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Abstract: The Coastal and Marine Ecological Classification Standard (CMECS) was applied to

four portions of Acadia National Park, USA, focusing on intertidal rocky and tidal flat habitats.

Side-scan sonar coupled with multi-phase echo sounder bathymetry are the primary data sources

used to map the seafloor, coupled with underwater video imagery and surface grab samples for

grain size and macrofaunal analysis. The CMECS Substrate, Geoform, and Biotic components were

effective in describing the study areas. However, integrating the CMECS components to define

Biotopes was more challenging due to the limited number of grab samples available and because the

dominant species within a given map unit is largely inconsistent. While Biotopes ultimately could

not be defined in this study, working within the CMECS framework to create statistically significant

biotopes revealed the complexity of these study areas that may otherwise have been overlooked. This

study demonstrates the effectiveness of the CMECS classification, including the framework’s ability

to be flexible in communicating information.

Keywords: Acadia; CMECS; benthic habitats; seafloor mapping

1. Introduction

The Federal Geographic Data Committee (FGDC) adopted The Coastal and Marine
Ecological Classification Standard (CMECS) in 2012 as the national classification standard.
CMECS provides a framework for organizing and describing data in marine and lacus-
trine environments [1]. The framework is hierarchical and is composed of two settings
(biogeographic and aquatic) and four components (Geoform, Substrate, Water Column,
and Biotic). The National Parks Service (NPS) funded benthic habitat mapping studies
following Hurricane Sandy (October 2012) at four of its park units within the northeast re-
gion of the United States (Cape Cod National Seashore, MA; Fire Island National Seashore,
NY; Gateway National Recreation Area, NJ; and Assateague Island National Seashore, MD
and VA). One omission of this prior work was the inclusion of a park unit characterized
by rocky intertidal and shallow sub-tidal habitats. The primary objective of this project
is to provide the NPS with a regional CMECS template for describing rocky oceanic and
estuarine habitats for the northeastern US based on the acquisition and analysis of new data
from Acadia National Park (ACAD), ME (Figure 1). This study applied methods similar to
those used in the previous four-park studies to collect new geophysical data using acoustic
sonar, underwater video data, and benthic biology and grain-size data from grab samples.
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Figure 1. Location map of the four field areas mapped in Acadia National Park. The crosshatch

polygons show the extent of the National Park on Mount Desert Island and adjacent areas (NPS, 2019).

The results support NPS in making scientifically-sound management decisions for
ACAD (and other parks), improve NPS expectations and requirements for future mapping
endeavors, and contribute to the scientific field of submerged habitat mapping. The use
of CMECS supplies the opportunity to generate additional examples demonstrating the
application and value of the framework. This study is also valuable in that it represents
the first mapping efforts for most of these survey areas. Previous mapping in the region
represents seminal work on the Gulf of Maine geologic habitats for the inner continental
shelf at broader scales [2,3]. State-wide maps, interpreted from 1960 aerial imagery [4],
provide units analogous to the CMECS Geoform component, which have subsequently been
digitized [5,6]. Other, more recent work has been focused on using the Bathymetric and
Reflectivity-Based Segments (BRESS) tool [7] to delineate CMECS Geoforms throughout
the Gulf of Maine [8]. The mapping work presented here improves on previous work
by providing high-resolution full-coverage side-scan sonar in shallow water and near-
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shore environments coupled with detailed ground-truth data. The detail of the mapping
in this study allows for a greatly improved understanding of the complexity of these
near-shore habitats.

1.1. Geologic Setting of the Study Areas

The four field areas selected within Acadia National Park (ACAD) balanced accessibil-
ity (i.e., proximity to a boat ramp, navigable at high tide) with a range of representative
habitats (Figure 1). The mapping areas included Compass Harbor, located 2 km south of
Bar Harbor; Frazer Creek, located along the western side of Schoodic Point; Ship Harbor,
3 km east of Bass Harbor; and Thompson Island, located at the northern end of Mount
Desert Island. Compass Harbor, Ship Harbor, and Fazer Creek are dominated by rocky
intertidal shorelines (both bedrock and boulders) with sand and/or gravel sediment sheets.
Thompson Island provides representative habitats for intertidal and shallow subtidal mud
flats. The sites vary in water depth and relative wave energy. Bedrock geology also varies
between the four sites and was mapped on a series of Maine Geological Survey Maps at
various scales [9–12]. Compass Harbor is composed of Silurian-aged Gabbro. Silurian-
Ordovician aged Bar Harbor formation, a foliated (layered) metamorphic rock [13], also
crops out. Frazer Creek is underlain entirely by Devonian-aged granite [14]. Ship Harbor
straddles a geologic contact; the inner harbor lies within the Devonian Seawall Granite;
the outer portion is composed of the Silurian-aged Rhyolitic deposits as part of the Cran-
berry Island Volcanic Series [13]. Thompson Island is underlain entirely by the Cambrian
Ellsworth Schist [13].

Mount Desert Island (MDI) and the adjacent Maine coastline had a complicated
geologic history over the last two million years. The area was covered by the advancing
and retreating Laurentide Ice Sheet multiple times, the most recent being during the
Late Wisconsinan [15]. Moraines deposited along Jordan Pond in the southern to central
portion of MDI have been dated to ~15,200 years before the present, so portions of ACAD
were ice-covered at least until this time [16]. The surficial (largely glacial) deposits of the
four sites vary. The Compass Harbor and Thompson Island shorelines, while mapped
as a rock outcrop, are overlain by the Presumpscot Formation, a fine-grained marine
mud. Ship Harbor, while also surrounded largely by rock outcrop, is overlain in part by
Presumpscot Formation as well as Pleistocene and modern marine shoreline deposits [17].
These are most notable at the entrance to the inlet, where two gravelly spits extend into Ship
Harbor on each side of the inlet channel. Frazer Creek, where the shoreline is not exposed
bedrock, is overlain by glacial till deposits [18]. The region was isostatically depressed
during deglaciation, and much of coastal Maine was inundated by marine water before
the sea level fell and then rose to the present during the Holocene [19]. Portions of ACAD
< 70 m above sea level were inundated by marine water during deglaciation, and this
transgression is responsible for the thin layer of gravel and sand (often with boulders)
common throughout the study areas [17].

The tidal range at the National Oceanographic and Atmospheric Administration
(NOAA) tide gauge 8413320 located in Bar Harbor is 3.5 m (11.5 ft) [20], which falls under
the high mesotidal in the classification of Hayes [21] and would be considered “moderately
tidal” using the CMECS Tidal Regime modifier [1]. The tidal range appears to be similar
at all four locations, although the amplitude appears to be restricted somewhat inside
Ship Harbor as a result of the narrow tidal inlet. Wave energy can only be described
qualitatively and is considered relatively low at Thompson Island, inside Ship Harbor, and
at the more protected portions of the Frazer Creek study area. Wave energy is higher in
Compass Harbor and the outer portions of Frazer Creek, which are both located along
the shoreline of Frenchman Bay. Outer Ship Harbor, with essentially an unlimited fetch
for storm waves from the southeast, represents the highest wave energy of the four sites.
Thompson Island and the inner portions of Frazer Creek would be classified as tide-
dominated, while Compass Harbor and the outer portions of Frazer Creek and Ship Harbor
would be considered mixed-energy, wave-dominated [21].
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1.2. Mapping Benthic Geologic Habitats and Biotopes Using CMECS

Benthic (or seafloor) habitats are spatially recognizable areas with physical, chemical,
and/or biological characteristics that differ from surrounding areas [22]. A benthic geo-
logic habitat or depositional environment is a spatially recognizable area with geologic
characteristics that are distinctly different from surrounding areas [23]. This study applies
a common approach to defining benthic geologic habitats using acoustic side-scan sonar
validated by ground-truth data. For example, the methodology is similar to previous work
performed within NPS units [24–27]. Side-scan records are interpreted by the texture and
intensity of the returning acoustic signal (backscatter). Spatially recognizable areas of the
seafloor with different backscatter patterns represent side-scan sonar facies. In general, the
harder or denser the seafloor, the stronger the return signal and the darker the side-scan
sonar record (using an inverse color scheme). Boulder and cobble fields appear darker in
the side-scan record, whereas mudflats appear lighter, and sandy sediment appears more
in the middle of the color scale. The side-scan record serves as the foundational data for
defining polygons that represent facies; the interpretation of the facies is refined using
ground-truth data. Ground-truth data in this study took the form of underwater video-
imagery, aerial imagery, bathymetry, and surficial sediment samples, though other options
also include sediment-profile images and sediment core data. The resulting polygons
are then interpreted into geologic habitats, which can be accomplished using the CMECS
classification system. CMECS includes the Substrate Component, which describes the grain
size of the sediment, and the Geoform Component, which focuses on the geomorphic and
structural characteristics of the seafloor [1]. These CMECS Substrate and Geoform layers
are intersected to produce polygons that describe the geologic habitats using a combination
of morphology and sediment texture.

