. 23). . Average water temperatures and average and
extreme air temperaturés at times of minimum and maximum heat contents
are shown in Table XI, The average annual heat budget of Keystone
Reservoir was 17,217 cal cm-z, and the reservoir had an average nega-
tive winter heat income of -995 cal cm—z. The temperate.nature of
monomictic Keystone Reservoir is demonstrated by comparing the negative
winter heat income of Keystone to that of Lake Atitlan, Guatemala.
Atitlan has an annual heat budget of 22,110 cal cm_z, similar in magni-
tude to the annual heat budget of Keystone Reservoir, but has a nega-

tive winter heat income of -288,300 cal cm-z.
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TABLE XI

*
AVERAGE AIR AND WATER TEMPERATURES AT TIMES OF MINIMUM
AND MAXIMUM HEAT CONTENT OF KEYSTONE RESERVOIR

X X Max. or Min. Monthly X
Water Temp. Air Temp. Air Temp. of
Date C C Season (C)
August 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. §. 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
of water with a surface area of at least 20 km2 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.



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
Mendota, which haz an annual heat budget (23,500 cal cm-z) similar to
thﬁt of Keystone Reservoif, 1,350 cal cm-2 were lost to sediments
(Birge 1916). 1In 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
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 cutflows had a heat content of 57,97 x 109 cal, resulting in a net
heat gain of 3.10 x 109 cal, During 1966-67, inflows had a higher heat
content (63.42 x 109 cal) than in 1965-66, but outflows had a total
heat content of only 55.91 x 109 cal, resulting in an increased net

gain of 7.51 x 109 cal. The fact that this increase in the net gain

of heat from inflows during 1966-67 did not have a noticeable effect
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on the'magnitude of thé annual heatlbudget indicated that gains from
differences in the héat coﬁcentrof inflowg 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
reservolr 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 cutflow to the annual heat budget on a
per-unit-area-of-reservoir-surface basis, Heat gained by inflows,
averaged over all heating and cooling periads during 1965-67, was 306
cal cm-z, and heat lost to outflows was 270 cal cm-z, yielding an aver-
age ﬁet gain of only 36 cal c:m-2 while the average annual heat budget
was 17,217 calrcm—z. The advective gaing 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
cal cm'z), is due to advective gaine from inflows (Anderson and
Pritchard 1951).

The loss of heat from Keystone Reservoir due to evaporation was
not detarmined because the 'pan method" which was used to estimate
evaporation in Keystone Reservoir has been severély 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 date may be only
about 10% greater than the true rate of evaporation. Evaporation from

Lake Mead, which has a volume (27.9 x 10° m°) about 34 times that of

Keystone Reservoir, was estimated to be between B00 and 1200 x 106 m3
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or about 5% of the.aVerage inflows (Smith et ai. 1960). Evaporation
rates (Table II1) 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
various phosphorus formsl 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
ampunt - of inorganic phosphorus that can remain in solution is deter-
mined by the state of ionic equilibria existing between phosphate and

other inorganic ions.

1Form 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.



89

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 auring 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 diétinguished in this

study are generally assumed to form a transfer cycle:
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Dissolved
Organic
Phosphorus
(DOP)
Particulate Dissolved
Phosphorus <& > Inorganic
(PP) Phosphorus
(DIP)

The reaction, DIP

-*» PP, represents uptake of ortho-

phosphate by living phytoplankton and bacteria.

Zooplankton do not

play a significant role in this reaction (Harris 1957, Rigler 1961,

Watt and Hayes 1963).

The process, PP ~—————3 DOP, represents the release of organic
b

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

superflucus feeding when phytoplankton density is high (Redfield 1958,

Harris 1959, Pomeroy et al. 1963, Satomi and Pomeroy 1965, and Barlow

and Bishop 1965).

Super fluous feeding by zooplankton may begin when

phytoplankton biomass reaches about 3 g m-3 (wet weight) (Beklemishev

1961). Three g biomass m‘3

is approximately equivalent to 6-12 mg

chlorophyll m-3 (Strickland and Parsons 1960). The annual mean concen-

tration of chlorophyll a in Keystone Reservoir during 1966-67 was more

than twice the concentration
(Spangler 1969). Therefore,
role in the phosphorus cycle

The return process, DOP

dissclved organic phosphorus

at which superfluous feeding may occur
zooplankton probably play an important

of Keystone Reservoir.

> PP, represents the uptake of

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

play a 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.
Precipitation of phosphorus is accomplished primarily by oxidized heavy
metals, mainly ferric irom (Hutchinson 1957). 1If reducing conditions

are present in the hypolimnion or sediments, insoluble Fe is reduced
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te scluble Fe++, and PO4 is slowly released into the hypolimnion. In
alkaline waters where there is an excess of ca}cium, phosphorus also
may precipitate as tricalcium phosphate, Ca3 (POA)2 (Neess 1949), This
salt 1s converted to the more soluble di- and mono-calcium phosphates
as the pH of the water is reduced. Equilibrium with hydroxyapatite,
C“lo(Poa)a(OH)z’ may control phosphate concentrations in the Great
Lakes (Kramer 1964). Falls (1969) has suggested that this heterogene-
ous reaction could contrel 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
a minimum of 10 mg P m-3 at Station III in January 1967 to a maximum of
994 mg P m"3 at Station I in Augus? 1967 (Table XIT). High concentra-
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 II 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 undetectable or im estremgly low concentrations throughout the
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water column at Stations II, I1I, and IV in September and November

1966. PP was present in all samples collected during 1966-67.

TABLE XII

MINIMUM AND MAXIMUM CONCENTRATIONS (mg T m-B) OF PHOSPHORUS
MEASURED AT ANY DEPTH AT EACH STATION DURING 1966-67

Station Station Station Station

Form of I II 111 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 1II1 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 487% higher than phosphate



ANNUAL MEANS OF CONCENTRATIONS (mg P m'3) AND AMOUNTS (mg P m'z)

TABLE XIIL

OF PHOSPHORUS IN KEYSTONE RESERVOIR DURING 1966-67

Depth Stations
(m) I 11 111 v I 11 11T v
1 545 * 100 * 83 114 249 * 64 48 * 50
5 92 78 113 71 40 47

* *
10 171 * 86 118 129 47 47
*
i4 Total 106 123 Particulate 55 47
P * P
18 132 60
mg m-2 858 * 1029 * 1248 2174 487 * 771 681 * 910
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
mg m-z 330 % 179 * 415 1084 41 * 79 93 * 177

* jndicates significant difference (& = 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.

w6
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concentrations in fhe Cimarron arm in 91 observations made by the U, §,
Geological Survey during 1965-66. The annual mean concentration of DIP
in the Arkansas River was 247 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 1II 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 487 and between Stations II and III of 57%
closely paralleled reductions in suspended solids between Stations I
and II of 467% and between S5tations II and III of 58% (Table 1X). This
relationship suggests that the high concentrations of phosphorus at
Station 1 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
I1IL, 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
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high inflows of the Cimarron River in Juné 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, 0f 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 total 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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rate {Table XV),. Differences in concentration may be due to
differences in the age of the reservoirs or may be due to the use of
different analyticai 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 X1V

=3, %
RELATION OF CONGENTRATIONS (mg P m 3) OF THE THREE FORMS
OF PHOSPHORUS TO THE DECREASE IN TOTAL PHOSPHORUS
CONTENT DURING JULY AND AUGUST 1967

Total P DIP DOP PP
Date X X % of total X % of total X % of total
7/23/67 194 75 38.6 4 2.1 115 39.3
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 ﬁhe Cimarron
arm. In calculating outflow of phosphorus by this method, the assump-
tion was made that all water entering the reservoir from the Cimarron
Rivef 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 III), 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

Increase in Concentration Rate of

Reservoir Time Period (mg P w=3J) Increase
Keystone 9/66-8/67 49 to 157 3207 yr !
Garrison* 1955-57 180 to 790 2197 yr-l
Gavins Point 1956-57 190 to 290 1537 yr™ -
Fort Randall" 1952-57 40 to 260 937 yr~t

*
Neel (1967).



TABLE XVI

PHOSPHORUS BUDGET OF THE CIMARRON ARM DURING 1966-67

(Metric Tons of P)

100

Total P DIP DOP PP

Total inflow 108.3 48.9 6.0 52.8
% of total P 457 6% 497
Total outflow 66.8 26.1 4.9 35.8
% of total P 39% 7% 54%
Amount retained 41.5 22.8 1.7 17.0
% of total P 55% 4% 417
% of inflow retained 38.3% 46,67 25.7% 32.1%
Total content of

water (9/66) 14.3 4.6 0.6 9.1
% of total P : 32% 47 647,
Total content of :

water (8/67) . 45.8 23.6 3.0 19.2
% of total P . 52%, 6%, 427,
Increase in content

of water o 31.4 19.0 2.3 10.1
% of total P 607% 8% 327
Contribution by

rainfal1* 1.0 1.0
Calculation of apparent loss to sediments

Inflow retention 41.5 22.8 1.7 17.0

+Rainfall contribution +1.0 +1.0

TConversion of forms 4+0.8(+5%) +0.7(+4%) -1.5(-9%)

-Increase in water -31.4 -19.0 -2.3 -10.1

=Apparent loss 11.1 5.6 0.1 5.4
% of net influx lost

to sediments 26% 247, 6% 329
% of total P lost

to sediments 507% 1% 497,

*
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 aépeared 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 Cimarren

arm is similar to retentions reported for other reservoirs (Table

XVII).
TABLE XVI1
RETENTION OF PHOSPHORUS BY RESERVOQIRS
% of Total
Reservoir Reference Time Period Inflow Retained

Keystone Present study 1966-67 38.3
Slapy, Czech. Hrbacek (1966) 1859-60 59.0
Garrison Neel et al. (1963) 1955-56 62-65
Lake Mendota Rohlich (1963) 1955-56 28.9
Cimljanskoe, Russia Fesenko and Rogozkin 35.0

(1961), from Hrbacek

(1966)

Tystrup So Lake Berg (1943) 44.3
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To determine the net change in forms of phosphorus in the reser-
volr, 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
Regervoir 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
P year-l. This is pfobably an underestimate since the concentration
of DIP in the Arkansas River is higher than the concentration in the
Cimarron River, and the percentage (46.67%) 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 eutrophication1 of Keystone Reservoir.

The conclusion that increases in total phosphorus content of the
Cimarron arm were due to contributions of inflows was gquestioned by
Falls (1969), largely because of misinterpretation of personal communi-
cations. TFalls (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 320%. 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 247 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

Te POA was also important. It iIs apparent from Figure 35 that increases

1Eutrophicationrin this study is defined as an increase in the
nutrient content of a reservoir by allochthonous sources, either of
natural or domestic origin.
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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 (NO,-N) were not con-

3
sidered to be sufficient to warrant detailed analysis of nitregen data.
Annual means of concentrations and amounts of NH3-N {Table XVIII)

average concentrations of NO,-N (Table XIX) indicate the order of

3
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.

Concentrations of NH3'N exceeded 12 g N m-3 in the anoxic hypolim-
nion of Keystone Reservoir during July 1966 (Eley'et al. 1967). No
build-up in concentrations of NHB-N occurred in the hypolimnion of
Keystone Reservoir between September 1966 and August 1967. Maximum
concentrations of NH3-N were less than 5 g N m-3, and these were re-
corded in the aerated surface waters of Station I during December 1966

and January 1967. Significant concentrations of NH,-N would not be

3
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 chloramines or other unidentified nitrogen-bearing compounds,
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High concentrations obtained at Station I support this hypothesis.

TABLE XVIII

ANNUAL MEANS OF CONCENTRATIONS (mg N m—3) AND AMOUNTS
(mg N m'z) OF AMMONTIA-NITROGEN IN KEYSTONE
RESERVOIR DURING 1966-67

Depth Stations
(m) I 11 111 IV
1 1334 * . 255 * 170 * 328
5 232 184 406
10 201 317 332
14 385 282
18 ' | 344
m 2 1818 1911 * 3564 * 5915

* . . s . .
indicates significant difference (@ = 0.10) between means using
depth x date or station x date MS as error terms.

Faulty reagents invalidated results of all NO_-N analyses between

3
September 1966 and June 1967. Concentrations observed during June,
July, and August 1967 ranged from 50 to 460 mg N m-3 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 CONCENTRATICONS (mg N m-3) OF NITRATE-NITROGEN IN
KEYSTONE RESERVOIR DURING JUNE, JULY, AND AUGUST 1967

Depth Stations
(m) 1 II 111 v
1 330 * 50 130 180
5 130 150 230
10 200 120 170
14 120 180
18 120

*indicates significant difference (o = 0.05) between means

(Lsd o = 176).



COMMUNITY METABOLISM OF KEYSTONE RESERVOIR
Definition of Terms and Abbreviations

Terminoclogy 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 Productivity (Pg) - 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 (Rt} - 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.

Net Productivity (Pn) - The net rate of energy storage by the

community during a 24-hr period or the difference between Pg and Rt.

