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Summer distribution of nutrients, phytoplankton and
dissolved oxygen in relation to hydrology
in Table Rock Lake, a large midwestern reservoir!
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With 13 figures and 4 tables in the text

Abstract

Table Rock Lake is a large (17 km®) hydropower reservoir with hypolimnetic discharge.
In summer, nutrient-poor hypolimnetic outflow from an upstream reservoir (Beaver Lake)
flows as a density current into the hypolimnion of the White River arm of Table Rock Lake
with little effect on surface water quality. Nutrient-rich inflow from other tributaries enters
the epilimnion where dilution and sedimentation cause extreme longitudinal gradients. Down-
lake declines of >80% in concentrations of phosphorus and chlorophyll have been recorded
in the James River and Long Creek arms in one or more years. In the White River arm local
nutrient inputs from Leatherwood Creek cause similar, but much smaller gradients. Algal
biomass throughout the White River arm and in other downlake areas is highly correlated to
phosphorus concentration both in the mixed layer and metalimnion. Other uplake reaches
may be nitrogen limited, especially in late summer. Metalimnetic chlorophyll maxima develop
in summer in most parts of the lake with communities numerically dominated by diatoms,
especially Achnanthes minutissima, in downlake areas and bluegreens, flagellates and photo-
synthetic bacteria in headwater reaches. Oxygen depletion is most rapid near the sediments
and in the lower metalimnion and is faster in headwater areas than near the dam. Discharge
for power generation causes rapid replacement of hypolimnetic water near the dam increasing
the temperature and decreasing oxygen concentrations. Discharge volume accounts for >80%
of interannual variation in hypolimnetic warming and oxygen depletion in summer.

Introduction

Many large reservoirs exhibit complex spatial variation in the distribution
of nutrients and phytoplankton (BaxTer 1977, JoNes & Novak 1981, KENNEDY
et al. 1982, THORNTON et al. 1982). Inputs from rivers create gradients in advective
movement, turbulence, and suspended and dissolved materials along the axis of
the former river channel. The magnitude of gradients depends on the volume and
water quality of inflows and morphology of the basin. These gradients vary over
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time and among different arms in the same lake (Jones & Novak 1981, KENnEDY
et al. 1982). In large impoundments, sedimentation of influent materials can limit
nutrient loading to downlake areas and produce great longitudinal variation in
trophic state characteristics such as transparency, algal standing crop and oxygen
depletion rates (CarMack & Gray 1982, Hannan et al. 1981, Jones & Novak
1981, JaMEs et al. 1987, THORNTON, In press). Spatial variation in trophic state
features may also include gradients in the vertical distribution of phytoplankton
with metalimnetic or hypolimnetic production increasing downlake along gradients
in nutrients and transparency (KIMMEL et al., in press).

Table Rock Lake in southern Missouri and northern Arkansas is a large,
complex waterbody which impounds waters of the White River, James River, Kings
River and several lesser tributaries. Since completion of Table Rock Dam in 1959,
the reservoir has been operated for flood control and hydropower generation and
is presently one of four hydropower reservoirs in series on the White River lying
immediately below Beaver Lake (completed in 1963) and above Lake Taneycomo
(1913) and Bull Shoals Lake (1951). Data collected during the National Eutrophica-
tion Survey in 1974—1975 show extreme variation in nutrient loading among the
several arms of Table Rock Lake (U.S. Environmental Protection Agency 1977)
resulting from point source inputs to the James River and other tributaries and
removal of nutrients from the White River by sedimentation in Beaver Lake
(WaLKER 1981). These data also show great spatial variability in nutrient concentra-
tions, algal standing crops and oxygen depletion. But vertical distribution of phyto-
plankton was not measured and other data were collected at widely spaced locations
and do not show details of longitudinal gradients.

Reservoir surveys conducted by the University of Missouri during 1978—1984
show Table Rock Lake at the dam is the least fertile large reservoir in Missouri
and the only one where metalimnetic chlorophyll peaks are common (KNnowrron
& Jones 1989). Trophic characteristics of the lake are important because of
exceptional transparency in downlake areas and because the temperature and
oxygen content of hypolimnetic releases from Table Rock Lake influence a valuable
trout fishery in Lake Taneycomo immediately downstream (WErrHMan & Hass
1984). Rapid population growth and urban development are occurring near the
lake which will result in increased nutrient loading. Our aim in this paper is to
document trophic state characteristics of Table Rock Lake at this time and describe
the spatial distribution of phytoplankton and dissolved oxygen in relation to
nutrient inputs and hydrology.

Data base

Data were collected in 1976—1988 by the University of Missouri, U.S. Army Corps
of Engineers (Little Rock District, Little Rock, Arkansas), and U.S. Geological Survey
(Rolla, Missouri and Little Rock, Arkansas). Data include daily records of water level,
discharge and inflow from the White and James Rivers and monthly profiles of temperature
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and dissolved oxygen taken near the dam by the Corps of Engineers or U.S.G.S. Also
included are monthly records of serveral water quality variables (total phosphorus, sodium,
specific conductance, calcium, iron) collected from the James River at a site 47 km upstream
from the reservoir and, in some years, from sites on the White River, Kings River and Long
Creek. Other records include measurements of temperature, dissolved oxygen (DO), specific
conductance, chlorophyll and total phosphorus concentration (TP) taken three times a year
during 1985~1987 by the U.S.G.S. from two depths at 7 locations. Morphometric measure-
ments were obtained from the U.S. Army Corps of Engineers or were determined by plani-
metry using pre-impoundment topographic maps.

In 1978, 1981, 1982—-1984 and 1987—1988, we measured chlorophyll (CHL), total
phosphorus (TP), and total nitrogen (TN) concentrations and Secchi transparency at one or
more locations on 1-5 dates during summer. Other measurements (silica, alkalinity, specific
conductance, volatile and non-volatile suspended solids, nitrates) were made occasionally.
We measured CHL spectroscopically or fluorometrically using acetone, acetone-dimethyl
sulfoxide or ethanol extracts of algae concentrated on glass fiber filters (A.P.H.A. 1976,
BurNISON 1980, SARTORY & GROBBELAAR 1984, KnowiTON 1984). Total phosphorus was
measured after persulfate digestion (MenzeL & CorwiIN 1965) according to A.P.H.A. (1976) .
or Preras & RiGLER (1983) and TN was measured according to D’ELiA et al. (1977). We
made other determinations according to A.P.H.A. (1976).

In 1982 we took temperature, DO, and in vivo fluorescence (chlorophyll) profiles on
four dates at six locations in the lower reaches of Long Creek and James River arms. Fluoro-
metric measurements were taken as described by Knowrron & Jones (1989). During one
additional visit in 1982, we sampled at 21locations in the White River, Long Creek and lower
James River arms. In 1983, we took profiles on four dates at six locations and on one occasion,
collected profiles at 13 locations.