This study utilizes a top-down mapping approach, e.g., [28–31], to define biotopes
(or benthic habitats), following the presumption that biological communities have distinct
relationships with their geologic environments or geomorphic features. Within the CMECS
framework, biotopes are intended to capture ecologically meaningful relationships between
biological species or communities and their physical environment. The process for devel-
oping Biotopes in this study was to integrate the benthic geologic habitats with the Biotic
Community, the lowest hierarchical level of the Biotic Component. Biotic Communities are
named after the dominant species within the macrofaunal community (for a given sample
or grouping of samples), though the term “community” reiterates the recognition that
other species are also present. Biotopes are considered preliminary until the biotic–abiotic
relationships identified can be repeatedly demonstrated [1].

2. Materials and Methods

All data collection was vessel-based using an 8.5 m (28 ft) pontoon vessel with a draft
of less than 0.5 m (1.6 ft) customized for shallow water surveying. Surveys extended from
intertidal to shallow subtidal environments, which required conducting surveys at high
tide. The primary data for this project are side-scan sonar and bathymetry acquired with an
EdgeTech (West Wareham, MA, USA)6205 Multi-Phase Echo Sounder (MPES) system, along
with ground-truth data in the form of underwater video and sediment grab samples. With
respect to data access and preservation, final data products and maps will be stewarded on
the NPS Integrated Resource Management Applications (IRMA) Portal. Raw sonar data
will be submitted to NOAA NCEI for archive and public access. Underwater videos were
stored as *.mp4 files and were then uploaded to YouTube (See Supplemental Table S1) for
ease of sharing. Appropriate metadata will accompany all files.

2.1. Geophysical Data Collection and Processing

2.1.1. Survey Design

Geophysical surveys were conducted using a fixed, bow-mounted EdgeTech (West
Wareham, MA, USA) 6205 Multi-Phase Echo Sounder (MPES) system with dual-frequency
side-scan (550 kHz and 1600 kHz), which simultaneously acquires co-located side-scan
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and bathymetry data. The system is optimized for shallow water surveying, with the
sonar mounted to the bow of the vessel in front of the pontoons, allowing for increased
survey efficiency. The offset between the sonar and the vessel was maintained for all
study sites. All survey components (GPS antennas, sonar, internal measurement unit) were
fixed throughout the survey and offsets were applied in the software to account for the
position of the sonar. The survey was planned in Hypack software and designed to collect
full-coverage side-scan data (i.e., 100% coverage with 20–30% overlap) and partial coverage
bathymetry (which has a substantially reduced swath width due to the shallow water
depths). The survey was composed of parallel track lines with line spacing of 35–40 m
(115–130 ft) and a side-scan sonar swath range of 50 m (165 ft) to allow sufficient overlap
with adjacent lines. The survey design was adjusted on the fly to account for areas that
were not navigable. Survey speeds were maintained <2 m s−1 (4 kts).

2.1.2. Navigation and Positioning Systems

An Applanix (Trimble) POS MV inertial measurement unit system was used during
the acquisition for positional data and also to correct vessel motion (pitch, roll, heave).
This was coupled with Hypack V2015 navigation software to accurately locate the vessel
and geophysical sensors during the data acquisition program. The manufacturer’s stated
horizontal position accuracy is 0.2 to 2 m, with a heading accuracy of 0.02 degrees. While
not quantified, the vertical uncertainty of the bathymetry is thought to be <0.5 m based
on the alignment of adjacent bathymetric survey lines, co-located features, and the limited
RTK-GPS data collected.

2.1.3. Side-Scan Sonar Data Processing

Each sonar file was exported individually from the field collection software as Exten-
sible Triton Format (*.XTF) files after completion of the field effort. The *.XTF files were
imported into Chesapeake Technologies (Mountain View, CA, USA) SonarWiz Software
(v. 6.0). The following general processing sequence was completed for the files within
the dataset.

• Navigation check on each file (including offset and layback applied), smoothing and
editing if necessary;

• Bottom tracking of each individual sonar file;
• Application of automatic and time-varied gain curves to normalize the data across the

full sweep range and over the duration of the field program. Slant range correction as
applied, and gain was adjusted as needed to account for seafloor slope;

• Draft mosaic generated to check gain settings, bottom tracking, image quality, and
resolution;

• Manual editing of applied functions as necessary;
• Export of the sonar mosaic;
• Export of individual sonar files as geo-referenced TIF images;
• Export of geo-referenced TIF images for each survey area for import and presentation

in ArcMap GIS software (ESRI).

2.1.4. Bathymetry Data Processing

The bathymetry data were processed using Oceanic Imaging Consultants (Honolulu,
HI, USA) (OIC) CleanSweep software v.3.9.0. Bathymetric data processing followed stan-
dard techniques of first correcting for tidal variation during data acquisition using the
NOAA tide gauge 8413320, Bar Harbor, ME tide gauge [32]. The water level elevation from
the Bar Harbor gauge was compared to Real-Time Kinematic (RTK) GPS measurements
conducted during the geophysical survey at Thompson Island and Frazer Creek (GPS
malfunctions at Compass Harbor and Ship Harbor limited checks at these locations). The
good agreement between the RTK-GPS and tide-gauge data suggests that the gauge data
represent a good estimate of the water level at the survey sites and are suitable to use for
correcting the bathymetric data. One exception is inside the basin at Ship Harbor, where
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the inlet appears to limit the tidal exchange and reduce the tidal range, which led to an
overcorrection of the tidal data in this area. Additionally, the processing accounted for
vessel motion, draft, and sonar mount angle. Filters were then applied to remove outlier
soundings. The resulting mosaic presents the water depths of the survey areas at a pixel
resolution of 20 cm. The bathymetric data were binned into CMECS benthic depth zones
(Intertidal, 0 to 5 m, and >5 m), and an added depth range (0 to 1 m) was included to better
highlight shallow intertidal features following the approach used within the Cape Cod
National Seashore study [33].

2.2. Ground-Truth Data Collection and Processing

The ground-truth surveys involved the collection of surficial benthic grab samples
using a Wildco Petite Ponar grab sampler coupled with underwater video imagery using
either a GoPro Silver 3 or a GoPro Hero 5 camera. The GoPro was mounted above the grab
sampler for co-located datasets at 45 sample sites. The position of the samples was recorded
using a Garmin GPSMAP76 handheld chart plotting GPS with a reported accuracy of <3 m.
Coupled with the shallow water and limited layback between the camera/sampler and
the GPS, the positional accuracy of the videos and sediment samples is likely <10 m. In
addition, 14 drift videos were collected by mounting a GoPro to a custom build PVC sled
that is deployed and allowed to drift along the seafloor. The starting and ending position
of each drift was recorded. The sample and video locations were chosen in the field at the
completion of the geophysical survey to cover both a geographic spread within the site and
to capture a variety of geologic habitats. Replicate sediment samples were not collected;
however, the grab sample and video datasets help provide a comprehensive understanding
of the study areas, as they capture geological and biological community characteristics at
various spatial scales and resolutions.

The underwater video footage required minimal processing. For each video, extrane-
ous footage at the beginning and end was removed, and title slides and end credits were
added. The videos were exported in a 1080 DPI HD *.mp4 format. Representative screen
captures were taken from each underwater video. These images were adjusted in Adobe
Photoshop to improve the clarity and utility of the images. Processing for each image was
unique; however, in general, images were adjusted for white balance to correct for the
green tint in the water column, and the dehaze tool was used to improve the clarity.