Gross Productivity to Community Respiration Ratio (Pg/Rt) - The

ratio of gross productivity to community respiration must be unity
(Pg/Rt = 1.0) in a balanced steady state system, if no export or import
occurs (Beyers 1963a}., If some event should disturb this ratic in such
a manner that it becomes greater or less than unity, an increase or
reduction of the biomass through growth or s;arvation 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 Zone (EZ) - The depth of penetration of 17 of the inten-

sity of light entering the water surface.
Method of Measurement

Procedures

A modification of the diurnal1 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-
tion (g 02 m-3) 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 te obtain
g 02 m °, and the need for considering vertical transport of oxygen was
eliminated (Odum et al, 1963). The average rate-of-change

2 hr-l) was calculated for each 3-hr interval. A correction

(g 0, m
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. 1In this discussion, the
method will be referred to as the 02 curve method.
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qn-qmﬁ
k=35 =%
n n+l
where, k=g 02 m hr-1 at o’ oxygen saturation
q, = rate-of-change of the surface g 0, w3

at nighttime n,

= the rate-of-change of the surface g 0 m-3

at nighttime nt1, 2

S5 = the oxygen saturation deficit of the surface
water at nighttime n, and

Sn+l = the oxygen saturation deficit of the surface
water at nighttime ntl,

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-changé 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 O, curves from

2
Keystone Reservoir, 48 02 curves from laboratory microcosms, 16 02
curves from lake studies reported in the literature, and 8 0, curves

2
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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 0, curve method as used by Odum and

2
Hoskins (1958), the light and dark bottle 02 method (Gaarder and Gran
1927), and the pH-CO, curve method (Byers and Odum 1959) are based on
the‘assumption that the rate of respiration is constant during both day
and 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 énd 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 ﬁinimum 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 fupnction describing this increase is not known. ‘Therefore, the
rate of respiration may increase linearly or exponentially. Odum,
Bevers, 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 827 of the time in laboratory microcesms. 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 negative rate-of-change
points (Fig. 27). The increase in daytime respiration was estimated by

average negative rates of O, change immediately after light was extin-

2
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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A statistical analysis of data shown in Fig. 27 indicatéd that
slopes of least squares regression lines fitted through observed nega-
tive rates-of-change were significantly less (o = 0.05) than zero,
suggesting an increase in the rate of daytime respiration,

Slopes of regression lines were not significantly different (o = 0.05)

from slopes of hypothetical daytime respiration lines.

Comparison of the 0, Curve Method With Other Methods

2

Few comparisons have been made between bottle and free-water
methods, although it is generally conceded that bottle methods under-
eatimate actual metabolic rates (Ryther 1956a, Talling 1957, Rodhe
1958, Verduin et al. 1959, Verduin 1960). Talling (1957) found meta-
bolic rates estimated from 0, 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 & DI 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 changss,

but the techniques of measurement and calculation were not described
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adequétely {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-CO2 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 002 for carboxylation
in the synthesis of organic acids above that used in glucose produc-
tion; therefore, CO

2 estimates would be expected to exceed 0, estimates.

2
Odum et al. (1963) found that rates determined by CO2 changes exceeded
rates determined by 62 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 002 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

curve methed, pH-CO, curve method,

2 2

and L & D bottle method was made in July 1968, Eight laboratocry micro-
cosms were established by filling battery jars with 12 liters of water
from Kevstone Reservoir. Microcosms were enriched by adding sufficient
Ca (N03)2 and Na HPO4 to increase nutrient concentrations to 5 g

N03-N m_3 and 5 g POé-P m”3 and were illuminated at 257 ft-c by
Sylvania Gro-Lux lights. Rates of Pg and Rt cbtained by the three

methods were significantly different (g = 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-CO2
curve estimate and 1.95 of the L. & D bottle estimate, Rt estimated by
the 02 curve method averaged 0.54 of the pH-CO2 curve estimate and

2.35 of the L & D bottle estimate. A similar pattern of variation in
Pg and Rt among jars was cobtained with both pH-CO2 and 02 curve methods.
No significant differences (o = 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 exceedad
Pg at Stations III and IV. A maximum annual mean Pn of 5.06 g

02 m =~ day = was obtained at Station II. The decrease in Pn from -2.42
te -5.03 g 02 mm2 day"1 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 TIV. 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 1II, and heterotrophic conditions existed at

Stations ITII and IV.



TABLE XX
ANNUAL MEANS OF COMMUNITY METABOLISM (g 0, o2 day'l)
IN KEYSTONE RESERVOIR DURING 1966%67
Stations
1 11 111 v
Parameter E t S i ts } f S i t S
Pg 11,36 + 0.31 w+x 27,38 Y 1,17 #+x  38.63% 1,28 x%x 49,00 T 4,59
Rt 11.04 + 0.19  ##% 22,321 0.96 %%  41.04 * 2.19 * 54,121 6.31
Pn 0.30 T 0.38  Hxx 5.06 T 0.2 s -2.427F% 110 *#x -5,03 7% 2.05
Pg/Rt 1.03t 0,10 @ 1,23+ 0.08 * 0.94 % 0.12 0.91 T 0.01

Asterisks indicate

** (o = 0.05), * (a= 0.

significant differences between means.

10): @ (Q’

0.15).

**% (g = 0.01),

611
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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
(Table XXI) show a strikingly different spatial variation than
area-based estimates, The average rate of Pg per m3 of

EZ was highest at Station 1 (21.81 g O m-3 day-l) and increased from a

2
. ' -3 -1 -3 -1
minimum of 17.01 g 02 m - day ~ at Stationm 1I to 18.18 g 02 m ~ day
at Station IV, The spatial variation of average Rt m
was similar to that of Pg with a maximum at Station I and a minimum at

Station I1. 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

Stations

Parameters I Il 11T v
- -3 -1
X Pg (g 0, m ~ of EZ day ") 21.81 17.01 17.17 18.18
X depth of EZ (m) 0.52 1.61 2.25 2.70
= -3 -1
X Rt (g 02 m day ) 6.49 2.57 2.91 2.97
X depth (m) 1.70 8.70 14.10 18.20
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The magnitude of Pg and Rt as measured by the 0, curve method

2
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

Pg ranged from a maximum of 2.3 g 02 m-2 of EZ d.aj,'-1 at Station I to a

minimum of 0.7 g 02 m-2 of EZ day_l at Station III, and means of Rt

ranged from 1.5 g O m-2 of EZ day-1 at Station II to 0.6 g O m-2 of
2 2

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

4.0 g 02 m-2 of EZ daynl Pg at Station I in January 1966 and 5.1

g 0 m-2 of EZ day“1 Rt at Station III in August 1965.

2
Thé 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 Yentsch (1957). Annual means of Pg were minimum at Station

I (0.592 g C m_z day_l) and maximum at Station III (0.890 g C m_2 day_l)

(Spangler 1969). Maximum values of approximately 3.0 g C m-2 day-l
were recorded ar 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 Statiops I and II were distinct, =

i

while patterns of variation at Stations IIT and IV were similar.
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‘Figure 29, Annual station means (—o—, -#-) and monthly
means sm——=) of gross productivity
( ) and respiration (----) in the
euphotic zone of Keystone Reservolr during
1965-66 as measured by the light and dark
bottle method
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Figure 30. Temporal variation of Pg at stations in the Cimarron
arm during 1966-67
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Figure 31,
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Temporal variation of Rt at stations in the Cimarron
arm during 1966-67
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Pg varied from a minimum of 2.09 g 02 m-2 daydl at Station I in January
2 -1

1967 to a maximum of 129.77 g 02 m © day * at Station IV in November
1966. Rt varied from a minimum of 1.12 g O, m 2 day-1 at Station I in
2 -1

January 1967 to a maximum of 171.20 g O, m ° day ~ at Station IV in
November 1966.

Scation 1II 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 Januvary 1967 at Station IV
(Fig. 30). Minimum values of Pg were recorded in August and December
1966 and March and August 1967 at Station IIl 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 IT1 and IV during the first half of July.

The influence of flooding was also supggested by a large decrease in Rt
at Station IV during July 1967, but Rt increased at Station III during

the same pericd of time.
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High values of Pg and Rt at Stations IIT 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

2

minimum of 127.9 g 0 m-2 at 4.7 hr to a maximum of 173.1 g O2 m © at

2
22,0 hr in November 1966 and from a minimum of 188.5 g O m_2 at 4.4 hr

2
to a maximum of 244.2 g 0, m“2 at 20.2 hr in Januvary 1967. Water tem-
peratures (5.5 C) in January 1967 wére 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 diversiﬁy 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 p
in diameter and 2,0-3.0 u in length to small coccoid or spherical cells
ranging in diameter from 0,5-3.0 w, 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, 0SU). Green sulfur bacteria contain
bacteriochlorophyll d and a yellow carotencid 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 Chlorcbium 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 don&r 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 0, curve method. The only evidence found in a review of the

2
literature that oxygen is liberated by bacterial photosynthesis was
reported by Godniew and Winberg (1951) (Czeczuga 1965). Godniew and
Winberg (1951) stated that green bacteria which were abundant in sewage
pools contained chlorophyll a and b 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, 0OSU).

Available evidence indicates that the small cells which were
abundant in Keystone during the winter of 1966-67 were not sensitive
to high coﬁcentrations of oxygen and had a high rate of metabolism in
which oxygen was involved. Green, unidentified "p-cells" also were the
predominant form during the winter of 1968-69 (personal communication
from D, W. Toetz, 08U).

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 ratiocs 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 0, and pH-CQ, curve methods

2 2

for other waters (Table X{ID. 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 0O, curve analyses of oxygen data

2

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 19615. 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

increased from a wminimum of 0.1 g O m-3 at 6,00 hr to a maximum of

2
28.2 g 02 m"3 at 15.00 hr, and oxygen saturation increased from 1.3 to
405.8% (George 1961). This change in 02 concentration resulted in a
-2 -1 -2 -1
Pg of 52.1 g 02 m day = and an Rt of 41.7 g 02 m ~ day .

The 02 curve analysis of data from Roshanara Garden Tank is presented
as an example of program cutput in the Appendix. High rates of commu-
nity metabolism were also obtained for Naini Lake, India which has a

mean depth of 0.9 m. The only other rates of similar magnitude for
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TABLE XXIT
COMPARISON OF RATES OF COMMUNITY METAROLISM OF KEYSTONE RESERVOIR AND OTHER WATERS
8 0Q -2 day-1
Water Body Reference Me chod Type of Data Pg RE
Keystone Reservoir, annual X {p=33) Station I 11.3 11.0
Ok lahoma Present study O2 curve Station II 27.4 22.3
Station IIIT 38.6 41.0
Station IV 49.1 54.1
*
Roshanara Garden Present study using
Tank, India data of George (1961} 02 curve 6/21/59 (n=1) 52.1 43,7
Naini Lake, India " D, curve 5/10/59 (n=1) 29.5 46.0
" Fresent study using -
Kadel Pond, Florida data of Kehde (1967) 02 curve Winter X {(n=6) 8.3 25.8
Corpus Christi
Harbor, Texas Odum (1960) 0, curve 7/13/59 (n=1) 31.0 51.0
Rockport and Beffin Park et al, pH-CO, _
Bays, Texas (1958) curve Summer X 41,2
Western Lake Erie Verduin (1960, pH—COz -
1967) curve Summer X n.?
Roanoke Rapids -2
Reservoir Hultl (1965) L&D bottles g w = of euphotic zone 4.2 1.6
Ashtabula Reserveir, _
Korth Dakota Peterka (1968} L&D bottles Annual X 8.6 3.4
Sylvan Lake, Indiana Wetzel (1966) Carbor-14 Annuai X 7.2
Lago Pond, Georgia Welch (1968) 0, curve Annual X 5.3 7.6
01l Refinery Effluent
Holding Ponds, Oklahoma Copeland (1963) 02 curve Maximum 29.2 50,5
Skeleton Creek, Annual X of
Ok lahoma Baumgardner (1966} O2 curve o, Sag Zone 13.6 33.5
Blue River, puffer and Dorris Annual ¥ for
Oklahoma {1966) 02 curve granite reach 21.4 12.6

2

* :
0, curve calculations are presented as examples of 02 curve program output in the Appendix.

cel
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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 metabelism 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-
olism, 02 curves were obtained during eight consecutive days of August

1967 at Station II1 (Table XXIII).Pg ranged from a maximum of 29.95 g

02 m-2 day-1 on 14 August to a minimum of 15.83 g 02 m-2 da.y-1 on 15
August, and Rt varied from a minimum of 23.23 02 m“2 day'1 on 16 August
to a maximum of 35.00 g O m 2 day_1 on 17 August, The

2

only significant differences (o = 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 III. 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).

TARLE XXIII

VARTATION IN COMMUNITY METABOLISM AT STATION III
IN AUGUST 1967

X g 02 'm_2 day-1 (3 reps per date)
Date Pg Rt Pn Pg/Rt
10 August 16.93 28.09 -11.16 0.60
¥ *
11 August 21.43 24.13 -2.70 0.89
12 August 21.20 25.20 -4,00 0.84
13 August 26.99 30.06 -3.07 0.90
14 August 29,95 31.56 -1.61 0.95
* * %
15 August 15.83 29.73 -13.90 0.53
* *
16 August 18.56 23.23 -4.66 0.80
* * %
17 August 23.47 35.00 -11.70 0.67

* i{ndicates significant difference (o = 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-

ation ranged from a minimum of 253 g cal <:.m-2 dze).y_1 in December 1966 to
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a maximum of 658 g cal Cm-z day-l in July 1967. No apparent relation-
ship existed between high rates of Pg and Rt and solar radiationm.
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
Qater, 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,

. {3500 Pg) 100
10,000 x S

(modified from Oswald et al. 1957)

where, F = percent efficiency,

Pg =g 02 rn-2 day-l, “

effective solar radiation in g cal cm-2 day-

10,000 is a factor to convert cm2 to m2.

