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1
Project Definition

The Regional Board placed Big Bear Lake on the 303(d) list in 1994 due to sedimentation/siltation.  The specific justification used to place this water body on the Clean Water Act (CWA) Section 303(d) list was not documented. The primary reasons for including Big Bear Lake on the 303(d) list for sediment were (1) staff’s best professional judgment that sediments provided a source of nutrients to the lake, and, (2) that the east end of the lake was becoming shallow, affecting recreational opportunities.  

A summary of the listing information for Big Bear Lake is shown in Table 1.

Table 1. Summary of listing information

	Region
	Region 8, Santa Ana Regional Water Quality Control Board

	Type of water body
	Lake/reservoir

	Name of water body
	Big Bear Lake

	Calwater HSA Name (version 2.2.1)
	Bear Valley

	Calwater Hydrologic Subarea (version 2.2.1)
	801.71

	NHD Reach Code
	18070203002545

	Pollutant
	Siltation/Sedimentation

	Medium
	Water

	Listing year
	1994

	Surface Size (acres)
	2971a

	Cause
	Decrease in lake capacity; sediments provide a source of nutrients

	Volume at full pool (acre-feet)
	75,332.1b


a Source: (S. Hamilton, personal communication, 11/6/2006)

b Source: Fugro Pelagos, Inc., 2006

Data and reports reviewed to determine whether or not Big Bear Lake can be removed from the CWA section 303(d) list for siltation/sedimentation include: 
· Big Bear Lake Multibeam Bathymetric Study (Fugro Pelagos Inc., May 2006)
· 1884 and 1968 Big Bear Lake digitized contours (Moffatt and Nichols, 2005)
· letters from Moffatt and Nichol dated August 18, 2005 and November 16, 2005
· Bathymetric Mapping and Volume Study (RMI Inc., 1995)
· The Staged Environmental Impact Report for Lake Restoration Activities-Volume I (Don Owen and Associates, May 1977; pp. II-2, II-6, III-6, and III-8)
· Interim Report on Proposed Lake Restoration Activities for Big Bear Lake (Don Owen and Associates, October 1977)
· Total Suspended Solids (TSS), Volatile Suspended Solids (VSS), and secchi depth data collected from June 2001-November 2005 by the TMDL Task Force; and, depth profile turbidity data collected from March 2005-November 2005.  

Both The Water Quality Control Policy for Developing California’s Clean Water Act Section 303(d) List (SWRCB, 2004a), hereinafter, the Listing/Delisting Policy, and the Functional Equivalent Document for the policy (SWRCB, 2004b) were reviewed for compliance with the requirements for removing a water body from the section 303(d) list for sediment.

All water bodies assessed under the Listing/Delisting Policy shall use the weight-of-evidence approach as described in the policy (SWRCB 2004a, pp. 1-2) to confirm that the available data and information supports either placing waters on, or removing waters from, the section 303(d) list.  For this reason, this report not only discusses the lake capacity issue, but also reviews the data associated with the water quality objectives for sediment, settleable material, and turbidity.  According to the FED, sediment or sedimentation listings for the 2002 section 303(d) list were based primarily on exceedances of numeric objectives (SWRCB 2004b, 127). 

2
RATIONALE FOR DELISTING
It was previously thought that excessive sediment deposition in Big Bear Lake resulted in a decrease in lake capacity which directly affects recreational and freshwater habitat beneficial uses.  Recent data (see Section 5.2) submitted by Risk Sciences, Inc. and the BBMWD shows that (1) the lake capacity has not decreased, but, in fact, has increased, (2) the assumed decrease in lake capacity was based on faulty data (the Listing/Delisting Policy provides for review of original listings, if the original listings were based on faulty data), and (3) the east end project area was dredged in 2005 to a target depth of 18 feet, removing approximately 211,000 cubic yards of sediment and restoring recreational beneficial uses in the east end.  

Water quality data, i.e., total suspended solids, volatile suspended solids, turbidity, and secchi disk transparency were evaluated and all data lend support to the fact that (1) fall shows the highest TSS, VSS, chlorophyll a and turbidity medians and lowest secchi disk transparencies, (2) values of TSS, VSS, turbidity and chlorophyll a increase from MWDL1 to MWDL9, (3) resuspension of sediments due to wind is likely at MWDL9, (4) resuspension of sediments due to motor boats is likely at MWDL9, (5) a relationship between fall chlorophyll a concentrations and fall TSS and VSS composite concentrations exists, (6) the cause of increased turbidity is not likely an increased delivery of sediment, but due to both resuspension and an increase in algal biomass, and (7) MWDL1, MWDL2, MWDL6 and MWDL9 for 86%, 79%, 79% and 43% of the time, respectively, had values of non-algal turbidity that indicate a high algal response to nutrients implying that allochthonous
 particulates are unimportant.

Sediments also contribute nutrients that are the direct cause of eutrophication. Phosphorus sorbs to soil particles and is transported to surface waters via eroded sediments.  Inorganic nitrogen is transported in surface water runoff in both dissolved and particulate forms.  The eutrophication problem in the lake is addressed in a separate nutrient TMDL (The Big Bear Lake Nutrient TMDL for Dry Hydrological Conditions, adopted by the Santa Ana Regional Water Quality Control Board on April 21, 2006).  The nutrient TMDL requires internal nutrient reductions from the sediment and the development of nutrient TMDLs that address wet and/or average hydrological conditions.

Besides impacts to recreational beneficial uses, sediment has the potential to impact aquatic life such as macroinvertebrates, fish and aquatic vegetation.  Although there are no data demonstrating that the aquatic life beneficial uses are impaired by siltation/sedimentation, analyses show that based on available data to date (i.e., TSS, VSS, secchi depth, turbidity), any impacts of sedimentation/siltation are more likely caused by uncontrollable factors.  The water quality objectives pertain to controllable factors only.  Uncontrollable factors, i.e., wind, substrate type, lake level, underwater currents, resuspension and fish driven resuspension all contribute to the effects of siltation/sedimentation. 