The benthic grab samples were transferred to a sealed bucket after collection for
transport back to the field station. The volume of each grab sample was recorded. A small
(<50 mL) sub-sample from each bucket was then collected to analyze the grain size of
the sediment. Sediment properties of the sub-sample were characterized using a particle
size analyzer (Malvern Panalytical (Westborough, MA, USA) Malvern Mastersizer 2000E),
which generated the weight percent of each particle size fraction (e.g., silt, fine sand, coarse
sand, etc.) according to the Wentworth classification system [34]. The percentage cover
of gravel, as well as the presence of shells, macroalgae, or other features, was estimated
from the underwater video. The remaining grab sample was then wet-sieved through a
0.5 mm mesh for taxonomic analysis of benthic macrofauna. Captured macrofauna were
retained and preserved in an ethanol solution. Processing was undertaken by counting and
identifying individuals to the lowest possible taxonomic level (species or genus).

2.3. Interpretation of CMECS Components

2.3.1. Defining Benthic Geologic Habitats

The geophysical and ground-truth data were classified using two components of the
CMECS classification system. The surface sediment characteristics were described using
the Substrate Component, which defines the dominant sediment type of the seafloor [1].
The extent of units within the Substrate Component was mapped primarily based on expert
interpretation of the geologic facies visible in the side-scan sonar imagery. Sediment grain
size, underwater video imagery, and bathymetry collected in this study, as well as digital
orthophotographs and aerial imagery in Google Earth, were used to aid in the verification
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and interpretation of the geologic facies, particularly when there was a gradual transition
zone, rather than a sharp boundary, between facies. Where grain size for a map unit is
inferred, the unit is overlain by a hatched pattern. Future sampling could refine some of
these interpretations.

The Geoform Component describes the geological structure and geomorphology of
an area using a two-level approach [1]. While CMECS explicitly defines mapping scales
associated with the different levels within the hierarchy, in general, “level 1” defines large-
scale geologic features (>1 sq km), and “level 2” indicates small-scale surficial features.
Given the small size of the four study areas within ACAD, all of the units interpreted
should be considered “level 2”, even if some of the units are classified using “level 1” terms
within CMECS (i.e., Boulder fields). The Geoform Component was interpreted largely
on bathymetric data, although areas of rock outcrop and boulder fields were based on
the substrate layer and interpreted from the side-scan sonar mosaic. The Geoform and
Substrate Components were combined to supply information on the benthic geologic
habitats of the seafloor. This was carried out using the intersect tool within ESRI ArcMap
10.6 geographic information software. The resulting polygons describe the geomorphology
and sediment characteristics (i.e., Tidal Flat–Sandy Mud). This approach follows a similar
process used in other previous projects both within and outside of the NPS system [35].

2.3.2. Defining Biotopes

Biotope Classification Approach

The term “biotope” within the CMECS framework is used to describe benthic habitats
and is specific in that it integrates biotic and abiotic data intended to provide a more
ecologically meaningful understanding of a given area. This study aimed to follow the
top-down mapping approach used for a previous study conducted at Fire Island National
Seashore [35]. The first step is to delineate the benthic geologic habitat map units based
on the CMECS Substrate and Geoform Components to serve as the basis for the biotope
analysis (refer to Section 2.3.1). Statistical analyses (described below in the Statistical
Approach section) are conducted to identify map units that contain significantly distinct
macrofaunal communities. In this process, factors are assessed collectively and indepen-
dently to investigate relationships between macrofaunal communities and components
of their associated abiotic environment. The factors in this study are the Substrate and
Geoform CMECS components, along with relative water depth. The factor(s) showing
the strongest statistically significant relationships with the macrofaunal communities then
represent the abiotic classification of the map units. The biotic classification is represented
by the Biotic Community, the lowest hierarchical level of the Biotic Component, which is
defined according to the dominant macrofaunal species, i.e., the species with the highest
abundance (counts of individuals) combined across all grab samples within each given
map unit. Note that while the Biotic Community is named by the dominant species, the
term “community” reiterates the recognition that other species are also present. The result-
ing classification output is a color-coded map illustrating the distribution and extent of
various biotopes defined according to the Geoform, Substrate, and Biotic Components of
the CMECS framework, as well as an associated attribute Table.

Statistical Approach

This study utilizes nonparametric statistical analyses, a common approach for ecologi-
cal studies investigating multivariate data, such as species and abundance data organized
by sample site [36–38]. Other benthic mapping studies that have used a nonparametric
statistical analysis approach include [24–29,31,33,35]. The statistical software package
PRIMER v7 [36–38] was used for all statistical analyses. To prepare the taxonomic data for
statistical analysis, species abundances were 4th root transformed, and the Bray–Curtis
similarity index was used to create a matrix of sample site-similarity. A non-metric multidi-
mensional scaling (nMDS) ordination plot was used to investigate macrofaunal community
composition among the sample sites across the four study areas. The nMDS plot displays
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the level of similarity among samples in a dataset, which are represented as points in 2-
or 3-dimensional space. The relative distance of samples from one another on the plot
indicates similarity, with shorter distances signifying higher degrees of similarity. In this
study, each point on the plot represents the benthic macrofaunal community composition
at one sample site. Points that are closer together on the plot represent sites that are more
similar in composition than those that are further apart. The stress value provided in the
plot is an indication of the level of distortion within the ordination; the lower the stress,
the better the plot represents the data. The nMDS plot is used in this study to determine
if the more suitable approach is to analyze and classify biotopes for the four study areas
together or separately. The relationship between the macrofaunal biological communities
(represented by each grab sample) and their associated benthic geologic habitat map unit
classification was assessed using the multivariate statistic routines Analysis of Similarity
(ANOSIM) and Similarity Percentages (SIMPER) for each study area. The ANOSIM routine
was first used to test the null hypothesis that there are no differences between biological
communities among user-defined groups. For this study, the user-defined groups were the
Substrate Component, Geoform Component, and relative water depth. These groups were
assessed individually and in combination. An ANOSIM R-value of 0 indicates that there
are no differences in the macrofaunal communities across the groups, whereas a value of
1 indicates complete distinction. R values between 0 and 1 reflect an intermediate degree
of the difference along the spectrum. The ANOSIM routine also provides a significance
level, referred to as a p-value, that is expressed as a percentage. The generally acceptable
significance level is p equal to or less than 0.05 (5%). Identifying the grouping structure
with the largest statistically significant ANOSIM R-value is of greatest interest for mapping
biotopes. The SIMPER routine was then used for the grouping with the highest ANOSIM
R-value. SIMPER compares pairs of samples by examining the degree (as a percentage)
to which each individual species contributes to the within-group similarity of the sample
groups and reporting the average within-group percent similarity. SIMPER also reports the
average percent dissimilarity of the sample groups between all pairs of samples and how
each species contributes to this dissimilarity.

3. Results

3.1. Geophysical Data

3.1.1. Survey Design

Mapping of the four field sites (Figure 2) was conducted between 19 and 24 September
2021. Given the shallow nature of the study sites and mesotidal range (3.5 m) of the study
areas, surveys occurred during a 6-to-7-hour window centered around high-tide. The boat
was launched, and all the equipment was mobilized and demobilized daily.

3.1.2. Side-Scan Sonar Data

A total of nearly 2.1 km2 (512 acres) of seafloor was mapped with full-coverage side-
scan sonar over the four field areas (Table 1). Surveys generally covered the limit of
navigable waters at high tide, and in most portions of the sites, the survey extended to
the shoreline. Intertidal boulders limited the extent of the survey along the shoreline at
Thompson Island (Figure 2).

Table 1. Total side-scan sonar coverage for the four areas mapped around Acadia National Park in

September 2021.

Location Area Mapped (km2) Area Mapped (Acre)

Compass Harbor 0.14 35
Frazer Creek 0.26 65
Ship Harbor 0.30 74

Thompson Island 1.4 338
Total 2.1 512
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Figure 2. Side-scan sonar mosaics for each of the four study areas. (A) Thompson Island; (B) Compass

Harbor; (C) Ship Harbor; (D) Frazer Creek.

