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Rehabilitation of a Shallow Lake 
(Big Muskego Lake, Wisconsin) 

Via Drawdown: Sediment Response 
by William F. James, Harry L. Eakin, and John W. Barko 

PURPOSE: This technical note examines changes in sediment physical and chemical charac- 
teristics as a result of drawdown and refill of shallow Big Muskego Lake (Wisconsin) to promote 
macrophyte growth. Information obtained from this study may be used to assess positive (i.e., 
sediment consolidation) and negative (i.e., sediment nutrient release) impacts of drawdown on 
sediment dynamics and the potential for macrophyte growth in shallow lake rehabilitation programs. 

BACKGROUND: The positive roles played by submersed aquatic macrophytes in reducing 
sediment resuspension in shallow lakes and reservoirs may often be disturbed by high external 
nutrient loadings and turbidity, unexpected lake level fluctuations, explosions of benthic fish 
communities, and/or other ecosystem-level stresses such as strong storms or high winds, resulting 
in macrophyte community instability and a changeover to a more turbid, algal-dominated state with 
loss of macrophyte dominance (Scheffer 1990; Scheffer et al. 1993). One of the goals of shallow 
lake rehabilitation, therefore, is the reestablishment and maintenance of stable submersed macro- 
phyte communities for purposes of reducing sediment resuspension, sediment export, and improving 
water quality (Scheffer et al. 1994). Scheffer (1998) describes several restoration techniques for 
improving the shallow aquatic environment for macrophyte growth. After favorable water quality 
conditions are established (i.e., watershed nutrient loading reduction, depletion of benthic fish stock, 
and other biomanipulations), one technique available for inducing macrophyte growth in shallow, 
algal-dominated systems is a lake drawdown (Scheffer 1998). Desiccation of sediments for purposes 
of consolidation can temporarily arrest resuspension potential and reduce turbidity after lake refill, 
thereby promoting greater light penetration for macrophyte growth (Scheffer 1998). Lake draw- 
down can also be used to concentrate and remove undesirable fish populations that promote high 
levels of turbidity. 

In contrast to the positive benefits a lake drawdown can have on the water quality of shallow lakes, 
sediment desiccation may result in some undesirable impacts such as enhanced rates of nutrient 
release from sediments after refill (Fabre 1988), particularly if organic sediment nitrogen (N) and 
phosphorus (P) pools are mobilized during desiccation and oxidation. The outcome of enhanced 
rates of internal nutrient loading from consolidated sediments could be the development of a large 
pulse of N and P to the water column and stimulation of excessive algal growth, which would 
compete for available light. Information is needed regarding the impacts of sediment desiccation 
on nutrient mobilization in order to better evaluate management alternatives for promoting macro- 
phyte growth in shallow aquatic systems. 

The objectives of this research were to evaluate changes in sediment physical and chemical 
composition and internal phosphorus loadings in Big Muskego Lake as a result of a lake drawdown 
and refill to promote submersed and emergent macrophyte growth. Here, we report results of 
information collected in 1995, prior to drawdown (1996), during drawdown (1997), immediately 
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after lake refill, and 1 year after lake refill (1998). Studies by others regarding changes in macrophyte 
biomass and assemblage and water quality will be reported at a later date. 
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STUDY SITE: Big Muskego Lake (Figure 1), 
located in east-central Wisconsin, is very shal- 
low with a mean depth of only 0.75 m. It has a 
surface area of 840 ha and drains a predomi- 
nantly agricultural watershed (7,600 ha). 
Tributary inflows include drainage from Little 
Muskego Lake (not shown) and a deeper 
(10-m) glacial lake, Bass Bay. Big Muskego 
Lake discharges into another glacial lake, 
Wind Lake. The lake has been eutrophic in 
recent decades, with a summer trophic state 
index value for total phosphorus concentration 
(>50 mg/L) exceeding 60 units before lake 
drawdown (Carlson 1977). It has exhibited a 
submersed plant community dominated by 
Myriophyllum spicatum and a fishery domi- 
nated by Cyprinus carpio (L.). In 1995, Big 
Muskego Lake was subjected to a biomanipu- 
lation to remove benthic-feeding carp and a 
lake drawdown to consolidate sediments and 
stimulate submersed macrophyte growth. 

Figure 1.   Bathymetry of Big Muskego Lake 

METHODS: During August 1995, August 
1996, July 1997, and August 1998, sampling 
stations were established in Big Muskego Lake (n=54) for examination of changes in sediment 
characteristics and laboratory rates of nutrient release from sediments before, during, and after lake 
drawdown (Figure 2). For each year, sampling stations were selected randomly from an array of 
Universal Transverse Mercator (UTM) coordinates established at 200-m intervals throughout the 
lake. Sampling stations were located by a global positioning system (GPS). 

