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A B S T R A C T

Growing coastal populations, rising sea levels, and likely increases in the frequency of major storm events will
intensify coastal vulnerability in coming decades. Decisions regarding how and when to fortify estuarine
shorelines against coastal hazards, such as erosion, flooding, and attendant property damages, rest largely in the
hands of waterfront-property owners. Traditionally, hard engineered structures (e.g. bulkheads, revetments,
seawalls) have been used to protect coastal properties, based on the assumption that these structures are durable
and effective at preventing erosion. This study evaluates the validity of these assumptions by merging results
from 689 surveys of waterfront-property owners in NC with empirical shoreline damage data collected along
estuarine shorelines after Hurricanes Irene (2011) and Arthur (2014). The data show: 1) homeowners perceive
bulkheads to be the most durable and effective at preventing erosion, but also the most costly; 2) compared to
residents with revetments and natural shorelines, property owners with bulkheads reported double the price to
repair hurricane damage to their property and four times the cost for annual shoreline maintenance; 3) 93% of
evident post-hurricane shoreline damage was attributable to bulkheads or bulkhead hybrids and a higher
proportion of surveyed homeowners with bulkheads reported having property damage from hurricanes; and, 4)
shoreline hardening increased by 3.5% from 2011 to 2016 along 39 km of the Outer Banks. These results suggest
that bulkheads are not meeting waterfront property-owner expectations despite continued use, and that nature-
based coastal protection schemes may be able to more effectively align with homeowner needs.

1. Introduction

By the latter half of this century, over 50% of the world's population
will be living within 100 km of a coastline [50]. Concurrently, some
models predict a doubling in frequency of Category 4 and 5 hurricanes
([6], but see [25]) and rising sea levels that will increase vulnerability
to coastal flooding [48]. Extensive degradation of coastal habitats is
already globally documented [13,28]. As aspects of climate change
interact with human population growth and land development, con-
tinued degradation of natural shoreline habitats and a precipitous
reduction in ecological resilience to natural disasters are likely [1]. In
recognition of these growing environmental risks with potentially
devastating socioeconomic consequences, enhancing coastal resilience
has become an issue of fundamental importance [5], and accordingly a
priority for governments, industries, and environmental advocates
[24,15,34].

In the United States, much of the sheltered coastline is vulnerable to

erosion [8]. The prevailing response to this threat has been armoring of
shorelines with hard, engineered structures (e.g. bulkheads, revet-
ments, seawalls), under the assumption that “hardened shorelines”
are most effective at preventing erosion [16,33,44]. The most com-
monly used forms of shoreline stabilization along sheltered coasts are
bulkheads (fixed, vertical walls typically installed at or above the
ordinary high water mark; [56]), revetments (sloping rock structures of
marl, granite, or concrete rip rap), and hybrid structures that combine a
bulkhead with seaward and/or landward riprap (Fig. 1A, B, C). Bulk-
heads in particular have been shown to have numerous adverse effects
on the habitat landscapes and biological communities around
them [9,14,22,46], and revetments are also associated with negative
ecological effects [39,4]. Perhaps the greatest environmental concern
associated with engineered hard shorelines is the prevention of natural
up-slope transgression of salt marsh and other productive shoreline
habitats as sea level rises, which is also a process for which we have the
least quantitative data. In areas with intense coastal development, this
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“coastal habitat squeeze” threatens the persistence of shoreline habitats
and the critical ecosystem services they provide (e.g. reduction of wave
energy, pollutant filtration, carbon sequestration, habitat provisioning;
[54,41,2]).

Although the negative consequences of shoreline hardening have
been well-documented, the percentage of hardened shoreline continues
to increase globally, with up to 100% of many urban shorelines and
over 14% (22,000 km) of the total US shoreline already hardened
[10,21,26]. Lack of awareness of viable alternatives to hardened
shorelines may explain the continuing dominance of hardening solu-
tions to erosion hazards. Over the past two decades, restoration
practitioners, ecologists, and environmental engineers have advocated
use of alternative strategies referred to as “living shorelines”, which
prioritize both shoreline stabilization and coastal ecosystem protection.
Living shorelines often combine an offshore sill (i.e. a low-rising
breakwater) with existing, restored, or enhanced marsh plantings.
The sill is typically constructed of marl, granite, or oyster shell and
placed below the ordinary high water mark ([57]; Fig. 1D). Living
shorelines can preserve and even enhance the services of coastal
ecosystems [23]; however, most living shoreline projects have been
built within the last decade, so there is limited information on the most
appropriate protection measures for various shoreline energy regimes
[52].

