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Abstract: South Manitou Island, part of Sleeping Bear Dunes National Lakeshore in northern Lake
Michigan, is a post-glacial lacustrine landscape with substantial geomorphic changes including
landslides, shoreline and bluff retreat, and sand dune movement. These changes involve interre-
lated processes, and are influenced to different extents by lake level, climate change, and land use
patterns, among other factors. The utility of DEM of Difference (DoD) and other terrain analyses
were investigated as a means of understanding interrelated geomorphologic changes and processes
across multiple decades and at multiple scales. A 1m DEM was developed from 1955 historical aerial
imagery using Structure from Motion Multi-View Stereo (SfM-MVS) and compared to a 2016 lidar-
based DEM to quantify change. Landslides, shoreline erosion, bluff retreat, and sand dune movement
were investigated throughout South Manitou Island. While the DoD indicates net loss or gain, inter-
pretation of change must take into consideration the SfM-MVS source of the historical DEM. In the
case of landslides, where additional understanding may be gleaned through review of the timing of
lake high- and lowstands together with DoD values. Landscape-scale findings quantified cumulative
feedbacks between interrelated processes. These findings could be upscaled to assess changes across
the entire park, informing future change investigations and land management decisions.

Keywords: terrain change; historical elevation model; structure from motion; DEM of Difference;
landslide; sand dune; South Manitou Island

1. Introduction

Geomorphic change has occurred more or less continually for thousands of years in
the dynamic post-glacial surficial terrain of northern Michigan [1–3]. The region’s surficial
geology consists of a variety of unconsolidated sediments deposited by ice and water
during, and following, the last glacial maximum (LGM). Extreme climate changes at the
end of the LGM caused episodic advance and retreat of the southern glacial margin, extreme
high and low lake levels, and isostatic rebound from glacial retreat [1,2,4]. These drivers,
together with a variety of physical processes, act upon the layers of unconsolidated glacial
deposits, resulting in the present-day geomorphology of the Great Lakes. While others
have documented this regional-scale geomorphology [2,5–7], local-scale geomorphology
and contemporary terrain changes have not been mapped.

Post-Holocene drivers of geomorphic change on the islands of northern Lake Michigan
include fluctuations in Lake Michigan’s water level [8], seasonal wind flow patterns [9], and
annual lake ice extent [3]. While coastal geomorphic processes dominate today [5,10–16],
other relevant environmental drivers such as extreme weather events [17], fluctuations
in soil moisture (e.g., due to drought), and freeze-thaw patterns [18] may be linked to
contemporary climate change trends [8,19,20]. A detailed, quantitative, and spatially
distributed understanding of geomorphology and contemporary terrain changes is needed
to map hazards, anticipate anthropogenic impacts, and plan for the potential ramifications
of climate change [21,22].
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This study seeks to quantitatively map geomorphic change in northern Lake Michigan
for a multi-decadal time-period using remote sensing and geospatial analysis. Digital elevation
model (DEM) differencing is a well-established method of quantifying net terrain change,
wherein two raster-based elevation models covering the same geographic area are compared
by subtracting one from the other; the values of the resultant raster indicate change in the
elevation of the modeled surface [23,24]. The method has been widely used for a multitude
of applications, including quantifying fluvial geomorphology [25–28], beach erosion [29,30],
mass wasting [31,32], glacier mass balance [33,34], and anthropogenic geomorphic change
in urban spaces [35], just to name a few. While the advent of Structure from Motion Multi-
View Stereo (SfM-MVS, commonly referred to as just ‘SfM’) image processing [36] has made
possible and approachable the creation of fine-resolution historical DEMs from archival aerial
imagery [37–41], the accuracy and consistency of the derived DEMs may complicate the direct
interpretation of change from (DEM of Difference) DoD results [36,42–44]. Nevertheless,
remote sensing analysis of historical aerial photographs and derivative terrain data can enable
quantitative, detailed, and spatially distributed investigations of change at a range of spatial
scales and on a time scale relevant to human actions.

This paper presents an investigation of terrain changes on South Manitou Island,
Michigan (Figure 1), as a case study in quantifying geomorphic change over multi-decadal
timeframes in post-glacial terrain. A short review of the area’s geology is given to provide
information about the longer, geologic-timeframe changes associated with the underlying
stratigraphic landscape; these geologic details are also relevant to the surficial processes
affecting South Manitou Island on contemporary timescales. The latter are also briefly
described in the subsequent section, with a focus on the specific subset of factors that
affect the island in the present. For this study, terrain change processes are categorized
into four interrelated geomorphologic factors: (1) shoreline change, (2) coastal bluff retreat,
(3) landslide activity, and (4) sand dune movement.
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detailed mapping and descriptions of these units is still in progress, informative descrip-
tions of the surficial geology on the nearby mainland are available [2]. Visualization of the 
island’s terrain (Figure 1) highlights specific regions of glacial- and post-glacial geomor-
phology. Across the entire extent of South Manitou Island, an approximately 100-m-thick 
sequence of late Wisconsin age glacial deposits [45,46] overlies deeply buried Devonian 
sedimentary rock units, likely composed of Traverse Group, Antrim Shale, and Ellsworth 
Shale [47]. The glacial deposits are mostly ice-contact deposits such as kames or kame 
terraces overlying diamicton at depth [48]. These glacial deposits are exposed at the sur-
face in the fluvially eroded west-central interior of the island, where more recent alluvium 
fills stream valleys, and on denuded bluffs along on the south, west, and north shores of 
the island. Post-glacial deposits formed from fluctuations in Lake Michigan water levels 
following glacial retreat from the area and subsequent aeolian, fluvial, and mass-wasting 
processes. A north-trending scarp splits the island nearly in half and demarcates the cov-
erage of glacial Lake Algonquin over the eastern part of the island. Eastern South Manitou 
Island is covered by a veneer of historical shoreline sediments and lacustrine deposits that 
range in age from 13,000 cal years B.P. (Algonquin) to present [1], the most notable land-
forms being the arcuate beach ridges that surround a prominent bay. Aeolian dunes and 
sheet sands cover most of the highland areas in the western and northern parts of the 
island. An ongoing pattern of dune-building and stabilization is believed to have initiated 
about 5000 14C years B.P. [1]. Alluvial fans occur in some locations along the shoreline of 
the island and are particularly persistent landforms where their source areas are drainage 
basin higher up in the bluff. Alluvial fans, as well as landslide and colluvial deposits, lo-
cated at the base of the bluffs are more transitory in nature and are typically eroded or 
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1.1. Geology of Northern Michigan, USA