Finally, although macroinvertebrate data were collected in October 2002, the data show that there are already some differences in the macroinvertebrate population among stations (Pennington and Associates, Inc., 2002).  These differences could be caused by substrate type, prevalence of vegetation, depth to substrate, or turbidity levels.  Another macroinvertebrate survey is scheduled for spring 2007, but because many restoration activities, i.e., aquatic herbicide application, alum application and dredging occurred after 2002, it would be very difficult to directly correlate changes in macroinvertebrate density with increases/decreases in suspended solids and turbidity.

Based on an assessment of the data presented in Section 5, staff recommends that Big Bear Lake be recommended for delisting for siltation/sedimentation because the lake capacity has not decreased as initially reported; analyses show that based on available data to date (i.e., TSS, VSS, secchi depth, turbidity), any impacts of sedimentation/siltation are more likely caused by uncontrollable factors; and the water quality objectives pertain to controllable factors only. 
3
BIG BEAR LAKE, DESCRIPTION
Big Bear Lake has a storage capacity of 75,332.1 acre-feet (af) (Fugros Pelagos, Inc., 2006) and a water surface area of 2,971 acres
 at the elevation of the top of the dam (6743.25 feet).  The lake is full at a gage height reading of 72.33 feet (Big Bear Watermaster 2001, p. 6).  During most years, the lake level fluctuates no more than 3-5 feet, but during drought conditions, when little surface runoff from the surrounding watershed enters Big Bear Lake, the lake levels can fluctuate more than 10 feet (Figure 1).    
Big Bear Lake and the surrounding watershed are described in great detail in the Staff Report on the Nutrient Total Maximum Daily Loads for Big Bear Lake (2005a).
4
WATER QUALITY STANDARDS
The beneficial uses that are applicable to siltation/sedimentation for Big Bear Lake as identified in the 1995 Water Quality Control Plan for the Santa Ana River Basin (Basin Plan) are:

· Water Contact Recreation (REC1)
· Non-contact Water Recreation (REC2)

· Warm Freshwater Habitat (WARM)

· Cold Freshwater Habitat (COLD)

The following Basin Plan narrative and numeric water quality objectives for inland surface waters pertain to sedimentation/siltation impairment:

Solids, Suspended and Settleable: "Inland surface waters shall not contain suspended or settleable solids in amounts which cause a nuisance or adversely affect beneficial uses as a result of controllable water quality factors."

Turbidity: "Increases in turbidity which result from controllable water quality factors shall comply with the following:

	Natural Turbidity
	Maximum Increase

	0-50 NTU
	20%

	50-100 NTU
	10 NTU

	Greater than 100 NTU
	10%


All inland surface waters of the region shall be free of changes in turbidity which adversely affect beneficial uses."

No site-specific numeric sediment objectives have been established for Big Bear Lake.

5
DATA ANALYSIS
Water quality data were reviewed to provide a summary of the water quality in Big Bear Lake.  All data were compared to the criteria specified in Section 4.2 (Numeric water quality objectives for conventional or other pollutants in water) of the Listing/Delisting Policy.

Historical maps and both historical and recent reports were reviewed to determine whether the capacity of Big Bear Lake has decreased over time due to sedimentation.  Decreases in lake capacity affect the recreational and freshwater habitat beneficial uses of the lake.
5.1
Water Quality Data

Water quality data consisting of total suspended solids (TSS), volatile suspended solids (VSS), turbidity
 and secchi disk transparency
 collected from 2001-2005 by the TMDL Task Force at four main lake stations (Dam, Gilner Point, Mid Lake Middle, and Stanfield Middle; hereinafter referred to as MWDL1, MWDL2, MWDL6, and MWDL9, respectively) were evaluated as part of the development of this justification for delisting in accordance with the guidelines outlined in the Lisitng/Delisting Policy (SWRCB 2004a, pp. 21-25).  MWDL1 and MWDL2 are located in the deeper west end of the lake; MWDL6 is located near the midpoint of the lake; and MWDL9 is located in the shallower east end of the lake (see Figure 2).  

Table 3 below describes some of the associated QA/QC for the data collected from 2001-2005.  Excel data tables are contained in Appendix A.

Table 2.  Data Quality

	Timeframe
	QAPP Title
	Parameter
	No. of samples

Collected1
	Method
	Units
	MDL

	6/12/2001-10/8/2001
	Big Bear Lake Nutrient Monitoring Sampling, Analysis, and Quality Assurance Work Plan (July 2001, revised May 1, 2002)
	Water clarity (secchi)
	32
	Secchi disk
	feet
	N/A

	
	
	TSS (Photic zone)
	20
	SM 2540D
	mg/L
	4 mg/L

	
	
	TSS (Bottom)
	20
	SM 2540D
	mg/L
	4 mg/L

	
	
	VSS (Photic zone)
	20
	SM 2540E
	mg/L
	4 mg/L

	
	
	VSS (Bottom)
	20
	SM 2540E
	mg/L
	4 mg/L

	1/22/2002-10/29/2002
	Big Bear Lake Nutrient Monitoring Sampling, Analysis, and Quality Assurance Work Plan (July 2001, revised May 1, 2002)
	Water clarity (secchi)
	74
	Secchi disk
	feet
	N/A

	
	
	TSS (Photic zone)
	47
	SM 2540D
	mg/L
	4 mg/L

	
	
	TSS (Bottom)
	46
	SM 2540D
	mg/L
	4 mg/L

	
	
	VSS (Photic zone)
	47
	SM 2540E
	mg/L
	4 mg/L

	
	
