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CONVERSION FACTORS

Multiply By To obtain
meter (m) 3.281 foot
kilometer (km) 0.6214 mile
square centimer (cm?) 0.155 square inch
cubic meter (m®) 8.106x10*  acre-foot
hectare 2.471 acre
square kilometer (km?2) 0.3861 square mile

Temperature in degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32
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EUTROPHICATION TRENDS INFERRED FROM HYPOLIMNETIC
DISSOLVED-OXYGEN DYNAMICS WITHIN SELECTED WHITE RIVER
RESERVOIRS, NORTHERN ARKANSAS-SOUTHERN MISSOURI, 1974-94

by W. Reed Green

ABSTRACT

The White River Basin in northern Arkan-
sas and southern Missouri contains four major
reservoirs. Beaver, Table Rock, and Bull Shoals
Lakes form a chain of reservoirs on the main stem
of the White River. Norfork Lake is on the North
Fork River, a tributary of the White River. Verti-
cal water-column profiles of temperature and dis-
solved-oxygen concentrations have been
collected monthly, in general, at sites near the
dam of each reservoir since 1974. Hypolimnetic
dissolved-oxygen dynamics of these reservoirs
from 1974 through 1994 were examined based on
the near-dam data and used to infer temporal
changes in eutrophication. Regression models
indicated that a positive relation existed between
discharge through the dam during the stratifica-
tion season and the areal hypolimnetic deficit.

Temporal changes in the relative areal
hypolimnetic oxygen deficit, a model that adjusts
the areal hypolimnetic oxygen deficit to standard
temperature and depth, showed a decreasing trend
in Beaver Lake from 1974 through 1994, indicat-
ing that the level of eutrophication decreased. Lit-
tle or no change in the relative areal hypolimnetic
oxygen deficit occurred in Table Rock, Bull
Shoals, or Norfork Lakes over the period of
record.

Temporal analysis of the residuals from the
oxygen deficit-discharge model indicated that the
oxygen deficit-discharge function changed over
time in Beaver and Table Rock Lakes. There was
little or no temporal trend in residuals of areal
hypolimnetic oxygen deficit over the period of

record for Bull Shoals and Norfork Lakes. Multi-
ple regression using a time variable and discharge
through the dam during the stratification season
was examined for the four reservoirs. The slope
coefficient of the time variable for both Beaver
and Table Rock Lakes was negative, indicating
that the temporal function driving the discharge
related areal hypolimnetic oxygen deficit
decreased over the period of record. This tempo-
ral function may be an expression of biological
productivity or eutrophication. Based on these
results, the level of eutrophication may have
decreased in Beaver and Table Rock Lakes and
remained stable in Bull Shoals and Norfork Lakes
from 1974 through 1994.

It is possible that the aging and evolution-
ary processes in Beaver, Table Rock, Bull Shoals,
and Norfork Lakes are dominant in controlling
biological productivity and eutrophication in each
reservoir immediately above the dam. Beaver
Lake is the youngest of the four reservoirs, con-
structed in 1963, and for the period of record, may
have been in the initial stage of high productivity
followed by a declining stage of productivity that
generally occurs within a reservoir soon after
impoundment. Table Rock Lake was constructed
in 1959 and, for the period of record, may have
been in the stage of declining productivity follow-
ing the peak of productivity resulting from
impoundment. The impoundment of Beaver Lake
upstiream also may have influenced the inferred
decline of productivity within Table Rock Lake.
Bull Shoals and Norfork Lakes are older than
Beaver and Table Rock Lakes, constructed in
1951 and 1944, respectively. The reason that
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changes in eutrophication were not detected in
Bull Shoals and Norfork Lakes could be that these
reservoirs, for the period of record, were charac-
terized by the stage of low and stable productivity
that generally occurs within a reservoir many
years after impoundment.

INTRODUCTION

Dissolved oxygen (DO) is a critical constituent
in lakes and reservoirs because it is essential to the
metabolism of all acrobic aquatic organisms (Wetzel,
1983). Understanding the dynamics of oxygen distri-
bution is fundamental to assessing the water-quality
condition and metabolic characteristics of lakes and
IeSErvoirs.

In lakes and reservoirs, oxygen production
occurs in the trophogenic zone (euphotic zone), the
upper stratum where photosynthetic production pre-
dominates. Oxygen consumption occurs throughout
the water column, but in the tropholytic zone, the aph-
otic deep stratum, metabolic decomposition of organic
matter predominates. The rate of oxygen loss from this
tropholytic zone (hypolimnion) from the beginning to
end of the summer thermal stratified period is termed
the oxygen deficit (Wetzel, 1983). The oxygen deficit
is simply a quantified measure reflective of the decom-
position of organic matter pre-existent in the hypolim-
nion, delivered to the hypolimnion from inflow, or that
settled down into the hypolimnion from above.

Ecosystem characteristics and properties differ
between reservoirs and natural lakes (Wetzel, 1990).
Reservoirs are generally narrow and elongated and
natural lakes are more circular. The deepest reach of a
reservoir is at the dam, the downstream end. The deep-
est reach of a natural lake is most often near the center.
Inflow into a reservoir generally results from higher
order tributaries penetrating the water body as density
-dependent over-, inter-, or underflows. Inflow into a
natural lake generally results from lower order streams
and the penetration of the inflow into the water body is
more dispersive. Outflow from a reservoir is highly
irregular, from the surface layers or from the bottom.
Outflow from a natural lake is more stable, from the
surface. External constituent loading is greater in res-
ervoirs than in natural lakes because the drainage
basins of reservoirs are larger. Loading dynamics of
reservoirs are also more variable and often unpredict-
able because of greater levels of human activity.

Horizontal variability in dissolved oxygen is
greater in reservoirs than in natural lakes, because of
greater variability in inflow, constituent loading pat-
terns, and the longitudinal zonation of the reservoir
(riverine, transitional, and lacustrine). Primary produc-
tion in reservoirs is more variable than in natural
lakes, with maximum volumetric productivity decreas-
ing from the headwaters to the dam. Net production
from the fish and other biotic communities is initially
high, after stream impoundment, because of the inun-
dation of the terrestrial soils and vegetation (5 - 20
years), and then decreases to a point where some form
of equilibrium is reached (Straskrba and others, 1993).
Ecosystem succession rates (aging and evolution) in
reservoirs are similar to natural lakes, but greatly
accelerated because of stresses created by human
activities within the drainage basin (Straskrba and oth-
ers, 1993).

