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Abstract Despite its widespread use, the ecological effects of
shoreline armoring are poorly synthesized and difficult to gen-
eralize across soft sediment environments and structure types.
We developed a conceptual model that scales predicted ecolog-
ical effects of shore-parallel armoring based on two axes: engi-
neering purpose of structure (reduce/slow velocities or prevent/
stop flow of waves and currents) and hydrodynamic energy
(e.g., tides, currents, waves) of soft sediment environments.
We predicted greater ecological impacts for structures intended
to stop as opposed to slow water flow and with increasing hy-
drodynamic energy of the environment. We evaluated our pre-
dictions with a literature review of effects of shoreline armoring
for six possible ecological responses (habitat distribution, spe-
cies assemblages, trophic structure, nutrient cycling, productiv-
ity, and connectivity). The majority of studies were in low-
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energy environments (51 of 88), and a preponderance addressed
changes in two ecological responses associated with armoring:
habitat distribution and species assemblages. Across the 207
armoring effects studied, 71% were significantly negative,
22% were significantly positive, and 7% reported no significant
difference. Ecological responses varied with engineering pur-
pose of structures, with a higher frequency of negative responses
for structures designed to stop water flow within a given hydro-
dynamic energy level. Comparisons across the hydrodynamic
energy axis were less clear-cut, but negative responses prevailed
(>78%) in high-energy environments. These results suggest that
generalizations of ecological responses to armoring across a
range of environmental contexts are possible and that the pro-
posed conceptual model is useful for generating predictions of
the direction and relative ecological impacts of shoreline
armoring in soft sediment ecosystems.

Keywords Coastal armoring - Shore protection structures -
Saltmarsh - Mangrove - Estuary - Beach - Ecosystem function

Introduction

Soft sedimentary shores composed of mud, sand, and gravel
make up the majority (two thirds) of the world’s coastlines
(Reise 2001). Soft sediments are associated with a variety of
ecosystems including beaches, dunes, coastal bluffs, marshes,
estuaries, bays, and inlets (Nordstrom 2000). These areas pro-
vide a range of ecosystem functions and services, ranging
from storm protection to wildlife habitat to carbon sequestra-
tion (e.g., Snelgrove 1999; Piersma 2009). Human use of the
shore is intense, with most of the world’s megacities and more
than 600 million people living in the coastal zone (Neumann
et al. 2015). The coasts are the sites of major cities, ports, and
residential development, and many areas have been altered to
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accommodate human activities such as agriculture and
commerce.

Soft sedimentary shores are inherently dynamic, and this
has led to the installation of coastal armoring structures built
for the purpose of protecting upland areas and slowing or
halting erosion and migration of the shoreline (Nordstrom
2000; Rippon 2001; Charlier et al 2005; Griggs2005a, b).
Shoreline armoring is widely used on all types of open and
sheltered coasts and is being increasingly applied to soft sed-
iment shores to protect human infrastructure and reduce shore-
line retreat (Bulleri and Chapman 2010; Gittman et al. 2015).
The resulting proliferation of shoreline armoring in the second
half of the twentieth century has led to extensive hardening of
coastlines in many regions (Nordstrom 2000; Airoldi et al.
2005). Thousands of kilometers of armoring are present on
the coasts of Europe and Japan, and up to 60% of the shoreline
has been armored along some urban coasts (Airoldi et al.
2005). In the USA, armoring is also widespread, occupying
12-30% of the total shorelines of individual states and
reaching proportions of 50-70% or more along urban coasts
(Gittman et al. 2015). Furthermore, the extent of armoring is
expected to increase as a result of expanding coastal popula-
tions and cities interacting with growing threats from climate
change, storm surges, and sea level rise.

Armoring of shorelines results in a suite of geomorphic and
physical effects on soft sediment coastal ecosystems (e.g.,
Nordstrom 2014). By fixing shoreline position, armoring con-
strains possible responses and evolution of soft shores to
changes in sea level and other dynamic coastal processes
(Griggs 2010). The most immediate effect of an armoring
structure is placement loss, which is the direct loss of shoreline
habitat resulting from the footprint of the structure itself (e.g.,
Kraus and McDougal 1996). Placement loss can be substantial
in high-energy environments where larger dimensions are
necessary to ensure that the armoring structure is stable. The
presence of armoring along a coast also alters hydrodynamics,
modifying the flow of water and affecting sediment dynamics
of soft shore environments (e.g., Fletcher et al. 1997; Miles
etal. 2001; Runyan and Griggs 2003; Martin et al. 2005). The
hardened faces of alongshore structures, such as seawalls and
revetments placed on beaches, reflect wave energy and con-
strain natural landward migration of the shoreline, generally
leading to the loss of beach area and width as well as flanking
erosion of adjacent shorelines (e.g., Hall and Pilkey 1991;
Griggs 2005a, b, 2010). The geomorphic and erosive process-
es involved in these shoreline changes have been well de-
scribed through numerical, laboratory, and field studies
(e.g.,Kraus and McDougal 1996; Ruggiero 2010), and coastal
engineers have a fairly good understanding of which aspects
of the physical environment must be considered when
installing shoreline armoring in different coastal settings. For
example, the US Army Corps of Engineers has developed
guidance that can be used to calculate stable sizes for armoring

structures intended for different shorelines (USACE 2002,
Coastal Engineering Manual).

In contrast, the ecological responses to shoreline armoring
have received far less attention and are difficult to generalize
across ecosystems and structure types. Although recent re-
views on ecological responses to armoring are valuable and
are beginning to address this important gap (e.g., Bulleri and
Chapman 2010; Dugan et al. 2012; Nordstrom 2014; Perkins
et al. 2015; Gittman et al. 2016b), the majority of available
studies have been conducted in a specific ecosystem, preclud-
ing a critically needed broader synthesis across soft sediment
ecosystems. For example, there is evidence that the presence
of armoring affects water quality (i.e., Bolduc and Afton
2004), habitat connectivity (i.e., Dugan and Hubbard 2006),
and species distributions (i.e., Morley et al. 2012). However,
these studies were conducted in a tidal marsh, an open
coast beach, and an estuarine beach, respectively, so they
cannot be evaluated across a common framework.
Moreover, one would expect that ecological responses to
armoring would vary depending on the type of structure
installed (e.g., seawalls vs. breakwaters vs. constructed
oyster reefs) and its relative location on the shore profile.
In other words, the ecological effects of armoring are ex-
pected to be context dependent based on both the charac-
teristics of the environment and those of the armoring
structure itself.