Often the decisions about where and how to harden a shoreline fall
to private-property owners, and these individual, small-scale decisions
can have cumulative wide-scale impacts [38]. For example, Scyphers
et al. [44] showed that one of the most important factors influencing
whether a property owner hardened their shoreline was the condition
of their neighbor's shoreline, revealing that the social and/or biophy-
sical influence of one homeowner's decision to construct a vertical wall
can initiate a reactionary cascade resulting in additional hardening and
subsequent habitat degradation. With large portions of shoreline
privately owned, the extent and quality of coastal wetlands will hinge
in part on understanding and modifying the decision-making process of
those property owners [43]. While there is emerging evidence to the
contrary [20], many property owners believe that hardened shorelines
are the most effective and durable shoreline stabilization options, and
continue to preferentially choose engineered structures over natural
and ecosystem-compatible alternatives [44]. Therefore, to inform
coastal managers and property owners on how to best enhance coastal

resilience, a rigorous evaluation of the functions, durability, and socio-
economic dimensions of hardened shorelines as compared to nature-
based coastal protection is needed.

This study investigates hardened versus natural shorelines by
analyzing their performance (effectiveness and durability) during two
hurricanes and assessing residential-scale maintenance and hurricane-
damage-repair costs. North Carolina is an ideal study system because it
has nearly 20,000 km of sheltered coastline [36], it is predicted to be
one of the most vulnerable states to sea level rise [51], and it has been
impacted by over 100 tropical storms and hurricanes since 1851 [37].
This study synthesizes results from surveys of waterfront-property
owners, as well as field surveys of shoreline damage after each of two
hurricanes. Specifically, this study assesses which attributes property
owners prioritize when choosing a shoreline stabilization method, and
then evaluates whether those expectations are being met.

2. Methods

2.1. Waterfront property owner survey design

To assess which attributes waterfront-property owners prioritize
when making shoreline-protection decisions, a dual-method (online and
mail) survey of waterfront residents was conducted in 16 of 20 coastal
counties in North Carolina (Supplemental Fig. 1A). Waterfront proper-
ties were selected from county tax assessor websites using a stratified
random sampling design. Properties that had been listed as for sale or
sold during the previous 12 months were excluded. The number of
properties sampled per county was calculated by taking the percentage
of the total population, houses, and shoreline length for all the counties,
and then averaging these three numbers and using that final percentage
to weight the survey distribution across the 16 counties (Supplemental
Fig. 1B). Survey participants were recruited using a modified Dillman
method [30] involving an initial mailing of postcard invitations to
complete an online survey and one follow-up reminder postcard
(Supplemental Fig. 2). Survey responses were recorded from May
2014 to February 2015. Printed surveys were mailed to all individuals
who requested them. The online survey was hosted and administered
using Qualtrics Research Suite.

The survey data presented here were collected as part of a 75-
question survey instrument, which was developed and pre-tested by an

Fig. 1. Example shorelines: (A) bulkhead; (B) riprap revetment; (C) hybrid shoreline, combining a bulkhead with riprap; (D) sill with plantings; and, (E) natural marsh.
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interdisciplinary team of scientists, coastal managers, and waterfront-
property owners. This paper reports on the results of responses to 11
questions from survey sections focused on the economic, ecological,
aesthetic, and social considerations involved in shoreline protection
decision-making, as well as demographic and environmental descrip-
tors. For instance, property owners were asked a series of questions to
identify their perceptions of natural and hardened shorelines for several
performance criteria (e.g. durability, cost), and to determine how these
different criteria influence their decision-making about shore protec-
tion. Property owners were also asked to report actual shoreline
damage frequencies and costs to determine if their chosen shoreline
protection strategy was meeting expectations.