Hypolimnetic temperature and dissolved-oxy-
gen concentration vary from summer to summer in
reservoirs, more so than in natural lakes, largely in
relation to the magnitude of flow into and release out
of the water body. In a bottom-release reservoir, dur-
ing periods of high outflow, the coldest hypolimnetic
waters are often released and replaced by the warmer
waters above (Cole and Hannan, 1990). The tempera-
ture of hypolimnetic waters during years of high
inflow/outflow will be greater than during years of low
inflow/outflow. Warmer waters contain less oxygen
than cooler waters and allow for greater oxygen con-
sumption because of increased metabolic rates.

A general pattern of hypolimnetic oxygen
dynamics has been described in deep-storage reser-
voirs following the onset of thermal stratification
(Cole and Hannan, 1990) (fig. 1). In general, the
hypolimnetic anoxic zone initially develops in the
thalweg towards the upper end of the reservoir follow-
ing the setup of thermal stratification in early spring.
Hypolimnetic anoxia then develops both upstream and
downstream as the summer stratified season proceeds.
At the same time, the anoxic zone develops upward
and laterally out of the thalweg. In many cases, the
hypolimnetic anoxic zone intergrades with a deepen-
ing metalimnion (the stratum between the epilimnion
and hypolimnion exhibiting marked thermal disconti-
nuity), which is often low in dissolved oxygen. This
generalized pattern of hypolimnetic dissolved-oxygen
depletion results from an interaction of flow and mor-
phology, which in turn affects sedimentation, primary
production, the hypolimnetic temperature regime, and
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Figure 1. Generalized model of the initial location and extent of longitudinal development of the anoxic zone during years of
high, average, and low flow in a deep-storage reservoir (from Cole and Hannan, 1990).

ultimately, the amount of dissolved oxygen available
to meet hypolimnetic oxygen demands.

Because eutrophication can be defined as the
acceleration of biological productivity resulting from
increased nutrient and organic loading, hypolimnetic
oxygen consumption rates or deficits could provide a
useful tool in analyzing temporal changes in water
quality. When long-term records of dissolved oxygen
are available, especially when detailed data on water
quality and biological production are lacking, the oxy-
gen deficit can be indicative of the general trophic sta-
tus and overall changes in water quality of a lake or
IESErvoir.

The theory and use of oxygen deficits as an
approximation of lake productivity has a long history
dating back to the works of Birge and Juday (1911)
and Thienemann (1928), as discussed by Wetzel
(1983). The techniques of estimating oxygen deficit
are still in use today. Hutchinson (1938, 1957) set
ranges of oxygen deficit along categories of unproduc-
tive to productive lakes as: oligotrophic, less than
0.017 milligrams dissolved oxygen per square centi-
meter per day (mgDO - cm? - day ') and eutrophic,
greater than 0.033 mgDO cm? - day "!. Walker (1979)

demonstrated the feasibility of relating measures of
epilimnetic algal standing crop to hypolimnetic oxy-
gen depletion. Charlton (1980) demonstrated that
hypolimnetic oxygen consumption is related to
hypolimnetic thickness (volume) and temperature, as
well as to productivity, and determined that the use of
oxygen depletion rates to compare the productivity of
lakes is not justified without reference to hypolimnetic
thickness and temperature. Lind and Dé4valos-Lind
(1993) expanded on Charlton’s work, using the rela-
tive areal hypolimnetic oxygen deficit method to
detect increasing eutrophication rates in Douglas
Lake, Michigan. Lind and Déavalos-Lind (1993) illus-
trated the use of oxygen deficit adjusted to standard
temperature and depth to assess changes in the rate of
eutrophication.

Beaver, Table Rock, Bull Shoals, and Norfork
Lakes are large, deep-storage reservoirs located in
northern Arkansas and southern Missouri. These reser-
voirs and their tailwaters are used by the public for a
number of recreational activities and are important to
local and State economies. Public concern over the
water quality of Beaver and Table Rock Lakes and the
upper reaches of Bull Shoals Lake has increased over
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recent years because of increased population growth in
northwestern Arkansas and the Branson-Springfield,
Missouri areas, and the growth of the poultry industry
within the White River Basin. The tailwaters of Bea-
ver, Bull Shoals, and Norfork Lakes support a cold
water trout fishery of major economic proportion.
Concern has developed about the sustainability of
these fisheries because of the concern over the water
quality of these systems. Comprehensive information
is needed to address the water quality and eutrophica-
tion status of these reservoirs.

This study was done in cooperation with the
Arkansas Game and Fish Commission. Contributors to
the study also include the Arkansas Game and Fish
Foundation; Arkansas Department of Pollution Con-
trol and Ecology; Missouri Department of Conserva-
tion; the Arkansas Chapter of Trout Unlimited; and the
Northeast Arkansas, Mid-South, and Dallas Flyfishers
of the Federation of Flyfishers. This study was
requested by the White River Low Dissolved Oxygen
Committee which consists of representatives from the
U.S. Army Corps of Engineers - Little Rock District,
U.S. Department of Energy - Southwest Power
Administration, Arkansas Game and Fish Commis-
sion, Arkansas Department of Pollution Control and
Ecology, Arkansas Soil and Water Conservation Com-
mission, Arkansas Department of Parks and Tourism,
Missouri Department of Conservation, and Missouri
Department of Natural Resources. The U.S. Geologi-
cal Survey (USGS) was responsible for the collection,
processing, and storage of the temperature and dis-
solved-oxygen data used in this report, under agree-
ment with the U.S. Army Corps of Engineers (USCE).

Purpose and Scope

The purpose of this report is to examine trends
in eutrophication based on near-dam hypolimnetic dis-
solved-oxygen dynamics from 1974 through 1994 in
Beaver, Table Rock, Bull Shoals, and Norfork Lakes,
four major reservoirs in the White River Basin in
northern Arkansas and southern Missouri.

