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2 Abstract 

This project uses a combination of coastal and stratigraphic mapping at selected field sites; wave climate 

and sedimentologic data; GIS change-detection analysis; and Bayesian statistical modeling to improve 

understanding of the relationships between coastal processes, hazards, and sediment supply associated 

with bluff retreat on the Lake Erie coast.  The project quantifies relationships between physical processes 

and landscape responses that may help improve community resiliency against a major coastal hazard on 

the Great Lakes.  Seven field sites of ~1-2 km in length were selected for Bayesian modeling of bluff 

retreat that relied on statistical analysis of 2007 and 2015 lidar data and numerous environmental 

parameters to determine the principal causes of bluff retreat.  Linking these detailed-study sites and 

extending from the OH-PA state line to the downdrift end of the WECLC at Presque Isle State Park, 

GIS/lidar mapping was used to quantify 2007-2015 bluff contributions to the littoral sediment budget.  

 
Objective 1:  Develop and apply a multivariate Bayesian statistical network model of bluff retreat to the western 

Erie County littoral cell (WECLC).  The model will be a predictive tool for explaining recent-to-historical bluff 

retreat and patterns, and for simulating future retreat magnitudes and patterns over multi-decade periods through 

2065.   

Objective 2:  Generate up-to-date GIS/lidar-derived estimates of bluff-sourced (a) total-sediment input (clays to 

boulders) to the WECLC that impacts both coastal water quality and beach resources; and (b) littoral sediment 

input (sand to boulders; or “sand+”) that represents the principal coarse sediment input to the WECLC and to the 

Presque Isle littoral cell immediately downdrift.  

 

High-resolution continuous mapping of the lakefront bluffs was completed wherein crest elevations were 

obtained at <1 m intervals, and bluff-face topographic changes (from which sediment losses were 

derived) were mapped every ~1 m2, along the 33.5 km WECLC coast.  These data represent a valuable 

addition to the regional geo-environmental knowledge base and allow improved understanding of bluff 

behavior.  The project used Bayesian Network modeling to explain past bluff-retreat patterns and simulate 

future bluff-crest retreat through 2065.  The importance of bluff retreat as a contributor of sediment to the 

littoral system during average lake-level conditions was established using change-detection analysis. 

 

The optimal Bayesian Network model used the following eight inputs:  SPR resiliency, long-term retreat 

rate, bluff face slope, beach prism width, toe elevation, top-shale elevation, bluff height, and wave impact 

hours.  Fitting the final model correctly predicted the 2007-2015 retreat-rate bin for 95.4% of the transects 

(correct-classification rate).  The predicted value was  assumed to correctly match if the observed 2007-

2015 retreat rate matched the bin with the largest predicted posterior probability.  It was also assumed 

correct if the largest predicted posterior probability was tied among multiple bins (2 bins in 80 cases, 3 

bins in 9 cases) and the observed 2007-2015 retreat rate was among those bins.  When ties were excluded, 

the model predicted 71.5% of the short-term rates correctly.  The mean predicted posterior probability of 

the observed 2007-2015 retreat rate was 84.1%.  The model suggests that long-term retreat rate, bluff face 

slope, toe elevation and beach-prism volume together explain most of the predicted 2007-2015 crest-

retreat rates.  Groundwater flux within the model appears to have only a minor influence.  Over the next 

50 years, bluff-crest retreat was simulated to range from 1 to 15 m by site.  That represents a range of 

crest retreat rates of 0.02 to 0.3 m/yr, within the range of values for historical bluff retreat. 

 

The 8-year total-sediment and sand+ changes for the WECLC bluffs were net losses of 318,400 m3 and 

105,850 m3, respectively.  Lakefront bluffs in the Crooked Creek and Trout Run watersheds were the 

principal sediment-supply sources.  Annualized, the bluffs supplied 39,800 m3/yr of total-sediment and 

13,250 m3/yr of sand+ to the WECLC.  Estimated sand+ yields were ~430 m3/bluff km/yr averaged across 

the six WECLC watersheds.  The 13,250 m3/yr sand+ supply results in a small littoral-sediment transport 

rate by both ocean coast and Great Lakes standards: sediment input from streams is minimal.  The sand+ 

sediment supply reflects change within a longer ~12-year period of relatively low and steady lake levels 

(1999-2011) followed by a 3-year slow transgression (2012-2015). 
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3 Introduction    

Retreat of coastal bluffs across seven Great Lakes states, and across at least ten states on the Atlantic and 

Pacific coasts, impacts property owners and other coastal stakeholders.  Bluff retreat is a major coastal 

hazard that affects over $66 million of near-bluff property (ECDPS, 2012) in Erie County, Pennsylvania’s 

only coastal county on the Great Lakes.   

 

 
Figure 3.1:  Map of the Pennsylvania coast of Lake Erie and its three principal littoral cells.  The 33.5 km WECLC 

(red rectangle on left) is located southwest (updrift) of the Presque Isle littoral cell, which lies updrift of the eastern 

Erie County littoral cell (right side of image).  Scale bar is ~3.2 km in length.  (Image: google.com/maps) 

 

The 123 km Pennsylvania coast of Lake Erie is dominated by Quaternary-age bluffs ranging in height 

from 1.5-55 meters above lake level.  Overall, ~24% of the coast is protected by engineering structures 

(Stewart, 2001), and the coast is considered a sand-starved system due to the small volumes of sand 

supplied to and moving within it (Knuth, 2001; Morang et al., 2011; Cross et al., 2016).  The ~73 km 

mainland coast, excluding the Presque Isle flying sand spit, consists almost entirely of bluffs dominated 

by unconsolidated fine-grained glacial and glacio-lacustrine material.  The westernmost 33.5 km, lying 

updrift (southwest of) Presque Isle State Park, comprises the western Erie County littoral cell (WECLC) 

which is the focus area of this study.  Data compiled by the Pennsylvania Department of Environmental 

Protection (PA DEP) show that bluff erosion is pervasive along the entire WECLC.   

 

Bluffs supply over 95% of the sand in transport within Pennsylvania’s Lake Erie littoral zone (Knuth, 

2001).  They are thus critical to the littoral cell within which they lie (e.g., the WECLC) and to littoral 

cells downdrift (e.g., the Presque Isle littoral cell).  Findings from this study suggest that a feeder-bluff 

conservation program could be adopted wherein eroding bluff sectors would be managed in their natural 

state to preserve the principal sediment supply to the littoral system and help reduce coastal erosion for 

tens of kilometers along and west of Presque Isle State Park.  Bluffs within municipal and state park 

properties centered on Elk Creek export significant sediment volumes to the littoral zone and may be 

appropriate for feeder-bluff designation. 



Page | 4  

 

 

On the perimeter of the Great Lakes, coastal bluff retreat is a pervasive geologic process (Zuzek et al., 

2003; Brown et al., 2005; Swenson et al., 2006; Cross et al., 2016; Davidson-Arnott, 2016).  

Understanding erosional behavior, and predicting future positions of a bluff crest, which is the standard 

map-reference landform, remains a scientific challenge (Trenhaile, 2009; Hapke and Plant, 2010; Castedo 

et al., 2012).  The Pennsylvania Coastal Resources Management Program (CRMP) within PA DEP 

identifies beach erosion and bluff retreat as two of the most significant environmental problems on the 

Pennsylvania coast of Lake Erie.  Coastal zone areas where the rate of bluff retreat creates a substantial 

threat to safety or structures are classified by PA DEP as Bluff Recession Hazard Areas (BRHAs) under 

the Bluff Recession and Setback Act (1980) (PA DEP, 2013).  Within BRHAs, new construction and 

significant modifications to existing structures are subject to a minimum bluff setback distance (MBSD) 

requirement.  This project addresses two significant and pertinent coastal-zone information gaps for Erie 

County bluffs in particular and for Great Lakes bluff coasts generally: (i) the need for a rigorous statistics-

based understanding of the roles of different physical processes and bluff characteristics in bluff retreat, 

and (ii) the need for higher-resolution estimates of sediment volumes contributed by bluffs to the littoral 

zone using state-of-the-art geospatial methods.   