In August 1987, we took temperature, DO, and specific conductance profiles at
approximately 8 km intervals over the entire James River, White River and Long Creck arms.
We collected surface samples at 16 km intervals and from inflowing streams for analysis of
CHL, TP, TN, silica (Si0O;), alkalinity, calcium, sodium, chloride and volatile and non-
volatile suspended solids (VSS, INVSS). Similar data were collected from 7 sites on the James
River arm on 17 May 1988, and from 14 sites on the White River arm on 13—14 September
1988. The latter included one collection from the Leatherwood Creek arm — a small
embayment of the White River arm. Additionally, vertical profiles of CHL, TP, TN, VSS
and NVSS were collected near the dam in August 1987 and on 5 dates between 2 June and
28 September 1988. Samples taken in 1988 were also analyzed for nitrate-N.

Phytoplankton counts from surface or metalimnetic samples were made on several
occasions in 1982 and 1983. Counts were made on samples preserved with acid Lugol’s
iodine using an inverted microscope technique (Lunp et al. 1958).

Results
Morphometry, hydrology and temperature regime

Table Rock Lake is located about 10 km west of Branson, Missouri in the
rugged White River Hills region of the Ozark Plateau. The lake drains 10,412 km’
(Fig. 1) most of which is forested with thin soils, underlain by limestone bedrock
(THoM & WiLson 1980). Table Rock Lake is the deepest waterbody in Missouri.
At the average surface elevation of 278 m MSL it has mean and maximum depths
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Fig. 1. Table Rock Lake and major tributaries. Lake surface is shown at 279 m MSL. Distances
shown adjacent to shore were measured from the dam along former river channels.

of 18.9 m and 66 m respectively and a surface area of 167 km’. The basin is highly
serpentine and dendritic with major arms formed by the White River, Kings River,
James River and Long Creek (Fig.1). At average lake level the White River arm
extends 120 km uplake from the dam. Over half of the total lake volume, however,
occurs within 30 km of the dam in lower reaches of the White River and Long
Creck arms (Fig. 2).

Table Rock Lake s operated for power generation and flood control in concert
with other reservoirs in the White River system. Water levels fluctuate about 5 m
in an average year (mean=4.8 m, range 2.6~7.0 m for 1976~1986) typically peaking
in winter or spring and declining in summer. Large water level fluctuations, how-
ever, may occur any time of the year in response to run-off. Inflow from the White
River is regulated by Beaver Lake immediately upstream. Both Table Rock and
Beaver lakes are used principally to meet peaking power, demand so major water
releases in summer are usually restricted to short periods (4-12 h/d). Discharge from
Beaver Lake often peaks during spring or summer while inflow from the James River
and other unregulated tributaries are usually greatest in spring and minimal in
summer. During 1976—1986 inflow from the White and James rivers comprised
about 26 % and 30%, respectively, of total inflow to the lake. Based on proportional
flow estimates made by the U.S.E.P.A. (1977), inflows from the Kings River and
Long Creek comprised about 14% and 3% of total inflow. Other major tributaries
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Fig. 2. Volume distribution in major arms of Table Rock Lake at lake level =277 m MSL.
Vertical bars show cumulative volume below the indicated depth and horizontal bars show
cumulative volume downlake for distances measured along former river channels. Volumes
are given as a percent of total lake volume (3.04 km’). Isopleths show cumulative volume
downlake calculated at 3 m depth intervals. Values were obtained by planimetry from pre-
impoundment topographic maps and are not corrected for sc&mentation. .

include Flat Creek on the James River arm (5% of annual inflow), Yokum Creek
on the Long Creek Arm (0.9%) and Roaring River on the White River arm
(0.9%).

In 19761986 theoretical residence times for Table Rock Lake varied from
216 days in 1985 to 1287 days in 1981 using the lake volume on 1 January as the
reference. The median value for the period was 333 days in 1982. Residence times
vary greatly throughout the year and among different arms. For the James River
arm theoretical residence time in an average year ranges from 107 days in April—
June to 321 days in July—September (Table 1).

Values for the upper portion of the White River arm (above the James River)
are similar but are less seasonally variable because of regulation by Beaver Dam.
Other tributaries are not gauged but assuming their monthly inflows are pro-

“portional to the annual flow estimates made by the U.S.E.P.A. in 1974-1975,
average annual residence times range from 62 days for the Kings River arm to
838 days for the Long Creek arm with seasonal variation like that of the James
River arm.

Patterns of water movement suggested by differences in residence times among
arms are further complicated by thermal stratification and density currents in
inflows and discharge. Table Rock Lake is usually stratified from March through
November or December and develops a sharp thermocline (ca. 2—3 C/m) in
summer at 7—12 m (e. g. Fig. 3). Water is released from the dam through openings
centered about 42 m below the average lake surface so the withdrawal layer is

14 Archiv f. Hydrobiologie, Suppl.-Bd. 83
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Table 1. Quarterly and annual mean inflow and outflow for 1976—1986 and mean theoretical
residence times (time period X mean volume/total inflow) for major parts of Table Rock Lake.
Flow data are from U.5.G.S. records (U.S.G.S., 1977—1987). Total inflow was calculated as
outflow plus net volume change without adjustment for evaporation. Residence times were
estimatecr from average monthly water levels and inflow data and volumes computed by plani-
metry using preimpoundment topographic maps. Inflows from specific ungauged sources
and direct run-off were estimated as a percentage of the inflow from the James River using
proportions estimated during the National Eutrophication Survey in 1974—1975 (E.P.A,,
1977).

mean flow (km’)

Jan—Mar Apr—Jun Jul~Sep Oct—Dec annual

Inflow
White River 0.23 0.30 0.28 0.19 1.01
James River 0.26 0.31 0.10 0.21 0.87
Total 0.93 1.15 0.43 0.81 3.33
Outflow 0.85 1.06 0.66 0.73 3.31
" mean residence time (days)
area Jan—Mar Apr—Jun Jul—Sep Oct—-Dec annual
White River Arm?
upper 157 131 149 192 165
fower 124 104 209 153 138
Long Creek Arm 699 607 1823 864 838
James River Arm 122 107 321 151 147
Kings River Arm 51 46 136 63 62

Table Rock Lake 294 248 661 344 338

1 The White River arm was divided into upper and lower segments at the mouth of the
James River, 34 km above the dam (Fig. 1).
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Fig. 3. Temperature regime of Table Rock Lake — 1983. Isotherms were interpolated from

monthly temperature profiles taken near the dam (U.S.G.S. 1984). Closed circles show

sampling dates. Profile depths (shown by darkened area at the bottom) varied due to small
variations in sampling location with respect to the thalweg.
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restricted by thermal density gradients to the hypolimnion and lower metalimnion.
These have not been measured directly but a selective withdrawal model developed
by the Corps of Engineers (Davis et al. 1987) predicts a fairly thick withdrawal
zone that entrains water from the lake bottom to the bottom of the metalimnion.