The results of this study are based on data col-
lected at sites near the dam of each reservoir and thus
reflect the water-quality condition of the lacustrine
(lake-like) region within each reservoir. The magni-
tude and variability in water-quality characteristics of
the upper regions of the reservoir or within lateral trib-
utary embayments may not be reflected in as much
detail in the near- dam data. Near-dam data represent

the least variable and most conservative water-quality
condition of the reservoir, and is the result of the inte-
gration of all water-quality processes within the entire
drainage basin (ecosystem). The near-dam data also
describe the condition of the water that is discharged
downstream.

Study Area and Reservoir Characteristics

Beaver, Table Rock, and Bull Shoals Lakes
form a chain of reservoirs along the main stem of the
White River (fig. 2). Norfork Lake is a solitary reser-
voir on the North Fork River, a tributary to the White
River. All four reservoirs were built for flood control
and hydroelectric power generation. Beaver Lake cov-
ers 11,420 hectares (28,220 acres) and has a capacity
of 2.04 x 10 ° m> (1,652,000 acre-feet) at normal pool
elevation. Table Rock Lake covers 21,650 hectares
(53,500 acres) and has a capacity of 3.33 x 10° m®
(2,702,000 acre-feet) at normal pool elevation. Bull
Shoals Lake, the largest of the four reservoirs, covers
28,830 hectares (71,240 acres) and has a capacity of
3.76 x 10° m> (3,048,000 acre-feet) at normal pool
elevation. Norfork Lake covers 12,420 hectares
(30,700 acres) and has a capacity of 1.54 x 10° m?
(1,251,000 acre-feet). The drainage areas of Beaver,
Table Rock, and Bull Shoals Lakes are 3,087, 10,412,
and 15,633 km? (1,192, 4,020, and 6,036 mi>), respec-
tively. The drainage area of Norfork Lake is 4,678 km?
(1,806 mi2). Construction of these reservoirs was com-
pleted in 1963, 1959, 1951, and 1944, respectively.

STUDY METHODS AND APPROACH

Vertical profiles of temperature and dissolved-
oxygen concentrations were collected monthly, in gen-
eral, at sites near the dam of each reservoir. All data
were collected using multiparameter water-quality
data sonde units, calibrated prior to each day’s deploy-
ment. Under conditions of thermal stratification, tem-
perature and dissolved-oxygen concentrations were
measured at varying depth increments chosen so that
temperature did not change more than 1 °C between
measuring points. Data were collected at 0.3-m incre-
ments within the metalimnion where changes in tem-
perature and dissolved-oxygen concentrations were
the greatest. Sufficient data were not collected during
water year 1990 in any of the reservoirs. Also, suffi-
cient data were not collected during 1974 in Table

4 Eutrophication Trends Inferred From Hypolimnetic Diss olved-Oxygen Dynamics Within Selected White River Reservoirs,

Northern Arkansas - Southern Missouri, 1974-94



93° 92°

37 |

SN

gl cemosem comm ool

36—

0 10 EP MILES
1 KILOMETERS

Figure 2. Location of Beaver, Table Rock, Bull Shoals, and Norfork Lakes.

Rock Lake or during 1988 in Bull Shoals Lake. The
USGS station number and site names for each reser-
voir site location are as follows:

Beaver Lake - 07049690 Beaver Lake near
Eureka Springs, Arkansas

Table Rock Lake - 07053400 Table Rock Lake
near Branson, Missouri

Bull Shoals Lake - 07054500 Bull Shoals
Lake near Flippin, Arkansas

Norfork Lake - 07059500 Norfork Lake near
Norfork, Arkansas

Dissolved-oxygen concentration, temperature,
and volume of each hypolimnetic stratum (between
measured points in the water column) were used to
calculate areal hypolimnetic oxygen content, mean
hypolimnetic thickness, and volume weighted
hypolimnetic temperature for each profile date. Dis-
solved-oxygen concentrations and temperature were
assumed to be horizontally constant with depth, using
the value of the data collected at the near-dam loca-
tions. Reservoir elevation-surface area-capacity tables
provided by the USCE were used to determine vol-
umes of hypolimnetic strata. Hypolimnetic volume
and hypolimnetic surface area values for each vertical

profile sampling depth were determined at the profile
data depth or at the nearest 0.3-m increment below the
profile data depth.

Records of discharge into and through the dam
of each reservoir were provided by the USCE. Normal
reservoir pool volume determined by the USCE was
then divided by the sum of seasonal discharge through
the dam to determine seasonal hydraulic residence
time (R). The reciprocal of seasonal hydraulic resi-
dence time (R'l ) was used as an explanatory variable
in regression analysis of the areal hypolimnetic oxy-
gen deficit. The reciprocal of hydraulic residence time
equals the proportion of normal reservoir volume that
was discharged through the dam daily over the speci-
fied season. For example, a reciprocal hydraulic resi-
dence time of 0.001 would be equivalent to one tenth
of one percent of the total reservoir volume discharged
through the dam per day.

The rate of change in the amount of oxygen
present below a given depth at the beginning and end
of the thermal stratification period is referred to as the
hypolimnetic oxygen deficit. Areal hypolimnetic oxy-
gen deficit (AHOD) is defined as the change in oxygen
per square centimeter of hypolimnetic surface per day

Study Methods and Approach 5



(mgDO ‘em’%- day‘l) over the stratification season.
Areal hypolimnetic oxygen deficit was determined for
each reservoir during each stratification season by cal-
culating the coefficient or slope of the temporal
change in areal hypolimnetic oxygen content (AHOC)
between the spring maximum and fall minimum (fig.
3). The change in AHOC over the stratification season
results in a negative slope. The absolute value of the
slope represents the rate of dissolved-oxygen con-
sumption or AHOD. The AHOD value for each strati-
fication season from each reservoir was used as the
oxygen dynamic variable to assess annual changes in
hypolimnetic oxygen deficit. Inferences into temporal
changes in the rate of eutrophication and water quality
in each reservoir were developed based on annual
changes in the AHOD of e¢ach reservoir.