 

This project uses a combination of coastal mapping and environmental data compilation at selected field 

sites; wave climate and sedimentologic data; GIS change-detection analysis; and Bayesian statistical 

modeling to improve understanding of the relationships between coastal processes, hazards, and sediment 

supply associated with bluff retreat on the Lake Erie coast.  Bayesian modeling quantifies relationships 

between physical processes and landscape responses that may help improve community resiliency against 

a major coastal hazard on the Great Lakes.  Seven field sites of ~1-2 km in length were selected for 

Bayesian modeling of bluff retreat that relied on statistical analysis of 2007 and 2015 lidar data and 

numerous, coarser scale, environmental parameters to determine the principal causes of bluff retreat.  

Linking these detailed-study sites and extending from the OH-PA state line to the downdrift end of the 

WECLC at Presque Isle State Park, GIS/lidar mapping was used to quantify 2007-2015 bluff 

contributions to the littoral sediment budget.  

 
Objective 1:  Develop and apply a multivariate Bayesian statistical network model of bluff retreat to the western 

Erie County littoral cell (WECLC).  The model will be a predictive tool to explain recent-to-historical bluff retreat 

and patterns, and for simulating future retreat magnitudes and patterns over multi-decade periods through 2065.   

Objective 2:  Generate up-to-date GIS/lidar-derived estimates of bluff-sourced (a) total-sediment input (clays to 

boulders) to the WECLC that impacts both coastal water quality and beach resources; and (b) littoral sediment 

input (sand to boulders; or “sand+”) that represents the principal coarse sediment input to the WECLC and to 

the Presque Isle littoral cell immediately downdrift.  

 

The first objective of this project is to use statistical modeling of easily-collected, remotely-sensed, 

topographic and environmental data to reduce uncertainty in our understanding of the behavior of eroding 

bluffs on part of the Lake Erie coast that can be applied to other Lake Erie and Great Lakes settings.  The 

process of bluff retreat is notably distinct from beach erosion because the loss of sediment is permanent.  

The second objective is to provide a new, high-resolution and recent era, estimate of sediment input to the 

littoral zone due to bluff retreat.  A new approach for Pennsylvania, using surface-differencing (change-

detection analysis) of lidar-derived digital elevation models (DEMs) from 2007 and 2015 allows higher-

resolution mapping of bluff-face change than has been possible prior to this time.  Prior research (Knuth, 

2001; Morang et al., 2011; Cross et al., 2016) on the littoral sediment budget for the Pennsylvania coast is 

resolution-limited because it relied on transect-based change mapping where transect spacing and 

averaging were relatively large (50-1000 m) , stratigraphy was not well-constrained, and it was assumed 

that bluffs retreated in a simple parallel-retreat manner.  In reality, bluff-crest retreat indicating sediment 

loss may be accompanied by storage (deposition) of material on the mid and lower bluff face, resulting in 

overestimates of sediment contribution to the littoral zone when a parallel-retreat assumption is made. 
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4 Methodology 

Causes of Bluff Retreat:  The Bayesian Network model was developed for seven 1-2 km long study sites 

representative of coastal conditions and six HUC-12 watersheds within the WECLC.  It comprises two 

main components: the first is a directed network graph that shows how input variables (bluff height and 

wave impact hours, for example) are related to each other and to a “predicted” retreat rate (2007-2015) at 

the bluff crest.  The network model allows for (i) discovery of how the model inputs are related to bluff-

crest retreat rate, and (ii) the opportunity to look for possible interactions and feedbacks between 

variables.  The second component of the model is a series of conditional probability density functions 

based on the observed data used as inputs.  Table 4.1 lists the nine inputs considered for model inclusion 

with basic statistics.  

 

In this bluff-retreat application, geodata observations were compiled from shore-normal DSAS transects 

(Thieler et al., 2009) spaced at 20 m intervals along each of the seven WECLC study sites.  The observed 

data were binned so that discrete probability distributions were created based on the data that determine 

how the variables and retreat rate are causally related.  The network model determines which variables are 

assumed to be related (connected nodes) and which variables are assumed to be independent (no 

connection).  The Bayesian network was built using the R statistical programing language (R 

Development Core Team, 2020) and the bnlearn package (Scutari, 2010).  The output of the model was a 

discrete probability distribution for each field site location that predicted the probability of observing 

different retreat rates conditional on the observed input values.  The modeling approach allowed a model 

fitting process to determine which variables were related, rather than using a model based on expert 

opinion.  By allowing the model fitting process to create the connections between the variables using the 

observed data, connections between the variables unique to this particular region could be discovered, 

rather than assuming that connections that exist at other locations apply universally. 

 

Table 4.1: Input parameters considered for the Bayesian Network model with data-bin boundaries 

Model Parameter Min Mean Median Max Boundaries for 5 Bins 

      
Wave Impact Hours (hrs/yr) 0.0 873.90 848.10 4896.10  0.1-500-600-800-1000-50000 

Bluff SPR Resiliency (blows per m) 51.00 76.06 66.00 133.00 50-60-70-90-110-140 

Long-Term Retreat Rate (m/yr) 0 -0.31 -0.28 -0.87 Neg 0-0.1-0.2-0.3-0.5-1.0 

2007-2015 Retreat Rate (m/yr) 0 -1.1 -0.09 -1.12 Neg 0.0-0.01-0.1-0.2-0.5-1.2 

Bluff Height (m MSL)  174.8 197.8 200.0 212.2 170-185-195-200-205-220 

Toe Elevation/Beach Height (m LL) 0.00 1.23 0.94 9.20 0-0.5-1.0-1.5-2.5-20 

GW Flux (m3/ m2/yr) 0.10 36.91 15.00 222.00 0-5-10-20-50-250 

Bluff Face Slope (degrees) 12.33 30.34 31.02 42.18 10-25-29-33-37-50 

Top-Shale Elevation (m MSL) 172.50 174.80 174.80 177.20 172-173-174-175-176-178 

Beach Prism Width (m) 0.18 8.88 5.78 117.27 0-3-7-10-20-120 

Bold parameters are the input-variable finalists used in the eight-element Bayesian Network model 

 

The goal was to build a statistical network model to successfully explain historical change in coastal 

bluff-crest location (1938-2007) and to then test the model’s skill by evaluating its ability to predict 

“future” change over a recent (2007-2015) validation window.  The model would then be used to simulate 

future crest locations for each of the modeled WECLC sites (1STGL through 7BMDR).  The simulations 

would look out into the future for 10, 25, and 50 years (through 2025, 2040, and 2065, respectively).  

These time windows approximate (i) the average duration of individual-home ownership in the United 
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States (nar.realtor), (ii) a typical mortgage duration, and (iii) a time duration used with bluff-crest retreat 

rates to define construction setbacks on the Pennsylvania coast (PA DEP, 2013).  Building the model 

entailed using a combination of as many as nine, pre-identified, geospatial inputs plus a 2007-2015 bluff-

retreat dataset. 