	VSS (Bottom)
	46
	SM 2540E
	mg/L
	4 mg/L

	1/27/2003-12/10/2003
	Big Bear Lake Pilot-Scale Nutrient Remediation and Aquatic Macrophyte Control Study QAPP (Version 2: July 11, 2003)
	Water clarity (secchi)
	64
	Secchi disk
	feet
	N/A

	
	
	TSS (Photic zone)
	60
	SM 2540D
	mg/L
	4 mg/L

	
	
	TSS (Bottom)
	59
	SM 2540D
	mg/L
	4 mg/L

	
	
	VSS (Photic zone)
	60
	SM 2540E
	mg/L
	4 mg/L

	
	
	VSS (Bottom)
	59
	SM 2540E
	mg/L
	4 mg/L

	3/8/2004-12/7/2004
	Big Bear Lake 2004 Full-Scale Alum Application For Phosphorus Control QAPP (Revision #1: May 27, 2004)
	Water clarity (secchi)
	114
	Secchi disk
	feet
	N/A

	
	
	TSS (Photic zone)
	59
	SM 2540D
	mg/L
	4 mg/L

	
	
	TSS (Bottom)
	59
	SM 2540D
	mg/L
	4 mg/L

	
	
	VSS (Photic zone)
	59
	SM 2540E
	mg/L
	4 mg/L

	
	
	VSS (Bottom)
	59
	SM 2540E
	mg/L
	4 mg/L

	3/9/2005-11/16/2005
	2004-2005 Quantitative Support Study of Nutrients and Aquatic Macrophytes in Big Bear Lake QAPP (Final: May 5, 2005)
	Water clarity (secchi)
	60
	Secchi disk
	feet
	N/A

	
	
	TSS (Photic zone)
	40
	SM 2540D
	mg/L
	4 mg/L

	
	
	TSS (Bottom)
	40
	SM 2540D
	mg/L
	4 mg/L

	
	
	VSS (Photic zone)
	40
	SM 2540E
	mg/L
	4 mg/L

	
	
	VSS (Bottom)
	40
	SM 2540E
	mg/L
	4 mg/L

	
	
	Turbidity2
	60
	Nephelometer
	NTU
	0.1


1 Includes all samples collected prior to evaluation of samples with specified measurement quality objectives

2 Vertical profiles of turbidity measurements were obtained during 15 dates at the four sampling locations.

5.1.1.
Total Suspended Solids and Volatile Suspended Solids

At all four stations, a photic zone
 composite water column sample and a discrete bottom water column sample
 were analyzed for total suspended solids and volatile suspended solids.  The VSS method is used to determine the relative proportion of the organic fraction within the total suspended solids concentration.  ISS (inorganic suspended solids) can be estimated by obtaining the difference between TSS and VSS.  The siltation/sedimentation listing is for sediment and not for organic suspended solids.  Knowing the relative proportions of the inorganic and organic fractions of TSS is important in determining whether siltation/sedimentation is primarily caused by sediment or by organic suspended solids.    
Spatial differences were observed in TSS and VSS concentrations, with higher values seen in the east end (MWDL9) (Figures 3 and 4).  This is also illustrated by the results from running the non-parametric Kruskal-Wallis test for multiple comparisons.  Stations MWDL1 and MWDL2 were statistically significantly less than Station MWDL9 in both bottom and photic zone TSS and VSS concentrations (Table 3).  Station MWDL6 was also statistically significantly different from MWDL9 in photic zone TSS and VSS concentrations with lower concentrations observed in MWDL6.  This same relationship (i.e., MWDL6 vs. MWDL9) was not observed, however, for the bottom concentrations of TSS and VSS.  Instead, bottom concentrations of TSS and VSS for Stations MWDL1 and MWDL2 were statistically significantly less than MWDL6.  Based on these results, it appears that the location of the stations (west versus east end) plays an important role in the observed concentrations of TSS and VSS.
Note in a few instances, it appears that sampling error caused some of the abnormally high values observed for TSS and VSS bottom samples (see raw data, Appendix A).  This data, however, was included in the statistical analyses.  

Temporal differences were observed in TSS and VSS concentrations for both the photic zone and bottom water column samples.  Winter is defined as December –February; spring from March through May; summer as June through August; and fall as September through November.  The Kruskal-Wallis multiple comparisons test was conducted to determine seasonal differences in station pairs.  

For both photic zone and bottom samples, winter and spring TSS and VSS concentrations were statistically significantly less than those observed in fall, and for the photic zone TSS and VSS and bottom VSS samples, fall concentrations were statistically significantly greater than summer concentrations (Table 4).  The fall concentrations probably reflect detritus from decaying macrophytes and subsequent increase in algal biomass (as measured by chlorophyll a) from released nutrients from macrophytes and the fall turnover.  Statistically significant differences were seen in chlorophyll a concentrations among seasons with fall showing the highest median of all seasons (Table 5).  There were also significant differences in chlorophyll a concentrations among stations with MWDL6 and MWDL9 concentrations statistically significantly greater than concentrations at MWDL1 and MWDL2 (Table 6).
Table 3. Group stations that show significant differences in TSS and VSS concentrations

	Parameter
	Groups
	Medians (mg/L)
	P-value**

	Photic zone TSS
	MWDL1 vs. MWDL9
	10.8 vs. 17.9 
	0.0000

	
	MWDL2 vs. MWDL9
	11.0 vs. 17.9
	0.0000

	
	MWDL6 vs. MWDL9
	12.7 vs. 17.9
	0.0001

	Bottom TSS
	MWDL1 vs. MWDL9
	13.4 vs. 22.4
	0.0000

	
	MWDL2 vs. MWDL9
	12.8 vs. 22.4
	0.0000

	
	MWDL1 vs. MWDL6
	13.4 vs. 17.6
	0.0057

	
	MWDL2 vs. MWDL6
	12.8 vs. 17.6
	0.0071

	Photic zone VSS
	MWDL1 vs. MWDL9
	6.0 vs. 8.2
	0.0000

	
	MWDL2 vs. MWDL9
	6.2 vs. 8.2
	0.0000

	
	MWDL6 vs. MWDL9
	6.6 vs. 8.2
	0.0054

	
	MWDL1 vs. MWDL6
	6.0 vs. 6.6
	0.0328

	Bottom VSS
	MWDL1 vs. MWDL9
	6.4 vs. 8.7
	0.0000

	
	MWDL2 vs. MWDL9
	6.4 vs. 8.7
	0.0000

	
	MWDL1 vs. MWDL6
	6.4 vs. 7.8
	0.0194

	
	MWDL2 vs. MWDL6
	6.4 vs. 7.8
	0.0291


**Significant at an ( level of 0.05

Table 4. Seasonal groups that show significant differences in TSS and VSS concentrations