The island’s surficial geology consists of glacial and post-glacial deposits. Though
detailed mapping and descriptions of these units is still in progress, informative descrip-
tions of the surficial geology on the nearby mainland are available [2]. Visualization of the
island’s terrain (Figure 1) highlights specific regions of glacial- and post-glacial geomor-
phology. Across the entire extent of South Manitou Island, an approximately 100-m-thick
sequence of late Wisconsin age glacial deposits [45,46] overlies deeply buried Devonian
sedimentary rock units, likely composed of Traverse Group, Antrim Shale, and Ellsworth
Shale [47]. The glacial deposits are mostly ice-contact deposits such as kames or kame
terraces overlying diamicton at depth [48]. These glacial deposits are exposed at the surface
in the fluvially eroded west-central interior of the island, where more recent alluvium
fills stream valleys, and on denuded bluffs along on the south, west, and north shores of
the island. Post-glacial deposits formed from fluctuations in Lake Michigan water levels
following glacial retreat from the area and subsequent aeolian, fluvial, and mass-wasting
processes. A north-trending scarp splits the island nearly in half and demarcates the cover-
age of glacial Lake Algonquin over the eastern part of the island. Eastern South Manitou
Island is covered by a veneer of historical shoreline sediments and lacustrine deposits
that range in age from 13,000 cal years B.P. (Algonquin) to present [1], the most notable
landforms being the arcuate beach ridges that surround a prominent bay. Aeolian dunes
and sheet sands cover most of the highland areas in the western and northern parts of the
island. An ongoing pattern of dune-building and stabilization is believed to have initiated
about 5000 14C years B.P. [1]. Alluvial fans occur in some locations along the shoreline of
the island and are particularly persistent landforms where their source areas are drainage
basin higher up in the bluff. Alluvial fans, as well as landslide and colluvial deposits,
located at the base of the bluffs are more transitory in nature and are typically eroded
or modified during lake highstands. Since the final deglaciation in the region, the island
has experienced isostatic rebound and an assortment of geomorphic changes related to
changing shoreline and climate. Isostatic rebound has led to an elevational increase of over
10 m on some parts of the island over the past 13,000 years and has resulted in the promi-
nent hanging drainage basin observed in the southwestern corner of the island. Wave-cut
action during glacial and post-glacial lake highstands eroded glacial headlands, collectively
forming the bluffs that shape the perimeter of much of the current shoreline, and changed
the morphology of the eastern part of the island. Inland scarps on South Manitou Island are
associated with both glacial Lake Algonquin [9] and the Holocene (Nipissing) highstand at
approximately 5000 14C years B.P. [49]. In the present, pluvials result in greater erosion of
shoreline bluffs and subsequent shallow, mostly translational landslides in the lower slope.
The historic highstand that occurred in October 1986 (177.5 m) was nearly surpassed by
the penultimate height in July 2020 (177.46 m) (see Supplemental SA: lake levels over time)
that resulted in new lower bluff slope failures. The denuded nature of the bluffs on the
western edge of the island indicates that, in combination with landslide activity higher on
the bluff slopes associated with hydrologic triggers, wave cutting is of sufficient magnitude
and frequency to prevent revegetation.

1.2. Geomorphic Processes on South Manitou Island

At the intersection between the lake surface and the terrain surface, the shoreline is a
linear feature that characterizes the transition from dry land to water, with the understand-
ing that the terrain surface continues beneath the water [50]. Changes in water level can
drastically modify the extent and location of the shoreline, with significant implications
for land management and the built environment. Today, South Manitou Island’s shoreline
is influenced by the presence of large, steeply sloped bluffs, unconsolidated shoreline
sediments, wave and storm exposure [51–55], seasonal offshore currents that accelerate
longshore sediment transport [56], episodically high lake levels, and the recent absence of
lake ice during winter storms [3].
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Bluff retreat and landslides are intrinsically tied to shoreline change and occur along
much of Lake Michigan’s coastline [57], with significant implications for property and
infrastructure damage [58]. Throughout this greater region, unconsolidated surface sedi-
ments are subject to wave erosion, fluvial erosion, precipitation events, local groundwater
variability, and seasonal freeze-thaw cycles [3,18,56,59]. Wave erosion destabilizes the toe of
the bluff and creates an upward-progressing scarp [60]. The top and middle portions of the
bluff may experience erosion from gullying and groundwater seeps, further destabilizing
the bluff face and exacerbating landslide activity [3,56,61,62]. The bluffs of South Manitou
Island differ somewhat from other bluffs along Lake Michigan in their substantial sand
content, with an upper sandy fluvial facies and a lower lacustrine facies with some fine silt
and clay layers [63], potentially exacerbating their erosive potential.

Michigan’s sand dunes are commonly thought to have developed during the mid-
Holocene [64] from aeolian erosion of glacial outwash sediments and subsequent deposition
by westerly winds [5,63–66]. The dunes on South Manitou Island are perched along the
top of coastal bluffs, and on contemporary timescales they propagate from the local sedi-
ments [9,17,57,67,68]: increased erosion at the toe of the bluff during highstands initiates a
cascade of erosive events, disaggregating glacial deposit sediments, which are subsequently
deposited as a mantle of colluvial and alluvial landforms easily erodible by wind. During
lowstands, a greater extent of this disaggregated colluvial and alluvial mantle is exposed
above the water surface, potentially resulting in a greater rate of aeolian erosion. Aeolian
accretion occurs on the eastern, downwind side of the island, where lighter and variable
winds deposit sediments eroded from the bluff face and sand dunes [6,15,69].

2. Materials and Methods
2.1. Study Area

South Manitou Island is the southernmost and westernmost island of Sleeping Bear
Dunes National Lakeshore, located off the western coast of Michigan, USA, in northern
Lake Michigan (Figure 1). The island was initially occupied in the 1830s to supply cord
wood for lake steamships and grew into an agricultural community. Today, it is uninhabited
and is managed by the U.S. National Park Service (NPS) (the U.S. National Park Service
(NPS) was created in 1916 to preserve and manage the ecological, cultural, and historical
integrity of national parks, monuments, and other natural, historical, and recreational
properties [42]), but its picturesque vistas, cultural heritage including a historic lighthouse
and farm buildings, unique sand dunes, old growth white cedars [70], and hiking and
camping opportunities attract a large number of visitors annually.

2.2. Data

This study aims to determine the extent to which geomorphic landforms and changes
can be identified and quantified using remotely sensed datasets. Thus, the described
methods rely substantially on available high-resolution orthoimagery (HRO) and on DEMs
created from both lidar and historical aerial imagery. Geospatial data delineating landslides
and related features [71] were used to investigate the degree to which such features are
present and can be discerned from DoD analysis. The landslide dataset, developed and
published by the U.S. Geological Survey on Sciencebase.gov, maps and characterizes
recently active landslides, denuded slopes, and related features. It was developed through
expert visual interpretation of the high-resolution aerial imagery available in Google Earth
Pro. It establishes a general chronology of slope failures, as well as delineation of detailed
landslides and related features. Units and features mapped as part of the inventory include
landslide deposits and complexes, alluvial fans, scarps, and source areas. Supplemental SB
shows a table of the mapped landslide feature units and their abbreviations [71]. Several
additional dates of aerial imagery were available in Google Earth Pro (Table 1) and were
used to investigate the erosive and depositional processes on the South Manitou Island
bluff face, and as qualitative verification of terrain changes quantified by the DoD.
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Table 1. Dates of aerial imagery; SfM-MVS: Structure from Motion Multi-View Stereo.

