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Abstract

Shoreline armoring can impact a variety of ecosystem functions, goods and
services provided by beaches. Shoreline managers struggle to balance gen-
uine need for armoring to protect infrastructure versus unacceptable losses of
ecosystem functions––whether these be in beaches, sand dunes, or marshes.
We use our recent research effort in the Salish Sea, Washington, as a case
study to illustrate how highlighting the negative consequences of shoreline
armoring to publicly important ecosystem functions may help to strengthen
implementation of policy and prioritize restoration actions. We focus on two
distinct mechanisms of armoring impact that link strongly to key beach func-
tions, and recommend: (1) where armoring is clearly necessary, place or move
it as high on the beach as possible. Armoring emplaced relatively low on the
shore is more likely to affect a variety of ecosystem functions from forage fish
spawning to beach recreation; (2) prioritize protection or restoration (armor
removal) of feeder bluffs that are critical for sediment supply to the beach;
this sediment is essential to the maintenance of beach functions. In addition,
we recommend that nature-based alternatives to armoring be given preferen-
tial regulatory consideration and that outreach efforts clarify the advantages of
these engineering methods.

Introduction

Anthropogenic modifications of coastlines are common
worldwide, including abundant stabilization of the shore-
line with various sorts of walls, referred to as armoring.
Recent conservative estimates put the amount of armored
shoreline in the continental U.S. at 14% (Gittman et al.
2015), with very high proportions near population cen-
ters. Estimates for the amount of hard engineering in
Europe, the United States, Australia, and Asia are much
higher, at more than 50% (Dafforn et al. 2015; Manno
et al. 2016). However, only in the past few decades has
there been exploration of the unintended negative con-
sequences of these shoreline alterations. Armoring im-
pacts a variety of ecosystem functions, goods, and services
(EFGS) (Millennium Ecosystem Assessment 2005), the
benefits gained by humans that are provided by beaches
(Table 1). These may include “supporting” services such

as primary production, “regulating” services such as mit-
igation of eutrophication, “provisioning” services such as
shellfish, and “cultural” services such as recreation. How-
ever, impacts of armoring may not be apparent to the
public because they are often very gradual or are invis-
ible below the ocean surface, whereas the benefits of ar-
moring in terms of property protection and shoreline aes-
thetics are obvious. These tradeoffs and the uncertainties
inherent in quantifying impacts mean that regulations
proposed to restrict armoring are readily resisted or weak-
ened. We argue that we now know enough about nega-
tive environmental consequences of shoreline armoring
in a variety of physical environments and thus we can
make clear science-based recommendations for firmer
implementation of stronger policies and regulations. A
key tool for this effort may be linking EFGS, which the
public and politicians can relate to, with decision-making
(Ruckelshaus et al. 2015).
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Table 1 Direct and indirect mechanisms by which shoreline armoring affects beach ecosystem functions, goods, and services

Mechanism

Functions, goods, and services Encroachment Loss of connectivity Sediment impoundment Wave reflection

Recreation, nonconsumptive: park use and outdoor education Indirect – Indirect + Indirect – Indirect – Indirect –
Recreation, consumptive: shellfish, seaweed, and fish Indirect – Indirect –
Forage fish spawning: surf smelt and sand lancea Direct – Direct – Direct – Direct –
Trophic support: supply of insects, crustacea, and wormsb Direct – Direct – Indirect –
Nutrient cycling: from marine and terrestrial wrackc Direct – Direct – Indirect –
Habitat provision: logs and wrack microhabitatsd Direct – Direct – Indirect – Direct –
Groundwater filteringe Direct – Direct – Indirect – Indirect –
Resilience to sea-level risef Direct – Indirect – Direct – Direct –

aRice 2006; Penttila 2007; Quinn et al. 2012
bDethier 1990; Heerhartz et al. 2015; Heerhartz & Toft 2015
cDugan et al. 2008; Heerhartz et al. 2014
dHeerhartz et al. 2014; Dethier et al. 2016
eMcIntyre et al. 2015
fShipman 2010; Berry et al. 2014; Johannessen et al. 2014

Encroachment = covering the upper shore with armoring and thus eliminating natural habitats. Loss of connectivity = breaking linkages of materials,

energy, and organisms between land and sea. Sediment impoundment= preventing sediment from eroding frombanks and bluffs and reaching beaches.