To address the need for a common synthetic framework
on ecological effects of armoring, we developed and eval-
uated a conceptual model that allows more general com-
parisons of ecological responses of soft sediment coastal
ecosystems to armoring across the spectrum of open to
sheltered shores and a range of different types of armoring
structures. We predicted that ecological effects would in-
tensify as (1) a function of increasing energy at the
armoring structure and (2) with increasing influence of
the structure in modifying the velocities and flow of water
from waves and currents. These formed the two axes of our
conceptual model. To critically evaluate the predictive
power of our conceptual model, we identified a suite of
six general categories of ecological responses that we ex-
pected would be affected by the presence of armoring. We
then conducted a literature review of studies on the ecolog-
ical effects of a diversity of shore-parallel armoring struc-
tures ranging from living shorelines to seawalls across a
spectrum of soft sediment environments. We categorized
our literature review results according to the hydrodynamic
energy of the environment and the intended effects of each
armoring structure on water velocities and flow. We quan-
tified the number and direction of significant ecological
responses reported, which enabled us to assess the predic-
tive power of our conceptual model. We also used our
results to identify key data gaps and develop further
hypotheses.
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Conceptual Model

Our analysis focused on shore-parallel structures placed in
either the intertidal or the nearshore subtidal zones of the
coast. We included numerous types of shoreline armoring
and coastal defense structures, such as seawalls, revetments,
bulkheads, and breakwaters, as well as sills, constructed oys-
ter reefs, and living shorelines. Living shorelines are highly
variable in structure and purpose and sometimes incorporate
sills, revetments, plantings, and oyster reefs (see Gittman et al.
2016a). In some manifestations, living shorelines can be in-
distinguishable from traditional armoring (Pilkey et al. 2012).
For our analysis, as long as they were parallel to shore, living
shoreline studies were included, regardless of the range of
ways in which they were designed and constructed.
Although also widespread in a variety of soft sediment envi-
ronments, our analysis excluded studies of groins, jetties, and
other armoring structures built perpendicular to shore.

In order to place this wide variety of armoring structures
into a common framework, we asked two key questions: (1) Is
the engineering purpose of the structure to slow the velocity of
water flow from waves and tides impinging on a shoreline or
to completely prevent or stop the flow of water to the shore-
line? (2) What is the hydrodynamic energy at the structure?
We reasoned that if the purpose of the structure is to stop water
flow and the hydrodynamic energy is high, that would require
a very different type of armoring and cause more pronounced
ecological effects than if the purpose was to slow water flow in
a low-hydrodynamic energy setting. Our conceptual model is
therefore organized along the axes of the intended effect of the
structure on water flow and the hydrodynamic energy at the
structure, which allows us to broadly categorize armoring
structures as they are applied to different shoreline situations,
elevations, and soft sediment environments.

The axis of water flow in the conceptual model can be
thought of as a measure of the extent to which water generated
by waves and tides is prevented from moving through or over
the structure to the shoreline. Impermeable structures general-
ly stop or prevent water flow through or over the structure
whereas permeable or low height structures serve to slow wa-
ter velocity and allow flow through or over the structure to
reach the shoreline (Fig. 1, top). The size of the structure is
also a consideration, as taller and longer structures will be
more effective at stopping water flow to the shoreline. At
one end of the spectrum, a seawall or revetment installed to
prevent wave and storm surge intrusion is intended to stop
water from reaching upland areas. In more sheltered areas,
such as harbors and estuaries, a much smaller bulkhead can
often provide a similar function. Revetments placed on open
coasts designed to stop waves from reaching coastal cliffs,
highways, or buildings tend to be tall and wide but are gener-
ally considered less reflective of wave energy than a seawall in
the same setting. Smaller revetments that are more typical of
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Fig. 1 Illustration of gradients in the two axes of influence for the
conceptual model of shoreline armoring effects. Top row Engineering
purpose with respect to intended effect of structure on water flow (slow
vs. stop). Bottom row Hydrodynamic energy (low to high) at the structure
as determined by the environment

sheltered shorelines, however, can often be somewhat more
permeable and also tend to be less reflective of hydrodynamic
energy than a bulkhead. Shorter structures, such as sills, are
generally designed to retain sediments and still allow water to
flow across or through the structure, serving to reduce water
flow and velocity (Gittman et al. 2014). Again, living shore-
lines can span a broad range of permeability, size, and purpose
with regard to their intended effects on water flow (i.e.,
Bilkovic et al. 2016; Gittman et al. 2016a).

A second important consideration that determines the type
of armoring structure installed in a particular area is the
amount of hydrodynamic energy that reaches and interacts
with the structure. Hydrodynamic energy, broadly defined,
encapsulates several important contributing aspects that affect
armoring structure decisions, including the relative influence
of waves and tides in the environment and the tidal elevation
of'the structure. In general, marshes and mangroves are lower-
energy environments with tides dominating the hydrodynamic
conditions (tide range/wave height > 3) (Hayes 1979), where-
as open coast beaches are high-energy, wave-dominated envi-
ronments (tide range/wave height = 0.5 to 1) that occupy the
opposite end of the hydrodynamic energy spectrum (Fig. 1,
bottom). In the middle are medium- or mixed-energy shores
influenced by both tides and waves (tide range/wave height = 1
to 3). Hydrodynamic energy also varies within an environ-
ment, based on factors such as the tidal height in the profile
at which the structure is placed and the role of local influences
such as boat wakes and fetch. For example, the average hy-
drodynamic energy at a seawall placed well above mean high
water on an open coast beach will be lower than that of a
seawall located below mean sea level on the same shore pro-
file (e.g., Weggel 1988). Although the conceptual model could
theoretically be applied within a single soft sediment habitat
(e.g., low vs. high elevation on an estuarine beach), in this
study we focused on differences in hydrodynamic energy
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across environments so that we could encompass a broad
range of ecosystem types (from beaches to marshes) in our
evaluation of the conceptual model.

For our analyses, we used the two axes (effects on water
flow and hydrodynamic energy setting) to divide our concep-
tual model into two categories of intended effects of the struc-
ture on water flow to the shoreline (slow or stop water flow)
and three levels of hydrodynamic energy of the environment
(low, medium, and high). The resulting six boxes (Fig. 2, la-
beled 1-3 for the hydrodynamic energy level and a or b for the
engineering purpose of slowing or stopping water flow)
allowed us to scale the effects of shore-parallel armoring struc-
tures across a range of soft sediment environments and struc-
ture types. One result of this categorization is that the range of
possible combinations of coastal armoring structure and eco-
system is bounded, with some types of structures tending to
occur more prevalently in certain ecosystems. For example,

Conceptual Model
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a breakwaters
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Fig. 2 Conceptual model showing predicted ecological impacts in soft
sediment environments across the array of shoreline armoring types used
to either slow or stop water flow (x-axis) and with different hydrodynamic
energy levels at the armoring structure (y-axis). Ecological impacts are
predicted to increase as one moves up and to the right within the
parameter space

salt marshes are low in energy, and structures placed there to
stop water flow, such as bulkheads (box 1b), are generally
lower in height and require a smaller cross-shore footprint to
maintain structural stability than in an open coast environment
(e.g., USACE 2002). Large, detached breakwaters that slow
water flow are found along open coasts (box 3a) or in bays
(box 2a) whereas smaller sills are more prevalent in marsh and
estuarine settings (box la). Revetments that stop or prevent
water flow to the shoreline, albeit with less direct reflection of
energy than seawalls or bulkheads, can be found on open coast
beaches (box 3b) as well as lining the shores of estuaries,
harbors, and bays (box 2b).

