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Purpose 

 

The Kezar Lake Watershed Association (KLWA) contracted this research in 

order to determine the cause of recent shoreline erosion in Kezar Lake, Lovell, Maine. 

As shoreline erosion increases, an influx of organic material is transported into the 

lake. As it settles to the bottom and begins decomposing, the water in the deeper layers 

of the lake can become anoxic (McKean, 2009). Kezar Lake is a popular tourist 

destination and allows many types of recreational boating activities whereas 

neighboring Horseshoe Pond is a smaller pond that receives fewer visitors and allows 

only trolling motors (6 hsp) on boats (Maine Department of Inland Fisheries and 

Wildlife, 1953). If the sediment cores and paleolimnological data from Kezar Lake 

and Horseshoe Pond show differing rates of erosion, with greater change in Kezar 

Lake since the 1980s, it is possible that the sediment input is not a result of regional 

climate change-associated erosion but instead from something else such as lake 

management decisions or increased boat use. This report summarizes those results. 

 

Introduction 

 

The specific purpose of this project is to determine the cause of recent, 

heightened sedimentation in the deep basins of Kezar Lake, Lovell, Maine. 

Paleolimnology is the study of lake sediments used to reconstruct past climate and  
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environmental changes. Analyzing paleolimnological data through sediment cores is a 

reliable way to understand the long-time history of a lake (Terasmaa et al., 2016). 

Sediments deposited at the lake bottom occur in chronological order with the oldest 

sediments lying beneath more newly deposited sediments. Information about past lake 

conditions can be obtained if these sediments remain undisturbed and sediment corers 

can be used to retrieve those sediment sequences. 

The potential impact of climate change and anthropogenic influences on lake 

water quality is concerning to lake managers. Sediment core reconstructions reveal the 

long-term baseline lake condition, and periods of change in sediment accumulation 

that occur as the watershed experiences episodes of intensified erosion. In 2015, the 

Kezar Lake Association’s Climate Change Observatory funded the collection and 

analysis of sediment cores to create a history of lake conditions over time. Those 

cores’ data indicate a significant increase in erosion intensity during the past 30 years. 

This project furthers that initial work from 2015 and places it in a watershed context to 

better identify the causes for the sedimentological change of the last 30 years. 

This project analyzes existing sedimentological data from Kezar Lake and new 

core data from neighboring Horseshoe Pond to compare depositional patterns and, 

perhaps, determine whether the recent erosion can be attributed to a regional change in 

precipitation as a result of climate change, lake level management decisions or 

something else, such as wake from motorboats.  
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Rationale 

 

Climate data show an increase in regional precipitation rates across New 

England over the past 30 years (Easterling et al., 2007). Climate models also predict 

continued increases in precipitation in New England over the coming century (Hayhoe 

et al., 2008), especially in the frequency and intensity of precipitation events 

(Easterling et al, 2007). It is likely, therefore, that watershed erosion from 

precipitation runoff and shoreline erosion from storm-generated waves will also 

increase. Both Kezar Lake and Horseshoe Pond exist within the same watershed, so 

any increases in sedimentation due to climate change should be seen in both lakes, 

with similar timing of climate and storm-event related impacts on the sediment 

deposits. By examining the last 100 years of sediment records and comparing them to 

the regional annual and extreme-event (flood-generating) precipitation record, we can 

determine if the lakes are co-synchronous in their response to climate change. If so, 

then we can determine if climate change can account for the last 30 years of high 

erosional inputs to Kezar Lake.  

Climate is not the only factor influencing the integrity of the lakes’ shores, 

however. Over the last 30 years there has been a large increase in recreational boating 

on the lakes in this region (Mosich & Arthington, 1998). The increase in 

sedimentation rate in Kezar Lake possibly reveals an increase in wave-directed energy 

from recreational boating.  
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 A final factor in sediment accumulation is lake level management. The Kezar 

Lake outlet dam was built in 1927, but lake level is not managed. Horseshoe Pond has 

a natural, sill-controlled outlet but it does have an active beaver dam at the north inlet. 

Though not managed on Kezar Lake, lake levels are often managed to create high 

water levels for boating and dock use, but these changes can damage the fragile 

shoreline and promote rapid erosion (Punning et al., 2006). In general, sediments with 

smaller grain sizes are expected to be found in the deeper areas of the lake because 

they can more easily be resuspended by a water flow with less velocity (Likens & 

Davis, 1975). Sediments with larger grain sizes require a higher velocity water flow 

for transport and thus usually are deposited in shallower areas of the lake. When lake 

levels are lower, the sediments accumulating in the lake are often sourced from within 

the lake or the shoreline where the water has retreated. As the lake level becomes 

higher, the shorelines can flood and erode away vegetation, soils, and larger particles 

that will eventually be deposited in the lake (Punning et al., 2006). Due to an increase 

in turbulence from storms or boats, these larger particles can become deposited in 

deeper areas of the lake where they are not expected to be found.  

The hypotheses being tested are as follows: 

Hypothesis I: The pace of shoreline erosion occurring in Kezar Lake is greater 

since 1980 than in the past. 