Figure 4 is a model of water movement in the lake during an average summer
month which shows the extent of the withdrawal zone as predicted from a one-
dimensional model (Davis et al. 1987) and temperature data from 17 August 1983
(Fig. 3). In this simulation we assumed that each depth stratum (initially tabulated
at 3 m intervals) moves as a discrete plug flow changing in elevation, thickness
and longitudinal position as water is withdrawn from its downlake terminus or
added uplake. As shown by the arrows in the hypolimnion, withdrawal currents
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Fig. 4. Hypothetical net water movements in Table Rock Lake during an average summer
month. Arrows show the positions of water masses in 3 m depth strata at the beginning and
end of the month. Bold arrows denoted by the number 87 show similar estimates for July 1987.
Solid areas show water masses discharged during the average month or lost from one arm to
another. Results are based on a multip%e layer plug flow model which estimates water move-
ments in 3 m depth strata as a function otyin(fows and outflows. Outflows were calculated
using a one dimensional selective withdrawal model (Davis et al. 1987) using average or July
1987 outflow estimates and temperature profiles from August 1983 (for the average month)
or July 1987. White River and James River inflows were estimated from U.S.G.S. records.
Intlow from other tributaries was estimated as a percentage of the James River inflow using
annual flow measurements made by the E.P.A. (1977). It is assumed that inflow from the
White River enters the 12—18 m depth stratum and all other inflow enter the surface layer
(0—6 m). Vertical water movements are estimated by calculating volumes of depth strata
(initially 3 m thick) after addition of inflows and subtraction of outflows and summing from
the bottom using the depth-volume data in Figure 2. Horizontal movements are estimated
by calculating cumulative volumes downlake in each stratum at the start and end of the month
(see isopleths in Fig.2). This model assumes no vertical mixing between strata.
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pull hypolimnetic strata downlake. These layers also sink as volume is removed
from underlying strata. These water movements cause a net warming of the hypo-
limnion during summer as cooler, deep water is removed and replaced by warmer
water from above. This movement can be traced in temperature profiles as a steady
deepening of hypolimnetic isotherms through summer (e.g. Fig. 3). Discharge
currents probably also increase turbulence and vertical mixing by eddy diffusion
(HutcHinsON 1957, Forp, in press). Because these processes depend mostly on
water releases there is a strong correlation between discharge volume and the
amount of warming in the hypolimnion during summer. For example, during
1976~1986, temperature increase at the outlet depth between 1 June and 30 Sep-
tember varied from 1.2 C in 1980 when discharge was unusually low t0 6.0 C in
1976 when discharge was above average. Overall, discharge volume accounts for
90% of the interannual variation in these data (Fig. 5). Hydrologic simulations
which ignore vertical mixing (e.g. Fig. 4) predict a first order (linear) relation
between discharge and warming through isothermal sinking of water masses. The
upward curvature in the observed relation (Fig.5) is probably due to the additional
effects of turbulence. Similar effects may be common in other reservoirs with
hypolimnetic outlets (STRASKRABA et al. 1973, Frun & Cray 1973; FoRrb, in press).
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Fig. 5. Hypolimnetic warming at the depth of the penstock intake (236 m MSL) as a function

of discharge volume, 1976—1986. Data represent the 1 June — 30 September period.

Temperature changes were interpolated from monthly profiles taken near the dam (U.S.G.S.
1977—87).

Thermal stratification also controls the distribution of inflows into the lake.
Temperatures in the James River and other unregulated tributaries are usually within
2 C of lake surface temperature and probably enter the mixed layer except during
short periods in spring and fall when the rivers cool or warm earlier than the
reservoir. As shown in our simulation, this results in short residence times for
surface water in uplake areas. For example, in August 1987 inflow to James River
and Long Creek arms was only 1—2 C cooler than surface temperatures downlake
and probably entered the mixed layer after warming in the riverine reaches of these
arms (Fig. 6a). Stream flows at this time were below average but downlake move-
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Fig. 6. A - Temperature, B — specific conductance (@ 25 C), C - dissolved oxygen distribution
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isotherm in profiles taken ca.20 hours apart. In c), shaded areas show oxygen supersaturation
in the metafimnion and dashed lines along the lake bottom show original lake depth as
determined from preimpoundment maps. Note that data from the lower White River arm was
appended to the James River arm to show continuity between these water masses.
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ment was still extensive in headwater areas. As shown by bold arrows in Figure 4
our simulation model suggests a residence time of one month for water in the upper
20 km of the James River arm and in the upper 20 km and 6 km, respectively, of
the Kings River and Long Creek arms in July 1987.

Inflow from the White River usually enters the lake as an underflow or inter-
flow (WunpERLICH 1971, FORD & JoHNSON 1981). Beaver Dam has a hypolimnetic
outlet and outflow temperatures seldom exceed 10 C. In summer, surface tem-
peratures in Table Rock Lake are usually 15—20 degrees greater. In August 1987,
water released from Beaver Lake entered the headwaters of the White River arm at
9 C and flowed about 8§ km in the riverine zone before plunging below the surface
as an underflow (Fig. 6a) which compressed metalimnetic strata for about 40 km
downlake. On the day before these data were collected peaking power generation
at Beaver Dam was increased 3 fold over the preceding two days and our data
record the downlake movement of this new inflow plume. In temperature profiles
collected 20 hours apart the 15 C isotherm at the leading edge of the inflow moved
about 5 km downlake (dashed isotherms in Fig. 6a). The compressed portion of
the metalimnion, represented in Figure 6a by the downlake warping of the 15 C
isotherm, moved a similar distance.

Temperature data do not record the fate of the White River inflow, but
conductance and DO profiles taken concurrently suggest that previous inflows
entered the lower metalimnion (Fig.6b—c). Dissolved solids in the water discharged
from Beaver Lake are usually 20—30% less than at the surface in Table Rock Lake
so inflows from the White River can be traced in conductance profiles. These data
show a layer of low conductance water at 12—18 m in the lower metalimnion from
the White River inflow extending through a large portion of the White River arm.
Oxygen concentrations in the inflow drop rapidly downlake but show a peak at
these depths just downlake from the point oxygenated water from the White River
entered the lower metalimnion as an interflow. These plus similar data collected in
1988 and in June and September 1974 by the U.S.E.P.A. (1977) suggest that the
White River interflow travels as a relatively discrete water mass through most of
the White River arm and probably causes an uplake movement of metalimneuc
water in the lower part of the James River arm. This pattern is also predicted by
our plug flow simulations (Fig.4) in which we assumed White River inflow enters
the 12—18 m stratum. This model is not formulated to account for mixing between
the interflow and other strata and may overestimate downlake movement of the
interflow. Regardless, downlake movement in the lower metalimnion is rapid in
the White River arm with accompanying effects on water quality variables down-
lake. Inflow density currents are a major hydrologic feature of many large reservoirs
and are an important consideration in evaluating potential effects of nutrient loading
(WunDERLICH 1971, PauLson & Baker 1981, KENNEDY & WALKER, in press).
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Phosphorus loading and spatial distribution

Most phosphorus entering Table Rock Lake comes from point sources some
distance away. Most important of these is the Southwest Treatment Plant near
Springfield, Missouri which releases treated domestic waste into a tributary of the
James River about 67 km above Table Rock Lake. This outfall contributes about
75% of annual phosphorus loading (U.S.E.P.A. 1977). About one third of the
remaining phosphorus input comes from small municipal treatment plants on Flat
Creek, Leatherwood Creek and tributaries of Long Creek, Kings River and James
River. Other inputs are from more diffuse sources and direct precipitation.

