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1.0 Background
The Upper Peace River Basin has a number of WBIDs with verified impairments to their water quality.  The impaired water bodies, for which Total Maximum Daily Loads (TMDLs) are currently being developed, include 5 lakes in the Lake Hancock watershed (nutrients and dissolved oxygen), South Saddle Creek (nutrients and dissolved oxygen), 8 lakes in the Winter Haven Chain of Lakes (nutrients and dissolved oxygen), and 3 stream segments tributary to and including the Peace Creek drainage canal (fecal coliform bacteria).
Staff from the Florida Department of Environmental Protection (FDEP) requested assistance from PBS&J in the form of technical review of various data sets, loading models, water quality reports, etc. in the Upper Peace River Basin.  This assistance is meant to help FDEP in its efforts to continue ongoing efforts of the Upper Peace River Basin Management Action Plan (B-MAP) Working Group.  The working group consists of various stakeholders (FDEP, Polk County, SWFWMD, City of Winter Haven, etc) who review and comment on technical products and water quality restoration programs, and provide guidance on technical and  policy issues related to the protection and restoration of water quality in the Upper Peace River basin.  This report summarizes PBS&J’s efforts to assist FDEP in this manner, through a series of technical efforts coordinated with staff from SAIC, Inc., another consultant to FDEP.
2.0 Techniques Used

For this report, data sets analyzed and/or referred to are those compiled by Bob Kelly, of SAIC, Inc.  For the purposes of maintaining consistency of data, no attempt was made to separately download water quality data from STORET, IWR data downloads, Polk County, etc.  Instead, various statistical analyses of water quality were performed to test general conclusions drawn by Bob Kelly, or analyses were conducted to develop assessments of related phenomena.  The lakes included in these analyses were Lake Gibson, Eagle Lake, Spirit Lake, Lake Lena, Lake Bentley, Lake Bonny, Lake Hollingsworth, Lake Parker, Banana Lake, and Lake Hancock.  It should be noted that Bob Kelly’s analyses did not include, for the most part, Lake Hollingsworth, as insufficient data were found for analysis.  However, this could be due to data collected and analyzed by the City of Lakeland not being incorporated into the Polk County water atlas, which was the data source used for Bob Kelly’s work. 

3.0 Findings

Bob Kelly’s findings related to the Lake Hancock watershed include the following:

For Lake Hancock, there are significant and unresolved discrepancies between model conclusions from the ERD report (1999) and the FDEP report (2005).  The most significant differences include the following:
1. Water gains to the lake from groundwater were estimated by ERD to be 13 times higher than the value used by FDEP.
2. Water losses via outflow and aquifer recharge were estimated by ERD to be 1.6 times higher than the value used by FDEP.
3. Phosphorus load estimates to the lake by ERD from rainfall and baseflow plus runoff were nearly twice as high as estimates from FDEP.
4. Unaccounted for phosphorus loads (i.e., “unknown loads”) were 43 times higher from the FDEP report, as compared to the “aquifer loads” estimated by ERD.
5. The FDEP estimate of the amount of phosphorous retained by Lake Hancock was 90 times higher than the estimate from ERD.
6. The FDEP estimate of the amount of nitrogen loaded to the lake from aquifer sources and “unknown” sources was 7.5 times higher than estimates from ERD.
7. The FDEP estimate of the amount of nitrogen retained in the lake was 47 times higher than the estimate from ERD.
Insufficient data exist for comparing load estimates for other lakes within the Lake Hancock watershed.
Attempting to limit nitrogen concentrations within the water of Lake Hancock would be ineffective, as a very substantial amount of nitrogen in Lake Hancock is from nitrogen fixation.
Controlling phosphorus levels could indirectly or directly affect nitrogen levels in Lake Hancock by reducing a factor that favors the dominance of blue-green algae.
Taken as a whole, it would seem premature to have a management response to fully implement load reduction goals for phosphorus and nitrogen for Lake Hancock, based on the wide discrepancy in loading estimates alone.  

In addition, PBS&J performed data analyses that focused on the following items:

What factor(s) most strongly influence water clarity in these lake systems?

Using a variety of techniques, what is the most likely limiting nutrient (nitrogen or phosphorus) within these lakes?

Are there differences in nutrient limitation between these lakes?

The results from these assessments are shown below:

3.1 What Factors Most Strongly Influence Water Clarity?
Data were analyzed to compare the relationships between mean Secchi disk depths and both chlorophyll-a and color (true color in platinum-cobalt units).  Data shown are the means for each lake for the period of 1996 to 2006.

Figure 1 illustrates the non-significant (p = 0.11) relationship between Secchi disk depth and color for these lakes.  These results suggest that dissolved organic compounds (i.e., tannins) do not have a statistically significant impact on water clarity in these lakes.
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Figure 1 – Secchi disk depths versus color for surveyed lakes.

