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A B S T R A C T

Coastal economies are often supported by activities that rely on commercial or recreational vessels to move
people or goods, such as shipping, transportation, cruising, and fishing. Unintentionally, frequent or intense
vessel traffic can contribute to erosion of coastlines; this can be particularly evident in sheltered systems where
shoreline erosion should be minimal in the absence of boat waves. We reviewed the state of the science of known
effects of boat waves on shoreline stability, examined data on erosion, turbidity, and shoreline armoring patterns
for evidence of a response to boat waves in Chesapeake Bay, and reviewed existing management and policy
actions in Chesapeake Bay and nearby states to make recommendations for actions to minimize boat wake
impacts. In the literature, as well as in our analyses, boat wake energy may be linked to elevated turbidity and
shoreline erosion, particularly in narrow waterways. In Chesapeake Bay, three lines of evidence suggest boat
waves are contributing to shoreline erosion and poor water clarity in some Bay creeks and tributaries: 1)
nearshore turbidity was elevated in many waterways during periods of expected high boating activity, 2) ar-
moring was placed along about a quarter of the low energy shorelines of three examined tidal creeks that are
exposed to relatively high boating pressure, and 3) 15% of the shorelines we examined throughout the Bay
(9000 km) are low energy shorelines that are experiencing high erosion (≥0.3 m/yr) that cannot be attributed to
wind wave energy. Still, there remain significant data gaps that preclude the determination of the overall
contribution of boat waves to shoreline erosion throughout the Bay, notably, shoreline erosion data in low
energy waterways, recreational boating traffic patterns, and nearshore bathymetry. Interim protective measures
can be (and have been) applied in high risk waterways, such as small, low energy waterways that have high
recreational boating activity, to help reduce shoreline erosion. Policy options used in Bay states and elsewhere
include setbacks from the shore, wake restrictions, and speed restrictions; other more restrictive policies may
include prohibition on boats of a certain size or limiting the number of passages. Finally, a systems-approach to
boat wake impact management using uniform boat wake policies is likely to be the most effective for consistent
shoreline protection.

1. Introduction

Human pressures in coastal systems are extensive as a large pro-
portion of the global population inhabits these areas and utilizes the
natural resources they provide (McGranahan et al., 2007). The

magnitude of some human impacts are well understood, such as those
caused by land development and occupation along the coastline. The
magnitude of other impacts are poorly quantified, such as the im-
plications of the intensive vessel traffic that supports our maritime and
recreational pursuits. Commercial and recreational boating activities
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are often prominent contributors to a coastal economy, resulting in
intensive and frequent vessel traffic. This is especially true when the
region is a major route for shipping, transportation, and/or cruise in-
dustries. In 2013, the Ocean Economy for U.S. coastal states comprised
about 2.2% of both U.S. GDP and employment, a larger share of the U.S.
economy than other major natural resource industries, including
farming, food products, oil and gas extraction, and forest products.
Marine Transportation, the movement of people and goods across
oceans and Great Lakes, generated $59 billion in annual total GDP
(Kildow et al., 2016). As coastal communities continue to struggle to
address rapidly eroding shorelines and increasing nearshore turbidity,
more attention has been given to the contribution of boat-generated
waves to these issues.

In general, boat wakes have been shown to erode shorelines (e.g.,
Castillo et al., 2000; Bauer et al., 2002), scour the bottom of the
shoreface, and decrease water clarity through turbulence (e.g., U. S.
Army Corps of Engineers (USACE) 1994; Asplund 1996). Boat wakes
negatively affect coastal systems through two general processes – tur-
bulence and bank erosion. Turbulence causes elevated suspended se-
diment concentrations which can lead to degraded oyster reefs, light-
limitation of submerged aquatic vegetation, and can alter prey re-
sources for fish (e.g., Liddle and Scorgie, 1980; Grizzle et al., 2002;
Koch, 2002; Koch et al., 2006; Hallac et al., 2012; Whitfield and Becker,
2014; Campbell, 2015). Bank erosion can cause undercutting, marsh
loss or degradation, and disturbance to faunal communities (Parnell
and Koefoed-Hansen, 2001).

Boat wake energy is event-dependent and influenced by vessel
length, water depth, and boat speed (Sorensen, 1973; Glamore, 2008).
While each boat passage generates a complex series of waves with
unique characteristics, wake wave height can be reasonably predicted
by vessel speed (Sorenson, 1973; Zabawa and Ostrom, 1980; Fonseca
and Malhotra, 2012). Wakes tend to be most harmful in shallow and
narrow waterways where wake energy has limited ability to dissipate
with distance from the vessel. Published values of wave decay after boat
passage indicate that even small (16 ft) recreational vessels traveling
within 150m (~500 ft) of shore are capable of producing erosion –
causing waves (Sorenson, 1973; Zabawa and Ostrum, 1980). Although
periodic in comparison to wind waves, boat wakes may be the primary
source of erosion in areas with low wind wave energy due to their
greater heights and longer periods. For example, on the Savannah
River, boat wake energy contributes less than 5% of the total wave
energy, yet it accounts for 30% of the wave force impacting shorelines
(Houser, 2010). Adding to the complexity, the relative amount of wave
energy attributable to boats versus wind may vary temporally because
the intensity of boating activity may vary throughout the year (Zabawa
and Ostrom, 1980; Maynord et al., 2008). The frequency of vessel
passage influences the overall amount of boat wake energy impacting a
given shoreline, with highly traveled waterways more likely to ex-
perience boat wake-induced shoreline erosion than those that are less
frequently traveled (Zabawa and Ostrom, 1980; Glamore, 2008).

Waves can be attenuated by shoreline vegetation in certain settings;
however, frequent exposure to boat wakes may limit the capacity of
these shorelines to mitigate erosion. Vegetated marsh shorelines can
erode when regularly exposed to 10 cm waves (Coops et al., 1996);
when waves are greater than 30 cm for as little of 5% of the time, marsh
survival was shown to be compromised in the Gulf of Mexico (Schafer
et al., 2003; Roland and Douglas, 2005). Therefore, even infrequent
wake impacts may lead to erosion and habitat loss. Several studies in
coastal systems have examined the relationship among wave heights,
vessel speed, and distance offshore for a variety of typical vessel types
and sizes. Generally, for speed ranges of 11–50 km/h within 150m from
shore, maximum wave heights between 10 and 50 cm occurred, sug-
gesting erosion is likely in most cases (Table 1).