 

To determine which combination of the nine possible inputs best modeled the 2007-2015 retreat rates, k-

fold cross validation was used (Scutari, 2010).  This process allowed the observed data/geospatial inputs 

to be split into training and testing datasets.  The entire dataset was randomly split into k=10 subsets and 

the model was fit using k-1 (nine) of the subsets in order to predict the 2007-2015 retreat rate of the 

remaining, test subset.  For each run of the model fitting process, 369 transects consisted of the training 

data while the remaining 41 were used as the testing data.  The k-fold cross validation was repeated 50 

times in order to make sure that there was sufficient randomization in selecting which data were selected 

to fit the model, and which data were used to test the model such that the results would be reproducible.  

For each cross-validation run, the model fit with the training data was used to predict the 2007-2015 

retreat rate for the testing data.  Comparing the predicted 2007-2015 retreat rate to the observed retreat 

rate of the testing data measured the quality of the model fit.  The accuracy of the model fit was averaged 

over 500 (10 fold x 50) replications. 

 

All possible 511 models from among the nine possible model inputs were examined.  A Bayesian 

Network model was created for each combination of model inputs by forcing all inputs to influence the 

2007-2015 retreat rate and at the same time allowing the model fitting process to learn any additional 

relationships between the remaining inputs using a hill-climbing model fitting process (Scutari, 2010).  

The k-fold cross validation procedure measured the percentage of incorrect classifications for the testing 

subset, averaged over the k=10 folds for each of the 50 cross-validation runs.  The set of model inputs 

with the lowest percentage of incorrect classifications was determined to be the best model of those 

examined and was chosen as the final project model (Fig. 5.1).  The percentage of incorrect classifications 

was calculated using the Bayesian Network model created by utilizing 90% of the observed data (k-1 

folds, ~373 transects) to predict the remaining 10% (1 fold, ~41 transects) of the observed data.   

 

After the final model was selected, overall model fit was assessed by comparing the predicted 2007-2015 

retreat rate to the observed retreat rate for all transects used to fit the model.  If the short-term retreat rate 

bin with the highest posterior probability matched the observed 2007-2015 retreat rate bin, the model was 

determined to correctly classify the transect.  If there was a tie among the bins with the highest posterior 

probability, and the observed 2007-2015 retreat rate bin was among the tied bins, the model also was 

determined to correctly classify the transect.  In order to determine the importance of the model inputs in 

the final model, the posterior probability distribution for the 2007-2015 retreat rate was estimated using 

the full dataset for all transects.  To measure the importance of each input in the final model, the model 

was fit again without that input and the average predicted posterior probability was calculated again.  The 

percent reduction in the average predicted posterior probability compared to the full, final model was 

calculated.  The model inputs with the largest reduction in average predicted posterior probability were 

considered the most important inputs in the final model. 

 

Bluff Sediment Supply:  The bluff sediment-input analysis used the seven field sites used in the Bayesian 

modelling (Sites 1STGL-7BMDR) as well as inter-site coastal areas to cover all 33.5 km of the WECLC 

coastline.  Sediment volumes lost from the bluffs, or stored temporarily on the mid and lower bluff, and 

bluff-failure mechanisms and patterns were derived from comparison of 2007 and 2015 lidar DEMs built 

using lidar data available from the Pennsylvania Spatial Data Access portal (pasda.psu.edu, 2020).  A GIS 

approach using ArcGIS Pro (Esri.com), LP360 (GeoCue.com), and DSAS (Digital Shoreline Analysis 

System; Thieler et al., 2009) allowed estimation of total-sediment and sand+ volumes released to Lake 

Erie during the 2007-2015 era’s average lake-level/slow transgression conditions. 
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The 2007-2015 data years were chosen because they are two of the better lidar datasets currently 

available, were perceived to be sufficiently separated in time to detect meaningful topographic changes, 

and were collected along the Lake Erie coast during 2006-2008 and 2015 (pasda.psu.edu).   GIS was used 

to analyze the lidar data to obtain bluff-crest and bluff-face location, geometry, and spatial change 

information for the sediment budget analysis.  Digital raster elevation models created from the native lidar 

point clouds were analyzed with GIS spatial analysis tools (ArcGIS Pro, DSAS, LP360) to compute 

elevation and volume differences between the DEMs (change detection analyses).  For the three-

dimensional data used, needed volumetric computations, hydro-flattening, hydro-enforcement, and profile 

and transect generation were performed in ArcGIS.  A zoomable online version of the surface-difference 

maps shows bluff-face changes in detail and is viewable at (temporary website):  
https://www.arcgis.com/home/webmap/viewer.html?webmap=562d1062e45844b9bcea7a85a9692933&extent=-80.5252,41.9597,-80.1496,42.1274   

 

The surface-differencing procedure from which bluff-face erosion and accretion patterns were identified, 

and sediment gain and loss volumes estimated, was completed for the entire WECLC bluff face and then 

clipped to each of the six HUC-12 watersheds.  The raster DEMs at 3.281 ft (1 m) resolution were 

produced from the 2007 and 2015 lidar point datasets using only points classified as bare-earth and 

applying IDW interpolation in LP360.  The same grid was used for both datasets despite differences in 

nominal point spacing to facilitate raster differencing.  The 2007 DEM was subtracted from the 2015 

DEM to produce a raster of elevation change over the 8-year time period.  The resulting difference rasters 

were clipped at the bluff toe and bluff crest.  Further clipping allowed watershed-by-watershed 

computation of sediment gains and losses on the bluff face.  The elevation-difference raster values were 

then multiplied by cell area (~1 m2; or ~10.76 ft2) to produce volumes.  All positive changes were 

aggregated as gain; all negative changes as loss.  Zonal statistics were calculated in ArcGIS Pro to 

produce the gain, loss, and net-volume changes for each watershed.  Because GIS map work used the 

State Plane coordinate system, elevation (ft), distance (ft) and volume (ft3) map data were subsequently 

converted to metric units in tables and text for comparison with DSAS-derived data; however, maps and 

sections retain non-metric units.  

 

The surface-difference approach used to estimate changes in bluff-face topography and volumes over 

time uses high-density (~1 pt/m2) point sampling across the entire bluff face.  The approach is 

advantageous in areas where the bluff does not retreat with an assumed “slab” geometry from toe to 

crest.  While bluffs conceptually follow such a parallel-retreat geometry over time scales of decades to 

centuries (Zuzek et al., 2003; Foyle, 2018), this geometry is rare at year to decade time scales.  Parallel 

retreat modes are favored where internal bluff stratigraphy has a face-parallel geometry, stratal units are 

individually cohesive, and sloped bedding planes behave as failure surfaces.  This is not the case for the 

near-horizontally layered bluffs on the WECLC coast, where some parts of the bluff fail while others do 

not or do so to a different degree.  There is often temporary storage of slumped material on the slope 

immediately below the failure zone, often lower on the bluff face nearer the bluff toe, on the adjacent 

backshore, or in the surf zone if a beach is absent. 