We used the conceptual model to predict the relative eco-
logical impact of armoring structures given different combi-
nations along the two axes (diagonal arrow in Fig. 2). Along
the water flow axis, we predict that structures designed to slow
rather than stop water flow will also allow more natural func-
tioning and connectivity of aquatic and terrestrial habitats as
opposed to those designed to stop water flow to the shoreline.
Modeling studies have demonstrated that increased perme-
ability of armoring structures could reduce wave reflection
(e.g., Mallayachari and Sundar 1994; Zhu and Chwang
2001; Karim et al. 2009) and overtopping (e.g., Hieu and
Vinh 2012), both of which could decrease sediment erosion
and alter hydrology, affecting nutrient cycling and water qual-
ity. Impermeable barriers that completely prevent water flow
to reach the shoreline will reflect more of the energy from
waves and tides than those designed to slow velocity but still
allow water flow through the structure to the shoreline. The
hydrodynamic energy of the environment (the vertical axis)
will also affect the design and impact of the armoring structure
both across and within soft sediment environment types.
Armoring structures in high-energy shoreline environments
tend to be larger than those in low-energy environments
(USACE 2002), leading to greater placement loss and, there-
fore, likely greater impacts to habitat and species distributions.
Thus, a structure designed to slow water flow in an environ-
ment with low hydrodynamic energy (e.g., a low crested rip-
rap sill in a marsh) would be expected to show the least
amount of ecological impact, whereas one designed to stop
water flow in a high-energy environment (e.g., a seawall on an
open coast beach) would be expected to show the greatest
impact. We did not have an a priori expectation as to which
of these axes would be more important and so predicted a
general upward increase in ecological impacts commensurate
with intensification of both factors (Fig. 2).

To investigate these predictions for ecological impacts,
we identified six categories of ecological responses that
we expected could be altered by the presence of shore-
line armoring in soft sediment ecosystems (see Fig. 3 for
examples of negative responses). These categories are
described below, along with the rationale for each
category.
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Fig. 3 Comparison between
unarmored (a) and armored (b)
shorelines, with examples of
effects for the six ecological
responses evaluated in this review
(E1 habitat distribution, E2
species assemblage, E3 trophic
structure, E4 nutrient cycling, ES
productivity, E6 connectivity).
Broken ellipses in panel b signify
negative impacts and correspond
to the ellipse of the same color in
panel a

d. Unarmored shore
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Habitat Distribution: The loss or alteration of coastal hab-
itats associated with armoring can directly impact many
functions of soft sediment ecosystems including species
distributions, biodiversity, connectivity, productivity,
food webs, and wildlife support. In addition to the imme-
diate placement loss that occurs when the footprint of an
armoring structure covers a portion of the shore habitat,
over time, the presence of a structure can result in the loss
and alteration of intertidal habitat on its seaward side due
to increased erosion and subsequent conversion to
subtidal habitat (Fig. 3). This can result in a loss of habitat
for intertidal biota and of nesting habitat for birds, fish,
and sea turtles. Armoring structures can also result in the
alteration of habitat characteristics, such as grain size,
shore profile, and light regime, which can affect species
distributions. By blocking seawater inundation and water
flow, armoring can also result in the loss of intertidal
habitat on the landward side of a structure and its conver-
sion to upland. Armoring may also provide a novel hard
substratum habitat in an area otherwise devoid of any-
thing but soft sediment, and in some cases, this novel
habitat may also include three-dimensional aspects, such
as the nooks and crannies associated with rock revet-
ments, that increase habitat complexity and provide ref-
uges and microhabitat for some organisms.

Species Assemblage: The shifts in habitat noted above
and other environmental characteristics of armoring
structures can affect species assemblages, with
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consequent implications for biodiversity, abundance,
size structure, and community composition (Fig. 3).
Armoring structures can also potentially support both
native and invasive species that require hard substrates
and may provide stepping stones for their dispersal and
spread to new areas.

Trophic Structure: Shifts in trophic and food web struc-
ture associated with armoring follow from shifts in hab-
itat characteristics, species distribution, and productiv-
ity (Fig. 3). This can include changes in prey or preda-
tor abundance, shifts in diet, and altered complexity
and functional redundancy of food webs. This category
includes effects on animals that forage in coastal soft
sediment ecosystems, including birds, fishes, reptiles,
and mammals.

Nutrient Cycling: Changes in hydrology and sediment
characteristics associated with armoring will likely af-
fect microbial communities and biogeochemical cy-
cling with impacts to nutrient cycling, rates (i.e., deni-
trification), organic matter dynamics, and oxygen
levels (Fig. 3). The presence of the structure may also
interfere with water exchange across the interface, po-
tentially reducing surface water runoff and associated
nutrients from the upland.

Productivity: Primary production may be affected by
the presence of armoring, particularly if there are
changes in light (through shading) or nutrient avail-
ability (Fig. 3). Primary production includes that of
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phytoplankton, macroalgae, vascular plants, and
microphytobenthos. Secondary production may be
affected as well, either as a consequence of changes
in primary production or changes in habitat and spe-
cies distribution.

Connectivity: Armoring can represent a physical barri-
er that interferes with the exchange and accumulation
of organisms, wrack, litter, sediment, and propagules
on the shoreline (Fig. 3). Depending on the location
of'the structure, this can prevent or deter the movement
between upland, intertidal, and subtidal areas and affect
vital shoreline ecotones at the boundary of land and sea.
Loss of connectivity has implications for many of the
other ecological effects described above, such as nutri-
ent cycling, productivity, species assemblages, and tro-
phic structure.

(E6)

Methods: Literature Review and Evaluation
of Conceptual Model

To evaluate the predictions of our conceptual model, we used
the results of a literature review that focused on the six cate-
gories of ecological responses to shoreline armoring (E1-E6)
we identified. We conducted a systematic search of Google
Scholar and Web of Science using key words related to
armoring (breakwater, bulkhead, coastal armoring, coastal
hardening, living shoreline, oyster reef, riprap, revetment, sea-
wall, shoreline armoring, shoreline hardening, sill, impound-
ment) and environment (beach, estuary, lagoon, mangrove,
salt marsh, tidal creek, harbor, river mouth). This was aug-
mented by papers that came to our attention through confer-
ences and other means as we were conducting this effort.
Papers were included in the literature review if they contained
ecological results.

We classified each study in terms of environment and type
of armoring structure to assign it into one of the six boxes in
our conceptual model. Due to the limited scope of information
available, we did not further classify studies or study results
based on tidal elevation, size (height and length), submer-
gence regime, or construction material of the armoring struc-
tures for our analysis.

We identified which of the six categories of ecological
responses were evaluated in each study and whether the ef-
fects were significantly positive, significantly negative, or not
significant according to the authors of each paper reviewed.
Examples of negative responses are illustrated in Fig. 3, and
additional examples of positive and negative responses are
provided in Table S1.

