


Table 4-3. - Data for restoration cases discussed in Chapter 4. These data were used to plot the progress of restoration efforts on the Vollenweider curve shown 
in Figure 4-6 

RESTORATION CASE HISTORIES 

LAKE OR RESERVOIR OBSERVED WATER QUALITY RESPONSES 

LOCATION DURATION ANDTYPE OF INFLOWP 

IMPOUNDMENT TYPE RESTORATION ACTIVITY YEARS (PPB) 

Lake Wasell ngton 1957 94 
Washington 1 1963-68 POint Source Diversion 1963 155 
Natural Lake 1978 48 

Onondaga Lake 1971 Detergent Ban & Sewer Repairs 1970 3667 
New York? 1979-81 Point Source Treatment 1974 509 
Natural Lake 1985 224 

Long Lake 1978 Point Source Treatment 1972-77 85 
WashingtonC 1978-82 22 
Reservoir 

Shagawa Lake 1973 Point Source Treatment 1971-72 79 
Mlnnesota4 1974-78 20 
Natural Lake 

Kezar Lake 1970 Point Source Treatment 1970 95 
New Hampshlre5 1981 Point Source Diversion 1981 24 
Natural Lake 1984 HypohmneticAlum Treatment 1985 24 

Lake Morey 1986 Hypolimnetic Alum Treatment 1981 35 
Vermont6 1986 35 
Natural Lake 

Wahnbach Reservoir 1977 River Inflow Treatment 1969-70 73 
West Germany7 1978-79 21 
Reservoir 

Lake Lillinonah 1977 Point Source Treatment 1976 119 
Connecticut" 1977 136 
Reservoir 

SOurces 1 Edmonson and (1981) 
? I)f'van and 11983); Walker (1977) 

o Connor and Smith (1983 1986): Connor and Marl'n {1986) 
6 Walker 11983), Sme'lzer and Swain (1985), Smelller i 1987) 
I Bernhardt (1980) I Sollero and Nichols (1984) 

4 Larsen and Malueg (1980) �~� Jones and Lee (1981) 

LAKEP CHL-A SECCHI 

(PPB) (PPB) (METERS) 

26 13 2.2 
62 35 1.0 
19 3 6.4 

2310 21 
382 45 1.2 
143 43 0.9 

71 15 
18 8 

55 28 1.9 
35 26 2.4 

70 32 1.0 
30 18 1.4 
16 5 3.0 

30 10 4.4 
12 3 6.0 

25 18 3.0 
8 5 6.0 

65 35 1.1 
68 33 1.6 

HYDRAULIC MEAN SURFACE 

RES. TIME DEPTH AREA 

(YEARS) (FEET) (ACRES) 

2.84 108.0 21634 

0.28 39.4 2889 

0.19 47.9 5136 

0.70 18.7 2272 

0.13 9.2 180 

1.93 27.6 543 

1.70 59.0 558 

0.08 39.0 1899 
0.14 
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• OBSERVED RESPONSE D PREDICTED RESPONSE 

Figure 4-7.-0bserved and predicted responses to restoration efforts. 

Lake Washington, Washington: "You 
Should Be So Lucky!" 
Between 1957 and 1963, eutrophication progressed with increasing sewage 
loadings from Metropolitan Seattle. Between 1963 and 1968, sewage discharges 
were diverted out of the lake basin, reducing the total phosphorus loading to the 
lake by 69 percent, relative to 1963. Observed and predicted conditions in 1978 
reflect dramatic improvements in water quality that followed within a year or two 
after the sewage diversion. Observed phosphorus concentrations agree well 
with model predictions for each time period. Decreases in chlorophyll and in­
creases in transparency were somewhat more dramatic than predicted by the 
models. Lake Washington is perhaps the most successful and fully documented 
lake restoration project to date. 