The Chesapeake Bay is a major maritime center along the Eastern
Seaboard that supports a myriad of marine transportation sectors in-
cluding military, cargo, transportation, cruise, fisheries, and

recreational boating. There are several major ports, most notably,
Baltimore and Port of Virginia (includes Norfolk, Portsmouth, Newport
News) which handle significant cargo tonnage. There is a large military
presence in the Chesapeake Bay, including the Navy, Coast Guard, and
Marines Joint Forces, as well as major ship building industries that
make use of Chesapeake Bay waterways. In addition to commercial
traffic, there are at least 500,000 registered recreational vessels in the
Chesapeake Bay (Virginia Department of Game and Inland Fisheries,
data from 1997 to 2012; Environmental Finance Center, University of
Maryland, 2013). Boating activity has intensified with increasing Bay
populations and improved access to waterways from the growing
number of private and public piers. Recreational boating can be most
concerning for shoreline erosion because of the ability of these small (or
shallow-draft) vessels to pass frequently near the shores, often at high
speeds.

The Chesapeake Bay region has experienced extensive development
over the course of hundreds of years, currently supporting about 18
million inhabitants, which has caused eutrophication, hypoxia, and
coastal habitat and species loss. In response to growing pollution issues,
the Chesapeake Bay Program (CBP) - a partnership between the states
of Maryland, Virginia, Pennsylvania, New York, West Virginia,
Delaware, the District of Columbia, federal agencies (represented by the
U.S. EPA), and the Chesapeake Bay Commission - was formed in 1983
to guide restoration of the Bay. The Chesapeake Watershed Agreement
(2014) designates a series of goals including habitat (tidal marsh,
submerged aquatic vegetation) and water quality restoration that could
be adversely affected by boat wave-induced erosion. Other Bay
Agreement goals may inadvertently exacerbate the issue, such as the
goal to increase public access to the Bay waterways.

Here, we: (1) evaluate existing and new data for evidence of en-
hanced turbidity, high erosion, or enhanced shoreline armoring in re-
sponse to boat-generated waves in Chesapeake Bay and identify data
gaps, and (2) review existing management and policy actions in
Chesapeake Bay states and make recommendations for actions to help
minimize potential boat wake impacts.

2. Methods

Comprehensive information on boating activity and shore erosion
driven by boat wakes is not available for Chesapeake Bay. However,

Table 1
Measured wave heights at varying vessel speeds and distances extracted from
Zabawa and Ostrum (1980) for Chesapeake Bay and Sorenson, 1973 for Oak-
land Estuary, CA. Wave heights of 0.3 m or less have been shown to erode
vegetated shores or compromise marsh survival (Coops et al., 1996; Schafer
et al., 2003; Roland and Douglas, 2005). Table modified from Bilkovic et al.,
(2017). * indicates planing hull, ** indicates displacement hull.

Boat type Distance from
sailing line (m)

Speed of boat
travel (knots
((km hr−1))

Max wave
height (m)

26’ (8 m) Recreational boat:
Uniflight*

100 10 (19) 0.41
100 26 (48) 0.29
150 10 (19) 0.37
150 27 (50) 0.21

16’ (5 m) Recreational boat:
Boston Whaler*

50 10 (19) 0.22
50 24 (44) 0.13
150 12 (22) 0.14
150 27 (50) 0.07

45’ (14 m) Commercial boat:
Tugboat**

30 6 (11) 0.2
30 10 (19) 0.5
150 6 (11) 0.1
150 10 (19) 0.3

263’ (80 m) Commercial
boat: Barge**

150 10 (19) 0.2
300 10 (19) 0.1
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surrogate measures can be useful as indicators of the potential for
boating to be contributing to shore erosion. Using existing data from
Chesapeake Bay, we examined 1) the relationship between recreational
boating activity and nearshore turbidity; 2) the occurrence of high
erosion along shorelines with low wind energy (small fetch), and; 3) the
occurrence of shoreline armoring along shorelines with low wind en-
ergy. We acknowledge the limitations in these analyses because the
data used were not collected to specifically address boat wake impacts;
however, our objectives were to use available data to explore potential
trends and identify data gaps.

2.1. Elevated turbidity and recreational boating

We investigated the relationship between nearshore turbidity and
recreational boating activity using data from 26 fixed, shallow water
monitoring stations at which continuous water quality data, specifically
turbidity, were available between the years 2003–2015 (www.vecos.
org, www.eyesonthebay.net, Virginia N=14; Maryland N=12

stations; Fig. 1). The number and location of continuous water quality
monitoring stations have varied as research needs and available re-
sources have changed; stations are often located for a period of 3 years
and then moved to another waterway. At each station, water quality
parameters including depth, water temperature, salinity, pH, chlor-
ophyll, turbidity, and dissolved oxygen are collected at 15-min intervals
using YSI 6600 data sondes. In our analyses, we included monitoring
stations with 2–3 years of consecutive data, near to shore (within
~50m of shore and attached to a pier or dock), and on shore reaches
with minimal exposure to commercial vessel traffic and/or wind waves
to better isolate the effect of boat waves on nearshore turbidity pat-
terns. We used ship traffic pattern data collected by the U.S. Coast
Guard through the Automatic Identification System (AIS) to determine
the level of commercial vessel traffic. The AIS is an onboard navigation
safety device that transmits and monitors the location and character-
istics of large vessels in U.S. and international waters in real time. The
Marine Cadastre provides AIS data filtered and summarized into 1-min
intervals, with each record (ping) representing a ship's location every

Fig. 1. Distribution of long-term water quality monitoring stations in relation to commercial vessel traffic patterns in Chesapeake Bay. Figure modified from Bilkovic
et al., (2017).
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minute. We determined the total number of pings recorded in the vi-
cinity of the stations from 2009 to 2014 and identified stations with low
or no commercial traffic (half of the stations were in reaches with no
pings, 11 stations had < 500 pings, and 2 sites had less than 1800
pings during the 6-year record) to be used in the analysis (spatial data
source: Bilkovic et al., 2016a; and the Marine Cadastre http://
marinecadastre.gov/ais) (Fig. 1).

In the Chesapeake Bay there is generally higher recreational boating
activity on weekends (Saturday, Sunday) and major warm-weather
holidays (i.e., Memorial Day, July 4th, Labor Day) than during week-
days (Monday, Tuesday, Wednesday, Thursday, Friday). As a result, our
analytical approach involved comparing levels of turbidity during the
week with the weekend and holidays (henceforth referred to as
“weekend”). We limited the analysis to include turbidity data from May
through September, when recreational boating is most prevalent. We
used the 3 most recent years of consecutive data recorded in 15min
intervals for each station (except 4 Maryland stations which had 2 years
of data). For each site, we estimated mean turbidity for weekend and
weekdays during the three years examined. To control for other en-
vironmental factors (sediment sources, storms, tidal flow, etc.) that may
affect an individual station's turbidity measures, we developed a tur-
bidity index to represent the relative change in turbidity between
weekends and weekdays (Equation (1), Fig. 2).