HYPOLIMNETIC DISSOLVED-OXYGEN
DYNAMICS

Annual thermal stratification cycles within Bea-
ver, Table Rock, Bull Shoals, and Norfork Lakes
exhibited typical monomictic (one turnover per year)
characteristics. Towards the end of the stratification

period, these reservoirs developed typical clinograde
(oxic in the epilimnion, anoxic in the hypolimnion)
oxygen profiles. Metalimnetic oxygen depletion often
developed early and eventually integrated with the
oxygen depletion in the hypolimnion to appear as if
oxygen consumption was entirely hypolimnetic. Time-
depth distributions of temperature and dissolved-oxy-
gen concentration for each reservoir over the period of
record (1974 through 1994) are shown in the Appen-
dix.

Areal Hypolimnetic Oxygen Content

Areal hypolimnetic oxygen content (AHOC) for
each reservoir exhibited typical annual cycles where
oxygen content was the greatest during the winter
months and declined at a steady rate from April
through September within Table Rock and Norfork
Lakes and through October within Beaver and Bull
Shoals Lakes (fig. 4). Table Rock and Norfork Lakes
exhibited generally lower minimum AHQOC over the
period of record than did Beaver or Bull Shoals Lakes.
The season-ending minimum AHOC of Beaver Lake
was generally greater than the other reservoirs.
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Figure 3. Rate of change in areal hypolimnetic oxygen content for Bull Shoals Lake during the 1994 season.
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Areal Hypolimnetic Oxygen Deficit

The seasonal areal hypolimnetic oxygen deficit
(AHOD) of each reservoir system varied over the
period of record (1974-94) within each reservoir and
among reservoirs (fig. 5). Annual values of AHOD
within each reservoir showed cyclical distributions
presumably because of changes in climatic conditions
and the resulting flow dynamics. The AHOD values
from Beaver Lake were consistently lower than the
other reservoirs, while the AHOD values from Table
Rock Lake were consistently higher.

Simple linear regression and nonparametric cor-
relation analysis (Kendall’s Tau test) were used to
evaluate temporal changes in areal hypolimnetic oxy-
gen deficits from 1974 through 1994. Although the
AHOD in Beaver and Table Rock Lakes appears to
decrease from 1974 through 1994, these changes were
not statistically significant. Likewise, the changes in
AHOD over the period of record in Bull Shoals and
Norfork Lakes were not statistically significant.

Areal Hypolimnetic Oxygen Deficit-
Discharge Relation

Flow dynamics drive reservoir processes and
should be considered when analyzing hypolimnetic
oxygen deficit rates. Hydraulic residence time (R) is a
variable used in describing reservoir hydrodynamics;
however, itis a theoretical value and does not consider
the internal density dependent flow regimes within the
system, such as interflow or underflow, or water that
enters from a lateral tributary. In this report, seasonal
hydraulic residence time was used and is defined as
reservoir volume at normal pool elevation divided by
discharge out of the reservoir that occurred over a
defined period of time during the stratification season.
Seasonal hydraulic residence time was determined
from April 1 through October 31 for Beaver and Bull
Shoals Lakes and from April 1 through September 30
in Table Rock and Norfork Lakes. Based on the sea-
sonal distribution of areal hypolimnetic oxygen con-
tent within these reservoirs presented earlier (fig. 4),
initial hypolimnetic oxygen depletion occurred after
March and turnover occurred after October in Beaver
and Bull Shoals Lakes, and after September in Table
Rock and Norfork Lakes.

The reciprocal of hydraulic residence time (R‘I )
was used in this report as the explanatory discharge
variable because it represents the proportion of total

reservoir volume that passes through the dam, on aver-
age, per day and normalizes the discharge data among
the reservoirs. Seasonal reciprocal hydraulic residence
time values for each year within each reservoir are
presented in figure 6. The seasonal reciprocal hydrau-
lic residence time for Beaver Lake, over the period of
record, was generally lower than the other reservoirs,
ranging from 0.0001 to 0.0024 reservoir volumes per
day, and was less variable. The seasonal reciprocal
hydraulic residence time was generally greater in Bull
Shoals Lake than the other reservoirs, and was also the
most variable, ranging from 0.0006 to 0.0060 reservoir
volumes per day, over the period of record. The sea-
sonal reciprocal hydraulic residence time in Table
Rock and Norfork Lakes ranged from 0.0005 to
0.0050 and 0.0011 to 0.0055 reservoir volumes per
day, respectively.

The relation between AHOD and seasonal
hydraulic residence time (R'I ) in Beaver, Table Rock,
Bull Shoals and Norfork Lakes was examined through
linear regression (fig. 7). The probability of the slope
being zero was less than 0.003 in all four relations.
Results show that between 41 and 68 percent of the
variability in AHOD is explained by R/. The empiri-
cal relations between AHOD and R/ were determined
as:

Beaver Lake -

-1, 2
AHOD = 0.0246 + 1237 (R ");R™ = 041, P = 0.0024 @))

Table Rock Lake -

-1 2
AHOD = 0.0451+11.16 (R );R = 0.58,P = 0.00017 2)

Bull Shoals Lake -

-1 2
AHOD = 0.0323+6267(R );R = 057,P = 000019  (3)

Norfork Lake -

-1
AHOD = 0.0297 + 10.38(R );R2 = 0.68, P = 0.00001 “4)

where,
RZ2 is the coefficient of determination, and

P is the probability that the slope coefficient is
zero.
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Figure 5. Measured areal hypolimnetic oxygen deficit in Beaver, Table Rock, Bull Shoals, and Norfork Lakes from 1974

through 1994.
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Figure 6. Seasonal reciprocal hydraulic residence time in Beaver, Table Rock, Bull Shoals, and Norfork Lakes from 1974
through 1994,
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EUTROPHICATION TRENDS INFERRED
FROM HYPOLIMNETIC OXYGEN
DYNAMICS

In general, as the level of eutrophication
increases within a water body, so does the hypolim-
netic oxygen deficit. However, other factors are
involved in the oxygen depletion process besides those
related to eutrophication. Traditionally, oxygen
dynamics have been examined in natural lake systems
rather than in reservoirs and most often are related to
lake morphometry, hypolimnetic temperature and vol-
ume, and primary productivity (Wetzel, 1983; Charl-
ton, 1980). Flow dynamics have been overlooked or
assumed as insignificant when describing general oxy-
gen dynamics patterns in natural lake systems. In res-
ervoirs, flow dynamics drive patterns of oxygen
concentration, especially in deep-storage reservoirs
(Cole and Hannan, 1990). Therefore, discharge into
and out of a deep-storage reservoir needs consider-
ation when analyzing oxygen dynamics in these types
of systems.