Onondaga Lake, New York: "Far Out. 93 
Percent Is Not Enough." 
Onondaga received primary treated sewage from Syracuse for many years. Bet­
ween 1970 and 1985, phosphorus loadings were reduced by over 93 percent as 
a result of a phosphorus detergent ban, combined sewer repairs, and tertiary 
treatment for phosphorus removal. Lake phosphorus levels responded in 
proportion to loading reductions and in agreement with model predictions (Fig. 
4-7). No significant improvements in chlorophyll-a or transparency were 
achieved, however. 



The lack of algal response reflects the fact that pre- and postrestoration phos­
phorus levels were extremely high (exceeding 100 ppb; note the scale factor of 5 
for this lake in Figs.4-7 and 4-8). Phosphorus usually does not limit algal growth 
in this concentration range, particularly in deeper lakes. The chlorophyll model 
(Equation 2 in Table 4-2) does not apply and substantially overpredicts algal 
concentrations. Despite the substantial loading reductions as of 1985, Onon­
daga remained well within the hypereutrophic region of Figure 4-6 and on the flat 
portion of the chlorophyll response curve shown in Figure 4-1. 
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Figure 4-8. - Observed responses of phosphorus budget components to restoration efforts. 

Onondaga illustrates the fact that some lakes subject to point-source phos­
phorus discharges may be susceptible to nuisance algal growths, even with ter­
tiary treatment to remove phosphorus. Although chlorophyll and transparency 
did not respond, the disappearance of severe blue-green algal blooms following 
the loading reductions was a significant water quality improvement. 

Why didn't Onondaga Lake respond like Lake Washington? It started off in 
much worse shape (Fig. 4-6). Onondaga has much shorter hydraulic residence 
time (.28 versus 2.8 years) and, therefore, less opportunity for phosphorus 
sedimentation. The loading plot (Fig. 4-6) essentially captures the relative 
responses of these two lakes to restoration efforts. 
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Long Lake, Washington: "What's This? 
Reservoir Restoration?" 
Beginning in 1978, tertiary treatment of sewage from Spokane reduced the 
average seasonal phosphorus loading to this 22-mile-long reservoir on the 
Spokane River by 74 percent. This impoundment has a relatively short hydraulic 
residence time (.19 years, or 70 days). Accordingly, the inflow and reservoir 
phosphorus concentrations are similar, and the sedimentation term is relatively 
small (Fig. 4-8). Reservoir phosphorus levels responded roughly in proportion to 
the loading. Mean chlorophyll-a concentrations were reduced by 45 percent and 
were apparently less sensitive to the phosphorus loading reductions than 
predicted by Equation 2 in Table 4-2. Northern lake models (such as Equation 2) 
tend to overestimate chlorophyll-a sensitivity to phosphorus in some reservoirs 
because of effects of algal growth limitation by flushing and light (Walker, 
1982,1985) . 

Shagawa Lake, Minnesota: "The Little 
Lake That Couldn't." 
During 1973, external phosphorus loadings to this northern Minnesota lake were 
reduced by 75 percent via point source treatment. Although average lake phos­
phorus levels during ice-free seasons were reduced by 35 percent, mean 
chlorophyll-a and transparency did not respond according to model predictions 
(Fig. 4-7). The lack of response has been attributed to phosphorus releases from 
bottom sediments. These releases reflect historical loadings and the high sus­
ceptibility of this relatively shallow lake to hypolimnetic oxygen depletion and 
wind mixing. The fact that lake phosphorus exceeded the inflow concentration 
during the postrestoration period (Fig. 4-8) is indicative of sediment phosphorus 
release. 

Despite the fact that the phosphorus loading diagram (Fig. 4-6) places 
Shagawa Lake at the oligo-mesotrophic boundary following load reductions, 
mean chlorophyll-a concentrations remained in the hypereutrophic range during 
the first few years following loading reductions. Over time, the rate of phos­
phorus release from bottom sediments may eventually decrease and permit the 
lake to respond to the change in loading. This case points out the fact that load­
ing models of the type demonstrated here do not account for unusually high 
sediment phosphorus release rates, which may defer lake responses to changes 
in external loading. 