 

The surface-difference approach allows for continuous areal data coverage (despite some limitations in 

lidar coverage) rather than relying on identifying crest changes at transects typically spaced at 20-1000 

meter intervals along a coastline.  Prior bluff-sediment input estimates to the Lake Erie littoral zone from 

Cross et al. (2016), Jones and Hanover (2014) and Knuth (2001) all assumed simple parallel bluff retreat 

over multi-year observation periods and likely overestimated bluff sediment supply to the WECLC.     

https://www.arcgis.com/home/webmap/viewer.html?webmap=562d1062e45844b9bcea7a85a9692933&extent=-80.5252,41.9597,-80.1496,42.1274
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5 Results and Discussion 

Causes of Bluff Retreat:  The Bayesian Network model was developed for seven individual study sites, 

each 1-2 km in length and representative of coastal conditions and six HUC-12 watersheds within the 

WECLC.  Using k-fold cross-validation, the best model examined was one in which eight of the nine 

possible inputs were used.  These inputs included Bluff (SPR) Resiliency, Long-Term Retreat Rate, Bluff 

Face Slope, Beach Prism Width, Toe Elevation/Beach Height, Top-Shale Elevation, Bluff Height, and 

Wave Impact Hours.   The average percentage of incorrectly classified transects was 60.4% for the 8-

element model.  Fitting the 8-element model with all 414 transects, it correctly predicted the 2007-2015 

retreat-rate bin for 95.4% of the transects.  This included ties:  if ties were excluded, the model predicted 

(395 - 80 doubles - 9 triples)/414 or 71.5% of the binned short-term rates correctly.  When using the final 

model with all 414 transects, the average predicted posterior probability of the observed 2007-2015 

retreat rate bin was 84.1%.  This value was used as a baseline to determine the importance of each input 

in the model.  The percent reduction from 84.1% when the average predicted posterior probability of the 

observed 2007-2015 retreat rate bin was calculated without any given one of the eight model inputs 

showed that the two most important inputs were long-term retreat rate (causes a 14.3% reduction in 

prediction probability if removed) and bluff face slope (causes a 13.8% reduction in prediction probability 

if removed).  The third most important variable was toe elevation/beach height, which was also 

determined to be the best model via k-fold cross validation if only one input was used.  This means that 

when building a 1-element model using any one of the nine geodata inputs, toe elevation/beach height 

was the best-performing input of the nine as a predictor of crest retreat.  Overall, the model had a 95.4% 

correct classification rate and an 84.1% average predictive probability.  

 

 
Figure 5.1:  Final Bayesian Network model for bluff retreat on the WECLC coast showing eight optimal variables 

used to predict “future” 2007-2015 bluff-crest retreat rates and simulate retreat through 2025, 2040, and 2065. 

 

The Bayesian Network model suggests that, in fundamental terms for property owners, long-term retreat 

rate, bluff face slope, toe elevation and beach prism volume together explain most of the predicted 2007-

2015 crest-retreat rates.  Groundwater flux through the bluff face, when considered by the model, appears 

to have only a minor influence because the model skill degrades when it is included.  This result was 

unexpected: the reason for this is uncertain and is suspected to be due to imperfect quantification of the 

groundwater flux through WECLC watersheds. Long-Term Retreat Rate in the 8-element model remains 

the most important input variable.  This validates the historical practice of using long-term retreat rates to 

predict future retreat rates on coastlines in general.  A possible reason for this is that long-term retreat rate 

is fundamentally a consequence of interactions among all processes driving bluff retreat over time.   
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Sensitivity analysis indicates that no one model variable can be defined as the principal driving or “best” 

factor for predicting 2007-2015 retreat rates.  If removal of long-term retreat rate resulted in a very large 

reduction in prediction probability (e.g., greater than 50%), it would have indicated not that it was a very 

important variable but that the model was over-fit and a simpler model would have been more 

appropriate.  Given that all of the model inputs individually had reduction-in-prediction probability values 

(when removed from the 8-element model) of less than 15%, the multivariate approach used to model the 

complex system driving retreat was appropriate.   

 

The output of the 8-element model (Fig. 5.1) was used to simulate future bluff crest locations at each 

DSAS transect at each of the seven WECLC sites for the years 2025, 2040, and 2065 (using 2015 as the 

starting year).  The plots for all three simulation periods show that, as has been true historically, simulated 

future retreat is spatially very variable between nearby transects and between field sites.  By 2065, bluff-

crest retreat at the seven WECLC sites may be expected to range from 1 to 15 m depending on location.  

That represents a range of crest retreat rates of 0.02 to 0.3 m/yr, within the range of values for historical 

bluff retreat.  However, an implicit assumption here is that environmental conditions going forward do 

not vary any more than they did during the 1938-2015 timeframe used to build the Bayesian Network. 

 

The 50-year simulation shows relatively consistent but greater future retreat for Sites 1STGL, 4LECP and 

5YMCA (in the western and central WECLC) compared to other sites: simulated retreat averages ~8 m by 

2065.  Four sites (2RACK, 3EBSP, 6LSCC, 7BMDR) show more within-site variability in amounts of 

simulated retreat by transect compared to the other three.  Simulated retreat is, on average, generally 

similar across all sites, with the lowest simulated retreat occurring at Sites 2RACK, 3EBSP, 6LSCC, and 

7BMDR.  This is significant because the long-term historic record shows major retreat for Sites 1STGL 

and 2RACK in the Turkey Creek watershed (rates ~2X those of other WECLC sites): this trend weakens 

in the simulations.  The reason for this future (simulated) erosion reduction at historically high-erosion 

locations is unknown. 

 

A topographically more-realistic 10-transect moving average of mean total retreat was superimposed on 

plots of mean simulated retreat to smooth simulated change across adjacent DSAS transects.  This was 

done because along-coast extents of slump failures in the WECLC range from ~5 m to ~1000 m in length 

over the long term and from ~5 m to ~200 m over shorter time periods (decades).  Realistically, the 

simulated retreat at any given transect will rarely occur in isolation from nearby transects, spaced every 

20 m.  This is a phenomenon not considered in the Bayesian Network model, because interactions 

between transects are not directly examined.  Also, the larger the simulated retreat at a transect, the more 

likely it is for a larger number of adjacent transects to be influenced.  The 10-transect averaging also 

circumvents another limitation of the Bayesian model:  that ~zero-change transects will continue to 

illustrate ~zero change over decades and that major-change transects will continue to illustrate major 

change over those same decades.  This implicit modeling assumption is contrary to current understanding 

of bluff retreat, where periods of enhanced crest retreat lead to lower-slope, more stable bluffs (and lower 

retreat rates over subsequent years) and vice versa (Zuzek et al., 2003).  Over the decadal timeframes used 

for the simulations, the 10-transect moving average (200 m event dimension/20 m transect spacing) was 

assumed appropriate as a smoothing mechanism to better represent natural topographic conditions. 

 

Limitations in the Bayesian Network model potentially limit its skill at simulating bluff-crest locations 

during any of the three time windows analyzed.  A significant number of transects in the dataset had zero 

or near-zero short-term (2007-2015) retreat rates.  These transects forced the model to predict ~zero 

meters of future retreat during subsequent simulations.  These zeroes are a consequence of limited real 

bluff-crest change in the 2007-2015 observed data at some DSAS transects, and of crest-mapping 

uncertainty (small) when picking the bluff crest locations from lidar data.  If a greater (e.g., 5X) transect 

density was available, then more advanced distributions of the input variables across more transects could 
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be used in the model to better describe short-term retreat rate variability.  Similarly, a longer observation 

window than the 8-year window used in this study could help to better identify small amounts of annual 

retreat because they get summed over the longer time window. 

