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				Abbreviations :     

BMP   ………………..Best management [farming] practices
CAL  …………………Caloosahatchee River
ADPP...………………Alum, demucking and planting plan
CEPP. ……………..  Central Everglades Planning Project
CERP. ……………... Comprehensive Everglades Restoration Plan
DIP…………………...Dissolved Inorganic phosphorus
DRI   ………………...Development of Regional Impact
EAV. ………………...Emergent aquatic vegetation
Ksp    …………....... Solubility product constant [moles/ liter]
LOTAC II………….. .Lake Okeechobee technical advisory council
LORS2008 ………..  Lake Okeechobee Regulation Schedule 2008
LOSOM………….. .  Lake Okeechobee System Lake Management
LOWRP.…………..  .Lake Okeechobee water restoration plan
Mt    ……….. …….   metric tons [2,200 lbs.]
Mt/ yr. ……………..  metric tons /yr.
NOx ……………….  .NO x = nitrate and nitrite combined
PPB…………………parts per billion by weight
POR ………………. Period of Record
QA/QC………..…..  Quality action/Quality control [ in chemical analytical processes
SAV  ……………..   Submergent aquatic vegetation
SFWMD ………….  South Florida Water Management District  
STA   ……………….Storm water treatment areas
STL   ……………….St. Lucie River
TP   ………………...Total Phosphate
TMDL    …………....Total Maximum daily load essential to a healthy aquatic ecosystem
TN.  …………………Total nitrogen
USACE …………….United States Army Corp of Engineers   
Note 1. The correct technical terminology for ppb TP is mg/liter not ppb. However, most SFWMD technical reports are expressed in ppb. This paper uses ppb values. Hence 1 ppb TP = 1.0 mg/l or 100 ppb TP = 100 mg/l. Some fraction of TP is both soluble and bio-active capable of plant intake for use in its metabolic processes especially growth through photosynthesis.

Note 2. Basic limnological terms:
            Mixis refers to a lake’s potential for water column overturn. Various modifiers are di- [spring and fall], poly [many], holo –[continually], mero – [never as its density difference between top fresh water and bottom saltwater prevent water column overturn].

           Edaphic factors refers to a spectrum of geological, physical [surface area, depth profile, shoreline length, chemical [alkaline -basic, acidic] that affects a given lake’s characteristics.

            Trophic levels refer to the nutrient levels of the water column for nitrogen and phosphate compounds. Increasing  nutrient levels are: ultraoligo-, oligo-, meso- eu- , hypereu-.
	
	Sediment coefficient is a measure of whether or not a lake sediment is retaining more of TP than it releases. A positive number is retention; a negative number is internal cycling from sediment to water column. Zero means sedimentation rate equals internal cycling.		  		
  				
				 SFWMD BOARD SUMMARY OF LOWQIP v. 11.23.19
 
The new 2019 Board’s mission statement puts SFWMD in position to restore Lake Okeechobee to nutrient concentrations below cyanophyte inducing levels. Two nutrients chemicals, phosphorus and nitrogen are  essential for all plant life in Lake Okeechobee, namely : emergent aquatic vegetation [EAV], submergent aquatic vegetation [SAV] and open water phytoplankton, one being cyanophytes.  World-wide, a lake’s water column health balance ratio for N/P ranges from 10/1 to 17/1. Lake Okeechobee is in that healthy range making it conducive to cyanophyte blooms. A second cyanophyte inducer is the concentration of these nutrients in the water column of the lake. TP [total P] has increased ~ 4-fold in 5 decades from ~ 40 ppb TP [parts per billion Total P] to 150 ppb TP in 2019.  TN has also increased in that time period. Nutrient control is optimal for P as it can be precipitated from the lake’s water column with alum at ~ $0.5 billion  to form a settleable solid top layered sediment suitable for removal at ~ $3.0 billion. An alternative is calcium additions that should increase TP retention in the lake’s sediment. There is increasing evidence that internal cycling, namely, the net release of sediment TP into the water column is increasing as current sediment retaining ability by calcium is decreasing and river inflows of TP remain 3.5 times higher than TMDL. The other known source of excess nutrients in Lake Okeechobee is from all river inflows of ~ 500 Metric tons [~1 million lbs.] of TP/yr. of which 35 Mt is aerial deposition over the lake surface. LOWRP is designed to reduce the river input of the major contributor, the Kissimmee River/C-38 combination.    

The water column threshold for cyanophyte bloom occurrence is > 100 ppb TP.  Lake Okeechobee has been above that level  and climbing for the last 2 decades resulting in recent lake coverage of the toxic blue-green cyanophyte, Microcystis aeruginosa almost annually since 1998. The lake’s TP water concentration is primed for cyanophyte blooms for the foreseeable future yet no existing or pipeline programs will be effective to reduce TP levels < 100 ppb ; below HAB [harmful algae bloom] potential.  M. aeruginosa produces a suite of toxic chemicals, chief among them, microcystin, upon cellular death.. Worldwide, lakes with Microcystis blooms correlate with chronic human liver non-alcoholic deaths by a 3/1 margin compared to non-Microcystis lakes.  Martin, St. Lucie and Okeechobee counties document positive for those type deaths. To date, less certain correlation in necropsy data tie another Microcystis chemical, BMAA, with three neurological diseases- Parkinson’s, dementia, ALS. Lake Okeechobee under former SFWMD watches has become  toxic from HAB’s.

Starting at LOTAC II in 1985, this author stated that lake sediments were a prime cause of the then high and increasing TP level in the lake’s water column approaching the HAB threshold. Since then, many peer reviewed scientists have reinforced that position. SFWMD in 2003 let a contract to determine how to deal with that sediment load. Today the  total TP load of the lake’s sediment is unknown but the top 4 inches is a mucky “molasses” like consistency measured at ~ 50,000 Mt [110 million lbs.] of TP. Sediment to water TP internal cycling is one of two major causes of TP exceeding HAB threshold but not been officially recognized  nor solutions addressed by SFWMD.  Joint dollar emphasis by USACE is reducing annual  500 Mt TP rivers inputs, an essential goal, however such reductions, if achieved to significant levels may not immediately reduce the HAB potential of the lake as TP will migrate initially from the “molasses” muck top layer and later from deep to surface sediments and diffuse upwards into the water column. LOWRP will reduce river inflows and its TP loading into the lake but may never achieve TMDL [Total Maximum Daily Load] of 140 Mt TP/yr. Now is the opportune time for the Board to act on short circuiting internal cycling.

This author has had success in Treasure Coast retention lakes, achieving 61 to 77 ppbTP discharges and  in-lake levels over 40 years. None of the author’s lakes have had HAB problems to date. These  lakes use a combination of SAV, EAV, fertilizer control, some chemical application and biomass removal. SFWMD has used these same control activities but with reduced SAV sediment coverage.  The key difference is the lack of sunlight penetration to Lake Okeechobee’s sediment bottom to produce large SAV sediment coverage. The author’s lakes have much clearer water, greater sunlight penetration creating sediment carpeting SAV underwater meadows at 20% to 40% surface area. Lake Okeechobee’s SAV ranges 1% to 8.5% coverage. Water clarity in Lake Okeechobee is a water quality issue. The most efficacious solution is initial TP precipitation followed by top muck sediment layer  removal. Then light penetration will increase resulting in major SAV expansion below lake stage manipulation and EAV competition. And with SAV expansion, many other benefits accrue—reduction of water column TP levels < 100 ppb, leading to long term reduction/elimination in HAB blooms, less suspended solids both within the water column and its discharges, which would then allow the northern estuaries to self-cleanse to an unknown degree decades of ecosystem smothering lake muck accumulated in them, increase the functional lifetime of the STA’s by at least twofold, increase the lake’s bass  and commercial fish loads, with corresponding increase in recreational and economic production for the area and most significant for human health, elimination of HAB’s chronic non-alcoholic liver deaths centered around Lake Okeechobee.

The Lake Okeechobee Water Quality Improvement plan [LOWQIP] has two distinct elements- water column TP reduction and increased sediment holding ability from long term maintenance with SAV growth and its many ecological and economic enhancements. 

Time is of the essence with the current SFWMD Board to include both alum treatment and muck removal  and/or calcium addition to the sediment. LOWQIP could be the most cost-effective expenditure of dollars to restore Lake Okeechobee’s ecology, overall Everglades restoration and human well-being. 

[image: ]

High-High  Standard Mortality Rates from non-alcoholic deaths [SMR] for St. Lucie, Okeechobee and Martin, FL counties all within the SFWMD. From F. Zhang, J.Lee, S. Liang,  CK Shum 2015, Environmental Health201514:41
  
 		                        Technical Abstract

Lake Okeechobee is nutrient rich [ hypereutrophic] with water column concentrations  of 150  TP  [parts per billion total phosphorus nutrient ] and increasing.  From its origin 5,000 yrs. ago, the 1970’s level of ~ 50 ppb TP came from natural aerial, rivers and groundwater inflows. Man’s recent major re-working lake conditions: HHD reduced surface area ~ 25%, reduced littoral zone ~ 25%, SAV loss ~ 90%, lowered lake overflow stage from natural  ~22 ft. NGVD to regulated LORS of 12.5 to 15.5 ft. NGVD, cultural eutrophication from destruction of the Kissimmee River’s natural cleansing floodplain wetlands and minor back-pumping, combined have produced by 1998 a TP water column concentration  >100 ppb TP. This level is conducive to major toxic cyanophyte blooms such as occurred in 2013, 2014, 2016, 2017 and 2018. The 2019 bloom has not been discharged to the northern estuaries as previously since USACE lowered the lake to ~ 11 ft NGVD in winter rather than the 12.5 ft. NGVD plan of LORS. No Everglades restoration project -CERP, CEPP and LOWRP- has a credible Lake Okeechobee in-lake improvement project to prevent future outbreaks. 

Even if LOWRP can achieve full TMDL inflow, a doubtful achievement, a guessed/estimated 250,000 Mt TP  [550 million lbs.] exists as total lake sediment. Of that total legacy, recent deposition of the  top 10 cm. [4 inches]  of “molasses” muck alone has been analyzed at about 50,000 Mt of that total. Lake Okeechobee’s  “molasses” muck layer alone contains ~ 60 X more TP than the water column above it.  This layer frequently stirred from non-hurricane wind induced waves mix  3 to 5 cm of top sediment layer back into the water column. Lake Okeechobee’s surface waves develop  wave heights in its long fetch sufficient to reach  and stir this muck layer compared to smaller lakes of comparable depth and wind. Winter muck stirring increases bioactive TP within the water column resulting in TP concentration increases and seasonally limits open water photosynthesis depth between 3 to 8 ft. depths. This internal cycling is one of two major causes of the lake’s increasing hypereutrophic status;  a status above cyanophyte blooms thresholds. The lack of deep light penetration also retards growth and long -term survival of highly beneficial SAV’s. In many of the author’s retention lakes of comparable depth, SAV coverage  extends to near lake bottoms where 40- year stable existence reduces water column TP levels to 61- 77 ppb TP, a level below toxic cyanophyte blooms. The average depths of the author’s lakes are similar to Lake Okeechobee.

Net whole lake sediment accumulation rates of TP in pre-impact before 1910 averaged ~ 0.08 g/m2 /yr, after 0.47 g/m2 /yr ; a six[6] fold increase. Sediment deposition in the lake has been mostly net positive as denoted by the roughly 3 ft [1m] depth to hard rock with short time periods of sediment loss. Chemical and biological mechanisms before 1910 created a ~ 40 ppb TP water column concentration with little organic muck top layered. These same mechanisms in post-impact conditions of ~ 3.3 times river inflow amounts of TP have created the toxic cyanophyte TP concentrations > 100 ppb TP. LOWRP cannot completely reverse higher river inflows to  pre-impact inputs nor reduce higher sediment deposition rates that combined lead to  higher water column TP concentrations. The net result is continued higher TP water column concentrations with almost yearly cyanophyte toxic bloom production after all CERP and LOWRP projects are on-line.  Legacy sediment internal cycling added to river inputs will maintain or increase toxic water TP concentrations.

