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RESERVOIR SEDIMENTATION AND WATER QUALITY - AN HEURISTIC MODEL

by

J. H. Carroll.1 W. W, Halker.z

K. W. ‘['hu:lrnti:m.l R. H. Kennedy,l
' and S. a\shhyl

R. C. Gunkel,1

INTRODUCTION

While reservoirs are incorporated in the formal definition of
lakes, several structural and funetional differences between lakes and
reservoirs make reservolrs unique ecological systems. Structural dif-
ferences include greater reserveir shoreline development ratios, shorter
retention times, and pronounced longitudinal gradients (1). One of the
obvlous differences is the ocutflow depth or zone of withdrawal and the
capability of selectively altering this outflow depth in reservoirs,

While hydrodynamics are important in both lakes and reservoirs,
dominant mixing processes may be different in reservoirs. In lakes, the
controlling factors are generally the interactions of solar insolation
and wind (!1). In reservoirs, the advective forces of inflow and out-
flow and density differences caused by solids concentrations play an
equally important role in hydrodynamics. Inflow and outflow mixing,
while separated spatially, have a profound effect on reservoir dynamics
by dictating the initial distributfon of iInfluent water and assoclated
material and by Influencing the quantity and rate at which materials are
digcharged dovmstream.

A dominate process in reservoirs is sediment transport. The trans-
port of sediment into reservoirs and its eventual deposition are of con~
cern since the original purpose of a reservoir is to store water for
flood control, water supply, irrigation, power production or other uses.
For reservoirs built prior to 1935 in the midwest, Great Plalns States,
the southeastern and southwestern United States, 33% have lost from one”
fourth to oune-half their original capacity; 14% have lost from one-half
to three-quarters of their original capacity; and about 10% have had all
usable storage depleted by sediment deposition (12}, This impact of sed-
inents has led to the use of routine reservoir sediment surveys, calcu”
lations of trap efficlency, and other procedures designed to provide 2
better basis for making water quantity management decisions,
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. Reservolr sedimentation has also become important in recent years
Prigor recreational and esthetiec reasons, its impacts on water treatment
mﬁ,‘°5ts’ and the requirements of legislative acts. In 1960, sediment was
é;;assessed 1o be not only the major water pollutant by weight and volume
i put alse a major ecarrier and catalyst for other water quality constitu-
75 gnts Such as pesticides and other organic residues, nutrients, and
pathogenic organisms (13),
P

wl

This paper will examine differences between reserveirs and lakes
that support the importance and influence of reserveir sedimentation on
water quality, develop a heuristic model to describe the effects of
reservolr sediumentation on water quality, and discuss its impact on
wodeling reservolr ecosystems mathematiecally.

DIFFERENCES BETWEEN LAKE AND RESERVOIRS

- The U. 8, Environmental Protection Agency Hational Eutrophication
EE urvey (NES) data were analyzed and compared For 309 natural lakes and
_?Eg7bfsAf)reservoirs included in the NES program between 1972-1975
i(Table .

TABLE 1. - A Comparison of Geometric Means on Selected
Variables on Natural Lakes and CE Reservoirs

Hatural Probability
Lakes CE Reservoirs Mesns Are
Variable (N = 309) (N = 107) Equal
(1) (2) 3 (4)
 bratnage Area (kg®) 222 3228 <0.0001
Surface Area (km") 5.6 34.5 <0.0001
Maximum Depth (m) 10.7 19.8 <0.0001
Hean Depth (m) 4.5 6.9 <D.00G1L
Shoreline Development Ratio 2.9 (N =34 9.0 (N=11 <0,001
& ydraulic Residence Time (yr) 0.74 0.37 <0.0001
i&&real Water Load (m/yr) 6.5 19 <0.0001
ﬁéﬂralnageISurface Area 33 93 <0.,0001
: Secchi Depth (m) 1.4 1.1 <0.0005
i} otal Phosphorus (mg/g) 0.054 0.039 <0.02
% Chlorophyll a (ug/4) 14 8.9 <0.0001
&P Loading (g/m’-yr) 0.87 1.7 <0,0001
¥ Loading (g/m°-yr) 15 28 <0,0001

e
ﬁ%l'ﬂutchinson, 1957.
;?: Leldy and Jenkins, 1977,

g Reservoirs genmerally have greater drainage and surface areas, mean

;.afa;maximum depths, and shoreline development ratios. The greater

2 ainage to surface arez ratio for reservoirs (approximately three times
t of natural lakes), indicating the potential for greater sediment