In the past 11years, TP in James River has averaged 1195 pg/L at a site sampled
monthly by the U.S.G.S. 47 km above the lake (Table 2). Concentrations are

Table 2. Average TP at U.S.G.S. sampling sites upstream from Table Rock Lake. Measure-
ments were made in 1979—1985 (U.S.G.S., 1980—-1986).

TP (ug/L)
n mean range
White River!? 17 <152 0—-60
Long Creek 20 34 10-130
James River 115 1195 50—8000
Kings River? 52 115 20-550

1 Site below Beaver Dam
2 Six of 17 values were recorded as 0 or as <10 ug/L (detection limit)

3 Includes data from a site on the Kings River (October 1979 — October
1983) and a major tributary (Osage Creek, November 1983 —
December 1985)

substantially diluted by tributary inflows before water enters the lake, but during
low flow periods TP in the James River inflow is sometimes >500 pg/L. Con-
centrations in other streams with point sources are far less. In 1974-1975, the
U.S.E.P.A. measured annual mean TP (+SD) of 6796, 25%14 and 13+3 pg/L
respectively in Kings River, Long Creek and Flat Creek compared to 2454142 ug/L
in the James River. For seven other tributaries without point sources averages
ranged from <11£4 pg/L to 25131 pg/L (overall mean = 16 ug/L) and the White
River between Beaver and Table Rock Lakes averaged <<15+10 pg/L with 5 of
11 monthly samples containing <10 pg/L. Values published recently by the
U.S.G.S. (1981—-1985) for sites on Long Creck, Kings River and White River are
similar (Table 2).

Spatial distribution of TP in the lake shows the influence of inflow concentra-
tions. In August 1987, epilimnetic TP below the James River was 459 pg/L
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compared to 35 pg/L in the headwaters of the Long Creek arm and 5 pg/L below
the inflow of the White River (Fig: 7a). These data show steep gradients in TP
downlake in the Long Creek and James River arms and a peak in the White River
arm near the mouth of Leatherwood Creek. Similar patterns were observed in
1988 (Fig. 7b) when additional samples from the upper White River arm confirmed
Leatherwood Creek as the source of elevated TP in that portion of the lake.
Phosphorus gradients in 1987 occurred in locations with theoretical residence
times of 30—60 days as predicted by our hydrologic simulations (bold arrows in
Fig. 4) in areas where advective flow decreases rapidly downlake because of
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increasing volume (Fig. 2). Minimum TP values, lake-wide, occur in areas which
experience minimal advective movement during summer such as downlake portions
of the Long Creek arm and in the White River arm above the James River.
Maximum TP occurs below major inflows except in the upper White River arm
where the inflow from Beaver Lake plunges below the epilimnion. Dye tracer
studies of other lakes have shown some mixing between plunging inflows and the
surface layer (KENNEDY et al. 1982, FiscHER & SmiTH 1983). Because water from
Beaver Lake is relatively phosphorus-poor, mixing with surface waters may dilute
phosphorus inputs from other sources. Nonetheless, our data suggest that loading
from relatively minor tributaries such as Leatherwood Creek substantially increases
surface water TP in this part of the lake.

In the James River arm a relatively steep downlake gradient in TP concentra-
tion persists throughout the year as the result of sedimentary losses and dilution
of phosphorus inputs from the James River and Flat Creek. The magnitude and
shape of this gradient varies over time, depending on hydrologic conditions. For
example, following a-month of above average inflow in June 1983 the TP gradient
was relatively flat in headwaters of the arm but steepened rapidly near the mouth
(Fig.8). Later that summer, following 2 month of low flow, concentrations dropped
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Fig. 8. Gradients of TP in Table Rock Lake, 6 June and 1517 August 1983.

rapidly below the point of inflow. The steep gradients observed in August 1987
and May 1988 (Fig. 7) also followed periods of below-average flow. We presently
do not have enough data to determine if variation in the location of TP gradients is
consistently related to differences in water residence times but this hypothesis
seems likely (KENNEDY et al. 1982, THORNTON, in press).

James River water is diluted about 25% by cther inflows as it moves through
the arm. Wind currents probably cause some longitudinal mixing within and
between arms. These processes probably contribute to the formation of gradients
in the lake. Variable amounts of dilution also occur before inflows reach the lake.
Point source inputs to the James River are relatively constant over time so TP is
greatly diluted by tributary inflows to the James River during high flow. For
example, in 1980—1986 TP at the U.S.G.S. sampling site averaged 2375 pg/L when



210 Marraew F. KNowrron and Joun R. Jones

flow was <2.5 m%/s (n=16 monthly observations) and only 215 ug/L when flow
was >15 m%s (n=10). Thus, downlake declines in TP could occur when inputs
of dilute water during high flow are followed by more concentrated inputs during
low flow. KENNEDY et al. (1981) found such processes responsible for nutrient and
turbidity gradients in Red Rock Reservoir, Iowa. Inflow variation may be a major
source of spatial variation in many lakes with large fluvial inflows (CARMACK &
Gray 1982, KENNEDY & WALKER, in press).

Rough estimates of the relative effects of dilution versus sedimentation in
forming gradients can be obtained from the spatial distribution of conservative
elements. In our 1987 and 1988 data, concentrations of Cl and Na declined 42—
50% in the upper third of the James River arm (Table 3). These elements would
presumably be unaffected by sedimentation so changes in their concentrations
downlake show the effect of dilution. Because of the dominance of point source
inputs in the James River, ratios of Na and Cl to TP are relatively constant over
the range of flow. At the U.S.G.S. sampling site, TP/Na (x 10°) by weight averaged
27 in 19801986 (n=23) with a coefficient of variation of only 30%. Thus spatial
differences in relative concentrations of these elements can be used to estimate TP
sedimentation. In 1987 TP at the inflow and a site 21 km downlake were 538 and
43 pg/L, respectively (Table 3). If dilution over this distance was 50%, as suggested
by Na and Cl values, TP at the downlake site would have been 269 ug/L (538 w/L
X 0.5) in the absence of sedimentation. The difference between this value and the
observed TP indicates that 84% of the TP input sedimented from the epilimnion
between the two sites (e.g. (269 — 43)/269 = 0.84 — Table 3). In May 1988, changes
in Na and TP over approximately the same distance suggest sedimentary loss of
65% of inflow TP (Table 3). Similar calculations for other sites on the arm in
both years suggest that about 90% of James River phosphorus input sediments
from the epilimnion before reaching the White River arm (Table 3).

