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Introduction

Many lakes in Wisconsin have elevated concentrations of nutrients, which result in unsightly algal blooms, as well as an over abundance of aquatic plants.  The high phosphorus levels often result in runoff from watershed activities.  In the case of Little Green Lake there is considerable agriculture in the watershed as well as homes around most of the shoreline.  A study conducted by Ramaker and Associates in 1998-99 as well data collected by the U.S. Geological Survey since 1991 indicate that considerable internal loading is occurring in the lake.  Modeling by Ramaker and Associates estimated that 70 percent of the total P load comes from internal loading.  

There are several sources from within the lake that can contribute P.  These include benthivorous fish, e.g. carp, bullheads; nutrient release following die off of macrophytes, e.g. curly-leaf pondweed; sediment release from anoxic conditions during stratification; and elevated pH during intense algal blooms.  Because of the morphometry of Little Green Lake, it is susceptible to periods of stratification and mixing throughout the summer.  Its maximum depth (28 ft) is deep enough for stratification to occur during periods of warm weather with little wind, but not deep enough to prevent mixing during moderate wind events.  During stratification the bottom waters may become devoid of oxygen allowing phosphorus to be released from the sediments.  Subsequent mixing transports the P to the upper waters thus enhancing algal growth which result in noxious algal blooms.  While the stratification/mixing is not well documented in lakes it is known to occur in a few lakes.

During 2003 at destratification system was installed and began operation with the intent of significantly reducing the amount of stratification that occurs during the summer months.  By preventing this stratification and the subsequent depletion of oxygen, it was expected that release of phosphorus from the sediments would be greatly reduced and thus reducing the severity of algal blooms. In 2003, because of some technical problems the system did not operate the entire summer.  There were no problems in 2004 and the system was in operation from May through September.

Methods
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The destratification system consisted of a compressor located on shore and air distribution system, which dispersed air in the deep area of the lake.  The compressor was a Kaeser Model CS91 rotary screw with a rated capacity of 375 cfm @100 psi.  The air delivery system consisted of BottomlineTM supply tubing of ½ inch inside diameter.  The air was delivered in 5 separate lines from the compressor to the deepest region of the lake (Figure 1).  

In the first year of operation, different hole configurations were tried.  The final configuration was holes drilled the final 300 feet at 20 intervals with hole diameters (number of each) of 1/8” (7), 3/16” (8), and ¼” (2). The air output was at 60 psi in all of the airlines.

In order to evaluate the effectiveness of the destratification system, samples were collected in 2000 (no aeration), 2003 (aeration) and 2004 (aeration).  Profiles for dissolved oxygen (DO), temperature, and total phosphorus were collected throughout both summers.  Samples for water clarity (Secchi depth) and algae (chlorophyll a) where also collected.  Samples for phosphorus were collected using a peristaltic pump and tygon tubing suspended at a known depth.  Depth was measured from the sediments upward so that exact depth above the sediments was known.  Samples for total dissolved phosphorus were filtered in-line during collection using 0.45µ Millipore filter.  In-line filtration prevents complexation of phosphorus with iron or manganese from underestimating the phosphorus levels. Chlorophyll samples were also filtered in-line through GF/C glass fiber filters and immediately placed in tubes containing 90% acetone. 

Results
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The destratification system was successful in reducing the area of anoxia as well as the volume of bottom water that was anoxic. Periods of anoxia did occur during 2003 and 2004 but the time period of anoxia was reduced and the anoxic water column was reduced. This resulted in much lower P concentrations in the bottom waters.  Figure 2 shows the highest levels of P in 2000 (pre-destratification) and 2003-04 (destratification). In 2000 P levels were nearly 2000 µg L-1 but the highest concentrations measured in 2003-04 was less than 300 µg L-1.

