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Abstract: Globally, coastal communities are impacted by hazards including storm events, rising water
levels, and associated coastal erosion. These hazards destroy homes and infrastructure causing
human and financial risks for communities. At the same time, the economic and governance capacity
of these communities varies widely, impacting their ability to plan and adapt to hazards. In order
to identify locations vulnerable to coastal hazards, knowledge of the physical coastal changes must
be integrated with the socio-economic profiles of communities. To do this, we couple information
about coastal erosion rates and economic data in communities along the Great Lakes to develop a
typology that summarizes physical and economic vulnerability to coastal erosion. This typology
classifies communities into one of four categories: (1) High physical and economic vulnerability
to coastal erosion, (2) High physical but low economic vulnerability to coastal erosion, (3) Low
physical and low economic vulnerability to coastal erosion, and (4) High economic but low physical
vulnerability to coastal erosion. An analysis of this typology over three time periods (2005-2010),
(2010-2014), and (2014-2018) reveals the dynamic nature of vulnerability over this fourteen year
time span. Given this complexity, it can be difficult for managers and decision-makers to decide
where to direct limited resources for coastal protection. Our typology provides an analytical tool
to proactively address this challenge. Further, it advances existing work on coastal change and
associated vulnerability in three ways. One, it implements a regional, analytical approach that moves
beyond case study-oriented work and facilitates community analyses in a comparative context. Two,
the typology provides an integrated assessment of vulnerability that considers economic vulnerability
to coastal erosion, which is a contextual variable that compounds or helps mitigate vulnerability.
Three, the typology facilitates community comparisons over time, which is important to identifying
drivers of change in Great Lakes coastal communities over time and community efforts to mitigate
and adapt to these hazards.

Keywords: community vulnerability; coastal hazard; erosion; risk assessment; Great Lakes; coastal
resilience

1. Introduction

Coastlines around the world are experiencing rapid and dramatic climatic and environmental
changes. These changes are increasing physical and socio-economic vulnerability to coastal hazards [1].
In the United States, coastlines are typically associated with oceans, however, the Great Lakes region
represents a significant portion of the country’s coastline, stretching 750 miles from east to west [2].
In total, the Great Lakes coastline stretches more than 4530 miles, which is slightly less than the
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5090 miles of all other U.S coastlines combined (East Coast, Gulf Coast, and Pacific Coast) [3].
Like other coastal areas, Great Lakes shores experience coastal hazards including fluctuating water
levels, storm waves and surges, and resulting beach, dune, and bluff erosion [4]. These hazards pose
threats to the nearly 34 million people in the U.S. and Canada who rely on the lakes for many things
including tourism, industrial and commercial activities, and drinking water [5,6]. In February of 2020,
four of the five Great Lakes posted record setting lake levels [7,8].

Coastal erosion from rising water levels on the Great Lakes causes damage to homes and
infrastructure [9-11]. Damage from rising lake levels and associated erosion costs taxpayers millions of
dollars [12] and in 2020 the Michigan State Senate proposed a $300 million loan fund to help cities along
the lakes combat flooding [7]. Given the multifaceted importance of the Great Lakes coastlines and the
cost of associated natural hazards, it is imperative to characterize the vulnerability of communities to
coastline changes through space and time. To achieve this goal, we develop a typology that serves as
an analytical framework for characterizing and understanding the spatiotemporal vulnerability of
coastal communities to erosion hazards. We explore this typology in the context of the Great Lakes
region; however, it could be implemented in any coastal setting globally.

This typology advances existing work on coastal change and associated vulnerability in three
ways. One, it implements a regional, analytical approach that moves beyond case study-oriented
work and facilitates community analyses in a comparative context. Two, the typology provides an
integrated assessment of vulnerability that considers economic vulnerability to coastal erosion, which is
a contextual variable that compounds or helps mitigate vulnerability. Three, the typology facilitates
community comparisons over time, which is important to identifying drivers of change in Great Lakes
coastal communities and community efforts to mitigate and adapt to these hazards.

1.1. Physical Factors Impacting Coastal Vulnerability

Multiple factors make the Great Lakes a unique and challenging system to manage, however,
four key physical attributes are commonly identified as primary drivers of these challenges. First,
the Great Lakes are geologically young water bodies, thus their coastal zones are generally composed of
a relatively uniform layer of highly erodible sand and loose gravel [13,14]. This surface and subsurface
composition makes the landscape more vulnerable to storms and lake level fluctuations. Regions along
the shoreline not vulnerable to erosion and coastline change, for the most part, are defined by bedrock
exposure [15]. However, this geology is relatively limited in the region and mainly situated in
the western portion of Lake Superior and the northwestern portion of Lake Michigan [13]. Thus,
the majority of the Great Lakes coastlines are composed of unconsolidated sediments (e.g. sand silt, clay,
and gravel) that are highly vulnerable to change. Second, regional scale storm events affect the lakes,
exacerbating coastal erosion [16,17]. Storm-related hazards, such as storm surges and seiches influence
water levels with variable spatiotemporal impacts. Third, the water levels across the system naturally
oscillate on multiple time scales (e.g., seasons to centuries) in response to changing precipitation regimes
and other hydrological variables such as groundwater flow evapotranspiration [3,18]. When lake
levels are high, erosion and landward migration of shorelines can be rapid and high magnitude.
Some recovery does occur when lake levels fall, but in most locations erosional loss during high lake
phases is permanent. Finally, water levels across all of the Great Lakes are difficult to predict, on both
short and long timescales. Across the geologic and instrumental records of Great Lakes water levels
there are documented periods of high, low, and stable water levels [19]. For example, as recently as
10 years ago coastal vulnerability assessments for the Lake Michigan-Huron basin focused on low
water levels and associated impacts. Now (2020), water levels are at record highs and erosion and
coastal damage are occurring throughout the region [9-11].