In studies where more than one box in the conceptual mod-
el was studied or more than one ecological response category

was evaluated, we assessed each box and/or response category
result separately. However, if more than one variable was
measured within a particular effect category, it was only
counted once. For example, if a study measured the abun-
dance of multiple species, it was only included once under
species assemblage (E2). In most cases, multiple variables
responded similarly (i.e., there were significant reductions in
all species evaluated). In the few cases where there were
mixed results, a paper was scored according to the majority
of effects (i.e., if the abundance of four out of five species was
significantly reduced, this was counted as a negative effect).
Effects of armoring on habitat distribution (E1) and species
assemblages (E2) were often reported together (i.e., a change
in habitat was associated with a change in species distribution
or abundance). We separated these effects for our analyses by
assigning changes in habitat availability or quality, including
nesting habitat, to E1 and changes in abundance or distribu-
tion of organisms to E2.

Results

We located a total of 88 studies that evaluated ecological ef-
fects of shore-parallel coastal armoring on soft sediment envi-
ronments (Table S2). The majority of studies (n = 51) were
conducted in low-energy environments: most of these were
conducted in salt marshes and tidal creeks (n = 47) and only
four in mangroves. A total of 24 studies were conducted in
medium-energy systems, including studies in harbors, river
mouths, and estuaries. We located only 13 ecological studies
conducted in high-energy environments, the majority of
which were conducted on open coast sandy beaches.

The majority of studies in low-energy environments inves-
tigated structures designed to slow water (Box 1a), such as
sills, rather than stop water flow (e.g., bulkheads) (Box 1b)
(Fig. 2, Table 1). Box la in our conceptual model included
most of the living shoreline and oyster reef studies but also

Table 1  Distribution of studies of ecological effects of shoreline
armoring across the axes of hydrodynamic energy and intended effect
of armoring structure on water flow that define the six boxes in the
conceptual model

Hydrodynamic energy of environment Effect on water flow

Slow Stop

a b
High: 3 5 11
Medium: 2 13 19
Low: 1 36 24

Note that the total for this table (n = 108) exceeds the number of studies
(88) because studies that examined more than one structure type were
represented in multiple boxes of the conceptual model, as appropriate
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included sill, revetment, and riprap installations in low-energy
environments, whereas Box 1b primarily included studies of
bulkheads and impoundments designed to stop water flow.
Studies in the medium-energy environments were split fairly
evenly between structures designed to slow vs. stop water
(Table 1). Those in Box 2a of the model included studies of
detached breakwaters in harbors and bays, whereas those in
Box 2b included studies of seawalls, bulkheads, and shoreline
revetments. For high-energy environments, there were more
studies of structures designed to stop water flow (Table 1).
Box 3a of our model included studies of detached breakwaters
that were mostly conducted along open sandy coastlines while
Box 3b covered studies of seawalls and massive revetments
on open coast sandy beaches.

We identified results that covered all of the six categories of
ecological response variables (E1-E6), indicating a surpris-
ingly wide range of investigations of the ecological impacts
of armoring (Table 2). However, a preponderance of these was
focused on alterations in E2 (species assemblage (94)),
followed by E1 (habitat distribution (57)). There were far few-
er studies that evaluated the responses to armoring in regard to
E3 (trophic structure (18)), E4 (nutrient cycling (18)), E5 (pro-
ductivity (13)), and E6 (connectivity (7)). Below, we summa-
rize the results for each of the ecological responses and then
compile the information into an overview of positive and neg-
ative effects across all categories. Mixed results were rare and
only reported in three studies. A list of the individual papers
included in this analysis along with their assigned boxes, eco-
logical response variables, and significant effects can be found
in Table S2.

E1: Habitat Distribution
The effects of coastal armoring on habitat distributions and

availability were well represented in the literature review with
a total of 57 observations, with studies measuring effects in

terms of intertidal zone widths and distributions, habitat char-
acteristics (e.g., depth, elevation, slope, and grain size), and
nursery and nesting habitat for birds, fish, and sea turtles as
well as the provision of novel hard substrate habitats for epi-
fauna. The majority of these observations were reported for
low-energy environments (33 in salt marsh and tidal creeks
and 1 in mangroves), but results were available for medium-
energy environments (14) and high-energy environments (9).
Similar numbers of studies evaluated armoring structures
placed to slow (30) as opposed to stop (27) water flow for this
response (Fig. 4). Of the 57 observations related to effects on
habitat associated with armoring, 38 were negative, 17 were
positive, and 2 were detected to have no difference.

The large numbers of studies of armoring effects on habitat
distribution was spread among all six boxes of our conceptual
model (Fig. 4). Where structures were installed to slow water
in low-energy environments, Box la, a mix of positive and
negative responses was reported. Multiple studies concluded
that adding constructed oyster reefs, living shorelines, or per-
meable riprap armoring structures provided significant new
habitat area (e.g., Davis et al. 2002. Piazza et al. 2005,
Swann 2008, Powers et al. 2009, Scyphers et al. 2014,
Gittman et al. 2016a). However, a myriad of negative obser-
vations was also reported for Box la. Armoring, including
riprap and marsh impoundments, eliminated habitat, reduced
habitat quality, or provided habitat suitable for invasive spe-
cies (Hendon et al. 2000; Peterson et al. 2000; Boys et al.
2012; Geraldi et al. 2014; Lowe and Peterson 2014; Patrick
etal. 2014, 2016). For Box 1b of our model, where bulkheads
and seawalls were put in place to stop the flow of water in low-
energy environments, all observations were negative except
for one where a bulkhead was reported to provide new habitat
for epifaunal communities (Wong et al. 2011). In all other
studies of salt marshes and tidal creeks in which the armoring
structure was designed to stop water flow (Box 1b), studies
reported that habitat was lost, habitat quality was reduced, or

Table2 Distribution of study results from the literature review that were reported as significantly positive, negative, and not significant (NS) for each
of the six ecological responses (E1-E6) in each of the six boxes of our conceptual model (1a, 2a, 3a, 1b, 2b, and 3b)

Direction of response Box la Box 1b Box 2a Box 2b Box 3a Box 3b
+ - NS + - NS + - NS + - NS + - NS + - ND

E1: Habitat Distribution 10 8 2 1 13 0 4 3 0 1 6 0 1 2 0 0 6 0
E2: Species Assemblage 12 15 4 1 18 0 3 8 1 2 14 0 1 5 0 0 9 1
E3: Trophic Structure 3 2 1 1 4 0 0 0 0 0 3 1 1 0 0 0o 2 0
E4: Nutrient Cycling 1 1 1 4 0 0 1 0 0 1 1 0 0 0 0 0 0
ES5: Productivity 1 5 1 1 2 1 0 0 0 0 0 0 0 0 0 0 2 0
E6: Connectivity 0 1 0 0 1 0 0 1 0 0 3 0 0 0 0 0 1 0
Total 27 39 9 5 42 1 7 13 1 3 27 2 3 7 0 0 20 1

Numerous studies reported multiple ecological effects which resulted in the total sample size (n = 207) presented here
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E1: Habitat distribution
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Fig. 4 Ecological effects on habitat distribution (E1) reported in studies
included in our literature review. The histograms correspond to the six
combinations of intended effects of an armoring structure on water flow
and the hydrodynamic energy of the environment represented by the
boxes in the conceptual model (Fig. 2). In the histogram for each box,
the number of significantly positive (green), negative (red), and not sig-
nificant (NS) (gray) observations is plotted

the armoring structures provided habitat for undesirable inva-
sive species (e.g., Bozek and Burdick 2005; Baily and Pearson
2007; Freiss et al. 2008; McPherson 2009; Balouskus and
Targett 2012; Gittman et al. 2016b). Similarly, seawalls in
mangrove ecosystems resulted in reduced mangrove forest
habitat area (Heatherington and Bishop 2012).