= −

÷

Turbidity Index TI mean weekend turbidity mean weekday

turbidity mean weekday turbidity

( ) (

) (1)

In addition to the primary factor of interest, boating intensity, we
included three potential moderating factors on the relative change in
turbidity in the analysis: distance to navigational depth (m) from sta-
tion, maximum fetch (m), and presence of shoreline armoring (bulk-
head or riprap revetment). We conducted all estimates of factors for
station locations in ArcGIS v. 10.4. We used the total number of piers
and marinas upriver of the stations as a proxy measure for relative
boating intensity; marinas tend to concentrate boat activity compared
to private piers, so these were weighted by a factor of 5 (data source:
Chesapeake Bay Shoreline Inventory, CCRM-VIMS, 2016). We defined
navigational depth as 1-m to be inclusive of small watercraft (e.g., jet-
ski), and estimated the shortest linear distance (m) from the station to
the 1-m depth contour. We used maximum fetch as a surrogate for

relative wind wave energy. We determined maximum fetch by esti-
mating fetch, the distance over water that the wind blows in a single
direction, for 16 compass directions originating from each station lo-
cation and taking the largest value (i.e., longest distance). Presence or
absence of armoring along the shoreline near the station was de-
termined using aerial imagery and the Chesapeake Bay Shoreline In-
ventory (CCRM-VIMS, 2016). We then examined the effect of the 4
factors on the turbidity index (TI) using generalized linear models
(GLM) with a Gaussian distribution, coupled with Akaike information
criterion (AIC) model selection. Boating intensity, maximum fetch, and
distance to navigational depth were log-transformed prior to the ana-
lysis to meet test assumptions. All possible combinations of the vari-
ables were assessed using AICc, which ranks models based on the
principle of parsimony (Johnson and Omland, 2004). The top models
were based on ΔAICc values < 2, and ΔAICc values between 3 and 7
were considered to be models with moderate but less support (Burnham
and Anderson, 2002).

2.2. Occurrence of high erosion in low energy settings

Absent data on boating activity in relation to shoreline erosion
rates, those shorelines that may be experiencing boat wake-induced
erosion can be targeted for further study by comparing wind energy
(fetch) with shoreline erosion rates. A shoreline with low fetch exposure
would not typically have high erosion rates. If this does occur, another
driver for the erosion - often boat wakes - is the likely cause. To eval-
uate the extent that this occurs in Chesapeake Bay, we identified shores
potentially experiencing erosion from boating by selecting shorelines
with low fetch (< 1000m) and high erosion (≥0.3 m/yr) using GIS
(ArcGIS v. 10.5). We determined maximum fetch for points every
50–100m along all of the Virginia and Maryland tidal shorelines and
used those values as the fetch along that reach of shoreline.

We transferred existing shoreline erosion rate data to the same
shoreline as our estimated fetch data to facilitate spatial analyses. For
both states, erosion rate data (distance/time) were previously devel-
oped using digital shoreline analysis system (DSAS) software 2.0
(Maryland) and 4.2 (Virginia) (Thieler et al., 2003; Thieler et al., 2010;
https://woodshole.er.usgs.gov/project-pages//; DSAS). For Maryland,
erosion rate data were calculated for transects spaced 20m apart for a
series of shorelines in varying time spans, with most occurring in some
interval between 1942 and 1995 (MGS, 2003). For Virginia, erosion
rate data were taken from the Shoreline Studies Program shoreline
evolution database 1937–2009 (Hardaway et al., 2017), which calcu-
lated the erosion rate using the linear difference on transects between
1937 and 2009 shorelines. We then summarized the linear distances
and percentages of Chesapeake Bay shorelines with low fetch exposure
and high erosion rates.

2.3. Occurrence of shoreline armoring in low energy settings

Shoreline erosion can be caused by wind waves, boat wakes, or a
combination of the two. Disentangling these effects is challenging, re-
quiring site specific data on vessel traffic patterns combined with wind
wave erosion models. Armoring on shorelines exposed to low wind
wave energy can be indicative of erosion from other sources. In some
instances, property owners have pointed specifically to boat wake
erosion as a reason to armor their shorelines (Smith et al., 2017).

To evaluate the possibility that shorelines are being armored in
areas not anticipated to have active erosion from wind waves, we
compared a recommended shoreline management option for eroding
shores on the basis of physical conditions with the actual management
approach applied (e.g., bulkhead, riprap revetment, created or en-
hanced marsh) within three low wind wave energy tidal creeks in
Virginia known to experience relatively high recreational boating
pressure - Lynnhaven River, Virginia Beach; Lafayette River, Norfolk;
Sarah Creek, Gloucester Point. Sarah Creek is a rapidly developing tidal

Fig. 2. Elevated turbidity associated with weekends and July 4th, 2007 in
Pohick Creek, Virginia. Twkday shows the mean turbidity during weekdays from
June 30 to July 10, 2007. Twkend is the mean turbidity during weekends and
holidays in the same time frame. Figure modified from Bilkovic et al., (2017).
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creek with relatively low wind wave energy and relatively high boating
pressure including the presence of several marinas. Lafayette River is an
urban tidal creek in Norfolk, Virginia. Lynnhaven River is a highly
developed shallow-water tidal river. In this system, very shallow creeks
have been dredged to provide residential boat access and there con-
tinues to be pressure to dredge additional creeks (Bilkovic, 2011). We
used a geospatial Shoreline Management Model (SMM), Version 4.0
that identifies appropriate shoreline management approaches along
Virginia's tidal shores using a suite of parameters that can be mapped
and measured using GIS including fetch (a surrogate for wind wave
energy), nearshore bathymetry, intertidal habitat (e.g., marsh), riparian
features, bank height, and permanent structures within the riparian
zone (CCRM, 2015). The SMM is based on decision tree logic and
guidance that has been vetted through the Virginia Institute of Marine
Science Wetlands Advisory Program and state locality shoreline man-
agement boards over many years (https://www.vims.edu/ccrm/ccrmp/
bmp/decision_tools/index.php). The model extracts information from
eleven spatial datasets containing attributes describing the shoreline.
Using ESRI's ArcGIS ModelBuilder and scripts written in Python, a
series of model pre-steps compiles the datasets into one linear shapefile.
The model calls for specific data from the shapefile as a way to evaluate
on-site condition, and follows the logic pathways of the decision tree to
yield the final model output of shoreline best management approach
recommendations for estuarine and tidal fresh shorelines, which is ex-
ported as a shapefile. All processing steps occur in ESRI's ArcMap,
ArcGIS version 10.4 and 10.5 software.