 

Bluff Sediment Supply:  Based on bluff-face topographic changes mapped using lidar data from 2007 and 

2015, the 8-year total-sediment and sand+ changes for the WECLC bluffs were net losses of 318,400 m3 

and 105,850 m3, respectively.  Lakefront bluffs in the Crooked Creek and Trout Run watersheds were the 

principal sediment-supply sources (Table 5.1).  Annualized, the bluffs supplied 39,800 m3/yr of total-

sediment and 13,250 m3/yr of sand+ to the WECLC.  The sand+ volume was 65% smaller than prior 

estimates (Morang et al., 2011) for the 20th/21st Century era, while the total-sediment supply was 77% 

smaller.  Estimated sand+ yields of ~430 m3/bluff km/yr averaged across the six WECLC watersheds are 

comparable to turn-of-century (1990-2004) yields estimated by Jones and Hanover, 2014) for the nearby 

Ohio coast. Comparing watersheds, the greatest amounts of bluff-face elevation loss ranged from 1.0 m 

(Elk Creek) to 2.4 m (Walnut Creek).  The greatest amount of elevation gain, due to sediment storage or 

bluff-toe deformation, ranged from 1.8 m (Walnut Creek) to 3.1 m (Trout Run).  Volume losses on the 

bluff face were ~20 times greater than volume gains (Table 5.1).  Given that the DEM surfaces have 

vertical uncertainties of ±18.5 cm RMSE (2007) and ±9.1 cm RMSE (2015), respectively, the propagation 

of those uncertainties in the surface-differencing result was estimated such that the vertical uncertainty for 

the 2007-2015 difference map was ±0.2 m.  The resultant WECLC-wide volume uncertainties were 

subsequently estimated by multiplying the ±0.2 m uncertainty by the area of the WECLC bluff face.  The 

result was a potential ±50% uncertainty in the sediment volume estimates.  Future analyses using a 

greater time-separation between DEM/lidar years would help reduce this uncertainty.  The 13,250 m3/yr 

sand+ supply results in a small littoral-sediment transport rate by both ocean coast and Great Lakes 

standards, given that sediment input from WECLC streams and from bluff erosion on the Ohio coast is 

minor (Knuth, 2001; Cross et al., 2016).  The sand+ supply reflects conditions within a longer ~12-year 

period (1999-2011) when lake levels hovered about the mean level for Lake Erie (174.17 m) prior to a 

rising lake-level era that began in 2011/2012 and continued through 2015 (and beyond). 

 

Table 5.1: Sand+ gains, losses, net and normalized change for the WECLC bluffs by watershed* 

HUC-12 Watershed 
& Lakefront Bluff 

Length (km) 

8-Yr 
Gain m3 

8-Yr 
Loss 
m3 

8-Yr Net 
Change 

m3 

Annual 
Gain 
m3/yr 

Annual 
Loss 

m3/yr 

Annual 
Net 

m3/yr 

Normalized Annual Net* 
Sand+ Supply to WECLC 

m3/lake-km/yr; m3/blf-km/yr 

        
Turkey Creek  6.9 877 -12,715 -11,837 110 -1,589 -1,480 -197; -215 

Crooked Creek  5.6 666 -31,536 -30,870 83 -3,942 -3,859 -654; -689 

Elk Creek  0.075 ~1 -224 -224 ~0 -28 -28 -51; -373  

Trout Run  10.15 2,480 -39,118 -36,638 310 -4,890 -4,580 -445; -451 

Walnut Creek  1.6 213 -4,734 -4,521 27 -592 -565 -202; -353 

Mill Creek-West 6.3 1,047 -22,800 -21,753 131 -2,850 -2,719 -400; -432 

WECLC Total   -105,850   -13,250 -400; -430 

Sand+ volume = Total-sediment volume x watershed Sand+ percent 
*Normalized to cubic meters per lakefront kilometer per year; and to cubic meters per lakefront-bluff kilometer per year 
Bluff-face volume estimates are accurate to ±50% due to uncertainty in the DEM-differencing procedure   

 

The WECLC-average elevation change on the bluff face was ~0.3 m across all six watersheds.  The 

elevation change, representing sediment loss and gain on the bluff face, varied by watershed, being 

greatest for Crooked Creek (~0.41 m) and lowest for Elk Creek (~0.21 m).  Scattered gains in elevation 

on the bluff face were a consequence of bluff-face deformation at slumps and of sediment storage lower 
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on the bluff from upslope failures.  As much as 6.5% of sediment moving from a given location on the 

bluff may be stored on the bluff downslope.  Each of the six HUC-12 watersheds fronting the WECLC 

supplied a significantly different quantity of bluff-derived sediment to the Pennsylvania sector of the 

larger Lake Erie littoral system (Table 5.2): this variability was previously unknown.   

 

Table 5.2: Stratigraphic characteristics used in Sand+ volume calculations by watershed 

HUC-12 Watershed 
Turkey 
Creek 

Crooked Creek Elk Creek Trout Run 
Walnut 
Creek 

Mill Creek - 
West 

8-Yr Total Net Bluff 
Sediment Change m3 

-40,959 -92,704 -616 -107,760 -14,727 -61,623 

       
Highstand Gravels: 

% of Bluff Face Area 
0% 0% 8.5% 4.8% 0% 0% 

Average Sand+  
Content % 

88% 88% 88% 88% 88% 88% 

8-Yr Highstand Sand+ 
Volume Loss in m3 

0 0 46 4,552 0 0 

       
Lacustrine Sands: 

% of Bluff Face Area 
9% 10.5% 8.5% 8.2% 10% 17.5% 

Average Sand+  
Content % 

69% 69% 69% 69% 69% 69% 

8-Yr Lacustrine Sand+ 
Volume Loss in m3 

2,544 6,716 36 6,097 1,016 7,441 

       
Stiff Upper Till: 

% of Bluff Face Area 
38% 70.5% 66.5% 69.8% 52% 63.5% 

Average Sand+  
Content % 

29% 29% 29% 29% 29% 29% 

8-Yr Upper Till Sand+ 
Volume Loss in m3 

4,514 18,953 119 21,813 2,221 11,348 

       
Very Stiff Lower Till:  
% of Bluff Face Area 

53% 18.5% 16.5% 16% 34% 11.5% 

Average Sand+  
Content % 

22% 22% 22% 22% 22% 22% 

8-Yr Lower Till Sand+ 
Volume Loss in m3 

4,776 3,773 22 3,793 1,102 1,559 

       
Shale Bedrock: 

% of Bluff Face Area 
0% 0.5% 0% 1.2% 4% 7.5% 

Average Sand+  
Content % 

30% 30% 30% 30% 30% 30% 

8-Yr Bedrock Sand+ 
Volume Loss in m3 

0 1,391 0 388 177 1,387 

       
Average Sand+ Percent 

for all Bluff Strata 
28.9% 33.3% 36.3% 34.0% 30.7% 35.3% 

8-Yr Sand+ Loss from 
all Bluff Strata in m3 

11,834 30,833 223 36,643 4,516 21,735 

Net Sand+ Loss to 
WECLC in m3/yr 

1,479 3,854 28 4,580 565 2,717 

Sand+ Loss to WECLC  
m3/lakefront km/yr 

m3/bluff-km/yr  

 
197 
214 

 

653 
688 

 
51 

371 

 
445 
451 

 
202 
353 

 
400 
431 

Note small rounding errors when compared with Table 5.1.   
Average Sand+ contents are derived from the literature and bluff-face logging:  Carter (1975), D’Appolonia et al. (1978), Knuth 
(2001), Dawson & Evans (2001), Urban Engineers of Erie, Inc. (2004), Jones & Hanover (2014), Cross et al. (2016), Environmental 
Remediation & Recovery, Inc. (2017), WECLC project fieldwork (2018), and Terracon Consultants, Inc. (2018).  
Bluff-face volume estimates are accurate to ±50% due to vertical uncertainty in the DEM surfaces. 
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The bluff-retreat sand+ volumes derived in this study provide a unique opportunity to understand 

sediment contributions from bluffs to the littoral zone during near-average and relatively stable lake 

levels.  Opportunity for such high-resolution analysis was not possible before because time windows 

capturing such infrequent average lake-level periods did not align with high-resolution lidar data sets and 

recent developments in geospatial-analysis tools.  The data from this study thus allow estimation of bluff 

retreat rates and sediment losses for long-term average/stable lake-level scenarios that have occurred in 

the past (1944-1956; 1999-2011) and are likely to return in the future.  Implicit in this observation is that 

bluff change during 2007-2015 was responding, with some (decades) process-response time lag, to 

environmental conditions beginning at least in 1999 and continuing through 2015 at the end of the 

observation window. 