Date Type Used For Accessed from

1 April 1955 Aerial Single
Frame Photo SfM-MVS Earthexplorer.gov

1 May 1994 Aerial imagery Landslide mapping Google Earth Pro
26 April 1998 Aerial imagery Landslide mapping Google Earth Pro
2 June 2003 Aerial imagery Landslide mapping Google Earth Pro

31 May 2005 Aerial imagery Landslide mapping Google Earth Pro
25 July 2010 Aerial imagery Landslide mapping Google Earth Pro

4 April 2012 High-Resolution
Orthoimagery Landslide mapping Google Earth Pro

30 May 2015 Aerial imagery Landslide mapping Google Earth Pro

March-May 2017 High-Resolution
Orthoimagery

Horizontal Ground
Control Leelanau County GIS

18 May 2018 Aerial imagery Landslide mapping Google Earth Pro
1 May 2020 Aerial imagery Landslide mapping Google Earth Pro
6 May 2022 Aerial imagery Landslide mapping Google Earth Pro

2.2.1. Horizontal and Vertical Reference Data

High-resolution orthoimagery acquired in Spring 2017 [72] provided the horizontal
reference for the study. The imagery was acquired at 6-inch ground spacing distance
resolution in color infrared (CIR) and natural color (RGB). The vertical reference for the
study was based on 2016 lidar data, which had a vertical accuracy of 0.045 m or better
at the 95% confidence level [73]. The 1 m digital terrain model (DTM) created from the
lidar ground returns was acquired from NationalMap.gov and is hereafter referred to as
2016DTM.

2.2.2. Historical Digital Terrain Model (DTM)

A high-resolution DTM and orthoimage were created from 1:17,000 scale historical
aerial imagery collected on April 1, 1955. The film images were digitally scanned at
25 microns (1000 dpi) using a geometric calibration to correct for scan-based distortions [74],
which scans were downloaded from the U.S. Geological Survey Aerial Photo Single Frame
Archive (https://earthexplorer.usgs.gov). A DTM was generated from the stereo aerial
imagery using SfM analysis in Agisoft Metashape (version 1.8.3). After an initial photo
alignment, the camera calibration model was improved by gradually removing matched
points with high reprojection error, reconstruction uncertainty, and/or projection inaccuracy.
Camera alignment was optimized following each successive removal of points to update the
estimated error of the calibrated model. The model was loosely georeferenced by adding
image centerpoint coordinates in World Geodetic Survey (WGS) 1984 and altitude above
ground level (AGL) in meters. These coordinates were determined from the imagery’s
metadata on EarthExplorer.gov and were specified to be accurate to within 200 m to
roughly georeference the matched point cloud without introducing error to the camera
calibration. The modeled terrain was then transformed to a projected coordinate system
with orthometric heights by adding ground control points (GCPs) at visibly unchanged
locations (table of GCPs available in Supplemental SD). These GCPs were provided with X,
Y coordinates in North American Datum 1983 Universal Transverse Mercator zone 15N and
orthometric Z values taken from the 2016 lidar dataset. A dense point cloud was extracted,
and then ground points were classified as those within a max angle of 20.0 degrees and
a max distance of 2 m from the digital terrain surface, with a cell size of 25. A DTM was
built from the ground points of the dense point cloud and can be accessed through the
U.S. Geological Survey ScienceBase catalog [75]. The DTM was edited in Catalyst Focus to
remove any remaining noise or elevation values belonging to above-ground features such
as buildings and vegetation, then resampled to 1m and snapped to the grid of 2016DTM
through bilinear interpolation. The accuracy of the historical DTM, hereafter referred to as
1955DTM, was assessed by comparing it to 2016DTM at points distributed randomly within

https://earthexplorer.usgs.gov
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open fields of the stable interior geomorphic area. From this comparison, 1955DTM was
determined to have a root mean squared error (RMSE) of 1.22 m. Finally, an orthoimage
was extracted from the (unfiltered) dense point cloud with a horizontal spatial resolution
of 0.44 m.

Vertical change was quantified by subtracting 1955DTM from 2016DTM to generate a
DoD raster, wherein positive values indicate elevation gain and negative values indicate
elevation loss. An analysis of error propagation was performed on ‘unchanged’ areas of the
DoD, following [76]. From this analysis, the spatial correlation of error was assessed using
a semi-variogram and found to have a lag of 40.5 m with a 0.09 m sill. These terms were
used to compute a mean elevational uncertainty of 0.02 m at the 95% confidence level. This
uncertainty can be used to characterize the potential error associated with DoD calculations
of net area or volumetric changes across the island. A second, more straightforward metric
for visualizing change that exceeds the noise and inaccuracies of the input DTMs is the Root
of Sum in Quadrature (RSiQ) method [38,76,77]. The RSiQ value indicates the threshold
for which the combined possible error in the differenced DTMs is visually quantified. The
RSiQ for the 1955-2016 DoD was calculated to be 1.22 m.

2.3. Landform Scale Analysis

Each of the four geomorphologic change factors of shoreline change, coastal bluff
retreat, landslide activity, and sand dune movement was investigated through DoD anal-
ysis, with the DoD’s 1 m spatial resolution enabling quantification of fine-scale changes.
However, investigation of the spatial distribution of these changes across the island necessi-
tated a complementary broader perspective analysis. A combination of landform-scale and
landscape-scale analyses enabled quantification of a variety of geomorphologic changes
across the entirety of the island.

In addition to quantification of terrain change from the DoD, geomorphic change in
landslide areas along the bluff was evaluated using imagery available in Google Earth Pro
together with a detailed timeline of lake-level based erosive or aggradation conditions. This
served to provide additional information about the landslide features recorded in [71] and
acted as an accuracy check of change quantification from the DoD. For example, positive
DoD values on individual and coalesced alluvial fans at the base of the bluffs demonstrate
that aggradation dominated for that specific area over the multi-decadal time captured
by the DoD, or at least for the time-period following the erosive conditions of the 1986
highstand.

2.3.1. Shoreline

South Manitou Island’s shoreline was delineated manually at 1:1,000 scale from 1955
and 2017 orthoimagery. The shoreline was identified as the edge of the waterline, where
above-water sandy alluvium and colluvium bore a distinct, higher reflectance signature
than below the waterline. This increase in tone was relatively uniform for the shoreline
around the island in both the 1955 and the 2017 HROs. Horizontal shoreline change was
quantified by converting the 1955 and 2017 polylines each to a set of points distributed at a
10m interval and calculating the Euclidean distance (m) between each pair (1955–2017) of
nearest points.

2.3.2. Bluff Top

The bluff top for 1955 was automatically delineated from 1955DTM using the cliff
metric tool iBluff [78–80]. Given a DTM, the cliff metric tool generates orthogonal transects
and profiles, and extracts cliff toe and top x, y, z coordinates for each based on major
inflections along the profile. For this analysis, transects were cast at 3 m intervals to
maximize the detail produced from the fine-resolution DTMs. The iBluff tool produces
a point demarcating the bluff-top break in slope for each transect. The resultant points,
which run along the edge of the bluff top, were converted to a polyline. The bluff top for
2016 was delineated similarly from 2016DTM. As with the shoreline analysis, points were
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distributed at a 10 m interval along each bluff top line (1955 and 2016) and the Euclidean
distance (m) between each pair of nearest points was calculated.

2.3.3. Landslides

Landslide features [71] were used to calculate change statistics from the DoD. The
magnitude of each landslide feature was calculated as the volume of net change within the
mapped feature.