3.1.3. Bathymetry Data

The bathymetric data were not full-coverage due to shallow water depths and the
reduced effective swath width. The swath width for shallower areas is constrained to
4–6 times the water depth. This resulted in approximately 25% to 75% bathymetric cov-
erage, depending on the water depth of the area. Depth ranges varied for all four sites.
Outer Ship Harbor, Compass Harbor, and Frazer Creek all extended from the intertidal
out to a water depth >10 m relative to MLLW. Thompson Island, which featured extensive
intertidal mud flats only exceeded > 2 m water depth (relative to MLLW) along the eastern
end of the study area and in several tidal channels (Figure 3). Bathymetry data within the
inner portion of Ship Harbor show apparent error for the inner portions of Ship Harbor.
When processing the bathymetry, applying the Bar Harbor tidal corrections here resulted
in the entire cove showing as intertidal, which does not match either the aerial images of
the cove or field observations of the area when observed at low tide on 21 September 2021.
As a result, only the bathymetry of the outer portion of Ship Harbor (seaward of the inlet)
is reported here (Figure 3). The bathymetry was binned into the CMECS littoral, shallow
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infralittoral, and deep infralittoral depth zones. The shallow infralittoral depth range was
split into two bins (0 to −1 m and −1 m to −5 m) to better show the intertidal and shallow
sub-tidal portions of the study areas following the approach used in the NPS Cape Cod
National Seashore study [33].
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Figure 3. Benthic depth zones of the four study areas. (A) Thompson Island; (B) Compass Harbor;

(C) Ship Harbor; (D) Frazer Creek. Note the added subclass of the Shallow infralittoral zone (0 to 1 m

MLLW) added to better emphasize the intertidal flats, particularly in Frazer Creek and at Thompson

Island. The inner portion of Ship Harbor was not able to be tidally corrected.

3.2. Surface Sediment Grab Samples and Underwater Video Imagery

A total of 45 benthic grab samples were attempted across the four study areas
(Figure 4). Sediment samples for analysis were recovered for 31 sites (Table 2). The grain
size was plotted on ternary diagrams, displaying the percentage of sand relative to the
ratio of silt to clay following the classification within the CMECS system. Where sediment
samples were not recovered, the seafloor was largely composed of gravel or bedrock, and
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the characteristics of the benthic geology were determined using the underwater video.
Underwater video was collected at all surface sediment grab sample locations, and an
additional 14 video drifts were collected. Example images from the grab samples and
video drifts are shown in Figure 5. The underwater video imagery was collected in con-
junction with the surface sediment grab samples at all locations except two where the
camera failed. These provided a ~1 m2 view of the seafloor (depending on water depth and
visibility) around the sample location. Additional coverage of the seafloor was recorded as
the sampler was lowered and recovered. This spatial scale was useful in examining the
heterogeneity of the seafloor, particularly in areas of mixed sediment types. An example of
this is shown in Figure 5B,D,E, where a mixture of sand, gravel, and bedrock outcrop was
observed in drop camera imagery. The imagery was used to validate interpretations of the
sonar and estimate the percentage of gravel/sand in these areas. The video drifts, which
spanned <10 to >100 m depending on wind and tidal current velocities, recorded oblique
videos that were useful for the spatial complexity (or lack thereof) of the seafloor. The drift
videos were particularly useful for identifying various benthic organisms that would have
been missed in sediment sampling. Examples include observing European Green Crab
(Carcinus maenas) (Thompson Island and Ship Harbor), Sand Dollars (Echinarachnius parma)
(Compass Harbor), and Eelgrass (Zostera marina) (Compass Harbor and Ship Harbor).
Benthic macrofaunal samples were recovered at 43 sites (Table 3). However, four samples
were found to contain no individuals, and an additional nine samples contained five or
fewer individuals. These 13 samples were removed from further analysis. The resulting
taxonomic dataset is a spreadsheet listing species (or genus) names and counts (rows)
for 30 sample sites (columns). Each grab sample represents the macrofaunal biological
community structure at the sample site.

Table 2. Sediment sample analysis for the four study areas.

Sample ID Label Latitude Longitude Percent Sand Percent Mud Percent Clay

Compass Harbor 1 CH-1 44.37571 −68.19293 100.00% 0.00% 0.00%
Compass Harbor2 CH-2 44.37648 −68.19397 100.00% 0.00% 0.00%

Frazer Creek 1 FC-1 44.37654 −68.07285 68.20% 28.30% 0.00%
Frazer Creek 2 FC-2 44.3784 −68.0724 46.10% 47.30% 0.00%
Frazer Creek 5 FC-5 44.38281 −68.07441 40.50% 48.90% 0.00%
Frazer Creek 6 FC-6 44.37936 −68.07416 43.00% 46.80% 0.00%
Frazer Creek 7 FC-7 44.38057 −68.07658 100.00% 0.00% 0.00%
Frazer Creek 8 FC-8 44.37813 −68.07502 93.90% 5.00% 0.00%
Ship Harbor 1 SH-1 44.22925 −68.32499 52.00% 44.30% 3.70%
Ship Harbor 2 SH-2 44.2304 −68.32512 31.10% 61.90% 7.00%
Ship Harbor 3 SH-3 44.22858 −68.32205 48.20% 46.90% 4.90%
Ship Harbor 6 SH-6 44.22564 −68.32054 100.00% 0.00% 0.00%

Thompson Island 1 TI-1 44.43924 −68.3577 40.20% 50.60% 9.20%
Thompson Island 2 TI-2 44.438 −68.3577 25.40% 62.40% 12.20%
Thompson Island 4 TI-4 44.43592 −68.3615 20.00% 67.40% 12.70%
Thompson Island 5 TI-5 44.43366 −68.36314 26.40% 64.40% 9.30%
Thompson Island 6 TI-6 44.43354 −68.36472 23.40% 63.70% 12.90%
Thompson Island 7 TI-7 44.43198 −68.36517 21.50% 66.70% 11.90%
Thompson Island 8 TI-8 44.43072 −68.36441 80.30% 15.90% 3.90%
Thompson Island 9 TI-9 44.4312 −68.36179 25.90% 61.10% 13.00%

Thompson Island 10 TI-10 44.43036 −68.35887 22.90% 63.70% 13.40%
Thompson Island 11 TI-11 44.42946 −68.36241 22.80% 64.90% 12.30%
Thompson Island 12 TI-12 44.42904 −68.36456 21.30% 67.50% 11.10%
Thompson Island 14 TI-14 44.42718 −68.35761 23.40% 65.10% 11.60%
Thompson Island 15 TI-15 44.42949 −68.35676 26.20% 63.00% 10.90%
Thompson Island 16 TI-16 44.43015 −68.35676 36.60% 49.80% 13.60%
Thompson Island 17 TI-17 44.43142 −68.35757 20.80% 62.70% 16.50%
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Table 2. Cont.

Sample ID Label Latitude Longitude Percent Sand Percent Mud Percent Clay

Thompson Island 19 TI-19 44.43371 −68.35977 23.40% 61.40% 15.30%
Thompson Island 20 TI-20 44.43353 −68.35451 45.80% 44.60% 9.60%
Thompson Island 21 TI-21 44.43362 −68.3518 11.30% 76.50% 12.20%
Thompson Island 22 TI-22 44.43512 −68.35181 15.10% 73.30% 11.60%
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Figure 4. Location of sediment samples attempted in the four study areas. Pie charts show the

percentage of sand, silt, and clay for measured samples. Green dots show the location of samples

where no sediment was recovered. All stations were imaged using underwater video imagery. Yellow

lines show the location of video drifts. (A) Thompson Island; (B) Compass Harbor; (C) Ship Harbor;

(D) Frazer Creek. See Figure 1 for the locations. 2018 NAIP Image Basemap.
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Figure 5. Example underwater video images collected from (See Figure 4 for station locations). The

Ponar sampler visible in panels (A,C–E) is 20 cm across. The white PVC frame in panels B and F

is 25 cm across. A. Thompson Island station 16. Muddy sand with Blue Mussels (Mytilus edulis)

and an isolated boulder. (B) Thompson Island drift 1. Gravelly sediment within a tidal channel.

(C) Thompson Island station 4 Slightly gravelly fine sand with abundant blue mussels (Mytilus

edulis). (D) Compass Harbor station 3. Gravelly sediment sheet with boulders and bedrock outcrop.