1.2. Measurement and Monitoring of Coastal Change

Water level fluctuations in the Great Lakes region alter the vulnerability of the shoreline to erosion
from storms and human disturbances [18,20]. When lake levels are high, erosion vulnerability is also
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high, but when lake level falls, the erosion vulnerability is lower. During these periods, other coastal
challenges become more pressing, such as harbor shoaling which necessitates costly maintenance
dredging. This temporal component of coastal vulnerability is important for identifying appropriate
management actions at a given moment in time as well as for proactive future planning.

The standard practice for assessing coastal vulnerability is the use of static measurements over
time. For example, the Michigan Department of Environment Great Lakes and Energy (EGLE)
considers a shoreline as a High Risk Erosion Area (HREA) if the long-term average rate of recession
(as defined by the landward edge of active erosion) is greater than 1 foot per year over a minimum
period of 15 years [21]. These HREA sites are a regulatory boundary and the recession rates that drive
the designation are also used to designate coastal setback distances for 30- and 60-year future time
horizons [21]. These HREA sites are updated through time as new aerial imagery and other data are
made available and provide a metric for designating coastal locations prone to erosion. However,
they do not capture the temporal variability of changes in rates that are inherent in the Great Lakes
region due to fluctuating water levels.

Coastal processes work at different spatial and temporal scales, resulting in varying geomorphic
vulnerabilities that must be accounted for in planning and management decisions. Given the delineation
of erosion risk based on long-term trends, assessed risk may not accurately reflect coastal vulnerability
during a given year or even decade as the actual vulnerability could be greater due to elevated lake
levels, or lower if lake levels are low.

1.3. Socioeconomic Risk Factors Impacting Coastal Vulnerability

Coastal vulnerability is usually reported based on physical conditions, but the socio-economic
conditions play an equally important rule, particularly when it comes to the financial resources
needed to recover from damages and implement hazard mitigation strategies. For example, areas with
the same erosion risk may be impacted in entirely different ways based on their socio-economic
conditions. Areas with low socio-economic population clusters and minimal financial resources are
more vulnerable and may be disproportionally impacted by high rates of coastal retreat than areas
with higher socio-economic population clusters and more financial resources [22].

Residents of coastal communities face multiple types of hazards that have direct impacts on their
livelihoods including coastal flooding associated with rising water levels and damages related to storm
events [23]. In addition to natural hazards, vulnerability can be enhanced in these communities due
to their demographics, land use practices and level of socioeconomic development [24]. Along the
Great Lakes, an increasing number of people could become vulnerable to natural hazards because
the region is popular for residential and industrial development. There is a near constant demand
for coastal property across the Great Lakes region stemming from development pressure because of
the high economic and social value of coastal areas [25]. Uses for coastal land are highly varied with
certain communities focusing on industrial activities whereas, others have seen increased levels of
recreation and tourism over time [26].

Across the State of Michigan broad-scale coastal development is ongoing. This development
and its impact on land uses means that many communities may need to intensify hazard mitigation
planning. However, it is well documented that communities across the state also have different
levels of preparedness to deal with coastal change and hazards [27]. On one end of the resilience
spectrum there are communities with the funds, support, and capacity to engage groups to assist
with management plans or to install coastal protection structures. Conversely, there are communities
that have fewer resources and less community engagement and thus are more vulnerable to coastal
hazards. Coastal management in the Great Lakes region, as is the case in all U.S. coastal states except
Alaska, is implemented by states with assistance and guidance by the federal government (U.S. Coastal
Zone Management Act). This allows states to focus on managing their own priorities and uses for the
coastline as well as their unique hazards and vulnerabilities. It also means states must works towards
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developing a framework for balancing the environmental and socio-economic vulnerabilities of their
communities in order to properly plan for and manage coastal hazards.

1.4. Research Motivation

The majority of coastal hazards research focuses on analyses of the physical characteristics of coastal
vulnerability, with little reference to social and economic indicators [28,29]. Across the Great Lakes
region, vulnerability studies also tend to focus on the environmental variables neglecting to mention
or incorporate data on the critical social dimension [30]. In order to produce meaningful planning
or policy information it has been shown that understanding the social and economic dimensions of
vulnerability is key to developing effective hazard adaptation and mitigation strategies [31,32].

This study, which is grounded in the risks-hazards body of research, aims to develop an
analytical framework for multivariate assessments of coastal community vulnerability. To do this,
we develop a typology that organizes communities into various risk levels considering both physical
and socio-economic dimensions of vulnerability. We use this framework to analyze the spatiotemporal
dynamics of coastal erosion risk along the coast of Michigan to answer the following research questions:
How dynamic is coastal erosion risk over time? What are the drivers of this risk? What is the geographic
variability in risk drivers? We explore these questions by documenting patterns of coastal erosion and
socio-economic vulnerability in 19 coastal communities in the State of Michigan since 2005.