Wave reflection= causing storm waves to reflect off armoring rather than running gradually up a beach, leading to beach scour. Types of impact of each

mechanism are given for each function; Blank = no known impact, – = negative, + = positive. A sampling of references for information on impacts is

given, mostly from the Salish Sea. See Supporting Information for more details and references.

One of the challenges with quantifying impacts of ar-
moring is that the mechanisms by which it alters shore-
lines are diverse, dependent on regional context (wave
energy and geomorphology), and likely to manifest at dif-
ferent scales of space and time. In addition, while some
direct impacts are documented, indirect impacts are often
hypothesized but difficult to demonstrate. Recent reviews
have summarized how armored shorelines can affect
beach shape and hydrodynamic processes (Bernatchez
& Fraser 2012; Nordstrom 2014), local biodiversity
(Chapman & Underwood 2011; Gittman et al. 2016a),
and accumulation of beach wrack along with the primary
and secondary consumers that depend on it (Dugan et al.

2011). In marsh habitats, armoring may entirely cover
and eliminate the marsh and all of its attendant func-
tions (e.g., Bozek & Burdick 2005; Gittman et al. 2015).
For high-energy sandy beaches, two clear impacts are
impoundment of sand that would otherwise “feed” the
beach, and prevention of shoreline retreat (natural beach
migration with erosion and sea-level rise) (e.g., Berry
et al. 2014), resulting in narrowing and coarsening of
the beach. Other mechanisms of impact include loss of
connectivity across the land-sea ecotone (Heerhartz et al.
2014), and hydrodynamic effects such as active erosion
caused by wave reflection from seawalls (Ruggiero 2010).

Disentangling these mechanisms and ascribing cause-
and-effect for indirect impacts can make it difficult to con-
vince the public and regulators about the need for action.
Agardy (2015) notes: “Even with strong bases for science-

based actions . . . the unavoidable uncertainties are of-
ten used to prevent action and allow business-as-usual”
(see also, Green et al. 2015; Zaucha et al. 2016). If the
public observes change, perceives at least some of it as
“bad,” and becomes convinced (e.g., by knowledge bro-
kers, Naylor et al. 2012) that human actions are causing
it, then it is socially and politically easier to make progress
toward un-doing the change. All of this must happen be-
fore management interventions such as removing armor-
ing can gain momentum. An added difficulty is that geo-
morphological impacts tend to occur over years, making
them “slow disasters,” unlike fires whose impacts play out
over hours or days; thus risk aggregation is slow, and in-
centives to act quickly are reduced (Moritz & Knowles
2016). Interventions are also unlikely to produce rapid
results. Finally, issues of jurisdiction and governance are
unusually complex at the land-sea border, so that any
change in policy is likely to involve multiple agencies
with different mandates (Zaucha et al. 2016).

Here, we use our research in Washington State as a
case study for considering how discussion of EFGS may
enable the strengthening of support for regulatory and
restoration actions. Puget Sound, in the southern Sal-
ish Sea, is a fjord-like estuary where most beaches con-
sist of a mix of sand and gravel; this is predominantly
derived from the episodic erosion of glacial and inter-
glacial deposits and is distributed by longshore trans-
port (Shipman 2010). Wave regime and local geology
are the primary drivers of modern beach geomorphology.
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Because of a lack of research on armoring impacts along
such mixed-sediment beaches, local regulators have un-
til recently had little data on which to base efforts to
strengthen or enforce regulations for restricting armor-
ing. However, recent research summarized below, com-
bined with numerous efforts toward public education on
marine-conservation issues, leads us to believe that the
public may be ready to hear arguments that shoreline
armoring is damaging the marine resources of the area.
There is extensive press (e.g., Hamel et al. 2015) about
declining salmon, seabirds, and orca whales in the Salish
Sea, and many long-term residents have anecdotes about
shrinking beaches and fewer clams. However, these per-
ceptions may be counterbalanced by fears about rising
sea levels and the increased shoreline erosion that will
likely result. Broad claims that all armoring has adverse
impacts may get little traction (Russell-Smith et al. 2015),
but the data now indicate specific circumstances where
impacts may be greater than others (see below). We rec-
ognize that policy-makers must consider issues besides
environmental impacts (Rose & Parsons 2015), but we
now have an opportunity to make specific recommenda-
tions regarding regulations and restoration priorities that
acknowledge tradeoffs and target the most serious issues.