2.3.4. Sand Dunes

The western side of South Manitou Island is covered by large areas of sand that are
devoid of vegetation and it exhibits several distinctive sand dunes. These sandy areas are
exposed to the full range of aeolian and fluvial erosive processes, and thus have likely
experienced substantial geomorphic changes. In these areas, dune movement and other
terrain changes were visually identified by a characteristic DoD ‘shadow’ pattern: elevation
gain immediately adjacent to similar areas of elevation loss, indicating a lateral shift in a
terrain feature, appears as a very bright area next to a very dark area. The presence of this
visual cue prompted additional terrain change analysis to specifically target changes in
these dune landforms.

Changes in the position or shape of sand dunes were evaluated and mapped by
comparing the results of terrain feature classification from each date [81,82] together with
understandings of prevailing wind direction (see Supplemental C). Geomorphons is a
computationally efficient method of classifying landforms through machine learning and
pattern recognition of common terrestrial geometries [81]. While not designed specifically
for sand dune analysis, the ‘summit’ and ‘shoulder’ units from the geomorphons classifica-
tion were found to be analogous to dune ‘crest’ and ‘ridge’ features in the South Manitou
Island landscape. The geomorphons classification was computed separately for 1955 DTM
and 2016DTM. The results were filtered to isolate large (greater than 100 m2) summit and
shoulder units within sandy or bare areas, as interpreted from the 1955 or 2017 orthoimage.
The filtered result for 1955DTM was reclassified so that summit and shoulder units were
indicated by a value of ‘10,’ and all other units, including NoData areas, were given a value
of 0. Likewise, the filtered result for 2016DTM was reclassified so that summit and shoulder
units were indicated by a value of ‘1’ and all other values were 0. The reclassified results
were added together to map changed and unchanged dune features.

2.4. Landscape Scale Analysis

Each geomorphologic factor (Table 2) was analyzed at a broader scale using a grid
spaced at 250 m. Within a gridcell, the landform scale metric for each geomorphologic factor
was aggregated, typically using a mean value, except in the case of dune migration. Table 1
shows the method of aggregation for each factor, as well as the values used to reclassify the
aggregated gridcell results. Ultimately these standard-deviation-based categories yield a
comparable landscape scale metric for each geomorphologic factor.

The aggregated grid results for each factor were then reclassified into standard-
deviation-based scores to characterize the relative contribution of the factor to geomorphic
change across South Manitou Island. Scores of Not applicable (0), low (1), medium (2), and
high (3) were calculated as:

0 : f actor not present in gridcell

1(Low) : gridcell min to
(−

x − 1σ
)

2(Medium) :
−
x ± 1σ
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3(High) :
(−

x + 1σ
)

to gridcell max

where:
gridcell min is the minimum value of each geomorphic proxy within a gridcell
gridcell max is the maximum value of each geomorphic proxy within a gridcell
−
x is the average value of a geomorphic proxy within a gridcell
σ is the standard deviation of a geomorphic proxy within a gridcell

Table 2. Aggregation of landform-scale results for landscape-scale analysis.

Reclassification of Landform-Scale Results to Landscape-Scale

Geomorphological
Factor

Method of Aggregation
to Gridcell

0–N/A 1–Low 2–Medium 3–High

Shoreline change Mean distance between
nearest-point pairs

Shoreline not
present 2.4–4.6 m 4.7–19.5 m 19.6–39.8 m

Bluff change Mean distance between
nearest-point pairs

Bluff not present 0.3–4.9 m 5.0–17.9 m 18.0–66.3 m

Landslide activity Mean of landslide
volumes

Landslides not
present −15.1–−8.5 m3 −8.4–−2.9 m3 −2.8–6.8 m3

Sand dune movement Percent change in area of
crest or ridge landforms
between 1955 and 2016

Bare sand or sand
dunes not present −6.4–−1.2% −1.1–1.8% 1.9–4.4%

The scores for each of the 4 factors were summed within each gridcell to indicate the
cumulative effect of geomorphic changes within that gridcell.

3. Results
3.1. Chronology of Erosion and Deposition, 1955–2022

With respect to Lake Michigan high- and lowstands, the August 1952 highstand
(177.28m) is ranked 6th since 1918. The 3rd, 5th, and 7th ranked highstands (July 2020,
June–July 1973, and June 1985) are subsidiary highs during pluvials, resulting in higher lake
levels for July 2020, July 1974, and October 1986, respectively. The January–February 1959
lowstand is ranked 10th lowest since 1918, but several others (1963 and 1995, for example),
immediately followed (are subsidiary to) other lowstands (1964 and 1996, respectively).
Aggradational deposits and features likely reach their maximum extent and size during
the 1964 lowstand, but the subsidiary lowstands may have resulted in similar depositional
conditions.

Thus, the 1952 highstand likely had an equivalent impact on the South Manitou Island
bluffs as the 1974, 1986, and 2020 highstands, the latter of which can be reviewed in aerial
imagery. During highstands, lake-level erosion is greatest, and is complexly intertwined
with other processes of geomorphic change due to the destabilization of bluff face sediments.
While erosion due to lake-level is lower during lowstands, the greater expanses of bare
sand along the shoreline are subject to aeolian processes and may contribute to inland
geomorphic changes. Other noteworthy lake-level events include the July 1974 highstand
(177.32 m), which was preceded by the June-July 1973 highstand (177.30 m). These back-
to-back highs likely induced considerable lower bluff erosion and subsequent shallow
landsliding. This was a lengthy pluvial (>9 years), resulting in the largest rise in lake level
at the time (1.74 m), surpassed only by the recent 2013–2020 pluvial. These prolonged wet
conditions may have induced numerous slope failures in the upper bluff.

The timing of lake high- and lowstands is plotted together with the dates of available
imagery and elevation data in Figure 2. A total of 13 dates of aerial imagery, including
the 1955 SfM-MVS orthoimage and the 2017 high-resolution orthoimagery, were used to
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understand geomorphic changes caused by erosion and deposition across the intervening
6 decades. Each date gives a ‘snapshot’ look at the state and relative location of geomorphic
units, providing a general idea of the amount of change that may have occurred for a
given feature between imagings. Where features, such as scarps or depositional fans, look
nearly the same – with similar shape, tone, and shadowing—as in their previous imaging,
it is likely that they have not experienced significant change. Likewise, any increase in
vegetation on a geomorphic feature may indicate that, at the time of imaging, it had
reached some degree of homeostasis since the previous imaging. Conversely, substantial
visible changes between image snapshots suggests that geomorphic change has occurred.
Additional insight regarding geomorphic change is gained by considering the erosional
and depositional environment with respect to lake level at the time of imaging.
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Figure 2. Timeline describing occurences of lake level high- and lowstands compared to dates of
available aerial imagery and digital elevation models (DEMs).