The sedimentary loss of TP in the James River arm is probably affected by
both purely physical and biologically mediated sedimentation. In August 1987,
inflowing water contained 17.8 mg/L NVSS which declined by 87% in the upper
21 km of the arm (Table 3). For lakes in this region, TP and NVSS are highly
correlated (Hover & Jones 1983), so it’s likely that physical sedimentation of
inflowing particulates contributed to the downlake decline in TP (e.g., GREEN et
al. 1978).

It is probable, however, that the main route of TP sedimentation is through
the in-lake production and loss of seston and photosynthetic percipitation of calcite.
In both August 1987 and May 1988, uplake reaches of the James River arm exhibited
high concentrations of CHL and VSS as well as substantial downlake declines in
Ca, alkalinity (ALK), SiO; and NO; (Table 3). These data suggest intense photo-
synthesis in this part of the lake and sedimentary loss of calcium carbonate (OTsuk:
& WeTzEL 1972). Also, most of the TP entering the James River arm is in dissolved
form. In May 1988 only about 5% of influent TP was retained by a 0.45 um filter
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Table 3. Water quality gradients and estimated TP sedimentation in the James River arm
of Table Rock Lake, 3—7 August 1987 and 17 May 1988. Values are in mg/L. Sampling
sites are noted by distance from the dam measured along the former river channel.

inflow James River arm
August 1987

95 km 90 km 74 km 58 km 42 km
TP 0.538 0.459 . 0.043 0.040 0.015
NVSS 17.8 9.9 2.4 1.7 0.9
SiO; 13.7 13.0 2.8 1.7 0.4
N 1.41 1.32 0.43 0.28 0.23
CA 62.2 60.1 20.0 223 24.9
ALK! 146 148 56 58 71
VSS 2.8 6.7 4.1 2.0 1.5
CHL 0.005 0.079 0.019 0.005 0.004
NA 18.3 15.6 9.0 6.4 4.2
CL 21.0 19.5 12.0 9.5 6.0
TP/NA (x 10%) 29 29 5 6 4
TP sedimentation? 0% 0% 84 % 82% 90%
May 1988 97 km 90 km 74 km 58 km 42 km
TP 0.317 0.289 0.058 0.019 0.018
dTP? 0.306 0.273 0.021 0.010 0.012
NVSS 3.9 - 3.0 - 1.2
TN 1.68 1.48 0.55 0.83 0.74
NO, 0.81 0.73 0.18 0.47 0.43
CA 56.4 57.6 316 29.6 29.6
ALK 288 282 182 162 144
VSS§ 0.8 - 2.7 - 1.2
CHL 6.4 5.1 17.9 6.8 6.3
NA 13.0 13.1 6.7 4.1 3.1
CL 15.6 16.1 9.1 6.4 4.9
TP/NA (x103) 24 22 9 5 6
TP sedimentation 0% 0% 64% 81% 76%

1 As calcium carbonate
2 Estimated from TP/Na as described in text
3 TP passing through 0.45 um glass fiber filter

(Table 3). Dissolved phosphorus was not measured in 1987 but a published
regression relating TP to NVSS in other midwest lakes (HoYER & JonEs 1983: 198,
Fig. 6) predicts TP in this inflow of 108 pug/L — only 20% of the observed TP. If
this regression applies to conditions in the James River then sediment-bound TP
may usually comprise a small fraction of the total. If so, then purely physical
sedimentation may play a relatively minor role in the loss of TP from inflowing

water.
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Unfortunately, we do not have the data to evaluate TP sedimentation during
periods of high flow. Presumably, much of the phosphorus loading to downlake
areas of the James River arm occurs during such periods when inflow causes
downlake extension of the riverine zone and impedes sedimentation (KENNEDY &
WALKER, in press). Large run-off events are usually brief, however, so it seems
likely that most of the annual phosphorus input is lost to the sediments of the
James River arm. Soundings taken during the 1987 survey, shown in Figure 6c,
suggest extensive sedimentation in this part of the reservoir.

Downlake reaches of large reservoirs are more lake-like than the headwaters
(GoLpmaN & KimMmEL 1978, Jones & Novak 1981, WHALEN et al. 1982). If so,
then phosphorus budgets in downlake areas of Table Rock Lake may be more
influenced by vertical mixing and exchange with the sediments (e.g. Fre 1979,
Prepas & VICKERY 1984) than by the advective processes that control TP in head-
water areas. More must be known about these spatial differences before we can
accurately predict the effects of increased nutrient loading to the lake.

Phytoplankton

Phytoplankton abundance in Table Rock Lake generally follows the spatial
and temporal variability in TP both in the epilimnion and illuminated portions of
the metalimnion. In August 1987 and May 1988, epilimnetic CHL in the James
River arms peaked near the inflow. This also occured in the Long Creek arm in
1987. In the Long Creek arm, however, epilimnetic CHL was less than in the
inflowing stream (Fig.7). In the White River arm CHL values in both years peaked
near the mouth of Leatherwood Creek in response to local nutrient inputs. Secchi
transparency varied inversely with CHL in both years ranging from <1 m in head-
water areas of the James River and Long Creek arms to 6 m near the dam (Fig.6¢
1987 data only). In summer 1982 and 1983 we found similar gradients in trans-
parency and both epilimnetic and metalimnetic CHL. Metalimnetic CHL was
usually several times greater than in the mixed layer (e.g. Fig. 9). Metalimnetic
CHL in August 1983 showed a clear continuity between the James River arm and
downlake areas of the White River arm in parallel with a gradient in metalimnetic
TP (Fig.10). This TP gradient is similar to that observed in the epilimnion earlier
that year (Fig. 8) suggesting that it formed by sedimentation of phosphorus from
the mixed layer. Overall, regressions of CHL to TP are similar for both strata.
For epilimnetic data, TP explains about 81% of variation in CHL if one 1987 datum
from the headwater site in the James River arm is excluded (Fig.11a). The relation
is weaker in the metalimnion (Fig. 11b) but has a similar slope.

Although phytoplankton abundance mimics the distribution of TP in Table
Rock Lake, nutrient ratios suggest that portions of the reservoir are not always
phosphorus limited. In headwater areas of the James River and Long Creek arms
TN/TP ratios (by weight) are often less than 12, suggesting nitrogen limitation



Summer distribution of nutrients, phytoplankton and dissolved oxygen 213

WR
dam 20 40 60 80 km
o re 1 Il 2
2- 1 | I]L28" *
: G0
6 15
104 5
e Pl 7 JUNE

dam 2|° |4.0 GP 8‘0 km

JR

2] yl’ Vadsd .
4: (4 é%fe
68' (1\15'39_2’9—36%

104 10
124 5
dam 20 |4.0 60 80 km

J T =
p ,0% 30

¢ it 26 JULY

dam 20 |40 60 80 km

JITTTTIEF

L]
;:;10 &0_
- Q__//\
12-/\10/

12 16-17 AUGUST
dam 20 |40 60 80 km
0 i A L T

i I
=IRNIRYIE"