The river and aerial TP inflow theoretically determined to not further increase the lake’s TP level is  140 Mt/yr TMDL [total maximum daily load]. It consists of 105 Mt/yr. from all rivers and 35 Mt/yr. aerial deposition. In addition to internal cycling, the other cause of the lake’s hypereutrophic TP water column level is  recent decadal river inflows of ~ 500 Mt/yr that exceed the TMDL by 3.3 times. Even though the  lake  consistently receives more TP then pre-impact,  some restoration models assume the TMDL baseline inflow. This calculates an unrealizable improvement attainment time but provides some measure of time scale by legacy removal mechanisms at that pre-impact inflow.  These mechanisms are chemical alum addition to the water column resulting in water column concentration to 40 ppb TP in ~15 yrs.; the same as early 1970’s when cyanophyte blooms did not occur or of negligible effect. Sediment removal alone [muck removal] would achieve 1970’s water quality in ~ 30 yrs. But at inflows of ~ 500 Mt/yr these  time scale are unreasonably short yet noteworthy for legacy removal operations at 2003-dollar cost: alum addition at  $0.5 Billion, muck removal at $3 Billion- 3.5 Billion.

Full TMDL attainment is not realistic. The  author introduces the Lake Okeechobee Water Quality Improvement  Plan [LOWQIP] as a timed sequence of alum treatment of  water column and underlying top sediment TP followed by hydraulic removal.  The time scale is dependent on speed of removal operations and  reduction to river inflow attained by LOWRP. Three non-mutually exclusive  dredge spoil locations:  in-lake man-made spoil islands with slopes suitable for native rooted SAV’s or deep injection wells, or lake shore containment with dewatering and commercial recovery of TP as fertilizer are options.  All options  provide long-term SAV water quality improvement and sediment stabilization acreages of ~ 50,000 +ac.  Dredge spoil islands reduce wind fetch re-stirring sediment, increase bass habitat, new island safety and recreational amenities. Shoreline dredge spoil infrastructure allows resource recovery of 50,000 + Mt TP. DIW installation affords repeated future operations. LOWQIP improvements would reduce Lake Okeechobee’s water column to ~ 60 to 80 ppb TP to below toxic cyanophyte production in possibly 1 to 2 decades with possible lake’s overall quality lasting 100’s of years.

A cleaner lake Okeechobee water column will provide high water quality headwater volumes to the Caloosahatchee River ~ 0.7 Maf/yr. ensuring minimum flow, maintenance of fresh/ salt estuary balance, partial recovery of fresh and saltwater grass beds, improved clam fishery and eliminate  microcystin toxicities to human health and wildlife. Increased westward discharge of cleaner water to the Caloosahatchee could eliminate eastward lake discharges to the St. Lucie River severing its artificial discharge connection. Both northern estuaries would restore most natural functions.  A cleaner Lake Okeechobee discharge to the STA’s would increase its functional lifetimes by about two times.  LOWQIP is a logical extension of the author’s success in long term attainment of ~ 77 ppb TP  in the  St. Lucie West DRI, St. Lucie County, Fl. 
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"Update and secure all restoration plans, within one year, for waterbodies impacting South Florida communities, including Lake Okeechobee, the Caloosahatchee, and the St Lucie Estuaries. These updates will ensure the Blue-Green Algae Task Force has the necessary information to provide guidance to the Department of Environmental Protection on maximizing the investments in water quality improvements”. Governor Ron DeSantis Executive Order 19-12 1 C. .01.10.19


"A little learning is a dang'rous thing; / Drink deep, or taste not the Pierian spring." "An Essay on Criticism" (1711): Alexandre Pope

Lake Okeechobee Water Quality Improvement Plan [ LOWQIP ]

THE PROBLEM STATED
This paper’s objective is to suggest a series of actions that would correct Lake Okeechobee’s poor water quality condition as a generator of cyanophyte blooms chief among them, Microcystis aeruginosa . This toxic cyanophyte, is only one of the following occurring in Lake Okeechobee: toxic cyanophyte phytoplankton species  [percent abundance] : Aphanizomenon [38], Cylindrospermopsis [38], Anabaena [28], Microcystis [18], Planktothrix[9] [Williams, et al, 2006]. Even though recent toxic blooms have only involved Microcystis, the lake’s ecology has been so disrupted that other toxic cyanophytes may dominate in the future.  However, reducing pollution level water column concentrations of bio-reactive nitrogen and phosphorus concentrations will reduce and/or eliminate  any species cyanotoxin blooms in proportion to the degree of water quality improvement. 
Addressing this poor Lake Okeechobee water quality condition is the designated responsibility of SFWMD with infrastructure cooperation by the USACE.  However, direct in-lake improvement of the lake’s water quality in overall Everglades restoration projects CERP, CEPP, LOWRP is lacking.  Within the past three decades, increasing high phosphorus [P] and nitrogen [N] concentrations in the lake’s water column have caused increasingly frequent widespread and long duration cyanophyte blooms of toxic Microcystis aeruginosa  blooms especially dominant in 2013, 2014,  2016, 2017 and 2018.  Previous efforts by both SFWMD’s cattle ranch removals from the lake’s northern shoreline and USACE’s back filling sections of the C-38 formerly the Kissimmee River have not reduced these nutrients to below these pollution levels; i.e., < 100 ppb TP. As evident in Figure 1, little positive improvement has occurred to date. In fact, the lake’s HAB threshold has been continuously at or above the 100 ppbTP threshold since 1995 except for 2012 during a severe drought year.
Recent public health awareness of the toxic chemical, microcystin from M. aeruginosa in  Lake  Okeechobee’s  blooms should behoove SFWMD to reconsider evaluating a new within Lake Okeechobee water column improvement policy. In fact, public health awareness has created a new medical insurance item for Harmful Algae Blooms: Z77.121.  The new board policy on raising ecosystem restoration to a high level is hope for Lake Okeechobee’s improved water quality for the  affected public’s 8.7 million people.  This paper is intended to highlight the scope of the problem and potential solutions. The lake’s water condition is a resource much too valuable  to ignore or perform on low achieving projects.
[image: ]	
Figure 1. Total river inflow      [top] in pounds/ yr. and Lake Okeechobee’s response      [bottom] as mg/l [ppm TP]. Comparison of both indicates inflow variances do not result in corresponding lake water  variances.  Both dampening by the lake’s large water volume and internal cycling result in the lake’s mean water column concentration of TP to increase in time. The 1980’s cattle ranch removals along the lake’s shore and the Kissimmee River had no long-term  reduction in lake’s TP concentration. [top from Goforth, personal communication. 2019] and [bottom from SFWMD data, 2019] . The 4 hurricane direct hits [2004,2005] effect on the lake’s water column is pronounced . Note 1mg/l = 1 ppm TP = 1000 ppb TP.4 major
hurricanes
left graph]  

The Dirty Aquarium Model								                  Lake Okeechobee’s current condition may be modelled to a long-delayed maintenance of a freshwater aquarium. The aquarium’s water is green, bottom plants have died and decayed creating a muddy/ mucky bottom with no operative water quality filter. If the aquarist removes all the dirty water only, replaces it with pure rainwater, the aquarium will quickly develop the same green water and sediment condition. If the replacement is with reverse osmosis quality water purer than rainwater, the same original green water will eventually result. And if clear nutrient rich tap water is the replacement volume, that green water condition will return more quickly than the other two refills. The reason is simply that the bottom sediments contain many times more TN and TP than any replacement water volume so that replacing the minor amounts of TN and TP in the water allows physical-chemical laws of diffusion of these nutrients from high sediment concentration to low water column to occur. And if the aquarist stirs the entire aquarium to simulate wind induced wave action to the sediment layer, that process of green water development will be  even more rapid. All actions return the aquarium to the original green water condition. And if the green water condition temporarily clears as the green phytoplankton dies and settles to the tank bottom , it only adds to the thickness and amounts of TN and TP of the sediment. Within a short time, the water returns to its polluted green water condition. 
This aquarium model closely resembles Lake Okeechobee of 2019. The only reliable solutions to both aquarium and Lake Okeechobee is removal of the legacy mud from the bottom, add clean[er] water, add new rooted plants, replace some of the aquarium water routinely and discard that removed water.  These actions will keep the  aquarium and Lake Okeechobee healthy and clean for a long time.  The analogies with lake Okeechobee are new cleaner inflow water – Kissimmee River and other inflow streams, LOWRP can be the filtration system for cleaner lake Okeechobee inflow, muck removal in both are essentially the same but scales are enormously different. And both systems can add calcium carbonate to the sediments to chemically retain the TP level of the lake /aquarium systems. Finally replanting the clean aquarium or creating bottom sediments favorable to existing SAV’s in the lake creates  long-lived self-sustaining aquaria and lake.
Impacts  to Lake Okeechobee 
Lake Okeechobee formed about 5,000 yrs. ago in a natural depression as a vegetative outer perimeter  marsh dammed its southern outflow continuous with the original Everglades. This dam functioned as a leaky natural weir similar to a beaver dam [Hutchinson, E., 1957] of ~22 ft. NGVD88; that dam now replaced by the HHD regulated between 12.5 and 15.5 ft. NAVD88. It seems logical that lowering of the weir height reduces the lake’s water volume, increasing its TN and TP water levels thus shortening a normal lake’s  time to hyper-eutrophication. This belief,  however logical, was not evident nor explainable in Lake Okeechobee [Havens and James, 2005]. HHD placement, however, reduced the overall surface area by roughly 25% eliminating extensive nutrient absorbent sinks of marshes  and littoral zone at the southwestern section. Most shallow lakes naturally die by fill-in but Lake Okeechobee’s vast surface area, shallow depth and high-water inflow and outflow may delay that sequence for millennia maintaining high HAB potential for decades.

A Suggested SFWMD Policy
SFWMD’s board must consider legacy sediment loads of TN and TP are sufficiently  high that no past remediation nor pipeline projects will be effective to stop current and future toxic cyanophyte production. Wind-induced stirring of the top 5 cm of the “molasses” muck sediment layer is the largest source  for internal loading [ P. L. Brezonik & D. R. Engstrom, 1998; Brasland, Brouch and Lee, 2003 ; Havens,K.E.,  Hoyer M.V. , Phlips E. J, 2016; Khan, A, 2010 ; M. Maciena, and D. Soballe, 1990 ; Pollman and James, 2011 ; K.R. Reddy, O.A. Diaz, L.J. Scinto, M.Agami, 1995; Vogel, w., Cohen, M., Osborne, T., James, T., 2007 and this author, at LOTAC II, 1985]. A second internal recycling issue is reliable evidence that the sediments of lake Okeechobee do not retain as much TP  as previously. Without a concerted effort to remove some easily returned legacy sediment TP back into the water column, Lake Okeechobee will continue to degrade to even  higher TP water column concentrations. Evidence  of  sediment uptake saturation releasing more TP back into the water column than accumulates argues for  continued toxic blooms [Engstrom, et.al. 2006 and Havens and James, 2005].   The lake will not self-improve nor will a green water, muck filed aquarium; both need major muck removal to restore to healthier conditions.
Sediment retains TP
Sediment loses TP
 