Shoreline best management approach options in the SMM include
three living shoreline treatments: 1) to create a new marsh or to
maintain or enhance an existing marsh (maintain/enhance/create
marsh), 2) create marsh with a stabilizing sill structure fronting the
marsh, or 3) maintain beach or place offshore breakwaters with beach
nourishment, and an armoring treatment: riprap revetment. Living
shoreline approaches address erosion by providing protection, re-
storation, enhancement, or creation of vegetated shoreline habitats
through strategic placement of plants, stone, sand fill and other struc-
tural or organic materials, while maintaining the connection between
aquatic and terrestrial habitats (Bilkovic et al., 2016b). In Virginia,
living shorelines are the preferred shoreline management option for
tidal shorelines where appropriate (Code of Virginia §28.2–104.1). The
SMM is a tool to help identify shoreline reaches that are appropriate for
the preferred management approach of living shorelines. A re-
commendation to maintain/enhance/create marsh is applied to shor-
elines with low wind wave energy (low fetch, 0–0.8 km) where marshes
can be established or maintained naturally without protection, no
physical structures near the shoreline that would prohibit bank grading
to achieve proper tidal elevations for marsh plants, and shallow water
(no greater than 1m deep up to 10m from shore). A stabilization
structure fronting the marsh (e.g., rock sill or oyster reef) may be re-
quired in shallow water, moderate wind wave energy environments
(fetch between 0.8 and 3.2 km) to allow the marsh to become estab-
lished. Armoring (riprap revetment) is recommended for moderate
(fetch between 0.8 and 3.2 km) to high (fetch> 3.2 km) wind wave
energy, where the nearshore is deep, and/or the shoreline has perma-
nent physical structures that would prohibit bank grading. For each
tidal creek, we documented the occurrence of shorelines that have been
armored (bulkhead or riprap revetment) while having a recommended
shoreline management approach to maintain/enhance/create marsh
that is indicative of a low wind wave energy shoreline. In addition, we
extracted information provided by property owners from the Virginia
Shoreline Permit Database (1993–2010; CCRM, 2019) on their purpose
for applying for a permit to armor their shoreline; listed reasons include
erosion control, marina development, commercial construction, water
access, yard improvement, aesthetics, and other.

3. Results

3.1. Elevated turbidity and recreational boating

Elevated turbidity was evident on the weekends in comparison to
weekdays for the majority of the stations (n=19; 73%); however, in
many instances, the percent difference was low (< 5% turbidity dif-
ference for 35% of stations with elevated weekend turbidity). A nega-
tive turbidity index (higher turbidity during the week) occurred for 7
stations, but weekday turbidity at those sites was only slightly (> 10%)
higher than the weekend turbidity (Fig. 3). None of the variables ex-
amined were significantly associated with the turbidity index (GLM:
X2= 3.14, df= 21, p=0.53). However, model selection based on AICc
indicated marginal support (ΔAICc= 3.04) for a best fit model that
included boating intensity and armoring (Supporting table 1). This was
likely because on unarmored shores, the turbidity index tended to be
higher (TI= 10.5% ± 15.1%) in comparison to armored shores
(TI= 4.5% ± 11.3) and along unarmored shores, boating intensity
appeared to be associated with elevated local turbidity within some
waterways.

3.2. Occurrence of high erosion in low energy settings

There are about 26,000 km of tidal shoreline in Chesapeake Bay, but
only about a third of that shoreline has erosion data available (Table 2).
Of the 8576 km of shoreline for which erosion data are available,
1310 km (15%) are potentially experiencing boat wake-induced ero-
sion. This is likely an underestimate because a large proportion of low
energy shorelines, the areas most at risk of experiencing boat wake-
induced erosion (i.e., tidal creeks), were lacking erosion rate informa-
tion (68%), which limited our ability to identify areas experiencing
unusually high erosion (Fig. 4).

3.3. Occurrence of shoreline armoring in low energy settings

In all three creeks, armoring is present along approximately a
quarter (Sarah Creek 28% (7.1 km), Lynnhaven River 22% (41.1 km),
Lafayette River 31% (22.3 km)) of the shorelines where the SMM spe-
cifies that only marsh enhancement, maintenance, or creation should be

Fig. 3. Comparison of weekend turbidity measures to weekday measures.
Positive TI values indicate relatively higher turbidity during the weekend than
the week possibly because of increased recreational boating intensity during the
weekend. Negative values indicate relatively higher turbidity during the week
than weekend. Station location numbers correspond to those on Fig. 1. Stations
with * had 2 years of data, all other stations had 3 years of data. Figure mod-
ified from Bilkovic et al., (2017).
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needed to stabilize shorelines (Fig. 5). In fact, on the basis of the phy-
sical setting, the vast majority of the shorelines in these low energy
creeks could be managed simply by maintaining, enhancing, or creating
marshes (Sarah Creek 83% (25.6 km), Lynnhaven River 74%
(185.6 km), Lafayette River 78% (70.8 km)). This suggests another
source (or perceived source) of shore erosion, possibly boating, has led

to the armoring of shorelines (along with the attendant adverse effects
of armoring) in low energy areas, where armoring should not be ne-
cessary. The vast majority of property owners stated erosion control
was the purpose for armoring ((Sarah Creek 98% (62 projects), Lynn-
haven River 97% (251 projects), and Lafayette River 92% (135 pro-
jects)).

Table 2
Chesapeake Bay tidal shorelines with available data, approximately 15% (1310 km) are experiencing high erosion (≥0.3m/yr) in low wind-wave energy settings
(fetch < 1000m), indicating potential boat wakewave induced erosion. Significant erosion data deficiencies exist for high risk areas, so these estimates are likely
low.

Location Total tidal shoreline
(km)

Shoreline with erosion and
fetch data (km)

Shoreline with erosion and
fetch data (%)

Shorelines with low fetch and high
erosion (km)

Shorelines with low fetch and high
erosion (%)

Maryland 10,945 3302 30 569 17
Virginia 15,776 5274 34 741 14
Total 26,721 8576 32 1310 15

Fig. 4. Distribution of shorelines likely experiencing boat wave-induced erosion in Chesapeake Bay (shown in red); these are shorelines with low fetch (< 1000m)
and high erosion rates (≥0.3 m/yr). The black shorelines are areas lacking erosion data. The insets show example waterways with low wind wave energy where
erosion should be low – Sarah Creek (a), Lafayette River (b), and Lynnhaven River (c). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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4. Discussion

