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1.0 INTRODUCTION

1.1 PURPOSE OF STUDY

This report provides an analysis of phosphorous loading from various sources to five
basins in Lake Wequaquet: the Main Basin (which includes the most northerly basin and
the central basin of the lake); the South Basin of the Lake; Gooseberry Pond; and Bearses
Pond. The sources of phosphorous considered included: (1) previously estimated loading
from natural areas, impervious surfaces, fertilizers, and wildlife; and (2) revises estimates
of loadings from groundwater and rain based on data obtained in this study. The report
also provides an analysis of the potential for sediment recycling of phosphorous based
on: (1) previous estimates of hydrographic conditions and water column phosphorous
concentrations in the lake; and (2) estimates of the depth and areal extent of fine
unconsolidated sediments in the lake and the concentrations of phosphorous in the these
unconsolidated sediments. The report includes (1) a management plan based on the
results of these data analyses and (2) recommendations for further studies to address
uncertainties in the assessments and to support the management plan.

1.2 SCOPE OF STUDY

The study included (1) measurement of phosphorous concentrations in shallow
groundwater near the shore of the lake along shorelines previously identified as areas of
groundwater discharge to the lake over several periods; (2) sampling of phosphorous
concentrations in rain falling on the lake over the course of one year; (3) an acoustic
bathymetric survey of the lake; (4) an acoustic sub-bottom profile of the thickness of the
unconsolidated layer of the lake sediments; (5) sediment coring to sample lake sediments
for the analysis of total phosphorous, loosely bound phosphorous, and iron bound
phosphorous.

The data analysis and data products included: (1) basin by basin estimates of the loading
of phosphorous from shallow groundwater to the five lake basins; (2) basin by basin
estimates of the likely contribution of this groundwater load from septic systems within
100 meters of the shoreline under current conditions and at future breakout; (3) an
updated and detailed bathymetric map of the Lake; (4) a detailed map of surficial
sediment types covering the bottom of the lake; (5) an estimate of the thickness of the
uconsolidated sediment layer in each lake basin; (6) a basin by basin estimate of rain
water loading of phosphorus; (7) an analysis of the current trophic status of each lake
basin based on total phosphorous loading and basin hydrography; (8) an analysis of the
potential for phosphorous to release from that fraction of sediments that are occasionally
subject to low oxygen conditions.

1.3 CONCLUSIONS OF THE STUDY
The analyses presented in this report suggest that:

1) The phosphorous loading to the lake from the existing septic systems is the largest
manageable fraction of the total annual phosphorous load,;
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2) Some subset of these existing systems are likely to be experiencing breakout
currently;

3) Without management actions to control the septic loading, future septic loading
will increase sufficiently to drive the trophic status of the lake toward a eutrophic
condition;

4) Recycling of phosphorous from sediments may contribute as much as 20% to 30%
of the overlying water column phosphorous concentration but only during periods
of near bottom anoxia in the Central Basin and Bearses Pond.

Several lines of evidence and analysis indicate that the lake basins, although currently
classified as oligotrophic to mesotrophic are susceptible to further eutrophication over the
next several decades because:

5) The trophic categorizations based on 95" UCL on the average for groundwater and
rainwater measurements of phosphorus indicate that all the basins are at least
mesotrophic and Gooseberry may already be eutrophic;

6) The current chlorophyll data indicates that the basins are mesotrophic;

7) Dissolved oxygen data indicate occasional low bottom water oxygen;

8) The maximum and 95" UCL on the mean of measured phosphorous
concentrations in groundwater entering the lake suggests some breakout may be
occurring;

9) The use of the 95 UCL on the mean in trophic categorizations is often similar to
the expected categorization under an assumed condition of phosphorous breakout
to the lake.

The general conclusion of these analyses is that Lake Wequaquet is eutrophying and may
already be experiencing breakout from near shore septic systems. Although we cannot
put a timeframe on the rate of eutrophication or breakout, we do note that the timeframe
for breakout from the Otis Air Base plume to Ashumet Pond in Falmouth is on the time
scale of decades (recognizing the higher septic loads to that system).

Several observations support the probability of breakout currently occurring, at least on
local scales. These include: (1) the water quality data; (2) various aperiodic, but
generally late summer qualitative observations of metaphyton blooms along the near
shore areas of the lake; and (3) observations of near shore macro-algal blooms at various
locations in the lake.

1.4 RECOMMENDATIONS

The report explicitly recognizes various sources of variability and uncertainty in the data
and the data analyses, and makes various recommendations to address these. In addition,
these recommendations incorporate recent systematic observations made during annual
monitoring of the lake and incidental observations regarding transient algal blooms
noticed by abutters. The report also describes the manageable loadings of phosphorous
and discusses a range of alternatives to address these loadings.
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20 SAMPLING METHODS

This section describes the methods used to sample near shore shallow groundwater,
rainwater, sediments, and to measure lake depths to prepare a bathymetric map of the
Lake Wequaquet, Bearses Pond, and Gooseberry Pond. The sampling and measurement
program used standard methods, and laboratory analyses followed standard EPA or
American Society for Testing and Materials (ASTM) methods for the measurement of
chemical and physical parameters.

We assumed that shallow groundwater to Lake Wequaquet enters the lake in the near
shore region based on:

e Anempirical study in Falmouth (McCobb et al., 2003) demonstrating that
phosphorous rich groundwater from a plume entered the Ashumet Pond in the
immediate offshore area (within approximately 30 feet of the shoreline);

e Application of an empirically derived model (Pfannkuch et al., 1984) to the
various basins of Lake Wequaquet indicating that 74% of the groundwater inflow
to the lake occurs within 300 feet of the shoreline.

2.1 SHALLOW GROUNDWATER SAMPLING AND ANALYSIS

Shallow groundwater samples were collected during three separate sampling events in
August and October, 2011, and June 2012. This sampling occurred at shorelines that
prior studies demonstrated are areas of groundwater discharge to the lake (Eichner et al.,
2009). Figure 2.1-1 shows these discharging shorelines.