Figure 2. Sediment coefficient [sigma] of Lake Okeechobee [1973-2016]. A positive integer means more sediment retention of water column TP, a negative integer means net outflow of sediment TP becoming a source of the water column’s  high TP. This 42 yr. POR argues strongly for today’s Lake Okeechobee retaining only some of the former river inflow TP so that the water column’s concentration increases in time  from both sources as documented in Figure 1[bottom]. 
Limnologists estimate man’s pre-impact  baseline level of Lake Okeechobee’s TP within the water column was ~ 50 ppb TP [parts per billion TP] as late as early 1970 ; today, 2019, 150 TP [Figure 1.] . Limnologist characterize a lake’s TP and TN levels as trophic from extremely low concentrations to extremely high; ultra-oligotrophic at < 5 to hypereutrophic at > 100 ppb TP, respectively. [R.G. Wetzel, 1983, Limnology, 2nd ed.]. Today Lake Okeechobee is a highly hypereutrophic tropical lake with a polymixic pattern, i.e., frequent winter overturns. Adding to the frequent well mixed nature of this lake is the large open fetch where surface wave action is sufficient to reach the deepest lake depths of ~15 ft. Lake Okeechobee’s well mixed water column plays an important role in forming the hypereutrophic lake water column concentration of TP > 100 ppb.   
CERP, CEPP  and LOWRP will not improve Lake Okeechobee’s ecosystem to stop cyanophyte bloom production, deleterious discharge effects and restore the northern estuaries.  That key missing element in Everglades restoration is  significant restoration of Lake Okeechobee itself. Such restoration would  provide not just a major boost to achieving the board’s new goal for restoring the natural systems of the SFWMD ; it would reduce or eliminate a growing public health crisis, increase the overall ecology of the entire lake, its fishery, duck and aquatic bird life, its potable water quality  and economic return to this severely stressed  hypereutrophic lake. The lake’s restoration would be a fitting inclusion to the  recently announced UN Decade of Ecosystem Restoration [2021-2030].
Conditions for toxic cyanophyte growth                                                                          Nutrient concentrations                                                                                                              This is a complex subject. Highly simplified, two major lake water conditions reduce or prevent Lake Okeechobee from producing toxic lake-wide cyanophyte blooms are : a water concentration of < 60 - <100 ppb TP and a TN/TP ratio of > 30 - 60 [Brasland, Brouck & Lee, 2003, Lake Watch, UF, 2000]. Today, Lake Okeechobee’s approximate water column levels are TP 150 ppb, TN ~1,900 ppb, TN/TP ~ 14/1 to 11/1 [See Figure 3.]; all conditions conducive to extensive cyanophyte blooms.  Indeed, the summer of 2019 has toxic  cyanophyte blooms in the lake but no discharges to the St. Lucie River [SLR] and measured essential outflows to the Caloosahatchee River [CAL], minimizing downstream deleterious effects.  These conditions for toxic cyanophyte blooms in the lake  will  exist  long after CERP, CEPP  and LOWRP are on-line unless a direct legacy sediment reduction program is added. 
           [image: ]          [image: ]   
Figure 3 A.[left]  The TN/TP ratio versus chlorophyll in Florida lakes shows chlorophyll production as a measure of cyanophyte production is a complex of the TN/TP ratio. The red line shows the Lake Okeechobee 2019 condition between 10/1 to 17/1.   Figure 3 B.[right]  shows surface cyanophyte “scum” in the presumably low TP Everglades. Both from Lake Watch, Univ. of Florida, Nutrients Final 102.                                                                                                
Seasonal weather patterns                                                                                                   Weather patterns enhance or retard cyanophyte blooms in Lake Okeechobee. Figure 4 specifically identified this lake’s  typical summer calm winds, hot temperatures, long sunlight periods  as highly conducive to enhancing cyanophyte bloom conditions whereas any significant weather condition that mixes the water column with the sediment, be it a strong  winter cold front, strong thunderstorms  or summer/fall tropical cyclone creates such low sunlight penetration that bloom growth is suppressed.           
                 [image: ]
Figure 4. Lake Okeechobee documented weather conditions  either retard or enhance cyanophyte bloom production. Weather systems that produce  wind induced sediment to water column retard blooms due to lack of sunlight penetration into “black” water conditions and removal of cyanophytes from the lake surface. Cyanophyte blooms result mostly from summer calm wind, high sunlight intensity of long duration and a water column prepped from winter overturn events as winterized sediment cyanophyte cysts emerge. From Havens, et. al., 2016. 
Water clarity and photosynthetic capable sunlight 
Sunlight is the  essential main energy source for toxic cyanophyte photosynthesis. Its depth of penetration into water is measured as the Secchi depth. It is the depth at which the Secchi disc [a black and white colored 9” disc]  just disappears from an observer on the surface in full sunlight between 10 AM to 2 PM. The limit of net photosynthesis, meaning the depth at which a plant’s photosynthetic growth is positive rather than just survival is roughly 3 X the Secchi reading. For example, a Secchi reading of 5 feet means that plants can actively grow and increase in size to 15 feet deep [4.7 m] but not below. Net positive plant growth means net uptake of TN and TP bioactive components reducing these nutrients in the water and/or sediment for short but important time periods.

In the author’s Treasure Coast retention lakes with extensive bottom hugging SAV underwater meadows, Secchi readings are between 4 to 5 feet [1.2 to 1.5 m], whereas Lake Okeechobee’s recent decade are 0.3 m [1 ft.]  to 0.8 m [2.6 ft.] [Brezonik  and Engstrom, 1998]. This depth of light penetration limits most SAV growth in Lake Okeechobee to about 3 to 8 feet depth. Most of this depth range are already in EAV marshes outcompeting SAV growth and /or in dark waters of low light transmission. In  recent summers, Microcystis aeruginosa  surface blooms further reduces light penetration. The very limited sunlight penetration  caused by wind stirring of mucky legacy sediment  and cyanophyte competition with increasing staging are the main reasons the 2019 SAV coverage in the lake decreased from 40,000 ac. to 4,000 ac. or 1.1% SAV lake area coverage as compared to a potential ~25% + EAV coverage. EAV’s  and cyanophytes of vertical migration ability are not negatively affected by dirty suspended matter lake water.