	Parameter
	Groups
	Medians (mg/L)
	P-value**

	Photic zone TSS
	Fall versus spring
	15.4 vs. 11.4
	0.0021

	
	Summer versus fall
	12.3 vs. 15.4
	0.0064

	
	Fall versus winter
	15.4 vs. 12.0
	0.0229

	Bottom TSS
	Fall versus winter
	20.0 vs. 13.4
	0.0026

	
	Fall versus spring
	20.0 vs. 13.8
	0.0067

	Photic zone VSS
	Fall versus spring
	8.0 vs. 6.0
	0.0000

	
	Fall versus winter
	8.0 vs. 6.4
	0.0016

	
	Summer versus fall
	6.4 vs. 8.0
	0.0085

	
	Summer versus spring
	6.4 vs. 6.0
	0.0279

	Bottom VSS
	Fall versus spring
	8.8 vs. 6.4
	0.0001

	
	Fall versus winter
	8.8 vs. 7.3
	0.0060

	
	Summer versus fall
	7.4 vs. 8.8
	0.0231


**Significant at an ( level of 0.05
Table 5. Seasonal groups that show significant differences in chlorophyll a concentrations

	Parameter
	Groups
	Medians (mg/L)
	P-value**

	Photic zone chlorophyll a
	Fall versus spring
	18.7 vs. 9.8
	0.0000

	
	Summer versus fall
	13.0 vs. 18.7
	0.0000

	
	Winter versus spring
	14.8 vs. 9.8
	0.0184

	
	Summer versus spring
	13.0 vs. 9.8
	0.0248


**Significant at an ( level of 0.05
Table 6. Station groups that show significant differences in chlorophyll a concentrations

	Parameter
	Groups
	Medians (mg/L)
	P-value**

	Photic zone chlorophyll a
	MWDL1 vs. MWDL9
	10.6 vs. 16.2
	0.0014

	
	MWDL1 vs. MWDL6
	10.6 vs. 16.2
	0.0019

	
	MWDL2 vs. MWDL9
	12.4 vs. 16.2
	0.0093

	
	MWDL2 vs. MWDL6
	12.4 vs. 16.2
	0.0117


**Significant at an ( level of 0.05
Turnbull’s method was used to compute Kendall’s tau to determine if a relationship between fall chlorophyll a and fall VSS and TSS photic zone variables exists and if it does, whether it is linear, or non-linear and finally, if the relationship is strong.  In this case, as shown in Figures 5 and 6, there is a relationship between chlorophyll a and the photic zone TSS and VSS variables measured in the fall.  The relationship between chlorophyll a and the photic zone VSS concentrations in the fall is stronger than that of chlorophyll a and the photic zone TSS concentrations in the fall as indicated by the S test statistic (Table 7).  Recall that VSS is the organic portion of TSS consisting of chlorophyll a and other organic suspended particulates, so this relationship is not surprising.

Table 7. Statistics for relationships between chlorophyll a and TSS and VSS composite variables during fall

	Parameter
	S test statistic*
	p-value**, N

	TSS fall composite
	453
	0.0007, 54

	VSS fall composite
	609
	0.0000, 54


*Measures the monotonic (i.e., when y increases or decreases as x increases) dependence of y on x (Helsel and Hirsch, 1992, pp. 210, 213)

**Significant at an ( level of 0.05
The inorganic portion of TSS (i.e., inorganic suspended solids (ISS)) was estimated as the difference between TSS and VSS.  Using the values from Table 8, MWDL1, MWDL2, MWDL6 and MWDL9 have estimated average percentages of 45, 45, 47 and 54% ISS, respectively, for the photic zone and estimated average percentages of 57, 56, 62, and 62% ISS, respectively, for the bottom concentrations.  The estimated ISS percentage observed for the east end station (MWDL9) probably reflects the shallowness of the site and subsequent resuspension of sediment, along with the input of sediment from Rathbun Creek during major storm events.  It is likely that the higher ISS percentages observed in the bottom sediments represents the effects of resuspension.

Table 8. Water Quality Data Summary for Big Bear Lake (June 2001- November 2005)

	Parameter Analyzed
	MWDL1
	MWDL2
	MWDL6
	MWDL9

	TSS Photic Zone  (mg/L)
	
	
	
	

	     Average
	11.0
	11.2
	13.4
	20.2

	     Median
	10.8
	11.0
	13.0
	18.0

	     # of samples
	56
	57
	56
	55

	     # of non-detects (Detection limit (DL) =4.0 mg/L)
	1
	1
	1
	0

	     Max
	21.0
	20.0
	31.0
	52.7

	TSS Bottom  (mg/L)
	
	
	
	

	     Average
	15.9
	16.0
	23.4
	27.2

	     Median
	13.8
	12.8
	17.6
	22.8

	     # of samples
	56
	57
	56
	54

	     # of non-detects (DL =4.0 mg/L)
	2
	1
	1
	0

	     Max
	84.0
	60.0
	92.0
	71.8

	VSS Photic Zone  (mg/L)
	
	
	
	