2.1.1 Sampling Locations and Dates

The sampling stations were located along transects perpendicular to the shore (Figure
2.1-2). Each sample location was labeled with a letter (A through K). In the August,
2011 sampling, a number of locations did not produce groundwater, including location C
on the map, on the southern portion of the Lake in the areas of groundwater recharge
from the lake. At location B it was very difficult to draw water. No samples were
collected at Bearses or Gooseberry Cove at this time. After this initial sampling round
the southern areas of the lake that did not have discharging shorelines were not sampled.

The second sampling round took place in October 2011 after the August 2011 results
were delivered from the lab. This round of sampling focused on sampling new locations
along the discharging shorelines of the western main lake shoreline (locations E, F, and
G) and a set of samples was collected from Bearses (location J) and Gooseberry Cove
(location H).

The last round of sampling took place in June 2012 results at the locations that were
previously sampled. This round of sampling focused on sampling the discharging
shorelines of the western main lake shoreline (locations A, E, F, G, and K (formerly D),)
and a set of samples was collected from Bearses (location J) and Gooseberry Cove
(location H).

L ake Wequaquet Final Report 3 October 2013
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2.1.2 Sample Collection Methods and Measurements

These stations were sampled above, at, and below the shoreline using temporary installed
piezometers. There is ample precedent for the use of piezometers to measure nutrient
concentrations in lake and tidal shores of Cape Cod (e.g. Valiella et al., 1978; Kroeger et
al., 2006). Groundwater samples were obtained from depths of one to three feet below
the surface of the beach (for those samples above the shoreline) or sediment surface (for
those samples at or below the shoreline).

These shallow groundwater samples were collected as pore water samples following the
EPA method, Pore Water Sampling, SOP # SESDPROC-513-R0, February 05, 2007.

Figure 2.1-1.  Shorelines discharging groundwater (blue) to Lake Wequaquet
(from Eichner et al., 2009).
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Figure 2.1-2.  Shallow groundwater sampling locations for Lake Wequaquet.

The piezometer was a %2 inch hollow iron pipe screened in the bottom 8 inches with a
steel point welded on the end. Sampling was initiated by inserting the piezometer
sampler into the ground approximately one to three feet deep at the sampling location
depending on depth to groundwater or obstructions, such as rocks, present in the ground.
The piezometer was hammered into the ground with a slide hammer. Once the
piezometer was in the place, an electronic water level meter was used to determine
whether water was present in the ground. If water was not present, then the piezometer
was hammered further into the ground. If after adjusting the piezometer water was still
not found, then the piezometer was pulled from the ground and an additional attempt was
made in another location nearby.

Once the water level meter indicated that water was present in the piezometer, % inch
polyethylene tubing was inserted down the center of the piezometer to the center of the of
the well screen. The other end of the tubing was inserted into a short section of LPDE
fitted to a peristaltic pump that was used to draw the groundwater. The effluent end of
the peristaltic pump tubing was connected to a flow through cell fitted with a YSI
multiparameter sonde to continuously monitor field parameters.

The field parameters included temperature, dissolved oxygen (DO), specific conductance,
oxidation reduction potential (ORP), pH, and turbidity.
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The YSI was calibrated at the beginning of each field day and the calibration was
checked at the end of each day. The groundwater was pumped for several minutes to
allow the field parameter readings time to stabilize. These field parameter readings were
recorded every 3 to 5 minutes. Once the readings stabilized, the tubing was pulled from
the YSI flow through cell and groundwater was discharged directly into the sample
container. The time of sample collection was recorded and care was taken not to put the
tubing into the bottle or knock debris into the sample container. In addition, several
ambient surface water samples were collected and analyzed from each basin during each
sampling event to provide a comparison with the groundwater sample results.

The samples were collected in laboratory supplied plastic sample bottles containing a
preservative, H2SO4. Each sample was stored in a cooler on ice until delivered to the
laboratory. Laboratory analysis of the shallow groundwater samples was performed
using method ASTM D515-88(A) for Total Phosphorous and EPA Method 353.2 for
Nitrate-Nitrite.

Quiality control (QC) samples were collected during the sampling effort included field
duplicate samples. Field duplicates are used to evaluate the field sampling procedures
and laboratory accuracy and precision in analyzing the samples. Any field equipment
such as pumps, tubing, porewater samplers, etc. that was reused between sampling
locations was properly decontaminated including bladder pumps and water level meters.
The decontamination procedure for equipment involved a deionized water rinse followed
by scrubbing with decontamination fluid consisting of a non-phosphate detergent and
deionized water mixed in a stainless steel pump sprayer. The decontamination fluid was
then rinsed off with deionized water, which was followed by a final rinse with deionized
water.

2.2 RAINWATER SAMPLING

Rainwater samples were collected to measure phosphorus concentration in rainwater and
to obtain a measure of the variability in this important parameter. A rainfall collection
gauge was set on the shores of the lake and collected rain during six rain events over the
course of the study.

The samples were collected in plastic containers pre-preserved with H2SO4 provided by
Spectrum Analytical, Inc. Each sample was stored in a cooler on ice until delivered to
the laboratory. Laboratory analysis of the rain samples was performed using method
ASTM D515-88(A) for Total Phosphorous and EPA Method 353.2 for Nitrate-Nitrite.

2.3  SEDIMENT SAMPLING

Sediment sampling occurred in two phases. The first phase of sediment sampling was the
collection of surface sediment grab samples at 62 stations, and the second phase was the
collection of samples from sediment cores.

2.3.1 Surface Grab Sampling

The surface grab sampling was done to ground-truth bathymetric survey interpretations
of the lake bottom.
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Surface sediment grabs were collected using a stainless steel Ponar grab sampler
deployed from the deck of a small pontoon boat. This Ponar sampler consists of stainless
steel jaws which are kept open by a spring-loaded pin. Once the device hits the bottom
the tension in the lowering rope is lost, the pin is ejected, and the jaws close, collecting a
sample of the top 0.5 feet of bottom sediment. Each grab sample was inspected and
physically described for grain size and sediment type. Sixty two samples were collected:
17 in the north basin; 19 in the center basin, and 13 each in Bearses and Goosebury Ponds
(Figure 2.3-). A table of sediment grab coordinates and descriptions are in Attachment 1.
None of the grab samples underwent chemical analysis because they were used only to
ground-truth the bathymetric survey results (section 2.4).