(E) Compass Harbor station 4. Gravelly sediment with boulders. (F) Compass Harbor drift 4. Gravelly

sand with abundant sand dollars (Echinarachnius parma).

Table 3. Total number of ground-truth sites for each study area (n = 43), at which one benthic grab

sample and underwater video footage were recorded (middle column). The number of ground-

truth samples that were included for analysis at each study site after removing samples for which

0–5 macrofaunal individuals were recovered (n = 13) (right column).

Study Area Total Number of Ground-Truth Samples
Number of Ground-Truth Samples Included in

Biotope Analysis

Thompson Island 22 21
Frazer Creek 8 2

Compass Harbor 6 4
Ship Harbor 7 3

TOTAL 43 30

3.3. Application of the CMECS Classification System

3.3.1. Substrate Component

The surface sediment characteristics of the four study areas in ACAD were classified
to both the Group and Subgroup levels within the CMECS classification system. Where
directly sampled, the percentage of sand, silt, and clay was reported. The percentage of
gravel was estimated from underwater video imagery. Areas of boulders or bedrock were
not sampled, but these features were readily identifiable on the side-scan records and/or
vertical aerial photographs. Isolated boulders, which occur in a portion of Thompson
Island, were not included in the naming of the surrounding sandy silt map unit. The
number of boulders within that unit is less than 0.01% of the mapped area (Figure 6A).
The digitized side-scan sonar facies identified were then characterized using the ground-
truth information. Where the grain size was not sampled or imaged directly, the sediment
character was interpreted based on adjacent side-scan facies within that study area; these
areas are displayed with an “unverified” hatched overlay on the interpretive maps. The
extent of the unverified units was mapped using the side-scan sonar mosaic. More sampling
in the future could further refine the substrate maps. Substrate units ranged from bedrock
and boulders to muddy units and the results are displayed on Figure 6. The detailed
summary for each study area is found in Table 4.
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Figure 6. CMECS Substrate (subgroup). (A) Thompson Island; (B) Compass Harbor; (C) Ship Harbor;

(D) Frazer Creek. See Figure 1 for the locations. 2018 NAIP Image Basemap.
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Table 4. Summary of the substrate components, mapped to the subgroup level for the four study

areas.

Compass Harbor Substrate (Subgroup) Area (m2) Area (Acres) Percent

Bedrock 65,940 16.3 46.3%
Boulder 12,865 3.2 9.0%

Bouldery Sand 513 0.1 0.4%
Gravelly Sand 55,630 13.7 39.1%
Sandy Gravel 4328 1.1 3.0%
Medium Sand 3022 0.7 2.1%

Frazer Creek Substrate (Subgroup)

Anthropogenic Rock Rubble 25 0.0 0.0%
Bedrock 88,137 21.8 33.7%
Boulder 13,977 3.5 5.3%
Cobble 5636 1.4 2.2%

Gravelly Mud 621 0.2 0.2%
Gravelly Sand 41,918 10.4 16.0%

Sandy Silt 90,463 22.4 34.6%
Slightly Gravelly Muddy Sand 1653 0.4 0.6%

Slightly Gravelly Sand 19,165 4.7 7.3%

Ship Harbor Substrate (Subgroup)

Bedrock 136,950 33.8 45.5%
Boulder 58,804 14.5 19.5%

Sandy Cobbley Boulder 13,448 3.3 4.5%
Gravelly Sand 7495 1.9 2.5%
Sandy Gravel 22,810 5.6 7.6%

Sandy Silt 61,319 15.2 20.4%

Thompson Island Substrate (Subgroup)

Bedrock 31,000 7.7 2.26%
Boulder 22,712 5.6 1.66%

Fine Sand 794 0.2 0.06%
Gravelly Mud 2156 0.5 0.16%
Gravelly Sand 197,906 48.9 14.46%
Sandy Gravel 17,045 4.2 1.25%

Sandy Silt 811,238 200.5 59.27%
Silty Sand 1023 0.3 0.07%

Slightly Gravelly Sand 8076 2.0 0.59%
Slightly Gravelly Sandy Mud 276,790 68.4 20.22%

3.3.2. Geoform Component

The geomorphology of the four study areas within ACAD were interpreted using the
Geoform Component framework within CMECS. Given the small scale of these four areas,
the units chosen all should be considered as “level 2”; however, some of these units (i.e.,
Boulder Field) are only described as “level 1” within the CMECS hierarchy. The mapped
extent of Rock Outcrop and Boulder Fields is based on the polygons interpreted from the
substrate component, derived largely from side-scan sonar. Other features (channels, flats)
are interpreted using a combination of bathymetric data, side-scan sonar, and 2018 digital
orthophotographs. Similar to the substrate component, rocky habitats (both Rock Outcrop
and Boulder Fields) dominate three of the four study sites (Compass Harbor, Ship Harbor,
Frazer Creek). Thompson Island is predominantly intertidal and shallow subtidal flats
(Figure 7; Table 5).
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Figure 7. CMECS Geoforms mapped for the four study areas. (A) Thompson Island; (B) Compass

Harbor; (C) Ship Harbor; (D) Frazer Creek. See Figure 1 for the locations. 2018 NAIP Image Basemap.
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Table 5. Summary of the Geoform units mapped within the four study areas.

Compass Harbor Area (m2) Area (Acres) Percent

Rock Outcrop 65,940 16.3 46.3%
Boulder Field 13,378 3.3 9.4%

Sediment Sheet 58,111 14.4 40.8%
Beach 1276 0.3 0.9%

Ripples 3593 0.9 2.5%

Frazer Creek

Anthropogenic Rock Rubble 25 0.0 0.0%
Rock Outcrop 88,137 21.8 33.7%
Boulder Field 13,977 3.5 5.3%

Sediment Sheet 53,089 13.1 20.3%
Channel 78,938 19.5 30.2%
Tidal Flat 13,214 3.3 5.1%
Terrace 14,216 3.5 5.4%

Ship Harbor

Rock Outcrop 136,950 33.8 45.5%
Boulder Field 58,804 14.5 19.5%

Sediment Sheet 12,769 3.2 4.2%
Channel 9569 2.4 3.2%

Flat 61,319 15.2 20.4%
Flood-tidal Delta Flat 3091 0.8 1.0%

Ripples 3786 0.9 1.3%
Inlet 15,868 3.9 5.3%

Thompson Island

Rock Outcrop 31,000 7.7 2.26%
Boulder Field 22,712 5.6 1.66%

Tidal Flat 613,496 151.6 44.82%
Flat <1 m MLLW 313,612 77.5 22.91%
Flat >1 m MLLW 163,733 40.5 11.96%

Channel 214,478 53.0 15.67%
Sediment Wave Field 8913 2.2 0.65%

Ripples 794 0.2 0.06%

3.3.3. Anthropogenic Geoforms

Prominent anthropogenic impacts on the seafloor were visible at Thompson Island as
distinct linear furrows on the side-scan sonar mosaics and in the bathymetry. These features
are interpreted to be dredge disturbances. The dredge disturbances represent a level 2
Geoform and are mapped as linear polyline features (Figure 8). Individual dredge trails
are ~2 m wide and extended for 10s to >100 m in length. These dredge disturbances are
interpreted to be the result of hydraulic dredges utilized for the commercial harvest of blue
mussels (Mytilus edulis). A vessel harvesting mussels was observed during the field survey,
with a hydraulic dredge that matches the scale of these features, providing evidence of the
origin. Additionally, mussels were observed in both the surface sediment grab samples and
underwater video imagery in this region. The total length of the mapped dredge trails was
~25,000 m2; however, it should be noted that this is not an exhaustive account. Many of the
trails cross-cut or overlapped with other trails (Figure 8), indicating that this reported value
should be considered a minimum. Applying an average width of 2 m to the features results
in an impacted area of ~50,000 m2, representing 3.6% of the mapped extent, although the
percentage of the seafloor impacted by dredges is likely higher.



Geosciences 2024, 14, 256 18 of 34                   
 

 

 
          ‐              
          ‐               ‐      
  ‐                          
          ‐                      

       
                        ‐

                             
                       

                       
                             
                         

Figure 8. (A) Thompson Island side-scan sonar mosaic, showing the representative hydraulic dredge

trails visible on the side-scan sonar mosaic (2018 NAIP Basemap). (B) Side-scan sonar mosaic showing

cross-cutting hydraulic dredge trails (1) and faint (older) hydraulic dredge trails (2). The blotchy

sonar return on the side-scan sonar mosaic (3) is produced by the presence of mussels.

