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BACKGROUND AND OBJECTIVES

Drawdown of Big Muskego Lake, for purposes o% sediment consolidation, may have
a strongly positive impact on rates of nutrient release from sediments (Fabre 1988),
particularly if refractory sediment N and P pools are mobilized during sediment
desiccation and oxidation. The outcome of enhanced rates of internal nutrient loading
from these sediments could be the development of a large pulse of N and P to the
water column of Big Muskego Lake, potentially exported thereafter downstream to Wind
Lake. Large nutrient pulses have been observed in other systems (e.g., Lake Delavan)
after lake drawdown. |

The objectives of this phase of research were to examine 1) sediment physical and
chemical composition, and 2) internal phosphorus (P) and nitrogen (N) loadings, and 3)
aquatic macrophyte distribution and community composition in the Big Muskego/Wind
Lake complex prior to drawdown of Big Muskego Lake. Reported here is information on
sediment physical and chemical composition and rates of P and N release from
sediment measured in laboratory incubation systems. A separate report will be
provided on aquatic macrophyte distribution and community composition in Big

Muskego Lake.



METHODS

Sediment composition

During September-October, 1995, sampling stations were established in Bass Bay
(n=6), Big Muskego Lake (n=54), and Wind Lake (n=30) for examination of baseline
sediment characteristics and sediment nutrient fractions before drawdown of Big
Muskego Lake. Sampling stations in Bass Bay were arbitrarily established in the deep
central basin (n=2) and along the shoreline region (n=4; Fig. 1). Sampling stations in
Big Muskego and Wind Lakes were selected randomly from an array of Universal
Transverse Mercator (UTM) coordinates established at 200-m intervals throughout the
Big Muskego-Wind LLake complex (Figs. 1 and 2). Sampling stations in these lakes
were located by a global positioning system (GPS).

Sediment samples were collected at each station with a Wildco KB sediment core
sampler (Wildco Wildlife Supply Co.) for determination of the variables listed in Table
1. 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
homogénized under a nitrogen atmosphere prior to fractionation. Fresh sediment was
dried at 105 °C to a constant weight for determination of moisture content and sedirnent
density, then combusted at 550 °C in a muffle furnace for determination of particulate
organic matter (POM). Additional sediment was centrifuged at 4 °C at 3000 RPM for ~ 2

hours for separation of sediment porewater. The porewater was carefully decanted



under a nitrogen atmosphere, filtered through a 0.45 um filter, and analyzed for soluble
reactive phosphorus, ammonium-nitrogen, soluble calcium, and soluble iron using
methods described in APHA (1992). Sequential fracétionation of inorganic phosphorus
in the sediment was conducted according to Hieltjes and Lijklema (1980) for the
determination of NH,Cl-extractable phosphorus (NH,CI-P; loosely-bound and CaCO,-
adsorbed phosphorus), NaOH-extractable phosphorus (NaOH-P; aluminum- and iron-
bound phosphorus), and HCl-extractable phosphorus (HCI-P; calcium-bound
phosphorus). Each extraction was filtered through a 0.45 pm filter, adjusted to pH 7,
and analyzed for soluble reactive phosphorus. Analyses of total sediment nitrogen and
phosphorus concentrations were performed colorimetrically using Lachet QuikChem
procedures (Lachet Method 10-107-06-2-D for nitrogen and 13-115-06-1-B for
phosphorus; Lachet Inst., Milwaukee, WI) following digestion with sulfuric acid,
potassium sulfate, and red mercuric oxide (Plumb, 1981). Exchangeable nitrogen was
determined by cation exchange according to Bremner (1965). Total inorganic P of the
sediment was calculated as the sum of NH,CI-P, NaOH-P, and HCI-P. Total organic P
of the sediment was calculated as the difference between total sediment P and
inorganic P. All sediment concentrations are expressed in units of mg g dry sediment

mass.



Rates of N and P release from sediments

From a subset of sediment sampling stations, sediment cores were collected for
incubation under oxic and anoxic conditions. A sediment core sampler, equipped with
an acrylic core liner (6.5-cm ID and 50-cm length), was used to collect intact sediment
cores from two stations in Bass Bay, 18 stations in Big Muskego Lake, and 10 stations
in Wind Lake (see Appendix 1 for a listing of stations). 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 near the bottom in
each lake for later incubation with the collected sediment.