2.3.2 Vibracore Sampling

The second phase of sediment sampling was the collection of cores for (1) chemistry and
physical characterization, and (2) to confirm the depth of the unconsolidated layer
determined by the subbottom acoustic survey results (subsection 2.4).

Samples were collected using a vibracore. Areas of fine-grain sediment that showed
stratification based on sub-bottom sonar data (see subsection 2.4) were selected for
sampling. Vibracores were collected by inserting a Lexan polycarbonate core tube into a
stainless steel casing, which was fixed to a weighted vibrating head. The vibrating head
and core casing were lowered to the bottom using an A-frame and electric winch. Once
on the bottom, the vibrating head was engaged to drive the stainless casing into the
bottom sediment. Sediment cores were driven to a target depth that penetrated all of the
stratigraphy observed in sub-bottom sonar data or to the point of refusal, whichever
occurred first. Fourteen (14) sediment vibracores were collected: 4 in the north basin, 3
in the center basin, 3 in the south basin, 2 each in Goosebury and Bearses Ponds (Figure
2.3-2).

Sediment cores were kept upright until processed in the lab. Sediment cores were split
lengthwise, and the two halves were rotated 90 degrees away from one another like the
pages of a book. One half was used for physical description of grain size, color, and
texture; the other half was used for chemical sampling. Analytical samples were
collected using a clean stainless steel spoon at defined intervals based on the stratigraphy
of each core. Samples were sent to Spectrum Analytical Inc. and analyzed for total
phosphorous, loosely bound phosphorous, and iron bound phosphorous. Results of these
analyses are presented in section 3.3.
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Figure 2.3-1  Sediment grab sample locations.
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Figure 2.3-2  Sediment vibracore locations.

2.4 BATHYMETRIC AND SEDIMENT MAPPING

Bathymetric and sediment surveys were performed during two surveys. Each survey was
performed aboard the R/V George Hampson, WHG’s 24’ pontoon boat, using a
differential global positioning system (DGPS) for navigation. All acoustic and
navigation data were logged and processed using a PC running hydrographic surveying
software.

2.4.1 Bathymetric Survey and Data Processing
The purpose of the bathymetric survey was to provide an updated map of water depths of
the lake.

During the first survey, on July 27, 2011, a single-beam echosounder and side-scan sonar
were used to map the bathymetric features of the lake bottom. Additional bathymetric
data were collected using the echosounder on August 18, 2011.
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The bathymetric survey was performed using a 200-kHz SyQuest Hydrobox echosounder
system. Over the course of the two surveys, the echosounder system was used to collect
>189,000 soundings of the lake’s bathymetry.

After post-processing for quality control, the data were filtered with a 1-m spatial buffer
to create a data file containing 36,681 soundings; this file was used to subsequently
interpolate (via the kriging method) the data into a 10m grid of the lake’s bathymetry.

2.4.2 Side Scan Sonar for Surface Sediment Type

The purpose of the side scan sonar survey was to provide an estimate of the areal extent
of fine grained sediments in the lake. These data were combined with an estimate of the
thickness of the unconsolidated layer (subsection 2.4.2) to calculate the volume of loosely
consolidated, organic rich sediments.

The side-scan sonar unit used for this survey was a dual frequency L3-Klein 3900; this
instrument provided an acoustic representation of the lake’s bottom morphology. The
primary objective of using the side-scan sonar was to qualify the sediment type (e.g.,
fine-grained mud vs. coarser sands and gravel) of the lake bottom. The side-scan sonar
can sense the subtle changes in acoustic “backscatter” from these different bottom types;
in general, fine-grained sediments attenuate the acoustic signal, whereas coarser grained
sediments reflect the acoustic signal. Therefore, analysis of the acoustic backscatter that
is recorded by the side-scan sonar can provide a proxy for sediment grain size of the
bottom sediments. The side-scan sonar survey covered the entire surface area of the pond
in area where the water depth was >1 m.

During post-processing of the side-scan sonar data, the surface area of the lake bottom
covered by both low and high acoustic backscatter was quantified using GIS software.

2.4.3 Subbottom Profile Survey for Unconsolidated Sediment Thickness

The purpose of the subottom profile survey was to provide an estimate of the depth of
unconsolidated sediments in the lake. These data were combined with an estimate of the
area of the fine grained surface sediments (subsection 2.4.2) to calculate the volume of
loosely consolidated, organic rich sediments.

The acoustic survey of the subbottom sediments in Lake Wequaquet took place August
17-18, 2011 using an Edgetech 3100p deck unit and SB-424 CHIRP tow fish. The
subbottom survey was performed to quantify the thickness of the fine-grained sediment
layer that was quantified during the side scan sonar survey. The subbottom survey was
focused on the areas interpreted with fine-grained sediment substrate. Previous research
has shown that an organic rich fine-grained sediment layer overlays the sand and gravel
that makes up the geological framework of the basins in the lake complex (IEP, 1989).
Similar to the acoustic principles described for the side-scan sonar, the subbottom sonar
will detect sediment layers with different acoustic properties, and therefore, different
physical properties. The subbottom CHIRP sonar can detect these acoustic differences
between sediment layers and, with processing, determine the thickness of layers. The
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data collected by the subbottom sonar system is represented as a cross-section, or vertical
slice, of the sediment column.

Post-processing of the subbottom data was performed using the Chesapeake
Technologies software. During this process, each subbottom cross-section was examined
and layers were interpreted and digitized. Sediment core data, which was subsequently
collected at strategic locations, were used to confirm (“groundtruth”) the subbottom
acoustic survey results. The outputs from post-processing were geographic positions
(latitude and longitude) and depths below the sediment-water interface for particular
sediment layers. Since the objective was to characterize the unconsolidated-loosely
consolidated organic-rich surface sediment, the thickness of the first layer represented in
the subbottom acoustic data was used for further analysis to quantify the spatial volume
of this sediment layer.
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3.0 FIELD SAMPLING RESULTS

This section provides the data obtained from the field sampling of the shallow
groundwater, rainwater, sediment chemistry, and the sediment type and bathymetric
mapping. These data are presented in tabular or graphical form as appropriate. Section 4
provides an analysis of these data as related to lake trophic status and phosphorous
management issues.