 

A significant 0.76 m (~95 mm/yr) rise in lake levels that began in ~2012 and continued through 2020 may 

not be reflected in greater rates of bluff change for potentially another decade because of suspected time 

lags of at least a decade in the response of bluffs to lake-level change.  It is expected that change rates, 

when ultimately determined for the 2012-2020+ period, will be greater than those reported for this study 

of the 2007-2015 era.  They may approach or exceed rates determined for prior transgressive periods 

when sediment supply was ~five times larger than our 2007-2015 rates. 

 

Erosion on the WECLC bluffs is pervasive, occurring across the entire bluff face in most watersheds.  

This supports the general model that bluff retreat is not necessarily driven by either wave attack or 

groundwater discharge.  While in localized areas retreat may be driven by one or other forcing agent, in 

most cases it is driven by a combination of both forcing agents.  This is indicated by the occurrence of 

erosion swaths near both the base and crest of the bluffs along much of the WECLC.  Consequently, when 

lower lake levels result in less erosion and steepening at the toe of the bluff, groundwater-driven failure 

may remain active higher on the bluff, and vice versa during high lake levels. 

 

Our estimates of bluff sand+ input to the WECLC are lower than prior studies and contain some 

uncertainty (conservatively, ±50%).  However, our estimates are inferred to be more precise because of (i) 

better, although still imperfect, resolution of stratigraphic complexity, (ii) a DEM-differencing approach 

that allows higher-resolution mapping of topographic changes across the bluff face at ~1 m point 

spacings, and (iii) better tracking of slump-supplied sediment accumulations (gains) on the bluff face that 

partially offset some (~5%) of the loss volumes.  Our estimates are significantly lower than recent-era 

prior studies, and there are several possible reasons for this.  The 8-year comparison may not have 

captured large but infrequent bluff sediment-supply events that would have a higher probability of being 

captured by analyses covering several decades.  A likely decades-scale process-response time lag between 

lake level and bluff erosion means that the 2007-2015 bluff face may have been responding primarily to 

lower and more uniform lake levels during the 1999-2011 period.  And lastly, our observation window 

largely occurred within a longer 12-year period of relatively low, stable to transgressive, lake levels 

(1999-2011) that had not previously occurred for over half a century.  

 

Considering the physical processes involved in bluff retreat, retreat rates and sediment supply from bluffs 

should be lower when, individually, the following conditions are satisfied: the beach prism is larger 

(beach width is large; toe elevation is well above lake level), SPR resilience is high, the top of bedrock is 

well above lake or backshore level, groundwater flux is low, bluff-face slope is low, and wave impact 

hours are reduced.  Many of these attributes are most likely to occur during periods of lowered lake level.  

In natural systems, however, these attributes rarely operate in isolation because interactions and feedbacks 

occur, making predictions more challenging.    
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6 Potential Applications, Benefits, and Impacts 

There are several coastal-management related implications of the project findings.  Estimates of bluff 

contributions to littoral sand+ transport along the WECLC, based on the high-resolution surface-

differencing methodology used in this study, are lower than previously estimated by prior researchers 

both for the recent 20th/21st Century era and for the mid-20th Century era (Knuth, 2001; Morang et al., 

2011; Cross et al., 2016).  These prior estimates, about three times larger than those of this study, are 

directly or indirectly considered in sand-resource management at Presque Isle State Park, immediately 

downdrift of the WECLC.  Historically the park has had, and continues to have, a significant sand deficit 

that has been addressed by a history of hard-stabilization and a more recent history of regular beach 

nourishment.  Our lower littoral-sand transport estimates, when considering that bluffs supply >95% of 

the sand to the WECLC littoral stream (Knuth, 2001), suggest that sediment budget assumptions currently 

being used for coastal sand management and erosion mitigation in the Presque Isle State Park littoral cell 

may benefit from revision to account for the smaller, 2007-2015 era, sand+ input to that cell from the 

WECLC.  The small 2007-2015 volumes are interpreted to be representative of sand contributions to the 

littoral system during periods when lake level is near long-term average and a weak-transgressive trend is 

present (such as 1999-2015).  Sediment supply associated with this lake-level scenario has not been 

quantified before for the Pennsylvania coast and is important because such average lake level/weak-

transgressive periods do occur in the record (e.g., 1944-1956) and will likely recur.  Incorporating such a 

sediment-supply revision for the Presque Isle littoral cell would influence estimates of sand nourishment 

quantities required to mitigate continued beach erosion at Presque Isle over the coming decades.   

 

Average and relatively stable lake-level periods, such as occurred during the 1999-2011 period that led up 

to and included part of this study’s observation window, may be opportune periods for artificial sand 

bypassing at large coastal structures such as Conneaut Harbor, OH, that are known to block net-eastward 

littoral sediment transport.  During such periods, littoral sediment transport volumes along the WECLC 

would be low and thus the littoral sediment stream would benefit more from artificial-bypass inputs.  

Additionally, the logistics of artificial bypassing may be easier when lake levels are near or below their 

long-term mean.  Prior research shows that approximately 10,300 m3/yr of sand naturally bypassed 

Conneaut Harbor (immediately updrift of the WECLC) prior to 1938 and may have been zero through at 

least 2006.  This 10,300 m3/yr is a relatively large littoral transport volume for the sand-starved 

Pennsylvania coast compared to the 13,200 m3/yr supplied to the littoral zone by bluffs during the 2007-

2015 era and the 39,500 to 61,000 m3/yr supplied during prior eras. 

 

The bluff-retreat sand+ volumes derived in this study provide a unique opportunity to understand 

sediment contributions from bluffs to the littoral zone during near-average and relatively stable lake 

levels.  Opportunity for such high-resolution analysis was not possible before because time windows 

capturing such infrequent average lake-level periods did not align with high-resolution lidar data sets and 

recent developments in geospatial analysis.  The data from this study thus allow estimation of bluff retreat 

rates and sediment losses for long-term average/stable lake-level scenarios that have occurred in the past 

(1944-1956; 1999-2011) and are almost certain to return in the future.  Implicit in this observation is that 

bluff change during 2007-2015 was responding, with some process-response time lag, to environmental 

conditions beginning at least in 1999 and continuing through 2015 at the end of the observation window. 

 

Crooked Creek was found to be the most important of the six WECLC watersheds in terms of normalized 

bluff sediment supply (~700 m3/bluff km/year; Table 5.2).  The watershed supplied 53% more (relative to 

the Trout Run watershed) to 220% more (relative to the Turkey Creek watershed) sand+ to the littoral 

zone than any other WECLC watershed.  Given the undeveloped, unarmored and naturally eroding state 

of its lakefront bluffs, Erie Bluffs State Park in the eastern half of the Crooked Creek watershed is the best 

watershed-scale candidate in western Erie County for bluff conservation measures such as designation as 

a feeder bluff zone.  Its continued sediment supply role is also important because it is responsible for 

providing material to the protective baymouth bar at Elk Creek in the next-downdrift watershed.  Without 
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this bar, which is supplied with coarse sediment by littoral drift along both the Turkey Creek and Crooked 

Creek watersheds, fishing aesthetics, a sheltered shallow-water fish nursery at the mouth of the creek, and 

other ecosystem services would be compromised. 

 

This study reveals that there is a degree of positional uncertainty in bluff-crest location mapping, and 

volumetric uncertainty in bluff-face change estimations, when conducting GIS-based analysis of lidar 

data.  To minimize the relative significance of these potential uncertainties, long-term tracking of bluff 

retreat and sediment losses on the Erie County coast may not require lidar mapping any more frequently 

than once per decade. 