2.2. Damage assessment field surveys

To assess visually evident shoreline damage caused by each of two
recent hurricanes, Irene and Arthur, back-barrier island shoreline
damage in NC's Outer Banks was assessed after each storm. Hurricane
Irene was a Category 1 hurricane that made landfall at Cape Lookout,
NC on August 27, 2011, achieving maximum sustained wind speeds of
39 m/s [3]. On July 3, 2014 Hurricane Arthur followed a similar path,
making landfall just West of Cape Lookout, NC as a Category 2
hurricane with sustained wind speeds of 44 m/s ([7]; Fig. 2A). Three
temporally discrete surveys were conducted along the same stretches of
shoreline in Hatteras, Frisco, and across Rodanthe, Waves, and Salvo
(RWS) between 2011 and 2016 (Fig. 2B, C, D). All damage assessment
paths were surveyed during each of the following periods: 1) one month
after landfall of Hurricane Irene in September 2011; 2) one month after
landfall of Hurricane Arthur in July 2014; and, 3) approximately two
years after Hurricane Arthur in April 2016.

For the field surveys, damage was evaluated according to the
criteria in Gittman et al. [20]. Shoreline type was condensed into 6
categories: 1) bulkhead; 2) hybrid (structures that combined a bulkhead
with another engineered structure); 3) riprap revetment; 4) sill with
planting (i.e. living shoreline); 5) natural, which encompassed all

unmodified shorelines (vegetated and unvegetated); and, 6) other
(e.g. jetties, marinas, etc.; Fig. 1). The data were compiled by shoreline
type and category of damage.

To determine if damage had occurred or been repaired between
sampling dates, separate shapefiles were created that included only
damaged shoreline segments from each survey year and the intersect
tool in ArcGIS was used to quantify overlap. When there was no
overlap, damage was considered independent. When there was overlap
in damage but the damage category did not change, the damage was
considered unrepaired. When there was a less severe category of
damage on a later trip (e.g. a bulkhead was recorded as collapsed in
2011, but only landward erosion was present in 2014), it was assumed
that the structure had been repaired and then re-damaged. Lastly, when
a more severe category of damage was present on the later trip,
additional damage was considered to have been caused between those
dates and the initial damage was considered unrepaired. The measure
tool in GIS was used to quantify average fetch (the average of 5 evenly
spaced measurements taken across open water in an arc from each
survey respondent's shoreline) and maximum fetch (the longest dis-
tance across open water from each survey respondent's shoreline;
Supplementary Fig. 3).

2.3. Statistical analyses

Ordered response variables were converted to Likert scores prior to
analysis of the property-owner survey data, and percent responses are
also shown for clarity. For the ranking questions focused on perceptions
of shoreline characteristics, responses were inversely coded (i.e. Rank
1=3, Rank 2=2, Rank 3=1) and weighted percent responses were
calculated. Both univariate and multivariate analyses were used to
determine the strongest predictors of shoreline damage/maintenance
costs and if property owner-reported costs and maintenance days
differed significantly as a function of shoreline type. Survey data
analyses were restricted to properties with bulkheads, natural shor-
elines (vegetated and unvegetated), and riprap revetments; respondents

Fig. 2. (A) Map of the study area in NC, showing hurricane tracks for Irene (2011) and Arthur (2014) using location symbols in 1-h increments. Insets show damage assessment survey
paths in: (B) Rodanthe, Waves, and Salvo; (C) Frisco; and, (D) Hatteras Village.
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with hybrid, sill, and other shorelines were excluded because there
were too few responses. The Chi-squared Automatic Interaction
Detection (CHAID) tree-based classification model was used to deter-
mine which environmental factors were most predictive of shoreline
damage/maintenance costs. The CHAID tree growing method isolates
the independent variable that has the strongest predictive power at
each level, and merges categories that are not significantly different.
Trees were separately computed for whether or not a homeowner
reported hurricane damage costs, maintenance costs, and maintenance
days; fourteen different environmental factors (e.g. maximum fetch,
county, shoreline type) were included in the analysis (Supplementary
Fig. 4).