In contrast, Figure 2 illustrates the highly significant relationship between levels of chlorophyll-a and water clarity in the lakes.  These results show that levels of phytoplankton have a strong and non-linear impact on water clarity in these lakes, at least when lakes are compared against each other.
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Figure 2 – Secchi disk depths versus chlorophyll-a for surveyed lakes.

3.2 What is the Most Likely Limiting Nutrient (Nitrogen Or Phosphorus) within these Lakes?
As levels of phytoplankton are such strong predictors of water clarity, and as water clarity is often used by the public as an indicator of a lake’s “health”, additional analyses were performed to determine the role of nitrogen versus phosphorus on phytoplankton growth.  

For the purposes of most pollutant loading and water quality response modeling efforts, the “limiting” nutrient is based almost exclusively on the relationship between levels of total nitrogen versus total phosphorus, referred to as the TN:TP ratio.  If TN:TP ratios are less than 10, such lakes are deemed “nitrogen-limited”.  When ratios are greater than 30, such lakes are deemed “phosphorus-limited”.  When ratios are between 10 and 30, such lakes are deemed “nutrient-balanced”.  

An additional approach to determining the limiting nutrient can be derived by determining the relative strength of the statistical relationship between levels of TN and chlorophyll-a as compared to the statistical relationship between levels of TP and chlorophyll-a.  While this approach can be used both for many lakes at once (as is done here) it can also be done when examining individual lakes over time.  The nutrient (TN or TP) with the strongest statistical relationship to chlorophyll-a would be the one with the highest R-squared value.  R-squared values express the amount of variation in one factor “explained” by variation in another factor.  Therefore, a nutrient that “explains” a greater amount of the variation in chlorophyll-a would be more likely to be the nutrient that limits phytoplankton growth.  Should variation in one nutrient not be statistically related to variation in chlorophyll-a, it is not likely that availability in levels of that nutrient are limiting to phytoplankton growth.
Based on mean values for individual lakes over the period 1996 to 2006, the relationship between levels of TP and chlorophyll-a are illustrated in Figure 3.  These data suggest that phosphorus levels explain approximately 75 percent of the variability in phytoplankton abundance, when comparing lakes against each other.
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Figure 3 – Chlorophyll-a versus TP for surveyed lakes.

The relationship between levels of TN and chlorophyll-a is illustrated in Figure 4.  These data suggest that nitrogen levels explain approximately 96 percent of the variability in phytoplankton abundance, when comparing lakes against each other.  Taken together, Figures 3 and 4 suggest that differences in levels of phytoplankton between lakes are due to both phosphorus and nitrogen, although nitrogen is perhaps more strongly influencing phytoplankton growth.
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Figure 4 - Chlorophyll-a versus TN for surveyed lakes.

3.3 Are There Differences in Nutrient Limitation Between These Lakes?
A problem inherent in using empirical relationships to determine the limiting nutrient is that results do not establish a cause and effect relationship.  That is, while Figure 4 implies that levels of nitrogen affect phytoplankton abundance, it could also be true that phytoplankton abundance could be affecting levels of nitrogen.  While the latter explanation sounds counter-intuitive, lakes that have significant amounts of nitrogen-fixing blue-green algae (such as Lake Hancock) could be those where phytoplankton levels are in fact “controlling” levels of TN in the lake (and not vice versa).  To test whether or not this was a confounding issue in these lakes, the lakes were divided into two groups – low nitrogen lakes, and high nitrogen lakes.  The differentiating level of TN was set at 2.3 mg TN / liter.  This TN level is higher than that which can be easily explained by stormwater runoff, as it is higher than the “even mean concentration” or EMC value used to characterize stormwater runoff from urban and residential land uses.  EMC values are the same as “flow-weighted concentrations” in that they are the concentration needed to calculate a measured load.  There is variation in modeled EMC values for TN from residential land uses, as Heyl (1992) used an EMC value of 1.9 mg TN / liter for Sarasota Bay, while Coastal Environmental, Inc. (1995) used EMC values of 1.9 to 2.2 mg TN / liter for residential runoff for Charlotte Harbor.  For Clam Bay, in Collier County, PBS&J (2007) used an EMC value of 2.3 mg TN / liter for most residential runoff estimates.  As a conservative estimate of the concentration of TN that would not likely be explained by stormwater runoff, lakes with mean TN values higher than 2.3 mg / liter were defined here as High nitrogen lakes, and lakes with mean TN values lower than 2.3 mg / liter were defined here as Low nitrogen lakes.

Low nitrogen lakes included Lake Gibson, Eagle Lake, Spirit Lake, Lake Lena, and Lake Bentley.  High nitrogen lakes included Lake Bonny, Lake Parker, Banana Lake, and Lake Hancock.  