Hypothesis II: Shoreline erosion is occurring at a more rapid pace in Kezar 

Lake than in Horseshoe Pond. 
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 Hypothesis III: A noticeable difference in energy transport exists between 

Kezar Lake and Horseshoe Pond as seen through sediment particle sizes. 

If Hypothesis I is supported and Hypotheses II and III are not then I conclude 

that more frequent and severe precipitation events, due to regional climate change in 

northern New England, are causing increased watershed erosion and sediment 

transport into Kezar Lake. If Hypotheses I and II are supported but Hypothesis III is 

not supported, then I conclude that the increase in erosion in Kezar Lake is due to a 

lake level management decision. If Hypotheses I, II and III are all supported, then I 

conclude that the increase lake bottom sedimentation rate at Kezar Lake is due to an 

increase in wave-directed energy from recreational boating. If none of these 

hypotheses are supported, then I conclude that the changes in sedimentation seen in 

Kezar Lake are caused by something else that has not been considered in this project. 

 

Site Description 

 

 Kezar Lake is an elongated natural lake located near the border of New 

Hampshire, in Lovell, Maine. The lake is 11.05 km long and 1.19 km wide at its 

widest point, extending from lat 44.243978, lon -70.894339 to lat 44.145161, lon -

70.931614. It has a maximum depth of 47.24 m and an area of 1078.49 ha with a 

perimeter of 54.56 km. Entering the lake from the northwest, Great Brook and Cold 

Brook are the main inlets to Kezar Lake. Horseshoe Pond, extending from lat  
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44.232525, lon -70.941381 to lat 44.219303, lon -70.943036, is within the Kezar Lake 

Watershed, west of Kezar Lake (Figures 2-4). Horseshoe Pond has a maximum depth 

of 12.2 m, an area of 55.04 ha, and its perimeter is only 6.28 km. The core site is in the 

eastern limb of the lake which is 1.35 km long and 0.35 km wide. There are no major 

inlets, and one outlet, to Sucker Brook at the southern apex of the western limb of the 

lake. Sucker Brook drains into the south end of Kezar Lake.  

The soil surrounding the shoreline of Kezar Lake is comprised of Becket series 

fine sandy loam. This soil series is described as very deep and well drained, formed in 

compact glacial till, usually firm or very firm and has a K factor of 0.32. The K factor 

represents a soil’s susceptibility to soil erosion, ranging from 0.02 for least erodible to 

0.64 for most erodible (United States Department of Agriculture, 2014). Soils with a K 

factor of 0.32, such as those surrounding the shoreline of Kezar Lake, are considered 

moderately erodible. The soils surrounding the shoreline of Horseshoe Pond are 

comprised of Monadnock and Hermon series soils. Monadnock series consists of soils 

that are very deep and well drained and formed from glacial till. Hermon series soils 

are coarser-textured than Monadnock series soils and are described as very deep and 

somewhat excessively drained. The K factors of the Monadnock series and Hermon 

series soils respectively are 0.37 and 0.24, which are also considered moderately 

erodible soils. Both soil types are described as very stony (United States Department 

of Agriculture, 1995). 
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Maine law mandates that boats may not exceed headway speed (6 mph) within 

200 feet of the shoreline. The Kezar Lake Watershed Association suggests reducing 

wake boat speed within 300 feet of shore to reduce the risk of hazardous waves that 

may negatively affect small boats, swimmers or the shoreline. (Kezar Lake Watershed 

Association, 2018). Motorboat usage on Horseshoe Pond includes only boats with 

trolling motors of 6 hsp or less, which would not create significant wake.  

Courtesy boat inspection data from the Maine Department of Environmental 

Protection, from 2009 to 2019, shows that the number of boat users visiting Kezar 

Lake annually greatly increased over the last decade (Figure 1). This data does not 

account for every boat user that has visited Kezar Lake during this time, but it serves 

as a proxy to show the general increase. 

 

Figure 1. Chart showing number of boat inspections performed per year at Kezar 

Lake. The number is steadily increasing from 2009 to 2019. 
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Figure 2. Aerial image of Kezar Lake and Horseshoe Pond, Lovell, Maine 

 

 

Figure 3. Aerial image of Horseshoe Pond, Lovell, Maine 
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Figure 4. Topographic map of Kezar Lake and Horseshoe Pond, Lovell, Maine 
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Methods 

 

 In June 2015, several KLWA volunteers, led by Dr. Lisa Doner of Plymouth 

State University, collected sediment cores from the deep spot at the northern end of 

Kezar Lake using an Uwitec© gravity corer (Emery & Dietz, 1941). In July 2019, 

another small team from Plymouth State University, again headed by Dr. Lisa Doner, 

with graduate student Melissa Macheras and undergraduate student Sydney Welch 

participating, collected two replicate sediment cores from Horseshoe Pond (HSP1 and 

HSP2) also using an Uwitec© gravity corer. In February 2020, another, longer core 

(HSP 3) was collected from the ice surface, within 3 m of the location of HSP 1 and 2 

(Table 1).  

 

Table 1. Horseshoe Pond core information, including water depth at the core site, 

field-based sediment length, location and date of core collection.  