In reservoirs, the hypolimnetic oxygen deficit
can be described as a function of physical variables
such as hypolimnetic volume, residence time, and
temperature, as well as a function of biotic productiv-
ity and metabolism. Hypolimnetic volume and temper-
ature are affected by reservoir morphometry and
hydrodynamics, and biotic productivity and metabo-
lism are related, in part, to nutrient and organic load-
ing. Nutrient and organic loading can be thought of as
eutrophication variables and are also dependent, in
part, upon flow or runoff into the system. The mass
flux of nutrients and organic matter increases with
increased flow into the system because greater quanti-
ties of constituents generally are delivered with greater
streamflow. The nutrient and organic mass contained
within the inflow water is dependent upon the quantity
of constituents available for transport. Human stresses
on the landscape within the drainage area upstream of
areservoir can increase the amount of nutrients and
organic compounds available for transport, and, there-
fore, can accelerate eutrophication processes within
the reservoir. If the oxygen deficit within a given sys-
tem can be explained reasonably by the physical vari-
ables, such as volume, residence time, temperature,
and water inflow and outflow, then the influence that
eutrophication has upon the oxygen deficit can be esti-
mated by factoring out the variability explained by one
or more of those variables.

Relative Areal Hypolimnetic Oxygen
Deficit

Charlton (1980) determined that the areal
hypolimnetic oxygen deficit within the Laurentian
Great Lakes was a function of chlorophyll content,
hypolimnetic thickness (volume), and temperature:

-4)/
2(T ) /10

AHOD = 4.09- [fcma-zso»fz—l- 1+007  (5)

where,
JfChla is the chlorophyll function,

Z is mean seasonal hypolimnetic thickness, in
meters, and

T'is mean scasonal volume weighted hypolim-
netic temperature, in degrees Celsius.

The chlorophyll function in Charlton’s (1980)
AHOD model (equation 5) can be estimated relative to
the areal hypolimnetic oxygen deficit by standardizing
AHOD under conditions of constant temperature
(4 °C) and depth (50 m) and is represented as the rela-
tive areal hypolimnetic oxygen deficit (RAHOD):

1

1 }2(1_4)/10]‘ ©)

RAHOD = AHOD - [2(50 +2)

The relative areal hypolimnetic deficit repre-
sents the eutrophication function expressed in the areal
hypolimnetic deficit. By examining RAHOD over
time, inferences can be made concerning differences
in the level of eutrophication within a given system or
among systems.

Equation 6 was used by Lind and Dévalos-Lind
(1993) to examine temporal changes in the level of
eutrophication within Douglas Lake, Michigan, from
1971 through 1991. Changes in the level of eutrophi-
cation in Douglas Lake were expressed by changes in
RAHOD over the period of record. This technique was
applied to AHOD values determined for Beaver, Table
Rock, Bull Shoals, and Norfork Lakes to examine
changes in the levels of eutrophication.

Based on the range and magnitude of the
RAHOD values for each reservoir, Table Rock Lake
appears to be the most eutrophic, followed by Norfork,
Beaver, and Bull Shoals Lakes (fig. 8). Linear regres-
sion and nonparametric correlation analysis (Kendall’s
Tau test) suggest that RAHOD decreased significantly
in Beaver Lake from 1974 through 1994. Probability
of the slope being zero in either the linear regression
or Kendall’s Tau test were 0.009 and 0.021, respec-
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Figure 8. Relative areal hypolimnetic oxygen deficit for Beaver, Table Rock, Bull Shoals, and Norfork Lakes from 1974
through 1994; calculated by using equation 6 (Charlton, 1980).
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tively. Linear regression results suggest that RAHOD
decreased in Beaver Lake from 1974 through 1994 by
22 percent. Changes in RAHOD in Table Rock, Bull
Shoals, and Norfork Lakes over that period of record
were not statistically significant. These results indicate
that the level of eutrophication or biological produc-
tivity decreased in Beaver Lake over the period of
record. The level of eutrophication in Table Rock, Bull
Shoals, and Norfork Lakes remained stable over the
same period of time.

Examination of the temporal variations of
selected trophic state variables (Secchi disk transpar-
ency, chlorophyll a concentration, and total phospho-
rus concentration) from sampling locations near each
dam, yielded mixed results when compared with the
RAHOD results. Based on linear regression and non-
parametric correlation (Kendall’s Tau test), Secchi
disk transparency changed (decreased) from 1978
through 1994 in Table Rock and Bull Shoals Lakes
(fig. 9). Linear regression results suggest that Secchi
disk transparency decreased by 19 percent or 0.82 m
in Table Rock Lake and by 15 percent or 0.68 m in
Bull Shoals Lake. The probability of the slope equal-
ing zero in the linear regression and Kendall’s Tau test
were 0.007 and 0.002, respectively, for Table Rock
Lake and 0.074 and 0.009, respectively, for Bull
Shoals Lake.A decrease in Secchi disk transparency
indicates that the water near the dam became more tur-
bid over time which might indicate an increase in the
level of eutrophication. However, the RAHOD results
did not indicate an increase in the level of eutrophica-
tion in either Table Rock or Bull Shoals Lakes.
Changes in chlorophyll a concentrations from 1982
through 1994 in Beaver, Table Rock, Bull Shoals, and
Norfork Lakes were not statistically significant (fig.
10). Most of the total phosphorus concentrations in
Beaver, Table Rock, Bull Shoals, and Norfork Lakes
were at or below analytical detection limits (0.01 or
0.02 mg/L) (fig. 11).