Comparison of phosphorus (P) in the lake in 2000 and 2003-04 indicates that P levels throughout the lake were similar in 2000 and 2003 but lower in 2004 (Figure 3).  In all years P levels were lowest during the spring and steadily increased until the highest levels were reached in summer (Figure 2).  This is what would be expected if significant internal loading were occurring.  Even though the destratification system was operational in 2003 and 2004, it did not prevent internal loading.  In fact peak P levels were higher in 2003 than they were in 2000. Part of the seasonal increase in P is a result of die off of curly leaf pondweed.  The plant die off occurs at the end of June or early July and the increase in P at this time likely reflects this.  However the increase during the last part of July and August most likely results from release of P from the sediments.
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Algal levels as measured using chlorophyll a were lower during May through early July in 2003 than 2000 (Figure 4).  However, for the rest of the summer algal levels were generally higher in 2003 compared with 2000.  In 2004 algal levels often were higher than during either 2003 or 2000.  The algal community composition in 2004 was different than the other two years, especially in July through September.  In 2000 and 2003 the dominant algae were blue-green algae, e.g. Microcystis.  These type of algae are generally considered undesirable as they often can form surface scums.  In 2004, the dominant algae were diatoms, e.g. Aulacoseira. These algal types tend to not form surface scums but instead give the lake a brown color. The higher algal levels likely were the result of the destratification system. The increased mixing allowed algae that were deep in the water column and thus out of the light to be transported into the surface layer and thus were exposed to enough light to remain viable. The shift from blue-greens to diatoms was also the result of the increased mixing and was experienced in Cedar Lake in western WI which has a destratification system similar to the one in Little Green Lake.
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Even though algal levels were generally higher in 2003-04, water clarity was better (Figure 4).  This likely is the result of the destratification system.  The increased currents induced by the aeration system reduced floating algal blooms and redistributed the algae deeper into the water column.  While the increased circulation was responsible for increased chlorophyll levels it also distributed the algae throughout the water column and prevented the high concentration of algae at the top of the water column.  

The summer mean values for both phosphorus and Secchi depth were much better in 2003 and 2004 than they were in 2000 (Table 1).  Even though peak phosphorus values were higher the 2003, the summer mean was lower primarily because of the lower values in June and the first half of July.  Water clarity was nearly twice as good in 2003 and 2004 compared with 2000 and this held true most of the summer.  Mean summer chlorophyll values were higher in 2003-04 for reasons explained previously.

Table 1.  Summer mean values for trophic variables for 2000 and 2003

	
	2000
	2003
	2004

	Total Phosphorus (µg L-1)
	222
	181
	134

	Chlorophyll a (µg L-1)
	44
	51
	74

	Secchi Depth (ft)
	1.8
	3.2
	3.3


Discussion 
Little Green Lake has experienced severe algal blooms in recent years.  Although the original source of nutrients that cause the blooms was phosphorus from the watershed, over time this phosphorus has built up in the lake’s sediments.  In recent years the lake association and partners have worked hard to reduce phosphorus input from the watershed.  However, because of high rates of phosphorus runoff in the past, internal phosphorus loading in now the major P source in the lake.  It has been estimated that internal loading is around 70% of the total P budget.  The sources of this P include: 1) die off of curly leaf pondweed in late June or early July, 2) rough fish, e.g. carp and bullheads, 3) sediment P release during periodic low dissolved oxygen events in the bottom waters, and 4) late summer P release in plant beds.  In attempt to reduce sediment P release during anoxic events a destratification was operational during the summers of 2003 and 2004.  

Although there were problems with the operation of the system in 2003, the extent of anoxia was less in 2003 compared with 2000.  This includes both the area and volume of the anoxic zone.  Despite this improvement in the oxygen conditions, peak total phosphorus values were higher in 2003.  Water clarity (Secchi depth) was nearly twice as good in 2003 as it was in 2000. In 2004, the peak and mean summer total phosphorus values were lower than in 2000 but were still higher than was hoped for with the operation of the destratification system. Water clarity was nearly twice as good in 2003 and 2004 compared with 2000.  However, the improved clarity may have not been entirely the result of the destratification system since water clarity in 2002(pre-destratification) was similar as 2003-04 (Figure 5).
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Internal loading continues to be a significant problem in the lake.  Although the destratification system has reduced phosphorus release from the deep water sediments by over 95%, internal loading rates are still very high (Figure 6). In 2000, the deep water sediments contributed 45% of the total internal loading.  While this has been drastically reduced with the destratification system, the percentage of internal loading from other sources has increased. While some of the internal load occurs in late June and early July with the dieoff of curly leaf pondweed, the majority of the increase in phosphorus occurs in late July and August (Figure 3).  