	     Average
	6.0
	6.2
	7.1
	9.2

	     Median
	6.0
	6.2
	6.6
	8.2

	     # of samples
	55
	57
	55
	55

	     # of non-detects (DL =4.0 mg/L)
	8
	10
	5
	3

	     Max
	9.8
	11.6
	14.8
	22.3

	VSS Bottom  (mg/L)
	
	
	
	

	     Average
	6.9
	7.0
	8.9
	10.3

	     Median
	6.4
	6.4
	7.8
	8.8

	     # of samples
	56
	57
	56
	54

	     # of non-detects (DL =4.0 mg/L)
	8
	12
	5
	5

	     Max
	25.0
	16.3
	23.5
	23.5

	ISS Photic Zone (mg/L)
	
	
	
	

	    Average
	5.0
	5.0
	6.3
	10.9

	    % of TSS
	45%
	45%
	47%
	54%

	ISS Bottom (mg/L)
	
	
	
	

	    Average
	9.0
	9.0
	14.5
	16.9

	    % of TSS
	57%
	56%
	62%
	62%
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	Secchi disk transparency (meters)
	
	
	
	

	     Average
	2.27
	2.06
	1.74
	1.08

	     Median
	2.13
	2.02
	1.52
	0.91

	     # of samples
	58
	58
	57
	56


Note: Averages and medians were estimated using the Kaplan-Meier distribution analysis
TSS= total suspended solids

VSS=volatile suspended solids

ISS = inorganic suspended solids (estimated from subtracting average VSS from average TSS using values from Table 8
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Resuspension is dependent upon the type of sediments (i.e., silts and clays are more easily resuspended than sands and gravels) and organic content, among other parameters.  The percentage of silt increases from MWDL1 to MWDL9 (7.3% to 30.5%), while the organic carbon percentage is highest at MWDL6 (14.48%) (Anderson and Dyal, 2003) (Table 9).
Table 9. Sediment characterization

	Station
	Sand (%)
	Silt  (%)
	Clay (%)
	C (%)

	MWDL1
	79.3
	7.3
	13.4
	6.22

	MWDL2
	72.8
	14.1
	13.0
	6.35

	MWDL6
	73.5
	16.2
	10.3
	14.48

	MWDL9
	57.4
	30.5
	12.1
	4.69


Modified from Anderson and Dyal, 2003
To determine if any of the four sampling stations are susceptible to resuspension during wind events, engineering equations were used to determine the wave period and the wavelength for fetches and wind speeds that are usually observed for Big Bear Lake.  Resuspension of bottom sediments can occur when deepwater waves move into water less than one-half the wave length (Bloesch, 1995; Carper and Bachmann, 1984).  

The U.S. Army Coastal Engineering Research Center developed the following empirical equation to relate wave period, T (seconds), to wind velocity, U (meters per second), and fetch, F (meters) (Carper and Bachmann, 1984):
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If the wind velocity and fetch are known, T, can be calculated using the equation above.  Then, the wavelength, L (meters), can be calculated using the wave period value from equation 1, the gravitational constant (g), and solving for L in equation 2 as shown below (Carper and Bachmann, 1984):
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By using the equations above, the depths at which deepwater waves would be expected to disturb the fine bottom sediments can be calculated for all four sampling stations.  

Big Bear Lake also has significant macrophyte coverage which aids in dampening the effects of the waves and potentially decreasing resuspension of bottom sediments.  However, the majority of macrophytes in Big Bear Lake grow in waters less than 20 feet deep.  Stations MWDL1, MWDL2, MWDL6 and MWDL9 are located in 52, 42, 34 and 26 feet of water, respectively, at full pool (Fugro Pelagos, Inc., 2006), so the effect of macrophytes on resuspension of sediments would be minimal when the lake is full.  When, however, the lake level is down over 10 feet, as occurred from 2002 through the early part of 2005 (Figure 1), water quality at and near MWDL9 could be expected to benefit from macrophytes, if macrophytes were present
.   
Daily average wind speeds and wind directions from 2005 were obtained from a local weather station located in the Fox Farm area in Big Bear Lake (Figure 2).  Fetches for the four sampling stations in Big Bear Lake were calculated for the four main wind directions.  A range of wind speeds obtained from the daily records were then used to calculate the depths at which waves can be expected to resuspend bottom sediments from the four compass directions (Table 10).  For the most part, the wind direction is primarily from the south, including the south southwest, south southeast, and southwest.

Big Bear Lake experiences wind speeds of 1.0, 5.0 and 10.0 m/s, with 10 m/s representative of the monthly highs.  The speed limit for boats on Big Bear Lake is 35 mph (15.6 m/s), except within approximately 200 feet from the shore, where it is 5 mph (S.Hamilton, personal communication, 11/30/2006).  The critical depths for mixing for MWDL1 and MWL2 as shown in Table 10 would likely never be observed even if lake levels were below full pool because these stations are located in relatively deep water, i.e., 15.8 meters and 12.8 meters at full pool.  Since MWDL6 is located in 10.4 meters of water, it would take lake levels to fall 10 feet below full pool before the mixing depth for a wind speed of 15 m/s of westerly winds would occur.  MWDL9, located in 7.9 m of water is the only station in which the mixing depth for a wind speed of 15 m/s of westerly winds would occur at full pool.  If lake levels dropped 15 feet or more (station located in 3.4 m of water), bottom sediments would be disturbed more frequently at wind speeds of 10 to 15 m/s.  For all stations, bottom sediments would be more easily disturbed from winds out of the west or east since the fetches for these directions are longer than those for the north and south directions.  

Based on this information, it is likely that one of the reasons MWDL9 has higher TSS concentrations than the other stations is that the bottom sediments are disturbed more often by deepwater waves because this station is located in shallower water.  In addition, boat traffic during the summer months could also cause resuspension of bottom sediments.