There is evidence that links boat wake energy to elevated turbidity
and shoreline erosion, particularly in narrow waterways (Ellis et al.,
2002; Baldwin, 2008; Houser, 2010; Currin et al., 2017). Our findings
suggest that boating may contribute to shoreline erosion and poor
water clarity in some Chesapeake Bay creeks and tributaries. Turbidity
was elevated in many waterways during periods of expected high
boating activity. Armoring was placed along about a quarter of the low
energy shorelines of all three examined tidal creeks that are exposed to
relatively high boating pressure. Of the nearly 9000 km of shoreline
examined throughout the Bay, 15% (1,310 km) are low energy shor-
elines that are experiencing high erosion (≥0.3 m/yr) that is not likely
attributable to wind wave energy. Although our study cannot causally
link boat traffic to high erosion along low fetch shorelines, the reaches
we identified as potentially being vulnerable to boat traffic impacts are
places to target for additional data collection on boating intensity and
wave conditions, as well as potential candidate areas for management
or policy action to mitigate boat wake impacts. A series of strategically
targeted investigations of shorelines of particular concern (ideally
shorelines that are experiencing significant erosion and that represent a
range of conditions with respect to fetch and boating activity), would be
a valuable first step to development of a Bay-wide understanding of the
conditions under which boat wakes make a significant contribution to
shoreline erosion. This type of data would provide the foundation for
sound policy decisions regarding boat wake management strategies in
the Chesapeake Bay and elsewhere.

Boat wake policies and the overarching regulatory framework in
states with Bay frontage (Virginia, Maryland, and Delaware) vary from
state to state. In Virginia, neither state code nor regulations establish
wake or speed restrictions for any specific waterway. However, a state
agency, the Virginia Department of Game and Inland Fisheries, has
express authority to enforce and administer state boating laws (Va.
Code Ann. § 29.1–701(A)) and has adopted regulations regarding boat
speed near vessels, piers, docks, boathouses, and persons generally (4
Va. Admin. Code § 15-390-80). Additionally, localities have express
authority to implement their own boat wake restrictions via a local
ordinance (Va. Code Ann. § 29.1–744(D)), and individuals or businesses
may apply to their local governing body for the establishment of a no-

wake zone via a local ordinance (Va. Code Ann. § 29.1–744(E)).
Although Maryland also delegates regulatory authority to a state
agency, the Maryland Department of Natural Resources (DNR) (Md.
Code Ann., Nat. Res. § 8-8-704(c)), and permits localities to establish
local regulations that conform with DNR regulations (Md. Code Ann.,
Nat. Res. § 8-8-704(f)), Maryland has set forth speed limits for specific
waterways within state code (see, e.g., Md. Code Ann., Nat. Res. §
8–725.2). Additionally, DNR's regulations define various speed limits
(Md. Code Regs. 08.18.01.03) and apply these defined limits to specific
designated areas, such as the eastern and western shores of the
Chesapeake Bay (Md. Code Regs. 08.18.07.01–02). As with both
Virginia and Maryland, Delaware also delegates regulatory authority to
a state agency, the Delaware Department of Natural Resources and
Environmental Control (DNREC) (Del. Code Ann. tit. 23 § 2114(b)(4)).
DNREC regulations define “slow-no-wake” and limit speeds next to
swimmers and certain structures (Del. Admin. Code § 3100–2.1 &
−6.1.2). Additionally, localities have limited boat speeds near specific
structures or on specific waterways (See e.g., Smyrna, Delaware Code of
Ordinances Sec. 46-58(h)). While regulation of boat wake speed does
occur in some manner within each of the three states with Bay frontage,
this regulation has not been done comprehensively across the Bay or
through coordination between the states.

Other shallow water estuaries have established boat wake policies
following differing procedures. Examples include the Narragansett Bay
in Rhode Island and the Pamlico Sound in North Carolina. Rhode Island
authorizes the Department of Environmental Management (DEM) to
“establish maximum speeds for boats in the public harbors in the state
of Rhode Island at five (5) miles per hour, no-wake” (46 R.I. Gen. Laws
§ 22–9(c)). Additionally, ordinances or local laws may be adopted that
are identical to the state laws and regulation, and subdivisions of the
state may apply to DEM for special rules and regulations regarding
vessel operations within the subdivision's territorial limits (46-22 R.I.
Gen. Laws §§ 14(a)&(b). This has resulted in many coastal localities
adopting wake restrictions (See e.g., Bristol, Rhode Island Code of
Ordinances Sec. 8-41)). North Carolina utilizes a state agency, the
North Carolina Wildlife Resources Commission (NCWRC), to implement
boat wake policies in a uniform manner across the state (N.C. Gen. Stat.
§ 75A-15). NCWRC is authorized to adopt its own rules to prohibit the
entry of vessels and establish speed zones in certain areas (N.C. Gen.

Fig. 5. On the basis of physical conditions, the re-
commended shoreline management approach is to
create a new marsh or to maintain or enhance an
existing marsh for the majority of the shoreline – (a)
Sarah Creek, Virginia (83%), (b) Lafayette River,
Virginia (78%), and (c) Lynnhaven River, Virginia
Beach, Virginia (74%). Of those shoreline reaches
where marsh is recommended, 28%, 31% and 22%,
respectively, have armoring (revetment, bulkhead)
currently. Figure modified from Bilkovic et al.,
(2017).
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Stat. § 75A-15). Additionally, localities may petition NCWRC for wake
rules and the Commission is authorized to adopt rules for local areas
that are “heavily used for water recreation purposes by persons from
other areas of the State and as to which there is not coordinated local
interest in regulation” (N.C. Gen. Stat. § 75A-15). Under this manage-
ment structure, boat wake restrictions have been established for almost
all coastal counties through agency regulation. This results in consistent
language between regulations and provides easier access to boat wake
restriction rules because the information can be found in one place.

Management and policy strategies to address boat wake-induced
shoreline erosion that are alternatives to boat speed/wake restrictions
include motorboat bans and shoreline armoring. Banning motorized
vessels is unlikely to be adopted in any major waterway, especially one
whose economy relies heavily on both recreational and commercial
boating and/or shipping; however, in smaller waterways this can be a
viable option. With respect to armoring of the shoreline, living shor-
elines are preferred to armoring because these techniques strengthen
the endurance of the shoreline and build resilience by using natural
vegetation and sediment. By contrast, armoring may result in adverse
effects, such as natural habitat degradation and erosion of downdrift
shorelines due to deflected wave energy or lack of sediment supplies to
maintain the shorelines. Other policy strategies targeting boating be-
havior that have a higher likelihood of being implemented include
limiting the number of passages that a boat makes in a waterway,
setting minimum distance of a navigation channel from the shore, and
implementing boat size restrictions in small waterways.