»uf'“qutrient loads, {s also reflected In a shorter hydraulic residence

“B8 and greater areal water load for reservoirs. °




656 SURFACE WATER IMPOUNDMENTS

Total phosphorus and chlorophyll a concentrations, on the average
are lower in reserveirs, despite higher total phosphorus and nitrogen
loadings. The occurrence of lower total phosphorus concentrations
could be related to the modifying effectas of greater mean depth and
shorter water residence time (e.g. l4) or the possibllity that sedipeq.
tation rates are higher for reserveirs. Ancillary to the latter 1s the
possibility that a larger percentage of the loadings to reserveirs are
in a particulate form. This would also explain the lower average Secchy
disc depth for reserveirs. If it is assumed that light attenuation g
a Function of phytoplankton peopulation density (3), estimated here by
chlorophyll a concentration, then a comparison of Secchi disc depth apg
chlorephyll a (Table 1} suggests the importance of nonalgal particu-
lates to the light regime of reservolirs.

Reservolrs exhibit pronounced longitudinal gradients, a phenomenon
not unexpected considering the greater advective and wndirectional
flows in reservoirs (1). The long, dendritic nature of pmany reservefrs
is characteristic of the inundated floodplain and meandering channel of
impounded rivers. Many reservoirs recelve a majority of their inflow
from a single large tributary located & coasideradle distance from the
outflow. This provides a suitable setting for the development of
physical, chemical, and biological gradients in both time and space.

RESERVOIR SEDIMENTATICN AND WATER QUALITY - A CONCEPTUAL MODEL

Horphologic differences batween lakes and reservoirs and the im=
portance of sedimentation form the basis for a conceptual model to de-
seribe and explain the development of longitudinal gradients iIn
reservoirs. Although occurring along a continuum from river inflow to
dam, these gradients vesult 1n the establishment of three distinct
tones possessing unique physical, chemical, and ecological properties.
These three zones are & riverine zone, a zone of transition, and a
lacustrine zome (Fig. 1). Although velocitles in the riverine zone
are decreasing, this zone is relatively narrow, well mixed, and advec-
tive forces are still sufficlent to transport significant quantities of
finer particles, such as silts, clays, and organic particulates. Light
penetration is minimal and generally limits primary production. 4&n
aerobic enviromment is maintained becavse the riverine zone iz gener~
ally shallow and well mixed, even though the degradation of alloch-
thonous organic loadings often creates a significant oxygen demand.
Secondary production in this portfon of the reservoir vould be subsi-
dized by allochthonous material through detrital food chains.

Significant sedimentation occurs through the transition zone with
a subsequent increase in light penetration, Light penetration may in-
crease gradually or abruptly, depending on flow regime. If an overflo¥
occurs, light penetration will increase gradually down the reservoir 3%
sedimentation oceurs, 1If the inflow proceeds as an inter- or under-
flow, light penetration in the mized layer will increase abruptly dovn~
stream of the plunge point, a point where sediment-laden inflowing
water sinks to a depth of comparable demsity. At some point within the
mixed layer of the zone of transition, & compensation point between the
production and processing of organic matter should be reached. BeYG“dd
this point, astochthonous production of ergamic matter within the mix®
layer should begin to dominate.

HEURISTIC MODEL

RAIVERINE

ZONE OF
TRANSITION

LACUSTRINE

5

- Reservoir zomation and approprlate sinwlation wodiels.

rig. 1.

Arrows Indicate deminant transpork processes.
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The lacustrine zone is characteristic of a lake system. Sedimen-
tation of inorganic particulates is low, light penetration is suffi-
clent to promote primary production with the potential for nutrilent
limitation and preduction of organic matter exceeds processing within
the rixed layer. Entrainment of metalimetic and hypolimnetic water,
particulates, and nutrients way occur through internal seiches or wing
mixing during the passage of large weather fronts (2)}. Hypolimmetic
nixing may be mote extensive In reservoirs because of hypolimmetic or
bottom withdrawal., Bottom withdrawal removes hypolimnetic water and
nutrients, and may promote movement of inter- or underflows into the
hypolimnion (5).