Temporal Changes in the Areal
Hypolimnetic Oxygen Deficit-Discharge
Relation

Temporal analysis of the residuals (measured -
estimated value) from the areal hypolimnetic oxygen
deficit-discharge relations discussed earlier (equations
1 - 4) indicate that the influence of discharge through
the dam during the stratification season (R'l ) changed
over time in Beaver and Table Rock Lakes (fig. 12).

There was little or no temporal trend in residuals of
AHOD in Beaver Lake from 1974 through 1988.
However, from 1989 through 1994 the discharge rela-
tion overpredicted AHOD. The discharge relation
underpredicted AHOD in Table Rock Lake from 1976
to 1981 and overpredicted AHOD from 1989 through
1994. There was little or no temporal trend in residuals
of AHOD over the period of record for Bull Shoals
and Norfork Lakes. The results for Beaver and Table
Rock Lakes indicate that an additional variable, one
that is changing over time would aid in the explanation
of the variability in AHOD within these systems.

Multiple regression using a time variable (arbi-
trarily assigned as 74 through 94 to represent the years
1974 through 1994) and discharge through the dam
during the stratification season (R"!) was examined for
the four reservoirs:

Beaver Lake -

AHOD = 0.0636 — 0.000459 (year) + )
12.004 (R_l);RZ = 048

Table Rock Lake -

AHOD = 0.1596 — 0.00141 (year) + (8)
12.600<R'1) ;R2 = 0.79

Bull Shoals Lake -

-5
AHOD = 0.3624 -4.77x 10 ~ (year) + ®
6.290 (R_l) ;R2 = 057

Norfork Lake -

AHOD = 0.0047 + 0.0003 (year) + 10)
10.301 (R"l) ;RZ = 0.69

where,
R? is the coefficient of determination.

Including time as an explanatory variable
increased the percent of variance explained in Beaver
Lake from 41 percent (equation 1), when only R/ was
used as an explanatory variable, to 48 percent (equa-
tion 7). The percent variance explained increased from
58 to 79 percent for Table Rock Lake (equation 2 and
8, respectively). The addition of time to the discharge-
AHOD relation did not change the explained variance
in Bull Shoals Lake and only increased the explained
variance by 1 percent in Norfork Lake. The slope
coefficient of the time variable for both Beaver and
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Figure 9. Secchi disk transparency at sites near the dam in Beaver, Table Rock, Bull Shoals, and Norfork Lakes from 1978
through 1994.
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Figure 10. Chlorophyil a concentrations at sites near the dam in Beaver, Table Rock, Bull Shoals, and Norfork Lakes from
1982 through 1994.
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Figure 11. Total phosphorus concentrations at sites near the dam in Beaver, Table Rock, Bull Shoals, and Norfork Lakes
from 1975 through 1994.
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Table Rock Lakes was negative, indicating that the
temporal function driving AHOD, relative to R,
decreased over the period of record. The probability
that the temporal variable slope coefficients were zero
in the Beaver and Table Rock Lake equations were
0.092 and 0.019, respectively. It is not known what the
temporal variable in these models represents, but the
negative slope of the temporal function in Beaver and
Table Rock Lakes may be an expression of temporal
changes in water quality, biological productivity, and
the level of eutrophication affecting the areal hypolim-
netic oxygen deficit within these reservoirs.

Reservoir Aging, Evolution, and
Eutrophication

Reservoir aging and evolution (Straskraba and
others, 1993) refers to large-scale temporal limnologi-
cal changes that take place in a reservoir after
impoundment. Reservoir aging refers to the changes
that take place during years after first filling. Reservoir
evolution refers to a much longer term limnological
phenomenon that lasts for decades or centuries. The
time frame of reservoir aging and evolution will differ
among reservoirs because of the size of the reservoir
and its watershed, reservoir morphometry, hydraulic
residence time, and hydrodynamics.

In general, the aging process (Straskraba and
others, 1993) starts upon impoundment of the river or
stream. Inundation of terrestrial soils and vegetation
allows for nutrient release through leaching of soils
and increased carbon supply through decomposition of
vegetation. The intensity of nutrient leaching from the
soils and decomposition of vegetation decreases with
time. During the initial years following impoundment,
biological productivity in the reservoir is high. This
stage is marked by high phytoplankton and zooplank-
ton production followed by increased fish production.
Phytoplankton, zooplankton, and fish production
eventually reaches a point of maximal density soon
after impoundment. After maximal production is
reached, the internal sources of nutrient mobilization
and carbon assimilation are diminished and biological
production in the reservoir declines and eventually sta-
bilizes. The subsequent evolution of the reservoir will
follow a natural sequence of developmental or succes-
sional phases, which will lead to the accumulation of
bottom sediments, decreasing the depth and volume of
water. Changes in the developmental or successional
phases of the reservoir and the reservoir environment

will be affected by man’s activities within the basin.
Increased nutrient and carbon loading into the reser-
voir will increase the rate of biological production or
eutrophication and accelerate or alter the evolutionary
processes that would otherwise occur naturally within
the reservoir.

It is possible that the aging and evolutionary
processes in Beaver, Table Rock, Bull Shoals, and
Norfork Lakes are more dominant in controlling bio-
logical production and eutrophication in each reservoir
immediately above the dam than loading phenomena
from the respective basins. The period of record, 1974
through 1994, on which the results of this study were
based, represented different age periods in Beaver,
Table Rock, Bull Shoals, and Norfork Lakes. Beaver
Lake, during the period of record, was 11 through 32
years old. Table Rock Lake was 15 through 36 years
old. Bull Shoals Lake was 23 through 44 years old,
and Norfork Lake was 30 through 51 years old. The
hypolimnetic oxygen deficit results should reflect the
level of biological production or eutrophication char-
acteristic of the different aging and evolutionary
stages of the reservoirs.