3.1 SHALLOW GROUNDWATER SAMPLING RESULTS

As indicated in section 2.1, the chemical analysis of shallow groundwater included: field
parameters (temperature, dissolved oxygen, specific conductance, oxidation reduction
potential, pH, and turbidity) and laboratory analysis of total phosphorous and nitrate-
nitrogen.

Table 3.1-1 provides the values of the field parameters from each sampling station after
stabilization of the values.

Table 3.1-1. Field Parameters for Shallow Groundwater.

Conduc- Dissolved
Sample ID Date T°C tivity Oxygen pH ORP Turbidity  Air Pressure
uS/cm
@25C mg/L mV NTU mm Hg
WQ-TAL 8/18/2011 248 147 045 615 93 9.1 763.0
WQ-TA2 8/18/2011  24.33 386 035 542 2245 49 766.0
WQ-TA3 8/18/2011  23.62 303 038 496 2828 2.2 765.7
WQ-TA4 8/18/2011  22.13 117 8.16 .09 3357 1.7 765.0
WQ-TA4-A 8/18/2011  26.43 131 915 7.61 3272 0.6 765.0
WQ-TA4-B 8/18/2011  22.13 117 g.16 5.09 3357 1.7 765.0
WQ-TA5 8/18/2011  23.68 120 481 518 3291 0.2 765.8
WQ-TB1 8/18/2011  29.73 137 752 682 1228 7.3 763.5
WQ-TB1-A 8/18/2011  26.72 128 9.07 837 2791 0.5 764.6
WQ-TD1 8/18/2011  24.18 201 034 635 -17.0 0.3 761.7
WQ-TD3 8/18/2011  23.56 187 035 630 272 11.7 761.4
WQ-TEL 10/25/2012 248 147 045 615 93 9.1 763.0
WQ-TE2 10/25/2012  24.33 386 035 542 2245 4.9 766.0
WQ-TE3 10/25/2012  23.62 303 0.3 496 28238 2.2 765.7
WQ-TF1 10/25/2012  22.13 117 816 209 3357 17 765.0
WQ-TF2 10/25/2012  26.43 131 915 7.61 3272 0.6 765.0
WQ-TF3 10/25/2012  22.13 117 816 09 3357 17 765.0
WQ-TG1 10/25/2012  23.68 120 481 518 3291 0.2 765.8
WQ-TG2 10/25/2012  29.73 137 752 682 12238 7.3 763.5
WQ-TG3 10/25/2012  26.72 128 907 837 2191 0.5 764.6
WQ-TH1 10/25/2012  15.83 120 796 422 -2200 75 756.0
WQ-TH1-A | 10/25/2012  15.86 107 955 527 -207.0 1.2 756.0
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Conduc- Dissolved
Sample ID Date T°C tivity Oxygen pH ORP Turbidity  Air Pressure
uS/cm
@25C mg/L mV NTU mm Hg
WQ-TJ1 10/26/2012  16.57 170 121 600 -172.0 5.8 773.0
WQ-TAL 6/14/2012  17.92 120 065 NS NS 2.4 780.2
WQ-TA2 6/14/2012  18.25 108 046 NS NS 75 7803
WQ-TA3 6/14/2012  18.89 1027 048 NS NS 0.0 780.3
WQ-TA3-A 6/14/2012  19.45 360 732 NS NS 0.0 7803
WQ-TE1 6/14/2012  15.95 118 06 NS NS 9.0 780.6
WQ-TE2 6/14/2012  16.41 132 75 NS NS 3.1 780.6
WQ-TE3 6/14/2012 18.5 148 061 NS NS 1.8 780.7
WQ-TF1 6/14/2012 17.6 75 6.92 NS NS 9.4 780.9
WQ-TF2 6/14/2012  16.71 145 072 NS NS 8.6 781.2
WQ-TF3 6/14/2012  17.15 222 829 NS NS 5.1 781.2
WQ-TG1 6/14/2012  16.97 165 095 NS NS 1.0 781.6
WQ-TG2 6/14/2012  17.66 184 07 NS NS 1.8 781.8
WQ-TH1 6/15/2012  20.65 107 087 NS NS 7.6 7835
WQ-TH1-A 6/15/2012 22 107 818 NS NS 2.8 783.5
WQ-TH2 6/15/2012  20.95 104 538 NS NS 9.2 784.4
WQ-TJ1 6/15/2012  16.13 99 6.34 NS NS 8.9 782.0
WQ-TJ2 6/15/2012  16.56 112 069 NS NS 16.5 7825
WQ-TJ3 6/15/2012  21.12 125 075 NS NS 10.8 783.7
WQ-TJ3-A 6/15/2012  22.08 103 89 NS NS 0.0 783.7
WQ-TK1 6/14/2012 1753 107 078 NS NS 6.7 781.5
WQ-TK2 6/14/2012  20.71 102 756 NS NS 5.4 7818
WQ-TK2-A 6/14/2012  21.79 108 901 NS NS 7.6 7818
WQ-TH1 12/12/2012  6.45 98 793 581 7 NS 7783
WQ-TH2 12/12/2012 6.58 133 732 583 22.6 NS 778.3
WQ-TJ1 12/12/2012 5.26 134 1215 5.9 36.4 NS 778.7
WQ-TL1 12/12/2012  8.26 113 03 57  -162 NS 7785
WQ-TL2 12/12/2012 7.43 116 016 6.02 -6238 NS 778.6
WQ-TL3 12/12/2012 7.77 111 0.18 6.02 54 NS 778.6
WQ-TL3-A 12/12/2012 6.83 110 1067 6.02 -0.5 NS 778.6
WQ-TM1 12/12/2012 7.37 112 023 55 -8 NS 778.6
WQ-TM1-A | 12/12/2012 6.28 114 1169 5.85 45 NS 778.6
WQ-TM2 12/12/2012 7.07 121 02 6.14 53.9 NS 778.6
WQ-TN1 12/12/2012 9.17 91 013 553 35 NS 777.9
WQ-TN2 12/12/2012 9.32 91 007 594  -63.9 NS 777.9
WQ-TN3 12/12/2012 8.86 100 011 511  -21.7 NS 778.1
WQ-TN3-A 12/12/2012 7.32 112 Nov-81 5.73 0.8 NS 778.1
WQ-TO1 12/12/2012 9.83 130 1045 477 89.8 NS 777.6
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Conduc- Dissolved
Sample ID Date T°C tivity Oxygen pH ORP Turbidity  Air Pressure
uS/cm
@25C mg/L mV NTU mm Hg
WQ-TO2 12/12/2012 8.79 133 10.02 4.96 90.2 NS 771.9
WQ-TO3 12/12/2012 7.78 266 03 524 61.7 NS 777.9