A PROTCTYPE SYSTEM

West Point Dam impounds the Chattahoochee River on the Georgia-
Alabama border approximately 80 km southwest of Atlanta, Georgia., Land
use in the 6000 km? watershed is approximately 70X agricultural and 30%
urban. There are significant point source discharges into the
Chattahoochee River from Atlanta., West Point Lake is a long, dendritie
reservolr with 113 km? surface area, 0.8 km3 volume, a maximum and mean
depth of 31 m and 7 m, respectively, and & length of 53 km. It hag a

_ theoretical hydraulic tesidence time of 0.17 yr and a shoreline
development ratio of 23.0. The dynamic nature of the above three zones
is evident In West Point Lake (Fig. 2). Plumes of highly turbid
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Fig. 2. - Turbldity and chlorophyll gradients in West Point Lake, Ga.
River distance measured from headwater to dam. Data from
Davies et al. (4).

water wvere agsociated with elevated flows occurring in June, September.
and December 1976, and March and June 1977. As flow in the Chatta~
hoochee River decreased, the turbldity zone receded upstream. These
turbidity plumes 1llustrate the dynamic nature of the transition zon®
and the importance of the hydrologic regime.

An inverse relation existed between turbidity and chlorophyll
along the length of the reservolr (Fig. 2). High turbidities due &0
inorganic suspended solids in the upper portion of the reservolr
diminished toward the dam with a concomitant increase in chlorophyll
concentration. Elevated flows and, therefore, increased turbulencé.
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éransported particulate matter farther into the pool, decreased light
senetration, and decreased algal production as indicated by reduced
chlorophyll concentrations. During low flow, shear gemerated turbu-
ence decreased, greater sedimentation occurred in the upper portion of
pe reservolr, light penetration increased, and chlorophyll concentra-
gons Increased upstream. While, in general, chlorophyll a concentra-
jons increased with distance dowunstream, it should be noted that, with
pe exception of winter months, concentrations were highest at mid-
eservolr immediately below turbidity plumes. Nutrient concentrations,
yhich tended to be higher here than near the dam, and -an lmproved light
egime apparently resulted In higher algal populations.

Similar zonation was observed in Livingston Reservoir. The zone
f highest carbon fixatlon wag dietated by hydrologic conditicns and
orbidity (10}, During the high flow periods of spring and fall,
1product1v1ty was preatest in the lacustrine region of the reservoir,
As flow decreased during the summer and turbidity decreased in the
fver, the peak in productivity occurred upstream where nutrient con-
entrations were higher. Using stepwide discriminate analysis,
- turbidity was demonstrated to be the dominate factor influencing
roductivity in the riverine segment during high flow while phytoplank-
on standing crop was a discriminating factor influencing productivity °
3 in the lacuatrine region (10). The highest primary productivity in
pidreservolr was also observed in Lake Powell (7}, In the upper por-
ions of Lake Powell, turbidity reduced the photic zone depth while
utrient depletfon reduced productivity in the lower portion of the
‘eservolr (7).

SIMULATING RESERVOIR ECOSYSTEMS

The establishment of longitudinal gradients in reservoirs may re-
uire the coupling of several models to adequately simulate these
ystems. Although models are developed and applied arcund specific ob-
ectives, a minimum combination of models can be discussed that will
ﬁp;ovide cost~effective simulations addressing many of the water quality
g prodblems in reservoirs (Fig. 1).

'+ The riverine zone may be simulated with a longitudinally one-
ridinensional riverine model. Based on the characteristics of the river-
#line zone, the model should include algorithms for organic matter pro-
essing, sediment transport and deposition, dissolved-particulate matter
teractions, and nutrient dynamics for realistie simulations.

.. The zone of transition represents the most dynamic area of the
Fattervoir and would be best simulated using a two-dimensional, later-
A411y averaged reservoir ecosystem model. Physically, the model must be
%ﬂmle to gimulate the flow filelds in this zone, including the proper
#Positioning of the plunge point, and the longitudinal gradients in sus-
Pended solids. $ince the highest primary production may oceur down—
tream from the plunge point within this zone, algorithms must describe
.hﬁilnteractions among hydrodynamics, light, teamperature, nutrients,
dnd phytoplankten. These algorithms must also incorporate the transi-
u°.n_£rom the processing to the production of organic matter,
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The lacustrine zone has generally been simulated using a verti-
cally one-dimensional reservoir ecosystem model (6). The model must be
capable of simulating the onset, duration and breakup of thermal
gtratification within the reservoir. Implicit in these algorithms is
the proper simulation of the mixed layer, entrainment of metalimmetic
water, nutrient dynamics and amaeroble processes. Since this zone is
influenced by water control operation, realistic reservoir operatfon
algorithms and withdrawal characteristics must be Incorporated.