 

Our estimates of bluff sand+ input to the WECLC contain some uncertainty (conservatively, ±50%).  

However, the volume estimates are inferred to be more precise than those of prior studies because of (i) 

better, although still imperfect, resolution of stratigraphic complexity, (ii) a DEM-differencing approach 

that allows higher-resolution mapping of topographic changes across the bluff face at ~1 m point 

spacings, and (iii) better tracking of slump-supplied sediment accumulations (gains) on the bluff face that 

partially offset some (~5%) of the loss volumes.  Our estimates are also significantly (65%-77%) lower 

than comparable-era prior studies, and there are several possible reasons for this.  The 8-year comparison 

may not have captured large but infrequent bluff sediment-supply events that would have a higher 

probability of being captured by analyses covering several decades.  A likely decades-scale process-

response time lag between lake level and bluff erosion means that the 2007-2015 bluff face may have 

been responding primarily to lower and more uniform lake levels during the 1999-2011 period.  And 

lastly, our observation window largely occurred within a longer 12-year period of relatively low, and 

stable to transgressive, lake levels (1999-2011) that had not previously occurred for over half a century.  

Our sediment-supply numbers are sufficiently accurate to be considered in future sand management on 

the Pennsylvania coast of Lake Erie.  

 

For homeowners, this project yields a useful general rule of thumb:  Considering the physical processes 

involved in bluff retreat, bluff-edge land loss rates should be lower when, individually, the following 

conditions are satisfied: the beach prism is larger (beach width is large; toe elevation is well above lake 

level), bluff SPR resilience is high, the top of bedrock is well above lake or backshore level, groundwater 

flux is low, bluff-face slope is low, and wave impact hours are reduced.  Many of these attributes are most 

likely to occur during periods of lowered lake level.  In natural systems, however, these attributes rarely 

operate in isolation because interactions and feedbacks occur, making predictions more challenging.  The 

Bayesian modeling also highlights variables that would be valuable for stakeholders to informally 

monitor as they consider moving to, or remaining on, a lakefront lot on the bluff top: (i) long-term retreat 

rate, which is inversely correlated with bluff stability; (ii) bluff-face slope, also inversely correlated with 

bluff stability; (iii) toe elevation, which is positively correlated with bluff stability; and (iv) beach 

volume, also positively correlated with bluff stability.   

 

This project used a high-resolution sediment-loss mapping approach for Pennsylvania coastal bluffs.  

Surface-differencing (change-detection analysis) of lidar-derived DEMs over an almost decade-long 

observation window allowed higher-resolution mapping of bluff-face change with a sampling density of 

~1 data point per square meter.  In comparison, prior research was very resolution-limited because it 

relied on transect-based change mapping where large 100-1000 m transect spacings necessitated 

significant averaging, stratigraphy was not well-constrained, and it was assumed that bluffs retreated in a 

simple parallel-retreat manner based on change measurements at the bluff crest only.  Application of 

change-detection analysis to Presque Isle State Park and to the bluff coast of eastern Erie County would 

be beneficial to sand management efforts by Pennsylvania DCNR, Pennsylvania DEP-CRMP, and the US 

Army Corps of Engineers.  It would complete a state-of-the-art, up-to-date, high-resolution bluff 

sediment-input analysis for the entire Pennsylvania coast of Lake Erie.  
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8 Data Management:  

Project data is not yet posted to a data-management website, but will be posted within the required 2-yr 

window, ideally within in the next six months.  Datasets will consist of Bayesian-model coding files, 

model outputs, etc., built using bnlearn software; field environmental data spreadsheets; and GIS map 

products, database files, surface models, and ArcCatalog metadata in standard ESRI-supported and/or 

LP360 formats developed using ArcGIS Version 10.4 or higher.  Datasets will be identifiable by 

incorporating the term “WECLC” in naming. Currently, some GIS map imagery is temporarily located at: 
https://www.arcgis.com/home/webmap/viewer.html?webmap=562d1062e45844b9bcea7a85a9692933&extent=-80.5252,41.9597,-80.1496,42.1274 
 

QA/QC standards will be followed by the PA and Co-PIs to ensure data standardization and quality.  

Entry of field-collected written data into spreadsheets will be checked for transcription errors.  QA/QC 

will be performed by the PI and Co-PIs during data collection and processing, and prior to data 

preservation on the data repositories.  The PI and Co-PIs will be responsible for any post-processing 

required prior to transfer to a repository.  Non-digital field data will be converted into digital formats 

(scans, jpegs, Word, Excel, etc.) prior to transfer to a repository and data-sharing sites.  WALTeR 

(pawalter.psu.edu), PASDA (pasda.psu.edu), and GitHub are the most likely sites to be used. 

 

Project data will also remain stored on PI and Co-PI office and lab computers.  The data will 

automatically be conserved on Penn State Erie and Penn State University Park computer server(s) through 

daily system back-ups managed by Behrend Information Technology Services and University Park 

Computer Services, respectively.   
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9 Outputs and Outcomes 

• Student Support:  

One undergraduate student (Student A; Environmental Science major; Year-1 project hire @ 

~8 hrs/wk) began work as a field/lab assistant during October 2018-March 2019.  His role 

involved primarily lab duties - digitizing the PI’s field notes and data, and performing 

supervised grain-size analysis on bluff-face sediment samples.   

• Students who become employed: 

Student A; Summer 2019 internship with Erie County Dept of Health; Environmental Science 

major; Post-graduation 2020 – GIS/MS4 Technician with Summit Township, PA.  

• Faculty and Staff Support:  

PI Anthony M Foyle, Dept. of Environmental Science, Penn State Erie, The Behrend College, 

Erie PA (Year-One 0.11 FTE; Year-Two 0.1 FTE). 

Co-PI Michael A Rutter, Dept. of Mathematics, Penn State Erie, The Behrend College, Erie 

PA (Year-One 0.11 FTE; Year-Two 0.1 FTE). 

Co-PI Karen Schuckman, Dutton e-Education Institute, Earth & Mineral Sciences, Penn 

State University, University Park PA (Year-One 0.115 FTE; Year-Two 0.1 FTE).   

• Presentations:  

(1) Foyle, A.M., Rutter, M.A., & Schuckman, K. 2019.  Bluff retreat Bayesian modeling and 

littoral sediment input mapping on the Lake Erie coast of Pennsylvania, USA.  American 

Association of Geographers Annual Meeting, Washington, DC. (poster: ~30 viewers) 

(2) Foyle, A.M., Rutter, M.A., & Schuckman, K. 2020.  Bluff retreat and sediment input to a 

sand-starved littoral system on Pennsylvania’s Lake Erie bluff coast.  AGU Ocean Sciences 

Annual Meeting, San Diego, CA. (poster: ~30 viewers) 

• K-12 students reached:  

No K-12s. But, junior-level college undergraduate students were provided with STEM content 

from this project:  Bluff-face change maps for WECLC watersheds were used to review 

change patterns and erosion typical of the Lake Erie coast as part of a 6-hr module on bluff-

erosion hazards and mitigation methods (10-12 students in Fall semester 2020; recurring in 

future semesters) 

• K-12 teachers reached:  

None 

• Volunteer hours:  

None 

• People engaged in informal education programs 

(1) NOAA Sea Grant Great Lakes Region Shoreline Resiliency Webinar, November 2018.  “A 

Bayesian statistical network model of bluff retreat and a bluff sediment-input model for the 

western Erie County littoral cell, Lake Erie, Pennsylvania”, 2-hr online webinar meeting, 

(~25 attendees - Great Lakes project scientists with 2018-2019/2020 awards).   