NS= Not Sampled

Tables 3.1-2 through 3.1-5 provide the total phosphorous data by station with summary
statistics. Figures 3.1-1, 3.1-3, and 3.1-5 show these data plotted as distance from the
water’s edge at each transect (we do not provide a figure for the South Basin data because
the data set was small). Figures 3.1-2, 3.1-4, and 3.1-6 are box and whisker plots that
show the average, range, 25th percentile, and 75th percentile values for phosphorous in:
(1) shallow groundwater from samples taken at and above the shoreline; (2) shallow
groundwater from samples taken below the shoreline; (3) rainfall; (4) in basin surface
water. In addition these figures show the Cape Cod regional background for phosphorous
in groundwater (Frimpter and Gay, 1979) and the laboratory detection limits. The data
tables include field samples designated as FS, and field duplicates designated as FD.
Measures below laboratory detection limits were assumed to be half the detection limit
and are designated by a star in the tables. For statistical calculations, the field duplicates
were considered as separate samples. The statistics in the tables and the individual data
points on the figures indicate wide variability in the data regardless of basin. Within each
basin, the broad ranges in values, the large standard deviations relative to the mean, and
the 95th Upper Confidence Levels® for the mean demonstrate the variable nature of these
data.

3.1.1 Main Basin

In the Main Basin (Table 3.1-2) there were 32 individual measurements of phosphorous
along the transects ranging from 0.003 (non-detect value) to 0.24 mg/L. Figures 3.1-1
and 3.1-2 show that: (1) the shallow groundwater phosphorous concentrations were
generally higher in samples obtained at or above the shoreline relative to the
concentrations in groundwater samples obtained from below the shoreline; and (2) both
these average concentrations in groundwater exceed the average concentrations in surface
water.

1 . .
The UCL is the value that when calculated for a random data set equals or exceeds the true mean 95% of the time.

In subsequent phosphorous loading calculations, we used the 95" UCL as an upper estimate of the mean to account for uncertainty in
the measurement.
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Table 3.1-2. Main Basin Lake Wequaquet Surface and Groundwater
Phosphorous Concentrations
Phosphorus as P
Transect Sample ID Type DATE (mg/L)
WQ-TA3-A Summer 2012 0.0141
WQ-TA4-A Summer 2011 0.028
Surface | WQ-TB1-A Summer 2011 0.016
Water | \yo.TF3-A Fall 2011 0.0139
WQ-TK2-A Summer 2012 0.0303
Average 0.02
WQ-TAL FS Summer 2011 0.24
WQ-TAL FS Summer 2012 0.14
WQ-TA1-D FD Summer 2012 0.13
WQ-TA2 FS Summer 2011 0.03
A WQ-TA2 FS Summer 2012 0.05
WQ-TA3 FS Summer 2012 0.01
WQ-TA4 FS Summer 2011 0.03
WQ-TA4-B FD Summer 2011 0.02
WQ-TA3* FS Summer 2011 0.005
WQ-TA5* FS Summer 2011 0.005
b WQ-TD1 FS Summer 2011 0.16
WQ-TD2 FS Summer 2011 0.17
WQ-TE1 FS Fall 2011 0.12
WQ-TE1 FS Summer 2012 0.08
WQ-TE1-B FD Fall 2011 0.11
E WQ-TE2 FS Fall 2011 0.11
WQ-TE2 FS Summer 2012 0.09
WQ-TE3 FS Fall 2011 0.05
WQ-TE3 FS Summer 2012 0.04
WQ-TF1 FS Fall 2011 0.05
WQ-TF1 FS Summer 2012 0.01
E WQ-TF2 FS Fall 2011 0.07
WQ-TF2 FS Summer 2012 0.02
WQ-TF3 FS Fall 2011 0.01
WQ-TF3 FS Summer 2012 0.04
G WQ-TG1 FS Fall 2011 0.01
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Phosphorus as P
Transect Sample ID Type DATE (mg/L)
WQ-TG1 FS Summer 2012 0.01
WQ-TG2 FS Fall 2011 0.01
WQ-TG2 FS Summer 2012 0.02
WQ-TG3* FS Fall 2011 0.003
K WQ-TK1 FS Summer 2012 0.08
WQ-TK2 FS Summer 2012 0.02
Statistics for Main Basin
Mean 0.061
Standard Error 0.011
Median 0.042
Mode 0.005
Standard Deviation 0.060
Minimum 0.003
Maximum 0.240
Count 32.000
Confidence Level(95.0%) 0.022
UCL 0.082
* P entered as one-half reporting limit
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Groundwater Phosphorus Main
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Figure 3.1-1. Main Basin Groundwater Concentrations vs Distance from Water’s
Edge

Figure 3.1-2.  Box Plots of Phosphorous Concentrations for Main Basin in Shallow
Groundwater, Rain, and Lake Surface Water. Background
Groundwater Concentration and Analytical Reporting Limits Are
Shown.
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3.1.2 Gooseberry Pond

In Gooseberry Pond (Table 3.1-3) there were 10 individual measurements of phosphorous
along the transects ranging from 0.014 to 0.320 mg/L. Figures 3.1-3 and 3.1-4 show that:
(1) the shallow groundwater phosphorous concentrations were generally higher in
samples obtained at or above the shoreline relative to the concentrations in groundwater
samples obtained from below the shoreline; (2) the average concentrations in
groundwater at or above the shoreline exceed the average concentrations in surface water;
and (3) the average concentrations in shallow groundwater below the shoreline is similar
to the surface water concentrations.