Examples are shown in Figure 3 of landslide features on the northwest and southwest
points of the island. In the April 1998 imagery, the features visible have been shaped by
the July 1997 highstand (177.19 m) as well as a long-lasting low-magnitude pluvial that
eroded the lower bluff. The lake level dropped relatively low by 2000, and remained low
for thirteen years, reaching a historic lowstand in January 2013 (175.57 m). Within the 2003
imagery, the example 1 headscarp that was visible in 1998 is buried under a new apron of
loose sediment in the lower bluff (right side), and by 2012 alluvial fans have formed at the
base of the bluff (right), and scarps have formed in the lower center soil block. Example 2
exhibits growth of the southern-most alluvial fan in the 2003 imagery, with the additional
formation of a second fan to the north. New deposition onto and growth of these two
prominent alluvial fans, as well as rill erosion across the fans is evident in 2012 imagery.
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Figure 3. Snapshot view of landslide features visible in each date of imagery for two example areas
on the northwest (example 1) and southwest (example 2) points of South Manitou Island; (a,b) April
26, 1998; (c,d) June 2, 2003; (e,f) April 4, 2012; (g,h) May 30, 2015; (i,j) May 6, 2022.

By December 2014, a rise in lake level had resulted in localized erosion in the lower
bluff and had induced some shallow slope failures. Example 1 exhibits erosion along the
shoreline (left side), as well as a slight enlargement of the alluvial fans at the base of the bluff.
In example 2, the distal edges of the two prominent alluvial fans have eroded, and changes
are observed in the headscarps of the upper bluff, suggesting increased precipitation may
have initiated scarp slope failures and sloughing. The most recent pluvial corresponded to
an initially rapid, then gradual rise in lake level reaching near record levels (177.46 and
177.37 m) in the summers of 2019 and 2020. The total rise in lake level during this period
was 1.84 m, higher than during any previous pluvial. Following this most recent highstand,
example 1 shows further enlargement of the pre-existing northwest slope landslide and
the recent scars associated with wave erosion and slope failures in the lowermost bluff are
partly buried by loose material (right side). In example 2, the northernmost alluvial fan has
been eroded away, although some new flow deposition is visible. An incised channel cuts
the alluvial fan remnant and new deposition is observed lakeward of the 2020 pluvial scarp
formed in the alluvial fan. A continuous landslide area has developed to the north of the
remaining alluvial fan remnant.

3.2. DoD Quantification of Change

The DoD values represent the net vertical terrain change that occurred between
1955 and 2016 on South Manitou Island (Figure 4). This change ranged from −23.3 m to
26.1 m, with an average of 0.3 m and a standard deviation of 2.6 m. Three-dimensional
(3D) visualization of DoD high and low values (more than 3 standard deviations from
the mean) is shown in Figure 4 (bottom). Figure 4 also shows the extents (black boxes) of
focus areas highlighting changes specific to various geomorphologic factors, as well as
the locations of transects showing profiles of the DEMs. The landform-scale results for
each geomorphologic factor are given in Section 3.3, while the aggregated landscape-scale
results are shown in Section 3.4.
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Figure 4. (Top) Digital elevation model (DEM) of Difference (DoD) showing net terrain change be-
tween 1955 and 2016; blue indicates negative values (elevation loss) and red indicates positive val-
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Figure 4. (Top) Digital elevation model (DEM) of Difference (DoD) showing net terrain change
between 1955 and 2016; blue indicates negative values (elevation loss) and red indicates positive
values (elevation gain); DoD values have been categorized and thresholded with the RSiQ value to
improve visualization of change; black boxes in top figure show extent of detailed figures, as well
as transects Ta-Tb and Tc-Td; (Bottom) three-dimensional visualization of DoD values, with blue
(negative change) or red (positive change) color indicating only DoD values more than 3 standard
deviations from the mean.
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3.3. Landform Scale Results
3.3.1. Shoreline Change

Changes in South Manitou Island’s shoreline are shown in Figure 5, with the largest
changes occurring on the western and southeastern parts of the island. The western
shoreline (Figure 5a) retreated inland by an average of 14.0 m, with a maximum retreat
distance of 34.7 m. The eastern shoreline (Figure 5b) retreated by an average of 14.5 m,
with a maximum change of 61.3 m. Some changes pushed the island outwards into Lake
Michigan (Figure 5b), but in most areas the shoreline retreated inland (Figure 5a).
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Figure 5. Shoreline change mapped from the 1955 orthoimage and the 2017 orthoimage; (a), large-scale
map showing the location of the 1955 shoreline (white dotted line) and the 2017 shoreline (black dotted
line) and exemplative of the 14.0 m average change in shoreline on the west coast; (b), large-scale map
showing 1955 shoreline and the 2017 shoreline showing extension of shoreline into the lake.

3.3.2. Bluff Change

Bluff changes are shown in Figure 6. The distance of change for the bluff edge varied
from 0.3 m to 66.3 m, with an average of 11.5 m and a standard deviation of 8.7 m. This change
occurred almost exclusively as a retreat of the bluff edge inland away from the shoreline. The
transect results shown in Figure 7 display the retreat of the shoreline and bluff face inland.

Figure 7 shows profiles of 1955DTM and 2016DTM at two different locations along
the western bluff. Transects Ta-Tb and Tc-Td both stretch from the water just beyond the
shoreline (transect start) up and across the bluff top (transect end).

3.3.3. Landslide Activity

Examples of landslide features overlain on the DoD are shown in Figure 8 (see
Supplemental SB for landslide unit descriptions). The DoD values almost universally
indicated elevation loss along the bluff face and western shoreline, both for erosional fea-
tures such as landslide source areas (FSASLC) and flow paths (FTPC) and for depositional
features (RADAAF).
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Figure 6. Bluff retreat mapped from 1955DTM and 2016DTM; (a), large-scale map showing the
location of the 1955 shoreline (white dotted line) and the 2017 shoreline (black dotted line) in an area
of variable bluff retreat; (b), large-scale map showing an area of relatively uniform bluff retreat.
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Figure 7. Transects Ta-Tb and Tc-Td show profiles of the bluff in 1955 (green line) and 2016 (purple
line), with the approximate shoreline location (based on distance along transect) indicated by black
triangle and the lake level shown as a gray dashed line; NOTE: 1955 lake level was 176.4 m MSL and
2016 lake level was 176.6 m MSL—the 0.2 m difference is not distinguishable on the y-axis, so both
the lake levels for both dates are shown as a single gray line.
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3.3.4. Sand dune movement 
Substantial differences were found in the extent of crest and ridge features (geomor-

phons classes summit and shoulder, respectively) between 1955DTM and 2016DTM. A 
prominent example of these differences is shown in Figure 9. The pattern of large negative 
DoD values (dark blue) indicating elevation loss immediately adjacent to large positive 
DoD values (dark red) indicating elevation gain can be seen in Figure 9a. This pattern is 
characteristic of the lateral movement of a tall terrain feature, where the large negative 
DoD values indicate the feature’s original position, and the large positive values indicate 
its new location.  

Figure 9b confirms that the area is composed primarily of bare sand or sandy soil and 
is mostly absent vegetation. The geomorphons classification results for 1955DTM and 
2016DTM are shown in Figures 9c,d, respectively. The combined crest and ridge classes 
are then overlain on the 2016DTM hillshade in Figure 9e to allow direct comparison of 
these features.  