Cost data were analyzed in a three-step process, using the delta
approach [17,47]. First, Fisher's Exact tests were used to compare the
proportions of property owners that reported spending any time or
money maintaining or repairing their shoreline versus those who
reported spending zero dollars or days. When there was a significant
difference, a post-hoc Fisher's Exact test was applied to determine
which pairs were significantly different. In the second step, only costs
or days greater than zero were included. These data were log
transformed to meet the assumptions of normality and then one-way
ANOVAs were run to determine if there were significant differences in
mean hurricane damage costs, maintenance costs, and maintenance
days as a function of shoreline condition. If the ANOVA was significant,
pairwise t-tests were applied to determine pairwise significance. Third,
delta values, or indexes of relative cost/time, were calculated from the
product of occurrence and mean cost/time according to the procedures
of Serafy et al. [47]. The separate analysis of zero and non-zero data
made it possible to address differences in money/time spent among
shoreline types, depending on whether or not the property owner
needed or was willing to invest money and/or time. Furthermore, for
zero-inflated data with large variances, the delta method produces an
index that can be more representative of the data than a traditional
estimate of the mean [45]. To compare the frequency of damage among
shoreline types, steps 1 and 2 were repeated as described above. An
alpha level of p<0.05 was used for all statistical analyses. Responses
of “do not know” or “do not care” were not included in analyses, and
non-responses were only included in the classification trees. As the
shoreline boat surveys lacked true replication, these data are presented
descriptively. CHAID analyses were performed in SPSS Statistics 23 and
all other statistical analyses were performed in R 3.2.3 (R Development
Core Team 2015).

3. Results

3.1. Survey results

A total of 689 completed surveys were received from waterfront
property owners, for a response rate of 18%. Respondents were largely
male (75%), college graduates (72% had a Bachelor's degree or higher),
older (mean age=66), and reported an income of over $100,000 per
year (46%). On average, respondents had lived in North Carolina for 34
years and had spent 15 years at their current residence. Forty-one
percent (N=282) of property owners reported having bulkheads
(average length=45 m±3 m [mean±SE]), 40% (N=275) had nat-
ural shorelines (average length=51 m±3 m), 10% (N=66) had riprap
(average length=77 m±14 m), and the remaining 9% had a sill
(N=10), groin (N=7), or hybrid shoreline (N=49).

Seventy-nine percent of respondents prioritized effectiveness (de-
fined as erosion prevention) within their top three attributes regarding
criteria influencing their decision-making about shoreline protection,
followed by cost (65%) and durability (62%). Ecological impact was
ranked less frequently (34%), and aesthetics, permitting, water access,
and other criteria were rarely prioritized (Fig. 3A). When asked to rank
which shoreline type was the most effective, 32% of property owners
selected bulkheads, followed by riprap (20%) and planting alone (21%;

Fig. 3B). Bulkheads were also considered the most costly option with
46% of respondents ranking them highest, followed by riprap with 22%
(Fig. 3C). Bulkheads were perceived as the most durable (32%), but also
thought to require the most maintenance (24%) (Fig. 3D, E). Plantings
(with and without a sill) were considered more effective and durable
than a sill alone (Fig. 3B,D). When asked about shoreline damage, 66%
of respondents perceived storms to be the number one cause of property
damage (Fig. 4A). This belief was reinforced by the reported damage
frequencies, which found storms to be responsible for 78% of reported
shoreline damage, with hurricanes/tropical storms responsible for 37%
of damage, Nor’easters responsible for 27%, and other storms respon-
sible for 14% (Fig. 4B). A higher proportion of property owners with
bulkheads versus natural shorelines reported that their property had
been damaged by a hurricane since they had lived there (69% v. 52%,
post-hoc Fisher's Exact Test, p< 0.0001; Supplemental Table 1A, B),
but of those that reported ever having hurricane damage, there was no
difference in the number of hurricane damage incidents reported per
year among shoreline types (ANOVA, p=0.53; Supplemental Table 1C).