Table 3.1-3. Gooseberry Pond Surface and Groundwater Phosphorous

Concentrations

Transect | Sample ID Type | Date Phosphorus as P (mg/L)
WQ-TH1-A Fall 2011 0.01
Surface | WQ-TH1-A Summer 2012 0.01
Water | \wo-TL1-A Winter 2012 0.16
Average 0.06
WQ-TH1 FS Summer 2012 0.07
WQ-TH1 FS Winter 2012 0.14
H WQ-TH2 FS Fall 2011 0.01
WQ-TH2 FS Summer 2012 0.25
WQ-TH2-D FD Summer 2012 0.32
WQ-TH2 FS Winter 2012 0.04
WQ-L1 FS Winter 2012 0.02
L WQ-L2 FS Winter 2012 0.06
WQ-L3 FS Winter 2012 0.18
WQ-L3-D FD Winter 2012 0.04
Statistics for Gooseberry
Mean 0.114
Standard Error 0.033
Median 0.066
Mode #N/A
Standard Deviation 0.105
Minimum 0.014
Maximum 0.320
Count 10.000
Confidence Level(95.0%) 0.08
UCL 0.19
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Groundwater Phosphorus at
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Figure 3.1-3.  Gooseberry Pond Groundwater Concentrations vs Distance from
Water’s Edge

Lake Wequaguet - Gooseberry

031

0251 B

0151

Phosphorus (mg/L)

011 B

[0 07 P ——_—_—_—_—1________r——————— Background Groundwater Conc

Shallow groundwater  Shallow groundwater Rainfall Lake surface water
at or above shoreline below shoreline *RDL = Laboratory Detection Limit

Figure 3.1-4.  Box Plots of Phosphorous Concentrations for Gooseberry Pond in
Shallow Groundwater, Rain, and Lake Surface Water. Background
Groundwater Concentration and Analytical Reporting Limits Are
Shown.
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3.1.3 Bearses Pond

In Bearses Pond (Table 3.1-4) there were 10 individual measurements of phosphorous
along the transects ranging from 0.003 (non-detected value) to 0.112 mg/L. Figures 3.1-5
and 3.1-6 show that: (1) the shallow groundwater phosphorous concentrations were
generally lower in samples obtained at or above the shoreline relative to the
concentrations in groundwater samples obtained from below the shoreline; (2) the
average concentrations in groundwater at or above the shoreline was similar to the
average concentrations in surface water; (3) phosphorous concentrations in groundwater
at Bearses are below background concentrations for Cape Cod.

Table 3.1-4. Bearses Pond Surface and Groundwater Phosphorous
Concentrations
Phosphorus as P
Transect Sample ID Type | Date (mg/L)
WQ-TJ3-A Summer 2012 0.01
Surface
Water WQ-TI1-A Fall 2011 0.03
WQ-TM1-A Winter 2012 0.01
WQ-TJ1 FS Summer 2012 0.01
j WQ-TJ2 FS Summer 2012 0.01
WQ-TJ3 FS Fall 2011 0.11
WQ-TJ3 FS Summer 2012 0.02
WQ-TJ3* FS Winter 2012 0.003
M WQ-TM1 FS Winter 2012 0.06
WQ-TM2 FS Winter 2012 0.03
WQ-TO1 FS Winter 2012 0.02
o WQ-TO2 FS Winter 2012 0.02
WQ-TO3 FS Winter 2012 0.02
Statistics for Bearses
Mean 0.030
Standard Error 0.010
Median 0.020
Mode #N/A
Standard Deviation 0.033
Minimum 0.003
Maximum 0.112
Count 10.000
Confidence Level(95.0%) 0.023
UCL 0.054
* P entered as one-half reporting limit
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Groundwater Phosphorus at Bearses
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Figure 3.1-5.  Bearses Pond Groundwater Concentrations vs Distance from
Water’s Edge
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Figure 3.1-6.  Box Plots of Phosphorous Concentrations for Bearses Pond in
Shallow Groundwater, Rain, and Lake Surface Water. Background
Groundwater Concentration and Analytical Reporting Limits Are
Shown.
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3.1.4 South Basin

In South Basin Pond (Table 3.1-5) there were 3 individual measurements of phosphorous
along the transect ranging from 0.05 to 0.08 mg/L.

Table 3.1-5.  South Basin Groundwater Phosphorous Concentrations

Transect | Sample ID Type | Date Phosphorus as P (mg/L)
Surface
WQ-TN3-A Water | Winter 2012 0.17
N WQ-TN1 FS Winter 2012 0.08

WQ-TN2 FS Winter 2012 0.23

WQ-TN3 FS Winter 2012 0.05
Statistics for South Basin
Mean 0.122
Median 0.083
Standard Deviation 0.098
Minimum 0.049
Maximum 0.233
Count 3.000
Confidence Level(95.0%) 0.243
UCL 0.36

3.2 RAINWATER SAMPLING RESULTS

Table 3.2-1 provides the phosphorous concentrations measured in rain by date. Box and
whisker plots of these data (obtained from the analysis of samples obtained from the
shore of Bearses Pond) are included on each of Figures 3.1-4 through 3.1-6. These
figures show that the concentration of phosphorous in rain is less than the background
concentration of phosphorous in Cape Cod groundwater (Frimpter and Gay, 1979) and is
less than surface water concentrations (except for Bearses Pond).

3.3  SEDIMENT SAMPLING RESULTS

Previous research has shown that an organic rich fine-grained sediment layer overlays the
sand and gravel that makes up the geological framework of the basins in the lake
complex (IEP, 1989). The results from the surface grab survey confirm this research.
The Lake is spatially heterogeneous in terms of sediment type and no single sediment
type or grain size dominates any of the five basins. However, sediment type was strongly
correlated with depth, where increased depth often led to increased percentage of fine-
grain sediment (silt and mud). The deepest areas of each basin contained the highest
percentage of fine-grain material, and the shallower areas contained the most coarse-
grained sediment (cobbles, gravel and sand). This is most evident when comparing
Figures 3.4-1 (bathymetric map) which shows the depth contours and 3.4-2 which shows
the surface sediment type based on side-scan backscatter. The transition from coarser
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sediment in the shallower flanks to finer sediment in the deeper reaches occurred
gradually in most basins, typically over approximately 100 to 300 feet horizontally.
However, in Bearses and Gooseberry Ponds, the transition took place much more rapidly,
on the order of 50 feet or less in some places.