The total amount of internal loading was less in 2004 compared with 2003 or 2000.  It is likely that part of the decline was the operation of the destratification unit but the majority of the decline is probably related to the cooler summer in 2004 and the operation of the plant harvester. It is likely that one of the major sources for phosphorus for the lake are the sediments in the plant beds. Studies in other eutrophic Wisconsin lakes have shown that large amounts of P can be released from sediments in plant beds.  Because of high photosynthetic activity in these beds, the pH is elevated to levels above 9.0, which can result in the release of P from the sediments.  Also in dense plant beds where water movement is restricted, the water immediately above the sediments can become anoxic resulting in the release of P.   If the architecture of the beds changes as they mature, this P may be mobilized into the deeper waters of the lake. Since Little Green Lake has a large area covered by dense plants (over 50%) and the plant beds are very dense; it is likely that sediments in these beds contain a large reservoir of phosphorus. Also it is likely that conditions are such that the bottom waters in
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beds become anoxic and pH levels rise above 9.0.  If the plant beds were a significant source of P during late summer, the destratification system would be ineffective at preventing this P source.  Since the plant beds were less in 2004 compared with 2003, it is likely the sediments in the beds is a significant source of P. In fact significantly reducing this source of P will be very difficult.  One possible way to reduce this phosphorus would be to periodically cut the plant beds so that the plant density is reduced so that the waters above the sediments don’t become anoxic.

Since there were less plants in 2004 compared with 2003, it seems reasonable that less P was transported from the shallow water sediments into the water column and thus the mean summer phosphorus concentration was less in 2004.

Another source of phosphorus from within the lake is rough fish, such as carp and bullheads. At this time we do not know the size of these populations but undoubtedly they are contributing some phosphorus.  It is unlikely that their population size declined from 2003 to 2004 enough to explain the amount of reduction of the internal P loading that was measured.

Where do we go from here?

Although the destratification system is effective in reducing the phosphorus release from the deep water sediments, internal loading still remains a problem in the lake.  Summer phosphorus concentrations exceed 200 µg L-1 which result in high algal blooms and poor water clarity. It does not seem likely that continued operation of the system will result in a significant reduction in phosphorus levels in the lake. The failure of the destratification system to significantly reduce P levels in the lake has been experienced in other lakes.  In Cedar Lake (western WI), where a similar destratification system became operational in the 1990s, initially the lake showed improvement. However, in recent years P levels have returned to previous concentrations. In consultations with other scientists in North America and Australia, destratification systems in shallow lakes like Little Green Lake have also not be successful.  While in many of these lakes, there has been some improvement in water clarity, there was minimal reduction in phosphorus or algal levels.

The one benefit that occurred because of the destratification system was a decline in noxious blue-green algal blooms. Instead of blue-green algae, diatoms became the dominant algae. These algae are denser than blue-greens and the increased circulation allows them to remain in suspension. Diatoms are more desirable than blue-greens because they do not form scums but they do give the water a brown color.

Since the deep water sediments do not seem to be the main source of the internal phosphorus load, it is recommended that additional studies be done to identify the source.  This is being planned for Cedar Lake. In Little Green Lake it would be beneficial to more intensively study the shallow sediments in the plant beds to estimate how much P is coming from this area.  It would also be beneficial to estimate the size of the rough fish population, e.g. carp, to estimate how much P they are contributing to the lake.




Figure 1.  Map of Little Green Lake showing site of compressor and air distribution system.








Figure 4.  Water clarity (Secchi depth) and algal levels (chlorophyll a) values for the 3 study years.