1

S , and

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 32.687% 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 8.237 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 sclar 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 47 of
the total energy of solar radiation under the most favorable condi-
tions. Using 1007 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 10% for 11 Florida springs and a turtle grass community (Odum
1957). Oswald et al. (1957) reported efficiencies ranging from 1 to
107% 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 4,87 (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)7

Relation of Community Metabolism to
Chlorophyll a and Biomass

The relation of community metabolism to chlorophyll a 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 a 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
a occurred at Stations I1I and IV in September and November 1966 and
January 1967,

Direct relationships between Pg and chlorophyll a and between Rt
and biomass existed between Stations I and II, but inverse relation-
ships existed among Stations IT, TII, and IV (Fig. 37). Concentrations
of chlorophyll a in the EZ decreased between Stations II, III, and IV
while Pg (g 02 m_3 of EZ day—l) increased. Average biomass concentra-
tions in the water column decreased between Stations IT, III, and IV
while Rt (g 02 m—3 day‘l) increased. According to the inverse size
metabolism law, the relations between community structure and function
at Stations II, III, 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 concentratiéns
of biomass at Stations III and IV during September and November 1966
and January 1967 when species diversity was extremely low and small
unidentified p 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 occufred 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 (E) 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. 1In 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 Stationms III and IV throughout June 1967. Green u 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
L 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 réte than biomass increases; therefore, the Pn/b ratio de-
creases, In marine communities the Pn/b ratio wvaried 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 Rescrvoir it was necessary to estimate 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.

3

To estimate Pn of the EZ, the average Rt m -~ of EZ was estimated from

0, curve analyses of O, changes at 0.5 m of depth. The average rate of

2 2
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RE rn-3 of EZ was 1.5 times the mean Rt of the water column at Station
I, 3.0 times mean Rt of the water column at Station II, 4.0 times mean
Rt of the water column ;t Station TIII, 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 02.

TABLE XX1IV

VARIATION OF STRUCTURAL AND FUNCTIONAL PARAMETERS
AMONG STATIONS IN THE CIMARRON ARM

Stations
Parameter I I1 111 v

-2 =1 %
Pn (g 02 m ~ of EZ day ) 16.75 14.97 12.49 13,02
Biomass (g m > of EZ) 14.21 13.68 12.33 13.42
Pn/Biomass ' 1.18 1.09 1,01 0.97

-3 -1
Rt (g 02 m day ) 6.49 2.57 2.91 2.97
Biomass (g m >) 25.75 6.62 4.33 4.29
Rt/Biomass 0.25 0.39 0.67 0.69

*n per m® of EZ was estimated by the relationship, Pn n 2 of
EZ = Pg m-2 - Rt m~2 of EZ, where Rt m=2 of EZ= X Rt m~3 of EZ)
(EZ in m). X Rt n~3 of EZ was estimated from 02 curve analyses of 0,
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.



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
11 (Tﬁble XXVY, 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 woulq 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

SPATIAL AND TEMPORAL VARIATION OF MEAN CONCENTRATIONS OF
BOD AND COD AND MEAN BOD REACTION CONSTANTS
IN CIMARRON ARM DURING 1966-67

5-day 20-day BOD
ROD BOD k cob
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 i8
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
* *
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 (& = 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 l-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 poténtial 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
have had more than 6.5 g 02 m_3 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
4 g 02 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 0, curve method in pre-

2

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, O, curve analyses were made of

2

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 Cimarromn
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 gravele@ 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 0, curve method in estimating the daily oxygen

2

budget, the calculated net gain of 126.9 metric tons 0O day—l was com-

2
pared to the cbserved 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 0, curve method underestimated the observed net gain in

2
oxygen content by 3B.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 O2 day_1 (Table XXVII). The
mean calculated net gain underestimated the mean cobserved gain by 17.4
i

metric tons 02 day~
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TABLE XXVI

OXYGEN BUDGET OF CIMARRON ARM, 24-25 AUGUST 1967

{(Metric Tons 02)

Gains
Production
Diffusion in (k=1.60)

Cimarron R. inflow

Losses
Respiration
Diffusion out (k=1.60)

Reservoir discharge

Oxygen Content
24 August, 16.8 hr

25 August, 16.8 hr

Observed

931.0 d.':ly-1

58.9 day »

1.4 clay-1

991.3 . . . . . . .+ 991.3 day'l

744 .1 day

120.1 day-l

0.2 d¢:~1y-1

864.4 . . . . . . . - 864.4 day'l

Calculated Net Gain + 126.9 day '

1866.5
2032.1

165.6 . . . . . . .+ 165.6 day °
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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 02)

X Gains on Clear Days

Production
Diffusion in (ﬁ k=1.49)

Cimarron R. inflow

X Losses on Clear Days

Respiration
Diffusion out (X k=1.49)

Reservoir discharge

E 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

+ 976,1 day-l

+ 42,0 day !

+ 6.8 day t

+ 1024.9

787.8 day !

194.8 day-l

1.4 day-l

- 984.0 .

»l

1462.1
2032.1

+ 570.0 in 388 days

Calculated Net Gain. +

.+

. + 1024.9 day~

984 .0 day

1

1

40.9 day'l

58.3 d.ay-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 95.2% of the total oxygen gains while atmos-
pheric diffusion-in accounted for 4.0% and inflows accounted for 0.8%.
Community respiration accounted for 80.07% 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 Cimarren arm on 11 clear
days as compared to the average observed daily gain over a period of
388 days . The cbserved gain on clear days was approxi-

mately 39 times the annual mean daily gain.

Evaluation of the 02 Curve Method

Rates of community metabolism obtained by analyses of free-water

changes in 0

by 140 and L, & D bottle methods. Many limnologists have been skeptical

or pH-CO, are unmistakably higher than estimates obtained

2 2

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 adopticn of the 14C method as
the standard method for determining community metabolism of natural

waters., The value of the 1‘C‘C. 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 metabelic rates in
eutrophic waters and are of limited use in studies of community func-
tion.

Comparison of the average calculated net gain of oxXygen 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 velecity
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, wultiplying 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 intervgls 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 0, changes has been used by

2
McConnell (1962) in carboy microcosms and by Welch (1968) in Lagoe 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

was 26.5 g 02 n'l-2 day-l and Rt was 13.2 g 02 m-2 day-l. An 02 curve

analysis gave values of 52.11 for Pg and 41.71 for Rt (Appendix). A

™

net diffusion correction of -13.28 g 02 m—2 day ~ was used for both

methods, Three-point estimates averaged 91% of Pg and 87% of Rt in
eight laboratory microcosms and 717 of Pg and 52% of Rt in Keystone

Reservoir when compared to 0, curve estimates.

2
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AEkae NIDRNAL NXYGFN  CUKVE  PRIJGRAM Ehutd

GEVELOPED aY REX L. FLFYy RESERVUTR kESEARCH CENTERy CGKLAHIMA STATE riv,
AND MAX M, MCKEE, UKEA STATE UNIV COMPUTER CENTER.

THIS PRUGRAM PEADS [N OISSOLVED MMYSEN CONCENTHRATION AN PERCENT UXY/50N
SATURATIUN GF THE SURFACE WATER ANt DISSULVED OXYGEN CONTENT OF  THT

WATER COLUMNIG H2/M*%2) DR WATER MASS(G D2) AND CALCULATFES PHIMAKY

PRODUCTIVITY, COMMUNITY RE-SPIRATEON, AND ATMOSPHURIEC DIFFUSTIING AKND
OPTEONALLY PLOTS THE DEUKNAL UXYGEN RATE-TF-CHANGLD (URVE.

A DIURNAL DATA SET SHOULD CONSIST UF AT LECAST @ (3SERVATIONS

{3 HOBR O INTERVALS)Y TAKEN DURING A 24-HR PERIUD, Pt EFRARLY WITH

BRSER VAT IONS AT SUNRISE AND SUNSFT AND WITH THE T LIRST AND 1 AST

O0SERVATTUNS MADRL AT THE SAME TIMt OF DAY, MORE 42T QUENT

(ASERVATTUNS ARE DF STRABTE, AND THT PRUGRAM 1S OLlAi NGTUNED T1) AnLepT
ur Tu 899 DBRSERVATIONS DURING A 24-HR PERIBD,

DASERVATFONS MUST BE MADFE ON THE SAME WATFR MASS UR N WATER MASSES (OF
SIMILAR METABULIL HISTURY THRIUGHIUT THFE 24-HR PERIHD, IF 1118
RESTRICTIOGN IS MrT, ALL CHANGES IN THE DESSOLVED uXYOEN CONTENT Of
THE WATER MASS ARC DU TU THF NET EFFECT DF PHNOILSYNTHESIS,

aks i kaiaiain (aintsiaraln BERNsRatal nl inial el o

RESPIRATION, AND OTFFOSTON 0¥ OXY¥Y3iN ACROSS THE ATR-WATER INTLUFAME,
BY DETERMINING THE TUTAL DISSOLVED JXYGEN COUNTENT (F THE WATFR CULUMN

(6 N2/ M*%2) AT EACH (SSERVATIUN TIME, FRAMARS NUE TG VERTECAL IXYRLER

TRANSPORT AY CONVECTION CURRENTS AnND FOROY DIFFUSTION ARED BRI IMINATED,
CALCULATINNS ARt ACCUMPLISHED [N SUHRDUTINES: CALCK, SHUFLF, RESH, ART A,

__ PLT, AND PMNCH. —— —

THIS PROGHRAM WAS PUNCHET ON AN TOM 129 KEYPUNCH USING FRULDIC €00t . Tk

PRUGHAM IS COMPATARLE WITH THE T0M 360 FURTIANIF) CuMPILER.
COMMON T ,QKDELT » TNDX, MARK  TERRMNR
CUMMON fCAL/  SURFR,NDELF
COMMON/HEAD/ZSTT5UR1,M1,0Y 1, ¥R
NIMENSIDN TYPE(Ge3 )y TITLEL2T),EMT(2Y)

*
L]

x

1
2

NATA TYPE7VLALC o ULAT g "7 87, 9Y AVY, "(RAG',' ING 'y
PSUPPY Lo LIEDY, " FORY, Y ENT ', "IRE ', *SET 4,
CSHUPPY GV LIED ! FORY Y THIT, 'y pAr ' TE * /

[YIMENS TN SUN{L2s310,  SETLL2,310,RATE {14,310

DIMENSTUN TOLOC) SURFILODI SATOLIOD 1 SUMUEEO2) W DKL) W NIFF L1 I0,
DELTELUON y SURFRUEDO ) SUMRILIODE #NEF {1 30 b

INTFGFR ST, SUK, YR,DY,STL,SUBL, YR, DY]

FORMAT(Z20A4}

FORMATE IH s LOX, 3F 13, 2)

1 FARMATLLH 5K FIU2 10X, FL Y020 15X L L ESXGFE Ly /o
* IH o LO9X eF1N 231 8X 30102023 19%3F Y 102+ 19X,F 10020kl ?2yF 17,3
& FURMAT(6X, 2014, 2124313544 %s211:2,+15 3
S FEORMAY( IH ;40X anaSTATTIN B {2580, TIRSURSTATION 3 12+9% SlibTT 41241 -
My 12 1M/ 412 oI5
A FURMAT{ 1HL )
7 FURMAI([HG.Q!.'GRUSS PHON = VR 10,2, 2X3 %G UF UZ2/MBEZJ24HR Y, | 7X,
* TDIFFUSTUN-DUT = .F?.Z.ZX.'G JE 2/ 8% &2 /04410, fy
* LH o9%, "TOTAL RESP = P, FLI2,2,2X¢'G NE O2/M$£2/24H00, 17X,
* VOLFFUSION-IN = *yF 7.2 42X 706 UF J2FMFR2J24HR* ],
¥ EH L GXYNET PROD OV GFLIN.2,2Xy "G UF N2IMBRZF24HR Y, /,
# IH ,O9X,YPRUD/RESP = v, F10.2¢29%K,'OIFFUSTION CONSTANT (K} = ¥,
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¥ FaL2,?Xa0AG 1 )

8 FURMAT{  1HO LLIX,'TIMg INTFRVAL 99X, "SURFACE SATY 99X,
*  YSURFACE SURF RT',9X, 'COLUMN COL RY © DLFF CORR RATE' ./
B SN o J2X'HR® 2 BXy'HR® 13X *SAT* 4 TX"DLF*,JOXL,'G/ME*S LiMESD S HR