3.4. Benthic Geologic Habitats

Benthic geologic habitats of the four areas combine the Geoform and Substrate com-
ponents. These two data layers were intersected in ArcMap to produce a data layer that
contains both the substrate and Geoform information. Mapped surface overlays (extent of
drift macroalgae, eelgrass beds, shell hash/rubble, or mussel beds) were also intersected
with the geologic habitats to better describe the conditions at the time of mapping. The
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maps shown are visually similar to the Geoform component maps; however, the resultant
units are also labeled using the Substrate component layers. This integrated output facil-
itates easier understanding of the map, as opposed to having potentially dozens of map
units of various colors for the end-user to interpret. The geologic habitat maps are labeled
using an abbreviation for both the Geoform and substrate subgroup (i.e., SS − sG = Sedi-
ment Sheet − Sandy Gravel). An additional modifier (e.g., “sh” for shell hash/rubble) was
added where needed to incorporate the overlays presented in the substrate components.
For example, a channel (Geoform) with gravelly sediment would be labeled as “Channel,
Gravelly”. Where a Geoform type was identified (i.e., Tidal Channel, Muddy Sand), these
were used in the name to provide more description of the geologic habitat of that map unit.

3.4.1. Compass Harbor

Rocky habitats comprise 55% of the Compass Harbor study area (46% Bedrock–Rock
Outcrop; 9% Boulder Field Gravel) (Figure 9). Much of the rest of the study area was
composed of a mixture of gravelly and gravel mixes that form a sediment sheet, both
within and outside of the harbor. Areas of ripples, which represent sorted bedforms or
rippled scour depressions [39], cover 2.5% of the study area, mostly along the bedrock point
extending across the southern half of the harbor. The bedforms here have a crest-to-crest
spacing of 0.5 to 0.9 m (ripples to small dunes),. While technically a Biotic Group, a seagrass
bed, was identified on the side-scan sonar imagery and confirmed with underwater video
in the southern portion of the harbor. The seagrass (Eelgrass, Zostera marina) bed occurs as
two patches totaling 1607 m2 (0.4 acres).

3.4.2. Frazer Creek

Rocky habitats comprise 39% (33.7% Bedrock, 5.3% Boulder Field) of the Frazer Creek
study area. Outer (western) portions of the study area are interpreted to be a sediment sheet
(20%), ranging from sandy silt to gravelly sediment (Figure 10). The inner (eastern) portion
of the study area is dominated by channels (30%), ranging from sandy silt to sandy gravel.
Mussel beds were common in the channel and were delineated as a separate habitat unit.
Muddy units interpreted to be tidal flats were mapped at the northern end of the study
area. Elsewhere along the shoreline and channel, coarser sediment units are interpreted as
gravel terraces that formed as the glacial till mantling the bedrock outcrop eroded during
marine transgression.

3.4.3. Ship Harbor

Rocky habitats dominate Ship Harbor; Rock outcrop-Bedrock cover 46% of the mapped
area, and Boulder Field gravels cover 19% (Figure 11). Within the inner harbor/cove,
finer-grained sediment has accumulated, although boulder outcrops are still common,
particularly along the shoreline. Adjacent to the tidal channel within the inner harbor, areas
showed abundant shell hash/debris, which produces a darker side-scan sonar mosaic.
These shells were likely transported into the inlet via tidal currents and accumulated in
the channel. Portions of the sandy mud flat were covered with drift/decayed macroalgae,
which was observed in sediment samples and underwater video imagery. Within the inlet,
various gravelly units were identified, which were distinguished by their side-scan facies
and confirmed with underwater video imagery.

3.4.4. Thompson Island

The Thompson Island study area was dominated by Sandy Mud, which occurs as
Tidal Flats (37.2%), shallow subtidal flats (<1 m MLLW) (18%), and slightly deeper (>1 m
MLLW) flats (15.4%) (Figure 12). Rocky habitats (Rock Outcrop-Bedrock (2.2%) and Boulder
Field Gravel (1.6%)) occupied 4% of the total mapped areas. Isolated boulders within
other habitats were common, particularly along the northern and western shorelines;
>400 individual boulders were mapped. Mussels were common on the tidal flats in varying
densities, covering a total of 0.6 km2. These units have a stippled pattern in Figure 12.
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Figure 9. Benthic geologic habitats of Compass Harbor; see Figure 1 for the locations. 2018 NAIP

Image Basemap.
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Figure 10. Benthic geologic habitats of Frazer Creek; see Figure 1 for the locations. 2018 NAIP Image

Basemap.

3.5. Benthic Biotope Classification

An nMDS plot was used to determine if the more suitable approach is to analyze
and classify biotopes for the four study areas together or separately. Each point on the
plot represents the benthic macrofaunal community composition at one sample site, i.e.,
all species and their abundances recovered in one grab sample. Points that are closer
together on the plot represent samples that are more similar in composition than those
that are further apart. The low stress value (0.11) indicates that the plot is an acceptable
representation of the data. The plot shows samples separated out according to the study
area, indicating macrofaunal communities are more similar within a given study area
and more distinct across study areas (Figure 13). This result supports the development
of individual biotope maps for each study area, which is further confirmed after the
assessment of the taxonomic dataset. It is noted that sample site FC-3 separates out to a
greater degree compared to the other samples; this is attributed to the samples containing
solely 40 individuals of the species Semibalanus balanoides, the common acorn barnacle,
which was not recovered at any other sample site.
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Figure 11. Benthic geologic habitats of Ship Harbor; see Figure 1 for the locations. 2018 NAIP Image

Basemap.

3.5.1. Compass Harbor, Frazer Creek, Ship Harbor

The benthic geologic habitat map units developed for all four study areas (refer to
Section 3.4) were intended to serve as the map units for the biotope classification for this
study. However, in three study areas, it was not possible to conduct statistical analyses or
develop biotope maps due to an insufficient number of macrofaunal samples: Compass
Harbor n = 4, Frazer Creek n = 2, Ship Harbor n = 3 (Table 3). Instead, the resulting
biotope classification is directly associated with each grab sample. The maps for these study
areas show the maps units defined by the Geoform Component level 2 classification with
the geographic location of each grab sample plotted and classified according to the Biotic
Component Biotic Community level (i.e., dominant species with respect to abundance). The
maps (Figure 14) also illustrate that each sample within a given study area is dominated by
a different species, even for samples collected within the same Geoform type, highlighting
variability/uncertainty in biotic-abiotic relationships that may be present.

3.5.2. Thompson Island

The Thompson Island study area had a sufficient number of samples (n = 21) to
proceed with statistical analysis. ANOSIM found the Geoform Component (flat, channel,
sediment wave field) combined with relative water depth (tidal, <1 m MLLW, >1 m MLLW)
offered the strongest relationship with the biology (ANOSIM R = 0.608; p = 0.002). The
five resulting map units that contained macrofaunal samples were Tidal Flat, Flat < 1 m
MLLW, Flat > 1 m MLLW, Tidal Sediment Wave Field, and Channel. The ANOSIM R-value
indicates there are statistically significantly distinct macrofaunal assemblages among these
map units. The SIMPER routine was run on the four Geoform map units that contained
more than one macrofaunal sample (Figure 15). The output shows that the average within-
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group similarity varies among the map units, ranging from 0% to 60.63% (Figure 15).
The “Flat > 1 m MLLW” map unit reported the highest within-group similarity (60.63%)
(Table 6). Further examination of the taxonomic data shows that the two samples within
this map unit both have low total abundance (n = 12 at TH-21; n = 14 at TH-22), and
macrofaunal community composition for both is almost exclusively Micronephthys neotena
(n = 10 at TH-21; n = 13 at TH-22). The “Flat < 1 m MLLW” map unit reported a relatively
low within-group similarity of 33.65%. Examination of the taxonomic data reveals there is
minimal commonality across the three samples (TH-2, TH-3, TH-20) with respect to species
composition and abundance. For example, TH-3 is dominated by the amphipod, Ampelisca
vadorum, whereas the other samples have counts of 1 or 0. Similarly, TH-20 is dominated
by the bivalve, Modiolus modiolus, and TH-2 and TH-3 are dominated by the polychaete
Micronephthys neotena, while these species were not recovered in the other samples. The
total abundance in each sample ranges from 32 to 69.