4 3

6 - 10/ L

——__—/
:
10+
29 AUGUST

12-4-10

Fig. 9. Chlorophyll distribution and Secchi depths in summer, 1983, in the Long Creek arm
(LC), James River arm (JR) and lower White River arm (WR). Isopleths were drawn from
in vivo fluorescence profiles calibrated to discrete chlorophyll measurements at 1—3 depths.
Shaded areas show observed locations of green sulfur bacteria as determined by pigment
analysis (KNowrroN & JoNEs 1989). Other data not shown were collected at 1-2 locations
in the White River arm uplake from the James River. Chlorophyll concentrations at these
sites were always equal to, or less than, those just downlake }rbom the mouth of the James
River arm.
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Fig. 10. Metalimnetic CHL and TP gradients in Table Rock Lake 15—17 August 1983.
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Fig. 11. Relation of CHL to TP in the epilimnion (a) and metalimnion (b) of Table Rock
Lake. Data were collected in summer 1982, 1983, and 1987. An outlying data point from the
upper James River arm (TP =459 pg/L, CHL=79 ug/L — Fig.7) was omitted from analysis.
Regression models fitted by least squares are: epilimnion — CHL = 0.51 X TP +0.61, n = 96,
R?=0.80, p <0.0001; metalimnion — CHL = 0.71 x TP +7.52, n =52, R?=0.51, p < 0.0001.

(Forsserc & Ryping 1980). In August 1987, TN/TP ranged from less than 3
below the James River inflow to >30 near the dam (Fig. 7). The ratio of TN/TP in
the White River inflow was 60. In May 1988 TN/TP in the James River arm
ranged from 5.1 to 43.7 along a downlake gradient. In September 1988 TN/TP
in the White River arm ranged from 9.5 near the mouth of Leatherwood Creek
to 47 just below the White River inflow. In the Leatherwood Creek arm TN/TP
was 6.2. Near the dam, TN/TP in 1988 ranged from 33 in mid-August to 52 in
mid-June (Fig. 7b).

Seasonally, nitrogen limitation seems most important in late summer. In 1983,
TN/TP ratios in the upper James River arm declined from 18 in early June to 6
in late August. Near the dam TN/TP dropped from 71 to 28 during the same
period. Similar trends were also observed by the U.S.E.P.A. 1n 1974 (U.S.E.P.A.
1977) and probably recur annually because of the rapid loss of TN from the
epilimnion in the summer. Total nitrogen dropped an average of about 25% per
month in the June—August of 1983 period at six locations sampled in Table Rock
Lake. Phosphorus also declined at most stations (Fig.8) but by a smaller percentage
than TN resulting in decreased TN/TP.
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Most of the decline in TN may be due to exhaustion of epilimnetic NO;.
Between 2 June and 28 September 1988, epilimnetic NOj near the dam declined
from 333 pg/L to <10 pg/L (mean = 132 pg/L for five sampling dates) while non-
NO; nitrogen remained nearly constant at 165 pg/L to 223 pg/L (mean = 203 pg/L).
Similar trends have been observed in reservoirs on the Colorado River (Baker &
PaursoN 1981, Priscu et al. 1981) and seem typical of reservoirs in Missouri and
surrounding states. This apparent exhaustion of readily available N may con-
tribute to a condition of N-limitation in late summer in these lakes.

The seasonal decline of nutrient concentrations at the surface is paralleled by
a decline in phytoplankton biomass in the mixed layer and an increase in the meta-
limnion. As shown in Figure 9, epilimnetic CHL in the lower reaches of the
James River arm dropped from >20 to <10 pg/L during summer 1983. Trans-
parency increased from 2 m to 3 m, with an accompanying increase in meta-
limnetic CHL from <10 to >30 pg/L. Similar changes occured in the White River
arm. By late August metalimnetic CHL maxima were present throughout the White
River, James River and Long Creek arms (Fig. 9). We observed similar develop-
ment of the metalimnetic phytoplankton in 1982. In early September 1982, meta-
limnetic CHL in some downlake areas of the White River arm exceeded 60 ug/L
compared to about 6 pug/L in the epilimnion. A much smaller metalimnetic peak
was observed in 1987 when a single profile taken near the dam showed a peak
concentration of 6 ug/L in the metalimnion compared to 1.6 pug/L at the surface.
In five profiles taken in 1988, metalimnetic CHL peaked in mid-August at a con-
centration of 17.2 ug/L compared to 6 ug/L in the epilimnion.

Several factors are involved in development of metalimnetic CHL peaks in
Table Rock Lake. In the James River arm summer declines in epilimnetic phyto-
plankton increases light transmission to the metalimnion, in some cases resulting
in a depression of the previously established oxycline as the trophogenic zone
thickens. In 1982, for example, Secchi transparency in the lower James River arm
went from 1.8 m in late June to 4 m in early August with a corresponding deepening
of the oxycline from 3 to 6 m and development of a2 metalimnetic CHL peak at 7m.
In productive areas of the reservoir where the upper metalimnion becomes anoxic
we have found large populations of photosynthetic sulfur bacteria in the meta-
limnion lying beneath accumulations of algae (Fig. 9 — August data). Similar
accumulations of sulfur bacteria occur in several reservoirs in the region which do
not develop persistent phytoplankton peaks (Knowiton & Jones 1989). These
bacteria have not been thoroughly studied but seem to dominate primary produc-
tion in the metalimnia of productive reservoirs.

In August 1983 metalimnetic phytoplankton communities in transparent areas
of Table Rock Lake were dominated numerically by Achnanthes minutissima which
comprised 36—84% of total cell counts (Table 4). We did not measure cell volume
in these samples, but it is likely that this small diatom (ca. 10 um maximum length)
comprised a relatively small fraction of total biomass. Metalimnetic phytoplankton
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Table 4. Dominant phytoplankton taxa in the metalimnion of Table Rock Lake, 15—17

August, 1983. Data are 1p
I

equal: one frustule or ce

colonial bluegreens), or, for filaments, each 100 pm of filament length.

resented as percents of total counting units. One counting unit
for diatoms or unicells, four cells for colonies (50 cells for some

White River — 9 km! 42 km 88 km
Achnanthes? (83%) Achnanthes (49%) Achnanthes (36%)
Pediastrum 3%) Synedra (17%) Melosira (14%)
Chlamydomonas ~ (3%) Fragilaria (6%) Dictyospbaerium — (7%)
Synedra (2%) Dictyosphaerium  (6%) Synedra (7%)
total:
diatoms (89%) (77 %) (69%)
bluegreens (1%) (6%) (6%)
flagelates (3%) 4%) (3%)
others (7%) (14%) - (21%)
Long Creeck — 10 km 19 km 26 km
Achnanthes (49%) Achnanthes (44%) Achnanthes (84%)
Synedra (10%) Dictyosphaerium  (13%) coccoid BG (4%)
Dictyosphaerium — (7%) Lyngbya (11%) Dictyosphaerium  (4%)
Peridinium (4%) Anabena (5%) Synedra (1%)
total:
diatoms (65%) (48%) (88%)
bluegreens (11%) (16%) (4%)
flagelates (6%) (10%) (1%)
others (17%) (26%) (6%)
James River — 44 km 69 km 77 km
Lyngbya (26%) Merismopedia (12%) Merismopedia (35%)
centric diatoms (13%) Dictyosphaerium  (11%) centric diatoms (13%)
Dictyosphaerium  (9%) Cryptomonas (10%) Dictyosphaerium — (8%)
coccoid BG %) Ceratium (9%) Stephanodiscus (6%)
Achnanthes (6%) Chlamydomonas ~ (9%) filamentous BG (5%)
Merismopedia (6%) centric diatom (%) Peridinium (4%)
total: )
diatoms (25%) (17%) (28%)
bluegreens (45%) (20%) (45%)
flagelates (5%) (38%) (7%)
others (26%) (25%) (21%)