The classification tree analysis revealed that shoreline type was the
only significant predictor of whether or not a respondent reported
hurricane damage costs, with property owners with bulkhead and
riprap shorelines more frequently reporting damage than property
owners with natural shorelines (Supplemental Fig. 4A). Only 75% of
property owners with natural shorelines reported ever having costs
associated with property damage from hurricanes, which was signifi-
cantly lower than 97% of properties with bulkheads (Fisher's Exact
Test, p< 0.0001,) and 94% of those with riprap (p=0.015; Fig. 5A).
Shoreline type was also the strongest predictor of whether or not
maintenance costs were reported, but average fetch was also a factor for
respondents with bulkheads, with higher fetches predicting more
reports of maintenance costs for bulkheads (Supplemental Fig. 4B). A
lower percent of property owners with natural shorelines reported
having costs associated with yearly shoreline maintenance versus those
with bulkheads (25% v. 61%, p<0.0001), and also a lower percent
with riprap than those with bulkheads (40% vs. 61%, p=0.0036,
Fig. 5B). Finally, shoreline type was the best predictor of whether or not
a respondent reported maintenance days, with bulkhead and riprap
shorelines grouping separate from natural shorelines. Maximum fetch
was also a factor for bulkhead and riprap shorelines, with higher fetch
predicting more reports of maintenance days (Supplemental Fig. 4C).
The percent of property owners with natural shorelines that reported
spending any time maintaining their shorelines was significantly lower
than those with bulkheads (48% v. 67%, p< 0.0001), but not
significantly different from those with riprap (p=0.17; Fig. 5C,
Supplemental Table 1A,B).

For those property owners that did report spending money or time,
there was a significant difference between shoreline types in the mean
hurricane property damage costs (ANOVA, F2,247=3.119, p=0.046;
Fig. 5D) and maintenance costs (ANOVA, F2,216=15.106, p<0.0001;
Fig. 5E), but only a marginally significant difference in maintenance
days (ANOVA, F2,285=2.913, p=0.056; Fig. 5F; Supplemental
Table 1C). Average total property damage costs from hurricanes were
nearly twice as high along shorelines with bulkheads than natural
shorelines (27.6± 7.5 v. 15.4±3.7 $cost m−1 yr−1, respectively, Pair-
wise t-test, p=0.013) and maintenance costs were also nearly twice as
high along shorelines with bulkheads than natural shorelines
(17.7±2.0 v. 10.1±2.3 $cost m−1 yr−1, p< 0.0001). Maintenance
costs were three times higher for bulkhead than riprap shorelines
(17.7±2.0 v. 5.9± 2.5 $cost m−1 yr−1, p< 0.0001). There was lower
maintenance time reported along shorelines with bulkheads than those
with riprap (8.2± 0.6 v. 17.5±3.9 d yr−1, p=0.018), whereas there
was no significant difference in the number of maintenance days
required for bulkheads versus natural shorelines (Supplemental
Table 1D).

Mean delta values of total hurricane property damage costs were
two times higher for properties with bulkheads than those with natural
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or riprap shorelines (26.7±7.2 v. 11.5±2.8 v. 12.4±3.8, respec-
tively; Fig. 5G). Mean delta values of maintenance costs were more than
four times higher for properties with bulkheads than those with natural
or riprap shorelines (10.8± 1.2 v. 2.5± 0.6 v. 2.3± 1.0; Fig. 5H).
Mean delta values for maintenance days were twice as high for
properties with riprap as compared to those with bulkhead or natural
shorelines (10.4±2.3 v. 5.5± 0.4 v. 5.0± 0.8; Fig. 5I).

3.2. Visual damage assessments

The same 39 km of shoreline were surveyed in 2011, 2014, and
2016. Between 2011 and 2016, there was a 3.4% increase in the total
length of shoreline that was hardened (bulkhead, hybrid, riprap, and
other are considered hardened shorelines, but sills with planting are
not), which equated to an additional 0.5 km of hardened shoreline over
5 years. While the length of total bulkhead shoreline decreased by 5%,
hybrid shorelines increased by 83%, and many shorelines that were

bulkhead alone in 2011 had been reinforced with riprap by 2016
(changing their classification to hybrid). The length of shoreline with
sills and plantings increased by 116% between 2011 and 2016 (an
additional 0.4 km; Fig. 6A).