Sediment samples were collected at each station with a Wildco KB sediment core sampler (Wildlife 
Supply Co., Saginaw, MI). The upper 10 cm of sediment were immediately extruded into an airtight 
container to preserve the redox integrity of the sample. In the laboratory, sediments were gently 
homogenized under a nitrogen atmosphere prior to fractionation. Fresh sediment was carefully 
placed in a crucible and dried at 105 °C to a constant weight for determination of moisture content 
and sediment density (Allen et al. 1974), then combusted at 550 °C in a muffle furnace for 
determination of particulate organic matter (POM). Care was taken to minimize compaction of 
sediment in the crucible for density determination. Additional sediment was centrifuged at 4 °C at 
3000 rpm for approximately 2 hr for separation of sediment porewater. The porewater was carefully 
decanted under a nitrogen atmosphere, filtered through a 0.45-u.m filter (Gelman GN-6 Metricel), 
and analyzed for soluble reactive P (SRP) and ammonium-nitrogen (NH4-N) using methods 
described in American Public Health Association (1992). Total sediment N and P concentrations 
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Figure 2.  Sediment sampling locations in 1995-98. The black square (Station 10) 
in 1997 represents pH monitoring station 

were analyzed colorimetrically using Lachat QuikChem procedures (Lachat Method 10-107-06-2-D 
for nitrogen and 13-115-06-1 -B for phosphorus; Zellweger Analytics, Lachat Div., Milwaukee, WI) 
following digestion with sulfuric acid, potassium sulfate, and red mercuric oxide (Plumb 1981). 
Sequential fractionation of inorganic phosphorus in the sediment was conducted according to 
Hieltjes and Lijklema (1980) for the determination of NH4Cl-extractable phosphorus (NH4C1-P; 
loosely bound and CaC03-adsorbed phosphorus), NaOH-extractable phosphorus (NaOH-P; 
aluminum- and iron-bound phosphorus), and HCl-extractable phosphorus (HC1-P; calcium-bound 
phosphorus). Each extraction was filtered through a 0.45-u.m filter, adjusted to pH 7, and analyzed 
for SRP. Sediment concentrations are expressed in units of mg g"1 dry sediment mass. 
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From a subset of sediment sampling stations (n=l 8), sediment cores (6.5-cm ID and 50-cm length) 
were collected for laboratory incubation under oxic and anoxic conditions during each sampling 
year. The core liners, containing both sediment and overlying water, were sealed immediately using 
stoppers and stored in a protective box until analysis. Additional lake water was collected for 
incubation with the collected sediment. 

In the laboratory, rates of P release from sediments under oxic and anoxic conditions were evaluated 
in incubation systems according to the procedures described in James and Barko (1991) and James, 
Barko, and Eakin (1995). Incubation systems were constructed by extruding the upper 10-cm section 
of sediment into a core liner (6.5-cm ID and 25-cm length), siphoning 300 ml of filtered (Gelman 
A/E glass fiber) lake water onto the sediment, and sealing the system with rubber stoppers. The 
redox environment in each system was controlled by bubbling the water with air (for oxic conditions) 
or nitrogen (for anoxic conditions). Sediment systems were incubated at 20 °C over a 2-3 week 
period to simulate in situ temperatures during summer. Samples were collected in the middle of the 
water column in each system on a daily basis for SRP analysis. Rates of P release from the sediment 
(mg m"2 d"1) were calculated as the linear change in concentration in the overlying water divided 
by time and the area of the incubation core liner. 

In 1997 (shortly after lake refill), nine additional sediment cores were collected from a station located 
in the southwestern region of the lake (Station 10; Figure 2) to examine the effects of elevated pH 
on P release from sediments under oxic conditions. The pH levels in these oxic systems were 
adjusted to approximately 9.3 by bubbling the systems with C02-free air (Boers 1991). 

pH was measured in situ in Big Muskego Lake every hour at station 10 (Figure 2) from July through 
September 1997 using a recording YSI 6000 (Yellow Springs Instruments, Yellow Springs, OH). 
The probe was positioned about 20 cm above the sediment interface by securing the sonde unit to 
a platform permanently anchored into the sediments. At biweekly intervals, the sonde unit was 
removed from the water column for data retrieval and servicing. At those times, the pH probe was 
cleaned gently with distilled water and calibrated against known buffers before redeployment. 