(2) Approx 5-10% of a 50-minute presentation “The Changing Erie County Bluff Coast: 

Geology, Erosion Patterns, Reducing Hazards” given at the October 2018 quarterly Lake 

Erie Environmental Forum (a regional public venue; http://seagrant.psu.edu/topics/ 

watershed-planning-and-monitoring/projects/pennsylvania-lake-erie-environmental-forum-

pa-leef). 

http://seagrant.psu.edu/topics/
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(3) Approx 10% of project content was used in a 20-minute presentation “The Lake Erie Bluff 

Coast – Coastal Processes, Erosion Hazards and Property Risk” to a PADEP Coastal 

Resources Management Program-sponsored ½-day workshop for coastal property owners in 

Erie County.  Tom Ridge Environmental Center, October 17, 2019.  (~30 attendees) 

(4) Approx 10-15% of a 120-minute presentation “Pennsylvania’s Lake Erie Coast: Coastal 

Change, Patterns, Processes and Hazards” was given on April 17, 2019 to head office staff 

at the PA Coastal Resource Management Program in Harrisburg, PA.  (8 DEP/CRMP staff) 

(5) Approx 33% of a 60-minute zoom-webinar presentation and Q&A on “Pennsylvania’s 

Lake Erie Coast: Bluff Retreat – An Overview of the Issue and Challenges” was given on Jan 

29, 2021 as part of a Pennsylvania Sea Grant Webinar Series (PA Lake Erie Bluff Recession 

– A Deep Dive into the Science & Latest Resources) to a national audience (~45 attendees) 

(6) 100% of a planned 60-minute zoom-webinar presentation and Q&A on “Evaluating Bluff 

Retreat and Sediment Supply on the Pennsylvania coast using Bayesian Network Modeling 

and Change-Detection Analysis” planned for April 30, 2021 as part of a Pennsylvania Sea 

Grant Webinar Series (PA Lake Erie Bluff Recession – A Deep Dive into the Science & Latest 

Resources) to a national audience (~40-50 attendees expected) 

• Publications:  

(1) Foyle, A.M., Rutter, M.A., & Schuckman, K. 2020.  Evaluating Bluff Retreat and Sediment 

Supply on the Lake Erie Coast of Pennsylvania using Bayesian Network Modeling and 

Change-Detection Analysis.  Manuscript submitted to Pennsylvania Great Lakes WALTeR 

website (pawalter.psu.edu) for online publication.  Feb 26, 2021, 130 pp. (Available 3/2021) 

(2) Foyle, A.M., and Rutter, M.A. in prep for Journal of Great Lakes Research:  Bluff retreat 

modeling on the Pennsylvania coast of Lake Erie.  Planned submit date Aug 30, 2021 

(3) Foyle, A.M. and Schuckman, K. in prep for Journal of Coastal Research:  Average lake 

levels associated with reduced sediment supply to the littoral zone from coastal bluffs.  

Planned submit date May 30, 2021. 

• Media coverage  

(1) Behrend Bulletin, October 2018:  The campus bi-monthly bulletin announced the 

project’s grant award (https://behrend.psu.edu/news-events/for-the-media/strategic-

communications-staff).   

(2) Penn State Behrend Science News, 2018: Contains a feature article on Sea Grant 

research collaborations with Penn State University that mentions this project (Will Work for 

Water; https://behrend.psu.edu/news-events/school-publications/school-science-

publications/science-news-2018).   

• Project partnerships 

The project initiated collaborations between STEM faculty (statistics, geology) at a primarily 

undergraduate Commonwealth Campus of the Penn State University system (Erie) and 

geography/GIS faculty at the Penn State main campus.  The project utilizes facilities and 

faculty strengths at both locations to complete the project.  

• Grants 

None related to this project. 

• Awards and honors received within the time period covered by this annual report. 

n/a  

• Patents or patent licenses that have resulted from this project. 

n/a  
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10 Impact Statements 

 

Impact Statement 1 

• Average lake levels are associated with reduced sediment supply to the littoral zone from 

eroding coastal bluffs 

• Penn State Behrend & Pennsylvania State University 

• High-resolution modeling and bluff-face change-detection analysis on the WECLC coast reveal 

new trends on Pennsylvania coastal bluffs 

• Long-term near-average levels for Lake Erie during 2007-2015 were associated with an ~70% 

reduction in sediment supply from eroding bluffs compared to historically higher and lower lake-

level conditions.  The disparity may be due to large but infrequent bluff sediment-supply events 

not being captured in the dataset, a decades-scale process-response time lag that exists between 

lake level and bluff erosion, or reduced toe erosion by waves allowing greater bluff stability.   

• The reduced sediment-supply to the littoral zone during average lake-level conditions is pertinent 

to sand management on the western Pennsylvania coast of Lake Erie because normal lake cycles 

will allow decade-long average lake-level conditions to return. 

• Recognition that significant lake-level influenced variability in littoral sediment transport occurs 

on the Pennsylvania coast of Lake Erie should permit more precise sediment management for 

erosion issues along the WECLC and at Presque Isle State Park immediately downdrift.  

 

Impact Statement 2 

• Bluffs in the Crooked Creek watershed are the most erosional in western Erie County but are 

critical for sand supply to Presque Isle State Park 

• Penn State Behrend & Pennsylvania State University 

• High-resolution modeling and bluff-face change-detection analysis on the WECLC coast reveal 

new trends on Pennsylvania coastal bluffs 

• Crooked Creek is the most important of the six watersheds in western Erie county in terms of 

bluff sediment supply to the littoral zone (~700 m3/bluff km/year).  Its lakefront bluffs supplied 

53% more (relative to the Trout Run watershed) to 220% more (relative to the Turkey Creek 

watershed) sands and gravels to the littoral zone than any other WECLC watershed.  Because of 

this, a feeder-bluff conservation program could be adopted to preserve sediment supply to the 

littoral system and help reduce coastal erosion for ~20 km along and west of Presque Isle State 

Park.   

• Erie Bluffs State Park in the eastern half of the Crooked Creek watershed is the best watershed-

scale candidate in western Erie County for designation as a feeder-bluff conservation area.   

• Naturally eroding bluffs in the Crooked Creek watershed are also important because they provide 

material to the protective baymouth bar at Elk Creek in the next-downdrift watershed.  Without 

this bar, fishing aesthetics, a sheltered shallow-water fish nursery at the mouth of the creek, and 

other ecosystem services would be compromised. 

 

Impact Statement 3 

• Bluff visual clues may help lakefront bluff property owners reduce coastal land-loss hazards 

• Penn State Behrend & Pennsylvania State University 

• High-resolution modeling and bluff-face change-detection analysis on the WECLC coast reveal 

new trends on Pennsylvania coastal bluffs  

• A helpful rule of thumb:  Bluff-edge land loss rates should be lower when, individually, the beach 

is wide and thick; the bluff is dominated by resilient materials; bedrock is present and extends at 

least 1-2 m above lake level; groundwater seepage through the bluff face is minor; the bluff-face 

slope is gentle; and waves don’t impact the bluff frequently.   
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• Many of these attributes are most likely to occur during periods of lowered lake level.  In natural 

systems, however, these attributes rarely operate in isolation due to feedbacks, making this a very 

generalized rule.    

• To qualitatively gauge bluff-top erosion hazards, Bayesian modeling suggests that stakeholders 

considering moving to, or remaining on, a lakefront lot on the bluff top can informally monitor: 

(i) long-term retreat rate and average bluff-face slope, both of which are inversely correlated with 

bluff stability; and (ii) bluff-toe elevation and beach volume, both of which are also positively 

correlated with bluff stability.  

 

 

 

 

 