Core Name Water Depth Core Length Location Collection 

Date 

HSP2019-1 12.31 m 28 cm N 44.22343  

W 70.93871 

7/18/2019 

HSP2019-2 12.31 m 30 cm N 44.22343  

W 70.93871 

7/18/2019 

HSP2020-3 12.24 m 82 cm N 44.22348  

W 70.93868 

2/9/2020 

 KZR2015-1 47.24 m 55 cm N 44.22382 

W 70.8976 

6/2015 
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I applied the following methods to homogenized subsamples of the dry 

samples.  

To determine sedimentary organic content, I filled pre-weighed crucibles with 

0.5 g of dry subsample and heated them in a furnace at 550˚C for two hours to burn off 

the organic carbon (Dean, 1974). From the ashed weight, I determined the percentage 

loss-on-ignition (LOI), which is a measurement of the amount of organic carbon in 

each sample and serves as a proxy for lake and watershed productivity (Munro, 2007). 

The calculation to determine LOI is 100*(dry wt-ash wt)/(dry wt). 

To determine environmental magnetism, I packed dry sediment samples into 

pre-weighed and labeled polystyrene cubes of equal volume and then weighed them. I 

used a Bartington MS2B Dual-Frequency Sensor and a MS3 Bartington Magnetic 

Susceptibility Meter to determine the magnetic susceptibility of each sample at high 

(6000 Hz) and low (600 Hz) frequency (Thompson et al., 1975). I took multiple 

sample runs (minimum, 3) for each sample at each frequency, using 5-second 

sampling times. Magnetic susceptibility is determined by calculating the average 

absolute value of each sample and dividing by sample weight to normalize variations 

in mass and generate mass magnetic susceptibility values.  

I used a Horiba LA-920 Laser Particle Size Analyzer to determine the particle 

size distribution and mean, median, and modal particle size of each sample from HSP2 

(Ferro & Mirabile, 2009).  
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 We sent samples from HSP1 to St. Croix Watershed Research Station, 

Minnesota for lead-210 dating (Turetsky et al. 2004). Initial results suggested that the 

HSP 1 core was too short to reach the extinction point of unsupported lead-210 (about 

150 years of record). We collected HSP 3 to correct this problem and its samples were 

successfully dated. 

I used a t-test to compare the difference in mean particle size distributions 

between the two lakes and determine if the difference is statistically significant. A t-

test is a parametric method used to determine how significantly different the means of 

two groups are from one another. The results of a t-test yield a p-value, which 

indicates the probability that the results from the data occurred by chance. A p-value 

less than or equal to 0.05 indicates statistical significance.  

  

 

Results 

 

Dry Bulk Density 

 Dry bulk density calculations reveal how much of the sample is comprised of 

less dense organic material or more dense inorganic mineral material. The dry bulk 

densities of all three cores, HSP1, HSP2, and HSP3 are closely correlated (Figure 5).  
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Figure 5. Chart of Dry Bulk Densities from HSP2019-1, HSP2019-2 and HSP2020-3. 

The dry bulk densities of all three cores are closely correlated. 
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organic material is in each sample. A higher percent LOI indicates a higher amount of 

organic content in the sediment. In Horseshoe Pond, all three cores show an increase 

in LOI values since the middle of the last century.  The highest LOI values in the three 

cores from Horseshoe Pond fall between approximately 28-30%, an increase from the 

long-term background values that range between 25-29% (Figure 6). In Kezar Lake, 
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highest LOI value in Kezar Lake is almost 31%, which is much higher than the 

average long-term background values that generally fall between 21-23% (Figure 7). 

Both cores show an increase in the sediment organic content over the last century and 

the 8% increase in Kezar Lake after A.D. 1980 is double that of Horseshoe Pond.  

 

Figure 6. Loss-on-ignition results for HSP2019-1 and HSP2019-2 plotted against date 

as determined by lead-210 dating. All three cores show an increase in LOI values 

since around A.D. 1960. 
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Figure 7. Loss-on-ignition results for KZR2015-1 plotted against date as determined 

by lead-210 dating. The LOI values in Kezar Lake have been increasing since the 

middle of last century but begin to rise more dramatically around A.D. 1980. The % 

increase in LOI in Kezar Lake from long-time values to present day values is double 

that of Horseshoe Pond. 
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2001). In Horseshoe Pond, the Magnetic Susceptibility of the sediments begins to 

increase sharply around A.D. 2000. In Kezar Lake, the magnetic susceptibility has 

been increasing gradually over time, with a sharper increase occurring beginning just 

before A.D. 2000 as well. Generally, as the mineral content of a sample increases the 

organic content of the sample decreases (Thompson et al., 1975). In these samples, 

both the magnetic susceptibility and the sediment organic content trend upwards 

toward the top of the core, indicating an increase in soil erosion. Soils are formed from 

degrading bedrock, which has a high magnetic mineral content (Sandgreen & 

Snowball, 2001). As erosion occurs, the particle sizes of the sediments undergoing 

erosion may be small (silts or clays) but may contain many magnetic minerals 

(Thompson et al., 1980). The data for these cores suggests that an increase in both LOI 

and MS could be due to the erosion of soil in the watershed as overland flow carries 

this eroded soil material into the lake.  
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Figure 8. Average high and low frequency Magnetic Susceptibility values for 

HSP2019-1 plotted against date as determined by lead-210 dating. An increase in MS 

values near the top of the core indicates an increase in soil erosion in the watershed.
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Figure 9. Average high and low frequency Magnetic Susceptibility values for 

HSP2019-2 plotted against date as determined by lead-210 dating. An increase in MS 

values near the top of the core indicates an increase in soil erosion in the watershed. 
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Figure 10. Average high and low frequency Magnetic Susceptibility values for 

KZR2015-1 plotted against date as determined by lead-210 dating. 