Figure 8. Example areas of landslide features overlain on the digital elevation model (DEM) of
Difference (DoD), with blue indicating elevation loss and red indicating elevation gain. The location
of (a–c), along with explanation color ramp is shown in Figure 4; (a) example of elevation loss
within the SLC unit, CAF unit, and RADAAF units; (b) example of varying magnitudes of elevation
loss in source areas (FSASLC and others) and deposition areas (RADAAF, CAF, DEP1, and others);
(c) example of both elevation gain and loss occurring within an erosional feature (FSASLC). For
complete landslide unit descriptions, see Supplemental SB: Landslide unit descriptions.

3.3.4. Sand Dune Movement

Substantial differences were found in the extent of crest and ridge features (geomorphons
classes summit and shoulder, respectively) between 1955DTM and 2016DTM. A prominent
example of these differences is shown in Figure 9. The pattern of large negative DoD values
(dark blue) indicating elevation loss immediately adjacent to large positive DoD values (dark
red) indicating elevation gain can be seen in Figure 9A. This pattern is characteristic of the
lateral movement of a tall terrain feature, where the large negative DoD values indicate the
feature’s original position, and the large positive values indicate its new location.

Figure 9B confirms that the area is composed primarily of bare sand or sandy soil and is
mostly absent vegetation. The geomorphons classification results for 1955DTM and 2016DTM
are shown in Figure 9C,D, respectively. The combined crest and ridge classes are then overlain
on the 2016DTM hillshade in Figure 9E to allow direct comparison of these features.

The results of the feature-based change analysis are shown in Figure 10, where yellow
indicates the crest or ridge features classified from 1955DTM and red indicates the crest or ridge
features of 2016DTM. Areas of overlap, shown in orange, indicate where crest or ridge features
have not changed between 1955 and 2016. In general, there is a large amount of overlap
between the crest or ridge features classified for each date (Figure 10a,c). However, many
areas exhibit distinctive dune crest or ridge differences between 1955 and 2016 (Figure 10b); it
may be surmised that the dune morphology has changed in these areas.

3.4. Landscape Scale Results

The landscape scale results for each geomorphologic factor are shown in Figure 11.
Shoreline change (Figure 11a) is highest along the southeastern tip of the island and along
the western coastline. While bluff retreat (Figure 11b) is limited to the western side of
the island, it is spatially variable along that front—areas of substantial bluff retreat occur
next to areas of (comparatively) little bluff retreat. Landslide changes (Figure 11c) occur
around much of the island’s perimeter, but larger magnitude changes have occurred on the
north shore and the southwest corner of the island. The largest amount of dune movement
(Figure 11d) occurs immediately downwind (to the east) of western bluff retreat, but dune
movement was also observed along the northeastern coast.
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Figure 9. Example areas of sand dune movement; (A) digital elevation model (DEM) of Difference
(DoD) overlain on 2016 digital terrain model (DTM) hillshade: blue indicates elevation loss and red
indicates elevation gain; (B) 2017 high resolution orthoimagery (HRO) of the area shows mostly bare
sand with some areas of vegetation; (C) result of geomorphons analysis using 1955DTM; (D) result
of geomorphons analysis using 2016DTM; (E) comparison of crest or ridge features from the two
geomorphons analyses: pink indicates 1955 and red outline indicates 2016.
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The map of cumulative geomorphic change (Figure 11e) confirms that significant 
amounts of geomorphologic changes have occurred along the west coast of South Mani-
tou Island. This map also draws attention to other areas of the island, such as the north-
eastern coastline, that have experienced above-average changes over the past 61 years. By 
including less-visible geomorphologic factors, such as dune movement, the cumulative 
geomorphologic map provides a more comprehensive understanding of the spatial distri-
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Figure 10. Crest or ridge geomorphons classes from 1955 (yellow) are compared to those from 2016 (red).
The comparison is limited to bare sand, as interpreted from the 1955 orthoimage (shown) and the 2017
orthoimage (not shown), where aeolian processes result in movement of sand dunes. Areas where the sand
dune features have not changed are indicated by orange; (a) example area of unchanged dune features
(orange); (b) example area showing large differences between the 1955 and 2016 crest or ridge features;
(c) example area of sand dune features with similar size and shape, but shifted position.
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The map of cumulative geomorphic change (Figure 11e) confirms that significant
amounts of geomorphologic changes have occurred along the west coast of South Manitou
Island. This map also draws attention to other areas of the island, such as the northeastern
coastline, that have experienced above-average changes over the past 61 years. By including
less-visible geomorphologic factors, such as dune movement, the cumulative geomorpho-
logic map provides a more comprehensive understanding of the spatial distribution of
terrain changes on the island.

4. Discussion

This study completed various geospatial analyses of a historical DTM and lidar DTM,
including a DoD, to understand landform-scale and landscape-scale changes in South
Manitou Island’s terrain over 61 years. Moreover, it integrated this evaluation of geo-
morphic change quantified from DTMs and DoD together with the timing of erosive and
depositional events of lake level. A detailed discussion of DoD utility for landslide activity
analysis and for quantitative characterization of other geomorphic factors follows, as well
as discussion of multi-scalar analysis of terrain change, and the challenges and potential
limitations of change analysis using historical SfM DTMs.

4.1. DoD Quantification of Landslides

The utility of a DoD in characterizing the extent and processes of landslide activity
hinges substantially, and perhaps unsurprisingly, on the magnitude of vertical change
associated with the activity; landslides that result primarily in horizontal displacement of
surface materials will be less evident in the DoD. Within the mapped Shallow Landslide
Complexes (SLC) (Figure 8a), DoD values indicate elevation loss throughout the land-
slide area, consistent with the mass wasting observed in high resolution orthoimagery.
The SLC exhibits aggradation in the recent fan deposition (RADAAF), armored by a coa-
lesced alluvial fan (CAF). This was likely enhanced by the shoreline advance during the
recent 2013 lowstand. Landslide flow source areas (FSASLC and NFSA units), particularly
along the lengths of drainage channels (Figure 8b), exhibit both negative and positive
values. Negative values clearly capture the anticipated elevation loss due to mass wasting,
and potentially indicate that runoff-related channel erosion is a primary contributor to
flow initiation on South Manitou Island over the past 61 years. Consistent with other
findings [83,84], these high-slope areas of the SfM DTM likely experience higher error than
low-slope areas, and thus the DoD values in these areas may be less accurate. The complex
processes occurring within these features may be teased apart through a review of mapped
features overlain on the DoD in conjunction with consideration of the timing of lake level
changes. Even within mapped features wherein substantial vertical change has occurred,
the DoD may not reflect the expected terrain change if the recent erosive or depositional
environment overrides the preceding terrain change. Thus, the timing of elevation change
or known erosion events with respect to the dates of elevation data sources—in this case
the timing of highstands—is also of primary importance for characterizing DoD-based
terrain change analysis.