In the laboratory, rates of P release from sediments under oxic and anoxic
conditions and rates of ammonium-nitrogen release under anoxic conditions were
evaluated in incubation systems according to the procedures described in James and
Barko (1991) and James et al. (1995, 1996). 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 mi of filtered 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 either air (oxic conditions) or nitrogen (anoxic conditions). For
each station, one sediment system was subjected to an oxic environment while another
sediment system was subjected to an anoxic environment. Sediment systems were
incubated at 20 °C over a 2-3 week period. Thus, a total of 60 incubations were

conducted in 1995 for sediments collected in the Big Muskego/Wind Lake complex.



N (as ammonium-nitrogen) and P (as SRP) were measured colorimetrically using
standard methods (APHA 1992). Rates of N and SRP release from the sediment
(mg m? d"') were calculated as the linear change in concentration in the overlying water

divided by time and the area of the incubation core liner.
SUMMARY OF RESULTS

Big Muskego Lake

Summary statistics for sediment characteristics and rates of nutrient release from
the sediments of Big Muskego Lake before lake drawdown are shown in Table 2. Data
summaries for each station in Big Muskego Lake are provided in Appendix 1. In
general, mean moisture content of the sediments was very high (> 90%) while mean
sediment density was low, reflecting the fluid nature of the surface sediment. Mean
organic matter of the sediments was aiso very high in the lake (> 40%) . With the
exception of a region in the northwest cornér of the lake, moisture content and organic
matter (Figs. 3 and 4) were homogeneous throughout the lake.

Mean concentrations of soluble reactive phosphorus in the porewater of the
sediment were very low (Table 2) and did not exhibit pronounced spatial variations in
the lake (Fig. 5). Mean NH,CI-P and NaOH-P accounted for a relatively large fraction of
the total inorganic sediment phosphorus (37% and 56%, respectively) while HCI-P

accounted for only 17% of the total inorganic sediment phosphorus (Table 2). NH,CI-P



and NaOH-P exhibited greatest concentrations near the outflow of Big Muskego Lake,
with gradients of lower concentrations toward the northern shoreline region (Figs. 6 and
7). In contrast, spatial trends were not observed for" HCI-P (Fig. 8).

Overall, organic fractions of sediment P accounted for a slightly greater percentage
58%) of the sediment total P than did inorganic P fractions (Table 2). Concentrations of
sediment inorganic, organic, and total P were greatest near the outflow and along the
southeastern shoreline of the lake, with gradients of lower concentrations toward the
northern shoreline of the lake (Figs. 9-11). Mean concentrations of sediment total P,
inorganic P, organic P, NaOH-P, and HCI-P in Big Muskego Lake were low, but fell
within the range of concentrations for surficial sediments of lakes in eastern North
America (Ostrofsky 1987). Mean NH,CI-P in Big Muskego Lake was greater than the
mean concentration reported by Ostrofsky (1987) for lakes in eastern North America.

Laboratory rates of P release from sediments, measured at 20 °C under both oxic
and anoxic conditions, were very low in Big Muskego Lake (Table 2), with no
discernable spatial patterns (Figs. 12-13). In particular, rates of P release from
sediments under oxic conditions were near zero for most stations in the lake (Fig. 12).
Under anoxic conditions, rates of P release from the sediments were only slightly
greater than rates measured under oxic conditions (Fig. 13). The greatest rate of P
release from the sediments under anoxic conditions was only ~ 1.9 mg m? d™ for a

station located near the outflow region (Fig. 13).

Significant (p<0.05) correlations existed among many of the variables measured for



the surface sediments of Big Muskego Lake (Table 3). NH,CI-P was positively
correlated with NaOH-P, total inorganic and organic P, and total sediment P. NaOH-P
exhibited similar strong correlations with tqtal inorgénic, organic P, and sediment total
P. In contrast, HCI-P was not correlated with any other sediment variables (Table 3).
Rates of P release from sediments under oxic conditions were negatively correlated
with sediment organic matter concentration while rates of P release from sediments
under anoxic conditions were weakly and positively correlated with NH,CI-P.

Mean total sediment N in Big Muskego Lake was very high (Table 2), compared to
the range of values for different sediments reported in Barko and Smart (1986), and
exhibited spatial variations similar to patterns in the distribution of sediment total P (Fig.
14). Mean exchangeable nitrogen, considered an important fraction in the sediment for
macrophyte root uptake (Barko et al. 1988), accounted for < 1% of the total sediment N
and exhibited minimal spatial variations (Fig. 15). Release of ammonium-N from the
sediments was high under anoxic conditions, in comparison to rates of P release,

ranging between 11 and 40 mg m?2 d"' (Table 2 and Fig. 16).
Bass Bay

Summary statistics for sediment characteristics and rates of nutrient release from
the sediments of Bass Bay are shown in Table 4. Data summaries for each station in
Bass Bay are provided in Appendix 1. Like Big Muskego Lake, mean sediment moisture

content was high, while sediment density was low. However, the mean percent organic



matter of the sediment was much lower in Bass Bay, compared to Big Muskego Lake
(14%; Table 4). Sediment moisture and organic matter content were greatest in the
deep, central portion of the bay and declined slightiy with decreasing depth at stations
located near the shoreline (Figs. 3-4).