., TRy ' GIMEEZ G /Mek2/HR CUORR GIM®E2fHR ¥ H
9 FORMATILH ,95X+F10.2,10X, F10a2, 2F10.11 S
10 FURMAT( 315,F5,2.F5.2)
11 FORMAT(215,3F10.2]) e
L2 FURMAT(LIHD, LOX,*VALUES ADJUSTED ACCORDING YO CLASST',I1y1iHe Tl

bR

CLE WML 2 LUK RESPIRATION LINE BELRING AT 'y FH.2e7 YRS AND ENNS

€NDS AV fgFR.2, "HOURS® )

13 FARMATCIHO, LTXs "TIME  INTERVAL', AX,'RATE',/ )

14 FURMATCLIHY, 20X.20A44 )

1% FURMATL  1HE,5OX,*DEFINITIUN 0F  CLASSES OF  DATA®,/ 067%, "FURY,/
& 0K, UPLACEMENT  GF CNDPOINTS  UF  THr  HYPOTRETICAL  DAYL IGHT
ERESPIRATION  LINE* /77 10Xe "M 2 * L. ENAY > 2
*F MINTMUM MOKNING INFEHVAL 1S BETWEEN [NTERVAL NCAREST SUNRISE AN
£ NUONW* /032K
* t RESPIRATION LINne WwilL ABF DRAAN FRUM THE 1 EADING FuLE OF Tk
m MINTMUM INTERVALY)

16 FHRMAT{20X *CLASSIZ2,X) ... 1F THE MIN[MUM INTERYAL NCCUAS BEFNRE THE
* [NTERVAL NEAREST SUNRISE AND T1F LPS5 ¥HAN 25 PLRCENT :vF ', /,33x,*T

eHE INTERVAL CONTAINING SUNRISE IS LUIGHT ANG THL SR OIATERVAL IS NEG
*ATIVE, THE LINE wWILL L ORAWNY ¢ /5 33X, "FRIM THE RIoHYT HOOE OF THe S
I TNTERVAL L)
17 FIRMAT (20X, *CLASS( A, X) 4o IF MJURE THAN 2% PERCENT OF THE SKOINTEKVA
#L 1S LIGHY DR LF THE SRO{NTFRVAL 1S POSITIVE, THE HATL 1EY,/,33%,0
TR FIRST PRECEQING MLGATIVE INTORYAL WiLLU BE FXTENDRLD ¥O SH AN ¥

#HE LINF WILL BE DRAWN FROM THATY ./, 43X, 'POINT. ")

18 FURMAT(LOX VEVENING PUENT® /320X 3 *CLASSIX L aa o IF THE EVENTNG MIRI
aMyM INTERVAL UCCURS BT TWEEN NOUN AND THED INTERVAL NEARTST SIINSFT,
EYHE LINE WILL "o/ 33X, 8- ORAWN TN THE LEFT BOSE OF THE MIN[MUM E4T
*ERVAL .}

19 FORMAT(Z0X 'CLASSIX 2 ag e IF THE MIN{MyM INTERVAL NCCURS AFTER THE

£INTFRYAL NFAREST S5, FTHE RATE OF THE MINTMUM INTERVAL WSILL Yy /, 34X,
*t3b EXTENDED BACK Tr Teb RIGRT EDST GF THE INTERWVAL CONTAINING S5
FAND THE LINF WILL 3F DiAWN TN THATY , /7, 33X, *PUTMT .Y )

WRITE(A,15)

WRITE(6,10)

WRITE(H,17)

WRITELA. 1)

NEFINTTLION OF INPUT AR GUMINTS

A. [NPUT ARGUMENTS SEYCTFLFED N CARD 1 OF DATA 5kT
NTIMES...TOTAL NUM3EF2 OF DIUANALS IN DATA 55T Ok NUMARECL OF

L oBUNRISE(SRY~SUNSET{S5) CARUDS TQ BE REAL,

NPLT,wuw o FQUALS 7 TR BLANK FI% N PLAOTTED RATF-OF-UHANGE CURVFE,

fRUALS 1 FOR PLIOTTED RATC-0OF~CHANGE CURVF.
NPUNCH.. s FQUALS 0 IR BLANK F'RrR NU' PUNCHED DUTPUT,
EQUALS 1 FOR PUNCHEDR QUTPUT.

BOUND ..o oUPPER LiMIT 0F ASSULUTE VALUt OF ATMOSPHERIC DIFFuSION

CONSTANT (K) wWHICH 1S CALCULATED BETWEEN FACH pAFR Ul

la X Tl o Bl i I el ke et

NIGHTTIME SURFACE HATFS-NF-LHANGE, IF THF CALCULATED

£

EXCEEDS BOUNDy MOUND 1S USED AS K FOR THE TIMT INTERVAY

COMPUTING Trk AVERAGL NIGHTTIME DIFFUSION CUNSTANT.

N
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SFTVAL., ,OPTIONAL DIFFUSIUN CUNSTANT.. o IF GIVEN, THIS CUNSTANT WILL
BE USED FOR THE ENTIRE DATA SET AND WILL OVERRIDE DAILY
DIFEUSIUN CONSTANTS SUPPLIED AS RATE(MO,DY) ON SUNRISE-
SYNSET CARDS AND WILL OVERRIDE DIFFUSIUN CUNSTANTS

aRul o talal alakalel

CALCULATED FROM NIGHTTIME OXYGEN RATES-OF-CHANGE IN
SUBRUYTINE CALCK.

1”11’0 READIS,10) NTIMES, NPLT (NPUNCH,BOUND, SETVAL

B. INPUT ARGUMENTS SPECIFRIED ON SUNRISE~SUNSEY CARDS R
SUNIMU,DY ) e o SUNRISE TIME IN HOURS (0,00-24,00} FOR MONTH M0 AND DAY
DY.

SET{MO,0Y}...SUNSET TIME IN HDURS FOR MONYH M0 ANO DAY DY.
RATE(MO,0Y)..0PTIONAL DIFFUSIUN CONSTANT SUPPLILD FOH MONTH MO AND
DAY OY...NODRMALLY USEQ IF THE RATE OF ATMOSPHERIC DIFFUSICN
 WAS ESTIMATED INDEPENDENTLY 0N EACH OBSERVATION DATE BY THE_
PLASTIC UIME METHOD (COPELAND AND DUFFFR, L&0, 1964],
FUR DAILY CUNSTANTS T0 BE USED, SETVAL MUST Bk UMITIEC.  EF

Nl aNaNaNeNalel's

BOTH SETVAL AND HRATE(MU,0Y) ARE OMITTED, A ODAILY ATMUSPHERIC
DIFFUSTON CUNSTANT Wllt BE CALCULATED RY SUBRUUTINE CALCK,
REAnlﬁ FLIE MOWDY o SUNEMO, DY F, SETIMUDY 1, RATE (MU,DY)
*  (KOUNT=1,NTI[MES])
DEFINITION OF INPUT DATA FTEMS
A, INPUT DATA JYEM SPECIFIEND UN FIRST CARD AFTER SK-S55 CARDS

AN aiat = kot

TITLE...THE NAME 0F THFE WATER HUDY OR STREAM BEING STUDIED. THIS
INDENTIFICATION WiLL BE PRINTED ON DUTPUT PAGES ASBOVE EACH DIURNAL
BUT WILL NOT ARE PUNCHED ON OUTPUT CARDS CUNTAINING METABOLIC VALUTMS,
READIS.13}  TIETLE
READ(S,L} FMT
READ(S, FMTIST ,SUB YR, M 4OY s T1.5AT1,SURFL »SUML

[REDR

CONTINUE
STy = 5T
SUAl = 5UB
YR YR
MU MN
AR ny

nonow

T WRITE(Byl4) TITLE

WRITE(A:5) ST1+SUBL.MUL,DYL, YR
Ty = Tt
SURF{1) = SURF]
SAT(1) SAT]
_SUM(L) = SUML
TSR = TSUNEMOT DYLY
$% = SETIMUL DY)
RATES=RATE{HUL,DY1)
ng 111 1 = 2,100
B INPUT DATA [TEMS TU BF GIVEN 1N ALL OTHFR DIURNAL DATA CARNS
THIS PROGRAM 1S WRITTEN T RLAD INPUT DATA CAHDS FRUM VARIABLE FURMATS.
BCARD DEEINING THE FURMAT OF THE 9 INPUT JATA 1TEMS, WHICH ARE
DEFINED BY THE FOLLOWING COMMENT CARDS, SHUULT Bi PUNCHED AND PLACFO
AFTER TITLF CARD. AN INPUT DATA CARD CUNTAINING THE ® {NPUT NATA
ITEMS SHOULD € PUNCHED FOR EACH NASERVATION TIML % FACH DIURNAL,
AFTCR SAURCE DECK AND CIONTROL CARDS, INPUT DATA CARDS SHGULO BE ARRANGLFH
IN THE FOLLOWING ORDER: INPUT ARGUMENT CARD, SUNRISO-SUNSET Capgs e
ALE DIUKNALS, TITLF CARN NAMENG wATER HUOY, VAZTABLF FORMAT CAFD |
AND INPUT DIURNAL OATA CARUS wifH THF CARDS FOR fALH DATE AN
LOCATIUN GHOUPED TOUGETHIK IN THE SEQUENGE TN WHICH THE DATA wWei
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TAKFN,
STeoSTATIUN NUMBER UR LICATION [DENTIFICATION
SUB, LSUBSTATIUN NUMBER UR REPLICATE TDENTIFLCATION
YRaaaYEAR et e e e e
M)y o s MUNTH
UYeaoDAY .. oNOTEL . oA DIURNAL USUALLY CNCOMPASES TWu DATES [UNLESS
NBSFRVATTINS ARE BEGUN AT J.00 HUURSY RuUT 1Y IS AL RAYS
GIVEN AS THE DATE IN wHICH THE LIGHT PLRIUD OCCURRED.
Tewss TIME IN HUURSEO,.00-24,00) OF OBSERVATION.
SAT, .PERCENT NxyGEw SATUATIIN UF SURFACF WATER AY TIMC Y.
SURFLOISSULVED NXY L FN CONCENTRATIONIG/M®®3} OF SUREALE WATER AY
TIME T,
SUM, o AMDUNT DF DESSOEVED OXYGEN TN THE WATER CUHLUMNIG OZ2/Me®2) gk 10
THE WATER MASSLG 112) AT TIME T.
REAN(S  FMT ST SUB 2 YR MO, DY o THE ) SATIT I, SURFL L)y SUMIT)
[FE STJNELSTL +UR. SUBL.NE.SUBL ) Gf) T 222 _ . e
TF{ YRONFYRL oJk, MIOLNE.MDL JUR. DYLNE.DYL } GO T2 222

11 CONTINUE

CALL ERRO#( 1}
60 TO 8888

Y2 OINDX = E-2

i3

Gab CONTINUF

TL = T{l}

SURFL1 = SURF(I)

S5AT1 = SATIL)

SUMY = SUMET)

00 a44 [ = 1, INDX
DELTELY = T(I+l) - TE 1)
IFL DELTL{L.GE.2.0 ) 63 1O 333
MARK = [+1
DELTUL) = 26,0 + DLLT(L}
SURFRIT) = (SURF{I+I} ~ SURFITII/DELTIT
SUMPLTN = (SUMIT+i) ~ SUMITIN/OELYL(T)
DEFIIY = 1.7 — {SAT{L} + SATOI+#10}/2.0

CALL CALCKUSR 4SS yRATFS, SETVAL ¢ BUUND,QAVR (KT )
Ny 6666 1 = 1,INDX
DIFFLLIY) = DEF(I)#*QAVH

QK(T) = SUMRIII#DIFF{ )
Gfh6 CONTINUE
DIFNG = QaJ. e e U
DIFPS = O
Dy 7777 1 = 1.INDX

rirr

%

NIFF] = DTEFELY = DELTLD)

[F{E DIFETLLT.049 F DIFNG = DEIFRGeEFF ]

IFL DIFFL.GT 0.0} JIEPS = OlFPS + OIFRFI
CONTINUE
OIFNG =-DIFNG
WRPITELAS,H)
WRITECAH 3V (TOI L SAFCL) , SURFLETLSUMITY,

DELTELY4DEF (e SURFRUDY 3 SUMBLTY yDIFFOLY gl [) 121,180}

I = 1NDY & 1

WRITELGy3) TLI), CSATLULY pSURFILY 5UMEIT)
CalL SHUFLF
CALL RESPE INC1,INC2:5%,SSpMA, MP )

WRITE(H,17) MAMP ,TUINCL),TOINC2)
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WRITE(6,13)

WRITE(6y2) ATLD),0ELTCT) QK41 U=, INDX)
CALL AREA{ VAR HAR,RATIO.XPRU,INCL, INC2)
WRITE(t, T) VAR OLFPS,;HAR,DIFNGyXPRO,RATIO,QAYR, (TYPELJ,KT),4=1,6])

HHB8

_IFUNPLT.EQ.1) CALL PLTISR,SS54TITLE)

IF{NPUNCH.EQ.LlY CALL PNCHIVAR,HAR4RAT!O, XPRO,DIFPS,DIFNG)