Although concerns about the harm that boating activity may pose
for shoreline stability, water quality, and ecosystem integrity have been
voiced for decades, the development and implementation of manage-
ment and policy actions to mitigate boat impacts has been hampered by
lack of a proven approach for quantifying the role of boat waves in
shoreline erosion. While there is currently no one-size-fits-all approach
for evaluating boat wake impacts, there have been a few recent at-
tempts to develop overarching strategies. Glamore (2008) developed a
Decision Support Tool (DST) aimed at evaluating the relative impact of
boat vs. wind waves along a given reach of shoreline. The tool calcu-
lates total wind wave energy, total boat wake energy and shoreline
erosion potential. User inputs include data on the frequency of boat
passage, local wind data, and 22 different shoreline characteristics that
are used to determine erosion potential including: shoreline slope, se-
diment type, channel width and upland land use, among others. Output
from the DST includes guidance regarding whether management of
boat wakes is necessary based on the relative amount of shoreline wave
energy contributed by boats compared to that of wind energy, and the
calculated shoreline erosion potential. This tool represents a viable
approach to analysis of boat wake impacts and has been successfully
employed in the management of lake shorelines and limited river
reaches, but the large number of required input variables make its
application across a large and diverse system like Chesapeake Bay
challenging.

Fonseca and Malhotra (2012) developed a similar approach that
involved the use of two GIS-based modeling packages: WEMo (Wave
Exposure Model) for quantifying wind-wave energy and its companion
product BoMo (Boat wake Model) for quantifying boat wake energy. In
their approach, these tools are used in tandem to estimate the relative
contribution of boat wake energy along a given shoreline. WEMo
(which is freely available, https://coastalscience.noaa.gov/research/
coastal-change/wemo/) requires users to input local wind data, a GIS
shoreline shapefile, and high quality bathymetry data; BoMo (not yet
available) also requires shoreline and bathymetry data and allows a
user to select hull type, size and speed. The models then calculate the
total amount of wave energy impacting the shoreline from their re-
spective sources. With this approach, both wind and boat wakes can be
hindcast or forecast to determine which is the predominant driver of
shoreline erosion. Like the DST, this dual model approach is limited by
the availability of data. While wind data and shoreline shapefiles are

relatively easy to obtain, much of the publicly available bathymetry
data is either outdated, or not of sufficient spatial coverage, and data on
the number of boat passages along a given shoreline do not exist. As a
result, these approaches have not been broadly implemented.

Prior to development of a truly quantitative understanding of boat
wake-induced erosion at a systems-level, interim protective measures
can be applied on the basis of documented effects of boat wakes in the
literature. Wave height- or wave energy-based criteria have been used
to establish wake management strategies (Stumbo et al., 1999;
Glamore, 2008). Wave decay studies indicate that, in general, even
small (< 9m) power boats traveling within 150m of the shore are
capable of generating wave heights that can cause erosion of vegetated
marsh shorelines (Zabawa and Ostrum, 1980; Coops et al., 1996; Coops
et al. 1996, 1996; Schafer et al., 2003; Roland and Douglas, 2005). This
distance is not without exceptions, for example, boats traveling further
offshore can still produce erosive boat wakes, particularly those vessels
that are large or moving at high speeds, which increases the wake en-
ergy. Still, setbacks can be a relatively easy solution to boat wake-in-
duced shoreline erosion where the setting allows. With additional in-
formation on recreational and commercial boating traffic, varying
setback distances could be established in vulnerable Bay waterways. A
150m setback in small, low energy, waterways that have high recrea-
tional boating activity could help reduce shoreline erosion, while those
waterways used by large commercial vessels may require larger set-
backs to lessen the erosive effects of wakes. In restricted waterways
where there is no space to move channels away from shore, no-wake
zones provide an alternative strategy for managing erosion. A GIS-based
investigation of regions where there IS high erosion that is likely caused
by boat wakes and there IS NOT room to move navigation channels
farther from shore might provide the first cut for sites to investigate for
potential implementation of no-wake zones. Another important con-
sideration for the implementation of no-wake zones is that maximum
wave height can be produced as a boat transitions in and out of planing
mode, often at the start and finish of designated no-wake zones. This
should be factored into their placement.

Shoreline wave energy, whether generated by wind or boating ac-
tivity, is a critical factor to consider in the implementation of shoreline
management strategies. The design and use of more natural approaches
to shoreline erosion (i.e., living shorelines) is strongly influenced by
shoreline wave energy. A quantitative understanding of the relationship
between boating activity and shoreline wave energy will help to inform
the design of these sites and give property owners and design practi-
tioners a greater level of confidence in their application. In addition,
this information could be used when planning and siting Bay restora-
tion activities (e.g., wetland or seagrass restoration) to evaluate the
probability of long-term persistence. Conversely, and just as important,
this information can help to identify areas where shoreline wave energy
is too high to consider the use of “softer” living shoreline management
strategies.

While our focus area is Chesapeake Bay, sheltered coasts around the
world are struggling with these same issues and as coastal regions
continue to become more densely populated, the role of boat wake-
induced erosion will be increasingly significant. In general, there is a
dearth of data on boating activity and its consequences, particularly
that of small, recreational boats. While some of these data gaps can be
effectively addressed through citizen science-led efforts (e.g., doc-
umenting the frequency of boat passages at a given location), others
will require field and modeling studies. All efforts to increase our
quantitative understanding of the amount of boat wake energy im-
pacting a given shoreline, and the consequences of this impact, will be
vital to the development of effective management strategies for miti-
gating boat wake-induced shoreline erosion. Such strategies should be
implemented with a whole-system perspective, as uniform boat wake
policies will likely be most effective for consistent shoreline protection.

D.M. Bilkovic, et al. Ocean and Coastal Management 182 (2019) 104945

8

https://coastalscience.noaa.gov/research/coastal-change/wemo/
https://coastalscience.noaa.gov/research/coastal-change/wemo/


Funding

Funding was provided for this research by Chesapeake Bay Program
Scientific and Technical Advisory Committee (STAC) and Chesapeake
Research Consortium, Edgewater, Maryland.

Acknowledgments

We thank Ken Moore, David Parrish, Bruce Michael, Mark Trice, and
Brian Smith for providing Chesapeake Bay continuous water quality
monitoring data. Robert Isdell contributed to the GIS analysis on
shoreline erosion rates and Marcia Berman, Karinna Nunez and Tamia
Rudnicky provided information on the Shoreline Management Model.
We thank Christine Tombleson for providing data from the Virginia
Shoreline Permit Database. The Virginia Coastal Policy Center wishes to
thank W&M Law School students Sarah Edwards, Kristin McCarthy and
Emily Messer for their assistance with this paper. This paper is
Contribution No.3842 of the Virginia Institute of Marine Science,
William & Mary. We thank the Chesapeake Bay Program Scientific and
Technical Advisory Committee (STAC), including Lisa Wainger, for
convening and supporting this group as we generated a report on this
topic that informed this paper (STAC 17–002, https://scholarworks.
wm.edu/reports/1271/).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ocecoaman.2019.104945.