The author  believes the long-term overriding factor limiting permanent extensive SAV growth in Lake Okeechobee is long-term sufficient light penetration to deeper lake sediments essential to rooted SAV growth. These muck layers are anaerobic, high in ammonia/ammonium and quite moveable unsuitable to rooted SAV establishment.  Wind induced  suspended / recycled muck cannot be eliminated with the lake’s long fetch, but the “molasses” muck if removed would allow SAV expansion into ~ 50,000+ ac. Such SAV coverage of mostly muck “black” bottoms  would be a significant biological control of cyanophyte blooms if light penetrated below LOSOM staging fluctuations. SAV bottom hugging meadows are a standard in many of the authors’ lakes. They oxidize some  black “molasses” muck into a thin brown layer at the water/sediment interface thereby partially reduce wind re-stirring of sediment. In four decades of water quality work, installed rooted SAV, Vallisneria americana, a native North American freshwater grass has been found to oxidize the surface 2-4 mm sediment water interphase to an oxidized brownish rather than black ooze texture such as in Figure 11. This grass exists in Lake Okeechobee naturally but new policy and works of the District are needed to actuate improved Lake Okeechobee’s sunlight transmission to deeper lake depths. Then SAV growth can expand and continue for decades as a cost-effective biological water quality mechanism.
Lake Okeechobee’s water quantity,  quality  and ecology                                                   The inflow of TP from Kissimmee River and other inlet streams drains a  large 920,000 ac. watershed 7.3 X greater than the reduced surface area of the lake. In the recent past 4 decades, total river inflow water volume and its TP inflow are highly correlated; the larger the inflow water volume, the larger the TP incoming load. That inflow water has an in-lake residence time of about 3.5 years [Pollman and James, 2011] but with great decadal variance, see Figure 1 [top]. The total annual  inflow loading of TP that does not cause further deleterious effects  to Lake Okeechobee is the theoretical TMDL [Total Maximum Daily Load]. This TMDL is probably close to the pre man impact period before 1900. The yearly total of these daily load values has been estimated for Lake Okeechobee as  140 Mt TP/yr.[ metric tons ] [Walker, 2000]. This TMDL for TP  is a combination of all river, streams, creeks and slough and backflow inflows, hereinafter river inflow, of 105 Mt/yr. and  aerial deposition of 35 Mt/yr. over the lake surface. In the last four decades these measured inflows of ~  500 Mt/yr. have  exceeded TMDL in all but 1 yr. [Figure 1 top]. 
For the layperson, it is easy to assume that high river inflow is the single most important cause of  in-lake water concentrations in Lake Okeechobee. There is abundant documentation that TP > 100 ppb TP  level is also a major pre-bloom condition for HAB’s. Reliance only on LOWRP storage and water quality treatment is similar to adding somewhat cleaner tap water to the muck filled aquarium model. That cleaner water addition will not stop reemergence of aquarium  green water but it may delay it for a short time period. Similarly,  LOWRP will not reduce long-term cyanophyte capability of Lake Okeechobee. Natural diffusion mechanisms in both lake and aquarium will soon attain green water.  And if that muck  in both systems is stirred by wind or aquarist, that green water,  aka, the lake’s HAB condition will re-establish even quicker.
Reliance of full LOWRP employment to reduce all ~ 1.5 maf/yr of Kissimmee River inflows without full restoration of Kissimmee River, its full floodplain wetlands and highest quality  practiced BMP’s will prove only partially successful in reducing that river loading and is a worthwhile project. It is also highly unlikely that it will achieve full TMDL river inflow load into Lake Okeechobee. That said, any significant sustained river inflow  load reduction in TP will not produce immediate reductions in the lake’s water column TP concentration. There are several reasons for this opinion. First, a nationwide 143 watershed study estimated recent agricultural TP balances [fertilizer + manure – crop uptake and harvest] [1992-2012] versus pre-1992 legacy TP. Results were  mixed with legacy watershed river flows exceeded recent agricultural inputs in 34% whereas  66% reflected recent agricultural inputs excess. However, 91 specific watershed reduction in agricultural additions resulted in no consistent river reduction and increased balances in 52 others resulted in no consistent river outflow reduction. The Lake Okeechobee’s watershed was determined to be an accumulator of TP implying decades if not centuries of high TP river loading to the lake. The discharge watershed loading, however, was uncertain implying a high base groundwater seepage detention underpinning  a positive accumulation of agricultural  inputs.  [Stackpoole, Stets and Sprague, 2019].. The differentiation of nature’s ~ 5,000 yrs. of groundwater  TP inflow from recent agricultural additions would assist in both BMAP and BMP programs if pre impact groundwater levels  exceed agricultural loadings to river inflow.  In the dirty aquarium model, this is analogous to refilling the aquarium with high TP content  “clean” water.  
 The second reason is limnological research indicating that even with reduced TP inflow loading,  legacy sediments continue to release TP into the water column when the sediment coefficients is zero or negative per Figure 2. Also, very old legacy TP of deeper layers of lake sediments diffuse upward towards the water/ sediment interface to maintain a high-top sediment to water diffusive flow into the water column [Havens and James, 2005 ]. Essentially, the sediment vents its legacy TP into the water column over a long time period so that even if TMDL loading is achievable, legacy sediment diffusion will maintain HAB level TP in the water column for decades.
The net result of 5,000 yrs. of sediment accumulation both natural and cultural is that Lake Okeechobee is hypereutrophic and increasing an over-fertile condition in time.  Such lakes are found throughout the world with Microcystis aeruginosa as a major species [Wetzel, 1983]. Bloom eruptions have been controlled  with alum addition to the water with success for much smaller lakes as Figure 5 shows. but Lake Okeechobee presents qualitative and quantitative differences from these treatable smaller lakes. Alum was left on the sediment bottom in this much deeper and smaller lake with unreported/ unknown effects to the lake’s ecosystem. But Lake Okeechobee is a world renowned very shallow lake with high wind induced stirring of sediments and if added, alum. Alum is toxic to fish at very low concentrations so that leaving it in place with known stirring capability back into the water column has a high probability of major fishery damage. 
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Figure 5. Post restoration of Microcystis in Newman Lake, WA after alum treatment Moore & Christensen, 2009. Note a two-decade elimination of the toxic cyanophyte. 
The purpose of this paper is to prevent future toxic cyanophyte outbreaks in Lake Okeechobee. In order to achieve this goal, one must understand factors that either cause HAB’s or controllable factors. These are :
· Hypereutrophic in-lake water concentration of  TP > 100 ppb TP , 
· a TN/TP ratio >10 to <17,
· minimal SAV bottom coverage as partial competition for  these nutrients, 
· minimal epiphyte coverage on minimal SAV’s,
· minimal  other phytoplankton competition for these nutrients, 
· reduced zooplankton grazing of phytoplankters,
· typical summer conditions of  long day sunlight, thunderstorms and long periods of little wind. 
The SFWMD can address the top 6 items, not the last. Trackable reductions in cyanophyte production in Lake Okeechobee are addressed below.
Lake Okeechobee Ecological processes                                                                                                                 Most of this discussion is limited to TP as it is most easily removed from the water column by alum addition. Recent research indicates that addition of calcium may also remove some water column TP as well as increase the sediment coefficient into higher positive numbers [Havens and James, 2005]. Lake Okeechobee’s TN/TP ratio in the water column is in the ideal 10 to 17/1 range for phytoplankton such as cyanophytes as Figure 3 indicates,.  With removal of TP from the water column, the TN/TP ratio will increase to a less favorable cyanophyte nutrient ratio [Figure 3 A]. Cyanophytes have nitrogen fixing ability converting inert nitrogen gas dissolved in water into ammonia/ammonium ion as its N source. To my best knowledge, Microcystis aeruginosa in Lake Okeechobee has not been observed performing  this nitrogen fixation probably because the water column’s nitrogen supply is not limiting its growth function.  Increasing the TN/TP ratio by TP removal further reduces that need. 
SAV sustained growth is dependent on deep sunlight penetration whereas  surface light penetration is sufficient for Microcystis aeruginosa development. This cyanophyte adjusts its buoyancy  to float at or near the surface to maximize its growth during daytime sunlight. The high amount of TSS currently present in the lake’s water column creates poor light penetration favorable to M. aeruginosa but detrimental against less agile non-toxic  and less vertically mobile lake phytoplankters normally found in lower nutrient / non-polluted lakes.
The deeper the Secchi depth, the healthier the entire Lake Okeechobee ecosystem. Even though rooted SAV’s take up most of the TN and TP bio-active components  from the surface sediment through their root system, the extensive surface area of SAV’s creates a substrate for epiphyte coverage that take TN and TP substances directly from the water column.  Lake Okeechobee’s water column devoid of TSS enables the entire water column to produce abundant phytoplankters that also incorporate TN and TP compounds directly out of the water column. The entire lake  water volume becomes a productive food web not just the top few feet for cyanophytes as occurs frequently now in Lake Okeechobee.  The entire lake  water volume and benthic community maintains its own plant and animal communities combined to reduce TN and TP water column concentrations. It is this biologic ecosystem reduction that impedes toxic cyanophyte blooms as other biota compete successfully with cyanophytes for the same nutrients. This was the pre human impact condition of the lake and this natural ecosystem balance has been established locally by the author in hundreds of local retention ponds. Competition for the essential TN and TP among all the plants reduces water < 100 ppb TP,  raises TN/TP ratio > 30, increases photosynthetic light penetration to the lake bottom and inhibits cyanophyte blooms. Antidotal evidence exists from old timers of clear 10+ foot visibility in Lake Okeechobee in the 1950’s. Nature can re-establish its cycles of lowered cyanophyte populations; a “soft engineered”, highly cost-effective solution is available.
The current “renowned” Lake Okeechobee bass fishery could easily be increased in quantity, quality and numbers of trophy sized fish of yesteryears. The acceptance of the current decent bass fishery as similar to the past does not account for many old timers’ antidotal stories of more great bass and crappie sizes and hot spots.  A note of caution: this fishery and overall lake ecology improvement may be suppressed if ASR releases large  volumes into  the lake with possible deleterious effects. Test well recovery water data has shown a negative effect on the chief zooplanktonic animals of the lake, daphnia, however at the 9.17.19 LOSOM public workshop, a USACE staff indicated that concern has been rectified but no details given.
How can this natural healthy balanced lake ecosystem be established in Lake Okeechobee? Is such a feat even possible? The answers to both are yes, but not by current and pipeline projects. LOWRP as conceived will detain water inflows into the lake to some degree and improve the water quality of that input mainly through standard chemical water treatment operations. LOWRP as currently conceived [2019], will retain 0.043 maf in a wetland attenuation function plus temporarily store in 80 ASR’s for 0.448 maf/ yr. plus restore 5,300 acres of wetland. ASR storage assumes full storage and recovery capability; however, such efficiency may never be realized.  Lake Okeechobee’s cleanup models are based on a TMDL  river inflow to endpoint achievement of 1970’s  eutrophic ~ 40 ppb TP water column concentration.  Neither condition has  yet been realized nor fully attainable for at least seven reasons:
· the lake’s water column is  overwhelmed by the pre-LOWRP  3.5 X TMDL greater river inflow,
· LOWRP is not designed to fully detain and improve  all the incoming water into the lake,
· Natural suspended and/ or precipitation reactions reducing water column concentrations are overwhelmed by this high river inflow,
· Natural internal loading of wind produced overturn, mostly winter and tropical weather events,  of the “molasses” muck legacy sediment add high TN and TP back into the water column,
· LORS lowered seasonal high to low staging of 15.5 to 12.5 ft. NGVD compared to natures  original ~22 ft. decreases lake depths leading to more wind stirred muck and  internal loading, 
· Smothering “black” ooze like flocculent muck prevents water quality restoring SAV’s, 
· Constant diffusion of ammonia/ammonium ion out of the black sediment into the water column due to anoxic “black” muck to sediment water interface.
Lake Okeechobee’s edaphic factors- location, fetch, depth, EAV/SAV ratio, etc.- all create conditions of strong legacy sediment to water internal loading; it is the dirty water aquarium stirred.  Weather disturbances will interact  with the lake’s  edaphic factors  to create cyanophyte blooms far into the future regardless of approaching TMDL achievement. A simple example, as of 2007, a total 50,000 Mt TP [110 million lbs.]  of “molasses” muck  [Vogel, et al, 2007]  was measured in Lake Okeechobee’s top layer of legacy sediment. If 1% or 500 Mt is wind/waved stirred and remains in the water column for cyanophyte utilization, it  alone adds 87 ppb TP to that water column. If TMDL inflow could be reached or significantly reduced to theoretically create a water column of 40 ppb TP, then only a single cold front passage suspension of 500 Mt of the 5 cm [2”] top of sediment would add 87 ppb more for a total of 127 ppb TP, a level above summer cyanophyte bloom threshold.  No real benefit in water quality at least in regard to the conditions for toxic cyanophyte  blooms would have been achieved. However, if decadal river inflow remains  3.3 X TMDL, then at 2010’s level of 150 ppb TP + 87 = 237 ppb TP, well within  near future Lake Okeechobee values. 
Noteworthy is that  only the top 3 – 5 cm of “molasses” sediment muck appears to be the non-hurricane internal recycling source of TP. That said , the other cyanophyte essential nutrient, TN  has a high diffusion rate for ammonia/ammonium ion. Removing both TP and TN from the lake’s top legacy sediment, the longer the lake will remain free of major cyanophyte production. The bottom line  is even if LOWRP achieved TMDL river inflow, legacy sediment internal cycling would defeat part of that inflow achievement; both are critical to cyanophyte reduction and/ or stoppage. 
20th Century Discharge Damage: Northern Estuary/ South Fork of St. Lucie River Quantified                                                                                                                                 One example of past/ current discharge damage will suffice. The entry of Lake Okeechobee discharges to the east via the C-44 canal is the south fork of the SLR [SFSLR]. This riverine estuary was a nationally renowned redfish, snook and tarpon fishing location as demonstrated by the long-established Palm City Hunting and Fishing Club and its use by President Grover Cleveland in the 1890’s for fishing.  The author’s evaluation of that once pristine basin at 100% ecological fitness – clear water,  hard bottom community, seagrasses, documented bass in headwaters] , redfish, snook and tarpon fisheries, etc. - , now retains an 8% remainder value.  [Appendix B]. DBHYDRO data demonstrates the majority of the muck deposited in the northern estuaries comes from Lake Okeechobee TSS discharges at 65 – 85%. This discharge to the SLR can and must be eliminated as lake Okeechobee’s water quality improves. Excess “cleaner” fresh water to the SLR over and above pre-impact is also a pollutant to maintaining a healthy salinity envelope. Even at 0 cfs discharge from lake Okeechobee, the  C-44 watershed for the SLR has  been doubled from its original size. The SLR estuary is fresh water stressed  for long discharge periods however pure that water. Once on-line, LOWRP still envisions future Lake Okeechobee discharges to the SLR, see Appendix A. Will natural processes remove the current muck overburden to  reveal the original hard bottomed condition even at reduced or zero discharge from the lake?  This author doubts it, however oxidation by aeration or ozone infusion  on outgoing tides at high watershed outflows would make significant improvements in removing that overburden and allow some degree of natural recolonization. 
Recent POR [1974-2019]  total river inflow and outflows				    Inflow sources of TP and TN are total river, groundwater seepage, rainfall  and aerial deposition. Evaporation from the lake’s surface area and evapotranspiration from the EAV marshes transfer water to the atmosphere; it does not transfer phosphorus.   Groundwater seepage inflow from the lake’s perimeter is not accounted for here. Groundwater seepage from beneath the sediments is unknown, higher in shallow depths, and minimal in the deepest muck layer that are underlain by an aquiclude. That said, inflow seepage may be an initiator source of shoreline associated cyanophyte blooms. See Figures 2 and 12.
Drivers leading to high inflow loading of TP into Lake Okeechobee		                  The north to south groundwater inflow of TP from the Kissimmee River lie just eastward of  one of the largest and richest phosphate mineral deposits in the world. Reddy, et., 1995 determined that soil types of Lake Okeechobee’s northern drainage basin are mainly silica analogous to ground glass i.e., of no TP retainage or storage. These soils  pass through TP loaded water down the topographical gradient in groundwater whereas wetlands, lakes and streams of different soils sorb and desorb at slower rates. As detailed in Figure 6, long term TP transport down the Kissimmee River has a potentially long future of ~ 500 Mt/yr. Reddy found streams are better sinks of TP than wetlands implicating STA’s long-term capacity to retain TP captured is less than streams. Lakes, however, especially deep ones, have a longer holding time – a larger sediment reservoir- than shallow ones; a condition lacking in the Lake Okeechobee’s northern drainage watershed nor Lake Okeechobee itself.  This watershed’s two components  of TP from natural  millennia scale groundwater flows and recent increased net agricultural additions increased by altered surface drainage systems has yet to be differentiated. 
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Figure 6. Estimate of long-term TP loading  into Lake Okeechobee from its watershed. The 500 Mt/yr. in Table 3. is for groundwater and river/stream inflow. From R. Reddy, SER webinar, 2018.
Current mechanisms for high TN and TP water concentrations			          It is the author’s opinion that in addition to the current river inflow load of ~ 500 Mt TP/yr. at least four  factors also operate simultaneously to produce internal cycling of TP as follows:
· Bacterial metabolism of settled organic materials  into  soluble TP leading to “molasses” muck top sediment  concentration maintaining sediment to water column diffusion, 
· apatite and non-apatite diffusion from top sediment surface of dissolved inorganic phosphorus   [DIP] into the  water column,  
· physical stirring of top sediment by surface wind waves to the top 5 cm of muck sediment releasing highly soluble TP into the entire water column, 
· groundwater seepage into the river and shoreline of the lake adding to the diffusion gradient.
Adding to these in-lake mechanisms are the following external factors probably responsible for continued high Kissimmee River TP concentration  inflow levels into the lake:
· destruction of 100%  original Kissimmee River’s thousands of acres of cleansing and water storage detention wetlands with limited restoration of 44% of original  oxbow meandering floodplain wetlands,
· increase of  upstream groundwater seepage from agricultural practices whether  under BMP or not.
· Probable natural high groundwater levels of TP,
· failure of upstream BMP’s to function as designed , implemented or design inadequate to long-term target reduction.
Predictive Models developed for Lake Okeechobee’s attainment of 40 ppb TP: failures and lessons learned 								           SFWMD 18 yrs. after LOTAC II, employed Blasland, Brouch and Lee, engineers and scientists [ BBL, 2003] to develop the Lake Okeechobee Sediment Management Feasibility Study in order to reduce /stop cyanophyte blooms. Their no action option assumptions:
· TMDL external loading rate of 140 mt/yr.  would be achieved by 2028 based on BMP management of river inflow sources, 
· at baseline inflow year 2000, assumed 25% yearly loading decrease in the following decade and
·  further 5 yr. decrease of inflow so that  by 2028 the TMDL  of 140 Mt/yr. would be achieved. 
As Figure 1 demonstrates these assumption were not only never realized, conditions worsened. The external river loading has remained constant at ~ 500 Mt TP/ yr. and the lake’s water column levels have increased significantly. And since the water quality improvements did not occur neither did the frequency of cyanophyte blooms that stated from 2003, they  would decrease 25% so that by 2015 the probability of an annual bloom would be < 15% and < 10% by 2028. The facts are the opposite – Lake Okeechobee has had Microcystis aeruginosa blooms of major proportions 9 out of the past 11 years.  
What lessons other than misdirection and loss of valuable time are there for SFWMD in these failures. BB&L, 2003 did not waste the public’s money as in fact it did make valuable recommendation that were not adopted by the SFWMD at that time. The lake has been so polluted from man’s alterations of edaphic factors, movement of large farming activities to the upper reaches of the Kissimmee River basin, lack of BMP’s and /or verification, manipulation of water levels, conveyances, aquatic control of EAV and SAV on the lower and upper chain of lakes, etc. LOWRP remediation added to BB&L, 2003 predicted failures provide the following lessons:
Lesson 1. A 40 ppb TP water column level will indeed stop cyanophyte blooms in the lake. Lesson 2. The lake will not naturally readjust to a lower trophic state.                                   Lesson 3. The lake is increasing its cyanophyte bloom potential as the lake’s water level TP 	 	     increases	                                                                                                             Lesson 4. LOWRP will not eradicate HAB outbreaks in current and future.				                                                                                                                                   Lesson 5. LOWRP is a valid attempt to reduce the TP river in-load and will be partially effective.                                        Lesson 6. LOWRP by design will not achieve the TMDL of 105 Mt/yr.                                     Lesson 7. The SLR will still receive reduced lake discharge volumes into the foreseeable future 	  	     but at less damaging concentrations levels of TP, TN and especially SST.                    Lesson 8. The CAL will still receive damaging water quality levels similar in quality to the SLR.         Lesson 9. BB&L , 2003 recognized internal cycling as operative and capable of reduction by	  	     separate chemical settlement and demucking options , the latter moved into in-lake 	  	     islands, shorelines or hauled away.                                                                        Lesson 10. Costs of short-circuiting internal cycling ranged from $ ~ 0.500 Billion [alum] to ~    	 	      $3 Billion [islands or haul-off] at 2003 dollars.                                                                                Lesson 11. Time frames for achievement the non-achievable  40 ppb TP at 140 Mt TP/yr. is 	 	      unknown.	   				                                                             Lesson 12. Time framework to achieve water column reductions are in decades not years.
This summary above does not lend itself to easy solutions. The author’s experience is that a 40 ppb TP water column concentration achievable  and maintainable is unrealistic due to many factors chiefly among them is lakes developed within phosphate rich carbonate soils. Only a large thriving and persistent plant community is capable of establishing and maintaining a 10 to 20 ppb TP water regime as evident in the original Everglades wetlands.  A lake Okeechobee water column of 60 -80 ppb TP is certainly attainable with both sediment removal and SAV re-establishment.  
The BBL model expanded by Pollman and James, 2011 gives some idea of project time lengths  to reduce internal recycling of TP  in Lake Okeechobee. These time periods are also unrealistic  in two ways;  achieve  an in-lake water column concentration of 40 ppb TP at an inflow of 140 Mt TP /yr. Even though these time period results are far too short, they nonetheless are worth noting in the similarity of results and the development of LOWQIP.  In Table 1. rows 1 to 3. Model 1 achieves a targeted 40 ppb TP in-lake water level in ~ 40 yrs. at a TMDL inflow of 140 Mt TP /yr. Model 2 achieved that same water column level  in ~ 15 yrs. again at TMDL inflows through chemical precipitation by alum.  Model 3 achieved the in-lake TP target  by dredging  the sediment and no chemical treatment in ~  30 yrs. Again, actual river inflow is ~ 500 Mt/yr. [ Figure 4], roughly 3.3 X greater than TMDL; more realistic achievement times are several times greater than shown but modelled TP reduction mechanisms are still operative. 
Since inflow loading is not the singular driver in attaining and maintaining the  lake’s water column concentration,  model times may still be “in the ballpark” if TP inflow amounts are small relative to internal cycling potential. However, if suspension of” molasses” muck is as large or larger driver of the water column’s TP than river inflow, then short circuiting the “molasses” suspension would make the model’s time scale more feasible and achieve desired Lake Okeechobee’s water quality goals. Pollman and James proposed two short -circuit mechanisms – alum settlement of water column TP or muck removal.
I propose both these mechanisms sequenced  together as  Lake Okeechobee Water Quality Improvement Plan [LOWQIP]. The lake’s high total sediment TP load is currently unknown but appears from many studies to not be an active agent in internal TP cycling. The author’s initial calculations guesstimate anywhere between 250,000 to 500,000 Mt TP. The top 10 cm of sediment is strongly implied as flocculent,  active and soluble in its high TP concentration. Settlement and removal is the author’s preferred option. Initial alum applied  to the lake’s surface would coagulate –chemically tie up-  the water column TP within hours to days as settlement to the sediment surface. Alum coagulation has proven  very successful to remove TP from a water column. Alum also removes TSS as it sinks in the water creating a clear water column capable of light transmission to 10 to 20-foot lake depths. In deep and small lakes alum has remained in the sediment to continually tie-up TP  in the  sediment reducing internal cycling for decades as seen for Newman Lake , WA. This small lake of 1,100 ac. surface area, volume 23,000 ac.-ft. mean depth 23 ft., with no outlet has significantly different edaphic factors with Lake Okeechobee.  For Lake Okeechobee, however, I recommend eventual removal of the applied alum based on its edaphic limnology which leads to high internal cycling of the highly ecologically toxic free aluminum ion as discussed below. 