For Box 2a of our model, where structures were put in
place to slow water in medium-energy environments, effects
on habitat were again mixed. Permeable structures such as
riprap structures, oyster reefs, and constructed habitat benches
provided habitat, often by increasing the availability of struc-
turally complex habitat (Toft et al. 2007, 2013; Pister 2009;
Drexler et al. 2014). Other studies, however, found that riprap
structures eliminated soft sediment intertidal and benthic hab-
itat (Sobocinski et al. 2010; Heerhartz et al. 2014; Dethier
et al. 2016). For Box 2b, where seawalls and bulkheads
were used to stop water flow, all observations but one were
negative. Although Drexler et al. (2014) found that seawalls
provided habitat for oysters, many other studies found that

these structures generally reduced habitat (Bilkovic and
Roggero 2008; Sobocinski et al. 2010; Heerhartz et al. 2014;
Dethier et al. 2016) unless remedial actions were undertaken
to increase habitat complexity (Browne and Chapman 2011,
2014).

For structures installed to slow water in high-energy envi-
ronments (Box 3a), Martin et al. (2005) concluded that a low-
crested breakwater structure provided new habitat, but others
reported that breakwaters, revetments, and low-crested struc-
tures reduced structural complexity and eliminated habitat
(Moschella et al. 2005; Vaselli et al. 2008). For Box 3b of
our model, several studies found that seawalls reduced or
eliminated intertidal and upper shore and coastal dune habitats
in sandy beach ecosystems (Dugan and Hubbard 2006; Dugan
et al. 2008; Jaramillo et al. 2012; Rodil et al. 2015). Negative
results were also reported where armoring reduced the quality
of critical beach nesting habitats for sea turtles, a globally
threatened group (Rizkalla and Savage 2011).

When taken together, the majority of the results for habitat
distribution (72%) were negative, particularly for structures
designed to stop the flow of water (92% overall), a result in
agreement with predictions of our conceptual model. These
negative results were most commonly associated with the loss
of habitat area and reduced habitat quality. For structures
intended to slow the flow of water, positive results made up
50% of the results in Box 1a, 57% for Box 2a, and 33% in Box
3a. Most of these were associated with constructed oyster
reefs and living shorelines that provided new habitat for native
species.

E2: Species Assemblages

Effects on species assemblages were the most commonly
documented ecological response to shoreline armoring in
our review, with a total of 94 observations. The majority of
these were in low-energy habitats (47 in salt marsh and
tidal creek ecosystems, 3 in mangroves), with 25 in
medium-energy habitats and only 16 observations in
high-energy open coast environments. Approximately
equal numbers of studies evaluated structures placed to
slow (49) as opposed to stop (45) water flow.

A majority of the significant responses of species assem-
blages to armoring were considered negative (69), with only
19 reports of positive responses and 6 reports of no significant
differences detected (Fig. 5). When distributed across the box-
es of our conceptual model, we found that most of the positive
responses were observed for Box la (structures designed to
slow water in low-energy environments). Positive results in-
cluded increases in epiphyte and epifaunal abundance and
diversity on the structures themselves (e.g., Wong et al.
2011; Peters et al. 2015), particularly for oysters (e.g., Piazza
et al. 2005; Powers et al. 2009; Scyphers et al. 2011), as well
as increases in other invertebrates and in fish on living
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E2: Species assemblage
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Fig.5 Ecological effects on species assemblages (E2) reported in studies
included in the literature review. The histograms correspond to the six
combinations of intended effects on water flow and the hydrodynamic
energy of the environment and represented by the boxes in the conceptual
model (Fig. 2). In the histogram for each box, the number of significantly
positive (green), negative (red), and not significant (NS) (gray) observa-
tions is plotted

shorelines (Gittman et al. 2016a). However, the majority of
observations in Box la were negative and included decreased
species diversity and/or abundance for a wide range of assem-
blages including microbial communities (Bernhard et al.
2012), primary producers (e.g., Sturdevant et al. 2002;
O’Connor et al. 2011), infaunal invertebrates (e.g., Peterson
et al. 2000; Seitz et al. 2006; Bilkovic and Mitchell 2013),
nekton and fish (Bilkovic 2011; Boys et al. 2012; Lowe and
Peterson 2014, 2015) and waterbirds (Bolduc and Afton
2003). In Box 1b, negative responses to armoring dominated
the results with decreases in diversity and abundance reported
for mangroves (Anthony and Gratiot 2012; Heatherington and
Bishop 2012), salt marsh vegetation (Bozek and Burdick
2005), invertebrates (Seitz et al. 2006; Lawless and Seitz
2014; Swamy et al. 2002), and nekton and fish (e.g.,
Balouskus and Targett 2016; Lowe and Peterson 2014, 2015).

For medium-energy environments, studies of structures de-
signed to slow water (Box 2a) had mixed results, but again,
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negative impacts made up the majority (75%) of the reports,
including impacts on invertebrates (Morley et al. 2012;
Dethier et al. 2016) and on nekton and fish (Scyphers et al.
2015; Torre and Targett 2016). The few positive results were
primarily associated with epifauna on the armoring structures
themselves (Toft et al. 2013; Drexler et al. 2014) or in one case
fish (Toft et al. 2007). For Box 2b, observations were almost
entirely negative, with bulkheads and seawalls, resulting in
reductions in invertebrates (Sobocinski et al. 2010; Rolet
et al. 2015; Dethier et al. 2016; Heerhartz et al. 2016), fish
(e.g., Bilkovic and Roggero 2008; Munsch et al. 2014,
Scyphers et al. 2015), and even terrapins (Isdell et al. 2015).

Effects on species distribution were again almost entirely
negative for armoring structures in high-energy environments
(Boxes 3a and 3b). Studies classified in Box 3a found that the
presence of armoring depressed invertebrate diversity and
abundance (e.g., Moschella et al. 2005; Martins et al. 2009;
Bacchiocchi and Airoldi 2003) and also facilitated invasive
species (Vaselli et al. 2008). The sole positive result for Box
3a was reported for benthic diversity and for fish associated
with offshore breakwaters (Martin et al. 2005). For Box 3b, all
results were negative including responses by coastal dune
plants (Rodil et al. 2015), infaunal invertebrates (e.g.,
Lucrezi et al. 2010; Jaramillo et al. 2012), and birds (Dugan
et al. 2008).