2. Materials and Methods

2.1. Study Area

This study examines linkages between coastal erosion and socioeconomic vulnerability in the
Great Lakes region of the United States, which is one of the largest sources of freshwater in the
world. Combined, Lakes Superior, Michigan, Huron, Erie, and Ontario represent 95% of the total
freshwater supply in the U.S. and 80-90% of the freshwater in North America [33]. We focus on the
shores of the State of Michigan, which has the longest and most varied shoreline of all the Great Lakes
states. The shoreline types along the coast of Michigan are also representative of shorelines found
throughout the rest of the Great Lakes and other coastal regions globally (e.g., bluffs, sandy beaches,
wetlands, gravel beaches, etc.). This variation makes it an ideal natural laboratory to develop our
analytical framework.

Most coastal risk assessments are based on long-term averages of erosion rates given the data and
time-intensive nature of computing coastal erosion rates. Our study uses higher temporal resolution
data in order to better understand the vulnerability associated with erosional impacts. To do this,
we digitized erosion lines on coastal imagery and then used these lines to compute erosion rates. Due to
the data intensive nature of this process, we randomly sub-sampled sites from along the Michigan
coast to complete the coastal vulnerability analyses.

The starting point for this sampling process was The State of Michigan’s High Risk Erosion Areas
Program (HREA), which is implemented by the Michigan Department of Environment, Great Lakes,
and Energy (EGLE). The HREA program has identified, through a combination of aerial photograph
analyses and on the ground surveying, 519 shoreline reaches throughout the state that are at high risk
for erosion. In order to generate a representative subsample of these HREA’s, we first placed each
of the 519 reaches into one of four groups based on their retreat rates: 1-3 (0.305-0.914 m) ft/year,
3-5(0.914-1.524 m) ft/year, 5-10 (1.524-3.048 m) ft/year, and 10-20 (3.048-6.096 m) ft/year. Using all the
data, we determined what percentage of the sites were in each of the bins and then calculated how
many sites would need to be in each bin to generate a representative subsample with only 20 sites.

From here, we randomly selected the appropriate number of sites from within each bin (16 for
1-3 ft/year; 2 for 3-5 ft/year; 1 for 5-10 ft/year; 1 for 10-20 ft/year). This generated 20 unique sites that
were then used for the shoreline change and socio-economic analyses. Two of the randomly selected
sites (Manistee C1 and C2) were immediately adjacent to each other and thus were treated as one site,
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which results in 19 sites total for the analyses in this manuscript. Figure 1 displays the location of these
sites across the state of Michigan. The combined tracts for Manistee C1 and C2 are labeled as Manistee.
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Figure 1. Study Area.
2.2. Data

2.2.1. Coastal Change Data

To compute coastal erosion rates, National Agriculture Imagery Program (NAIP) orthoimagery
were downloaded for each of the study sites outlined in Figure 1 from the United States Geological
Survey’s Earth Explorer website. Georeferenced (UTM Zone 16N NADS83) aerial images from 2005,
2010, 2014 and 2018 were downloaded for each site. For two sites (Alger A5 and Antrim A1) 2009
imagery were used in place of 2010 imagery due to apparent georeferencing issues. All aerial images
were imported into ESRI's ArcMap for digitization of the erosion hazard line (Figure 2). A shapefile for
each time period and site was generated by manually digitizing the erosion hazard line from each
of the images (e.g., [34]). The erosion hazard line was visually defined as the most landward extent
of active erosion as expressed through geomorphic features, such as an erosional scarp. This metric
is a better representation of the erosional impacts at a site than digitizing the shoreline because it is
not influenced by the position of the water level at the time of the image collection. The erosion line
marks the position of quasi-permanent loss of beach, dune, or other coastal habitat in response to the
cumulative impact of fluctuating water levels, storms, and anthropogenic disturbance.

Given the relatively coarse temporal resolution of the imagery we cannot ascribe change to specific
storm events or anthropogenic disturbances, but our time bins do track the general fluctuations in water
level for Lakes Michigan-Huron and Superior. Water levels for both lake systems were anomalously
low for about a decade starting in 2000 until 2013 [35]. From 2013, water levels rose rapidly to record
and near-record high levels [36], which is largely driven by increased precipitation into the Great
Lakes Basin [37]. The position of the erosion hazard line generated from the aerial images generally
tracks coastal response to these fluctuations in water level with the 2005 to 2010 time period reflecting
conditions during the low water level period. The time period from 2010 to 2014 reflects rising water
level conditions out of the low water level period, whereas the time period from 2014-2018 reflects
rising water level conditions beyond lake wide averages and towards record highs.
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Figure 2. Example of method for erosion line mapping from Van Buren A2. The background aerial image
is from 2018 and was downloaded from the United States Geological Survey (USGS) Earth Explorer.