Goods and services of Salish Sea
beaches: why should people care?

If policies and regulations related to shoreline armor-
ing are to change, success is more likely if we focus on
the aspects of armoring that appear to have the greatest
impacts on EFGS, and that affect the public personally
(Zaucha et al. 2016). The ecosystem services that people
relate to vary considerably among individuals and groups,
so bringing diverse EFGS into the discussion may be help-
ful. The primary positive benefit of shoreline armoring is
clear: it protects property and infrastructure from erosion
caused by wave damage. The negative aspects relate pri-
marily to characteristics of the beaches seaward of the ar-
moring. As is true for beaches worldwide, those of the
Salish Sea provide a variety of EFGS (Figure 1). Details
about these functions and relevant references are given
in Supporting Information and are summarized in Table
1. Beach EFGSs include high real estate prices for water
access and views, intense and diverse recreational activ-
ities in public parks (Figure 1a), and ecological and ge-
omorphic functions. Natural beaches are productive and
supply food to nearshore food webs, including to juve-
nile salmon and ultimately to both humans and orca
whales. They provide essential habitat for organisms that
degrade marine and terrestrial detritus, and for terrestrial
birds and mammals. They are the sole spawning habitat

for certain “forage fish” that are key elements in marine
food webs. Natural beaches are geomorphically resilient,
as they respond more flexibly to storm events and can
shift landward to accommodate rising sea levels. Other
functions are discussed in Supporting Information.

Recommendations: using science
to improve management

Shoreline armoring impacts ecosystem functions through
different mechanisms, affecting beaches both directly and
indirectly (Table 1). In this section, we highlight two
specific concerns where policy improvements could re-
duce impacts of armoring on the Salish Sea and in other
regions. These include the waterward position of the
seawall and the impact of erosion control on sediment
supply.

Of the impact mechanisms detailed in Table 1, all ex-
cept sediment impoundment are likely to be increas-
ingly severe the lower the armoring is on the beachface.
In the Salish Sea, we found a threshold in the eleva-
tion of armoring––about 0.5 m below local Mean Higher
High Water––below which there is an abrupt drop in
the number of beach logs and the amount of wrack that
accumulates (Dethier et al. 2016). When structures ex-
tend below this elevation, there is no upper beach on
which material can be retained between high tides (Fig-
ure 1b). Other beach biotas depend on these habitat el-
ements. Juvenile fish such as salmon swimming along-
shore prefer to do so in shallow water (presumably to
avoid predation); where structures extend lower on the
beach, there is less shallow water habitat at high tide.
Fish that preferentially spawn high on the beachface find
suitable habitat reduced or eliminated by structures built
across the beach (Quinn et al. 2012). In addition, struc-
tures lower on the beach result in more frequent inter-
action with more energetic waves, increasing scour and
even alongshore transport (Ruggiero 2010), impacting
the amount and stability of appropriately sized spawn-
ing substrate. While new seawalls in Washington are re-
quired to be built as high on the beach as possible, many
older structures extend below this elevation. A clear rec-
ommendation is that when older structures need to be
replaced, they be relocated at least as high as the current
allowable elevation. Restoration programs could offer
funding and guidance to encourage the relocation or re-
moval of structures that extend to lower beach elevations.

The second critical mechanism of impact in our
case study area is sediment impoundment (Figure 1c,
Table 1). On Puget Sound, bluff erosion is a significant
source of beach sediment (Shipman 2010) and armor-
ing prevents the replacement of fine sediment that is
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Figure 1 Examples of EFGS or their losses on beaches in Puget Sound. (a) Recreational enjoyment in a natural area of Seahurst Park; (b) condominiums

built on fill retained by a low-elevation concrete bulkhead; such armoring impacts EFGS by all four mechanisms in Table 1; (c) former feeder bluff with

sediment impounded by armoring; and (d) stairs to the beach protected by a rock bulkhead. All photos by Hugh Shipman.