	Model 
	Assumption
	Target  water conc. ppb TP
	Activity #1
	Activity #2
	Time to achieve Target conc.

	1
	Inflow @ 140 Mt/yr.
	40
	None
	none
	~40

	2
	Inflow @ 140 Mt/yr.
	40
	Chemical settlement
	none
	~15

	3
	Inflow @ 140 Mt/yr.
	40
	None
	Muck removal
	~ 30

	LOWQIP
	>140 MT/yr.
	60-80
	Chemical settlement
	Muck removal
	~ 15 to ?


Table 1. Models 1, 2 and 3 are result from Pollman and James, 2011. The author, Gilio, suggests a combination of model techniques 2 + 3 to create the conditions for follow-through installation of SAV and EAV; the LOWQIP model.
Removal of the settled alum/ TP/TSS complex from Lake Okeechobee’s sediment system is a necessary expense due to the lake’s shallowness, fetch and wind induced sediment stirring of unbound aluminum ions. The degree of deeper diffusion TP to the sediment top layer is unknown, however, removal of ~ 50,000 Mt TP in the “molasses” muck layer will maintain water clarity for decades. That period is extendable with continued reduction in river inflow loadings.  
The 1974- 2017 POR TP mass water budget for Lake Okeechobee		                Figure 7.  demonstrates that Lake Okeechobee’s great yr./ yr. variance in inflows, outflows  and net sediment loads for the most recent 42 yr. POR. The values given in Table 2 show a 12- fold 
range in total inflow, a 22-fold range in outflow, a 2.14-fold range in net flow and a 0.16-fold range for sediment accumulation.   Net sediment accumulation has the smallest range for the POR and as such has the greatest opportunity for manipulation.  

The most important fact in Figure 7 is that sediment accumulation rates are decreasing since 1974. This is demonstrated by the horizontal black line measured against the 5-year net load moving average where the net load line difference reaches the black line by 2007. The net load as the difference between inflow and outflow or the net sediment accumulation from all measurable sources is less now than several decades earlier. This decrease in sediment accumulation is reflected in the steady increase of the mean Lake Okeechobee’s water column concentration. And that level, currently at 150 ppb TP is directly correlated with HAB potential setups in summer calms for Microcystis aeruginosa blooms of massive scale and duration.

	
	MEAN [Mt TP/yr.]
	Lowest [Mt TP/yr.] 
	Highest [Mt TP/yr.] 

	Total TP  inflow
	+ 473
	 + 96 [2001]
	1,154 [1983]

	Total TP outflow
	- 203
	-  27  [2008]
	- 797  [2006]

	Net TP flow
	+ 304
	- 79  [2001]
	 + 786  [1983]

	Net TP sediment accumulation 
	- 294 
	+ 162 [1998] 
	 - 862 [2017]


Table 2. Mean and range values for the TP mass budget of Lake Okeechobee from 1974 to 2017. Note that a minus in net sediment accumulation denotes an increase of that sink as it is removed from the lake’s water column. Likewise, a positive sign denotes a transfer of TP from sediment to the water column. 

This comparison of the net sedimentation line with the horizontal verifies the estimations of recent researchers, namely that the lake’s sediments are reaching saturation in its ability to absorb TP and retain it [Havens and James, 2005].  Figure 8 depicts the annual mean loads for the POR highlighting the measured transfer of TP from sediment to water column. This transfer is the precise area for solidification by alum addition and eventual removal.

The 1974- 2017 POR TP Sediments
 10 cm surface muck layer
Table 2  calculates the ~ 50,000 Mt TP in the top layered “molasses” muck as   ~ 60 X more abundant than the lake’s water column at 140 ppb TP concentration. Its consistency is easily re-stirred through wave generated surface waves. Wind generated surface waves whether thunderstorms, winter cold front passages or hurricanes, can create sediment re-stirring  to about 5 cm depth with hurricanes capable of sediment mixing > 10 cm. The ratios of the “molasses” layer or the total sediment mixing with the water column are both more than sufficient to greatly increase the TP availability for cyanophyte bloom potential at any time of the year. Seasonal weather patterns depicted in Figure 2 lead to Lake Okeechobee’s cyanophyte blooms as generally summertime events with long duration.


Figure 7. The SFWMD mass balance of TP river inflows [total inflow]  discharges [total outflows] net sedimentation [residual] , and the 5-year net load moving average from 1974 -2017. Total inflows encompass all river, stream, rain and backflow inputs. Total outflow includes northern discharges, STA inflows, EAA, L-8 and all other measured outflows. Total inflows minus total outflows equals net sediment accumulation. From SFWMD data, 2019  
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Figure 8 The annual mean TP budget for lake Okeechobee for the POR 1974-2017. The maximum desorption       of  162 Mt TP for 1998 from the lake’s sediment is increasing in frequency but at a lower load transfer with sediment matrix saturation from decades of TP river inflow 3.3 times larger than TMDL. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Various  POR Lake Okeechobee TP Mt  source and sink comparative ratios 
1. The lake’s total water  TP load  at 150 ppb to river inputs at ~500 MT/yr. is  500/860 = 0.58. River inflow/ yr. is 58 % of the existing TP in the lake’s water volume.

2. The top 10 cm sediment  load, Vogel, et. al., 2007 to total water load  = 44,800/860= 52 
	The top 10 cm sediment load, BB&L, 2003 to total water load              =51,600/860 = 60.
	The top 10 cm of “molasses” muck sediment contains ~ 55 times more TP than the total 	TP in the lake’s water volume at a stage of 15 ft. NGVD.

3.  Cumulative 1995-2011 STA’s load reduction of 1,500 over 16 yrs. = 1500 Mt TP/16 yrs. =    	94 Mt/yr. removal rate [Chen, et.al., 2015]. 

	Noted is that not all STA’s were online at all times in the POR so that net removal 	volume of TP from Lake Okeechobee since 1995 is greater than 1500 Mt. However, as a 	rough comparison, the 94 Mt TP /yr. removal rate by STA’s compared  to the 500 Mt TP 	/ yr. river inflow and aerial deposition, 

4.  STA yearly removal is ~ 18 % of annual river inflow POR.

      5.“ Molasses “muck of ~50,000 Mt  TP removed by LOWQIP, = 112 years of current river   	inflow or 640 X yearly STA removal. The lifetime capacity of the STA’s is unknown but 	may start to saturate long before such TP loads are removed.

Perusal of these source and sink values indicate LOWQIP will remove the largest load of cyanophyte producing TP from the lake’s water/ sediment interlinked system. Cost analysis per metric ton of TP removal compared to STA and LOWRP are left to others. 