Mean concentrations of soluble reactive phosphorus in the porewater of the
sediment were ~2.8 mg/L (Table 4), with concentrations often exceeding 4 mg/L at
depths > 5 m in Bass Bay (Fig. 5). Mean NH,CI-P was the dominant fraction of
inorganic P in the sediment (56%), followed by NaOH-P (25%) and HCI-P (19%).
NH,CI-P and NaOH-P exhibited greatest concentrations in the deep, central portion of
Bass Bay (Figs. 6 and 7). In contrast, HCI-P exhibited lowest concentrations in the
deep, central portion of the bay (Fig. 8).

Organic and inorganic P in the sediments of Bass Bay were equivalent in
concentration, with each accounting for ~ 50% of the sediment total P (Table 4).
Sediment inorganic, organic, and vtotal P concentrations were generally greatest in the
deep, central portion of the bay (Figs. 9-11).

Laboratory rates of P release from sediments collected in the deep region of Bass
Bay were high under both oxic and anoxic conditions (Table 4; Figs . 12 and 13) and
similar to rates of P release measured from eutrophic lake sediments (Nurnberg et al.-
1986; Nurnberg 1988). The greatest rate of P release from the sediments under anoxic

conditions was 8.6 mg m? d" for a station located near deep, central region (Fig. 13).

Like Big Muskego Lake, Bass Bay exhibited high sediment total N concentrations



(Table 4 and Fig. 14). Exchangeable nitrogen (Fig. 15) and porewater ammonium (not
shown) exhibited marked depth-related variations, as concentrations were greatest in
the deep profundal sediments and declined with debreasing depth. Mean laboratory
rates of ammonium release from the deep, profundal sediments were very high (68 mg

m d"') under anoxic conditions (Fig. 16).
Wind Lake

Spatial variations in sediment characteristics were strongly related to basin
morphometry in Wind Lake. Moisture content of the sediments was greatest in the deep
region of the lake and generally declined with decreasing depth (Fig. 17). These depth-
related variations in moisture content were used to identify zones of sediment erosion
(moisture content < 50%) and zones of sediment accumulation (moisture content >
75%; i.e., Hakanson 1977). Based on these criteria, sediment accumulation was
occurring in the deep basin, while sediment erosion was occurring in shallow regions,
particularly along the southern shoreline. An exception to this pattern occurred in the
shallows near the inflow to Wind Lake, where moisture content was elevated compared
to other shallow regions. This pattern suggested possible influences of sediment
loading from Big Muskego Lake and accretion in this region. Additional sediment core
results from Wind Lake, to be obtained in October, 1996, will be used to further .

delineate the extent of these sedimentary zones in the lake.
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Organic matter content exhibited a similar pattern to that of moisture content, as
concentrations were greatest in the deep region and the shallows near the inflow, and
lower in other shallow regions (Fig. 18). In general,ﬂorganic matter content was greater
than 20% in the deep region and the shallows near the inflow, and declined to less than
5% in other shallow areas of the lake.

Porewater concentrations of soluble reactive phosphorus were very high (> 9.5
mg/L) in the deep region of Wind Lake and declined to less than 0.5 mg/L in the
shallow regions (Fig. 19). NH,CI-P and NaOH-P followed a similar depth-related
pattern (Figs. 20-21), while HCI-P was nearly homogeneous in concentration at all
depths (Fig. 22). Sediment inorganic P, organic P, and total P were also greatest in the
deep region, with gradients of lower concentration as a function of decreasing depth
(Figs. 23-25). Secondary peaks in the concentration of these variables occurred near
the mouth of the inflow to Wind Lake (Figs. 23-25).

Like sediment P variables, laboratory rates of P release from sediments under oxic
and anoxic conditions (20 °C) were greatest in the deep region of Wind Lake and
generally declined with decreasing depth (Figs. 26-27). In the deep region, rates of P
release from sediments exceeded 6 mg m* d! under oxic conditions and 10 mg m?2 d”
under anoxic conditions (Figs. 26-27). In contrast, rates of P release from sediments in
shallow regions were negligible under oxic conditions, similar to rates of P release from
sediments observed in Big Muskego Lake under the same conditions. At these same
stations in the shallows located around the shoreline of the iake, however, rates of P

release were greater than 1 mg m? d"' under anoxic conditions. Summary statistics for

11



sediment variables and rates of nutrient release are provided in Table 5. Data
summaries for each station in Wind Lake are provided in Appendix 1.