naturally winnowed from beaches by waves over time.
Many ecological functions as well as recreational uses
decline as beaches get coarser (Dethier et al. 2016);
for example, forage fish, which are a key link in
food webs up to the iconic orca whales, require a
mix of sand and gravel to spawn on the upper beach
(Penttila 2007). These potential impacts also lead to
straightforward policy recommendations. While erod-
ing banks and bluffs are widespread around the Sal-
ish Sea, much beach-building sand and gravel come
from a limited subset of these, locally referred to as
feeder bluffs (Figure 1c). These bluffs have been mapped
(Shipman et al. 2014, https://fortress.wa.gov/ecy/publi
cations/parts/1406016part2.pdf), providing a clear spa-
tial basis for targeting preservation and restoration ef-
forts. Concern about diminishing sediment supplies sug-
gests creating policies for feeder bluffs that (1) prohibit

new seawalls, (2) discourage replacement or expansion
of failed armor, and (3) incentivize removal of armor. For
armored feeder bluffs, simply moving armoring higher up
the shore does not restore sediment supply, so the fo-
cus must be on removal of the structure––i.e., a differ-
ent response than for low-elevation impacts. Washington
has had some success in reducing new seawalls on feeder
bluffs, but the effort is challenging as these sites are often
where erosion and landslide hazards are most severe. The
state requires that new armor only be constructed where
there is an imminent threat to existing upland develop-
ment, but this can lead to complex geotechnical argu-
ments between proponents and agency experts. This type
of conflict between land owners and coastal managers
suggests that there is a need for increased emphasis on
preventing development above feeder bluffs in the first
place to minimize future problems. Policies could involve
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instituting and enforcing large setbacks, creating incen-
tives for the relocation of at-risk structures, and acquiring
and preserving particularly high-value feeder bluffs.

In contrast, flexibility in regulations should be able to
accommodate situations where armoring has fewer im-
pacts, e.g., where little sediment supply is impounded or
impacts are easier to mitigate. In some cases, stabiliza-
tion structures can be kept small or may be designed
so that they can be relocated after significant erosion
events, retreating with the coastline (e.g., Hill 2015). Veg-
etation can be planted to reduce impacts from seawall
construction on riparian areas. Steps to the beach are
common and most may have limited impacts on EFGS, al-
though such structures raise concerns if there is a chance
that they will facilitate additional at-risk development or
lead to a need for bank stabilization in the future (e.g.,
Figure 1d).

The framework for regulating armoring differs from
state to state in the United States. In Washington State,
management occurs primarily through the state’s Shore-
line Management Act (SMA) and Hydraulics Code, which
together restrict the conditions and methods under which
armoring can be constructed. The SMA is administered
by local governments and addresses most shoreline activ-
ities, including stabilization structures. State Guidelines
make it increasingly difficult to build new armoring ex-
cept when there is an imminent threat to an upland
structure, but restrictions on replacing existing structures
are less strict. The Hydraulics Code is implemented by
the Washington Department of Fish and Wildlife and is
intended to reduce impacts on fish. Hydraulics Projects
Approvals are required for any armoring structure and
typically include conditions on the methods and timing
of construction, but rarely can prohibit structures alto-
gether.

The Puget Sound Partnership has identified both reg-
ulatory measures and restoration actions to reduce im-
pacts (Puget Sound Partnership (PSP) 2014). Recent per-
mit data indicate that the rate of new armoring appears
to be decreasing, while the number of bulkheads being
removed through restoration is increasing (Hamel et al.
2015). However, other analyses (Kinney et al. 2015) show
that a significant proportion of armoring is either built
without permits or is not constructed to permit speci-
fications (e.g., elevation), indicating the need for more
effective implementation of existing policies, including
inspections and better enforcement. These actions require
substantial political will and funding, which again speaks
to the need for heightened awareness of impacts to EFGS
of beaches.

In Washington and elsewhere, there is increasing in-
terest in softer shoreline protection techniques, or “living
shorelines,” which use nature-based approaches (such as

establishing dune grasses or oyster reefs) to reduce ero-
sion and improve ecosystem functions (e.g., Hill 2015;
Popkin 2015; Sutton-Grier et al. 2015; Gittman et al.
2016b). In the Salish Sea, softer designs to reduce ero-
sion often include logs anchored into the upper shore to
absorb wave energy, nourishment with sand and gravel,
and planting of native vegetation to provide some of the
shade and terrestrial-marine connectivity that is gener-
ally lost with armoring. These living designs also en-
hance recreation and restore many of the ecosystem
functions listed in Table 1. On Puget Sound, the state’s
Shoreline Management Act requires that property own-
ers examine the feasibility of such soft alternatives and
can only consider conventional armoring as a last resort
(Carman et al. 2010). Recent guidance on the design and
construction of soft shoreline structures on Puget Sound
(Johannessen et al. 2014) supports both property owners
and government agencies in selecting better approaches,
but implementation remains difficult because the ef-
fectiveness of these techniques is not well established.
Additional guidance products and increased technical as-
sistance are needed to educate contractors as well as
homeowners not only about the benefits of softer tech-
niques in terms of expense and complexity, but also long-
term resilience and ecosystem functions. Naylor et al.