3100 B.C. to 1910 sedimentation rates in Lake Okeechobee
Net whole lake sediment accumulation rates of TP in pre-impact before 1910 averaged ~ 0.08 g/m2 /yr, after 0.47 g/m2 /yr ; a six[6] fold increase [Brezonik and Ergstrom, 1998]. Sediment deposition in the lake has been mostly net positive as denoted by the roughly 3 ft [1m] depth to hard rock with short time periods of sediment loss. Since 1997, the Lake Okeechobee sediments have shown periods of a net loss of TP rather than a net gain so that calculating the lakes total sediment load from accumulation values would overestimate that value. Chemical and biological mechanisms before 1910 created a ~ 40 ppb TP water column concentration with little organic muck top layered. These same mechanisms in post-impact conditions of ~ 3.3 times river inflow amounts of TP have created the toxic cyanophyte TP concentrations > 100 ppb TP. 

Wind stirring potential of lake Okeechobee’s “molasses” muck top 10 cm sediment.                                                         As Figure 2 shows, internal cycling of TP appears to be a necessary setup of cyanophyte blooms. Such cycling caused by wind induced waves in lake Okeechobee [M. Maciena, and D. Soballe, 1990] re-suspended muck creating the preferential late spring concentration of bio-nutrients TP and TN niche favored by cyanophytes for intake and multiplication. This black water mud/muck condition of the open water part is clearly visible in satellite photos [ Figures 13].  The author has validated this black water condition in the open water of the lake.  Brezonik & D. R. Engstrom, 1998 determined that the lake’s sediment is potentially 66% bio-active P. That water column potential is reduced by precipitation reactions with the high calcium concentrations in the water column. However, this potential removal from the water column appears to be reversing as this sediment/ water complex becomes less effective.
Documented wind re-stirring creates a very shallow light penetrating depth more suitable to Microcystis than non-toxic phytoplankton.  This wind induced limited light penetration coupled both with LORS stage regulation range of 2.5 ft. and wet season river inflow creates altering SAV favorable to unfavorable depths and turbidity with deeper water depths at poor light transmission accounting for recent SAV 40,000 ac. to a 5,000-ac. reduction [Gray, personal transmittal]. Microcystis’  vertical movement  ability in the water column maximizes summer sunlight, calm winds and high TP and TN concentrations creating HAB events. The edaphic factors – wind, stage, re-suspension – favor Microcystis over SAV’s. The author’s Treasure coast shallow lakes do not resuspend mucky black sediments to the same degree as they retain extensive SAV growth. These lakes have never experienced cyanophyte blooms of any significance in 40 yrs. The major edaphic factor difference between Lake Okeechobee and the author’s ~ 500 lakes is the greater fetch of the former.  University of Florida’s Lake Watch established surface wind stirring to a 15-foot depth, fetch of 4.3 miles and wind speed of 16 mph a condition easily and frequently reached in Lake Okeechobee. The author’s typical SAV habitat in one of many shallow lakes of similar depth to Lake Okeechobee at SLW after 25 yrs. existence  is shown in Figure. 9.
Removal of alum after TP sequestering                                                                                 The author believes that removal of added alum  significantly reduces the potential for wind induced re-suspension of toxic and unbounded  excess Al+3 back into the water column. As indicated in Newman lake prior to 1989 in Figure 5, non-removal of applied alum is a common practice for long-term control Microcystis bloom re-occurrences.  However, the long fetch, high wind pattern and very shallow depths of Lake Okeechobee argues for alum’s re-suspension and persistence in the water column and surface sediment at potential toxic levels. These edaphic factors will create long term toxic conditions https://www.epa.gov/sites/production/files/2017-07/documents/aluminum-draft-criteria-factsheet.pdf]. This EPA documents freshwater’s highly toxic level of ~350 ppb AL ion for a maximum of 4 days, not months or years. If as the author suspects, such toxic concentrations would exist for extended time after alum treatment, the solution is hydraulic dredging of the alum/muck/mineralized sediment from direct lake contact. 
A second reason for alum removal is that past studies of alum treatment alone become ineffective if inflow TP amounts cannot be reduced [Moore & Christensen, 2009]  https://doi.org/10.1080/07438140903172907.  A partially effective LOWRP achieving greater  than 105 Mt TP/yr river inflows reduces the effectiveness of alum sequestration in the water column and sediment’s pore waters. The SFWMD must balance alum’s time on the sediment top layer , its water column toxicity with and without wave induced stirring as a function of LOWRP’s inflow reduction. The author believes that this analysis will necessitate eventual alum /TP complex removal from the sediment/ water interface. 
Various studies quoted by Pollman and James, 2011 indicate that alum treatment is 40 to 85% effective in removing the DIP [bio-active dissolved inorganic phosphorus] from the water column with an effective time of 5 to 11 yrs. Subsequent new sediment burial removes the alum from contact with the water column. As alum is buried, it still retains some effectiveness to tie up the DIP portion of TP within the pore waters of the sediment. The release of TP back into the water column is believed due to Fe+2  re-solubility in the pore waters with diffusion back to the water column. Fe+2 concentrations in sediment pore waters is higher in black anerobic muck than aerobic “brown” sediment.  Fe+2 re-solubility and diffusion appears to be recently operative in Lake Okeechobee as indicated in the discussion above of Figure 7. Removal of the settled alum complex will also remove sediment surface Fe+2 reducing chemical diffusion of TP back into the water column. 
The ecological safety of buried  toxic Al+3  with time  due to new sediment settlement is a function of lake depth and the frequency of wind induced wave se-stirring.   For very shallow Lake Okeechobee and its high wind induced fetch, alum re-stirring of the top 10 cm “molasses “ layer is a condition of high potential for destruction of benthic animal life. Logically, removal of that added alum, the alum sequestered TP and the “molasses” organic muck would be an essential  major second step to achieving a lower in-lake water and sediment TP concentration.
LOWQIP plan to restore lake Okeechobee’s water quality and stop cyanophyte blooms                                                                                                                                         LOWQIP  assumes all CERP, CEPP, LOWRP, HHD re-enforcement and C-38 projects follow through to completion but none , individually or collectively, will reduce TP’s water column concentration below < 100 ppb TP. As such, the expenditures of monies on these projects will not have addressed the mounting human health maladies being attached to Microcystis aeruginosa exposure. But the public outcry for remedy will increase as new medical evidence mounts. At > 100 ppb TP water column levels future toxic cyanophyte bloom outbreaks will have a very high probability of re-occurrence, not necessarily every year but in many years.   The only logical remedy is to short circuit this sediment to water column transfer of TP by first evaluating the LOWQIP concept and if found trackable, then adopt it. 
LOWQIP dredge spoil options   See Figure 9.                                                                                                 The author envisions alum application in  sequential curtained sections of underlying high muck sediment allowing for floc [aluminum hydroxide suspended compound] settlement, followed by hydraulic demucking of that settled floc dredge spoil decanting into three options- vertical steel in-lake enclosures, on-shore settling pond or DIW of slurry. The DIW concept is credited to Anwar Khan of HDR Engineers in 2010 at the greater Everglades Ecosystem Restoration conference.  Any one of the spoil receivers could ozone oxidize the organics to carbon dioxide, the mineralized components to the non-toxic oxide compounds and entrained phosphorus to soluble orthophosphate suitable for resource recovery or burial. This treated effluent would contain large amounts of nitrate and nitrite components [ NOx] from the original sediment TN. Preventing this NOx effluent from returning into the lake water in the dewatering process has yet to be determined. However, as shown in Figure 3 A., reducing the TP increases the TN/TP ratio and at low TP and high TN, the chlorophyll – cyanophyte- production is reduced.  NOx  return to the lake water may not be a critical concern. 
SAV meadows depicted in Figure 9 will provide water quality improvements of reduced TP and TN concentrations, surface area for epiphytes, habitat for many bottom dwelling invertebrates and juvenile fish. Table 3. Summarizes advantages and disadvantages of these three disposal options. Removal from active water column /sediment interaction will greatly improve the entire lake ecosystem by rejuvenating the lake to a younger life phase. Removal of aging legacy sediments reduces internal cycling and provides sunlight potential for extensive SAV growth. The DIW’s major advantage over the other two spoil options is a permanent re-useable setup if a new “molasses” muck top sediment layer develops if either LOWRP does not achieve TMDL river inflow  and/ or aquatic plant control contribution. Shoreline settlement provides opportunity for commercial phosphate recovery. All three options will significantly remove legacy  sediment TP  from the lake and attain an in-lake TP water concentration of < 100 ppb TP given sufficient treatment of legacy sediment areas.       
	Dredge spoil removal
	safety
	Reduce Internal cycling
	Create SAV

	Add EAV
	Reusable
	Improved fishery, duck, aquatic birds habitat 

	Island creation 
	   +
	     ++
	    +
	      +
	      0
	          +

	Shoreline settlement
	   0
	     +
	    +
	      +
	      0
	          +

	DIW
	   0
	     +
	    +
	      0
	      +
	          +


Table 3.  The advantages [+]  or neutral values [0 ] of dredge spoil options.
Benefits of three dredge spoil options

Greatly increased lake sediment bottoms suitable for SAV growth are: 
A. Growth would be below the stage fluctuations of LOSOM
B. SAV growth would remain in the net photosynthetic zone 
C.  SAV would develop high epiphyte coverage of the blade [Note. Epiphytes similar to periphyton as in the very efficient STA ¾ PSTA], 
D. Rooted native SAV’s oxidize the water- sediment interface reducing the diffusion rate of NH3/NH4+ back into the water column, 
E. Reduction in wind stirred bottom sediments
F. Increased SAV prime habitat for bass, bream, crappie, ducks, aquatic birds , many of special concern 
G. recreational lake use, increased commercial value for more guide

For  islands  only 
A. Increase overall licenses, tourism, local restaurants and motels, gas stations.
B. reduce open water fetch, thus greater short circuiting of internal TP cycling.
C. Refuge  for boats in middle of lake from sudden storms,
D. Possible state-owned dockage site[s],

	For DIW only:
A. Permanent setup infrastructure to perform muck removal in future.

	For shoreline dewatering structure only :
A.   Provide potential commercial recovery of TP .
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Figure 9. Dredge spoil options for LOADPP. Top, lake Okeechobee restoration model LOWQIP option  as dredge spoil islands. Bottom, LOADPP option DIW.  Both options show before and after LOWQIP with prior chemical settlement of suspended muck and TP. From www.joegilio.com]
Example: Treasure Coast retention lakes system at TP < 100 ppb.                                     The author’s 40-yr. lake experience in the Treasure coast has created good TP water quality in man-made retention lakes [ Figure 10] by incorporation of installed EAV and SAV after initial lake excavation. That work always involved installing EAV’s and SAV’s. Whether these planting  alone or combined with other engineered nutrient controls are the active agents has yet to be  determined. The author mimicked  natural lakes  to achieve water clarity and quality in numerous Treasure Coast developments that have withstood the test of decades. Most of these lakes are of similar depth to Lake Okeechobee with major differences being greater fetch and sediment age of Okeechobee. And it is these two factors that  now leads to much higher internal cycling and/or actual loss of legacy TP sediment into the water column.
Measurements of TP concentrations of all 8 discharge lakes draining all 118 retention lakes, natural and man-made wetlands at St. Lucie West have been on-going since 2011.  The average in-lake water at discharge lake weirs to date is 77 ppb TP as shown in Figure 11. This 4,700.  ac., 60,000 residents, multi-mega malls, baseball stadium, and large industrial center DRI has the TP and TN additions comparable and possibly greater than the Kissimmee and Taylor/Nubbin/ Fisheating creek inputs. Yet this DRI has  only ~500 ac. of man-made wetlands, ~570 ac. of man-made lakes , ~ 100 ac. of extended  lake littoral zones, ~ 1080 ac. of natural and created wetlands and ~250 ac. surrounding uplands is producing better water quality  than the SFWMD watershed. Could this stormwater treatment system be a model for improving the total river inflow loadings into Lake Okeechobee. The author has been seeking research money for exactly this purpose. The comparisons are stark: Lake Okeechobee’s water column at 150 ppb TP  and increasing  compared to St. Lucie West’s perimeter / discharge  lake at 77 ppb TP. ; essentially twice as good as Lake Okeechobee.