Based on the RAHOD results (fig. 8) and the
temporal relation between discharge through the dam
during the stratification season and the areal hypolim-
netic oxygen deficit (fig. 12), it appears that the level
of eutrophication may have decreased in Beaver and
Table Rock Lakes and remained stable in Bull Shoals
and Norfork Lakes from 1974 through 1994. Concep-
tually, these results may be characteristic of the aging
and evolutionary stage or phase within each reservoir
(fig. 13). Beaver Lake may have been characterized by
the later period of the initial stage of high biological
production (1974 - 1988), which occurs after
impoundment, and continued into the earlier period of
the declining stage of biological production (1989 -
1994), which occurs after the initial stage of peak bio-
logical production. Table Rock Lake, over the period
of record, may have been characterized by the stage of
declining biological productivity, which follows the
initial stage of peak production. The impoundment of
Beaver Lake upstream may have also influenced the
inferred decline of biological production within Table
Rock Lake during the period of record. The reason
that no changes in the level of eutrophication could be
determined in Bull Shoals and Norfork Lakes could be
that these reservoirs, for the period of record, were
characterized by the stage of low and stable biological

Eutrophication Trends inferred From Hypoiimnetic Oxygen Dynamics 19



RELATIVE POSITION
OF DATA RECO
P RECORD BEAVER LAKE

""""""" ———— .
A

----------------- ~— TABLE ROCK LAKE
Z
o
=
1
I
o
o
o
5 BULL SHOALS LAKE
T SEARRELE R LR ]
L -
O -
-l
15} .
S -
17} .
- -
w T ——— .
>
<
-
o

"""""""""" NORFORK LAKE

RELATIVE RESERVOIR AGE =

Figure 13. Conceptual model of the relation between relative reservoir age, relative level of eutrophication within each
reservoir; and the 1974 through 1994 period of record.

20 Eutrophication Trends Inferred From Hypolimnetic Dissolved-Oxygen Dynamics Within Selected White River Reservoirs,
Northern Arkansas - Southern Missouri, 1974-94



production, which generally occurs within a reservoir
many years after impoundment.

If human stresses upon these reservoirs were
minimal, the water quality in Beaver and Table Rock
Lakes would probably continue to improve while the
trophic state decreased until some level of equilibrium
is reached. The water quality in Bull Shoals and Nor-
fork Lakes would probably continue to remain stable.
However, increased nutrient and organic loading into
these reservoirs, such as from increased anthropogenic
activities within the basin, would counteract these
trends, accelerating the eutrophication rates.

SUMMARY AND CONCLUSIONS

The White River Basin in northern Arkansas
and southern Missouri contains four major reservoirs.
Beaver, Table Rock, and Bull Shoals Lakes form a
chain of reservoirs on the main stem of the White
River. Norfork Lake is on the North Fork River, a trib-
utary of the White River. Vertical water-column pro-
files of temperature and dissolved-oxygen
concentrations have been collected monthly, in gen-
eral, at sites near the dam of each reservoir since 1974.
Hypolimnetic dissolved-oxygen dynamics of these
reservoirs from 1974 through 1994 were examined
based on the near-dam data and used to infer temporal
changes in eutrophication.

The results of this study, based on data collected
at sites near the dam of each reservoir, reflect the
water-quality condition of the lacustrine (1ake-like)
region within each reservoir system, least affected by
upper reservoir variability. Near-dam data represents
the least variable and most conservative water-quality
condition of the reservoir and is the result of the inte-
gration of all water-quality processes within the entire
drainage basin. The near-dam data also describes the
condition of the water that is discharged downstream.

Changes in the level of eutrophication within
Beaver, Table Rock, Bull Shoals, and Norfork Lakes
were evaluated following the concept that the
hypolimnetic oxygen deficit changes as eutrophication
changes. Areal hypolimnetic oxygen content was
determined on the date of each reservoir profile over
the period of record. The rate of change in areal
hypolimnetic oxygen content during each stratification
season, expressed as the areal hypolimnetic oxygen
deficit, was then determined for each reservoir. Dis-
charge through the dam of each reservoir was exam-
ined to determine if the quantity of water removed

from the hypolimnion during the stratification season
affected the areal hypolimnetic oxygen deficit.
Regression models indicated that a positive relation
existed between discharge through the dam during the
stratification season and the areal hypolimnetic oxy-
gen deficit for each reservoir. From 41 to 68 percent of
the variability in areal hypolimnetic oxygen deficit
from 1974 through 1994 among the four reservoirs
was explained by discharge through the dam during
the stratification season.

Temporal changes in the level of eutrophication
from 1974 through 1994 in Beaver, Table Rock, Bull
Shoals, and Norfork Lakes were examined using an
existing relative areal hypolimnetic oxygen deficit
model, which adjusts the areal hypolimnetic oxygen
deficit to standard temperature and depth. The relative
areal hypolimnetic oxygen deficit model estimates the
productivity or chlorophyll function that drives the
oxygen deficit. The relative areal hypolimnetic oxygen
deficit decreased in Beaver Lake from 1974 through
1994, indicating that the level of eutrophication
decreased. Little or no change in the relative areal
hypolimnetic oxygen deficit was indicated for Table
Rock, Bull Shoals, or Norfork Lakes over the period
of record.

Examination of the temporal variations of
selected trophic state variables (Secchi disk transpar-
ency, chlorophyll a concentration, and total phospho-
rus concentration) from the respective near-dam sites
yielded mixed results when compared with the relative
areal hypolimnetic deficit results. Secchi disk trans-
parency depth decreased in Table Rock and Bull
Shoals Lakes over the period of record, while chloro-
phyll a and total phosphorus concentrations remained
level. A decrease in Secchi disk transparency suggests
that the water near the dam became more turbid over
time which might indicate an increase in the level of
eutrophication. However, the relative areal hypolim-
netic oxygen deficit results did not indicate an increase
in eutrophication in either Table Rock or Bull Shoals
Lakes.

Temporal analysis of the residuals from the oxy-
gen deficit-discharge model indicated that the oxygen
deficit-discharge function changed over time in Bea-
ver and Table Rock Lakes. There was little or no tem-
poral trend in residuals of areal hypolimnetic oxygen
deficit in Beaver Lake from 1974 through 1988. The
discharge relation overpredicted the areal hypolim-
netic oxygen deficit in Beaver Lake from 1989
through 1994. The discharge relation underpredicted

Summary and Conclusions 21



the areal hypolimnetic oxygen deficit in Table Rock
Lake from 1976 through 1981 and overpredicted the
areal hypolimnetic oxygen deficit from 1989 through
1994. There was little or no temporal trend in residuals
of areal hypolimnetic oxygen deficit over the period of
record for Bull Shoals and Norfork Lakes.