RESULTS: Drawdown of Big Muskego Lake was initiated in October 1995 (Figure 3). The lake 
was lowered approximately 0.5 m below normal pool elevation between December 1995 and July 
1996. In mid-July 1996, a channel was excavated to promote further drawdown. Thereafter, the lake 
elevation declined an additional 0.5-0.6 m between July 1996 and January 1997. The lake was 
allowed to refill during late winter and early spring 1997. Normal pool elevation was achieved by 
April 1997. During the entire drawdown period, rains caused temporary increases in pool elevation 
and inundation of sediments. In particular, periodic spikes in measured pool elevation as a result of 
storms were observed during April through July 1996, when the pool elevation was maintained at 
0.5 m below the dam crest (Figure 3). Overall, approximately 13 percent of the sediment area was 
exposed for approximately 1 year, while over 80 percent of the sediment area was exposed for a 
period of approximately 6 months. 

Since most of the sediment area in Big Muskego Lake was exposed for at least 6 months, all data 
collected for each year were pooled. Overall, mean moisture content of the surface sediments in Big 
Muskego Lake was very high (more than 90 percent) while mean sediment density was low in 1995 
(Figure 4), reflecting the fluid nature of the sediment before lake drawdown. Mean organic matter 
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Figure 3.  Variations in pool elevation for Big Muskego Lake between 1995 and 
1998. The dotted line between July 1996 and February 1997 
represents estimated elevation based on visual observation. The 
actual pool elevation declined below the staff gauge during this period. 
Thick horizontal lines represent length of time that approximately 13 
and 83 percent of the lake sediments were exposed to air. Arrows 
represent sediment sampling dates 
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Figure 4.   Means (n = 50-54; white column) and one standard error (black column) 
for sediment moisture content, sediment density, and particulate 
organic matter as a function of year. Letters indicate significant 
differences at the 5-percent level or less based on Duncan's Multiple 
Range Analysis (Statistical Analysis System 1994) 
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content of the sediments was also very high in the lake (more than 40 percent) before drawdown 
(Figure 4). The mean organic matter content declined significantly after lake refill in 1997 and 1998 
relative to the mean observed in 1995 (p < 0.05; Analysis of Variance (ANOVA); Statistical Analysis 
System 1994), suggesting some oxidation of a portion of the sediment organic matter. Both during 
lake drawdown (i.e., 1996) and shortly after refill (i.e., 1997), sediment moisture content decreased 
significantly (p < 0.05; ANOVA), while sediment density increased significantly (p < 0.05) over 
means observed in 1995, indicating consolidation of sediment. One year after refill (i.e., 1998), 
mean sediment moisture content increased slightly while mean sediment density declined over 
values observed in 1997. These changes were not, however, statistically different from means 
observed in 1996 and 1997. 
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In 1995, mean concentrations of SRP in the porewater of the sediment were very low (Figure 5). 
Mean porewater P in 1996 and 1997 increased significantly (p < 0.05; ANOVA) over 1995 levels 
by an order of magnitude as a result of lake 
drawdown and subsequent refill. One year 
after lake refill (1998), mean porewater P 
declined markedly compared to means 
observed in 1996 and 1997, and was not statis- 
tically distinguishable from the mean observed 
in 1995. Mean porewater NH4-N also 
increased significantly in 1996 (p < 0.05; 
ANOVA), relative to pre-drawdown levels in 
1995 (Figure 5). Mean porewater NH4-N con- 
centrations declined in 1997 and 1998 and 
were not statistically different from the mean 
observed in 1995. 

In contrast to NH4-N and SRP concentration 
patterns in the porewater, mean sediment total 
P declined significantly (p < 0.05; ANOVA) in 
the upper 10-cm sediment layer during lake 
drawdown and refill (i.e., 1997-98; Figure 6). 
Associated with this decline were significant 
(p < 0.05; ANOVA) decreases in the concen- 
tration of organic P, NH4C1-P, and NaOH-P in 
1997-98 (Figure 7). In contrast, the more 
refractory HC1-P fraction did not change as a 
result of drawdown and refill. 

Mean total sediment N in Big Muskego Lake 
was very high prior to lake drawdown (Fig- 
ure 6), compared to the range of values for 
different sediments reported in Barko and 
Smart (1986), but did not change significantly 
as a result of lake drawdown and refill. As a 
result of these patterns, the sediment N:P ratio 
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Figure 5.   Means (n = 50-54; white column) and one 
standard error (black column) for 
sediment pore water ammonium-nitrogen 
(NH4-N) and phosphorus (SRP) as a 
function of year. Letters indicate 
significant differences at the 5-percent 
level or less based on Duncan's Multiple 
Range Analysis (Statistical Analysis 
System 1994) 
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sediment total nitrogen (N) and total 
phosphorus (P) as a function of year. 
Letters indicate significant differences at 
the 5-percent level or less based on 
Duncan's Multiple Range Analysis 
(Statistical Analysis System 1994) 

shifted from approximately 20 in 1995 to 
approximately 40 in 1998. 