[F{ST+SUB+MO«DY+YR) F11L1.2E110,111%11 B
END . . e — . —
SUBROUTINE CALCKIL SRySS,RATE,SETVALBUUND,QAVR,KT }

CALCK,..THIS SUBROUYINE DETERMINES THE OIFFUSION CONSTANTIK) FDK MONTH MO

AN DAY OY. IF SETVAL S GIVEN AS AN ENPUT ARGUMENT, THE VaALUE OF
SETVAL WILL 8k USEQ FDR THE ENTIRE DATA SET. 1f SETVAL IS NMITTED,

RATE{MU,DY) WILL BE USED FOR DATE MO,pY IF GIVEN ON THE SR-SS CARD
FOR DATE MO,DY, [F BOUTH SETVAL AND RATE(MO,0Y) ARE GMITTED, CALCK

WILL DETERMINE THE ATMOSPHERIC DIFFUSTON CUNSTANT BY AVERAGING THE
K VALUES CALCULATED BETWEEN FACH PAIR OF NIGHTTIME OXYGEN

[allaNeRaleNaRelrs]

RATES-UF-CHANGE AND SURFACE SATURATION DEFICITS.
COMMON 7CAL/ SURFR,DEF )
COMMON T, QK DELT , INDX, MARK , [ERRNR
MPIMENSTON  T(100),0K(100),DELTLL1O0Y,SURFRLLI00),DEFIIOO)
[FUABS{SETVAL).LE. Q.0 } GU FD L
KT = 2

DAVR = SETVAL

RE TURN

IFL ABS(RATE).LE.N.D ) GO TO S
KT = 3

JAVH = RATE

HF TURN

19

15

16

17

20
25

30

40

7

JSUM=0.0

KT = 1

WKNT=0 .0

1=]

IF{TUI}.GF.SR} G TO 10

GU 10 21

TTFIDEEC 1) . EQ.DEF L I+1)) GO T0 17

ITIDEF{T) LEQGLUEF{ F+1 1160 TO L6
OVAL=~ABSTESURFRI{T+1I-SURFRIIDIM/LUOEF{I#1}-DEFLI) Y)Y

IFLABSIIYAL) .G LABS{BOUNDIORLDEFITI.EQ.OEFEI+L) ) OVAL=-ABSIBOUND)
DSUM=QSUM+QVAL
WKNT=QRNT+1.0
f=t+1
[FI{.EQ.INDXY GO TO 50
IF(TOI+0)LLELSR ) GU T0 LS
[=1+1

IFOT.ED.INDXY GG TO 59
TROFLLILLTLSS) GO TO 2%
FITLI+1D.LECSS) G fO 20
THLDEF{T) WFQ.DEF L+ GO TN &5

TFIDEFLINJEQUDEFET#N G TO &2

VAL =-ABSTISURFROT#LI-SURFRIIIIZEDEFEI#LI-DEFCTI Y

IFLABSTUVAL Y W GTLABSIBUUND) JORLOEF I T) bQuUEF L T+#1 ) ) QVAL =- ABS{ RULND)
ISUM=QSUMEUVAL
WENT=QKNT+1 .9
f=l+1

1F1 L L INOX) GL TD 40




50 QAVR=-ARS(QSUM/QKNT)

RETURN
END
SUBROUTNE SHUFLE

SHUFLE...THIS SUBROUTENE REORGANIZES INPUT DATA,
AT TIME 0,00 AND ENU AT TIME 26.00.. __ .

" CUMMON T,QK/DELT s INDX,MARK, IERROR

DELTOINDX) = T(1l ) - TCOINDX}
MINDX = INDX + 2 —MARK

SO READINGS WILL BEGIN

CDIMENSION TLLOQM.SURFLL00),SAT(100),0KE100),DELTEI00),Q0100)

SURFL1)= Q.0

i1} = QKIMARK=1]}

SATEL)Y = TIMARK)

M0 1111 [ = 2,MINDX
MAR]L = MARK + I -2
Qi) = QKIMARL)

1111

SURFLI) = T{MARI)

SATLL) = DELTIMARL)
LONT [NUE
MRKML = MARK - 1.
NU2222 | = 1yMRKM]

MI = MINDX+]

£222

QEMLY = UKiL)
L SURF{ML) = TLI}
SATIMI) = DELTILT)
GCONT LNUE
INDYX = INDX + 2
SURF (INOJX) = 24,0

SATUINDX-1} = 24,0 =SURF{EINDX-1)
SATLINDX)Y = 0.0
QUINDXY = QUINDX-1)
00 3332 [ = 1,1INDX
WKIT) = Q(I)
[{1] = SURECL)

3133

DELY(I) = SAT({I}

CONTINUE

DO Y40 1 = 1, INDX
Il = INDYX + 1-1
TFOTUITYLLFL12.D ) GO TO bah
QK(II+1) = QK(1H}

140
149

Teif+1) = T{I1}
DELTLIL#L) = DELTULLL)
CHNTENNF
MAKK = JT1+1
GELYOLY = T{2)
TIMARK ) = 12,0

DELTIMARKY = TIMARK+1}-12.0

WK IMARK ) = WK I{MARK-1}
DELTIMARK=1Y = 1247 ~T{MARK-1I
THNY = [NDX+1

BETURN

END.

b |

SUBROUTINE RESP{ INC1,ENC2+SRSS.MA,MP
RESP. . W THIS SUBROUTING DECIDES WHICH PRE-SUNRISE
THE NFGATIVE RATE-(F-CHANGE CURVE WILL BE

AND POST-SUNSHT
USFD TN catCuLary

oM
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¢ " HYPOTHETICAL DAYTIME RESPIRATION LINE.

COMMON T,QK,DELT,INDX, MARK, TERROR

DIMENSION T(100)+QK(100),DELTI100)
MIN) = 1

MRKML = MARK~1
DG 150 1 = JaMRKM]

TF(QKIT).LE.QKIMINL)) MINt = 1
150 CONT]INUE .

TFIQKIMINL] .GF.0.0 ) CALL ERROR( 2
DO 170 1 = 1,MARK

...170 CONTINUE

IF(TLI).GT.SR) GO TO 180

180 11! = [-1
IPBSR = §L

[F{MINI.LT.IPBSR) GO TO 185
MA = 1

INC1 = MINL + |
GO 18 230

185 LFI(SR-T{IPBSR)}/DELTUIPBSRI.LT. .75 1 GO TO 190

IF{QK{IPBSRI.GELO.O0 } GIJ TO 190
INC1 = 1PBSRe1
MA = 2

GU 1O 230
190 CONTINUE
MA = 3
D0 200 | = 1.IPBSR
1t = IPBSR-I
IF(QKII13.LT. 0.0 } GO TO 210

700 CUNTINUF

_210_1PY = 11 )
T(IPBSR) = SR

CDELTO{IPHSR-11 = SR-T{IPBSR-1)
DELT{EPRSR) = T{IPBSR+11 ~ SR
1PBSRL = [PASR~1

© 220 CONTINUE

230 CONTINUE

PG 220 1 = IPL,1PBSRI
QKET) = QK(IPI)

INC1 = [PBSR

DO 240 [ = MARK, INDX

IF{ SS.LT.T(11) GO T3 250
240 CONTINUE

o590 IPASS = I

INC2Z = |

TFI{TCIPASS)-SS)/DELTLIPASS=1.GE. .5) INC2

LIMIT = INDX

[HCINDX-INC2.GE.2) LIMIT=[NCZ2+2

MINZ2 = LIMIT

DU 160 T=MARK,LIMIT

TFL QKOTH.LT.OGKIMINZY) MINZ2 = 1
160 CUNTINUF

TFLUKIMING) . 6T.0.0 ) CALL ERRORI 3
260 [FIMINZ.GT.INCZ2} GO (1 27N
MP - 1

INC2 = MINZ
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GO AL
210 CANTINUE
Mp = 2
DO 390 I = 1PASSMIN?
AKET) = QKIMIN2}

400 CUNTINUE o - . . e o
INC2 = [PASS

310 CUNTENUF . e . e
RE TURN

— L ENQ

SURRUUTINE  AREAL VAR,HAR,RATTIU,XPHO, ENCL,INC2)

APEFA, . .THIS SUBROQUTINE INTEGRATLES APPRIIPRIATE StCT LLNS (JF THE o
RHATEF-DF-CHANGE CURVE TO YEILD GROSS PRIMARY PROGUCTIVIFYIVARY AND
COMMUNITY RESPIRATE IN{HARYy AND CIMPUTES NET PRODUCTVITY (XPHRII) AN
PR RATIO(RATION,

e COMMON T,QK.DEET . INDX MARK, IERROR

OIMENSTIN T{190) , QK(L0M) » DELTHION)
INCIML = INCI-1 . . . T R
AR = 0.0
INC2M1 = INCZ2 - 1 N e .
0100 1 = INCLe INCOM]
AR = AR o« OK(]I#DELTIT)
120 CONTINGF

Pl W

CART = LUKCINCLI-LE QR UINC2) )2 {TLINC2)-THINCL} /2,0
VAR = AR - ARY
HAR = 3.0

DY 30D i=1,INCLML
IEC QK1) eiTuQu) taR = HAR + QK{JI*DELT(})
120 CONTINUF
00 400 I = INC2,INDX S o
TF{ OKUED.LT.0.) HAR = HAR + QK{I1)*OELTLI}
400 GUNTINUF _ ]
HAR = —(ART+HAR)
XPPL = YAR-HAR
RATIO = VAR/HAR
_ RETURN
END
SUBRDUTINE  PLTISR,S5S,TITLE) L
CUMMON/HE A/ ST Ly SURT (MOL,N¥ T, YR
I 1 RIE " ;
C (G/MEX2/HR) VEMSUS TIME IN HOURS. PLT IS OPTIUNAL A4S SPECIF1:D AY
€ . INPUT ARGUMENT NPLT, . - o
COMMON T,QK
DIMENSION TU100),QK(10:)
DIMENSTON TX02500,0¥(250),0UM(25C), TITLE(20)
INTEGER _ ST1,5U81.MUL,0Y 1, YR]
N0 776 1=1,750
XD = 0,0
Qvery = 0.0
/76 . CUNTINUE : , o o .

TXe)=7{1)
QY(1li=QK(1)
) =1

DO 778 I=1,241 U ) . . _
TX{I+1) = TXI[T) + .1
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FFC TXUI+1).GE.TEUsL0) J = Jel
Qvii+sl} = QKUJ}

78 CONTINUE

T¥{242) =&

—_l

QY{242) = C.
TX{243%3 = §

QY (243} .
TX(2ab4)
QY{244)

LTXE245])

QY{245)

CALL PLUTITX, 0 e QY0 e DUIM, 04243 e ba 029001}

WRTITE(6,2)

WRITE (A, 1Y TITLE,STE,SUBLeMIIL,,NYL, YRI

WRITE(H,3Y  SR,S5S

FURMATAIH 42084, BHSTATT N , (2, 3%y LIMSUBSTATION o 123X 5HDAYE 12,1

iy o fou N

FH g 12y 1M/ 12 W F 1Y

2 FORMATUIHO 10X,y *Y¥-AX[S = HATE UF CHANGE N GRAMS-UF-(IXYGEN/M®2 /HiUs

EURT o 3NX *X=-AXES = TIME N HOUKS')

3 OFNRMATUA2X, "SUNRISE=",F5.2,5X, "SUNSHET =" ,F5.2)

RETURN
FND

SUBROUTINE PNCHI VAR yHAR (RAT I, XPRO,L,DIFPS,.DIFNG)
CUMMON/HEADY/ST1 SURL ML DY YR

C PNCH. ..THIS SUBRDUTINE PUNCHES JUTPUT ON CARDS. PNCH IS (OPTIUNAL AS
" SPECIFLED BY INPUT ARGUMENT NPUNCH,

ISCVAR = {100.%ABS( VAR Vho+ .S

[HAR = [100.*ABS| HAR 1} + .5

1XPRD = (100.%ABS({ XPRN }) + .5

IRATI = (100.%ABSI RATIO b o+ .5

IDTFP = {(100.%ABS( IFPS 1} o+ .5

IDIFN = {100.*ABS{ L 1FNG V) o+ .5

WRITE(T7,4) STLaSUBL YR 1,MULDY1,ISCVARIHAR IXPRO, TRAT L, IDIFP,
* [O1FN

T G T FORMATIOX 121 B 42 12 4313 44Xs211 0,415 )

Rk TURN

£ND

SUBROUTINE ERRORIM)
GO T 1+ 20304 M

L WRITE(A,111M
RETIRN
2 WRITE(H,22)
RETURN
3 WHITEL A, 33)
RETUKN
L] FURMATI{IHN, L2H**#%& FRAQGR y 172,174 NECURRED wxsss o/
* LH ,37viekdar SKIP 11 NFEXT UATA Sel s#%ks Frii
22 FORMATILH ,iRH&e¥xe AM VALUES ARF ALL PASITIVE #%%u¢ }
33 FORMATILH ,33A%e42s DM VAL UES ARE ALL PUSITIVE w#®ex )
END
SUBROUTINE PLOTEXaLX Y oL Yo Z oL Z g NPT NFLOT  NCDPY (NLD oND TM NXTREM,
___ _ENPAGE)
C PURPDSE
o THIS SUBRUUTINE PLUTS UP T7) TEN RELATIANSHEPS ub THL FORM ¥ = F{X].
€ IT WILL ALSD PREPARE TUPOGRAPHIC MAPPINGS UF THREE DTMENS[INAL