Armoring was associated with declines in both species di-
versity and species abundance across all soft sediment envi-
ronments and structure types. The majority of observations in
all six boxes of our conceptual model were negative, and
positive results were most often associated with structures
designed to slow water. Although our synthesis is limited by
the literature available, this outcome is in general agreement
with the predictions of our conceptual model, with negative
results predominating (>86%) in studies of armoring struc-
tures designed to stop water flow at all hydrodynamic energy
levels (Boxes 1b, 2b, and 3b). For the structures designed to
slow water flow, positive results made up 39% of the reports
in Box 1a, 25% in Box 2a, and 17% in Box 3a.

E3: Trophic Structure

Trophic structure and food webs were among the least studied
ecological response to armoring found in our review (Table 2).
Studies included in this category evaluated variables such as
the number of trophic categories, prey availability, shifts in
diet, and predator abundance, including fish, birds, and marine
mammals. A total of only 18 trophic structure effects were
identified, with the majority of studies occurring in low-
energy habitats (10 in salt marshes or tidal creeks and 1 in
mangroves), 4 in medium-energy habitats and 3 in high-
energy beaches. More of these studies evaluated structures
placed to stop (11) as opposed to slow (7) water. A majority
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of the significant responses were considered negative (11),
with only 5 reports of positive responses.

Across the boxes of the conceptual model (Table 2), we
found mixed results for Box 1a: salt marsh habitats with riprap
armoring and sills in the Chesapeake Bay were found to have
fewer trophic levels (e.g., Bilkovic and Mitchell 2013).
However, living shorelines (Gittman et al. 2016a) and sills
in North Carolina (Wong et al. 2011) were reported to main-
tain higher trophic levels and oyster reefs were associated with
increased prey for fishes (Grabowski et al. 2005). For Box 1b,
the presence of bulkheads and levees were found to reduce
prey availability and result in diet shifts for nekton in marshes
(e.g., Lowe and Peterson 2015), although Wong et al. (2011)
reported that bulkheads had a positive effect due to epifaunal
colonization. For Box 2b, Munsch et al. (2015) documented
different food availability and consumption by juvenile
salmon adjacent to seawalls, and Jackson et al. (2015) found
that shorebirds preferred to forage at unarmored sites. There
was only one study in Box 3a: Martin et al. (2005) observed
an increase in the number of trophic groups (fish) near a low-
crested armoring structure. For Box 3D, significantly reduced
diversity (50% lower) and abundance (66% lower) of shore-
birds, key intertidal predators, as well as 75% fewer gulls and
86% fewer seabirds were reported on California beaches
where seawalls were present (Dugan and Hubbard 2006;
Dugan et al. 2008).

Although there are relatively few observations available for
trophic structure and food web responses to shore-parallel
armoring, the majority of results (=75%) in studies of
armoring structures designed to stop water flow (Boxes 1b,
2b, and 3b) were negative, whereas positive results comprised
half of the results in Box 1a and 100% in Box 3a (Table 2), an
outcome in general agreement with the predictions of our
conceptual model.

E4: Nutrient Cycling

The effects of coastal armoring on nutrient cycling have not
been widely documented, with a total of only 18 reports in our
review (Table 2). The response variables considered in the
studies included nutrient concentrations, rate measurements
(i.e., denitrification), organic matter composition, and oxygen
levels. The majority of these observations were studies of low-
energy environments (15 in salt marshes and tidal creeks and 1
in mangroves) with only a few in medium-energy habitats (2)
and none for higher-energy open coast environments. Most of
these observations were for armoring structures placed to slow
(11) as opposed to stop (7) water. A majority of the significant
responses to armoring related to nutrient cycling were consid-
ered negative (14), with only 2 reports of positive responses.
Across the boxes of our conceptual model, we found the
highest number of observations for Box 1a (Table 2). These
were primarily negative. For example, salt marsh

High

Box 2a Box 2b

Hydrodynamic Energy
Medium

Box 1a Box 1b

Low

Water Flow

Slow

)

Stop

Fig. 6 Summary of the direction of ecological responses (+/—) of
combined observations for habitat distribution (E1) and species assem-
blages (E2) reported in studies in the literature review. The pie charts
correspond to the six combinations of intended effects on water flow
and the hydrodynamic energy represented by the boxes in the conceptual
model (Fig. 2). In the pie chart for each box, the percentage of signifi-
cantly positive (green), negative (red), and not significant (NS) (gray)
observations are plotted

impoundments were associated with declines in dissolved ox-
ygen levels and salinity (Bolduc and Afton 2004) and lower
rates of nutrient accumulation (Sturdevant et al. 2002).
Several studies documented reductions in sediment organic
matter or total organic carbon and nitrogen in association with
different armoring structures (sills, revetments, and impound-
ments) in salt marshes (e.g., Bryant and Chabreck 1998;
Peterson et al. 2000; Currin et al. 2008; Bilkovic and
Mitchell 2013). In Box 1b, lower organic carbon concentra-
tions were again observed in association with structures
(Peterson et al. 2000), and Windham-Myers et al. (2013)
found that the reduction in tidal flushing created by the pres-
ence of an impoundment resulted in anoxia and the buildup of
reduced sulfur. Working in a mangrove system, Dick and
Osunkoya (2000) found reduced leaf litter decomposition
and greater retention of carbon, nitrogen, and phosphorus on
the landward side of tidal floodgate structures. Invasive algae
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growing on bulkheads and revetments in salt marshes were
associated with increased N, production and represented the
positive observations reported for Boxes 1a and 1b (Geraldi
etal. 2014). There was only one study for Box 2a, wherein
Morley et al. (2012) saw an increase in temperature at
armored sites, and there was one study for Box 2b,
wherein lower sediment organic carbon was observed in
association with areas with more shoreline armoring in a
developed river estuary (Partyka and Peterson 2008).

Although there are relatively few observations available for
evaluating the response of nutrient cycling to armoring, the
majority of results (>80%) were negative for studies of
armoring structures designed to either stop or to slow water
in medium-energy environments (Boxes 2a and 2b). The few
positive results were reported only for low-energy environ-
ments (Boxes 1a and 1b) (Table 2).