While many reservolr ecosystems could be simulated with a two-
dimensional total reservoir ecosystem model, the data and computer
requirements, as well as cost, would be prohibitive., Used in combi-
nation, the output from one model may be used to define the input te
the next model. The use of the three models in combination should
provide a realistic, cost-affective approach far reservolr water
quality problems.

CONCLUSTONS AND SUMMARY

Reservolr sedimentation significantly affects reservoir water
quality as evidenced by the development of a riverine zone, a zone of
transition, and a lacustrine zone. The procesaing of organic matter
dominates the riverine zone, while production dominates in the mixed
layer of the lacustrine zone. The rvelation of reservoir sedimentation
and water quality has been presented as a heuristic model. Sufficient
circumstantial evidence supports the relationships, but more impor-
tantly, the heuristic model can be tested directly through field
experimentation. The three zones imply that it may be necessary to use
a one-dimensiocnal riverine model, a two-dimensional reservoir model,
and a one-dimensional reservior model to simulate reservolr water
quality in toto.

ACKNOWLEDGEMENTS

This work was supported by the U. S, Army Corps of Engineers,
0ffice, Chief of Engineers, Environmental and Water Quality Opera-
tional Studfes.

REFERENCES

}. Baxter, R, M., “Environmental Effects of Dams and Impoundments,”
Annual Review of Ecology and Systematies, Vol. 8, 1977, pp 255-28%

2. Boyce, F. M., "Some Aspects of Great Lakes Physics of Importance '
Biological and Chemical Processes," Journal of Fisheries Research
Board of Canada, Vol. 31, No. 5, Canada, May 1974, pp 689-730.

3. Carlson, R, E., "A Trophic State Index for Lakes," Limnology and
Oceanography, Vel, 22, No. 2, Mar. 1977, pp 361-369,

4, Davies, W. D., Shelton, W. L., Bayne, D. R., and Lawrence, J- H..
"Fisheries and Limnological Studies on West Point Reservelr. -
Alabama-Ceorgia," Technical Report EL-79-4, USAE Waterways Expel
ment Station, Vicksburg, MS, Jun. 1979.

“ 6

HEURISTIC MODEL 661

Fischer, H. B., List, E. J., Keh, R. C. Y., Imberger, J., and
Brooks, N. H., "Mixing in Reservoirs,” Mixzing in Inland and Coastal

Waters, lst ed., Academlc Press, New York, NY, 1919, pp 148-228.

Ford, D. E., Thornton, K. W., Lessem, A. $., and Norton, J. L.,
"4 Water Quality Manapement Model for Reservoirs,” Proceedings of
a Symposium on Surface-Water Impoundments, American Socjety of
Civil Engineers. Minneapolis, MN, Jun. 1980,

Gloss, 5. P., Mayer, L. M., and Kidd, D. E., "advective Cﬂntrol of
Mutrient Dynamics in the Epilimaion of a Large Resetvolir,
Limnology and Oceanography, Vol. 23, No. 2, Mar, 1980, pp 219-228.

Hatchinson, G. E., A Treatige on Limmology, 1st ed., VYol. 1, John
#iley and Sons, Inc., New York, NY, 1957,

Leidy, G. R., and Jenkins, R. M., "The Development of Fishery
Compartments and Population Rate Coefficlents for Use in Reservoir
Ecosystem Modeling,” Contract Report ¥-77-1, USAE Waterways
Experiment Station, Vicksburgz, MS, Jun. 1977, pp Al-AB,

McCullovgh, J. D., "A Study of Phytoplankton Primary Producﬁivity
and Nutrient Concentrations in Livingston Reservoir, Texas,” Texas
Journal of Science, Vol. 30, No. &, Dec. 1978, pp 377-387.

Mortimer, C. H., "Lake Hydrodynamics,” Mitteilungen Internationale
Vereinigung fur Theoretische und Angewandte Limnelogie, Vol. 20,
1974, pp 124-197.

United States Department of Agriculture, "Summary of Reservolr “
Sediment Deposition Surveys made in the United States through 1970,
Miscellaneous Publication 1266, Agricultural Research Service,

Water Resources Council, Jul. 1973.

United States Senate Select Committee on National Water Resoutces,
"pollution Abatement,” Committee Print Meo. §, 86th Congress,
Ind session, Jan. 1960.

Vollenweider, R. A., "Advances in Defining Critfcal %oading Levels
for Phosphorus in Lake Eutrophication," Memorie dell’Instituto
Italiano di Idrobiologia, Vel. 33, 1976, pp 33-83.