References

Asplund, T.R., 1996. Impacts of Motorized Watercraft on Water Quality in Wisconsin
Lakes. Wis. Dep. Nat. Res. Bur. Research, Madison, WI, pp. 46 PUBL-RS-920-96.

Baldwin, D.S., 2008. Impacts of Recreational Boating on River Bank Stability: Wake
Characteristics of Powered Vessels. Report of the Murray Catchment Management
Authority. Murray-Darling Freshwater Research Centre, Wodonga, Victoria.

Bauer, B.O., Lorang, M.S., Sherman, D.J., 2002. Estimating boat-wake-induced levee
erosion using sediment suspension measurements. J. Waterw. Port, Coast. Ocean Eng.
128, 152–162.

Bilkovic, D.M., 2011. Response of tidal creek fish communities to dredging and coastal
development pressures in a shallow-water estuary. Estuar. Coasts 34 (1), 129–147.

Bilkovic, D.M., Mitchell, M., Mason, P., Duhring, K., 2016b. The role of living shorelines
as estuarine habitat conservation strategies. Coast. Manag. 44 (3), 161–174.

Bilkovic, D.M., Slacum Jr., H.W., Havens, K.J., Zaveta, D., Jeffrey, C.F.G., Scheld, A.M.,
Stanhope, D., Angstadt, K., Evans, J.D., 2016a. Ecological and economic effects of
derelict fishing gear in the Chesapeake Bay: 2015/2016 final assessment report.
Prepared for marine debris Program, office of response and restoration, national
oceanic and atmospheric administration. https://marinedebris.noaa.gov/reports/
effects-derelict-fishing-gear-chesapeake-bay-assessment-report.

Bilkovic, D., Mitchell, M., Davis, J., Andrews, E., King, A., Mason, P., Herman, J.,
Tahvildari, N., Davis, J., 2017. Review of Boat Wake Wave Impacts on Shoreline
Erosion and Potential Solutions for the Chesapeake Bay. STAC Publication Number
17-002, Edgewater, MD, pp. 68.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: a
Practical Information-Theoretic Approach. The University of Chicago Press, New
York.

Campbell, D., 2015. Quantifying the Effects of Boat Wakes on Intertidal Oyster Reefs in a
Shallow Estuary. Thesis. University of Central Florida.

Castillo, J.M., Luque, C.J., Castellanos, E.M., Figueroa, M.E., 2000. Causes and con-
sequences of salt-marsh erosion in an Atlantic estuary in SW Spain. J. Coast. Conserv.
6, 89–96.

Center for Coastal Resources Management (CCRM), 2019. Shoreline Permit Database.
Virginia Institute of Marine Science, William & Mary, Gloucester Point, Virginia.

Center for Coastal Resources Management (CCRM), 2016. Chesapeake Bay Shoreline
Inventory Database. Virginia Institute of Marine Science, William & Mary, Gloucester
Point, Virginia. http://www.vims.edu/ccrm/research/inventory/index.php.

Center for Coastal Resources Management (CCRM), 2015. Shoreline Management Model,
Version 4. Virginia Institute of Marine Science, William & Mary, Gloucester Point,
Virginia.

Chesapeake Bay Watershed Agreement, 2014. Chesapeake Bay Program. https://www.
chesapeakebay.net/what/what_guides_us/watershed_agreement, Accessed date: 27
November 2018.

Coops, H., Geilen, N., Verheij, H.J., Boeters, R., van der Velde, G., 1996. Interactions

between waves, bank erosion and emergent vegetation: an experimental study in a
wave tank. Aquat. Bot. 53, 187–198.

Currin, C.A., Davis, J., Malhotra, A., 2017. Response of salt marshes to wave energy
provides guidance for successful living shoreline implementation. In: Bilkovic, D.M.,
Toft, J., Mitchell, M., La Peyre, M. (Eds.), Living Shorelines: the Science and
Management of Nature-Based Coastal Protection. CRC Press, Taylor & Francis Group.

DSAS. Digital Shoreline Analysis System. https://woodshole.er.usgs.gov/project-pages/
DSAS/.

Ellis, J.T., Sherman, D.J., Bauer, B.O., Hart, J., 2002. Assessing the impact of an organic
restoration structure on boat wake energy. J. Coast. Res. 36, 256–265.

Environmental Finance Center, University of Maryland, 2013. Recreational boating and
fiscal analysis study. https://efc.umd.edu/assets/boating_analysis_final_report_-_
noaa_added.pdf.

Fonseca, M., Malhotra, A., 2012. Boat wakes and their influence on erosion in the Atlantic
Intracoastal Waterway, North Carolina. NOAA Tech. Memo. NOS-NGS #143. 24p.

Glamore, 2008. A Decision support tool for assessing the impact of boat wake waves on
inland waterways. International Conference on Coastal and Port Engineering in
Developing Countries. pp. 20. available. http://pianc.org.

Grizzle, R.E., Adams, J.R., Walters, L.J., 2002. Historical changes in intertidal oyster
(Crassostrea virginica) reefs in a Florida lagoon potentially related to boating activ-
ities. J. Shellfish Res. 21, 749–756.

Hallac, D.E., Sadle, J., Pearlstine, L., Herling, F., Shinde, D., 2012. Boating impacts to
seagrass in Florida Bay, Everglades National Park, Florida, USA: links with physical
and visitor-use factors and implications for management. Mar. Freshw. Res. 63 (11),
1117–1128.

Hardaway Jr., C.S., Milligan, D.A., Wilcox, C.A., 2017. Shoreline Studies Program
shoreline evolution database 1937-2009. Retrieved from. http://www.vims.edu/
research/departments/physical/programs/ssp/shoreline_evolution/index.php.

Houser, C., 2010. Relative importance of vessel-generated and wind waves to salt marsh
erosion in a restricted fetch environment. J. Coast. Res. 262, 230–240.

Johnson, J.B., Omland, K.S., 2004. Model selection in ecology and evolution. Trends Ecol.
Evol. 19 (2), 101–108.

Kildow, J.T., Colgan, C.S., Johnston, P., Scorse, J.D., Farnum, M.G., 2016. State of the US
Ocean and Coastal Economies: 2016 Update. National Ocean Economics Program.

Koch, E.W., 2002. Impact of boat-generated waves on a seagrass habitat. J. Coast. Res. 37,
66–74.

Koch, E.W., Sanford, L.P., Chen, S.N., Shafer, D.J., Smith, J.M., 2006. Waves in Seagrass
Systems: Review and Technical Recommendations (No. ERDC-TR-06-15). Maryland
University Cambridge Center for Environmental Science.

Liddle, M.J., Scorgie, H.R.A., 1980. The effects of recreation on freshwater plants and
animals: a review. Biol. Conserv. 17 (3), 183–206.