! Distance from dam measured along former river channel
2 Dominant species included Achnanthes minutissima, Synedra delicatissima, S. radians,
Melosira ambigna, Dictyosphaerium pulchellum, Fragilaria crotonensis, Lyngbya limnetica,
L. spiralinoides, Merismopedia tenimissima, Pediastrum simplex, Ceratium cornutum, and

Stephanodiscus astraea
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communities in all parts of the lake comprised a diverse assemblage of taxa, unlike
the nearly monospecific metalimnetic peaks observed in some lakes (e.g. Broox
et al. 1971, FeE 1976, Prck et al. 1984). Metalimnetic chlorophyll peaks can form
in a variety of ways and should be expected in lakes where the euphotic zone
extends below the mixed layer (CuLLen 1982, MoLL & StoErMER 1982, Priscu
& GorpmaN 1983, CooN et al. 1987). Such conditions probably exist in many
reservoirs, but metalimnetic CHL maxima have seldom been studied in artificial
lakes (KiMMEL et al., in press) and we presently have too few data to distinguish
those factors most important to the origin and maintenance of these peaks in

Table Rock Lake.

Dissolved oxygen

In downlake areas of Table Rock Lake seasonal changes in dissolved oxygen
concentrations (DO) follow a similar pattern from year to year. In summer, DO
depletion is most rapid near the bottom and in the lower metalimnion so DO
profiles in late summer usually show a peak at mid-depth in the hypolimnion
(Fig.12). In most years, DO peaks also occur just below the mixed layer because

.
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Fig. 12. Dissolved oxygen regime of Table Rock Lake — 1983. Isopleths were interpolated

from monthly oxygen profiles taken near the dam (U.S.G.S. 1984). Closed circles show

sampling dates. Profile depths (shown by darkened area at the bottom) varied due to small
variations in sampling location with respect to the thalweg.

of metalimnetic photosynthesis. In 1982 and 1983 DO values were at 100-175%
saturation above metalimnetic CHL peaks in the White River and Long Creck
arms. Monthly DO profiles taken near the dam have recorded supersaturation in
the upper metalimnion in 9 of the past 11 years.

Oxygen measurements made in 1974 by the U.S.E.P.A. and in 1985-1987
by the U.S.G.S. suggest that DO depletion is most rapid near the sediments in

15 Archiv f. Hydrobiologie, Suppl.-Bd. 83
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productive areas of the lake. Our data from 19821983 and 1987-1988 show
strong downlake gradients in DO paralleling the TP and CHL gradients in the
surface waters. In 1987 and 1988 we found oxyclines all over the lake at roughly
twice the Secchi depth (Fig. 6c — 1987 data only). In productive areas of the James
River and Long Creek arms, sharpest vertical gradients in DO occured just below
the mixed layer. A similar oxycline was present beneath the interflow in the White
River arm. These areas had extensive anoxic zones which extended downlake along
the bottom. The continuity of anoxic zones between uplake and downlake areas,
particularly that between the James River arm and the downlake portion of the
White River arm, strongly suggests downlake flow of hypolimnetic water. In the
jower metalimnion, longitudinal gradients in DO also suggest an influence of
advective processes. In the White River interflow, DO at 15 m dropped 3 mg/L
past the mouth of the Kings River arm, probably because of the input of DO
depleted water from this source. An in situ cause seems unlikely because the inter-
flow may require as little as 3 days to travel between the two points. Also,
concentrations showed no further decline downlake until reaching the mouth of
the James River where another slight decline occurred, perhaps also because of
advective movements. -

Withdrawal currents and downlake flow from productive areas of Table Rock
Lake have a major influence on DO depletion rates near the dam. For the period
of record, interannual variation in discharge accounts for 86 % of observed variation
in DO depletion at the outlet depth during June—September and 45% of the
variation in DO depletion in the lower metalimnion (Fig.13). A close dependency
of oxygen depletion on discharge has previously be observed in Slapy Reservoir
(STRASKRABA et al. 1973).

aD.0. (mg/L)

DISCHARGE (km?3)

Fig 13. Relation of hypolimnetic and metalimnetic oxygen depletion to discharge volume
for Table Rock Lake - 1976—86. Data represent the 1 June — 30 September period. Net change
in dissolved oxygen was interpolated from monthly profiles taken near the dam (U.S.G.S.
1977—87). Hypolimnetic depletion was calculated at the depth of the penstock intake (236 m
MSL). Metalimnetic depletion was calculated at the depth of the metalimnetic DO minimum
which varied among and within years. Regression models fitted by least squares are: hypo-
limnion — DO =3.25 x Discharge +2.24, n=11; R*=0.93, p<0.0001; metalimnion -
DO =2.33 x Discharge + 3.28, n=11; R*=0.67, p<0.0001.
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Hypolimnetic water in downlake areas is completely replaced in most summers
so the relation of oxygen depletion to discharge probably depends mostly on
advective transport. Because of the relatively rapid oxygen depletion in shallow,
uplake areas, discharge and downlake water movement in summer results in the
replacement of relatively oxygen-rich water near the dam by oxygen-depleted water
from uplake. Advection may also stimulate oxygen depletion in situ by increasing
contact between water and bottom sediments. In natural lakes, a large proportion
of total oxygen consumption in the hypolimnion occurs at the sediment-water
interface (CORNETT & RiGLER 1987). It is possible that respiration and chemical
oxidation at this boundary are increased by water movement and turbulence in
the same way that stirring increases oxygen consumption of sediments in the
laboratory (HarRGRAVE 1972).

Discussion

Table Rock Lake exhibits an unusual degree of spatial variability, both
longitudinally and vertically. Over 95% of the 433 reservoirs sampled in the
National Eutrophication Survey had mean TP and CHL within the range of values
observed among sampling sites in Table Rock Lake in our 1987 survey (CANFIELD
& BacHMANN 1981). On the basis of TP, sampling sites in the Long Creek and
James River arms comprise the most and least fertile large expanses of water in
Missouri covering a range of over 70 fold (HovEr & Jownes 1983, Jones &
KNOWLTON, in prep.). Vertically, we have measured differences of >10 fold between
CHL in the epilimnion and metalimnion. In a recent survey of 48 lakes in Iowa,
Missourt, Kansas, Oklahoma and Arkansas only Table Rock Lake consistently
showed metalimnetic phytoplankton peaks (KNowLTON & JONES 1989).