There were significant correlations among sedirr;ent variables in Wind Lake (Table
6). In general, most sediment variables were strongly related to depth, suggesting
possible links to zones of sediment erosion and accumulation. Strong correlations
existed between porewater P, NH,CI-P, NaOH-P, HCI-P, sediment inorganic and
organic P and sediment total P. Rates of P release from sediments under oxic
conditions were correlated with depth, porewater P, NaOH-P, total organic P, and
sediment total P suggesting possible regulatory influences as a function of iron-bound
and/or organic-bound sediment P (Table 6). Rates of P release from sediments under
anoxic conditions were also correlated with depth, porewater P, NaOH-P, total organic
P, and sediment total P (Table 6).

Unlike Big Muskego Lake, Wind Lake exhibited concentrations of total sediment N
(Table 5 and Fig. 28) that fell within the range of values reported by Barko and Smart
(1986). The spatial distribution of total sediment N, exchangeable N (Fig. 29), and
porewater ammonium (not shown) was strongly related to depth, as concentrations of
these variables were greatest in the deep, profundal region of Wind Lake. Laboratory
rates of ammonium release under anoxic conditions followed a similar depth-related

pattern (Fig. 30).
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CONTINUED RESEARCH EFFORTS

After approximately one year of drawdown, sediment cores will be collected from
randomly-selected stations in Big Muskego Lake for assessment of changes in rates of
P and N release from the sediments and changes in sediment physical and chemical '
characteristics, as a result of sediment desiccation and oxidation, and potential
impacts, if any, to Wind Lake. Additional sediment cores will also be collected from
randomly-selected stations in Wind LLake and Bass Bay to further evaluate and
delineate sediment characteristics in relation to zones of sediment erosion and
accumulation in these lakes. Further information on spatial variations in rates of P
release from the sediments and sediment P characteristics in Wind Lake and Bass Bay
will be of critical importance in the development of management scenarios to control

internal P loading from the sediments via alum treatment.
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Table 1. Variable list for surface sediment characteristics.

Moisture Content; %
Sediment Density, g/mL
Organic Matter Content, %

Total Sediment Nitrogen, mg/g
Exchangeable Nitrogen, mg/g
Total Sediment Phosphorus, mg/g
NH,Cl-Extractable Phosphorus, mg/g
NaOQOH-Extractable Phosphorus, mg/g
HCI-Extractable Phosphorus, mg/g
Total Inorganic Phosphorus, mg/g
Total Organic Phosphorus, mg/g
Porewater Iron, Calcium, and Phosphorus, mg/L
Oxic Phosphorus Release, mg m? d!
Anoxic Phosphorus Release, mg m? d-!

Anoxic Ammonium-N Release, mg m?2 d'
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FIGURE CAPTIONS

Fig. 1. Sediment sampling staticns in Big Muskego Lake and Bass Bay in 1995.

Fig. 2. Sediment sampling stations in Wind Lake in 1995. Depth contours represent
10-ft intervals.

Fig. 3. Spatial variations in sediment moisture content in Big Muskego Lake and Bass
Bay in 1995.

Fig. 4. Spatial variations in sediment organic matter content in Big Muskego Lake and
Bass Bay in 1995.

Fig. 5. Spatial variations in sediment porewater soluble reactive phosphorus in Big
Muskego Lake and Bass Bay in 1995.

Fig. 6. Spatial variations in sediment NH,Cl-extractable phosphorus in Big Muskego
Lake and Bass Bay in 1995.

Fig. 7. Spatial variations in sediment NaOH-extractable phosphorus in Big Muskego
Lake and Bass Bay in 1995.

Fig. 8. Spatial variations in sediment HCl-extractable phosphorus in Big Muskego
Lake and Bass Bay in 1995.

Fig. 9. Spatial variations in sediment total inorganic phosphorus in Big Muskego Lake
and Bass Bay in 1995.

Fig. 10. Spatial variations in sediment organic phosphorus in Big Muskego Lake and
Bass Bay in 1995.

Fig. 11. Spatial variations in sediment total phosphorus in Big Muskego Lake and Bass
Bay in 1995.

Fig. 12. Spatial variations in laboratory rates of phosphorus release from sediments
under oxic conditions at 20°C in Big Muskego Lake and Bass Bay in 1995.