                   
 

 

 
                               
   

 
                               

                             
                           

               

Figure 12. Benthic geologic habitats of Thompson Island; see Figure 1 for the locations. 2018 NAIP

Image Basemap.

Table 6. SIMPER results for Thompson Island map units.

Map Unit Description
Number of Macrofaunal

Samples
SIMPER Average Similarity

Tidal Flat 12 34.63%
Flat < 1 m MLLW 3 33.65%
Flat > 1 m MLLW 2 60.63%

Channel 3 2.13%
Tidal Sediment Wave Field 1 n/a
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Figure 13. nMDS plot of macrofaunal community composition for each grab sample site (n = 30),

excluding samples that contained 0–5 individuals (n = 13). The plot shows samples separated out

according to the study area, indicating macrofaunal communities are more similar within a given

study area and more distinct across study areas.

The “Channel” map unit reported 2.13% within-group similarity. Examination of the
taxonomic data confirms that the three samples located in the Channel (TH-5, TH-14, and
TH-18) share one common species, the blue mussel (Mytilus edulis), and are characteris-
tically different. TH-5 contains 13 species and totals 699 individuals, dominated by the
bivalves Modiolus modiolus (n = 412) and Mytilus edulis (n = 88). Sample site TH-14 contains
two species with a total of 9 individuals (Micronephthys neotena n = 8; Ampelisca sp. n = 1),
and TH-18 contains six species and seven individuals. The “Tidal Flat” map unit contained
the most samples (n = 12) and reported a relatively low within-group similarity of 34.63%.
The taxonomic data show some commonality across the twelve samples with respect to
species composition and abundance but also exhibited high variability. Species abundance
ranged from 14 to 296 per sample, and species counts ranged from 4 to 17. The twelve
samples combined have 45 distinct species. The four species reported to be most responsi-
ble for the within-group similarity (Table 6) were present in 8/12 samples, demonstrating
continuity across the samples. However, the abundance of these species varied across
samples. For example, Onoba aculeus abundance ranged from 1 to 232 across 12 samples,
with a total abundance of 607, whereas Alitta succinea was more consistent, ranging from
1–8 individuals per sample with a total abundance of 38. The remaining species were
present in fewer samples: eight species were present in 4–7 samples; two species were
present in three samples; six species were present in two samples, and 25 species were only
present in one sample. The majority of these species also tended to be present in relatively
low total abundance (>20 individuals).

Overall, the sample sites across Thompson Island exhibited a unique trend where a
given site contained a relatively high abundance of one to three species, accompanied by a
low abundance of other species. For example, at site TH-7, 97 individuals of the species
Onoba aculeus were recovered, along with five other species containing ≤8 individuals.
Site TH-20 sampling recovered 25 individuals of Modiolus modiolus along with seven other
species with one individual each. Site TH-5 had 412 individuals of Modiolus modiolus, with
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139 Gammarus oceanicus, 88 Mytilus edulis, 25 Streblospio benedicti, and an additional nine
species containing ≤10 individuals.
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Figure 14. Resulting CMECS classification outputs for (A) Compass Harbor, (B) Ship Harbor, and

(C) Frazer Creek. The map units are defined by the Geoform Component (Geoform classification),

and the grab sample locations are defined by the Biotic Component (Biotic Community named

according to dominant species). The development of Biotopes in these study areas was not possible

due to an insufficient number of benthic macrofaunal samples.
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Figure 15. Resulting CMECS classification outputs for Thompson Island. The map units are defined

by the Geoform Component (Geoform classification), and the grab sample locations are defined by

the Biotic Component (Biotic Community named according to dominant species). The development

of Biotopes in this study area was not possible due to the inconsistency of dominant species among

samples within a given map unit type.



Geosciences 2024, 14, 256 27 of 34

CMECS defines biotopes by integrating the Biotic Component with one or more of the
abiotic components. Data from this study support using the Biotic Community level of the
Biotic Component, which is defined by dominant species. Therefore, confidently defining
biotopes requires that at least the majority of macrofaunal samples within a given map unit
have the same dominant species, as this demonstrates consistency in the linkage between
macrofauna and their environment and provides confidence for assigning classifications in
map units within the study area that have not been sampled directly. While the ANOSIM
and SIMPER results indicate that distinct macrofaunal communities are present within the
geologic habitat map units at Thompson Island, assessment of the macrofaunal taxonomic
data for each sample showed that the dominant species within a given map unit is largely
inconsistent. This inconsistency precludes the development of biotopes. Therefore, as with
the other study areas, the resulting map for Thompson Island shows maps units defined by
the Geoform Component level 2 classification with the geographic location of each grab
sample plotted and classified according to the Biotic Component Biotic Community level
(i.e., dominant species with respect to abundance) (Figure 15). Visual assessment of the
map output further clarifies the challenge of defining biotopes. For example, there are
three dominant species for the map unit “Flat < 1 m MLLW”, creating low confidence in
what the dominant species might be at other locations throughout the map unit that were
not sampled directly. Similarly, the grab sample in the “Tidal Channel” map unit in the
northwestern portion of the study area is defined by a different dominant species than the
sample in the southeastern map unit. This creates low confidence in defining the “Tide
Channel” map unit that extends through the middle of the study area; this situation could
be resolved with additional sampling and analysis.

4. Discussion

The methods outlined in this study provide a future framework for classifying rocky
and/or intertidal areas within ACAD and other National Park units, as well as other
areas. The results demonstrate the effectiveness of the CMECS classification across a wide
variety of geologic environments. The study also reiterates that integrating the Substrate
and Geoform classes to define benthic geologic habitats (also referred to as depositional
environments) can provide a greater ecosystem-level understanding of an area, following
the approach used at Fire Island National Seashore [35]. Additionally, while full-coverage
mapping of ACAD at this scale is cost-prohibitive, understanding the distribution of
geologic habitats within these mapped areas and other future areas of interest provides
insights into the geology of other areas of the park.

While Biotopes ultimately could not be defined for ACAD in this study, working
through the process to create statistically significant biotopes revealed the complexity of
these study areas that may otherwise have been overlooked. In this way, applying the
CMECS framework facilitated the interpretation of the data and a more holistic under-
standing of the study areas. Defining the map units using both the Substrate and Geoform
Components, along with relative water depth, provided a suite of variables to be used (in-
dividually and in combination) that allowed for a more comprehensive statistical analysis
to identify ecologically meaningful relationships with macrofaunal community dataset.
The most significant variables at Thompson Island were the Geoform and relative water
depth. Had the mapping only included the Substrate Component, our understanding of
the area would have been more limited.

Statistically distinct macrofaunal communities were identified within the geologic
habitat map units at Thompson Island; however, an assessment of the macrofaunal taxo-
nomic data for each grab sample showed that the dominant species within a given map
unit varies. This overall pattern of inconsistency creates challenges for assessing macro-
faunal community structure and the relationship of those communities with their benthic
geologic habitats. Defining a consistent macrofaunal community and dominant species
across samples within a given geologic habitat type is critical to confidently extrapolate
biotope classification across map units and the entirety of the study areas. This is because
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biotopes are, in part, defined by dominant species, following the methodology used at
Fire Island National Seashore, which modified the CMECS framework to accommodate
macrofaunal grab sample data [35]. Because CMECS can accommodate various data types
and resolutions, the framework provides flexibility in how information is communicated.
Here, instead of biotopes, the resulting maps illustrate the Geoform as full coverage poly-
gons across the study areas and the Biotic component at the point locations where grab
samples were collected. These outputs combine datasets and highlight the commonality
and variation within and among study areas. All four study sites exhibited a unique trend
where a sample site was overwhelmingly dominated by one or a few species, suggesting
“micro-scale” environments at these sites. This finding warrants further investigation by
collecting additional macrofaunal and sediment samples, as well as other environmen-
tal parameters (e.g., water quality, organics) to help resolve biotic–abiotic relationships.
Additional data may also allow for refined analysis and the development of biotopes.