Kezar Lake, New Hampshire: "The Little 
Lake That Could (With a Little Help)," Or 
"Shagawa Revisited ... " 
This shallow, rapidly flushed lake was subject to a municipal sewage discharge 
and in hypereutrophic condition for many years. Following installation of phos­
phorus removal facilities in 1970 and, eventually, complete elimination of the dis­
charge in early 1981, the external loading was reduced by about 75 percent. Like 
Shagawa, the lake phosphorus concentration exceeded average inflow con­
centration during the initial period following loading reduction (Fig. 4-8). Kezar 



Lake (maximum depth = 27 feet) was thermally stratified in 1981. Significant ac­
cumulations of phosphorus released from thick, phosphorus-rich bottom sedi­
ments accompanied depletion of oxygen from the hypolimnion. Surface algal 
blooms (chlorophyll-a = 60 ppb) were experienced during August 1981 and 
were apparently triggered by escape of hypolimnetic phosphorus into the mixed 
layer. 

Because of sediment phosphorus releases, responses of lake phosphorus, 
chlorophyll-a, and transparency to the 1981 sewage diversion were less 
dramatic than predicted by the models (Fig. 4-7). In 1984, a hypolimnetic alum 
treatment was conducted to address the sediment nutrient release problem. 
Monitoring data from 1985 indicate that phosphorus, chlorophyll-a, and 
transparency levels responded in agreement with model predictions following 
the alum treatment. This case illustrates use of both watershed (point source 
control) and in-lake restoration (alum treatment) techniques to deal with a lake 
problem. Decreases in transparency following 1985 indicate that the book is not 
yet closed on Kezar Lake, however. 

Lake Morey, Vermont: "Strange Mud ... " 
Morey is a resort lake sheltered in the mountains of eastern Vermont. Aside from 
the shoreline, the watershed is largely undeveloped. From the late 1970's to 
1985, severe algal blooms and user complaints were experienced at increasing 
frequency. Summer mean chlorophyll-a concentrations ranged from 8 to 30 
ppb, transparencies ranged from 2 to 5 meters, and spring phosphorus con­
centrations ranged from 17 to 48 ppb. These variations in water quality could not 
be explained by changes in land use, other watershed factors, or climate. Peak 
algal concentrations were usually found in the metalimnion and were supplied 
by phosphorus released from bottom sediments during periods of summer and 
winter anoxia. The hypolimnion was relatively thin (mean depth = 7 feet) and 
covered approximately 59 percent of the lake surface area. Bottom waters lost 
their dissolved oxygen early in June and remained anaerobic through fall over­
turn. 

A 2-year intensive study indicated that large quantities of phosphorus were 
stored in the lake water column and sediments. At peak stratification in August 
1981, for example, the total mass of phosphorus in the water column was about 
five times the annual phosphorus loading from the watershed. Phosphorus 
balance calculations (see Table 4-1) indicated that the lake inflow and outflow 
concentrations were approximately equal, despite the relatively long hydraulic 
residence time of 1.93 years. Equation 1 (Table 4-2) predicts that a lake with this 
residence time should trap 58 percent of the influent phosphorus. Study results 
indicated that Lake Morey was particularly susceptible to phosphorus recycling 
from bottom sediments because of its shape (broad, thin hypolimnion suscep­
tible to rapid oxygen depletion) and iron-poor sediments (Stauffer,1981). 

Model predictions for the Lake Morey prerestoration period were substantial­
ly below observed values of phosphorus and chlorophyll-a (Fig. 4-7). This 
reflects the fact that phosphorus retention capacity was unusually low. Ob­
served transparency was higher than predicted, however, because of the ten­
dency for algae to concentrate in the metalimnion, below the mixed layer where 
transparencies were measured. 