Table 10.  Mixing depths for the four lake stations for different wind speeds and fetches

	
	MWDL1
	MWDL2
	MWDL6
	MWDL9

	U (m/s)
	T (s)
	Fetch-S
	L (m)
	Mixing depth (m)
	T
	Fetch-S
	L (m)
	Mixing depth (m)
	T
	Fetch-S
	L (m)
	Mixing depth (m)
	T
	Fetch-S
	L (m)
	Mixing depth (m)

	1.0
	0.40
	340
	0.3
	0.1
	0.47
	780
	0.4
	0.2
	0.50
	1100
	0.4
	0.2
	0.46
	640
	0.3
	0.2

	5.0
	0.98
	340
	1.5
	0.8
	1.20
	780
	2.2
	1.1
	1.30
	1100
	2.6
	1.3
	1.14
	640
	2.0
	1.0

	10.0
	1.41
	340
	3.1
	1.5
	1.72
	780
	4.6
	2.3
	1.87
	1100
	5.5
	2.7
	1.64
	640
	4.2
	2.1

	15.0
	1.73
	340
	4.7
	2.3
	2.12
	780
	7.0
	3.5
	2.31
	1100
	8.3
	4.1
	2.02
	640
	6.4
	3.2

	
	
	Fetch-N
	
	
	
	Fetch-N
	
	
	
	Fetch-N
	
	
	
	Fetch-N
	
	

	1.0
	0.43
	440
	0.3
	0.1
	0.44
	550
	0.3
	0.2
	0.48
	850
	0.4
	0.2
	0.43
	465
	0.3
	0.1

	5.0
	1.05
	440
	1.7
	0.9
	1.10
	550
	1.9
	0.9
	1.22
	850
	2.3
	1.2
	1.06
	465
	1.8
	0.9

	10.0
	1.50
	440
	3.5
	1.8
	1.58
	550
	3.9
	2.0
	1.76
	850
	4.8
	2.4
	1.52
	465
	3.6
	1.8

	15.0
	1.84
	440
	5.3
	2.6
	1.95
	550
	5.9
	3.0
	2.17
	850
	7.3
	3.7
	1.87
	465
	5.4
	2.7

	
	
	Fetch-E
	
	
	
	Fetch-E
	
	
	
	Fetch-E
	
	
	
	Fetch-E
	
	

	1.0
	0.47
	760
	0.3
	0.2
	0.61
	3980
	0.6
	0.3
	0.52
	1320
	0.4
	0.2
	0.53
	1420
	0.4
	0.2

	5.0
	1.19
	760
	2.2
	1.1
	1.73
	3980
	4.7
	2.3
	1.35
	1320
	2.9
	1.4
	1.38
	1420
	2.9
	1.5

	10.0
	1.71
	760
	4.6
	2.3
	2.53
	3980
	10.0
	5.0
	1.95
	1320
	6.0
	3.0
	1.99
	1420
	6.2
	3.1

	15.0
	2.11
	760
	6.9
	3.5
	3.14
	3980
	15.4
	7.7
	2.41
	1320
	9.1
	4.5
	2.45
	1420
	9.4
	4.7

	
	
	Fetch -W
	
	
	
	Fetch -W
	
	
	
	Fetch -W
	
	
	
	Fetch -W
	
	

	1.0
	0.47
	760
	0.3
	0.2
	0.50
	1000
	0.4
	0.2
	0.60
	3630
	0.6
	0.3
	0.63
	5010
	0.6
	0.3

	5.0
	1.19
	760
	2.2
	1.1
	1.27
	1000
	2.5
	1.3
	1.69
	3630
	4.5
	2.2
	1.82
	5010
	5.1
	2.6

	10.0
	1.71
	760
	4.6
	2.3
	1.83
	1000
	5.2
	2.6
	2.48
	3630
	9.6
	4.8
	2.67
	5010
	11.1
	5.6

	15.0
	2.11
	760
	6.9
	3.5
	2.25
	1000
	7.9
	4.0
	3.08
	3630
	14.7
	7.4
	3.32
	5010
	17.2
	8.6
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5.1.2.
Turbidity

According to the Listing Policy and associated FED, “water bodies would not be listed for sediment based on turbidity unless it can be demonstrated that the cause of increased turbidity is an increased delivery of sediment” (SWRCB 2004b, p. 129).

Turbidity data are limited in that they are only available for the year 2005 (March-November).  These data were also collected as depth profile data; therefore, these profiles were grouped by depth increments and also by season.  It is necessary to determine if turbidity values have increased above background, if the factors that caused that increase are controllable, and whether the increased turbidity is based on an increased delivery of sediment.  

Data were aggregated by seasons and depth intervals, and the median range of turbidity values for each of the four stations for each season and depth interval were determined.  No data were collected during the winter season.  Seasons are defined as above for TSS and VSS.  As shown in Table 11, turbidity values vary both spatially and temporally.  All turbidity values are less than 50 NTU which means that the maximum allowable increase in turbidity from controllable factors is 20%.  Because there is no reference station to determine if there are increases above 20%, the only conclusions that can be made from these data are that values are highest during the fall; Station MWDL9 had the highest turbidity values, while the turbidity values for Stations MWDL1 and MWDL2 appear similar.  Station MWDL6 is somewhat in between the values observed for the west end (MWDL1 and MWDL2) and east end (MWDL9) stations. 
Table 11. Median values of turbidity aggregated by season and depth interval

	
	Depth (m)
	MWDL1
	MWDL2
	MWDL6
	MWDL9

	Fall
	0-3
	14.2
	15.2
	16.8
	22.8

	(4 dates)
	4-7
	14.1
	15.7
	17.0
	23.1

	
	8-11
	14.7
	16.4
	20.5
	

	 
	12-15
	17.0
	
	
	

	Spring
	0-3
	2.2
	2.4
	2.7
	4.6

	(6 dates)
	4-7
	2.2
	2.2
	2.8
	5.2

	
	8-11
	1.9
	2.4
	3.8
	

	 
	12-15
	3.4
	
	
	