ES: Productivity

The effects of coastal armoring on productivity were not well
represented in the literature review, with a total of only 13
observations (Table 2). These studies measured effects includ-
ing the primary production of macroalgae, plants, and
microphytobenthos and the secondary production of higher
organisms. The majority of these observations were reported
for low-energy environments (10 in salt marsh and tidal creeks
and 1 in mangroves) with none in medium-energy environ-
ments and only 2 in high-energy beach environments
(Table 2). The dominance of primary producers in salt marshes
compared to beaches and other shore types may explain some
of this disparity. These studies were balanced between
armoring structures placed to slow (7) as opposed to stop (6)
water. For the limited number of studies (13) examining the
effects of shoreline armoring on productivity, the majority of
results (69%) were negative (9), 2 were positive, and 2 were
found to have no change (Table 2). All the positive and no
change results for this ecological response category were ob-
served in low-energy environments (Boxes la and 1b).
Although there were relatively few observations of
armoring effects on productivity, four of the six boxes from
our conceptual model (Table 2) were represented in the liter-
ature review. For Box 1a, riprap, sill, and impoundment struc-
tures were associated with reduced productivity and biomass
of plants and algae (O’Connor et al. 2011; Sturdevant et al.
2002) and reduced cover, growth, and biomass of marsh grass
(Spartina spp.) (Currin et al. 2008; Bilkovic and Mitchell
2013). Reductions in productivity in salt marsh (Freiss et al.
2008) and mangrove (Heatherington and Bishop 2012) eco-
systems were also associated with seawalls (Box 1b).
However, Wong et al. (2011) observed positive responses to
armoring in low-energy habitats, reporting that the presence of
both sills (Box la) and bulkheads (Box 1b) led to greater
secondary production in salt marshes in North Carolina than
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in habitats without the added structure. The single study for a
sandy beach (Rodil et al. 2015) concluded that the presence of
both revetments and seawalls (Box 3b) limited the growth and
development of coastal strand and dune vegetation.

E6: Connectivity

Despite the importance of connectivity, this was the least doc-
umented ecological response in our literature review, with a
total of only seven observations (Table 2). The studies includ-
ed in this ecological response evaluated effects of armoring on
the exchange of materials, mobile organisms, and propagules
across shore zones and ecosystems. The majority of these
observations were reported for low- and medium-energy en-
vironments, with one in salt marshes and tidal creeks and one
in mangroves, four in medium-energy habitats, and one in a
high-energy beach environment. Most of these studies evalu-
ated armoring structures placed to stop (five) as opposed to
slow (two) water (Table 2). All observations related to effects
of shoreline armoring on connectivity were negative, includ-
ing those for structures designed to stop or to slow water flow.

Although there were relatively few observations of
armoring effects on connectivity, five of the six boxes from
our conceptual model (Table 2) were represented. The ad-
dition of armoring structures in low-energy environments
to limit the flow of water (Box 1a) restricted the passage of
fish and crustaceans (Boys et al. 2012). In Box 1b, the
addition of a seawall reduced availability and prevented
movement of propagules in a mangrove ecosystem
(Anthony and Gratiot 2012). In medium-energy soft sedi-
ment environments, Box 2a, the only study available found
that riprap armoring significantly limited material transfer
from adjacent marine and terrestrial habitats to the shore-
line (Heerhartz et al. 2014). For Box 2b, results were again
negative, indicating that bulkheads and seawalls limited
material transfer and restricted the movement of fish spe-
cies, including economically valuable salmon (Heerhartz
et al. 2014; Munsch et al. 2014; Heerhartz and Toft
2015). In the one example for a high-energy environment
(Box 3b), seawalls were found to eliminate the upper in-
tertidal zones of sandy beaches, thereby reducing material
transfer and retention in the form of marine macrophyte
drift (Dugan and Hubbard 2006). These results indicate
the presence of an armoring structure can prevent the
passage of organisms, and in many cases it also reduces
the deposition and retention of drift material and key
subsidies, such as macrophyte wrack.

Although only a few studies examined the effects of
shoreline armoring on connectivity, the negative effect of
a loss of connectivity across zones and ecosystems and
the associated habitat fragmentation and restriction of
landward movement was reported in all soft sediment
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environments and in all of the boxes with results repre-
sented in our conceptual model.

Summary of Ecological Effects

A total of 207 effects were evaluated across the six boxes of
the conceptual model. They were split fairly evenly between
results of studies of structures designed to slow water (106)
and those designed to stop it (101). Although the majority of
studies were conducted in low-energy environments (75 in
Box la and 48 in Box 1b), all boxes of the conceptual model
were represented (Table 2). Across all 207 effects evaluated,
71% were reported to be significantly negative, 22% were
significantly positive, and only 7% were not significant
(Table 2).

Habitat distribution (E1) and species assemblage (E2) were
the two ecological responses with sufficient results to allow
comparison across all six boxes of the conceptual model
(Figs. 4 and 5). These two ecological effects were also often
closely related (i.e., when there is a shift in habitat that often
has an effect on species assemblage) due to the important
influence of habitat on species distributions. When we com-
bined the results for these two responses to provide a broader
summary (Fig. 6), the percentage of negative responses report-
ed within each hydrodynamic energy category were greater
for structures designed to stop water flow (Boxes 1b, 2b, and
3b) (16 to 49% greater) than for those designed to slow water
flow (Boxes 1a, 2a, and 3a). The percentage of negative re-
sponses reported also increased with increasing hydrodynam-
ic energy for structures designed to slow water flow (45% in
Box 1a, 58% Box 2a, and 78% in Box 3a) but were more
uniformly high for those designed to stop water flow across
environments (94% in Box 1b, 87% in Box 2b, and 94% in
Box 3b) (Fig. 6).

The percentage of positive ecological effects for the
combined results for E1 and E2 were largely the converse
of the negative results. Within a given hydrodynamic en-
ergy environment, the percentage of positive results were
greater for structures built to slow as opposed to stop or
prevent water flow (Fig. 6). For structures designed to slow
water flow, the percentage of positive ecological effects
clearly declined with increasing hydrodynamic energy,
from 42% in low- to 22% in high-energy environments.
This trend for positive effects was less clear for structures
designed to stop water flow as all boxes had a very low
percentage of positive effects, and no positive results were
reported in high-energy environments. Many of the posi-
tive results reported were from studies of constructed oys-
ter reef and living shoreline structures, although a number
of positive effects we tallied were associated with the col-
onization of new and novel hard substrate habitats provid-
ed by armoring or shoreline protection structures.

Collectively, the combined results for E1 and E2 in Fig. 6
were consistent with our predictions that the ecological effects
of shoreline armoring would be greater for structures designed
to stop as opposed to slow water flow and provide some ev-
idence that ecological effects may intensify with increasing
hydrodynamic energy of the environment or setting. They also
suggest that the purpose of the structure with respect to water
flow has a greater effect on ecological responses than the
hydrodynamic energy of the soft sediment environment.