After Hurricane Irene in 2011, 100% of visual damage was
attributed to bulkheads and 17% of bulkheads surveyed were damaged.
After Hurricane Arthur in 2014, 100% of all major damage (collapse
and breach) and 90% of total damage was attributed to bulkheads or
hybrid structures containing a bulkhead, and in total 23% of bulkhead
shoreline was damaged. In 2016, 90% of damage was attributed to
structures containing a bulkhead and 11% of the total shoreline
remained damaged from 2014 (Fig. 6B). By quantifying damage overlap
between 2011 and 2014, we determined that at least 40% of the
damage reported after Hurricane Irene was repaired before Hurricane
Arthur and at least 60% of the damage from Hurricane Arthur was new
damage not present in 2011. By overlapping the damage found in 2014
with the damage from 2016, it was determined that at least 55% of the

Fig. 5. Reported costs associated with hurricane damage and general shoreline maintenance (cost and time) as a function of shoreline type (bulkhead, natural, and riprap). Other
shoreline types were excluded from this analysis because there were too few respondents. (A-C) show the percent of respondents that report any time or money (> 0) invested. (D-F) show
the average (mean±SE) total property damage costs (D), maintenance costs (E), and maintenance days (F) with only responses greater than zero included. (G-I) show delta values, which
integrate the percent of respondents that report time/costs with the amount of time/money spent. Different letters above the bars denote significance.
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damage from Hurricane Arthur was repaired in the 2 years after the
storm and that there was no new damage in 2016. Finally, 52% of the
damaged shoreline surveyed in 2016 had been damaged during all
three survey periods and was considered unrepaired.

4. Discussion

The designated purpose of a shoreline stabilization structure is to
prevent erosion and property damage, particularly during major storm
events like hurricanes [56]. This study suggests that bulkheads are not
living up to the expectation of superior durability or effectiveness
during hurricanes, and are more costly to maintain than natural
shorelines or riprap. These data are critical for informing coastal
management policies aimed at protecting coastal ecosystems from
further damage and creating a framework for the improvement and
promotion of nature-based coastal development strategies.

Property owners perceive bulkheads to be the most effective and
durable method of shoreline stabilization and erosion control, but also
the most costly, suggesting that they believe higher costs are an
acceptable trade-off for superior performance. Presumably, property
owners would be less willing to incur the higher costs of bulkheads if
they were presented with evidence that bulkheads are less effective at
preventing erosion, less durable, and require more maintenance than
riprap or natural shorelines. Consistent with the findings of Scyphers
et al. [44] along the Alabama coastline, North Carolina property owners
highly prioritize the attributes of effectiveness, cost, and durability
when choosing amongst shoreline stabilization structures. Conversely,
Scyphers et al. [44] found that homeowners along the Gulf coast
perceived natural shorelines to require more maintenance than bulk-
heads, whereas NC waterfront property owners perceived bulkheads as
requiring the most maintenance. This difference could reflect geomor-

phological dissimilarities in the two coastlines, differences in the types
of bulkheads constructed in each state, more hurricanes and tropical
storms making landfall in NC than AL in the last five years, and/or
differences in the effectiveness of education and outreach strategies
about natural and living shorelines in North Carolina and Alabama.
Further research is needed to better understand the local, regional, and
national drivers of property owner perceptions about shore protection
strategies.

Major storm events are primary agents of shoreline change,
particularly along the Eastern and Gulf coasts of the United States
[27]. Understanding public risk perception can be an important
predictor of hurricane preparedness and hazard adjustment behavior
and it is thought to play a key role in shaping hazard policy [49].
Commonly, there exists a disconnect between public and “expert” risk
opinions, which can represent a significant impediment to the accep-
tance of and compliance with new policy [40]; however, in this case,
property owners already perceive storm events to be damaging to their
shorelines and thus they may be more receptive to new legislation
aimed at enhancing resilience.