Table 3.2-1. Lake Wequaquet Rain Phosphorous Concentrations

Date Total P as P (mg/L)
8/16/2011 0.07
9/7/2011 0.01
10/27/2011 0.03
1/29/2012 0.01
Apr-12 0.05

Statistics for rain data
Mean 0.03
Standard Error 0.01
Standard Deviation 0.03
Minimum 0.01
Maximum 0.07
Count 5

Confidence

Level(95.0%) 0.03
95UCL 0.06

Sediment core locations were obtained in areas of fine-grain sediment. Sediment cores
were physically described using ASTM guidelines. In some cores there was a
considerable layer of muddy water overlying the loosely consolidated bottom sediments.
This layer was up to 0.8 feet thick in some cores. This unconsolidated material was not
retained for further analysis during sample processing. This unconsolidated layer was
often underlain by a loosely-consolidated layer of organic sediment, with varying
percentages of silt and clay. The thickness of the organic silt layer varied among cores
from 0.2 — 4.3 feet. Water content of the organic silt layer decreased with increasing
depth in each core, leading to increased consolidation. Beneath the upper, fine-grain
units were layers of coarser-grained sand or gravel. The transition between these two
units was often gradual, with varying dominance between silt and sand (e.g. silty sand vs.
sandy silt).

Results from chemical analyses show that in general, phosphorus as P (mg/kg dry) was
highest in samples from the top 0.0-0.5 foot interval. The average difference between the
upper and lower samples from each core was 303 mg/kg, with a range from 10 — 798
mg/kg. The three largest concentrations came from cores WC-3, WC-7 and WC-12.
These data suggest that the more recently deposited sediments are either receiving or
transporting a higher phosphorous load than deeper and presumably older sediments.
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Table 3.3-1.  Phosphorus concentrations (as Total P, iron-bound; loosely-sorbed)
of sediment core samples.

Total Iron bound Loosely-sorbed
Sample ID % Solids | Phosphorus | Phosphorus as P | Phosphorus as P Basin
as P (mg/kg) (mg/kg dry) (mg/kg dry)

WC-1A-0-0.5 24.2 997 47.10 BRL Main
WC-1A-0.5-1 19.5 659 31.80 BRL Main
WC-2-0-0.5 20.3 1010 50.90 BRL Main
WC-2-0.5-1 23.1 574 33.90 BRL Main
WC-3-0-0.5 22.3 1530 59.30 BRL Main
WC-3-0.5-1 22.9 1340 58.60 BRL Main
WC-4-0-0.5 23.7 1180 37.10 BRL Main
WC-4-0.5-1 23.0 1250 41.40 BRL Main
WC-5-0-0.5 51.0 306 22.70 BRL Main
WC-5-0.5-1 29.1 296 20.90 BRL Main
WC-6-0-0.5 25.4 1200 17.90 BRL Main
WC-6-0.5-1 56.9 402 8.54 BRL Main
WC-7-0-0.7 39.6 1440 BRL BRL South
WC-8-0-0.5 40.6 1160 BRL BRL South
WC-8-0.5-1 41.7 552 BRL BRL South
WC-9-0-0.5 58.0 963 BRL BRL South
WC-9-0.5-1 40.4 742 BRL BRL South
WC-10-0-0.5 24.8 750 BRL BRL Gooseberry
WC-10-0.5-1 29.0 667 BRL BRL Gooseberry
WC-11-0-0.5 24.3 1060 BRL BRL Gooseberry
WC-11-0.5-1 29.3 625 BRL BRL Gooseberry
WC-12-0-0.5 33.5 1410 BRL BRL Bearses
WC-12-0.5-1 16.3 1070 BRL BRL Bearses
WC-13-0-0.5 21.7 959 22.50 BRL Bearses
WC-13-0.5-1 30.5 829 14.60 BRL Bearses

BRL = Below Reporting Limit
Note: No samples were collected from core WC-14

Iron-bound phosphorus as P (mg/kg) concentrations had a range between below detection
limits — 59.3 mg/kg. At all stations, iron bound phosphorous was a small fraction of the
total phosphorous. Concentrations varied greatly between basins. Results from the South
Basin and Gooseberry Pond were all below reporting limits, and only two samples from
Bearses Pond were above reporting limit. The Main Basin had relatively high
concentrations, but still as a small portion of the total phosphorous in sediment. The
average difference between the upper and lower samples from each core was only 8
mg/kg, with a range from 1 — 15 mg/kg.
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All concentrations of loosely-sorbed phosphorus were below the detection limits

suggesting that phosphorous recycling from sediments to the water column is unlikely.
3.4  SEDIMENT AND BATHYMETRIC MAPPING

Figure 3.4-1 shows the bathymetric contours based on data return over the survey grid.

Figure 3.4-1. Bathymetric map produced from acoustic soundings collected
during the July-August 2011 survey.

Figure 2-6 provides a map of the side-scan sonar backscatter and interpretation of the low
backscatter areas of the lake bottom considered to be covered by fine-grained sediment
deposits.
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Figure 3.4-2. Map of areas covered by fine-grained sediment deposits, interpreted
from side-scan sonar backscatter.

Figure 3.4-3 provides an example of the subbottom sonar data. Note the layering present
in the depressions, or basins, in the lake’s bathymetry.
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Figure 3.4-3.  Subbottom sonar cross-section of sediment column.
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A calculation of the volume of unconsolidated-loosely consolidated organic-rich surface
sediment was based on the areal extent of fine-grained sediment (Figure 3.4-2) and the
thickness of that sediment derived from numerous images as exemplified in Figure 3.4-3
and the cores used to ground-truth the images. Figure 3.4-4 shows the estimated
thickness of this loosely consolidated layer. This volume, along with a sediment specific
bulk density and phosphorus concentration, was used to determine an estimate of the
phosphorus inventory in the lake’s bottom sediment.