Organic matter and nutrient concentrations in 
the sediment were normalized with respect to 
the original sediment mass in the upper 10 cm 
before drawdown in 1995 to account for com- 
paction as a result of sediment dewatering 
(Table 1). Sediment organic matter, total sedi- 
ment P, NH4CI-P, NaOH-P, and the organic 
sediment P fractions exhibited a trend of 
decreasing mass as a result of drawdown and 
refill. Sediment total N mass fluctuated around 
a grand mean of 160 g/m2 over all years with 
no apparent net change between 1995 and 
1998. 

Laboratory rates of P release from sediments, 
measured at 20 °C under both oxic and anoxic 
conditions, were very low (near zero) in Big 
Muskego Lake prior to drawdown in 1995 
(Figure 8). Lake drawdown and sediment 
exposure in 1996 were accompanied by a slight 
increase in the mean rate of P release from 
sediments under oxic conditions, while refill of 
the lake in 1997 coincided with a marked 
increase in the mean rate of P release from 
sediments under both oxic and anoxic condi- 
tions. In 1998, one year after refill, the mean 
rate of P release from sediments declined sig- 
nificantly over means observed in 1997 
(Figure 8). 

Following lake refill and the establishment of dense stands of submersed and emergent macrophytes 
in 1997 (see "Discussion"), mean daily pH was very high throughout the summer (exceeding 9.5 pH 
units) at station 10 in Big Muskego Lake (Figure 9). Elevated pH did not appear to enhance 
laboratory rates of P release for sediments collected near station 10 in Big Muskego Lake (Table 2). 
Although rates of P release increased slightly as a function of pH, rates were not significantly 
different at pH values of approximately 8.5 and approximately 9.3. 

DISCUSSION: A prominent feature of Big Muskego Lake was the very high moisture content, 
low sediment density, and high organic matter content of the surficial sediments. Lake drawdown 
was effective in consolidating the sediment (i.e., increasing sediment density) and causing a decrease 
in organic matter content. These responses in sediment texture and organic matter content are of 
importance in shallow lake rehabilitation efforts to stimulate macrophyte growth, as Barko and 
Smart (1986) indicated that changes in these sediment characteristics can directly influence growth 
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Figure 7.   Means (n = 50-54; white column) and one standard error (black column) for sediment organic 
phosphorus (P), NH4CI-extractable P (NH4CI-P), NaOH-extractable P (NaOH-P), and 
HCI-extractable P (HCI-P) as a function of year. Letters indicate significant differences at the 
5-percent level or less based on Duncan's Multiple Range Analysis (Statistical Analysis System 
1994) 

Table 1 
Changes in NH4CI-P, NaOH-P, HCI-P, Organic Phosphorus, 
Total Nitrogen in the Sediment1 

Total Phosphorus, i and 

Year 

Compacted 
sediment 

depth 
(cm) 

Particulate 
Organic 
Matter 
(kg/m2) 

NH4CI-P 
(g/m2) 

NaOH-P 
(g/m2) 

Hcl-P 
(g/m2) 

Organic-P 
(g/m2) 

Total 
Sediment 
P (g/m2) 

Total 
Sediment 
N (g/m2) 

1995 10 3.45 1.14 1.39 0.53 4.21 7.28 157.9 

1996 4.9 3.5 0.93 1.03 N.D. N.D. 7.60 165.4 

1997 3.9 3.0 0.81 0.47 0.82 2.56 4.64 141.8 

1998 5.2 3.0 0.61 0.41 0.54 2.77 4.34 145.2 

1Areal mass was normalized with respect to the original sediment mass i 
for compaction as a result of sediment dewatering. 

n the upper 10 cm before dra «down in 1995 to account 
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Figure 9.   Mean daily pH at station 10 (see Figure 1 
for station location) in 1997 

potential. In particular, they demonstrated that 
macrophyte growth can be suppressed as a 
function of low sediment density and high 
organic content in laboratory experiments. 
Conversely, higher density sediments with 
lower organic matter content were associated 
with a higher macrophyte growth response in 
their experiments. Sediment consolidation can 
also result in improved growth potential via 
greater light penetration by increasing the criti- 
cal shear stress required to resuspend sediment 
(Mehtaetal. 1982). 