2.2.2. Coastal Change Analysis Methods

Changes between the digitized erosion hazard lines were analyzed for each time step and site
in the standard way that shoreline change analyses are conducted globally [34,38,39]. The Digital
Shoreline Analysis System (DSAS, which is an ArcGIS add-on that automatically measures positional
changes between shorelines and erosion hazards lines by calculating the distance between a specific
line and a fixed baseline along transects, was utilized to conduct the coastal change analyses [40].
Digitized erosion hazard lines associated with specific dates were imported into ArcGIS and added to
a personal geodatabase for each site. All shorelines for each site were merged into one feature class
within the geodatabase and this was imported into ArcMap where the Buffer and Trace tools were
used to create a baseline landward of these shorelines. Next, the DSAS toolbar in ArcMap was used to
generate shore-normal transects along the site at 50 m spacing. The final step in the GIS component of
the shoreline analysis was to calculate change in the position of the erosion hazard line across each of
the transects using the DSAS add-on. Along each transect, the distance between the baseline and the
erosion hazard line was computed and placed into an attribute table. The intersection data was then
exported out of ArcGIS as a text file and imported into Microsoft Excel for further analysis.

For each site and date, the distance between the baseline and the erosion hazard line calculated
along the 50 m spaced transects was tabulated. In order to generate the magnitude of positional
changes for our specific time periods (2005-2010, 2010-2014, and 2014-2018), these distances were
subtracted. These distances were then divided by the time elapsed between the two lines in order
to generate a retreat rate in m/year. The number of transects for each site varied depending on the
alongshore width of the site so the computed retreat rates were averaged to generate one retreat rate
per site and time period. Positive retreat rates indicate no observed erosion and a migration of the
erosion line lakeward; suggesting accretion and minimal vulnerability. Negative retreat rates indicate
erosion and a migration of the erosion line landward.
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The retreat rates were used to assign a coastal change vulnerability ranking for each site through
time. Coastal change vulnerability was defined using the State of Michigan’s High-Risk Erosion Area
criterion, which is 1 ft/year (—0.305 m/year) [21]. Sites with erosion rates higher than —0.305 m/year
are defined as high coastal change vulnerability and sites with lower than —0.305 m/year are defined
as low coastal change vulnerability. The vulnerability rankings were assigned to each site and time
period examined in this study in order to evaluate how coastal change vulnerability varies through
time. Additionally, these vulnerability rankings allow for a direct comparison to the socio-economic
vulnerability that was also computed in this study.

2.2.3. Demographic and Economic Data

In addition to the physical vulnerability of communities, as quantified by erosion rates, economic data
were used in this study to consider social determinants of vulnerability. To characterize this aspect
of vulnerability, five year estimates of Census tract characteristics were obtained from the American
Community Survey for three study periods that aligned temporally with the computed erosion rates:
20062010, 20102014, and 2014-2018. Table 1 contains the description and source information for these
data as well the erosion data described above. It is important to note that while we refer to the first time
period as pertaining to 20052010, there is a slight difference in the temporal alignment between the
economic and the erosion rate data for the first time period. The economic data are available for 2006-2010
while the erosion rate data are for 2005-2010.

Table 1. Data Description and Sources.

Description Source

Rate of coastal erosion (—0.305 m/year) as
measured by change in the position of the
erosion hazard line through time

Erosion hazard line manually digitized from U.S.
Department of Agriculture National Agriculture
Imagery Program aerial photography.

Retreat Rate

Per Capita Income in the Past 12
Months (in 2010 Inflation-Adjusted Dollars)

Per Capita Income in the Past 12 Months
(in 2014 Inflation-Adjusted Dollars)

Per Capita Income in the Past 12 Months
(in 2018 Inflation-Adjusted Dollars)

2006-2010 American Community Survey Data

Per Capita Income (2006-2010) from the U.S. Census

2010-2014 American Community Survey Data

Per Capita Income (2010-2014) from the U.S. Censts

2014-2018 American Community Survey Data

Per Capita Income (2014-2018) from the U.S. Census

Median Building Age

Median Year Structure Built: All
Housing Units

2006-2010; 2010-2014; 2014-2018 American
Community Survey Data from the U.S. Census

Median Home Value

Median Value (Dollars) Owner-occupied
Housing Units

2006-2010; 2010-2014; 2014-2018 American
Community Survey Data from the U.S. Census

Race/Ethnicity

Race/Ethnicity for the Total Population

2006-2010; 2010-2014; 2014-2018 American
Community Survey Data from the U.S. Census

Age

Sex by Age (Total population)

2006-2010; 2010-2014; 2014-2018 American
Community Survey Data from the U.S. Census

2006-2010; 2010-2014; 2014-2018 American

Owner and renter occupied Community Survey Data from the U.S. Census

Tenure for Occupied Housing Units

From these data, per capita income was selected as the key driver of vulnerability for several
reasons. First, it is a commonly used indicator of vulnerability in other studies and assessments [41].
Second, per capita personal income is taxed and forms part of the community tax base which is related
to the community capacity to raise money from residents to use toward coastal hazard mitigation.
Other variables could be used to measure the economic capacity of people and communities, such as
median home value. That said, around the Great Lakes region, many people have had homes gifted
to them from family members [42]. Thus, while their median home value may be high, it may not
necessarily reflect the economic situation of the household. Per capita income also reflects incoming
cash flows to households which speaks to the financial capacity of people now and in the future to
afford protective response measures to coastal hazards. Finally, in some locales in Michigan, as well as
other locations throughout the Great Lakes, high bluff erosion rates are causing homes to fall into the
Great Lakes, thus they may not be considered fungible assets for people [43].
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2.2.4. Socio-Economic Data Analysis Methods