Fig. 13. Spatial variations in laboratory rates of phosphorus release from sediments
under anoxic conditions at 20 °C in Big Muskego Lake and Bass Bay in 1995.

Fig. 14. Spatial variations in sediment total nitrogen in Big Muskego Lake and Bass
Bay in 1995.
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15. Spatial variations in sediment exchangeable nitrogen in Big Muskego Lake and
Bass Bay in 1995.

16. Spatial variations in laboratory rates of ammonium-nitrogen release from
sediment under anoxic conditions at 20 °C in Big Muskego Lake and Bass Bay in
1996.

17. Spatial variations in sediment moisture content in Wind Lake in 1995.

18. Spatial variations in sediment organic matter content in Wind Lake in 1995.

19. Spatial variations in sediment porewater soluble reactive phosphorus in Wind
Lake in 1995.

20. Spatial variations in sediment NH,Cl-extractable phosphorus in Wind Lake in
1995.

21. Spatial variations in sediment NaOH-extractable phosphorus in Wind Lake in
1995.

22. Spatial variations in sediment HCl-extractable phosphorus in Wind Lake in
1995.

23. Spatial variations in sediment total inorganic phosphorus in Wind Lake in
1985.

24. Spatial variations in sediment organic phosphorus in Wind Lake in 1995.
25. Spatial variations in sediment total phosphorus in Wind Lake in 1995.

26. Spatial variations in laboratory rates of phosphorus release from sediments
under oxic conditions at 20°C in Wind Lake in 1995.

27. Spatial variations in laboratory rates of phosphorus release from sediments
under anoxic conditions at 20 °C in Wind Lake in 1995.

28. Spatial variations in sediment total nitrogen in Wind Lake in 1995.
29. Spatial variations in sediment exchangeable nitrogen in Wind Lake in 1995.

30. Spatial variations in laboratory rates of ammonium-nitrogen release from
sediment under anoxic conditions at 20 °C in Wind Lake in 1995.
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Figure 9
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Figure 10
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Figure 14

BIG MUSKEGO LAKE
TOTAL NITROGEN, mg/g
1995
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Figure 15

BIG MUSKEGO LAKE
EXCHANGEABLE NITROGEN, mg/g
1995
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Figure 20

WIND LAKE
NH4CI-EXTRACTABLE PHOSPHORUS, mg/g
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" Figure 21

WIND LAKE
NaOH-EXTRACTABLE PHOSPHORUS, mg/g
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- Figure 23
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Figure 24
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Figure 29
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APPENDIX 1: Data Summaries for Big Muskego Lake, Bass Bay, and Wind Lake

Abbreviation List

Station

P Oxic

P Anoxic

N Anoxic
Porewater NH4
Porewater P
Porewater Ca
Porewater Fe
POM

B. Dens.
Moisture
NH4CI-P
NaOH-P
HCI-P
Total-P
Total-N
EXCH-N

BM = Big Muskego Lake, BB = Bass Bay, WL = Wind Lake
Phosphorus release from sediments under oxic conditions
Phosphorus release from sediments under anoxic conditions
Ammonium-nitrogen release from sdiments under anoxic conditions
Porewater ammoniun-nitrogen

Porewater soluble reactive phosphorus

Porewater soluble calcium

Porewater soluble iron

Sediment organic matter

Sediment bulk density

Sediment moisture content

Sediment NH,Cl-extractable phosphorus

Sediment NaOH-extractable phosphorus

Sediment HCl-extractable phosphorus

Sediment total phosphorus

Sediment total nitrogen

Sediment exchangeable nitrogen
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APPENDIX 1. Data Summaries for Big Muskego Lake, Bass Bay, and Wind Lake

Abbreviation List

Station

P Oxic

P Anoxic

N Anoxic
Porewater NH4
Porewater P
Porewater Ca
Porewater Fe
POM

B. Dens.
Moisture
NH4CI-P
NaOH-P
HCI-P
Total-P
Total-N
EXCH-N

BM = Big Muskego Lake, BB = Bass Bay, WL = Wind Lake
Phosphorus release from sediments under oxic conditions
Phosphorus release from sediments under anoxic conditions
Ammonium-nitrogen release from sdiments under anoxic conditions
Porewater ammoniun-nitrogen

Porewater soluble reactive phosphorus

Porewater soluble calcium

Porewater soluble iron

Sediment organic matter

Sediment bulk density

Sediment moisture content

Sediment NH,Cl-extractable phosphorus

Sediment NaOH-extractable phosphorus

Sediment HCl-extractable phosphorus

Sediment total phosphorus

Sediment total nitrogen

Sediment exchangeable nitrogen
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