 

Particle Size 

Sediment particle size is directly related to the magnitude of erosional energy. 

Smaller particles in deeper areas of the lake indicate calm waters and low magnitudes 

of erosional energy, while larger particles indicate turbulent waters and higher levels 

of erosional energy (Parris et al. 2009). Likens & Davis (1975) introduced the 

principle of sediment focusing which states that smaller particles from shallower areas 

in the lake are often resuspended and deposited in deeper parts of the lake. The 

shallower areas of the lake generally experience more frequent resuspension of 

sediments due to the turbulence created by wind or boat waves. The smaller particles 

will continue to be resuspended and deposited until the velocity of the water flow 

decreases enough that the particles can no longer be resuspended, which usually 

occurs in the deepest parts of the lake. This is why smaller particles are expected to be 

found in the deeper areas of the lake and larger particles in the shallower sections. 

Critical shear stress, which differs among grain sizes, is the amount of shear 

stress needed to overcome frictional and gravitational forces holding sediment grains 

to the bed (Brown et al, 1989). As water flow speeds increase, shear velocity increases 

and sediment particles begin to move by rolling, sliding or bouncing along the bed 

(saltation) and, eventually, become lifted from the bed, transported and deposited in a  
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new location. Redeposition occurs when the force of gravity acting on the sediment 

grains becomes greater than the force of the water moving them (Brown et al, 1989). 

In general, as the velocity of water flow increases, the size of the particles transported 

increases as well. Thus, as storms or boating activities create increased wave energy, 

the velocity of the water flow increases, which transports larger particles from the 

shoreline to the deeper regions of the lake. 

In Horseshoe Pond, the mean particle size after the year A.D. 1950 remains 

relatively stable with a few outliers (Figure 11). A large increase in particle size 

around A.D. 1900 possibly correlates with logging and deforestation that occurred 

during that time. When logging takes place and tree removal occurs, the soil becomes 

less stable and erosion is more likely to occur, possibly causing transport of larger 

sediment particles into the lake. After A.D. 1900, the mean particle size decreases, 

which may correlate with reforestation in the area after logging ceased. This trend also 

seen in the Kezar Lake core. Additionally, there is a noticeable increase in mean 

particle size right before A.D. 1940. This could be due to a climate event such as a 

large storm or flood. Hydrograph data from the Androscoggin River gage station in 

Rumford, Maine shows that the highest recorded crest in history occurred in 1936, 

with a flood height reaching 24 feet (National Weather Service, 2020). Since the land 

was still disturbed from the effects of logging at this time, this flood event was capable 

of carrying particles of a larger size into Horseshoe Pond. Another large increase 

around A.D. 1928 could also be due to a flooding event in the area. Data from the  
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Rumford, Maine gage station shows a noticeable increase in mean annual discharge in 

A.D. 1928 compared to the previous years and does not reach such high levels again 

until 1936 when the historic flood crest occurs (USGS, 2021). The reason that the 

increase in particle size appears more drastic in Horseshoe Pond is because the core 

site at Horseshoe Pond is located closer to the shore than the core site at Kezar Lake. 

In Kezar Lake, the mean particle size remains fairly constant until A.D. 1980, when 

there is a sudden increase in larger sediment particle sizes (Figure 12).  

The results of a t-test comparing the mean particle sizes of both lakes show 

that the distributions are significantly different with a p-value of 0.000002. This 

indicates that the changes occurring in Kezar Lake are not happening at the same time 

or pace as those occurring in Horseshoe Pond. 

The particle size diameter frequency chart for Horseshoe Pond (Figure 13) 

shows that the dominant particle sizes throughout the entire core tend to be particles 

with a diameter between 0 and 25 microns, which are fine silts and clays. 

Additionally, there are two areas in this core where particle sizes between 50 and 150 

microns become more frequent: the top 2 cm of the core (years 2016-2018), and cm 

19-21 (years 1940-1948). Sand particles are those that measure 63 microns and larger, 

and an increase in sand-sized particles in deep areas of the lake can indicate an 

increase in erosion. In Horseshoe Pond, the increase in particle size near the top of the 

core could be the signature of a major storm and flooding event that took place in 

2017. This one disturbance event can be seen in the core through multiple centimeters  
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as the large particles transported into the lake will take many years to become 

completely deposited in the deepest part of the lake.  Horseshoe Pond is smaller and 

less deep than Kezar Lake, and the core site is closer to shore. For these reasons, it is 

easier to identify large storm events in Horseshoe Pond’s sediment record. 