Figure 3. Phosphorus concentration during the 3 study years. The destratification system was operational in 2003-04.
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Figure 2. Maximal phosphorus concentrations in the bottom waters in 2000 (pre-destratification) and 2003-04 (destratification).





Figure 6. Internal phosphorus loading in the lake from the deep water sediments (blue) and other sources (red).





























Figure 5. Summer mean Secchi depths.  All of the data except for 2000, 2003, and 2004 is from the USGS. The shaded area is when the destratificaition system was operating.
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Secchi

		DATE		SECCHI_FT				Summer

								Mean

		08/04/1986		1.75		28

		4/26/87		4.25		28

		5/4/87		4.67		28

		5/9/87		3.25		28

		5/15/87		9		28

		5/19/87		2.5		28

		5/26/87		7.25		28

		5/29/87		5.5		28		1.9		1987

		6/28/87		2.25		28

		7/5/87		2		28

		7/6/87		2		28

		7/25/87		1.25		28

		8/3/87		1.25		28

		8/13/87		1		28

		8/24/87		0.75		28

		9/1/87		1		28

		9/5/87		1		28

		9/14/87		1		28

		9/22/87		1		28

		10/5/87		1		28

		10/13/87		1		28

		10/19/87		1.5		28

		10/25/87		1.5		28

		5/13/88		4.75		28

		5/20/88		4.75		28

		5/27/88		5		28								Summer

		6/4/88		2.5		28		1.3		1988				Mean

		6/10/88		2.5		28								(ft)