During the visual damage assessment surveys, over 90% of total
damage was attributed to structures containing a bulkhead.
Furthermore, every instance of major structural failure (collapse and/
or breach) was attributed to bulkheads (Fig. 6). Thieler and Young [55]
found similar results in a survey of barrier island shoreline in South
Carolina after Hurricane Hugo. They found that 58% of bulkheads and
24% of revetments were completely destroyed in the storm, and they
proposed that the overtopping of structures by storm surge was likely
the cause. At Hatteras Inlet, Irene and Arthur had maximum storm
surges recorded at 1.5 and 0.8 m above mean sea level, respectively
[3,7]; however, within long shallow basins like Pamlico sound, water is
often forced by the wind and piled up along a shoreline, resulting in
prolonged and elevated water levels at either end of the basin axis that
often exceed storm surge levels experienced near inlets or along the
open coast [29]. Thus, the damage observed in this study was also likely
the result of overtopping by waves and storm surge [20]. Bulkheads
typically maintain a landward elevation 1–2 m higher than adjacent
natural shorelines, often constructed by backfilling to create a lawn.
When bulkheads are overtopped or their structural integrity is com-
promised, there can be rapid loss of landward sediment [20]. Bulkheads
are also more prone to total structural failure than riprap revetments or
sills because each section is connected to the adjacent section, so if one
area of the bulkhead is ripped away it will weaken that entire segment
of shoreline. It is also worth noting that for these same reasons, damage
to bulkheads is probably easier to detect than damage to other
structures (particularly structures that are largely submerged at high
tide). For structures like revetments and sills that tend to have more
gently sloping grades, the wave activity itself has to be strong enough to
physically move the construction material (typically granite or marl
stones up to 1 m across) in order to cause structural failure [55].

An issue requiring further consideration is that sediment landward
of a bulkhead may be viewed as “sacrificial sand” by some property
owners, who are comfortable repeatedly losing that sediment as long as
they are allowed to replace it. If the damaged or failed bulkhead is
repaired within two years of being damaged (a common practice seen in
the visual damage surveys), a property owner in North Carolina (and
many other states) is allowed to repair/rebuild the bulkhead and
maintain their property line without a new permit [35,56]. In contrast,
when sediment is lost from a natural shoreline, it cannot be replaced
without a permit because of USACE restrictions on fill below the
ordinary high water line [56]. However, USACE has recently changed
its permitting rules, allowing for living shorelines (including projects
with limited fill) to be constructed and/or repaired using permitting
conditions similar to those for bulkheads and riprap [57]. This change
may reduce the incentive for property owners to select bulkheads and
riprap over living or natural shorelines.

The visual damage assessment surveys indicate that bulkheads are
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being damaged more often and more severely than other structures.
This is consistent with results from the property owner surveys that
show that residents with bulkheads are more likely to have experienced
property damage from hurricanes and also that monetary costs
associated with having and maintaining a bulkhead are significantly
higher than having a revetment or natural shoreline. It is also likely that
replacement costs are lower for revetments and natural marshes than
bulkheads because bulkheads will need to be replaced completely when
destroyed, whereas property owners may only have to reorient rather
than replace boulders associated with sills and revetments [20,55]. This
study shows that homeowners with revetments spent approximately
twice as many days repairing their shoreline than those with bulkheads
or natural shorelines, which supports the notion that homeowners
themselves are repairing damage to revetments without having to hire
an outside contractor.

There are multiple potential explanations for why bulkheads may be
damaged more frequently and/or severely than other shore types,
including the possibility that bulkheads may simply be located in areas
that are more vulnerable to storm damage than other shore types.
However, damaged bulkhead shorelines observed during the visual
damage assessments and the properties where owners reported damage
to their bulkheads were consistently interspersed with other shoreline
types that were not visibly damaged or reported as damaged.
Furthermore, the tree-based classification models found shoreline type
to be the best predictor of costs, suggesting that environmental setting
(e.g. fetch) is not the primary driver of damage frequency and
associated costs. It is possible that environmental factors not included
in the classification trees (e.g. nearshore bathymetry, currents) could
influence rates of shoreline damage and erosion, and thus further
research is needed.