To align the erosion and the Census data, Census tracts were selected that intersected the 20 study
sites presented in Figure 1. These tracts are the small polygons that appear in the figures throughout
this paper. We use the term tracts to refer to these polygons to differentiate them from other Census
geographies used in the United States (e.g., block groups or blocks). This selection process yielded
19 Census tracts; one tract (Manistee) contained two of the study sites. After aligning these tracts
with the sites identified for erosion analysis, they were classified as economically vulnerable or not
based on the median per capita income for the 19 tracts of interest. Tracts that fell below per capita
median income were classified as economically vulnerable while those that fell at or above median
per capita income were not considered economically vulnerable. Between 2006 and 2010 this means
that communities with median incomes below $24,063 were classified as economically vulnerable.
Between 2010-2014 this means that communities with median incomes below $27,136 were classified
as economically vulnerable. Between 2014-2018 this means that communities with median incomes
below $30,236 were classified as economically vulnerable.

2.3. Typology of Vulnerable Communities

The combination of the coastal and economic vulnerability rankings generates the total
vulnerability of a site to coastal hazards. Figure 3 proposes a typology that integrates information
about the physical and economic vulnerability of communities. Communities classified into typology
category one have high erosion rates and lower than median per capita income. These are the
communities at the highest risk to coastal hazards because they are both physically and economically
vulnerable. Communities classified into typology category two possess moderate risk due to high
erosion rates but above median per capita incomes. Communities classified into typology category
three have the lowest possible risk to coastal hazards because they have low physical and economic
vulnerability. Communities classified into typology category four possess moderate vulnerability
to coastal hazards. Despite their low physical vulnerability to coastal processes they possess high
economic vulnerability should a hazard arise. Here it is important to note that categories two and
four are colored similarly because they both contain some type of vulnerability but would not be
considered the highest priority for allocating resources given that they exhibit only one of the two
types of vulnerability. In typology category two, this vulnerability is physical and in typology category
four that vulnerability is economic.

High Coastal
Change Risk

2. High Coastal but Low
Socioeconomic Risk

Low
Socioeconomic
Risk

High
Socioeconomic
Risk

4. Low Coastal but High
Socioeconomic Risk

Low Coastal
Change Risk

Figure 3. Typology for Assessing Vulnerability.
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This type of framework is valuable because it considers two dimensions of coastal vulnerability;
physical vulnerability to erosion hazards and the economic capacity to take steps that mitigate these
hazards. As we will demonstrate in this manuscript, these typologies are also useful because they
document changes in coastal vulnerability over time and the extent that vulnerability is dynamic.

3. Results

Figure 4 displays three maps for the 2005-2010 period. The first panel of this figure displays a map
of coastal erosion (i.e., physical) vulnerability. The retreat rates for each site and time step were used
to define whether a site had high or low erosional vulnerability depending on whether the erosion
rate is higher or lower than the HREA definition (—0.305 m/year). From 2005-2010, 6 of the 19 sites
were identified as having high erosion vulnerability. These sites were Alger A5, Antrim A1, Berrien L1,
Gogebic 11, Luce Al, and Van Buren A2.
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Figure 4. Physical and Socioeconomic Vulnerability from 2005-2010. Note: The colors are designed to
match the typology in Figure 3.

The second panel of this figure displays information about per capita income (i.e., economic
vulnerability). It highlights that there are eight tracts classified as economically vulnerable. Three of these
tracts are located in the Upper Peninsula near the communities of Menominee, Alger and Luce, respectively.
Three of these tracts are located on the Lake Michigan side of the state near the communities of Manistee,
Allegan, and Van Buren. Two tracts are located on the Lake Huron side of the state near the community
of Sanilac.

The third panel of this figure contains a map of the typology for 2005-2010. For this time period,
there are three tracts classified in typology category one; physically and economically vulnerable to
coastal erosion. Two of these are in the Upper Peninsula on the shores of Lake Superior near the
communities of Alger and Luce. One is located along Lake Michigan in Van Buren County. There are
six tracts in typology category four which contains communities with low erosion rates but high economic
vulnerability. One of these tracts is located in the lower portion of the Upper Peninsula near the
community of Menominee. Two of these tracts are located along Lake Michigan near the communities
of Allegan and Manistee. Three of these tracts are locate on the shores of Lake Huron near the
community of Sanilac.
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Figure 5 displays three maps for the period 2010-2014. The top left contains a choropleth
map of physical (erosional) vulnerability. From 2010-2014, 8 of the 19 sites were defined as having
high erosional vulnerability. In general, the sites that had high erosion rates in the first time step
remained vulnerable, however, there were some exceptions. Van Buren A2 switched to low erosional
vulnerability during this time step and Allegan A2, Iosco A1, and Menominee A1 all switched to high
erosion vulnerability.
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Figure 5. Physical and Socioeconomic Vulnerability from 2010-2014. Note: The colors are designed to
match the typology in Figure 3.