The main differences between Lake Okeechobee and the lakes at St. Lucie West are:
· Age, 30 yrs. SLW vs. ~5,000 yrs. Lake Okeechobee, resulting in much greater legacy sediment loads of TP and TN for the latter,
· Fetch and wave height capable of water turnover [mixis], low in SLW, high in Lake Okeechobee
· SAV coverage , high in SLW and low in Lake Okeechobee.
· SAV epiphytes, high in SLW, unknown in Lake Okeechobee
The similarities are:
· Mean depth
· Large EAV relative acreage 
· Groundwater inflow similar high TP carbonate soils 
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  Figure 10. The TP concentration of the 8 perimeter lakes at St. Lucie West at weir outlets or during discharge since 2011. The lakes have registered 77 ppb TP concentrations at weir outlets. Noteworthy is actual weir discharges from each lake in October 2017  averaged 61 ppb TP. There was no significant reduction in TP after fertilizer ban for P. This 4,700 ac. DRI has 60,000+ residents, megamalls, a golf course, MLB’s Met stadium, an industrial/commercial area with all sodded areas fertilized. Its storm water treatment system consists of ~570 ac. man-made retention lakes with ~100 ac. extended littoral zones, ~1080 ac. of  wetlands[natural & created]  and 250 ac. upland borders . 
Could the restoration of  25 % + bottom coverage of SAV’s  “soft engineering” technology be successful in Lake Okeechobee as part of LOWQIP? Would removal of alum treated 10 cm “molasses “ resemble newly excavated lakes  of similar carbonate mineralogy? Would such a process  produce a rejuvenated Lake Okeechobee at ~ 60 to  80 ppb TP, the level achieved in many  WMI installed lakes? To the author’s knowledge, no WMI lake has experienced a cyanophyte bloom in 40 yrs.  Such SAV installation as part of water quality improvement in developments is not a standard practice except for this author.  
[image: ]   [image: ]
      A. 1 and 2 A 20 yr. old St. Lucie West lake     B. Gilio test aquarium
[image: ]  				   
C. Gilio test aquarium closeup of organic “oxidized” sediment/ water interface.         			
Figure 11.  Underwater photos in Vallisneria americana grass beds in A. and b. a 20yr. + old lake St. Lucie West. Sediment layer, not seen, is a brownish oxidized color over a typical black lake sediment. Epiphyte coverage on blades of tapegrass is equivalent to periphyton.  Gilio, 2015 B. In C. the root oxidized brown sediment is clearly observed. 

EAV marsh continual stressors 
EAV marshes under both LORS and forthcoming LOSOM will undergo continued stressors from manipulation of lake stage levels. This is one of the stressors that favors cattail over soft-stem bulrush or spike rush as a marsh dominant. The other major stressor is the hypereutrophic concentrations of TP and TN in both water column and especially sediment. The growth dynamics of cattail is much faster than more favorable EAV’s. All three of these EAV’s are native species but cattail’s dominance, impenetrability and large residual biomass upon herbicide treatment is probably a major contributor to the “molasses” muck layer. These  EAV’s, especially cattail,  are not affected by TSS low light penetration as are SAV’s. Implementation of LOWQIP  will permit long term existence of SAV’s outside of these EAV marshes and at water depths  unaffected by normal LOSOM stage manipulations.  
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Figure 12. Selected satellite images of cyanophyte specific pigment intensities of lake Okeechobee on  A. May 2019 with 3 areas of mild surface Microcystis bloom coverage, B. 54 days later with a larger central lake enhancement, C. Aug. 2018 showing a large and intense central and eastern lake bloom and D. 21 days later than C. showing intense western marsh involvement.  in full lake bloom and 80 days later on 9/12/1018. Clcyano photos depict cyanophyte intensity [left] ; true color as the naked eye [right]. Full bloom implies 2 sources for TP – river inflow and muck; September limited bloom acreage implies river inflow only but with strong marsh interaction.  From Todd Thurlow’s www.eyeonlakeo.com


Initiation of cyanophyte blooms: river inflow or EAV recycling or groundwater seepage 
The aerial cyanophyte specific aerials in Figure 12  are available through the community service endeavors of Todd Thurlow. If TP inflow from the Kissimmee River and other inflow streams --Taylor and Nubbin Slough, Fish-eating Creek, etc. are initiators of cyanophyte blooms, it would be expected to show in the NOAA satellite images [NCCOS HAB images Clcyano spectra [Figure 12]. It does to a degree.  The south flowing Kissimmee River water upon entering the lake will curve to the right [ Coriolis effect] into the western marshes. The timed sequence indicates the highest cyanophyte colors of red start in the southwestern and northwestern sections of the lake, the extensive EAV marshes of cattail, bulrushes and water lilies.[Figure 13.]  The CAL outflow is in the middle of that marsh and pulls some river inflow in a counter-clockwise pattern.  This may explain the rather persistent low intensity cyanophyte signal within this marsh.  It is well known that biological cycling  of phosphorus in aquatic plants is very rapid possibly creating this  cyanophyte marsh signal. Yet, this EAV zone routinely has lower water TP concentrations than the open lake. Could the cattail marsh be an initiator of cyanophyte blooms but at lower water column levels of TP than the deeper open waters of the lake?  A third cause could be herbicide control of cattails [ Typha spp. [Figure 13 A.] and lotus lily,  Nelumbo nucifera  [Figure 13 B] within the western marshes of the lake. Chemically killed biomass quickly decays by bacterial action and quite possibly complements the river inflows of TP and TN nutrients at levels initiating or maintaining low cyanophyte levels.

Red is high intensity cyanophyte bloom scaling down to light blue. But cyanophyte intensity does not always time correlate with a Kissimmee River inflow. On some days, the intense red color of cyanophyte emanating from Taylor and Nubbin slough is evident but not from the Kissimmee River. Either water volume flows were curtailed for the river or it does not always initiate a bloom as its water enter the lake. The organic sediment profile of the Kissimmee river’s inflow shows the river’s suspended solid settlement is to the southeast not the southwest  [P. L. Brezonik & D. R. Engstrom, 1998]. 

Several cautionary notes regarding Clcyano interpretation are in order. The time of daylight may be a critical missing interpretative tool in the satellite photos. The reason is that active growing cyanophyte populations daily rise and fall in the water column based on buoyancy. High net primary production increases density allowing sinking to depth whereas respiration at depth decreases density and the organism floats to the surface as a visible bloom.  One must exert caution in that a low-to -no Clcyano signature does not necessarily mean no cyanophyte bloom in that given lake area at a depth below satellite recognition. 

It appears from the author’s limited aerial review that summer cyanophyte blooms start mainly in the EAV marshes then increase to very high intensity and extent over the open lake’s mud layer. This phenomenon gives another potential example of sediment re-stirring as a major driver in the  full lake cyanophyte production in hypereutrophic lake Okeechobee.  

South Florida public health issues							         Reducing the cyanophyte bloom production of Lake Okeechobee is directly connected to public health over the southern Florida peninsular .  It is documented that Martin , St. Lucie and Okeechobee counties  over a 20 yr,. period have a three times greater non-alcoholic liver mortality than the national county average [ Zhang, et.al., 2015]. Most of these  deaths are associated with geographical location on or near hypereutrophic lakes such as Lake Okeechobee with cyanophyte blooms. Note, not all non-alcoholic deaths in these lake exposed counties may be attributed to microcystin.  However, toxicity of the cyanophyte Microcystis aerogenesis has stirred the concern of the public into governmental action. Reducing such bloom occurrences and intensity should be on a level equal to other SFWMD goals. 

The magnitude of the 2018 discharges of toxic cyanophyte from Lake Okeechobee to the northern estuaries correlate strongly with a year-long  massive dinoflagellate bloom of Karena breves  on Florida’s west coast and a simultaneous estuary bloom of Microcystis aeruginosa. Satellite imagery documented that this red tide bloom was so great in volume, aerial extent and duration enhanced by  the lake’s  2018 discharges that the  K. breves bloom spread through Florida Bay into the Gulf Stream and onto Treasure Coast beaches causing massive deaths to fish and marine mammals.
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Figure 13. A [left] is a typical tall cattail EAV marsh. The plants stand about 8 feet out of the water with about as much biomass below the water. Figure 13 B [right] shows both lotus lilies sticking up above the water and the flat -on the water leaves, a water true water lily. The SFWMD targets both EAV’s for eradication by chemical control [both photos from [ Gilio, 2016]. 

LOWQIP IMPROVEMENTS 
Increase of Secchi depths is possible to 4.5 m [15 ft.] so that light penetration is greatly increased to all lake Okeechobee depths.  Such light penetration similar to the author’s lakes provides one essential condition for SAV growth spread.  The greater that spread, the greater the bio-nutrient TP and TN reduction by plant uptake, the lower these nutrients are available for cyanotoxin blooms. This is a most important natural TP positive feedback. Such a mechanism lead to the following:

1. The greater the SAV spread, the lower the TN and TP in the water column, 
2. The higher the water quality that outflows to the STA/FEB system, the longer their functional lifetime, 
3. Oxidizes the water sediment interface reducing transfer of these pollutants from sediment to water,  
4. A more persistent and expansive deep SAV grass meadows beyond LOSOM staging,
a) Note. Per square meter of heathy SAV lake bottom > in water quality function than an equivalent  area of  STA.  SAV’s  produce oxygen for the lake’s water column and lake sediment accumulation > SAV sediment accumulation. Deep lake SAV need little if any maintenance; SAV’s need FEB’s to maximize TP removal.
b) reduce re-stirring of very high TP back into the water column, maintain water clarity, 
c) and will not dry out and leach once trapped TP  as  dried and then re-flooded wetlands has  been documented. 
5. If LOSOM maintains lake staging that exposes SAV beds, these can be physically removed. After reflooding the SAV’s at deeper depth will quickly  repopulate that denuded area. Suppression of wave induced sediment re-stirring through both SAV stabilization and wind fetch sediment stirring reduction from suitably located spoil island locations. Assuming full  CERP/CEPP improvements are completed and rainfall patterns are similar to long term records since 1950’s, then a post lake Okeechobee LOWQIP project will also produce:
a) The better water quality outflow to the CAL- it needs ~ 0.7 maf/yr.-  cleaner, less SST, less downstream smothering of once abundant  fresh water tapegrass meadows, less destruction of estuarine marine seagrass meadows, return of commercial and recreational clamming activities, reduced lake influence on red tide increase and subsequent lowered human health effects. 
b) The same is true for the SLR, except that it does not need any lake water. Martin County residents are fully aware that the SLR needs zero 0 maf/yr. If lake Okeechobee water quality is better can more be sent to the CAL or STA’s  rather than the SLR? 
c) Both Improved  and expanded recreational bass and commercial fishery throughout the entire Lake  not just the northwest marshes and Kissimmee River delta. 
d) New spoil islands could provide new habitat for man and nature 
e) A DIW setup can be a permanent setup to remove future buildup of future legacy TP especially if TMDL river input is unachievable
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A. Existing EAV [tan] and potential SAV [green]      B. Summer South wind induced currents in Lake Okeechobee 
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 C. NW winter cold front passage showing computerized winter water current vectors and D. computerized sediment areas. 
       Figure 14. Actual EAV and potential SAV areas in Lake Okeechobee. From SFWMD , CERP report]   Planted Spoil island           B. C and D. field measurements generated computerized models of wind induced water current flow and sediment deposition for typical NW and southerly winds. From Kang-Ren & Zhen-Gang, 2004.



LOWQIP Limitations 
LOADPP will not greatly increase the volume of Lake Okeechobee treated by the FEB/STA infrastructure south of the lake. The STA’s volume of treated water is limited to treatment time. Currently STA’s are operating at 12 days  throughput and 1.5 ft. depth. The only effective way to increase lake Okeechobee outflow to achieve federally mandated 10 ppb TP AGM into Everglades Park using the FEB/STA system is to add additional treatment acreage over and above CERP including Component G [Southern reservoir]. Additional state-owned lands  of 64,000 acres are available in the HOLEYLAND AND ROTHENBERGER TRACTS as water cleansing systems to the southern reservoir [O’Laughton and Gilio, 2018]. 