(2012) and Popkin (2015) note the importance of chang-
ing not only regulations but also the permitting process
to further incentivize property owners to opt for lower
impact structures. Where it is not possible to avoid or re-
move armoring, current research in “ecological engineer-
ing” is exploring ways of adding habitat and biodiversity
value to hard defenses, both in Washington (Cordell et al.
2017) and internationally (Naylor et al. 2012; Firth et al.

2013; Nordstrom 2014; Dafforn et al. 2015). Monitoring
of soft-shore and ecological engineering projects and sub-
sequent outreach on effective techniques are essential to
provide the feedback that can encourage future efforts.

Communicating recommendations

There is an increasing body of literature on how to
more effectively translate science into policy, actions, and
decisions, including using the leverage of the ecosys-
tem services approach (Ruckelshaus et al. 2015; Zaucha
et al. 2016). This translation is needed to ensure that
problem-focused research actually gets used by decision
makers. Scientists are not always effective at communi-
cating with diverse groups about such findings and rec-
ommendations (e.g., Rose & Parsons 2015). Knowledge
brokers and guidance documents (Naylor et al. 2012) can
improve our ability to engage and effect changes in at-
titudes in the wider community by delivering academic
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and applied science in a useful way to those who need it
(Russell-Smith et al. 2015). Social and ecological infor-
mation needs to be integrated, and tradeoffs explicitly
acknowledged (Kittinger et al. 2014). Four main target
groups for such outreach in our case study region are:

1) Scientists. This is readily accomplished with publica-
tions and regional professional meetings.

2) Managers. Efforts in this direction include nontech-
nical articles such as this one, presentations at work-
shops, and directly to agency groups.

3) The general public. Greater public awareness of the
marine environment can improve acceptance of
responsibility for conservation, increased pressure
on politicians and regulators, and greater support
for environmental initiatives including volunteering
time (Morris et al. 2016). The Puget Sound region
has an engaged public, and researchers can work
directly with the numerous organizations that
bridge the gap between science and the public. Re-
gional groups include the Puget Sound Partnership
(http://www.psp.wa.gov/), the Shore Friendly cam-
paign (http://www.shorefriendly.org/), the North-
west Straits Commission (http://www.nwstraits.org/
our-work/forage-fish/), and the Sound Waters Stew-
ards (http://soundwaterstewards.org/). Research
into social marketing is exploring incentives to
remove armoring in cases when it is not actually
needed to protect homes (http://wdfw.wa.gov/
grants/ps marine nearshore/files/final report.pdf).

4) Politicians. Links to this key group are indirect, prob-
ably coming most effectively from agency personnel
and an active citizenry. The challenge is making the
need for tightening restrictions on armoring more
compelling than are counterarguments that protect-
ing shoreline development justifies the potential cu-
mulative impacts on coastal ecosystems. We can em-
phasize the monetary as well as human well-being
values of natural beaches (Ruckelshaus et al. 2015),
and the fact that there are alternatives to armoring
that are both cost-effective and can improve EFGS.

Conclusions

Armoring a shoreline involves putting a static struc-
ture into a dynamic environment, where impacts and
interactions are diverse and unpredictable. Any armor-
ing can have impacts on beach EFGS and these impacts
are likely to be cumulative, since relatively small actions
are widespread and because effects of structures tend to
increase over time. Shoreline defense structures are con-
troversial worldwide as shoreline managers struggle to
balance genuine need for protection against unaccept-

able losses of EFGS––whether these be in marshes, sand
dunes, riparian habitats, or beaches. While we have pri-
marily discussed EFGS and armoring issues in the south-
ern part of the Salish Sea, both the results of our research
and the policy recommendations will apply elsewhere, al-
though the specific mechanisms and issues may be differ-
ent. Our policy recommendations, based on scientific re-
search in the Salish Sea, can aid restoration decisions by
focusing on how to minimize the loss of EFGS benefits.
In the face of increasing levels of coastal urban growth
and sea-level rise, there is great potential for restora-
tion to not only enhance shoreline health but also better
protect coastal communities using more natural ap-
proaches (Arkema et al. 2013). This new scientific infor-
mation has already increased awareness of the tradeoffs
associated with shoreline armoring among resource man-
agers, property owners, and local governments. It pro-
vides a foundation that agencies can use to review shore-
line projects and to support decisions about where and
where not to armor.
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a b s t r a c t