The particle size diameter frequency chart for Kezar Lake (Figure 14) shows 

that the dominant particle sizes throughout the entire core tend to be particles with a 

diameter between 0 and 25 microns, which are fine silts and clays. The upper 5 cm of 

the core shows a slight increase in particle size diameter with more particle sizes 

between 25 and 50 microns. These particle sizes are still smaller than sand-sized 

particles but are trending away from clay-sized particles and toward larger silt-sized 

particles.  
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Figure 11. Mean, median and mode Particle Size values from HSP2019-2 plotted 

against date as determined by lead-210 dating. An increase in mean particle size seen 

around A.D. 1900 correlates with an increase in deforestation in the area during that 

time. Another increase in mean particle size seen around A.D. 1940 correlates with a 

major flooding event in the area in A.D. 1936 with flood height reaching 24 feet, the 

highest recorded values in history. 
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Figure 12. Mean, median and mode Particle Size values from KZR2015-1 plotted 

against date as determined by lead-210 dating. The particle sizes remain fairly 

constant until A.D. 1980 when they begin to increase. The particle sizes decrease 

slightly around A.D. 1990 and then increase dramatically again around A.D. 2004. 

5
7
9

11
13
15
17
19
21
23
25
27
29

18801900192019401960198020002020

Pa
rt

ic
le

 D
ia

m
et

e
r 

(µ
m

)

Year

Kezar Lake Particle Size

Median Mean Mode



 25 

 

A.)  

B.)  
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Figure 13. Particle size diameter frequency from A.) Horseshoe Pond (HSP2019-2) 

and B.) Kezar Lake (KZR2015-1). Particle diameter (microns) is listed on the y-axis 

and the core depth (cm) is listed on the x-axis. The color scale on the right indicates 

the frequency that a particle of a particular size is measured in the sample. The dates 

listed on the top of the graph are the lead-210 calibrated dates that correspond with the 

cm depth intervals on the x-axis. 

 

Sediment Accumulation Rate 

The sedimentation rate measures the amount of sediment deposited on the lake 

bottom per year. Figures 14 and 15 show the sedimentation rate in Kezar Lake and 

Horseshoe Pond, respectively. The sedimentation rates in both lakes are very similar, 

with a sharp increase in sedimentation rate beginning between 1980 and 1990 in both 

lakes and continuing to the present. This indicates an ongoing trend that has not 

stopped yet, such as a change in regional weather events. An increase wave directed 

energy from boat use or an increase in annual precipitation events can cause erosion as 

heavy rains wash soils into the lake or waves from boats or storms cause landscape 

erosion around the lake. Though the soil series surrounding each lake are different, 

their characteristics are very similar and are comparably erodible. 
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Figure 14. Graph of sedimentation rate in Kezar Lake (KZR2015-1) from A.D. 1800 

to present. The sedimentation rate remains stable around 0.1 cm/year until around 

A.D. 1980 when it begins to increase dramatically. 

 

 

Figure 15. Graph of sedimentation rate in Horseshoe Pond (HSP2019-1) from A.D. 

1800 to present. The sedimentation rate remains stable around 0.15 cm/year until 

around A.D. 1900 when it begins to steadily increase to about 0.3 cm/year by A.D. 
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1970. This is followed by a steep decrease in sedimentation until around A.D. 1990 

when it begins to increase again to about 0.5 cm/year in 2019.  

 

 The sediment accumulation rate shows how much sediment accumulated every 

year in the lake. Comparing the sediment accumulation rates between Horseshoe Pond 

and Kezar Lake at multiple periods of time provides an understanding of how 

significantly different the accumulation rates of both lakes have been over time. I 

grouped the data for each lake into four intervals and determined the maximum, 

minimum, and median values for each lake during each interval.  

Overall, sediment accumulation rates for both lakes remain relatively steady 

from 1860-1985 with Horseshoe Pond’s accumulation rate values being consistently 

higher than those in Kezar Lake (Figures 16B, 16C and 16D). The accumulation rate 

in Horseshoe Pond remains similar in all four intervals. The median values throughout 

its history fall between 0.15 and 0.36 cm/year and its maximum accumulation rate in 

the entire core is 0.47 cm/year. In the period between 1988-2018 (Figure 16A), Kezar 

Lake experienced a significant increase in its sediment accumulation rate values with a 

median value for this period of 0.25 cm/year and a maximum value of 0.5 cm/year. 

Kezar Lake’s long-time median sediment accumulation rate value from 1860-1955 is 

0.06 cm/year and in the time period between 1960-1985, its median sediment 

accumulation rate decreased to 0.03 cm/year, indicating a decrease in sedimentation 

during those years. The sediment accumulation rates seen in Kezar Lake from 1988-

2018 are much higher than these long-time values. This data indicates a noticeable 

increase in sedimentation in Kezar Lake over the last 30 years. 
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A)       B) 

    

C)                       D) 

 

Figure 16. Sediment accumulation rate comparisons of Kezar Lake (KZR2015-1) and 

Horseshoe Pond (HSP2020-3) from A) 2018-1988 B) 1985-1960 C) 1955-1900 D) 

1900-1860. The accumulation rates for both lakes remain relatively similar 

respectively from 1860-1985 with Horseshoe Pond’s accumulation rate values being 

consistently higher than Kezar Lake. During the 1988-2018 time period, the sediment 

accumulation rate in both lakes increased but the increase in Kezar Lake is much more 

dramatic than that of Horseshoe Pond. 
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Discussion 

 

Shoreline erosion occurs when sediment material on the shore of a lake is 

transported into deeper areas of the lake by forces such as lake flooding or increased 

turbulence from wind and/or boat generated waves. Shoreline erosion contributes 

larger particles to deeper areas within lakes and can cause anoxia and other water 

quality problems (McKean, 2009). An increase in lake level increases the height of 

waves and energy levels that reach and affect the shore (Lorang et al., 1993). This 

report discusses the parameters used to determine if an increase in shoreline erosion is 

occurring and if our hypotheses are valid.  