Maryland Geological Survey (MGS), 2003. Shoreline change map data for tidewater
Maryland. http://www.mgs.md.gov/coastal_geology/shoreline%20change.html.

Maynord, S.T., Biedenharn, D.S., Fischenich, C.J., Zufelt, J.E., 2008. Boat-Wave-Induced
Bank Erosion on the Kenai River, Alaska. (No. ERDC TR-08-5). U.S. Army Engineering
Research and Development Center, Vicksburg, MS.

McGranahan, G., Balk, D., Anderson, B., 2007. The rising tide: assessing the risks of cli-
mate change and human settlements in low elevation coastal zones. Environ.
Urbanization 19 (1), 17–37.

Parnell, K.E., Kofoed-Hansen, H., 2001. Wakes from large high-speed ferries in confined
coastal waters: management approaches with examples from New Zealand and
Denmark. J. Coast. Manag. 29, 217–237.

Roland, R.M., Douglas, S.L., 2005. Estimating wave tolerance of Spartina alterniflora in
coastal Alabama. J. Coast. Res. 21, 453–463.

Schafer, D.J., Roland, R., Douglass, S.L., 2003. Preliminary Evaluation of Critical Wave
Energy Thresholds at Natural and Created Coastal Wetlands. WRP Technical Notes
Collection ERDC-TN-WRP-HS-CP-2.2. U.S. Army Engineering Research and
Development Center, Vicksburg, MS.

Smith, C.S., Gittman, R.K., Neylan, I.P., Scyphers, S.B., Morton, J.P., Fodrie, F.J.,
Grabowski, J.H., Peterson, C.H., 2017. Hurricane damage along natural and hardened
estuarine shorelines: using homeowner experiences to promote nature-based coastal
protection. Mar. Policy 81, 350–358.

Sorenson, R.M., 1973. Water waves produced by ships. J. Waterw. Harb. Coast. Eng. Div.:
Proc. Am. Soc. Civ. Eng. 99, 245–256.

Stumbo, S., Fox, K., Dvorak, F., Elliot, L., 1999. The prediction, measurement, and ana-
lysis of wake wash from marine vessels. Mar. Technol. 36, 248–260.

Thieler, E.R., Himmelstoss, E.A., Zichichi, J.L., Ergul, Ayhan, 2010. Digital Shoreline
Analysis System (DSAS) version 4.0—an ArcGIS Extension for Calculating Shoreline
Change (ver. 4.2, August 2010). U.S. Geological Survey Open-File Report 2008–1278.

Thieler, E.R., Martin, D., Ergul, A., 2003. The Digital Shoreline Analysis System, Version
2.0: Shoreline Change Measurement Software Extension for ArcView. USGS U.S.
Geological Survey Open-File Report 03-076.

U. S. Army Corps of Engineers (USACE), 1994. Cumulative Impacts of Recreational
Boating on the Fox River - Chain O' Lakes Area in Lake and McHenry Counties,
Illinois: Final Environmental Impact Statement. Environ. And Social Anal. Branch.
U.S. Army Corps of Eng., Chicago, IL, pp. 194.

Whitfield, A.K., Becker, A., 2014. Impacts of recreational motorboats on fishes: a review.
Mar. Pollut. Bull. 83 (1), 24–31.

Zabawa, C., Ostrom, C., 1980. The Role of Boat Wakes in Shoreline Erosion in Anne
Arundel County, Maryland. Final Report to the Coastal Resources Division, Maryland
Department of Natural Resources.

D.M. Bilkovic, et al. Ocean and Coastal Management 182 (2019) 104945

9

https://scholarworks.wm.edu/reports/1271/
https://scholarworks.wm.edu/reports/1271/
https://doi.org/10.1016/j.ocecoaman.2019.104945
https://doi.org/10.1016/j.ocecoaman.2019.104945
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref1
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref1
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref2
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref2
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref2
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref3
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref3
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref3
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref4
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref4
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref5
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref5
https://marinedebris.noaa.gov/reports/effects-derelict-fishing-gear-chesapeake-bay-assessment-report
https://marinedebris.noaa.gov/reports/effects-derelict-fishing-gear-chesapeake-bay-assessment-report
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref7
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref7
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref7
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref7
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref8
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref8
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref8
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref9
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref9
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref10
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref10
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref10
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref11
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref11
http://www.vims.edu/ccrm/research/inventory/index.php
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref13
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref13
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref13
https://www.chesapeakebay.net/what/what_guides_us/watershed_agreement
https://www.chesapeakebay.net/what/what_guides_us/watershed_agreement
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref15
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref15
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref15
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref16
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref16
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref16
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref16
https://woodshole.er.usgs.gov/project-pages/DSAS/
https://woodshole.er.usgs.gov/project-pages/DSAS/
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref18
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref18
https://efc.umd.edu/assets/boating_analysis_final_report_-_noaa_added.pdf
https://efc.umd.edu/assets/boating_analysis_final_report_-_noaa_added.pdf
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref20
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref20
http://pianc.org
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref22
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref22
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref22
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref23
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref23
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref23
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref23
http://www.vims.edu/research/departments/physical/programs/ssp/shoreline_evolution/index.php
http://www.vims.edu/research/departments/physical/programs/ssp/shoreline_evolution/index.php
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref25
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref25
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref26
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref26
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref27
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref27
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref28
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref28
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref29
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref29
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref29
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref30
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref30
http://www.mgs.md.gov/coastal_geology/shoreline%20change.html
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref32
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref32
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref32
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref33
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref33
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref33
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref34
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref34
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref34
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref35
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref35
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref36
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref36
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref36
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref36
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref37
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref37
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref37
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref37
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref38
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref38
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref39
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref39
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref40
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref40
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref40
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref41
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref41
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref41
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref42
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref42
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref42
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref42
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref43
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref43
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref44
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref44
http://refhub.elsevier.com/S0964-5691(18)30963-3/sref44

	Defining boat wake impacts on shoreline stability toward management and policy solutions
	Recommended Citation
	Authors

	Defining boat wake impacts on shoreline stability toward management and policy solutions
	Introduction
	Methods
	Elevated turbidity and recreational boating
	Occurrence of high erosion in low energy settings
	Occurrence of shoreline armoring in low energy settings

	Results
	Elevated turbidity and recreational boating
	Occurrence of high erosion in low energy settings
	Occurrence of shoreline armoring in low energy settings

	Discussion
	Funding
	Acknowledgments
	Supplementary data
	References