The top right contains a choropleth map of per capita income. There are nine tracts with below
median per capita incomes. Four of these are located in the Upper Peninsula near the communities of
Gogebic, Menominee, Alger, and Luce. Two of the low income tracts are located on the Lake Michigan
coast near the communities of Oceana and Van Buren. Three of these tracts are located near the
community of Sanilac on the Lake Huron coast.

The bottom right contains a map depicting the typology results for this time period. During this
period, the same four tracts (near Gogebic, Menominee, Alger, and Luce) with below median
income were classified into typology category one because they also had high coastal erosion rates.
There were five tracts classified into typology category four indicating high economic vulnerability but
low vulnerability to coastal erosion. These tracts are split between the coastlines of Lakes Michigan
and Huron: two tracts are along Lake Michigan near the communities of Van Buren and Oceana and
three tracts are located along Lake Huron near the community of Sanilac.

Figure 6 displays three maps for the period 2014-2018. The top left contains a choropleth map of
erosion vulnerability. The number of high erosion vulnerability sites jumps from eight in the previous
time period to fifteen sites during the 20142018 time period. Allegan A5, Antrim Al Banks, Emmet C1,
Leelanau A1, Manistee C1 and C2, Oceana B1, Ottawa C3, Sanilac F1, Sanilac J1, and Van Buren Al all
became vulnerable during this period. That said, three of the sites (Antrim A1, Gogebic I1, and Luce
Al) that were vulnerable to erosion in the 2010-2014 period switched to low vulnerability between
2014 and 2018. Interestingly, Sanilac G2 was never vulnerable to erosion during any of the time steps
examined in this study.
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Figure 6. Physical and Socioeconomic Vulnerability from 2014-2018. Note: The colors are designed to
match the typology in Figure 3.

The top right contains a choropleth map of per capita income. This map highlights the nine
communities classified as economically vulnerable. Three of these tracts are located in the Upper
Peninsula in the communities of Luce, Alger, and Menominee. Three of these tracts are located along
the coast of Lake Michigan in the communities of Manistee, Allegan, and Van Buren. The final three
tracts are located along the coast of Lake Huron in the communities of Iosco and Sanilac.

The bottom left contains a map depicting the typology results for this time period. It highlights
that seven tracts were classified into typology category one indicating high physical and economic
vulnerability. Two of these tracts are located in the Upper Peninsula near the communities of Alger
(along Lake Superior) and Menominee (along Green Bay). Three of these tracts are located on the
coast of Lake Michigan near the communities of Van Buren, Allegan, and Manistee. Two tracts are
located on the Lake Huron coast near the communities of Iosco and Sanilac. Finally, only two tracts
were classified into typology category four. One tract is in the Upper Peninsula along the coast of Lake
Superior in Luce County which is due north of Mackinac County. The other tract lies in the Lower
Peninsula off the coast of Lake Huron in Sanilac County, Michigan.

One of the interesting aspects of these typologies is the ability to examine how a given tract’s
typology classification changes over time. Table 2 presents a change trajectory analysis for the 19 study
sites analyzed in this study. Each time period is assigned a change trajectory that is summarized in the
second column from the right of the table. The number of digits in the change trajectory represents the
number of time periods. In this study, there are three time periods so there are three digits in the change
trajectory. A different number for some of the digits represents a change in typology classification in at
least one of the three time periods. For example, Allegan A5’s change trajectory is 431 which means it
belonged to three different typology categories in each of the three time periods. Alger A5’s change
trajectory is 111 which means it belonged to the same typology category in all three time periods.

Figure 7 depicts the location of the study sites with their associated change trajectories. This type
of analysis is useful because it helps detect patterns of change over time, which can help identify
the drivers of coastal risk whether they be physical, economic or a combination of both. Table 2 and
Figure 7 reveal four communities that changed typology classifications due to a combination of physical
and economic changes (Allegan A5, Gogebic I1, Manistee, and Oceana B1, (change trajectory code
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H). For these communities in particular, change trajectories help visualize the complex movements
of these locales over time. The Gogebic tract is a bluff shoreline along Lake Superior and is a good
example of these changes. In the 2005-2010 time period it was classified in typology category two
because it had erosion rates above the HREA designation but was not economically vulnerable. At this
time, the area experienced high magnitude bluff erosion, which could have been generated by a storm
event on Lake Superior. In the 2010-2014 period, erosion rates slowed but were still above the HREA
threshold, so this site remained vulnerable to erosion. At this time, the tract also experienced an
increase in economic vulnerability perhaps due to the impacts of the 2008 recession. In the last time
period however, this situation changed completely, and the community was classified in typology
category three indicating it was neither physically nor economically vulnerable to shoreline change.
At this time, bluff retreat ceased and the community recovered economically after the 2008 recession.

Table 2. Change Trajectory of Typology.