181

SURFACFS.
CUSAGE
CaLL PLUT(X LX, Y.LY.Z.Ll NPT, NPLUToNCWDY NCUcNDlH,NxTHFH NPAGE )
Xe Ya L - LODRDINATES WE_DATA PUINTS
LXs LY, LZ -~ SCALING FACTORS. THE SCALES ON EACH AXIS MAY BE L INEAR,
. JONE CYCLE LOGs TWO CYCLE 10Gs .. .SEX CYCLE LOG .
NPT - NUMABER OF POINTS TO BE PLOTTED
. NPLUT - NUMBER OF RELATIONSHIPS_TO. BE PLOTIED IN DIRFERENT
SYMBOLS §F PLOTS ARE TWO DIMENSICGNAL. IF A TOPOGRAPHIC
MAPPING JS CALLED FOR NPLUT 1S NUMBER OF CUNTOURS TO BE PLOTIED,
NCOPY - NUMBEW OF DUPLICATE PLOTS TN BE MADE
_NCD - NUMBER UF [NFORMATION CARDS T HE READ., _IF NCD IS ZERU N
CARDS ARE READ. DOTHERWISE SEE WRITE UP,
NOIM - IF THE RELATUIONSHIPS WHICH ARE TO BE PLOTTEQ ARE TwQ _ .
DIMENS LIONAL NOIM (S 2, AND IF A TOPOGRAPHICH MAPPING [S DFSIRED
NOIM IS 3,
NXTREM - IF NXTREM IS 1, A CARD WITH THE LIMITING VALUFS OF
. THE X» Y. AND Z SCALES 1S READ. OTHERWISE IHEY ARE
CALCULATED WITHIN THE SUBRUUTINE $U THAT ALL DATA POINTS WILL
. CAPPEAR. ON THE PLOT. ... _ _ et e e i R
"NPAGE - NUMBER UF PAGFS THE PLOT IS T3 COVER. [F NPAGE LS 1 THE PLOIT
15 59 LEINES HiGH. EACH JNCREASE OF § IN NPAGE CAUSES THE
PLOT TO EXTEND ACROSS AN ADDITIONAL 66 LINES.
- SUBROUTINGS. REQUIRED SR e e e +
THE FORTRAN 1V SUBROUTINE PCT L5 INCLUDED AS PART OF 1HE
e - PLOTYING PACKAGE. ... .. IO

F(ﬁr\ﬁpcﬁp:ﬁncﬁp:whcﬂr\ﬁ

opaDoporoDe

REAL N
DIMENSTON XUL# oY (LY yZ80) oSXOT)oTITLEC?D} 44134 b NCHIGL) , NH{GT)
e ®yMOPLG2) s FMLIO) o FM2L 0] aFM3L6) FMALBFMO{B)FHALBYFMTL6),FRTLS)
L.SCLL3)
DATA _FMLZTULIH e s ALata'F9.20 121 2 A1) "ot 1
DATA FMZ/VULH V' AL, "FI,4%, %1211, "AL) ',' v
DATA FMA/*(EH *y* AL, ! JPEG? o *, 2,1 ,%21AL %] '/
L]
. .

DATA FMG/ U1K 4 1PEL 3 6024 s 'SE20", %224 E'+115.2%, ") Yyt v/
N DAIA_EMSI'LSXL,L'F9.&)1 PLIPERNS L. VLANLL IS RFLFL) FLIFRL A P ')

DATA FMO/ ' USX o' g P FTa2 w " oS0 LY 3 LR G 20 s " e 3Ny P27, '/
wh__DAIA_NCHl1H01lHl:JHZALHJ11&&4lﬂ54lﬁﬁ:£ﬂln1&&:1HELLH&;LB§lLﬂC:IHQL”,W
"E|HE ) LMF s IHG ¢ IHH YHI y LHY s THK  ITHL o IHM y LHN, LHO » 1HP LHQ, 1HR 9 THS y 1HT, 1
MU IHY s LWy IHX s kHY s AIHO s IH*, IHS s L= 1H¢ s 1H~F

OATA ND NP ,NM, NB/tH. s LH* s LH=y1H /

e DATA SCULAMHK MY L AHES
1 FORMAT [204A4)
2 EORMATIS52A1s TA4) e e
3 FORMAT(IH ,26X,20A4)
5 FORMATC(]132A1)

& FORMATISH ALL ,A1,57H VALUES ARE NEGATIVE. LOG SCALE MAY NOT AF §
e JBPECIFIED, . R R

7 FORMATILPELT. 2 E115.2)
.. B FORMAT{LPELT 2o E0)e22F54.2)

9 FORMATIIPELT.2+2E40.2,E35.21)

JO _FORMATLIPELT 23630, 2,E25,2]

11 FORMATU{LIPELT.2+4E24.2,E19.2)

12 FORMATLLIHK :59X 1 7A%)

T4 FORMAT(AELZ2.2)
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FORMAT{IH1)

182

BO FURMAT{TOH NPTINO, OF PTS.) MUST BF EVENLY DIVISIBLE BY NPLOT(NI,

84

*(If CURVES.} L

FURMATILX,y 36HUNE DIMENSTONAL PLUT NOT ALLOWED, }

94

35

FORMAT(47AL 410X, 7TA%)
NU9ISI=1y41
NH{T)=NCH{ 1]}
N=5D+66* (NPAGE -1
LLX=LX+]

NDD=NCD 1

13

14

GOTOUL15, 13,14.131,NOD
READ(S,y LV(TITLE(L) 4 121,20}
IFINDD.LT.3IGOTNLS
LEINDIMJNE . 3}GOTO93

READIS,+94){MOPLI), 121,42}, TABL,TAB2,TAB 3, TABG, TABS ,TABG, TABT

GO TO 81

93

15
82
81

READIS. 21 (MOP{[)41=1442},( NH{I),1=1,10),TABL,TABZ,TAB3, TAB4,TAKS,

1TARG,TABT

GAaTO81
DOB2E=1,42
MOP{TI)=NB
NCH{41)=NA

H5

[IF(FLOATINPT/NPLOT)-FLOATINPTY/FLOATINPLOTIIIOL 85,101
IF(NXTREM.EQ.1160TOT72
YMIN=1.00F 7%

AMIN=YMIN

IMIN=YMIN

YMAX=1.D0E-T78

53

XMAX=YMAX
ZMAX=YMAX
NG511=1+NPT
GOTOL1N3,52453) 4 NIHIM
IFCZ0E).GELZMAX) ZMAX=Z (
IF(ZII).LELZMIN) ZMIN=21

52

CIFCYII)LLE.YMINIYMIN=Y L

51

TF (X1} .GE. XMAX ) XMAXaX |
IFEXCI)-LE.XMIN) XMIN=X
CONTINUE
TF(LX.6T.0160T0907

N
1)
TFY(I1).GE,YMAX) YMAX=Y (1)
i
0
i)

00

XMIN=XMIN—({ XMAX-KMINF/ 7500
XMAX=XMAX+( XMAX-XMIND}/T5.0
IFILY.GT,.0)GOTOTS
YMIN=YMEN- (YMAX-YMIN)/30.0
YMAX=YMAX ¢ {YMAX~YMINI/ 30,0
507073

T2
73

READU S, T4 ) XMIN, XMA X, YMI N YMAX ( ZMIN, 7MAX

1E (YMAX,GT 100004008 YMIN,LT.1-10090,01)G0T060.
[F {YMAX~YMIN,LT.5.0)G0T060

IFCYMAX.GT . 10.0.0RYMIN.LT,(-10.0)1GNTN62
IFUYMAX.LY.0.01.0R ABS{YMINI.LT.0.01)GOTDAD
DUSYI=146

59

60

FMT{TY=FM2( 1)
GOT6S
Nie1r=1+6
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61 FMT(I=FM3LT)
GOTO6Y

62 D6K3I[=1,6

63 _FMY{L)=FMI{1]})

6% TF(XMAX,GT 100000 0RXMEIN LT, [-L0020.001G0TO6T
[FIXMAX-XMINLLT,.S.QIGLELGT . .
IFEAMAX W GT L 10 0. 0RXMIN.LT . 1-10.011G60T069
TFEAMAXALT 2001 ORCABS{XMINDLLTL0. 00 GRTOGT . .
No661=1,8

_bbh FRI{II=FMS{])
GOTOTn

6T DO6BE=1.8

68 FRTITI=IFM&(T)
GNTOTO

69 DNTLE=1,8

Il ERTi{11=FMhHTL)

ORI X.GT.O0NGNTULT
CX=120.7/ [ XMAX~XMINI
SXUL)=XMIN
SX{T1=XMAX
=XMIN
RUIGK=2. 6
U= XMAX-AMIN} /6, +U

le SXim}=U
GATL9

17 XLX=LX o B
TF{XMAX.LELO.OIGOTOLDD
XMINS10 . 0x* (ALDCLO{XMAX*D,999999) —FLUAT(LX}))
MS=1
CX=120./XLX e e -
NX=ALOGLO{ XMIN)

TFEAMINGLY L. OINX=ALQGLO( XMINI-0,999999% .
XMIN=10,00¥NX :
DOIRK=1,0LLX

18 SX{K}=10,.%*{NX+K—-1)

19 CALLPUTIX o XMINSLX NPT, 0,120..0X) . e
IFILY..GT.0IGDTOR0

LEYENJCYMAX-YMINE L
GOTO21

20 YLY=LY
[F{YMAX.LE.O.0IGAOTNLND
YMIN=L0.0%* (ALOGLOLYMAX*9,.999999)-FLOATILYY) _ .. . .
MS=2
CY=N/YLY
Ky=(Y
NY=ALDGLO{YMIN}
[FIYMINLLT w1 OINYRALOGLN(YMINI-0.9999999
YMIN=L7. 0*ENY ——

21 CALLPOTIY s ¥MINGLY NPT ,1 ,N:C¥]
TFINDIM LT, 2)G0T024 . . _
FPLOT=NPLOT
1EiL7 «GY.0)60T022
C2=FPLOT/(IMAX~IMIN}

GOTO23.

22 il=L1
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IF(ZMAX.LE.D.0)60T0100
IMIN=]10,0%*(ALOGLOCIMAX®9.999999} -1 1)
M5=3

CL=FPLOT/ZILE

[FLIMIN.GEL1.0)G0 TU 23
TA=ALGGLO{IMIND -, 9999999
ZMIN=15.0%*1A
23 CALL POT(Z,ZMIN,LZ NPT,0.FPLUTSLI)
NOTTI=1,NPT
1Z=2(1)+1.0

LUE =NCHITZ)

¥7 CONTINUE
nOT099

24 NPN=NPT/NPLOT
DO 78I=1,NPLOT
JI= (- L) ENPN+L

JK=1%NPN

NOTRI=JS ¢ K

Z1J)=NHIT]}
18 CONTINUE
99 DOLD2T=1.NPT

DOLI02J=T JNPT

TF{Y{ 1) .GELY( ) )GOTOLD2
A=zY(E)
B=XI1T1)
Y{ri=ytJ}r
XlTy=x{J}
Y{J)=A

X(JI=8
C=241)
2y =21J}
iar=c

102 CONTINUE
DOS6END=1,NCUPY

Ml=]

M2=1

LL=0C

LYY=LY

1T=N
HRITE{6,T76)

LFINDD«EQ. 1 «ORJNDUDLEQ. 36N TO 97
WRITF{&6:3){TITLE(T) vi=1420)
97 NN=N+]1LD
NU43KK=14NN
M=)
NNN=NPN

JEN=1
T INTIN)-KK+1
DO254=1,133

25 L{J)=NR
LEL33)aND
1F(LY.GY.0160T026

LOE3)=NP
[FIT.GT.TT)IGODY3N
SCALE=T/CY+YMIN



—  JF1 Tl FaQ.} SCALE=YMIN

.26
27

2m

29

185

LI{133)=NP
M=0
1=TT~5.

GOT030

GATOE2T42T22R 28,2280 Y —
SS=KY*LYY
GOTIUZ9 e
SS=KYSEYY+el
LE131=ND

TF(T.GT.551G0Y030
SCALE= 1O **{NY+LYYY . .
M=)
CLYY=LYY-L o e
L{13)=NP
A L1331=NP

30
31
32

IF(NLEQ.TIGOTO31
IFLQ..NELTYGDYOAT .
DO32J=14,133

Ledy=NM
[IFILX.GT.0IGATO34

RO334=13.1233,10

33
14

ED
Y

ROTO3G

LtJI=NP

KX=120/LX
B0380=13. 033,86 . . .
L{J)=NP

JEANSEQaTIL{123)=ND

e AFAL L W GTANRPTYGOENTS L

37

22

L=+l

TFAY L) ~T}T19,92,437
AEXLLLY oL e
L{J#«13)=2(L L)

LoI03 ¢

79

LL=Li-1

e AEAML L GY a4 0 INTANI-500/2  +AND.ML.LT. 4T+ TNIINI=50}/2 IGUTOSS

Li2)=NB

BOTOSS . . o o . G e
L{2)=M0PIM2)

M2=M2 ]

47

43

ML =M1+l

IFfM.EQ.1YGAT042 . .