		6/18/88		1.75		28						1987		1.9		0.6

		6/24/88		1.75		28						1988		1.3		0.4

		7/2/88		1		28						1989		2.1		0.6

		7/9/88		1		28						1990		2.3		0.7

		7/15/88		1		28						1991		2.3		0.7

		7/23/88		0.75		28						1992		3.2		1.0

		7/30/88		0.75		28						1993		4.1		1.2

		8/5/88		0.75		28						1994		5.3		1.6

		8/13/88		0.75		28						1995		6.5		2.0

		8/20/88		0.75		28						1996		5.9		1.8

		7/20/89		2		28		2.1		1989		1997		6.6		2.0

		7/31/89		3		28						1998		2.1		0.6

		8/4/89		2		28						1999		2.3		0.7

		8/11/89		2		28						2000		1.8		0.5

		8/17/89		1.75		28						2001		2.0		0.6

		8/30/89		1.75		28						2002		3.1		0.9

		9/14/89		1.25		28						2003		3.2		1.0

		10/4/89		1		28						2004		3.2		1.0

		5/11/90		2		28

		5/22/90		2.25		28

		6/4/90		2.5		28		2.3		1990

		6/14/90		2.75		28

		6/21/90		3.25		28

		7/2/90		3		28

		7/18/90		2		28

		8/2/90		1.75		28

		8/23/90		1.75		28

		8/31/90		1.75		28

		9/19/90		1.75		28

		9/26/90		1.75		28

		10/13/90		2		28

		5/21/91		13		28

		6/4/91		7		28		2.3		1991

		6/13/91		5		28

		6/20/91		3		28

		6/28/91		1.5		28

		7/3/91		1.25		28

		7/15/91		1.5		28

		7/24/91		1.25		28

		7/29/91		1.25		28

		8/9/91		1		28

		8/14/91		1.25		28

		8/21/91		1.25		28

		8/30/91		1.75		28

		9/3/91		1.25		28

		9/11/91		1.25		28

		5/22/92		9		28

		6/1/92		6.5		28		3.2		1992

		6/8/92		6		28

		6/24/92		3		28

		7/6/92		2.5		28

		7/21/92		2.25		28

		7/29/92		2		28

		8/11/92		2		28

		9/1/92		1.25		28

		9/29/92		2		28

		5/10/93		18		28

		5/20/93		2.25		28

		5/20/93		9		28

		5/26/93		8		28

		6/1/93		8		28		4.1		1993

		6/11/93		9		28

		7/2/93		6		28

		7/9/93		3		28

		7/22/93		2.5		28

		7/28/93		2		28

		8/3/93		2		28

		8/10/93		2.25		28

		8/27/93		1.75		28

		9/7/93		1.25		28

		10/4/93		4		28

		5/6/94		13.5		28

		5/19/94		12.33		28

		5/30/94		10.25		28		5.3		1994

		6/9/94		10.66		28

		6/16/94		10.33		28

		6/20/94		8		28

		7/5/94		5.5		28

		7/12/94		5.5		28

		7/17/94		4.5		28

		7/27/94		4.6		28

		8/8/94		2.33		28

		8/15/94		2		28

		8/19/94		2.33		28

		8/29/94		2		28

		9/8/94		2		28

		9/15/94		4		28

		9/18/94		1.6		28

		9/29/94		2		28

		10/5/94		3		28

		10/10/94		2.6		28

		5/11/95		16.75		28

		5/23/95		12.33		28

		5/31/95		16		28

		6/9/95		13.5		28		6.5		1995

		6/15/95		12.5		28

		6/20/95		13.33		28

		6/30/95		8		28

		7/10/95		5.75		28

		7/12/95		5		28

		7/20/95		4		28

		7/31/95		5.75		28

		8/10/95		3		28

		8/16/95		3		28

		8/21/95		2.5		28

		9/1/95		2		28

		9/10/95		2.5		28

		9/13/95		4		28

		9/20/95		6		28

		10/2/95		6.5		28

		10/11/95		7		28

		10/20/95		6		28

		5/11/96		12.5		28

		5/21/96		16.25		28

		5/30/96		11.33		28

		6/10/96		11		28		5.9		1996

		6/20/96		14.5		28

		6/30/96		10		28

		7/10/96		6.5		28

		7/15/96		5		28

		7/20/96		5.33		28

		7/30/96		3.33		28

		8/10/96		2		28

		8/15/96		2.75		28

		8/21/96		2.5		28

		8/31/96		2.5		28

		9/11/96		2.5		28

		9/18/96		3.5		28

		10/1/96		4.75		28

		10/10/96		4.75		28

		5/2/97		19.5		28

		5/10/97		5.75		28

		5/20/97		7.75		28

		6/10/97		14		28		6.6		1997

		6/18/97		11		28

		6/27/97		6.75		28

		7/7/97		14.25		28

		7/14/97		3.5		28

		7/25/97		3.5		28

		8/5/97		2.5		28

		8/14/97		2		28

		8/25/97		2		28

		9/6/97		2		28

		9/15/97		2.25		28

		9/26/97		2.75		28

		10/6/97		3		28

		6/30/98		2.5		28		2.1		1998

		7/28/98		1.25		28								1.9		1987

		8/26/98		2.5		28								1.3		1988

		9/23/98		2		28								2.1		1989

		10/19/98		2.5		28								2.3		1990

		6/15/99		4.5		28		2.3		1999				2.3		1991

		7/26/99		1.5		28								3.2		1992

		8/17/99		1		28								4.1		1993

		9/13/99		2		28								5.3		1994

		10/13/99		2.5		28								6.5		1995

		6/28/00		1.75		28		1.8		2000		0.5335365854		5.9		1996

		7/24/00		1.75		28								6.6		1997

		8/14/00		1.75		28								2.1		1998

		9/18/00		1		28								2.3		1999

		10/10/00		1.25		28								1.8		2000

		6/21/01		2.3				2.0						2.0		2001

		7/24/01		1.6										3.1		2002

		8/22/01		2.0										3.2		2003

		6/12/00		4.9				3.1

		7/10/02		2.6

		8/9/02		1.8

		5/15/03		6.6

		5/29/03		8.5

		6/2/03		5.7				3.2

		6/12/03		4.6

		6/21/03		2.0

		7/1/03		2.3

		7/15/03		3.3

		7/18/03		3.3

		8/8/03		1.3

		8/27/03		3.3

		9/3/03		1.6

		9/26/03		3.3

		10/17/03		8.2
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