The analyses described above, comparing levels of TN and TP to levels of chlorophyll-a, were then run for both low and high nitrogen lakes, as shown in Figures 5 through 8.
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Figure 5 - Chlorophyll-a versus TP for “low” nitrogen lakes.
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Figure 6 - Chlorophyll-a versus TN for “low” nitrogen lakes
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Figure 7 - Chlorophyll-a versus TP for “high” nitrogen lakes.
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Figure 8 - Chlorophyll-a versus TN for “high” nitrogen lakes.

Together, these results suggest that phosphorus availability has little to no influence on the abundance of phytoplankton in “low” nitrogen lakes such as Lake Gibson, Eagle Lake, Spirit Lake, Lake Lena, and Lake Bentley.  That is, they appear to be nitrogen-limited, as indicated in Figure 6.

For “high” nitrogen lakes, nitrogen and phosphorus both appear to vary with levels of chlorophyll-a.  However, since levels of nitrogen in these lakes appear to be higher than can be explained by stormwater runoff, it could be that the relationship between TN and chlorophyll-a is actually due to high levels of blue-green algae that are “fixing” atmospheric di-nitrogen gas, rather than nitrogen availability controlling phytoplankton abundance.

An additional tool to establish the nutrient most likely to limit phytoplankton growth is the amount of the total pool of nutrients, whether phosphorus or nitrogen, that is in an inorganic form.  If, for example, phosphorus limits phytoplankton growth in a lake, one would expect that inorganic forms would be rapidly taken up, such that the percentage of total phosphorus that was in an inorganic form would be low.  For both nitrogen and phosphorus, the levels of TN and TP comprised of inorganic forms were calculated.  The nutrient with the greatest amount in an inorganic (and thus non-assimilated) form is not likely to be the nutrient that limits phytoplankton growth.
A summary of the identification of nutrient limitation, based on the techniques outlined above, is found in Table 1.   

Table 1 – Nutrient (N vs. P) limitation based on TN:TP, regression analysis, and percent of TN or TP as inorganic (see text for explanation of techniques).
	Lake
	TN:TP ratio
	Limiting nutrient based on TN:TP
	Limiting nutrient based on chl-a regression
	Limiting nutrient based on percent inorganic

	Lake Gibson
	4.6
	N
	N
	N

	Eagle Lake
	29.8
	P*
	N
	N

	Spirit Lake
	24.1
	N and P
	N
	N/A

	Lake Lena
	36.6
	P
	N
	N

	Lake Bentley
	5.8
	N
	N
	N

	Lake Bonny
	12.8
	N and P
	N and P
	N

	Lake Parker
	13.3
	N and P
	N and P
	N

	Banana Lake
	N/A
	N/A
	N and P
	N/A

	Lake Hancock
	4.5
	N**
	N and P
	N


N/A = data not available using data set provided

* = rounded to 30 from 29.8

** = derived from ERD (1999)

Taken together, the results summarized in Table 1 suggest that Lake Gibson and Lake Bentley are almost assuredly nitrogen limited, as the three techniques used to determine the likely limiting nutrient for phytoplankton growth were all in agreement.  In contrast, Eagle Lake, Lake Lena, Lake Bonny, Lake Parker and Lake Hancock were either classified as nitrogen-limited, phosphorus-limited, or co-limited, based on the technique used.

For lakes such as Lake Bonny, Lake Parker, Banana Lake and Lake Hancock, where levels of TN are much higher than can be explained by stormwater runoff, it is likely that elevated TN levels reflect the influence of nitrogen-fixing blue-green algae.  For these lakes, techniques to determine the limiting nutrient such as TN:TP ratios and TN vs. chlorophyll-a regressions can lead to spurious conclusions.  In such a situation, control of phytoplankton levels would be most strongly impacted by reducing the supply of phosphorus into lake waters, taking into account both external and internal (in lake) processes.
Based on work conducted in Lake Hancock (PBS&J, 2008), potential “threshold” TP levels between 0.08 and 0.16 mg TP / L might be appropriate targets for lake restoration efforts in lakes with high levels of TN.  In Lake Hancock, a TP level of 0.08 mg / liter resulted in a TP level low enough to produce a TN:TP ratio of 29:1, a potential indicator of a shift away from phosphorus limitation.  Based on direct measurements of the response of nitrogen fixation to phosphorus availability, it appeared that TP levels in excess of 0.16 mg / liter are potentially “saturating” levels for nitrogen fixation, at least in Lake Hancock (PBS&J 2008).  

If phosphorus levels within these “high” nitrogen lakes are in excess of those that can be accounted for by stormwater runoff (as in Lake Hancock) it is likely that sediment phosphorus supply, either via resuspension or remineralization, would have to be countered via either dredging or sediment capping techniques.  Otherwise, significant improvements in water quality would be unlikely to occur based on reductions in stormwater loads alone.
Notwithstanding the link between phosphorus levels and nitrogen fixation described above, none of the lakes examined displayed consistent evidence of strict phosphorus limitation, perhaps reflecting regionally-elevated phosphorus availability due to this region’s unique geology (i.e., located within or adjacent to the Bone Valley Formation).
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