Change Trajectory

2005-2010 Time Period 2010-2014 Time Period 2014-2018 Time Period Classification
Typology Traj ::cltl::ygzode Typology Traj fc}t‘::‘ygzode Typology Traj eCcltI(:‘ygéode Tl(‘:a}j‘::tiiy Code*
Alger A5 1 100 1 10 1 1 111 A
Allegan A2 3 300 2 20 2 2 322 B
Allegan A5 4 400 3 30 1 1 431 H
Antrim Al 2 200 2 20 3 3 223 C
g;‘;‘;“ Al 3 300 3 30 2 2 332 B
Berrien L1 2 200 2 20 2 2 222 A
Emmet C1 3 300 3 30 2 2 332 B
Gogebic I1 2 200 1 10 3 3 213 H
Tosco I1 3 300 2 20 1 1 321 D
Leelanau A1 3 300 3 30 2 2 332 B
Luce A1 1 100 1 10 4 4 114 C
:f“:l“(i:szt“ a 400 3 30 1 1 431 H
Menominee Al 4 400 1 10 1 1 411 B
Oceana B1 3 300 4 40 2 2 342 H
Ottawa C3 3 300 3 30 2 2 332 B
Sanilac F1 4 400 4 40 1 1 441 B
Sanilac G2 4 400 4 40 4 4 444 A
Sanilac J1 4 400 4 40 2 2 442 E
Van Buren A2 1 100 4 40 1 1 141 1

*: The meaning code may be interpreted as follows: A = No change; B = No change in economic vulnerability,
but an increase in physical vulnerability; C = No change in economic vulnerability, but a decrease in physical
vulnerability; D = Increase in economic vulnerability and an increase in physical vulnerability; E = Decrease in
economic vulnerability and an increase in physical vulnerability; F = Increase in economic vulnerability, but no
change in physical vulnerability; G = Decrease in economic vulnerability, but no change in physical vulnerability;
H = Fluctuating level of vulnerability; I = Fluctuating physical vulnerability, but no change in economic vulnerability;
I = Fluctuating economic vulnerability, but no change in physical vulnerability.

The changes of greatest concern are communities that experienced both an increase in erosion
rates and an increase in economic vulnerability (change trajectory code D). Tracts with this change
trajectory are of concern because their vulnerability to erosion increased but their economic capacity to
deal with this enhanced vulnerability declined as well. Only one community, Iosco A1, belongs to
this change trajectory. In the 20052010 time period, Iosco was classified in typology category three
indicating low physical and economic vulnerability. An increase in the erosion rate between 2010 and
2014 moved the site to typology category two. By 2014-2018, the site changed classification categories
again and was now classified as highly vulnerable from both a physical and economic perspective.

The change trajectory codes in Table 2 reveal that increasing erosion rates in one or more of the
three time periods was a primary driver of typology changes while the economic vulnerability of the
community remained unchanged. For example, seven communities changed their location because of a
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change in erosion rates and no change in economic vulnerability (change trajectory code B). These tracts
include Allegan A2, Antrim Al Banks, Emmet C1, Leelanau A1, Menominee A1, Ottawa C3, and Sanilac
F1. The timing of these changes also yields insight into the potential drivers of erosion rate changes.
Allegan A2 and Menominee Al were not vulnerable from 2005-2010 but became vulnerable during the
2010-2014 time period and remained vulnerable through 2014-2018. This could indicate that these 2
sites either responded rapidly to rising water levels in 2014, were impacted by a storm event during that
period, or a combination of both. The other sites (Sanilac F1, Ottawa C3, Antrim Al Banks, Emmet C1,
and Leelanau A1) were not vulnerable until 2014 and then became vulnerable in the 2014-2018 period,
presumably due to high lake levels in Lakes Michigan and Huron.

>z

213 - m 114
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411
a0 332
.
)’
a1 losco 11
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Figure 7. Typology Change Trajectories.

A somewhat different series of events are responsible for the change trajectory of the Van Buren
A2 tract (change trajectory code I). In the 2005-2010 time period, this tract was classified in typology
category one and was highly vulnerable to erosion. This vulnerability changed in the 2010-2014 time
period however as erosion rates dropped, moving the tract to typology category four. At this time,
the community was economically but not physically vulnerable. In the last time period (2014-2018)
however its status changed a third time as erosion rates increased moving the tract from typology
category four to typology category one. The high physical vulnerability during the 2005-2010 time
period appears to be related to erosion of the foredune that was forming during the low Lake Michigan
water levels of the early 2000s. No anomalously large storms occurred during this period; thus,
this erosion is likely the result of the typical fall and spring extratropical storms that occur along Lake
Michigan. The decline in erosion rates during the 2010-2014 period is likely a reflection of the record
low water levels experienced during this period. As water levels jumped from record lows in 2013 to
near record highs in 2018, the rate of erosion increased at Van Buren.

Perhaps the most interesting change trajectories among the study sites are those related to changes
in typology classification because of declining erosion rates (change trajectory C). There were two of
these communities in our sample of tracts, Antrim Al and Luce A1l. Both of these sites were vulnerable
to erosion from 2005 to 2014, but then switched to low erosional vulnerability from 2014-2018. This is
likely due to patterns of erosion, accretion, and sediment transport at both sites. Antrim A1l is located
along a sand spit in Grand Traverse Bay and the decrease in erosion rate appears to be related to
migration of a sand spit. This migration is likely fueled by updrift erosion that is providing a sediment
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source for accretion at this site. A similar scenario occurred at Luce Al in response to the dominantly
eastward-directed alongshore current. The aerial photographs reveal a sand wave that migrates
eastward towards the site during the course of our study. This sand wave sources sand to the Luce
Al site during the period from 2014 to 2018, which results in the decrease in erosion rate. Given the
migratory nature of the features at Antrim A1l and Luce Al it is likely that the decrease in erosional
vulnerability is only ephemeral and the sites will return to being vulnerable once the sand moves away
from the site if high water levels are sustained.