Between 1980 and 2014, tropical cyclones caused $545 billion
dollars in damage in the U.S., making them the most damaging natural
disaster category from an economic standpoint [32]. Coastal property
damage has greatly increased over recent decades, probably in response
to increased development in vulnerable areas [60]. Presumably, sea-
level rise will intensify damage to fixed structures, like bulkheads and
revetments, and increase the number of vulnerable structures, which
will cause escalating individual and community costs to maintain
coastal infrastructure. In addition to revealing that bulkheads are more
frequently being damaged and repaired than other shore types, the
shoreline damage surveys also reveal that shoreline hardening in-
creased by 3.4% from 2011 to 2016. While the length of hybrid
shoreline nearly doubled, the proportion of coastline with bulkheads
decreased slightly. This finding could be attributed, in part, to
dissatisfaction with bulkhead performance after Hurricane Irene in
2011, which may have driven property owners to reinforce or rebuild
existing bulkheads with riprap, resulting in more robust, hybrid
structures. On average, bulkhead installation costs about $450 per
linear meter, revetments cost about $400 per meter, and living
shorelines range from $72 to $500 per meter depending on how they
are constructed [16]. If homeowners are spending more money to build
bigger and “better” bulkheads, then their overall costs are doubling and
dwarfing the costs of even the most expensive nature-based shoreline
stabilization options. This suggests that property owners might be
amenable to alternate forms of shoreline stabilization (like living
shorelines) if it can be demonstrated that they outperform bulkheads
and meet the desired priorities at lower cost. In fact, Temmerman et al.
[53] and Van Slobbe et al. [58] found that ecosystem-based defenses
that created or restored natural habitats in urban environments (salt
marsh and beach, respectively) could provide a more sustainable and
cost-effective option to flood protection than traditional hard engi-
neered structures. Furthermore, bulkhead remediation (e.g. removing a
bulkhead and returning the shoreline to a more natural profile) is
difficult and seldom undertaken (but see [12]), which underscores the
importance of acting expediently to inform property owners about more
cost-effective and ecosystem friendly approaches to shoreline protec-

tion.
Beyond their relative shoreline protection capabilities and costs, it is

also important to understand the ecological effects of different shoreline
stabilization structures. The property-owner surveys revealed that
property owners were concerned about ecological impacts; however,
the short-term desire to prevent erosion and protect private property
seemingly is being prioritized over the long-term loss of public trust
coastal habitats, like salt marshes. Paradoxically, given the intent of
many property owners, some of the most notable services of coastal salt
marshes are their ability to protect against erosion, stabilize sediment,
and ameliorate wave energy, even under storm surge conditions
[19,2,31]. By prioritizing immediate needs over long-term goals and
endangering the future of coastal salt marshes via shoreline hardening,
coastal residents may be further increasing the vulnerability of these
areas to future storm events and floods [18].

Surveyed property owners ranked sills and plantings higher than
sills alone for effectiveness and durability, which indicates an under-
standing of the wave amelioration properties of natural vegetation.
Scyphers et al. [44] similarly found that homeowners in Alabama
recognized the inherent aesthetic and ecological values of habitats in
their natural state, and were receptive to more ecosystem friendly
alternatives if they were more cost effective and feasible. Sutton-Grier
et al. [52] also suggested that management and legislation in favor of
streamlining the permitting process for living shoreline alternatives to
shoreline hardening could sway homeowner choices. Added to the fact
that they may require less maintenance and repair after storms, there is
a potential for living shorelines to adapt to rising sea levels on their
own, without the investment of further resources. Salt marshes and
oyster reefs, which can be incorporated into living shoreline designs,
accrete vertically at rates that can keep pace with predicted rates of sea
level rise [11,42]. Even under more extreme sea-level rise scenarios that
may outpace vertical accretion potential [59], living shorelines pro-
mote the persistence of salt marshes by enabling them to transgress
landward. It is now important to not only conserve coastal habitats but
also to adopt management schemes that enhance ecological system
adaptability by incorporating living habitats into shoreline defense
schemes; however, more research into the relative storm protection
capabilities of different living shoreline designs as compared to
hardened shorelines is sorely needed. Without continued research,
effective policy changes, and communication about the advantages of
nature-based strategies for coastal protection, further degradation of
coastal shorelines and the potential for escalating costs associated with
residential shoreline management are likely.
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