	Summer
	0-3
	1.4
	1.5
	2.0
	6.8

	(5 dates)
	4-7
	1.5
	1.7
	2.2
	4.8

	
	8-11
	1.5
	1.7
	2.3
	

	 
	12-15
	3.8
	0.5a
	
	


  a Value represents only one date
No data were collected during the winter months (i.e., Dec. – Jan.)
Sedimentation/siltation caused by recreational activities would fall under controllable factors, whereas, resuspension of sediments from wind and other natural phenomena would be classified as uncontrollable factors.  
The higher turbidity measurements in the fall are likely due to chlorophyll a concentrations.  As mentioned previously, the chlorophyll a median was the highest in fall and there was a strong relationship between fall concentrations of cholorophyll a and TSS and VSS and there were also differences in chlorophyll a concentrations, with higher concentrations observed at MWDL6 and MWDL9.

If tributaries to the lake showed an increased delivery of sediment, we would expect to see the turbidity values increase in winter and spring when storm events and snowmelt occur.  This does not appear to be the case.  As shown in Table 11, there are no measurements for winter, and the values for spring are somewhat greater than those shown for the summer season; however, they do not approach the values observed in the fall.  Therefore there does not appear to be an increased delivery of sediment to the lake during the spring.
5.1.3.
Secchi disk transparency 

Transparency is affected by algae and nonalgal turbidity
.  Secchi disk transparency was also recorded at each of the lake stations and is reported in Table 8.

Spatial as well as temporal differences in secchi disk transparencies were observed.  Greater secchi disk transparencies were recorded at the deeper west end of the lake (MWDL1 and MWDL2) than at the east end of the lake (MWDL9).  Table 12 shows the station groups that showed statistically significant differences in secchi disk transparencies while Table 13 shows the seasons that showed statistically significant differences in secchi disk transparencies.  Similar patterns as observed previously for TSS and VSS were apparent for secchi disk transparencies.  For example, the lowest secchi disk transparencies were observed in fall and these were statistically significantly different from spring and winter values.  The fall values were also significantly less than the summer values.  Recall from above that turbidity, chlorophyll a, TSS and VSS values were all highest in fall, so it is not surprising that the lowest secchi disk transparencies were also observed during the fall.

Table 12. Group stations that show significant differences in secchi disk transparencies

	Parameter
	Groups
	Medians (meters)
	P-value**

	Secchi disk
	MWDL1 vs. MWDL9
	2.13 vs. 0.91
	0.0000

	
	MWDL2 vs. MWDL9
	2.02 vs. 0.91
	0.0000

	
	MWDL6 vs. MWDL9
	1.52 vs. 0.91
	0.0000

	
	MWDL1 vs. MWDL6
	2.13 vs. 1.52
	0.0026


**Significant at an ( level of 0.05
Table 13. Seasons that show significant differences in secchi disk transparencies

	Parameter
	Groups
	Medians (meters)
	P-value**

	Secchi disk
	Fall vs. Spring
	1.22 vs. 1.83
	0.0000

	
	Fall vs. Winter
	1.22 vs. 2.26
	0.0000

	
	Summer vs. Fall
	1.83 vs. 1.22
	0.0001


**Significant at an ( level of 0.05
During the late summer, macrophytes start to decay and algal blooms occur.  Both of these processes contribute significant amounts of detritus to the water column and contribute to the lowering of water clarity. 

Because secchi disk transparency is affected by algae and/or nonalgal turbidity, it would be useful to determine which has the greater impact on transparency.  Walker (1996, 4-15) provides an equation to calculate nonalgal turbidity from secchi disk transparency and chlorophyll a measurements.  The purpose of this equation is to determine whether transparency is affected by algal response to nutrients or by allochthonous particulates.  The equation is as follows:

(1/secchi) – (0.025 x chl a) = nonalgal turbidity

secchi in meters; chlorophyll a in mg/m3
Results <0.4: allochthonous particulates unimportant;high algal response to nutrients

Results >1 allochthonous particulates possibly important; low algal response to nutrients

For each paired chlorophyll a and secchi disk transparency measurement, nonalgal turbidity was calculated and then yearly and seasonal averages were calculated for each main TMDL lake station (MWDL1, MWDL2, MWDL6, and MWDL9) (Table 14).  For stations MWDL1, MWDL2 and MWDL6 values were less than 0.4 for all years, implying that the turbidity seen in the lake water column was caused by algae and not allochthonous particulates.  These stations had values less than or equal to 0.4 for 86%, 79% and 79% of the time, respectively.  For MWDL9, years 2004 and 2005 showed averages >0.4, but less than 1.  This station had values less than or equal to 0.4 for only 43% of the time.  For all years and seasons, MWDL9 recorded the highest averages, but none were >1; however, on five separate occasions, individual values were >1.

Overall, it appears that secchi disk transparencies at all stations have a high algal response to nutrients and allochthonous particulates are unimportant.  As with the turbidity data, this analysis also indicates that turbidity levels and low secchi depth readings at MWDL9 are due to algae, and not sedimentation.  