Drawdown and refill of Big Muskego Lake 
were associated with the occurrence of signifi- 
cant increases in concentrations of pore water 
NH4-N and SRP and rates of P release under 
both oxic and anoxic conditions. In contrast, 
concentrations of NH4-N and SRP in the pore 
water and rates of P release from the sediments 
under oxic and anoxic conditions were mini- 
mal before lake drawdown. Others have 
shown temporary increases in pore water 
NH4-N and SRP of sediments after temporary 
desiccation and rewetting (De Groot and Van 
Wijck 1993a). Although mechanisms causing 
these changes are not precisely known, 
increases in these sediment characteristics may 
be due to mineralization of organic N and P in 
the sediments during desiccation and oxidation 
and shifts in P equilibrium from solid to aque- 
ous phases during lake refill. De Groot and Van 
Wijck (1993a, 1993b) and Fabre (1992) found 
that the iron-bound P fraction of the surface 
marsh sediment increased as a result of desic- 
cation, suggesting oxidation of iron and Sorp- 
tion of P onto sediment particles. The sorption 
capacity of sediment for P also increased as a 
result of desiccation in their study. Rewetting 
of sediments after desiccation may drive P 
equilibrium toward P desorption, resulting in 
increases in pore water P. 

Declines in total sediment P as a result of 
drawdown and refill could not be accounted for 
by elevated P release and net increases in pore 
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Table 2 
Changes in the Rate of Phosphorus Release from Sediments in Big Muskego Lake 
Under Oxic Conditions as a Function of pH1 

Treatment pH 
Mean Rate 
mg m"2 d'1 1 Standard Error 

Control 8.5 3.6a 1.1 

C02-Free 9.3 4.7a 1.1 

1Sediments were collected in the vicinity of Station 10. Control treatments were maintained at pH -8.5 by purging the water 
column with air. C02-free treatments were maintained at a pH of -9.3 via purging the water column with COä-free air. The letters 
next to the mean value indicate significant differences at the 5-percent level or less based on Duncan's Multiple Range Analysis 
(Statistical Analysis System 1994). 

water SRP concentration. Net concentration and mass declines of total P in surface sediments may 
be due to high net flux of P from the sediment into the water and discharge from the system during 
initial refill in February through May of 1997, which was not examined. Fabre (1988) observed a 
pulse of P from sediments after refilling in a reservoir, which was attributed to elevated pH and 
resuspension as a result of refill. 

Another mechanism of net P removal from the surface sediments may be root uptake by macrophytes 
and periphyton. Primarily emergent and submersed macrophytes, densely covering much of the lake 
during both 1997 and 1998 (150 g/m2 in 1995 versus 1400 g/m2 in 1998)1 may have played a role 
in depleting sediment P reserves. The more labile NH4C1-P and NaOH-P fractions may become 
directly available for root uptake via redox reactions and equilibrium processes. Barko et al. (1988) 
demonstrated that macrophytes can substantially deplete extractable inorganic P fractions in the 
sediment for growth. Mobilization of sediment organic P fractions to inorganic forms via bacterial 
degradation can also contribute to the pool of P available for root uptake by macrophytes. 

Refilling of Big Muskego Lake and associated vegetative regrowth were accompanied by high mean 
daily pH throughout the summer, presumably due to macrophyte photosynthesis. Although elevated 
pH can enhance rates of P release from sediment via ligand exchange (Drake and Heaney 1987; 
James, Barko, and Field 1996), this mechanism did not appear to be important for sediments exposed 
to high pH in Big Muskego Lake. In general, rates of P release measured in the laboratory did not 
increase significantly as a function of pH. However, rates of P release from sediments at pH values 
exceeding 9.3 units could not be reliably determined in laboratory systems using, for instance, NaOH 
additions to increase pH. Boers (1991) demonstrated that NaOH additions to sediment-water 
incubation systems for purposes of elevating pH (versus stripping C02 from the water column) 
resulted in artificially enhanced rates of P release from systems due to increases in alkalinity of the 
sediment pore water. 

Results suggested that drawdown of Big Muskego Lake had both positive and negative impacts on 
sediment characteristics. Sediment dewatering was accompanied by marked increases in pore water 
P and rates of P release from the sediment, which can have a negative impact on water quality by 

Personal Communication, 2000, J. D. Madsen, Minnesota State University, Mankato, MN. 
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stimulating algal growth. Conversely, drawdown resulted in consolidation of sediment and a decline 
in organic matter content, which can have a positive impact on macrophyte growth potential. 
Positive and negative impacts of sediment desiccation on macrophyte and phytoplankton growth 
need to be evaluated when implementing lake drawdown and refill as a restoration technique for 
shallow lakes. 
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