4.2. DoD Quantification of Other Geomorphic Factors

While the DoD was of limited utility in quantifying shoreline change, bluff change,
and sand dune movement, changes specific to each of these factors could be quantified
through comparison of the DTMs or their derivatives. In the case of shoreline change,
edge artifacts along both 1955DTM and 2016DTM precluded automatic delineation of
shoreline through slope-break transect analysis. Manual delineation of the shorelines for
the two dates was completed through visual analysis of HROs, and the results (Figure 5)
highlight the variability of shoreline change around the island. This high variability
occurs even within geomorphic zones comparatively free of terrain changes (such as
the eastern shoreline), and irrespective of water current [82] and wind direction [85] (see
Supplemental C). Conceptually, shoreline change is fundamentally linked to the bathymetry
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of the near-shore areas, as areas of gentle submarine slope would logically exhibit greater
shoreline change than steep submarine areas. However, the observed 1-to-2 km spacing
between areas of large shoreline change suggests that bathymetric slope may not be a
dominant driver of shoreline change on South Manitou Island. Future studies could aim to
integrate bathymetry in the terrain data to investigate this potential.

Interestingly, the bluff line changes (Figure 6) did not exhibit the same 1–2 km spac-
ing that was observed in the shoreline change. The iBluff tool successfully demarcated
bluff edges, with some areas of false-positive bluff edge identified. Generally, these false-
positives occurred in areas where sand dunes were located immediately adjacent to the edge
of the bluff face, as well as along the northern and southern coasts, which do not exhibit a
true bluff. In these areas, where the terrain gently flattened out at or near the northeastern
and southeastern shorelines, points identified as bluff by the tool were removed from the
analysis. Along the western coast, the bluff edge detected by the tool was remarkably
consistent between the two DTMs evaluated. This would seem to suggest that, even in
areas of steep terrain, the DTM developed using SfM methods are comparable to those
from lidar. The general similarity of the terrain modeled by these two different data sources
can be seen in the transects across the bluff face (Figure 7). Despite the steepness of this
area, a factor which is known to increase the potential error of elevation models [85], the
slope of the bluff face in 1955DTM is similar to the slope of the face in 2016DTM (Figure 7).
In both examples, the crests of the 1955 and 2016 bluffs occur at nearly the same elevation,
further supporting the validity of lidar-SfM comparison.

However, both transects indicate a horizontal ‘inland’ shift of 2016DTM by 10–15
m. This distance is arguably unrealistic, given the moderate amount of bluff erosion that
occurred along its northwestern and southwestern points (Figure 3) between 1994 and
2022. While this visual analysis covers only 28 years (1994–2022, see Supplemental B for
full figure) compared to the 61 years of change indicated by the DoD (1955–2016), the
depositional and erosive environment of 1955 was likely similar to that observed in 2022,
and evidence of 10+ m of erosion should be, but is not, visible. The magnitude of terrain
loss suggested by the DoD is substantially greater than the expected moderate erosion and
depositional features that are evident in 2022. Moreover, the transects show the shoreline
and the bluffline to have moved inland by 10+ m. This amount of terrain change would
entail substantial erosion that was not evident in visual interpretation. Finally, the water
level indicated by the 1955DTM (Figure 7, little to no slope from 0 to ~20 m transect distance)
is consistently 4–5 m above that of the 2016DTM, despite a recorded lake level difference
of only 0.2 m (176.8 m in April of 1955 and 176.6 m in March of 2016) [86]. Considered
together, these inconsistencies are possibly evidence of the limitations of SfM for elevation
modeling in the specific geographic and topographic situation of South Manitou Island’s
west coastline. The specifics of this situation are further discussed in Section 4.4.

The broad sandy expanses on the western side of the island exhibit several distinct
areas of sand dunes, and include parabolic, star, and blowout dune features [87]. The
DoD highlights the few areas where there was substantial change in dune position as a
characteristic shadow pattern (visible in Figures 4 and 9A). A dune blow-out is visible
in Figure 9, (near 567,150 East, 4,984,850 North), exhibiting the characteristic shadow
pattern in the pseudocolor ramp of blue to red. The 1955DTM and resultant geomorphons
analysis (Figure 9C) exhibit a flatness of slope in this area, which becomes concave in the
2016DTM and resultant geomorphons analysis (Figure 9D). While it is possible that the
SfM matching process was less successful in this concave area of highly reflective sand,
leading to interpolation of sparse elevation values, there is remarkable similarity between
the crest and ridge features of the 1955 and 2016 geomorphons analysis in the rest of the
example area.

While some crest or ridge features appear to shift somewhat in position or transform
(as in the dune blowout), others remain remarkably fixed in place. The geomorphons
analysis enables broader comparison of the dune features mapped from each date of DTM.
Figure 10 allows for direct comparison between the dune crest/ ridgelines mapped from
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each DTM. In most areas of the island, there is substantial similarity between the dune
features between 1955 and 2016, indicating that South Manitou Island’s sand dunes are
relatively static, despite the liberation of sand by bluff and shoreline change, and the large
bare sand expanses. This finding also highlights the comparable nature of the two DTMs,
despite their difference in source data and modeling.

However, this is a broader challenge for terrain change quantification, as some degree
of disparity occurs between all elevation data sources [88] and should be robustly accounted
for using DoD-based error metrics [76,77]. The general similarity between the 1955 and
2016 crest or ridges indicates that the island’s sand dunes are relatively static, despite the
liberation of sand by bluff and shoreline change, and the large bare sand expanses.

4.3. Multi-Scale Understanding of Terrain Change through Gridcell Approach

Quantification of terrain change through DEM differencing has progressed substan-
tially over the past decade(s) with improvements in the spatial scale and accuracy of
grid-based elevation models [88–91]. Previously, a significant and limiting challenge of
terrain change quantification was the temporal sparsity of elevation data, as well as the
spatial resolution and accuracy of available datasets. These factors typically caused high
amounts of error in the resultant DoD, limiting the amount and types of terrain change
that are detectable and quantifiable. The ever-increasing coverage and availability of lidar
data, as well as the computational power to process it, greatly increases the utility of high
resolution DEMs for contemporary change analyses. However, the advent of SfM-MVS
routines that implement image matching based on photogrammetric principles creates
potential for the development of high resolution DEMs from archived historical aerial
photography. These new potential datasets could greatly improve temporal resolution
of available elevation data, and therefore the potential for terrain change analysis. This
analysis demonstrated the utility of comparing one such historical SfM-MVS DTM to a
lidar-based DTM for the quantification of moderate-scale geomorphic changes.

A significant advantage of DoD methods for terrain change purposes is the uniformity
of coverage inherent in raster-based analyses. Other methods of terrain change analysis
might focus on specific landforms [24,92] or processes [93], with the potential for incon-
sistent coverage or omission of interrelated landforms and processes. Because the DoD is
inherently a raster-based, continuous dataset, it provides a consistent and complete frame-
work for quantification of terrain change that is independent from specific processes and
landforms [91]. This quality also presents a challenge, because some amount of ‘change,’
whether consequential or not, will be quantified throughout the study area. This challenge
of needing to ‘see the forest for the trees’ is addressed by considering the DoD as just one
of many tools for investigating geomorphic change—not the end product indicative of
that change. By integrating the DoD with additional data and understandings regarding
landform-specific processes, terrain change can be fully mapped and characterized.