WRITE(AR s FMTILL2Y +SCALES LI} ,J=13,133)
GOY043 .
WRETELHsSHILEJ)d31411 0, (L LY d=13,133)
CONT INUE

44

49

47T

GOTUl 44, 45,404 Ts4840Fsb4b) ,1L1LY%
WRITELS,FRTIUSX{K)oK=1,T)
LAaTNS0

WRITEL 6 THISXIK) 1K=}, LLX)
GOTOS0

T =

GUTNSY
WRITE{&F) [SX{KI s K=y LLX)
GOTOSH
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40
2Q

186

WRITE(A, 1OV ISK{K}sK=1,LL X}
GOTOS0 e e
WRITE (6, L13{SXIK) oK=1,LL X}
IFINDDL.LY.31)GOTD56

13

L1900
101

WRITE{&,L2)TABL1 .TABZ,TAB3,TAB4,TABS,TABS,TABT
CONTINUE __ -
RETURN

RETURN
WRITEL(H,80})

103

RETURN
WRITELG, 860
RETURN

END i e e e e e
SUBRDUTINEPOT (Y, YMINLY NP, VL4 C)
DIMENSIONVEL)

TF{LV.GT.0}G0TD2

DOAI=1,NP
VT F=FLOATO INTIC*IVII)-VMINI}+.5)}
Garose oottt e L s e e e
VMIN=10.0%%( INTUALDGLOIVMIND )Y

D03[=1.NP

TF(vil).LE.C.DIGOTNI

VOL)=FLOAT( INTUCA(ALOGVLLI/VMINI/2.302585) %2500
VT=vi{l)}

CONTINUF
NNai=1eNP
[TFiVLL LT 0O,IG0T05

[F(ViII.LE.V(IGOTOS
VOI)sYC+l.

CUNT INUE

RETURN

END
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A F1%IT1aN OF  CUASSES 0F DATA 7

FOQ

PIIaTS nF THE CHYPOTHETICAL “DAYLIGHT RESPIRAT [ON

LINE

ANTYING CLASSTS

o TTOUASE(Y a0 s tE BT g
FISPTTATLON LN

CUASE 2, )., 1 Tl aprjaga
Tag 1NTET AL T

JIN5 INTERVAL S 3ETWEEN INTERVAL NEAREST SUNRISE AND NOON,

C W4iLE 3F ORAWN FAM THE LEADING EDGE JQF THE MINTMUM INTERVAL

TRTF VAL JCCURS AEFORE 'THE INTERVAL NEAREST SUNRISEAND [TF TESS THAN 25

AT ALNING SUNTTSE IS L IGHT AND FHE 5% INTERVAL S NEGATIVE, THE LINE WILL BE DRAWN

Fo o1 At 215471

T ST eRF Ty
LS I IS
FuENING 2o INT . ’

FYLE (F THE SR INTEGQVAL.

Lasse3, o), 18 8 F4a% 26 22208 4T 3F THE SR INTERVAL 15 LISHT OR §F THE SR INTERVAL IS5 POSITIVE, THE RATE UF“

MNG REGATIVE INTERVAL & ILE 3E EXYENDED TY 'SR ARD TRE UTNE "NILL BE OREWN

TEAGSSIG b, L 1F T Syt T MEINTYYY {MTERVAL JCLURS BETWEEN NOON AND THE INTERVAL

NEARE ST SUNSET, THE LINE wWiilL

A0 Y A et TY THE
TLASTH® g2 Yawedb Tz AN

LEFT £DGE DF THE MINIMUM TINTERVAL.

[STEIAL OCCURS AFYER THE INTERVAL NEAREST S5

THE RATE OF THE MINIMUM INTERVAL WILL

- ST TENYE Y ALK Eg THE RIGHY EAGE OF THETINTERVAL TORTATNING SS AND TRE UINE WILL WE DRAWN TO THAT
YT,
. 1 1 1 10,00
- & 21 5.55 19.6%
ROGSHANARA GARDEN TANK  OELHI, INDIA 7
t S P T S A Y L T P LT T L 2 S D "'L’ T
) 121159 621 1 09,00 72 5.3 5.3 o . B B
12 L7159 6 21 L 12.8067178 T1E.5 12.5 - o o
1211 59 6 21 1 15.00 406 28.2 28,2
T T2 1 1 59 6 21 1 18.00 206 14.8  1%.8
121 159 621 1 21.00 103 7T.6 1.6
" B . 12T ¥ 59 621 1U@6.00 TO Sy sy T o
_ 121 1. 59 6. 21 1 03.00 18 L% .4 S -
121159 625 106,00 1 0.1 0.1
i o 12 1.159 621 1 09,00 3& 2.4 Z:4
3 1 L k0.00 O S e e
11 24 6.97 17.45
ST SN - %K S & - L. . U . [
4 3 6,32 18,85
_ KAQEL P 10A
t BXr212,31344X,F5,2:Fa,2,F6.14FT.1 )
121167 4 3 3 07.00 80 7,3 _21.3 . .. .. e R N
121167 4 3 3 11.00 83 7,8 23,6
_ N 12 11 67 4 _3 3 (%.,00 9% Byl 22+3 e o
12 L 1L 67 4% 3 3 19.00 103 8.9 24.8
U e 12 1.1 o1 & _ 3 3 23,00 92 8.} 23,2 .
121167 4 3 3 03,00 85 T.6 22.2
12 1.1 67 4 3 3 07.00 80 T.3_ 21.3 o O

L81



TIME
iR
T.00
1l.00
15.00
19.00
73,30
3.0N

T. 00

WL

INTERY AL

HR

4.00

.27

4.00

{ {
STATIIN 1
SURFALE SATY
SAY DEF

0. 80
0.19

.43
0.i1

0.9%
0.31

1.03
0.0}

0.92
J.12

Q.85
0.18

2.30

VALMES ADJUSTED ACTIRDING T CLASS{L. L)

ATSOLIATION LINF BZSINS AT

SR25S
TITAL
NET PR
PROD/P

TI¢E

0.9

3.3%

7«22
11.00
12.29
15.00
19.00
23.00
24.00

P21D
ESP
an

ESP’

TNTERVAL

1,00
4,80
%.3)
1. 00
1.00
4,00
4.00
1.92
0.0

7.23
9.30
-2.07

.18

T4 TE

=0.135
~0.17
-2.08
a.08
0.0A
J.52
~0.42
-0.35
-2.35%

O J2/48% 272442
OF 02/ M**2/ 24HR
DF O2/M&%2 /2447

7.30 HOURS

POND,
SUBSTATION

SURFATE
YA LLS]
Te3

AND €405 AT

FLDR IDA

DATE &/ 3/57

SURF RT
3 /MEN 3 /HR

0.03
0.17
0.20
-0.20
~-0.13

-0.08

19.00HIJ2S

DIFFUSTON-DUT =
DIFFUSIIN-IV =

JTIFFUSION ZONSTANT {K)

i

COLUMN COL RT
G/MeEZ  INES2/HR
21.3

2.J8
Zl.8

0.17
22.3

0.63
24.8

-0.40
3.2

~0.25
22.2

~0.23
21.3

G OF 0Z/M¥%2/24HR
G OF O2/u**2/24HR

DIFF
CORR

=G.15
~Q.09
-0,01
-0.,02
~0.10
~0.15

CORR RATE
G/ MER2 /HR

-0.079
9.083
0.617

-0.421

~0.346

=0.371

= -0.83 CALCULATED BY AVERAGING

881



L O T

+

B. 4

I-ni

4. 317

3.22F-71

L I A A A A A I I

2. 79--n1

-

+
F.3I5F-N24+
+

~Ee237-0

i~

LI A I IR R B B R A R

-1.23=-nt

-2.34£-171

03GA0N0GHNNNJDN
100009

-3, 45F -1

+
~ %y RE - e e e m e --
-0.32
FATE OF THANGE
KA

Y-AX!S =

L i P T

Qa02CCo00N000aN0Co00

00000000000000000000

230732220032402000000

17030092070000

||||||| D e i e T T Iy 3

EN SRAMS=0F-0XYZEN/4¢&2 /HIUR
DEL PONDO,  FLORINA

12.

20

STATION

03300

QC000000000000000000

X-AX15 = TIME
1 SUBSTATION 1

iN HIURS

DATE o/ 3767

LB )

™+

* s

s *r o

*

*

681



- RESPIIATION LIN:

A SHALLDW

STATIDN 1

i { |

T IME INTEIVAL SURFACE SAT
4/ HR SAT DEF

9.00 ) 0. 12
3,00 -0.25

12.00 o 1L.78

o 3,00 -1.92"

15.00 4.06
3,00 -2.95

18.00 2.08
3.20 -0.5%

21.00 t.03
TI000 T 0.14%

0.0 0.70
3.00 0. 56

3,00 0.18
3.00 0.91

6,00 0.01
- S T+ B ’ 0.83°

9.00 0.34%

VALUES ADJUSTED ACCORDING YO CLASS(2.1)

TIME INTERVAL

0.0 0.0
3.0 3.7
3.00 3.00
o 6.807 7 T NO8
9.2 3.00
12.00 0.0
12.00 3.3
15.00 . 3.00
18,00 3.00
71.00 T390
24.00 0.0
GROSS PROD = 52.11
TOTAL RESP = 41.73
NET PRID - = 10.38
PRODS RESP? = 1.25

BE5TNS AT

~
&

G OF D2/Mex2/24HR

*

6.00 HOURS
RATE
-1.02

-2.35%
~2+1%

S =0.79

2.87
f.85
8.85
-0.59
-1.37
“L.N2
~1.02

IF D2/Mew2 /2547

DF D2/MR%2 7244R

POND IN DELHI,
SUBSTATION 1

AND ENDS AT

INDIA
DAYE 6721759

SURFAZE SURF RT COLJMN
3/4%%) VAL E Vi 2 S/NTE2
5.3 5.3
2440
12.5 12.5
5.23
28.2 28.2
~4.47
14.8 1%.8
-2. 40
T«5 T.6
-D. 717
5.3 5+ 3
-1.33
L.% tad
-J.4%
0.1 2.1
0.77
2.% 2.5
18.00HOJRS

DIFFUS{DN-QUT = 26.98

DIFFUS IIw-TN

JIFFUSTON ZONSTANT (k) = —],88

COL RT
S/NEE2/HR

24D
5.23
-4 4T
~2+4%0
-3.T7
-1.30
~0e43

0.77

G GF N27Me%2/24HR
13.70 3 37 N2/Mee2/2440

DIFF
CoRR

Q.47
362
3.88
1.03
=0.25%
=1.05
~1.70

=-1.5%

CUORR RATE
G/ MES2/HR

2.811

8.850
-0.587
=1.374
-1.021
-2.355
-2.138

-0.787

CALCULATED BY AVERAGING

061



i i { { I I i i f { § | | I
D235t mrmcm b e o e ——— e *—- B et ST B e Fmm e ——
+ -
+ e L 3030000003003232 .
+ -
+ »
83,0392+ +
+ -
+ -
+ .
* T -
Sa.B8429+ +
+ -
+ -
+ -
+ L]
Sabhohr +*
+ .
+ .
* -
+ -
4.6500+# +
* -
+ -
+ -
+ .
3.2537+ +
+ .
+ 00000G00000009230 .
+ L]
+ .
26734 +
+ .
+ -
+ -
+ -
. 357194+ *
+ .
* -
& -
+ N 0 .
-7, 31554 - .
+ J00000333303202 .
. 302339723333212 .
+ 0 4Qeeo000Q00000C
* 3300600230 000000 .
~1e9319¢ +
+ .
* .
+ 235709337102333333¥71231332000000 .
+ .
B b B e e R T L e T - Fom——— [ e #mmmm——— Ao P B +
~N.37 3. 79 7.83 12.03 16,11 20.22 24.32

Y-AK[S = RATE OF CHANGE IV GRAMS-DIF-IXYGEN/Ms%2/{IUR
& SHALLOW POND IN  DELHI, TNDT A

K-AXKTIS = TIME IN HOURS
STATION % SUASTATION 1 DATE 6/21/59

161



Table

1I.

ITI.

Iv.

VI.

VII.

VIII.

IX.

XT.

XII.

LIST OF TABLES

Morphometric Data of Keystone Reservoir . . . . . .

Mean Annual Air Temperature and Precipitation for
Tulsa, Oklahoma, U. S. Weather Bureau . . . . . .

Water Balance of Keystone Reservoir . . . . . . . .

Conversion of Absorbances of Phosphorus Standards to

Concentration by Use of the Standard Regression
Equation . . . . © + « ¢t v v v 4 s s v e 0 s s

Precision of Phosphorus Analyses and Variation in
Phosphorus Concentration Among Substations Within
a Sampling Area . . . . . . . . . . - - 0 . . . -

Conversion of Absorbance of Ammonium Chloride
Standards to Concentration by Use of the
Standard Regression BEquation . . . . . . . . . .

Precision of Nitrate Analyses and Variation in
Nitrate Concentration Among Substations Within
a Sampling Area . . . . . . . . 4 4 . e e .