Because the phosphorus budget indicated that the Morey's problems were 
primarily related to internal recycling and not to watershed loadings, a hypolim­
netic alum treatment was conducted during early summer of 1986. The treat­
ment reduced average phosphorus and chlorophyll-a concentrations during the 
period following treatment down to levels that were consistent with model 
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predictions. Despite no significant changes in external loadings, the alum treat­
ment apparently restored Lake Morey to a mesotrophic status, consistent with 
its position on the phosphorus loading diagram (Fig. 4-6). 

The longevity of the treatment remains to be evaluated through future 
monitoring. This is an example of how phosphorus budgets can be used to diag­
nose lake problems, regardless of whether or not the solutions involve reduc­
tions in external loading. Sewering of shoreline areas (a restoration activity 
previously proposed and on the drawing boards for Lake Morey) would have 
had little impact. 

Wahnbach Reservoir, Germany: "When 
All Else Fails ... " 
Wahnbach Reservoir, a water supply for Bonn, Germany, was subject to high 
phosphorus loadings from agricultural runoff and municipal point sources during 
the period prior to 1977. The resulting severe blooms of blue-green algae that 
developed in the reservoir caused major problems for the water supply. For 
various reasons, the loadings from the watershed were largely uncontrollable. In 
response to this problem, a detention basin and treatment plant were con­
structed at the major inflow to the reservoir in 1977. The treatment plant was 
designed to remove more than 95 percent of the phosphorus inflow via sedimen­
tation, precipitation, flocculation with iron chloride, and direct filtration. Opera­
tion of this plant reduced the average inflow phosphorus concentration to the 
entire reservoir by about 71 percent. 

As illustrated in Figures 4-6 and 4-7, the inflow treatment restored Wahnbach 
Reservoir from eutrophic to oligotrophic status during 1978-1979. Observed and 
predicted lake phosphorus concentration dropped below 10 ppb. Chlorophyll-a 
concentrations are consistently overestimated by the model, although the rela­
tive reduction in chlorophyll-a is correctly predicted. This relatively extreme and 
costly restoration measure was justified in relation to the severe impacts of 
eutrophication on drinking water quality and water treatment economics. 

Lake Lillinonah, Connecticut: "You Can't 
Fool Mother Nature ... " 
Data from this 1 O-mile impoundment on the Housatonic River in Connecticut il­
lustrate the sensitivity of some reservoirs to hydrologic fluctuations. During 1977, 
phosphorus removal was initiated at a municipal point source above the reser­
voir. This program reduced phosphorus loading from the point source by 51 per­
cent and reduced total loading to the reservoir by 8 percent during 1977. 

Compared to the case studies discussed above, this loading reduction was 
relatively small, and a major change in reservoir water quality would not be 
anticipated. In fact, observed and predicted phosphorus and chlorophyll-a con­
centrations were slightly higher during 1977 (Fig. 4-7). The concentrations in­
creased primarily because the flow through the reservoir decreased by about 43 
percent during 1977. As indicated by Equation 1 (see Table 4-2), the average in­
flow concentration is the most important variable determining phosphorus 
predictions, particularly in reservoirs with low hydraulic residence times. Inflow 
concentration is determined from the ratio of loading to outflow. The inflow con­
centration increased by 14 percent in 1977 because the small decrease in load­
ing was more than offset by the decrease in flow. 



For both time periods, the models overestimate reservoir phosphorus and 
chlorophyll-a concentrations and underestimate transparency. Apparently, 
phosphorus sedimentation in the Lillinonah was somewhat greater than 
predicted by Equation 1. This is not unusual for long and narrow reservoirs with 
high inflow phosphorus concentrations (Walker, 1982,1985). The loading plot 
(Fig. 4-6) correctly predicts a hypereutrophic status for the Lillinonah during 
both monitoring years. 

Monitoring over a longer time period that includes years with flows similar to 
those experienced during 1976 would be required to track the response of the 
reservoir to the phosphorus loading reduction. Because the loading reduction is 
relatively small, impacts may be difficult to detect in the context of year-to-year 
variations. More substantial reductions in upstream point or non point loadings, 
or both, would be required to restore the reservoir to a eutrophic or mesotrophic 
level. 
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