" Monthly temperature and oxygen profiles taken near the dam by the Corps
of Engineers and U.S.G.S. provide a comprehensive picture of some conditions in
this part of the lake. They clearly record the recurrent patterns in metalimnetic
and hypolimnetic oxygen depletion (e.g. Fig. 12) and the strong dependence of
hypolimnetic temperature and oxygen on outflow (Fig. 5 and 13) — conditions
commonly observed in reservoirs with hypolimnetic outlets (STraskraBa et al.
1973, Hannan & CoLE, in press). But our present records of the spatial and
temporal variation in other parts of the lake are inadequate to answer important
questions concerning nutrient loading to downlake areas and the effects of water
movement on the distribution of oxygen and phytoplankton. In addressing such
questions the size and temporal dynamics of large reservoirs present serious
obstacles to collection of adequate data (THORNTON et al. 1982, KNowLTON et al.
1984).

Questions about nutrient loading seem particularly pertinent. Downlake areas
of the reservoir are relatively unproductive because most of the annual phosphorus
load sediments from the mixed layer far uplake. The relatively minor influence of
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high phosphorus loads from the James River on conditions downlake suggest
that nutrients loads in other major inflows could increase substantially without
changing surface water quality near the dam. But this might not be true of smaller
tributaries whose embayments lack the residence time required for efficient
sedimentation (THORNTON, in press). More information on the effects of local
inputs will be needed to assess this question.

Other questions concern factors controlling phytoplankton distribution and
abundance. Our present data show clear trends relating algal biomass estimates to
nutrient distribution in the surface layer and metalimnion (Fig.11) but we have too
few data to determine specific features of nutrient limitation and the relative
importance of advection and in situ production in creating the spatial patterns
observed. Our 1987 data suggest some influence of allochthonous import. In the
James River arm, inflowing algae seems to have contributed little to the intense
bloom tmmediately downlake (Fig. 7). But high CHL in the Long Creek inflow
suggests an important role of stream inputs. Such effects have previously been
observed in Saylorville and Red Rock reservoirs in Iowa where most of the
suspended algae in headwater areas originates in inflows (SOBALLE & BACHMANN
1983). _

Of particular interest is the occurrence of metalimnetic phytoplankton and
bacteria maxima in the lake. Metalimnetic phytoplankton have been studied recently
in oceans and natural lakes (e. g. FEE 1976, CuLLEN 1982, MoLL & STOERMER 1982,
CoON et al. 1987) but have received little attention in reservoirs (KiMMEL et al., in
press). The gradation of metalimnetic communities we observed in 1983 (Fig. 9,
Table 4), from obligately anaerobic bacteria in headwater areas to aeophylic diatoms
downlake follows the trophic continuum of metalimnetic production hypothesized
by Movrr & StoerMeR (1982). In Table Rock Lake extreme gradients in nutrient
concentrations mimic, in situ, trophic differences among lakes in creating a
continuum of light penetration, algal abundance and oxygen regime. In eutrophic,
uplake areas, the metalimnion is anoxic by early summer and provides a suitable
habitat for photosynthetic bacteria after seasonal decreases in epilimnetic nutrients
and phytoplankton allow sufficient light penetration. Downlake from the head-
waters, metalimnetic oxygen depletion is not as rapid and there is less temporal
variation in transparency. In downlake areas and in the middle reaches of the White
River arm, the upper metalimnion remains well illuminated and near oxygen-
saturated all summer.

Photosynthetic sulfur bacteria are obligately phototrophic and anaerobic
(PrENNIG 1978) so metalimnetic bacteria peaks must form by in situ growth. But
metalimnetic phytoplankton peaks in Table Rock Lake may depend on production
in the surface layer. There is currently a question about the relative importance of
in situ production versus migration or cell capture in the formation of metalimnetic
CHL maxima (P1ck et al. 1984). The longitudinal gradients in communities forming
metalimnetic peaks in Table Rock Lake and possible gradients in relative importance
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of different formation processes may make this and similar reservoirs advantageous
sites for the study of metalimnetic CHL maxima.

An important concern regarding water quality in Table Rock Lake is the
effect of DO in outflows on the trout fishery in Lake Taneycomo immediately
downstream (WEITHMAN & Haas 1984). In autumn, outflow from Table Rock
Lake is sometimes nearly anoxic. The outflow is partially reaerated through the
penstocks and in riverine areas below the dam but DO in Lake Taneycomo
occasionally drops below 5 mg/L, causing physiological stress to the trout and
decreasing angler catch rates (WerTHMAN & Hass 1984). Various measures have been
attempted to ameliorate this problem and the Corps of Engineers is presently
studying the efficacy of adding multi-level outlets or a depth-diversion weir to the
dam to limit outflow to strata with higher DO (Gordon Proctor, U.S. Army Corps
of Engineers, pers. comm.). From our present understanding of DO dynamics in
the lake, we expect such measures will be ineffective unless provision is made to
draw water from the epilimnion. Selective withdrawal from deeper strata would
speed the movement of DO-depleted water from uplake thus increasing oxygen
depletion in that layer. The relation of DO to outflow shown in Figure 13 suggests
that DO depletion could be reduced by limiting summer discharge. Also, the
present spillway gates can be used to release epilimnetic water when outflow DO
reaches critical levels. But these practices conflict with the principal role of the
reservoir as a power generating facility and will probably receive limited use. We
presently know too little about production and oxygen depletion in the lake to
know whether other measures, such as reducing nutrient loading, would improve
DO conditions in Lake Taneycomo.

Summary

Summer nutrient concentrations, algal biomass and oxygen depletion in Table Rock
Lake exhibit order of magnitude variation along longitudinal gradients resulting from variation
in inflow hydrology and water quality. Sedimentation of influent material and intense algal
production in headwater areas results in >85% loss of surface water TP during downlake
flow of water in the James River and Long Creek arms (Fig. 7). Subsurface inflow of
nutrient-poor water from Beaver Lake has little effect on nutrient concentrations in the upper
White River arm which are controlled by local inflows. Chlorophyll concentrations follow
the distribution of TP in the surface waters and the metalimnion (Fig. 7, 10, 11) but meta-
limnetic CHL is often several times greater than in the mixed layer (Fig. 9), especially in
relatively transparent downlake areas. Metalimnetic communities in productive areas of the
James River and Long Creek arms sometimes include large populations of photosynthetic
sulfur bacteria (Fig. 9). Oxygen depletion is rapid in shallow uplake areas (Fig. 6¢). Inter-
annual variation in oxygen depletion near the dam is highly correlated with discharge volume
(Fig. 13), perhaps because of downlake transport of oxygen depleted water and stimulating
effect of hypolimnetic turbulence on oxygen uptake by bottom sediments.
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