Discussion

As indicated by the number of recent papers in our litera-
ture review (as well as the other papers included in this
special issue), the ecological effects of shoreline hardening
are receiving increased attention. Placing this information
in the framework of our conceptual model enabled us to
scale the ecological effects of shore-parallel armoring and
allowed comparisons across a range of soft sediment eco-
systems and armoring structures. However, our review re-
vealed major gaps in knowledge and highlighted the fact
that existing information on ecological responses to
armoring is unevenly distributed across habitat types and
does not necessarily cover the range of potential environ-
mental and armoring contexts. We found the majority of
studies have been conducted in low-energy systems, par-
ticularly salt marshes, with much less attention to beaches
and open coast shores. There was also a notable dearth of
studies in mangrove systems. The distribution of studies
across the various ecological responses were largely fo-
cused on changes in habitat and species distribution, leav-
ing crucial gaps in our understanding of how the presence
of shoreline armoring affects key ecological responses of
nutrient cycling, connectivity, productivity, and trophic
structure. Filling these gaps will allow a far more complete
evaluation and synthesis of the ecological responses to
shoreline armoring than was possible here.

Despite the gaps in knowledge, the majority of studies in
our literature review reported significantly negative effects of
shoreline armoring in all six categories of ecological re-
sponses that we evaluated. Shoreline armoring of a wide array
of structure types resulted in habitat loss, shifts in species
assemblages and trophic structure, changes in nutrient cy-
cling, reduced productivity, and the loss of connectivity in soft
sediment environments across all boxes of our conceptual
model. Negative effects of armoring on habitat and connectiv-
ity have the potential to trigger impacts in all the other eco-
logical responses we evaluated.

Reported positive effects of armoring were far fewer and
were less evenly distributed across our six ecological response
categories and the boxes of the conceptual model. Although
low, the proportion of positive effects reported was generally
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higher in the ecological response categories of habitat distri-
bution (E1), species assemblages (E2), and trophic structure
(E3) than in the other three categories (E4—E6) (Table 2). This
pattern seems consistent with the colonization and use of the
novel hard substrate habitats provided by armoring structures
in otherwise soft-bottomed ecosystems by a variety of organ-
isms that prefer hard substrates (e.g., Meyer et al. 1997; Davis
et al. 2002; Swann 2008; Browne and Chapman 2011).
However, facilitation of species distributions by armoring
structures can be ecologically negative if non-native invasive
species are involved because such species may preferentially
use artificial structures as stepping stones, potentially increas-
ing their spread to new areas (e.g. Airoldi et al. 2005, Bulleri
and Airoldi 2005, Tyrell and Byers 2007).

Placing the results from our literature review in the frame-
work of our conceptual model enabled us to coarsely scale the
ecological effects of armoring and allowed comparisons
across a range of soft sediment ecosystems and structures.
The percentage of negative responses varied clearly with the
intended purpose of armoring structures on water flow, in-
creasing from those designed to slow water flow to those
designed to stop water flow within a given hydrodynamic
energy level. The distribution of results among the six boxes
in our conceptual model was consistent with our prediction
that the ecological effects of shoreline armoring would be
greater for structures designed to stop as opposed to slow
water. Although less clear-cut, there was also evidence that
ecological effects may intensify with increasing hydrodynam-
ic energy of the environment. Overall, our results suggest that
the purpose of the structure with respect to water flow has a
greater effect on ecological responses than the hydrodynamic
energy of the soft sediment environment (Table 2, Fig. 6). This
finding has potential implications for refining the design and
permeability of armoring structures in ways that can reduce
ecological impacts, particularly in low-energy environments.

One of the limitations of the results reported here is that our
synthesis relies on the reported significance of responses in
studies with a wide range of sample sizes. Using effect size,
which takes sample size and variance into account, can provide
a normalized measure that can be more quantitatively com-
pared across studies. The recent paper by Gittman et al.
(2016b), which compared effect sizes for ecological responses
to three armoring structure types (breakwaters, riprap revet-
ments, and seawalls), concluded that greater ecological impacts
on biodiversity and abundance were associated with seawalls
compared to revetments and breakwaters. This result is in
agreement with that predicted by our conceptual model for
structures designed to stop vs. slow water flow. However, their
meta-analysis did not address any possible differences with
respect to the different hydrodynamic energy levels of soft sed-
iment environments affected by armoring. In our review, the
ecological response of species assemblages (E2) was the only
category with sufficient data to allow comparisons of effect
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sizes across most of our conceptual model (five of six boxes)
(see Table S3 for complete results). We found the lowest effect
sizes for armoring structures in low-energy environments
(Boxes 1a and 1b) with two- to five-fold higher effect sizes in
medium- and high-energy environments, a result that is broadly
consistent with our predictions. These results, along with those
of Gittman et al. (2016b), suggest that comparing effect sizes
from studies designed to make common measurements across
all six boxes of our conceptual model could advance synthesis
and allow more general predictions of ecological responses to
armoring across soft sediment ecosystems and structure types.

Another refinement of our conceptual model would be to
incorporate quantitative information on permeability and hy-
drodynamic energy of armoring structures. We divided our
conceptual model into six boxes for heuristic purposes but
recognize that both axes are continuous variables that can be
scaled in terms of water flow (i.e., m’ sfl) and energy (i.e.,
kW m ). This refinement would allow one to focus more
precisely on the hydrodynamic energy at the structure and
how impacts might be influenced by characteristics, such as
tidal elevation of the structure. For example, the lower an
armoring structure is located with respect to high water levels,
the greater the associated physical impacts (Weggel 1988,
Wiegel 2002a, b, c). Our conceptual model would predict
ecological effects to scale similarly with decreasing intertidal
elevation of the structure, which would move it up the hydro-
dynamic energy axis and consequently magnify the effects it
exerts on the coastal ecosystem. This also implies that as
existing armoring structures effectively move lower on the
shore profile with rising sea level, their ecological impacts
would be expected to increase. Considering additional attri-
butes of armoring structures such as size, construction mate-
rial (e.g., Nordstrom 2014) or the amount of surface area that
is partially or completely submerged would provide fruitful
ways to further refine and increase the specificity of the pre-
dictions of our conceptual model.

This effort provides a needed first step in generating discus-
sion and motivating synthesis that can lead to a comprehensive
framework for scaling the ecological effects of shoreline
armoring across a range of coastal soft sediment ecosystems.
The conceptual model allowed us to evaluate predictions re-
garding the direction and relative ecological impacts of shore-
parallel armoring structures in different soft sediment environ-
ments based on relatively simple criteria. The results of our
literature search were largely consistent with the predictions
of our conceptual model and suggest that such cross-
environment generalizations are possible and may have impli-
cations for balancing the protection of coastal infrastructure
with the conservation of coastal ecosystems. However, our
analysis also highlights substantial research gaps and the need
for comprehensive studies designed to make systematic com-
parisons of the ecological effects of shoreline armoring across
structure types and environments. The results from these types
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of comprehensive efforts could be useful for assessing the rel-
ative ecological costs of various approaches to shoreline
armoring and for informing the development of strategies to
minimize their impacts on coastal ecosystems (Nordstrom
2014, 2016). Increasing the ability to generalize ecological re-
sponses to shoreline armoring across soft sediment coastal eco-
systems and structure types is especially important, given that
the motivation to build additional armoring in soft sediment
environments is expected to continue to increase in response
to sea level rise, coastal development, and other pressures.
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