If a lake is experiencing an increase in shoreline erosion, we would expect to 

see the following results. An increase in sediment particle size in deeper areas of a 

lake indicates either sediment input from a river, which is not applicable in this 

situation, or an increase in shoreline erosion as larger particles are not generally 

expected to be found in the deep areas of a lake (Parris et al. 2009). An increase in 

organic content, as determined by LOI, indicates an increase in shoreline erosion as 

this organic content is generally sourced from lakeshore vegetation (Munro, 2007). An 

increase in magnetic susceptibility seen in a lake that is also experiencing an increase 

in LOI indicates a change in sediment source or soil erosion, which could be a result 

of an increase in overland flow within the watershed or erosion of soil along the lake 

shore. 
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This project focused around three hypotheses all related to shoreline erosion. 

Hypothesis I states: The pace of shoreline erosion occurring in Kezar Lake is 

greater since 1980 than in the past. This hypothesis is accepted based on the following 

data. The sediment accumulation rate in the core of the deepest part of Kezar Lake 

shows a great increase within the last 35 years compared to long-time sediment 

accumulation rates (Figures 16A-D). Mean particle size in Kezar Lake was relatively 

stable until A.D. 1980 when a sudden increase in larger sediment particle sizes occurs 

and continues to increase presently (Figure 12). Sediment organic content in Kezar 

Lake begins to increase around A.D. 1980 and then continues to sharply increases 

around A.D. 2000 to present (Figure 7).  

Hypothesis II states: Shoreline erosion is occurring at a more rapid pace in 

Kezar Lake than in Horseshoe Pond. This hypothesis is accepted based on the 

following data. A comparison of sediment accumulation rates of Kezar Lake and 

Horseshoe Pond (Figures 16A-D) shows that the sediment accumulation rate in 

Horseshoe Pond increased slightly over time from 1860-2018 whereas the sediment 

accumulation rate in Kezar Lake had been stable from 1860-1985 and then greatly 

increases from 1988-2018. A comparison of LOI data from both lakes shows that both 

lakes have seen an increase in sediment organic content, however the increase in 

Kezar Lake is much more dramatic (Figure 6 and Figure 7). A comparison of mean 

particle sizes over time in Kezar Lake and Horseshoe pond shows that the mean 

particle size in Horseshoe Pond remained relatively stable over time and the mean 

particle size in Kezar Lake remained stable until a sharp increase beginning around 

A.D. 1980 (Figure 11 and Figure 12). The results of a t-test  comparing the mean 
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particle sizes of both lakes show that the distributions are significantly different, which 

indicates that changes in the particle size distributions of each lake are not co-

synchronous. 

Hypothesis III states: A noticeable difference in energy transport within the 

watershed exists between Kezar Lake and Horseshoe Pond as seen through sediment 

particle sizes. This hypothesis is accepted based on the following data. The 

comparison of mean particle sizes as explained in Hypothesis II shows a noticeable 

difference in particle sizes over time between the two lakes (Figure 11 and Figure 12). 

Additionally, the particle size frequency graphs (Figures 13A and 13B) demonstrate 

that the most frequently observed particles in Kezar Lake are trending away from fine 

silt and clay-sized particles to larger silt-sized particles, while the most frequently 

observed particles in Horseshoe Pond remain fine silts and clays.  

 

 Since Hypotheses I, II and III are all supported, I conclude that it is likely the 

increasing lake bottom sedimentation rate at Kezar Lake is due to an increase in wave-

directed energy from recreational boating.  

There are many processes that can affect sediments once they have entered the 

lake. Processes such as seasonal mixing, energy from wind waves and waves from 

boats can resuspend and deposit sediments of varying sizes in different ways, altering 

the patterns of sedimentation within the lake. It is important to consider these natural 

and anthropogenic processes in this report to determine the true cause of water quality 

and sedimentation changes in Kezar Lake. 
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Sediment input from a major tributary could cause larger sized particles to be 

found in the deeper parts of the lake. In the northern part of Kezar Lake, Great Brook 

is a major tributary that enters into the lake. However, when looking at the 

bathymetric map of Kezar Lake, we see that the passage between the Great Brook area 

of the lake and the main limb of the lake is partially separated by two islands and the 

water depth becomes very shallow, about 4 feet deep (Figure 19). It is possible that 

fine sediments could be transported between these sills but larger particles, such as 

courser silt and sand, could not. For this reason, we can eliminate tributary input as a 

possible source of large sediment particle sizes that have been found in the deep part 

of Kezar Lake. 