While CMECS has been applied elsewhere in Maine and the adjacent Gulf of Maine [8,40,41],
this represents, to our knowledge, the first detailed application of the classification on rocky
intertidal areas in the region. Large, regional projects that focused on Gulf of Maine
scale mapping [8] covered these areas; however, the map detail was substantially less
than the maps presented here; examples of this include the Thompson Island study site
that was mapped as a “Flat” with no additional information provided. Other mapping
efforts provided similar units to the Geoform units interpreted here, albeit with less detail.
Figure 16 compares the mapping of Timson [4] with the interpreted Geoform units for
Thompson Island and Ship Harbor. Notable details missing on the older mapping include
the isolated boulders at Thompson Island and boulder fields within Ship Harbor. The
state-wide mapping of the coastal environments of Maine, mapped by Timson [4] and later
digitized [5,6], remains an excellent resource. The mapping presented here complements
existing maps by offering a more detailed approach to delineating geologic habitats, biologic
features (e.g., mussels), and other seafloor features. These higher-resolution data can also
allow for finer-scale abiotic–biotic relationships to be assessed. An important note here is
that the mapping effort undertaken in this study is appropriate for local-scale or site-specific
when higher resolution data are needed; mapping the entire state of Maine at the scale
used in this study would not be practical, and tradeoffs remain between mapping detail
and efficiency.

Intertidal habitats represent particularly important habitats in Maine. Given the high
tidal range and 8500 km (5300 mi) of coastline, Maine has 587 km2 (145,000 acres) of inter-
tidal habitat [42]; 44% of the intertidal zone is mudflats and 25% is rocky [42]. Given both
the dynamic nature of these environments and the sensitivity of the organisms to changes
in water temperature and sea level rise due to climate change [43,44], seafloor mapping the
physical and biological communities to gain a holistic understanding of the various species,
habitats and ecological function is vital to effectively managing these environments now
and into the future. This sensitivity is especially important within the Gulf of Maine, which
has undergone rapid warming in the 21st century [45], including heatwaves that have led to
changes in commercially important fish, shellfish, and macroalgae [46,47]. The Thompson
Island site was dominated by intertidal and shallow subtidal flats, which are important
for bloodworms (Glycera dibranchiate) [48] and documented mussel fisheries. Both species
contribute substantially to the Maine fishing community, with landings of blue mussels
(Mytilus edulis) exceeding 430 metric tons (MT) in 2022 worth >$4,000,000 [49]. Bloodworm
(Glycera dibranchiate) landings in 2022 were >100 MT, with a value of >$4,700,000 [49]. The
dredge trails mapped at Thompson Island ranged from distinct to faintly visible, suggesting
some reworking of the seafloor here. Understanding the short- and long-term impacts
of these harvesting activities is important for sustaining fishing activities and the natural
ecosystem. For example, trails left from harvesting bloodworms (Glycera dibranchiate) per-
sisted for >5 months on Maine mudflats [50]; and given this, it is likely dredge trails from
hydraulic mussel harvesting, which are much larger, persist for longer.
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Figure 16. Comparison of the Geoform units from this study (A,C) with those mapped Timson [4]

(B,D) for Thompson Island (A,B) and Ship Harbor (C,D).
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Underwater video imagery was a vital component of the mapping efforts. Traditional
sediment grab sampling was not useful in rocky habitats, as the sampler “bounced” off of
the rocky substrate and did not return a representative sample. The underwater imagery
provides important geologic content, even when a sample was recovered, and was useful
for indicating the heterogeneity of the seafloor at these sites. The videos also provided a
qualitative assessment of species distribution; of note, this included blue mussels (Mytilus
edulis), rock crabs (Cancer irroratus), and sand dollars (Echinarachnius parma). European green
crabs (Carcinus maenas) were also identified at the Thompson Island and Ship Harbor study
areas. These crabs are an invasive species that have had negative impacts on native species,
particularly soft-shelled clams (Mya arenaria) and rock crabs (Cancer irroratus), which are
both valuable commercial species in Maine [51–53]. European green crabs have also been
linked to the decline in eelgrass (Zostera marina) [54] and erosion of salt marshes [55,56]
elsewhere in Maine. Identification of this species further documents their extent and
persistence in Maine tidal waters.

Overall, the current CMECS terminology was suitable for classifying rocky and inter-
tidal environments. The only term that was lacking from the Geoform component was the
inclusion of a term for sorted bedforms (aka Rippled-scour repressions) [39,57]. These fea-
tures were mapped as “Ripples” in the Geoform; however, sorted bedforms are ubiquitous
along shorefaces around the world, including in the various national seashores and coastal
national parks [58–60] and should be included within future revisions of CMECS. These
sorted bedforms have also been mapped elsewhere in the Gulf of Maine [2,61]. Future revi-
sions to CMECS should consider the scale of the Geoforms; many of the terms used to map
the geomorphology here were considered “level 1” Geoforms, with a scale >1 km2. While
users of CMECS are encouraged to apply Geoform Component map units as appropriate
to the scale of the mapping [1], more flexibility should be considered in future reiterations
of CMECS.

The mapping effort presented here supports the strong need for continued mapping
and monitoring into the future to continue to understand these study areas and how they
are being impacted by both climate change and anthropogenic activities. The importance
of periodically mapping submerged environments, especially in dynamic near-shore areas,
is hard to overstate. These mapping efforts allow management intervention to be properly
considered and science-based decisions to be made. Similar mapping completed prior
to the 2012 and 2016 heatwaves would have quantified changes in macrofaunal species
and community distribution. Similarly, areas could be reassessed for changes to the
physical environment following a storm event, such as the series of storms that occurred
in January 2024, which resulted in substantial erosion and sediment overwash at ACAD
and undoubtedly impacted submerged habitats and species. Elsewhere, repeat surveys of
NPS areas have offered insight into changes to the seafloor following storm events [35,62].
Repeat mapping also facilitates changes assessment related to anthropogenic impacts
on the seafloor, both new disturbances as well as recovery of prior disturbances. For
example, future mapping efforts at Thompson Island would determine the persistence of
the hydraulic dredge trails from commercial shellfish harvesting.

The high degree of geologic heterogeneity of these areas is related to the complex
geologic history of the region, specifically the Late Wisconsinan rapid sea level rise during
the late Pleistocene and Holocene and resulting deposition in a variety of coarse and fine-
grained glacial environments. Ultimately, the lack of stratigraphic data (e.g., sediment
cores and seismic reflection profiles) limits a more detailed discussion of the geologic
formation of these areas and is beyond the scope of this paper. However, inferences
can be made on the general controls of the depositional processes in these areas. The
shallow subtidal and intertidal geomorphology of the region is largely controlled by the
combination of the bedrock composition and morphology, distribution of glacial sediment,
and modern coastal processes (e.g., waves, tidal currents) [63]. The bedrock topography
creates patterns of wave sheltering, while the glacial deposits provide a source of erodible
sediment [64]. The glacial deposits adjacent to both Compass Harbor and Thompson Island
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largely consist of Presumpscot formation [16] which provides an abundant source for
fine-grained sediment (largely silty clay) while it was eroded during marine transgression.
However, the substantial difference in energy controls the deposition at these two sites.
Fine-grained sediment dominates the relatively sheltered Thompson Island, except where
boulders erode from the glacial till to form fringing deposits along the shoreline [63] or
crop out within other habitats. Conversely, deposition of the fine-grained sediment (e.g.,
mud) eroded from the glacial deposits at Compass Harbor is inhibited by the relatively
high wave-energy. These observations largely match the geomorphic zones identified
for coastal Maine [63], where more protected sites (i.e., Thompson Island, Inner Ship
Harbor (Figures 11 and 12)) are dominated by mud flats and marshes, while more exposed
areas (e.g., Compass harbor and outer portions of Ship Harbor (Figures 9 and 11)) are
dominated by bedrock outcrop and gravelly coastal deposits. Frazer Creek (Figure 10),
with the complicated bedrock outcrop and various energy levels, has characteristics of both
sheltered and more exposed areas. The features around Ship Island and portions of Frazer
Creek are similar to those discussed elsewhere in the region [65,66]. The distribution of
geologic habitats at these study sites contributes to the evolving literature on estuarine
facies within the rock record [66–70].
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