Multiple regression using a time variable and
discharge through the dam during the stratification
season was examined for the four reservoirs. Including
time as an explanatory variable increased the percent
of explained variation of the areal hypolimnetic oxy-
gen deficit in Beaver Lake from 41 percent, when only
discharge was used as an explanatory variable, to 48
percent. The percent of explained variation increased
from 58 to 79 percent for Table Rock Lake. The slope
coefficient of the time variable for both Beaver and
Table Rock Lakes was negative, indicating that the
temporal function driving the areal hypolimnetic oxy-
gen deficit decreased over the period of record. This
temporal function may be an expression of biological
productivity or eutrophication. Based on these results,
the level of eutrophication may have decreased in Bea-
ver and Table Rock Lakes and remained stable in Bull
Shoals and Norfork Lakes from 1974 through 1994.

It is possible that the aging and evolutionary
processes in Beaver, Table Rock, Bull Shoals, and
Norfork Lakes are more dominant in controlling bio-
logical production and eutrophication in each reservoir
immediately above the dam than loading phenomena
from the respective basins. Beaver Lake is the young-
est of the four reservoirs, constructed in 1963, and for
the period of record, may have been in the initial stage
of high productivity followed by a declining stage of
productivity, which generally occurs within a reservoir
soon after impoundment. Table Rock Lake was con-
structed in 1959 and, for the period of record, may
have been in the stage of declining productivity fol-
lowing the peak of productivity resulting from
impoundment. The impoundment of Beaver Lake
upstream may have also influenced the decline of pro-
ductivity within Table Rock Lake. Bull Shoals and
Norfork Lakes are older than Beaver and Table Rock
Lakes, constructed in 1951 and 1944, respectively.
The reason that changes in the level of eutrophication
were not detected in Bull Shoals and Norfork Lakes
could be that these reservoirs, for the period of record,
were characterized by the stage of low and stable pro-
duction, which generally occurs within a reservoir
many years after impoundment.
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APPENDIX A - TIME/DEPTH DISTRIBUTIONS OF TEMPERATURE AND DISSOLVED
OXYGEN IN BEAVER, TABLE ROCK, BULL SHOALS, AND NORFORK LAKES
FROM 1974 THROUGH 1994
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Time-depth distribution of dissolved oxygen near Beaver Lake Dam from 1974-94--continued.
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Time-depth distribution of dissolved oxygen near Beaver Lake Dam from 1974-94--continued.
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Time-depth distribution of dissolved oxygen near Beaver Lake Dam from 1974-94--continued.
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Time-depth distribution of temperature near Table Rock Lake Dam from 1975-94--continued.
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Time-depth distribution of temperature near Table Rock Lake Dam from 1975-94--continued.
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Time-depth distribution of dissolved oxygen near Table Rock Lake Dam from 1975-94.
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Time-depth distribution of dissolved oxygen near Table Rock Lake Dam from 1975-94--continued.
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Time-depth distribution of dissolved oxygen near Table Rock Lake Dam from 1975-94--continued.
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Time-depth distribution of dissolved oxygen near Table Rock Lake Dam from 1975-94--continued.
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Time-depth distribution of dissolved oxygen near Table Rock Lake Dam from 1975-94--continued.
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Time-depth distribution of temperature near Bull Shoals Lake Dam from 1974-94.



i
=
pa -|<|_|_|
o | 2gs3 %
2 o SO-I-UE o]
< orzo y
: | B 2
< <
] 5 s
T T T T T T T T T ¥ T T
t+ -+ +++H+H+H A+ Q b4+ +++ 4+ H
_ ! | u / i
¥l =) z ol %
9 — b+ + +4++++++H
1 494 T T T Rk P\ +[+ A 9l ]
81 by o T8¢ 4+
e
» 1 HHHHHE ++ + +  + ++ 1
. - .
F -+ 1
< : h FHHF +F 4
= - v -
Ay
_"0\3 > 4 HP A+t
15 L el ! i
A I - HE+++++++
2 w++4 44+
4 i i
© <
;r;;/_fi;x++++++++% Tt ++ ++
©
F I = I}
- . tjﬁTT}+++++ 4+ 4
o o o o o S S w
L . 4 R e R 4
=
+ + H4+ 4+ 4 4+ 4 1 1 1 | 1 1 1
°© 2 & 8 8 8 8 ° 2 & 8 ¢ 8 8
T T T T T T T T T T T T
:+++++++++**7+ﬂ+*ﬁ‘ e ¢++H++++++++*+ﬁg+f .
4 \ o @ z — o~ 7
T 8T Privetoe g i i N 4 e NP A Y A
+++F+A+4++ 4+ \_"ﬂg 1
(e] \
i Lrozee + Ht++ ¥ +++ )
: e+t ++ 4
4 . b Hf+ ]+ + + F 4+ N
<
i 4 J
- . N
4 B o B
59 1 RRNTY NCRRY FRE—
2 : R
e+ + <
a < | TIAAB 4 44+ + 4+ 4 ]
T
v i++++“ﬁﬁ = ++++++++++++++++++
- ' -4 - -
9 5 w TH++++++++++4++++4++
=

t+t+ht+t+ i+ +++++ 4+ + Ht 1

° 2 & 8 &8 8 8

30V4HNS MO138 SH3LIW NI ‘H1d3a

A-23

AR R RN .

o o [« (o] o (w3 [o]
- N (3] <~ [To] w0

30v4HNS MOT39 SHILIW NI ‘Hid3d

M oJ
1981

A

J
1980

J

M

A
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Time-depth distribution of dissolved oxygen near Norfork Lake Dam from 1974-94--continued.
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Time-depth distribution of dissolved oxygen near Norfork Lake Dam from 1974-94--continued.
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