Seasonal mixing in lakes is caused by the differential heating of surface waters 

causing them to be less dense and more buoyant above the colder, denser water below. 

When temperatures cool, the two waters mix, redistributing oxygen and nutrients 

throughout the lake (Bade, 2006). During periods of seasonal mixing, lakes can 

experience resuspension and redeposition of sediments. Sediments can be picked up as 

the water mixes and circulates throughout the lake and then eventually be redeposited. 

The sediments resuspended by this  

 

process are usually quite small (silt- or clay-sized, 0.5 m to 62.5 m) and larger 

particles are not usually resuspended and transported from the shallower parts of the 

lake to the center (Wetzel, 2001). However, high energy situations, such as an increase 

in wave energy from severe storms, flooding events, or boating activities, can increase 

the number of larger particles transported to deep areas of the lake.  
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Water sports such as waterskiing, tubing and wake boarding have become 

increasingly popular summer activities on many lakes, including Kezar Lake. Some of 

these sports, such as wake boarding and wake surfing, require even larger waves than 

those needed for water skiing and a new type of specialized motorized boat has been 

developed for these activities. These “wake boats” are designed with ballasts that fill 

with water to weigh down the rear of the boat and maximize the wave created (Seipel 

& Seipel, 2003).  

The maximum height of a wind-driven wave on a given lake can be determined 

by using a calculation involving the lake’s fetch, the distance over which wind blows 

uninterrupted by land or other obstacles (Wetzel, 2001). The height of a wave depends 

on the fetch, the wind speed and the duration the wind consistently blows (Van Dorn, 

1993). The length of a lake is a limiting factor, therefore larger lakes experience larger 

wind-driven waves than smaller lakes. Using the Swellbeat wave generation calculator 

(Swellbeat, 2020), which is based on the JONSWAP approach (Hasselmann et al., 

1973), I calculated the maximum expected wave height for a wind-driven wave on 

Kezar Lake and on Horseshoe Pond. For Horseshoe Pond, I used the lake’s longest 

axis as the assumed distance of fetch. For Kezar Lake, I measured the longest 

uninterrupted distance before the lake narrows considerably, which would disrupt the 

wind flow. This measured fetch distance of 7 km comes very close to the shoreline in 

multiple places and would only occur under very specific wind conditions. I also 

measured a second distance of 3.42 km that represents a more realistic estimate of a 

long fetch on Kezar Lake (Figures 17 and 18). I assumed a wind speed of 40.23 kph 

over 24 hours. Wind speeds that high are usually not constant over a 24-hour time 
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frame during a storm, so this estimates the maximum probable wave height caused by 

natural, environmental conditions.  

         

Figure 17. Measured fetch of 7.0 km        Figure 18. Measured fetch of 3.42 km 

 

A 2015 report on wake-sport boat produced wakes lists the maximum expected 

wave heights created by wake boats traveling at a variety of speeds (C.A. Goudey & 

Associates, 2015). The wave heights created by wake boats are similar to the absolute 

maximum possible wind-driven wave that can form through environmental conditions 

on both Kezar Lake and Horseshoe Pond (Table 2). However, calculated maximum 

wind-driven wave heights are based on specific environmental conditions that only 

occur in the most severe storms. The two measured fetch distances on Kezar Lake 

represent the maximum possible fetch and it is much more likely that storm winds 

blowing over Kezar Lake will be interrupted by land at a much shorter distance, 
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altering the fetch and the maximum wave height. Additionally, storms of this intensity 

are not common and may occur a few times per year, whereas wake boats are used 

daily in the summer months, creating large waves much more regularly than severe 

storms. Data from the Kezar Lake Weather Station in Lovell, Maine shows that the 

average daily wind speed is between 8 – 16 kph on a regular day (Kezar Lake 

Watershed Association, 2020). A wind speed of 16 kph yields a maximum wave 

height of about 13.97 cm over a 3.64 km fetch. In comparison, a wake boat traveling 

at a cruising speed will produce wave heights of 37 cm which is significantly higher 

than waves created by wind on an average day.  

 

Table 2. Comparison of maximum wave heights caused by wind-driven waves on 

Kezar Lake and Horseshoe Pond as well as wake boat activities (C.A. Goudey & 

Associates, 2015). 

Wave Type Maximum Wave 

Height (cm) 

Wind-Driven Wave – Kezar Lake (7.0 km fetch) 59 

Wind-Driven Wave – Kezar Lake (3.64 km fetch) 41 

Wind-Driven Wave – Horseshoe Pond 26 

Wake Boat – for Wake Boarding 57 

Wake Boat – for Wake Surfing 68 

Wake Boat – Cruising 37 

 

Using a chart created by the University of Florida Department of Fisheries and 

Aquatic Science, I determined the depth of wave mixing using the wind velocity and 
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the fetch distance (University of Florida, 2020). If we assume the fetch of 7 km and a 

wind speed of 25 mph, the mixing depth would be 25.4 feet, and if we assume the 

fetch of 3.42 km with the same wind speed of 25 mph, the mixing depth would be 18.4 

feet. Figure 19 and Figure 20 are bathymetric maps of Kezar Lake that show its depth. 