However, integration of DoD and other datasets is complicated by the large range of
spatial and temporal scales by which the physical processes of erosion and aggradation
operate. A second advantage of DoD methods is their multi-scalar potential. This analysis
presented one potential method of introducing multiple scales of geomorphic change anal-
ysis: separate, but related quantification of landform- and landscape-scale changes through
the lens of the DoD. At the landform scale, the fine spatial resolution of the DoD enables
detailed investigation of terrain loss and gain, as well as of the timing of these processes,
within each landform. Landscape-scale analysis using the DoD highlights the cumulative
loss and gain patterns across processes and landforms and enables visualization of these
patterns across larger geographic areas. The findings of landform-scale analysis provide
synoptic understanding of geomorphic change that can be useful to park management to
help mitigate hazards to the island’s visitors, plan for long term infrastructure needs, and
potentially determine the future impacts of climate-related trends.
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4.4. Critique of DoD Analysis Using Historical SfM DEMs

In addition to quantifying geomorphic change on South Manitou Island, the findings
of this study speak to the degree to which DEM differencing using a historical SfM-MVS
elevation model and a lidar-based DEM can characterize multiple decades of geomorphic
change and processes. The use of these methods to assess changes in specific landforms, or
to link quantified change to geomorphologic processes, is the next step in terrain change
analysis. In this study, the DoD facilitated investigation of different types of terrain change,
which varied in their spatial extent, vertical magnitude, and temporal rate of change. Vari-
ous methods were used to analyze the DoD and the two DTMs to quantify the magnitude
of change for geomorphologic factors at the landform scale. These results were then used
to investigate the interrelated factors at the landscape scale. While the 4 geomorphologic
factors investigated are specific to South Manitou Island, there is broader applicability in
understanding the extent to which DoD-based terrain change can be used to characterize
dynamic geomorphic features and physical processes.

Many DoD analyses utilize similar elevation data sources (e.g. lidar to lidar compari-
son). While this reduces the error associated with differencing, it limits the time-period
for which terrain change may be investigated. This study sought to tap into the longer
timeframe covered by archival stereographic aerial imagery by developing a DEM using
SfM [94–96]. A noteworthy challenge of creating historical DEMs using SfM (or any pho-
togrammetric methods) is the need for well-distributed, consistently identifiable ground
control in areas that have not changed. While a multitude of potential GCP locations are vis-
ible at road intersections and farm field corners in the 1955 imagery, only a fraction of these
points were identifiable in the returned-to-natural South Manitou Island landscape visible
in 2017 HRO. While not extensively investigated for historical DEM development, the
number and distribution of GCPs was found to have significant implications for SfM-MVS
model error in UAS studies [97]. A challenge of analyzing lidar together with SfM-MVS or
other DEM data is that results must be interpreted with consideration for the inaccuracies
of other elevation data. While the RMSE of the 1955 SfM-MVS DTM (1.55 m) is roughly av-
erage for SfM-derived DEMs [39], it is substantially larger that of the lidar-based 2016DTM
(0.015 m). More importantly, this accuracy value is computed from a second independent
set of GCPs recognizable in both the historical and reference orthoimagery. Thus, the RMSE
of the SfM-MVS DEM may not be a good accuracy indicator for areas of change—such
as the landslide, bluff, and sand dune areas of South Manitou Island. Analysis of error
propagation using the DoD [76] indicates the error (0.2 m) that should be considered in 2D
or 3D calculations of change, but this analysis must also be performed in areas that have
not changed.

In order to address the accuracy of the DoD results in areas of change, such as the
landslide-prone bluff and shoreline of western South Manitou Island, this study qual-
itatively assessed the likely magnitude of change from visual interpretation of specific
geomorphic features visible in multitemporal imagery between 1994 and 2022. The combi-
nation of multiple geomorphic factors in this part of the island, including shoreline changes
associated with lake level change, bluff line retreat, and landslide activity, potentially result
in substantial terrain change. However, it should also be considered whether 1955DTM
simply has larger than average amounts of error in this part of the South Manitou Island.
Several characteristics of this area potentially result in greater error: (1) the waters of Lake
Michigan not only preclude the distribution of GCPs on the far western side of the imagery
block (which extends well into the lake), but also negatively impact the success of pixel
matching due to refraction [98]; (2) this area exhibits some of the most substantial change
across South Manitou Island, precluding a robust spatial distribution of GCPs; (3) the com-
paratively bright reflectance of the sand dune, bluff, and shoreline areas further exacerbates
pixel matching difficulties [99], and in some areas no key point matches were identified in
the initial alignment; and (4) the steep slope of the bluff face presents a general challenge to
elevation modeling [88,100]. While the bluffs of South Manitou Island have experienced
substantial geomorphic changes, the 10+ m horizontal displacement of shoreline and bluff,
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and 10+m of elevation loss indicated by the transect analysis and DoD may overestimate
actual geomorphic changes. Finally, the 3–5 m higher shoreline elevation of the 1955DTM
compared to 2016DTM (Figure 7) is an additional indication of potential inaccuracy in the
1955DTM. Thus, while SfM methods offer the potential to derive DEMs from historical
aerial imagery with comparable spatial resolution to lidar-based DEMs, careful analysis of
accuracy, particularly in areas of change, is necessary. Even in cases where the SfM DEM
exhibits reasonable accuracy overall, the terrain surface modeled through SfM methods
may incorporate spatially variable amounts of error that should be considered in analysis
of change.

5. Conclusions

This study investigated the terrain changes and geomorphic processes that have
occurred on South Manitou Island in Sleeping Bear Dunes National Lakeshore through
geospatial analysis of DEMs and a DoD, together with a detailed map of landslide features.
Specifically, the study focused on shoreline change, bluff line change, landslide activity,
and sand dune movement as geomorphic factors affecting terrain change on the island.
Change related to each of these factors was quantified at the landform- and at the landscape
scale to facilitate both nuanced understanding of interconnected geomorphic processes
as well as comprehensive mapping of geomorphic changes across the island. Qualitative
analysis of geomorphic features using multitemporal imagery in was completed as a check
on these methods. Based on this visual analysis, the DoD may somewhat overestimate the
actual amount of terrain change that has occurred on the western part of the island due to
1955DTM inaccuracies linked to the large expanse of water, limited ground control, surface
brightness, and steep slopes.

While most of South Manitou Island’s geomorphic change occurred along the western
coast, the study identified moderate changes occurring in other parts of the island. These
changes include shifts in the location or extent of sand dunes due to blowouts and aeolian
processes, and changes in the shoreline on the southeastern point of the island. The
processes associated with these terrain changes are complex and interrelated, and the
vertical changes associated with each factor cannot be entirely separated. However, in the
absence of additional dates of terrain data, the geomorphic changes quantified by the DoD
for 61 years between 1955 and 2016 can still be used to inform understanding of factor-
specific geomorphic changes. The multi-scale methods used by this study are one potential
solution to address the disparate spatial and vertical scales of change occurring across
the island. In this way, the more substantial vertical changes that occur where multiple
geomorphic processes coincide can be considered together with subtle vertical changes
occurring over larger areas. Ultimately, landscape-scale analysis of the DoD provides a
roadmap for future investigation and management initiatives, as it provides an aggregated
view of where the largest magnitude changes occur across the entire island. Results of
the landform-scale analysis could be used to for a variety of detailed geomorphic change
investigations, such as the effect of the island’s changing vegetation and management
practices in stabilizing surficial sediments in areas of dune movement and bluff retreat, the
impact of foot trails on dune migration, or investigation of seepage zones on the bluff face.
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