Table 14. Nonalgal turbidity for Big Bear Lake (June 2001- November 2005)

	
	MWDL1
	MWDL2
	MWDL6
	MWDL9

	
	
	
	
	

	2001 Average
	0.18
	0.20
	0.08
	0.19

	2002 Average
	0.18
	0.26
	0.22
	0.35

	2003 Average
	0.18
	0.17
	0.24
	0.31

	2004 Average
	0.26
	0.28
	0.37
	0.71

	2005 Average
	0.35
	0.39
	0.39
	0.57

	Spring (March-May) Average
	0.24
	0.25
	0.27
	0.59

	Summer (June -Aug.) Average
	0.22
	0.25
	0.24
	0.34

	Fall (Sept. -Nov.) Average
	0.31
	0.35
	0.43
	0.53

	Winter (Dec.-Feb.) Average
	0.00
	0.04
	0.10
	0.46


5.2
Big Bear Lake Capacity

The BBMWD provided several reports and historic and recent bathymetry data to demonstrate that the lake capacity has not decreased over time, as originally reported, but has actually increased.  Reports and data reviewed include: 
· Big Bear Lake Multibeam Bathymetric Study (Fugro Pelagos Inc., May 2006)

· 1884 and 1968 Big Bear Lake digitized contours (Moffatt and Nichol, 2005)

· letters from Moffatt and Nichol dated August 18, 2005 and November 16, 2005

· Bathymetric Mapping and Volume Study (RMI, Inc., 1995)

· The Staged Environmental Impact Report for Lake Restoration Activities-Volume I (Don Owen and Associates, May 1977; pp. II-2, II-6, III-6, and III-8)

· the Interim Report on Proposed Lake Restoration Activities for Big Bear Lake (Don Owen and Associates, October 1977).  

The Staff Report on the Sediment Total Maximum Daily Loads for Big Bear Lake and Rathbun Creek, dated July 11, 2005 (SARWQCB, 2005b), relied upon the current and historic lake capacity reported in the Big Bear Municipal Water District’s Management Plan (BBMWD, 2002) to determine that there was a decrease in lake capacity.  This original source for the reported lake capacities was The Staged Environmental Impact Report for Lake Restoration Activities (Don Owen and Associates 1977a).  In this report, the consultant reports that “The higher dam, completed in 1911, permitted an increase of the maximum capacity of the reservoir from 22,400 acre-feet to 85,400 acre-feet.  Due to siltation of the reservoir since then, the maximum capacity of the existing reservoir is approximately 72,500 acre-feet” (Don Owen and Associates, 1977a, III-6).

Subsequently, in the Interim Report on Proposed Lake Restoration Activities for Big Bear Lake, Don Owen and Associates (1977b) reports that the program “…calls for the removal of as much as 2.5x106 cubic yards of sediment which accumulates at the rate of 33,000 cubic yards per year ” (p. 2).  In addition, the lake capacity based on 1884 surveys is reported as “approximately 71,000 acre-feet” (Don Owen and Associates, 1977b, 3).

As pointed out in an e-mail dated August 11, 2005 from Tim Moore, a consultant for the Big Bear Lake TMDL Task Force, there are inconsistencies in the lake capacities and sedimentation inputs originally reported by Don Owen and Associates in the 1977 reports.  For instance, as stated above, sediment was reported to accumulate at the rate of 33,000 cubic yards per year.  If the loss in lake capacity were 12,900 acre feet (i.e., 85,400-72,500) than this would equate to approximately 320,200 cubic yards per year (i.e, 20.8 x106 cubic yards
/65 years), different by a factor of 10 (i.e., 33,000 cubic yards versus 320,200 cubic yards).  Either the reported lake capacity of 85,400 acre-feet is off by 10,000 acre-feet or the reported sediment rate of 33,000 cubic yards is off by a factor of 10.  

To determine the capacity of the lake that would have been available in 1912 with the current dam configuration, the BBMWD hired Moffat and Nichol.  Moffat and Nichol scanned a 1968 map that had contours from an earlier 1884 contour map, integrated with the high water line survey completed in 1938 by Hicks and Hartwick, to elevation 6740.9.  They had to translate the last contour (6740.9) upwards 2.3 feet to match the spillway elevation of 6743.2 which could cause the final calculated volume to vary up to 35 acre-feet depending on the actual slope of the lake perimeter (Moffat and Nichol, 2005a).  They digitized the contours for later use in the Autodesk Land Desktop software.  This software allows the computation of volumes.  This analysis indicated a storage capacity at current spillway elevation (6743.2 feet) of 72,787 acre-feet
 (Moffat and Nichol, 2005a).

This calculated storage capacity of 72,787 acre-feet is very similar to the reported lake capacity of 72,500 acre-feet in the Don Owen and Associates report.  In addition, a 1995 Bathymetric Mapping and Volume Study (RMI, 1995) calculated the volume of the lake at 74,268.4 acre-feet which also included Stanfield Marsh.  Finally, the 2006 lake bathymetry study calculated the lake volume at 75,332.1 acre-feet, including Stanfield Marsh (Fugros Pelagos, Inc.,  2006).  All of these computed lake capacities show that (a) the historic lake capacity of 85,400 acre-feet as reported in the 1977 report is suspect, (b) the lake capacities reported from 1968, 1995 and 2006 are very similar, (c) there has been no loss in lake capacity, and (d) the lake capacity in 2006 has increased. 
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� Organic matter created within the watershed and imported to the water body (Wetzel, 2001, 49)


� The BBMWD continues to use the area-capacity chart prepared from the 1968 bathymetry for the 1977 judgment for Watermaster reporting.  Based on the 2006 bathymetry data, the volume of the lake has increased roughly 2000 AF, but the reported surface area of the lake is still based on the 1968 bathymetry (S. Hamilton, personal communication, 11/6/2006). 


� Turbidity monitoring was initiated in 2005.


� Secchi depth is a measure of  water clarity.  High readings indicate greater clarity.  


� Photic zone is the zone to which light can penetrate the water column; for monitoring purposes, the photic zone was calculated as two times the secchi depth.


� The discrete bottom sample was collected approximately 0.5 meters above the lake bottom surface using a pump.


� Beginning in 2002, nuisance macrophytes, which comprised the majority of aquatic plants in Big Bear Lake were eradicated using aquatic herbicides.  More beneficial species of aquatic plants started to grow back in 2005.  Between 2002 and 2005, macrophyte coverage decreased significantly.


� Includes color and inorganic suspended solids.


� 1 acre-foot of sediment = 1613.3 cubic yards


� Includes Stanfield Marsh as part of the capacity estimates (Moffat and Nichol, 2005b)
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