4. Discussion

The results of our analysis highlight the utility of the typology in analyzing change over time.
Further, this analytical framework can be applied to all types of coastal communities. To apply the
tool only two types of data are needed: erosion rates and income data. From there, it is relatively
straightforward to categorize communities into low or high vulnerability based on the methodology
outlined in Section 2. This relative ease of calculation, and the focus on the Great Lakes, make this
study’s effort at characterizing vulnerability different from prior work. Other studies have used
computable general equilibrium (CGE) models to estimate the socio-economic impacts of sea level
rise on European Union (EU) member countries. Work in California [44], Israel [45] and the England,
Scotland, and Wales [46] have incorporated property value information into their impact or vulnerability
assessments. While valuable, the methodologies of these studies are somewhat complex and therefore
less accessible to communities.

That said, there were important decisions about the development of this analytical tool that merit
additional discussion. One decision about the variables used in the typology was with respect to
the economic measure of vulnerability. The discussion of vulnerability to this point has emphasized
economic vulnerability based on per capita income. The other relevant economic variable considered
was median home value. Both variables were not used because it left some tracts uncategorized.
Therefore, to understand changes in vulnerability that may relate to the specification of economic
vulnerability, we conducted a sensitivity analysis of results to this aspect of the typology (Table S1).
This analysis revealed the choice of economic metric did not alter analytical results.

Another potential source of variation in typology classification results pertains to the definition
of erosion rates. In many coastal regions long-term retreat rates are used to define highly vulnerable
areas (e.g., Michigan’s High Risk Erosion Areas). While these long-term rates give a sense of the
average behavior of a coastal area, they minimize short-term variability introduced by fluctuating lake
levels and changes in storm patterns. In the Great Lakes region, quasi-periodic fluctuations in lake
level move the position of the shoreline landward or basinward, which concomitantly shifts the zone
of storm wave influence [18]. During high lake level phases, this can result in retreat rates that are
above the long-term rates, and conversely, during low lake level phases retreat rates can be below
long-term rates.

In our study, the random sample of sites documented numerous areas with time-varying shifts in
coastal retreat rates related to increases in lake level that started around 2014 (Figure S1). For example,
the long-term retreat rate at the Manistee site is —0.65 m/year, however, from 2005-2010 and 20102014
the rates were 0.97 m/year and 0.93 m/year, respectively. These positive rates reflect low lake levels
and minimal erosion given the basinward position of the shoreline. As Lake Michigan water levels
rose, the retreat rate at this site soared to —1.72 m/year for the time period from 2014-2018. This retreat
rate during a high lake level phase is more than double the long-term retreat rate, which reflects the
increased vulnerability to erosion when water levels are high. Simply using long-term retreat rates as
the metric for coastal vulnerability will over or underestimate the true vulnerability of a community
by not accounting for short-term changes in erosion rates as well as the influence of socio-economic
factors in defining the capacity of a community to address coastal hazard risks.

Given this complexity, it can be difficult for managers and decision-makers to decide where
to direct limited resources for protection. Our coastal typology puts forth a proactive analytical
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tool for addressing this challenge by identifying the most vulnerable coastal communities from
a state or regional perspective. Sites that have both high erosion and high economic vulnerability
(i.e., typology category one) should be a management priority and take precedence for receiving assistance
and resources. Alternatively, sites with high erosion risk, but no socio-economic risk should not be a
state or federal funding and management priority as they are likely to have the financial capacity to
address their own erosion issues.

These assessments should be made more frequently than on a decadal basis given the movement
of many communities within this typology. Annual or biannual assessments of risk using our typology
framework would allow coastal managers to adaptively prioritize the allocation of shore protection
resources should a community move from one vulnerability level to another. For example, communities in
typology two and four could move into category one in future years with a change in lake levels
or economic situation. These communities should be monitored closely to evaluate changes in their
vulnerability and to determine whether a change in management strategy should be considered.

5. Conclusions

Proactive management and planning along all coastline communities in the Great Lakes is critical
now and into the future as fluctuating lake levels, enhanced storm frequency and intensity, and increased
development impact the region [47,48]. Planning will encompass understanding spatiotemporal changes
in coastal water levels, climate change adaptation approaches, and socioeconomic development [3].
The framework outlined in this paper advances existing work on coastal change and associated vulnerability
by providing an analytical tool that may be applied to all types of coastal communities. The application of
this framework highlighted the variability in both physical and economic vulnerability of communities
along the Great Lakes. Therefore, ongoing assessments of vulnerability are needed to truly understand
the needs of these communities as lake levels and economic conditions change over time.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-445X/9/7/218/s1,
Figure S1: Erosion rate over time compared to the long-term mean.; Table S1: Sensitivity Analysis of Typology
Construction to the Specification of Economic Vulnerability.
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