The pre-impact greater Everglades ecosystem started with lake Okeechobee in-lake water concentrations of ~40 ppb TP and had enormous wetland cleansing acreages for treatment. The roughly total 47,000 acres of STA  and the southern reservoirs  6,500 ac. STA do not compare to the millions of  acres of the pristine natural system. The University of Florida has emphasized the need for enormous storage and treatment areas to more fully achieve a high degree of ecosystem restoration [W. Graham , et.al., 2015.] 

DISCUSSION
The purpose of this paper is to create the awareness in governmental agencies, specifically, the SFWMD,  that HAB reduction and possible elimination is feasible for Lake Okeechobee. That purpose will only be realized  if SFWMD adopts a positive attitude to the research reported here as no other CERP or CEPP program will affect the HAB potential of Lake Okeechobee.  Only LOWRP will improve to a limited degree but insufficient in HAB elimination and/or significant reduction. 

The author’s work success in achieving healthy small retention lakes in the similar hydro-geological conditions without any HAB occurrence can and should be applied to rejuvenation of Lake Okeechobee. The author’s lakes fully endorses the NRC, 1996; Society for Ecological Restoration International Science & Policy Working Group, 2004 suggestion that “the recovery of a degraded ecosystem to the point where it contains sufficient biotic and abiotic resources to continue its functions without further assistance in the form of energy or other resources from humans” ought to be attempted. The author’s lakes started with excavated clean substrates whereas Lake Okeechobee’s ecosystem has undergone 5000 yrs. of natural eutrophication over 98 % of its existence and 2% of intensive cultural eutrophication within the last century. And since that 2% eutrophication is the most recent sedimentation of the current century, the intentional sequestering of pollution levels of TP both in the water column and sediment followed by subsequent removal will remove a significant amount of that recent impact in top sediment  removal. The net result will then be a sediment substrate similar to but not as “clean” as newly excavated retention lakes of the Treasure Coast. It is the author’s success of intentional introduction of rooted native SAV’s into the newly created lake bottoms and shoreline EAV’s that intentionally mimic the natural lakes of the area that have resulted in healthy lake ecosystems. It is precisely into Lake Okeechobee’s partially excavated sediments that  SAV’s will be amendable to expansion. 

The author’s  lakes can be  model for Lake Okeechobee rejuvenation. The first step alum addition to the entire water column to remove most of the lake’s 150 ppb TP concentration and the higher levels in the 10 cm muck. Removal of ~ 50,000 Mt of TP will remove the equivalent of 112 yrs. of excessive river inflows or 640 yrs. of STA capture, the latter will be effective for more than a few decades.  This muck removal is removing almost a  century of cultural eutrophication. 

A lake’s lifetime is measured in centuries to millennia, exceptions exist such as  Lake Baikal in Siberia at 25 million yrs. old and thriving. It is unknown how long the author’s healthy lakes will last without HAB formation. It is equally unknown how long a LOWQIP modified Lake Okeechobee will remain HAB free. 

What is known and must be accounted for during and following LOWQIP is continued reduction activities on all surface and seepage inputs into Lake Okeechobee and cessation of all future backpumping [Appendix E]. Continued LORS or LOSOM stage manipulations will create cattail dominated EAV marshes, with continued herbicidal aquatic spray programs and the continual production of new “molasses” like muck. A major benefit of DIW disposal is its repeatable use for this muck buildup.

If SAV aerial growth achieves ~ 25 % SAV sediment coverage in Lake Okeechobee, the “free” benefits in terms of water quality should create a water column TP concentration < 100 ppb TP, the level sufficient to severely reduce the occurrence, size or duration of HAB’s.   The ideal “healthy” Florida lake, that is, one without severe HAB outbreaks is ~ 40% SAV.  The island dredge spoil option would produce more potential SAV bottom coverage than either of the other dredge spoil options. The shoreline dredge spoil recovery option affords the potential for commercial return of recovered phosphorus. 

A lake’s ecosystem is a dynamic interaction on many chemical , biological and energy factors operating to sustain itself for as long as all components are balanced. Sediment buildup is a measure of aging as is excessive SAV and EAV growth and death. The greater a lake self regulates, the longer it maintains its health. Lake Okeechobee is now a rapidly aging lake brought on by man’s cultural eutrophication.  It behooves the SFWMD to reverse that aging to the degree possible and feasible. Such action would be a remarkable accomplishment to Everglades restoration, the people of Florida and the world.   
  
Conclusions
Lake Okeechobee is at the center of decades long greater Everglades restoration joint effort by the State of Florida and the Federal government. Billions of dollars have been and will be spent in numerous projects to improve water quality, quantity and delivery for the roughly 2 to 2.5 Maf/yr of water that flows north to south through the ecosystem. There is nothing in any project -existing, being built or conceived—that will significantly improve the lake’s health and ecology. 

Lake Okeechobee has rapidly converted from a  natural healthy eutrophic condition to an increasingly hypereutrophic condition. That condition has led to increasingly frequent toxic blooms of Microcystis aeruginosa, a cyanophyte that correlates with decades long non-alcoholic human deaths from exposure and increasing evidence of human neurological diseases.  

The solution to restore Lake Okeechobee to a previously healthy, non-toxic condition is to lower the phosphate concentration in the water column. That concentration is caused by two conditions- river inflows at ~ 500 Mt/yr. [1,100,000 lbs./yr.] and internal muck to water cycling caused by wind induced waves. Both conditions keep the phosphate concentration of the water column > 100 ppb TP, a condition conducive to cyanophyte blooms. The top 10 cm of Lake Okeechobee’s sediment is an easily stirred muck similar to molasses that contains ~ 50,000 Mt of TP [110,000,000 lbs. TP]. The internal recycling of just 1% of this muck can add 87 ppb TP to the water column. 

Cyanophyte bloom suppression is best addressed by reducing river  TP inflow , short circuiting the TP  water column /sediment internal cycling and creating a sediment environment suitable for rooted SAV expansion below LOSOM water staging effects. And the best short circuit mechanism is muck removal.

LOWQIP proposes removal of 50,000 Mt TP by an initial alum addition to the water column followed by hydraulic pump-out. Three disposal site options exist not mutually exclusive for this treated muck -island formation, shoreline dewatering and TP recovery and DIW of dewatered slurry.   

The removal of the muck sediment layer will increase photosynthetic light penetration so that SAV growth into deeper waters and larger aerial coverage will occur similar to the author’s many retention lakes in the Treasure Coast area of similar depths. Long-lasting SAV meadows create a natural free positive feedback to remove some TP from the water column, provide surface area for non-toxic microalgae as epiphytic growth that also will remove large quantities of TP and create an oxidized water / sediment interface that will reduce diffusion and wave stirred TP and TN from sediment to water column. SAV underwater meadows provide the critical habitat for increased commercial and recreational fisheries leading to increased economics for Lake Okeechobee. 

Better lake Okeechobee water quality means a healthier CAL river and estuary, possible elimination of discharges to the SLR and estuary, longer shelf life for the existing STA’s, reduced or eliminated toxic cyanophyte blooms, cleaner water to the WCA’s and the underlying Biscayne aquifer for the 8.1 million potable water users of 2030 and a project worthy of international acclaim in the 2020-30 decade of the UN’s decade of Ecological Restoration.  
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Appendices

Appendix A. 
On-going post-LOWRP designs into the SLR from C-44,C-23, C-24, tidal N & S Forks and Lake Okeechobee discharges expect 9 monthly damaging inflows between 2,000 and 3,000 cfs and 12 monthly  even greater damaging events >3000 cfs in the future. That is based on  the 1965- 2005 POR. The USACE believes that reaching these inflows into the SLR will permit both oyster and shoal grass restoration.
A. 

[image: ][image: ]
From USACE LOWRP Engineering appendix indicating the number of discharges after LOWRP if rainfall patterns in the future are similar to the POR 1965-2005.

Appendix B. Calculation of percent remainder ecological health of south fork of the St. Lucie River [SFSLR] 

   Eq. 1.  Original SFSLR’s form and function = 50% benthic community + 50% open water community.

          Eq.  2. 2019 Benthic  community = 0% 
                   Mean muck depth = 4 ft. [1.22 m] vs. original hard bottom.
                   Organisms in 2019 are bacteria, fungi and protozoans. Organisms in 1850 were sponges, seagrass, calcareous algae bivalves, especially Crassostrea virginica, gastropods, etc. typical hard bottom sub-tropical community.
 
                 Mean depth in 1850 was 6 ft. [1.83 m] ,  2019 mean depth to muck surface = 2 ft. [0.61 m] 

              Eq.  3.  2 ft./6 ft. = 33% remainder open water [lentic environment]

Adding equations 2 and 3. Into 1. Yields. 

             Eq. 4.  Remainder SFSLR form and function = 0.5 [0%] + 0.5 [33%] = 17% remainder

Adding a Water quality modifier = 50% [guess and probably too large] 

            Eq. 5. 0.17 remainder form and function of SFSLR  X 0.5 = 8.5 % remainder form+function+ WQ of river.
   
Appendix C. Calculation of in-lake’s water  total TP Mt.
  
Volume of lake Okeechobee water volume at 10 ft. mean depth = 5.76143E+12  liters

Average concentration = 150  ppb TP = ug/l = 150 ug/l

Multiplying water volume X concentration = 150 ug/l X 5.76143E+12  liters =8.06601E+14 ug TP =860 Mt TP

Appendix D. Gilio, 2015 CHEMICAL PRECIPITATION BY Ca 3 (PO4)2
The Ksp of Ca 3 (PO4)2 = 2.07 X 10^-33 moles /liter.  
                                     =  {Ca}^2 +  {PO4} ^3

                                          X = SQRT*5 (2.07 X 10^ -33 moles/ l)
  
        Solved                X = 2.91 X 10^-7 moles /l

     {Ca} =  3 X 2.91 X 10^-7 moles /l  - 8.73 X 10^-7 mole/l
                     =  (8.73 X 10^-7 mole/l X 40.08 g/ mole) ---- 349.8 X10^-7 g/l

        Converting to ppb is 3.498 X 10^-5 g/l X 10^-3g/l == 3.5 X10^-8 -> 35 ppb Ca ion

  And  PO4 =  (5.82 X 10^-7 mole/l X94.97 g/mole)  - 552.7 X 10^-7 g PO4/l
                      = 5.527 X 10^-5 g PO4/l X 10^-3g/l -> 5.53 X10^-8 PO4  

Converting  PO4  to P = 30.97/94.97 = 0.326  so that 

                       5.53 X10^-8 PO4  X 0.326 (P/PO4)-> 1.80 X 10-8  -> 18 ppb TP

THUS, BY CHEMICAL PRECIPITATION ALONE THE SATURATED CONCENTRATION OF TP IS 18 PPB.  THE EAA REQUIRES ENTRY AT 10 PPB TP.  THUS, BIOLOGICAL REMOVAL MECHANISMS MUST REMOVE DOWN TO 10 PPB TP.
Appendix E. Backpump flow volume and backflow percent  TP into total river Lake Okeechobee [From Goforth, personal comm. 2019].
WY: 1974-1983 back pump % total river water volume :18%, TP:16%, TN: 45% 
WY: 1984-2019 back pump % total river water volume : 11% , TP:12% , TN:22%    
Sites/ structures summed for S308, L8[C10A], HGS5[S352], C10, C12A, C12, C4A, S3, S236, S310[industrial, S4, S77.
Lake Okeechobee's water column TP concentration  in mg/l
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Sediment coefficient
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Figure 1. Nearshore green colored area is potentially colonizable by submerged aquatic vegetation
(SAV). The potentially colonizable area is approximately 100,000 acres.
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Appendix A Engineering Appenaix

Table A-13. Summary of Caloosahatchee and St. Lucie estuaries flows.

Northern L Alt Alt | Alt
Estuary Cuterld ECB | FWO | 4pchiw | 1BW | 2cr

Number of months

low < 450cfs

rom C-43 Basin & Lok regulatory releases
(Oct-July)
Number of months

low > 2800cfs

rom C-43 Basin & Lok regulatory releases
(Jan-Dec)

Caloosahatchee

Number of months average
low < 350cfs

Number of times 14-day moving average flow
St. Lucie >2000cfs for >= 14 days from local basins*

Additional number of times 14-day moving
average flow > 2000cfs >= 14 days from Lok 71 37 20 20 24
Regulatory releases
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