Figure 3.4-4. Map of organic-rich fine grained sediment thickness (in meters)
created from the interpretation of the side-scan and subbottom
sonar data.
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40 LAKE MANAGEMENT

For this project, management planning is focused on phosphorus loading and lake trophic
status, as that was the focus of this investigation. It should be noted that a comprehensive
management plan for the lake, including a full discussion of other issues including
recreation, lake access and use, nuisance or exotic species management, fisheries
management, local land use, and other issues could be developed, and would be a useful
product for lake users. Such a management plan is beyond the scope of this project, so
this discussion focuses on lake trophic status and control of phosphorus loads. In the
following sections we discuss the steps above as they relate to Lake Wequaquet and its
sub-basins. We frame the discussion as a set of direct questions with a set of answers
based on the current analysis supplemented with outside information as appropriate.

4.1 WHAT ARE THE GOALS OF THE MANAGEMENT PLAN IN TERMS OF SPECIFIC
FUNCTIONAL ASPECTS OF THE LAKE?

For Lake Wequaquet the goal is to maintain the trophic status of the lake as oligotrophic
to mesotrophic so that eutrophication due to anthropogenic influence is minimized. This
goal recognizes that eutrophication will occur naturally. It also implicitly indicates the
goal is to minimize phosphorus loading so that the natural eutrophication process is not
accelerated to the point that undesirable changes to water quality and lake benthic
habitats occur. Plainly stated, the aim is control phosophorus loading in order to promote
good water quality in the lake, and minimize or eliminate the algal blooms that occur
periodically during the growing season.

4.2 WHAT CRITERIA ARE USED IN THIS ANALYSIS TO ASSESS THE LAKE RELATIVE TO
THE GOALS?

The recommended criteria for assessing the status of Lake Wequaquet include established
trophic models and water quality measures that reflect the trophic status of the lake. The
Vollenweider model was chosen to indicate the trophic status of each lake basin. This
model, coupled with the Town’s water quality monitoring data for the lake, is used to
define the lake trophic status relative to goals, and to project the future status under
different phosphorus loading scenarios.

4.3  WHAT IS THE CURRENT TROPHIC STATUS OF LAKE WEQUAQUET?

Figure 4.3-1 provides estimates of the trophic state of each lake basin based on the
Vollenweider model (Vollenweider and Dillon, 1974). The analysis includes two
estimates of current trophic status based on the total load of phosphorous from various
sources (e.g phosphorous in groundwater and rain, and phosphorous contributed by
wildlife, fertilizer, and runoff from impervious surfaces). The two estimates used
different estimates of the concentration of phosphorous in groundwater and rain as
described in subsection 4.6 including: (1) average measured concentrations of
phosphorous in groundwater and rain; and (2) the 95" upper confidence limit on that
average (95" UCL). We consider the latter to be an upper estimate of the average
potential phosphorous load from these two sources. The analysis indicates (Figure 4.3-1)
that under measured average groundwater and rainwater concentrations of phosphorous:
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e The Main Basin, South Basin, & Bearses Pond are Oligotrophic
e Gooseberry Pond is Mesotrophic

@ Main and Bearses Oligotrophic
@ South Oligotrophic

© Gooseberry Mesotrophic

Figure 4.3-1.  Vollenweider Classification of Lake Basins Based on Average
Measured Groundwater and Rainwater Phosphorus

We provided a second estimate using the 95% UCL values from measured rain and
groundwater samples to address the potential uncertainty in the average case. Under this
upper estimate case (Figure 4.3-2), the Vollenweider model indicates:

e The Main Basin, South Basin, & Bearses Pond are Mesotrophic
e Gooseberry Pond is Eutrophic
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@ Main and Bearses Mesotrophic
@ South Mesotrophic

© Gooseberry Eutrophic

Figure 4.3-2.  Vollenweider Classification of Lake Basins Based on 95th UCL
Measured Groundwater and Rainwater Phosphorus

Taken together the analyses indicate that the Main Basin, South Basin and Bearses Pond
are in the oligotrophic to mesotrophic categories, and Gooseberry Pond is in the
mesotrophic to eutrophic category.

4.4 WHAT IS THE CURRENT STATUS OF THE LAKE RELATIVE TO THE SELECTED GOAL?

Table 4.4-1 compares the current trophic state of each lake basin to the selected goal
(expressed as a trophic state on the Vollenweider scale). The table shows that all basins
except Gooseberry Pond are currently within the range of the selected goal.

Table 4.4-1.  Comparison of the trophic status or each lake basin to the selected
goal for each basin expressed as a trophic state.

Basin Current Status Goal

Main Oligotrophic to Mesotrophic Oligotrophic to Mesotrophic
South Oligotrophic to Mesotrophic Oligotrophic to Mesotrophic
Gooseberry Mesotrophic to Eutrophic Oligotrophic to Mesotrophic
Bearses Oligotrophic to Mesotrophic Oligotrophic to Mesotrophic

The question that remains for this management plan is whether over the immediate short
term (approximately 25 years) the lake basins will maintain their current trophic status
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and what management actions can help to assure that the basins maintain, or in the case
of Gooseberry Pond, attain the selected goal? The answer to this question lies in an
analysis of the sources of phosphorous loading to the lake, whether these sources are
manageable, and an estimate of how these loadings may change in the near term.

4.5 WHAT SOURCES OF PHOSPHOROUS TO THE LAKE CAN BE MANAGED TO REACH AND
MAINTAIN THE SPECIFIED GOALS?

Management actions that can be used to attain and/or maintain the desired trophic status
include those that reduce the phosphorus load to the lake. Figure 4.5-1 shows the various
sources of phosphorus, some of which are amenable to management action, while others,
such as direct deposition of phosphorus to the lake via rain, are not.

Manageable phosphorus sources include fertilizer application, wastewater contribution to
the groundwater discharging to the lake, and impervious runoff. Less manageable are
contributions from wildlife and atmospheric deposition.

Subject to Management Mot Subject to
Action Management Action

Groundwater Impervio