View an interactive version of this map by following this link. Figure 19 shows 

contour lines at 1-foot intervals whereas Figure 20 shows them at 2-foot intervals. 

Even in the more extreme situation with a fetch of 7 km and a mixing depth of 25.4 

feet, only sediments in the area of the lake near the shoreline would be subject to 

mixing from wind waves. Kezar Lake becomes deep quickly, so aside from the Cold 

Brook area in the northern part of the lake, the mixing effect would end close to the 

shore. 

http://fishing-app.gpsnauticalcharts.com/i-boating-fishing-web-app/fishing-marine-charts-navigation.html?title=Kezar+Lake+boating+app#13/44.1850/-70.9150
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Figure 19. Bathymetric map of a portion of Kezar Lake 
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Figure 20. Closer look at the bathymetric map of Kezar Lake 

 

 

Lake level management is an important factor in understanding sediment 

accumulation. When lake levels are lowered, newly exposed sediments from the area 

where water retreated can become resuspended and then deposited in deeper parts of 

the lake. When lake levels remain high throughout the year, floods and turbulence 

from storms or boats can erode away soils and vegetation surrounding the lake 

(Punning et al., 2006). Lake level data from Kezar Lake from  2015-2019 shows that 

there is not a significant seasonal drawdown or lake level change (Figure 21). In 
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general, the lake level fluctuates between an increase of 0.4 m and a decrease of 0.2 m. 

The highest lake level recorded during this time was in November 2017 when a week 

of large storms and heavy precipitation increased the lake level by over 0.8 m. This is 

the highest lake level recorded during this period and all other changes in lake level 

align with natural precipitation events, which implies that the lake level of Kezar Lake 

is not managed. This data indicates that the larger particles found in the deepest part of 

the lake are not sourced from within the lake and rather are likely soil particles being 

eroded into the lake from increased wave action. This conclusion is supported by the 

magnetic susceptibility and loss-on-ignition data which indicate an increase in soil 

erosion in the watershed. 

 

 

 

Figure 21. Lake level data for Kezar Lake from 2015-2019 
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Conclusion 

 

The results from the data in this report lead me to accept all three hypotheses. 

Thus, I conclude that the increase in lake bottom sedimentation rate at Kezar Lake is 

due to an increase in wave-directed energy from recreational boating.  

The sediment accumulation rate in Kezar Lake increased dramatically over the 

past 30 years with values during this period reaching well above the mean value of the 

whole distribution. The sediment accumulation rate in Horseshoe Pond steadily 

increased over time, but the median values only vary between 0.15 and 0.36 cm/year 

(Figures 16A-16D). Conversely, the long-time median sediment accumulation rate in 

Kezar Lake varies between 0.03 and 0.06 cm/year until 1988-2018, where the median 

value jumps to 0.25 cm/year and the maximum value reaches 0.5 cm/year (Figures 

16A-16D). The difference between the long-time values and 1988-2019 values in both 

lakes highlights the dramatic change in sediment accumulation in Kezar Lake that 

does not exist in Horseshoe Pond. 

The mean particle size values in Kezar Lake have remained relatively stable 

throughout time until A.D. 1980, when they begin to increase dramatically until 

present (Figure 12). In Horseshoe Pond, the mean particle size values stay relatively 

stable throughout time, including the period from A.D. 1980 to the present (Figure 

11). This difference indicates that larger sediment particles are transported to deep 

parts of Kezar Lake, where they are not expected to be found under normal conditions. 

This change can be attributed to erosion of the shoreline. 
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It is likely that a change in regional climate and precipitation rate is affecting 

these lakes in some ways as well. However, the much more dramatic increase in 

sedimentation rate and particle sizes seen in the deep areas of Kezar Lake compared to 

the changes seen in Horseshoe Pond indicates that something other than climate 

change is the driving factor for these conditions in Kezar Lake. 

For these reasons and based on the information discussed earlier in this report, 

I conclude that an increase in shoreline erosion has been occurring in Kezar Lake 

since around A.D. 1980, which coincides with an increase in boating activity in New 

England.  

Currently, the Kezar Lake Watershed Association advises that wake surfing 

activities should take place at least 500 feet from shorelines and all other wake boat 

activities such as tubing, or wake surfing that occur at a slower speed of 6 – 12 mph 

should take place 300 feet from the shoreline, other vessels, or people in the water. 

Additionally, their guidelines state that any such slow speed activities must occur only 

in areas of the lake where the depth is 20 feet deep (Kezar Lake Watershed 

Association, 2019).  

Research on bottom sediment resuspension by recreational watercraft shows 

that there is little disturbance at low and high speeds and that the potential for 

disturbance is greatest at moderate speeds of 6 – 12 mph (Beachler & Hill, 2003). It is 

important to continue practicing the enforcement of these regulations that already exist 

as they address the concerns of sediment resuspension from bottom scouring.  

An additional management practice to consider is regulating the speed limits of 

different sizes or types of boats individually. Boats of different sizes may cause more 
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or less damage at the same speed. For example, the lake-wide speed restrictions may 

be ideal for preventing bottom sediment resuspension for boats of one certain size or 

type, but those same speed restrictions may cause bottom mixing from boats of a 

different size (Beachler & Hill, 2003).  
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