Precision of Chloride Analyses and Variation in
Chloride Concentration Among Substations Within
a Sampling Area . . . . . . 4. . 4 e v e e e

Chemical Oxygen Demand Data Showing the Chloride
Correction, Precision of Analyses, and Variation
in COD Concentration Among Substations Within a
Sampling Area . . . .+ +« « ¢ v v e e e e s 0w

Precision of 5-Day BOD Analyses and Variation in
5-Day BOD Concentration Among Substations
Within a Sampling Area . . . . . « « &« + « & « &

Precision of Gravimetric Analyses and Variation in
Concentrations of Solids Among Substations Within
a Sampling Area . . . . . . . . . 4« 4 e .

Precision of Biomass Analyses and Variation in

Biomass Concentration Among Substations
Within a Sampling Avrea . . . . . . . . .« . . . .

vii

13

30

31

34

37

38

42

46

49

51



Table Page

XIIT. Error Terms Used To Test for Differences in the
Rate of Community Metabolism Among Dates
Within Stations . . . . . ¢ « v & « 4 v e e v e e e e 54

XIV. Error Terms Used To Test for Differences in the
Rate of Community Metabolism Among Stations
Averaged Over All Dates . . . . . . +« . 4+ & « v + + « 54

XV. Comparison of Water Quality and Discharge of the
Cimarron and Arkansas Rivers . . . . . . . . . . . . . 58

XVI. Differences in Water Quality Between Water Years
1965-66 and 1966-67 and Among Sampling
Locations in Keystone Reservoir . . . . . . . . . . . . 60

¥XV11. Pooled Error Terms Used To Test for Differences in
Water Quality Between Water Years 1965-66 and
1966-67 and Least Significant Differences Among
Sampling Locations in Keystone Reservoir . . . . . . . 61

AVIII. Comparison of Cation Ratios of Keystone Reservoir
With Ratios of Ectogenic, Crenogenic, and Biogenic
Meromictic Lakes and Sea Water . . . ., . . . . . . . . 67

XIX. Split Plot Analysis of Variance Among Monthly and
Annual Mean Differences in Surface and Bottom
Temperature of Keystone Reservoir During 1965-66
and 1966-67 Averaged Over Stations II, III, and IV . . 77

XX, Split Plot Analysis of Variance Among Monthly and
Annual Mean Differences in Surface and Bottom
Conductivity of Keystone Reservoir During 1965-66
and 1966-67 Averaged Over Stations II, III, and IV , . 78

XXI. Average Current Velocities and Precision of the
~Free Drag Method in Keystone Reservoir . . . . . . . . 88

AXI1I. Comparison of the Velocity of Currents in Lakes and
Reservolrs . . . . . « v & v o 0 v e o o e e e 91

£ZXII1. Variation in Speed and Direction of Currents at
Station IV, 7 July 1968 . . . . . . . . . . . . . . .. 95

XXIV. Relation of the Effect of Impoundment on Water
Quality to Reservoir Discharge Level , . . . . . . . . 104

¥XV. Annual Means of Concentrations (g m-3) and Amounts
(g m'z) of So0lids and Concentrations of Chloride
Ion and Turbidity in Keystone Reservoir During
1966-67 o v v v & 4 v 4 e e e e e e e e e e e e e . . 106

viii



Table

XXVT,

XXVII.

XXVIII.

AXIX.

IXX1T.
XKXTII.

XXX1V,

XAXVI,

XAXVIT.

XXXVITI.
XXATX,

XL,

Balance of Suspended Solids in Cimarron Arm During
1965-66 and 1966-67 Indicating Rate of
Sedimentation . . . . . . . . . L . ..

Average Alr and Water Temperatures at Times of
Minimum and Maximum Heat Content of Keystone
Reservolr . . . ¢ & « ¢ v v & v o v v e e w e e

Comparison of the Average Observed Annual Heat
Budget of Keystone Reservoir to Heat Budgets
Estimated from Morphometry Using the
Equations of Gorham (1964) . . . . . . . . . . .

Minimum and Maximum Concentrations (mg P m-3) of
Phosphorus Measured at Any Depth at BEach .
Station During 1966-67 . . . . . . . . . . . .

Annual Means of Concentrations (mg P m-3) and
Amounts (mg P m~2) of Phosphorus in Keystone
Reservoir During 1966-67 . . . . . . . . .

Relation of Concentrations (mg P m'3) of the Three
Forms of Phosphorus to the Decrease in Total
Phosphorus Content During July and August 1967 .

Rate of Increase in Total Phosphorus in Reservoirs
of the Great Plains . . . . . . . « . . . .« . . .

Phosphorus Budget of the Cimarron Arm During
1966-67 . . . & . . o L e e e e e e e e e e

Retention of Phosphorus by Reservolrs . . . . . .
Annual Means of Concentrations (mg N m-3) and

Amounts (mg N m'z) of Ammonia-Nitrogen in
Keystone Reservoir During 1966-67 . . . . . . . .

Average Concentrations (mg N m'3) of Nitrate-Nitrogen

in Keystone Reservoir During June, July, and
August 1967 . . . . . . . . . 000w e e

Average Coefficients of Variation of the Oxygen
Curve Method in Keystone Reservoir . . . . . . .

Annual Means of Community Metabolism (g 02 m-2 day—l)

in Keystone Reservoir During 1966~67 . . . . .

Depth-Weighted Annual Means of Community Metabolism
in Keystone Reservoir During 1966-67 . . . . . .

Comparison of Rates of Community Metabolism of
Keystone Reservolr and Other Waters . . . . . . .

ix

Page

. 109

. . 115
.+ . 116
.« « 126
C .. 127
131

132

. . . 133
. . . 134
. . 138
.« . 139
I /Y8
153

« « . 154
. . . 164



Table

X1LT.

XLIT.

XLIII.

XLIV,

XIv.

XLVI.

Variation in Community Metabolism at Station III
in August 1967 . . . . . . . . . .4 e .,

Variation of Structural and Functional Parameters
Among Stations in the Cimarrom Arm ., . . .

Spatial and Temporal Variation of Mean Concentratioms
of BOD and COD and Mean BOD Reaction Constants in
Cimarron Arm During 1966-67 .

Comparison of 5-Day BOD and COD Concentrations
{g 02 m'3) in Keystone Reservoir and Other Waters

Oxygen Budget of Cimarron Arm, 24-25 August 1967

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

Page

166

178

181

183

188

189



LIST OF FIGURES

Flgure Page
1. Location of Keystone Reservoir . . . . . . . . . . . . . .. 5
2, Drainage basin rainfall and air temperature during 1965-67 . 8

3. Temporal variations in total inflow and total outflow of
Keystone Reservoir during 1965-67 . . . . . . . . . . . . . 15

4. Temporal variations in the monthly average volume of
Keystone Reservoir . . . . . . . . . . . . . o 4 . .. 16

5. Temporal variations in the monthly average rate of
evaporation for Keystone Reservoir ., . . . . . . . . . . . 18

6. Keystone Reservoir, Oklahoma . . . . . . . . . . . . . . . . 19

7. Regression line used to convert photometer readings to
standard langleys . . . . . . . . . .+ . 0 L 0w e e e . 23

8. Regression line of undigested phosphorus standards and

curve of digested phosphorus standards . . . . . . . . ., . 28
9. Regression line of ammonium chloride standards . . . . . . . 33
10. Regression line of potassium nitrate standards . . . . , . . 36

11. Curve and regression line of chemical oxygen demand of
chloride standards with and without the addition of
mercuric sulfate . . . . . . . . . . . L o 0 e w000 40

12, BOD exertad over time by water from Keystone Reservoir,
January 1966 . . . . . . . . . v h e e e e e e e e e e 45

13. Winter and summer extremes of stratification at
Station IV during 1966 and 1967 . . . . . . . . . . . . . . 65

la, Effect of release of hypolimnetic water on conductivity
in Keystone Reservoir, 1966 . . . . . . . . . . . . . . .. 70

15. 1lsotherms of temperature in Keystone Reservoir
during 1965-67 . . . . . .+ . . . . . 0 e 0 e e e e e 71

16, Isolines of conductivity in Keystone Reservoir
during 1965«67 . .« . . . . 0 0 e e e e e e e e e e e 72

xi



Figure

17.
18.
19.

20,

21.

22,

26,

27.

at.
32.

33.

Isolines of dissolved oxygen concentration in Keystone
Reservair during 1965-67 . . . . . . . . . . . . . . .,

Isolines of pH in Keystone Reservoir during 1965-67 . . . .

Comparison of monthly and station mean differences in
surface and bottom temperature of Keystone Reservoir
during 1965-66 and 1966-67 . . . . . . . . . . . . . ..

Comparison of monthly and station mean differences in
surface and bottom conductivity of Keystone Reservoir

during 1965-66 and 1966-67 . . . . . . . . . . . . .

Isolines of conductivity showing density flows in
Keystone Reservoir during 1966 and 1967 . . . . . . .

Chloride/sulfate ratios in Keystone Reservoir during :
1965-67 . . . . . v L o e s e e e e e e e e

Free-drag used to measure velocity and direction of
subsurface currents in Keystone Reservoir . . . . . .

Comparison of the speed and direction of surface currents
as estimated by the free-drag and dye plume methods .

Speead and direction of surface and sub-surface currents
at Station IV, 24 September 1967 . . . . . . . . . . .

Speed and direction of surface and sub-surface currents
at Station III, 19 August 1967 . . . . . . . . .

Spead and direction of currents in Keystone Reservoir
cn 22-23 June 1968 . . . . . . . . . . 0 e ..

Effects of the level of reservoir discharge on circulation
‘patterns in Keystone Reservoir ., . . . . . . . . . . . .

Estimated time of travel (days) cf water masses in
Keysteone Reservoir o . 0 & v v v v v v i e e e e e e e

Effects of impoundment on water quality of the
Cimarron River . . . . . . + « « « « « + o« .« 4

Gomparison of turbidity and suspended solids content of
the Cimarron arm during 1965-66 and 1966-67 . . . . . . .

Average temperature profiles on dates of minimum and
maximum heat content of Keystone Reservoir . . . . .

Minimum and maximum heat contents and Birgean heat
budgets for Keystone Reservoir . . . . . . . ., . .

xii

Page

73

74

79

80

82

83

85

87

89

92

94

96

100

102

108

113

114



Figure

34,

35,

36.

37.

38.

39.

40.

41.
42.

43,

45.

be.

Comparison of monthly net gains and losses of heat due
to differences in heat content of inflowing and
outflowing water during 1965-66 and 1966-67 . . . . . . . .

Relation of phosphorus content of Cimarron arm to
Cimarron River discharge during 1966-67 . . . . . . . . . .

Comuunity metabolism and atmospheric reaeration at
Station 1V, Keystone Reservoir, 23-24 July 1967, as
calculated by the 02 curve method . . . . . . . . . . .

Effect of a varied photoperiod on the rate-of-change
of oxygen in eight laboratory microcosms during the
early stages of succession . . . . . . . . . . . . . . .

Comparison of hypothetical daytime respiration lines
drawn between X negative rate-of-change points at the
beginning and at the end of the light period with least
squares regression iines fitted through observed rates
of community respiration . . . . . . . . .« v v o4 s 4 s

Comparison of the rates of community metabolism in
eight laboratory microcosms containing water from
Keystomne Reserveir as measured by the pH-CO, curve
method, O2 curve method, and light and dark bottle
method 7. o . . L 0 v 0 e s e e e s e e e e e e e

Annual station means and monthly means of gross productivity
and respiration in the euphotic zone of Keystone
Reservoir during 1965-66 as measured by the light
and dark bottle method . . . . . . . . « « « + 4+ « . .

Temporal variation of Pg at stations in the Cimarron
arm during 1966-67 . . . . . . . . . . . o 0 4. e e e s

Temporal variation of Rt at stations in the Cimarrom
arm during 1966-67 . . . . . L 0 v e e e e e e e e e

Temporal variation of Pg/Rt ratios at stations in the
Cimarron arm during 1966-67 . . . . . . . . . . . . .

Comparison of solar radiation on sampling dates to
monthly means of scolar radiation, and spatial and
temporal variations of efficiency in the Cimarron
arm during 1966-67 . . . . . . . o 0 . e e e e e e e e e s

Relation of Pg, solar radiation, and efficiency at
Station TII in August 1967 . . . . ., . . . . « . . . .« « .

Temporal variation of concentrations of chlorophyll a

'in surface water and Pg in the Cimarron arm
during 1966-67 . . . . . 4 4 v v e v e e e e e e e e e

xiii

Page

118

129

143

147

149

151

156

157

158

162

167

170

172



Figure

47.

48.

49,

50,

51.

Temporal variation of X concentrations of biomass and X
rates of respiration in the Cimarron arm during
1966-67 . . . . . . e e s e e e e e e e e e e e e e

Spatial variations in annual mean plankton structure
and function in the Cimarron arm during 1966-67 . .

Relation of community respiration to biomass
COonNCEntration . . . + ¢ v 4« o v v e v e e e e e e

Comparison of total oxygen content and potential oxygen
demand of the Cimarron arm on cloudless days during
196667 . & . v+ L v h e e e e e e e e e e e e

Analysis of oxygen budget of Cimarron arm, 24-25 August
1967, by 02 curve method . . . . . . . . . . . . .

Xiv

Page

173

174

175

184

186