Shoreline armoring is widespread in many parts of the protected inland waters of the Pacific Northwest,
U.S.A, but impacts on physical and biological features of local nearshore ecosystems have only recently
begun to be documented. Armoring marine shorelines can alter natural processes at multiple spatial and
temporal scales; some, such as starving the beach of sediments by blocking input from upland bluffs may
take decades to become visible, while others such as placement loss of armoring construction are im-
mediate. We quantified a range of geomorphic and biological parameters at paired, nearby armored and
unarmored beaches throughout the inland waters of Washington State to test what conditions and
parameters are associated with armoring. We gathered identical datasets at a total of 65 pairs of beaches:
6 in South Puget Sound, 23 in Central Puget Sound, and 36 pairs North of Puget Sound proper. At this
broad scale, demonstrating differences attributable to armoring is challenging given the high natural
variability in measured parameters among beaches and regions. However, we found that armoring was
consistently associated with reductions in beach width, riparian vegetation, numbers of accumulated
logs, and amounts and types of beach wrack and associated invertebrates. Armoring-related patterns at
lower beach elevations (further vertically from armoring) were progressively harder to detect. For some
parameters, such as accumulated logs, there was a distinct threshold in armoring elevation that was
associated with increased impacts. This large dataset for the first time allowed us to identify cumulative
impacts that appear when increasing proportions of shorelines are armored. At large spatial and tem-
poral scales, armoring much of a sediment drift cell may result in reduction of the finer grain-size
fractions on beaches, including those used by spawning forage fish. Overall we have shown that local
impacts of shoreline armoring can scale-up to have cumulative and threshold effects – these should be
considered when managing impacts to public resources along the coast.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Anthropogenic alteration of shorelines is a worldwide phe-
nomenon as a significant proportion of population growth is in
coastal communities. Types of shoreline development are diverse,
ranging from simply building houses overlooking the water to
completely altering the shore by covering it with fill or structures.
The Salish Sea, which includes all the inland marine waters of
y Harbor, WA 98250, USA.
British Columbia (Canada) and of Washington State (USA), has
shorelines that range from virtually pristine beaches to concrete-
covered commercial ports. In the face of increasing coastal urban
growth and sea level rise, effective management of our shorelines
requires understanding both functions of natural beaches and the
scales at which we are impacting them (Arkema et al., 2013; Harris
et al., 2015).

One of the most prevalent forms of coastal development in the
Salish Sea and worldwide is shoreline armoring, comprising
various artificial means of stabilizing banks and bluffs that might
otherwise erode and endanger infrastructure. A recent conservative
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estimate of armored shoreline in the continental US is 14% (Gittman
et al., 2015). Local, mostly biological, effects of shoreline armoring
are well known for some types of embayments and marshes (e.g.,
Bozek and Burdick, 2005; Chapman and Underwood, 2011) and
open-coast sandy beaches (e.g., Dugan et al., 2008; review by
Nordstrom, 2014), and recently for the gravel-sand beaches of
Puget Sound (Sobocinski et al., 2010; Heerhartz et al., 2014).
Armoring locally reduces retention of logs and wrack (algae, sea-
grass, leaf litter, and other organic and inorganic debris left by
ebbing tides) and the invertebrate communities that inhabit this
detritus. It can also have indirect effects on seabird and shorebird
use (Dugan et al., 2008) as well as abundance and diversity of large
mobile invertebrates (Chapman, 2003). Potential spawning loca-
tions for beach-spawning forage fish, such as surf smelt (Hypomesus
pretiosus), are reduced when armoring covers the high shore, and
egg mortality increases when beach temperatures are raised by
shoreline modifications (Rice, 2006). These trophically important
fish may also be negatively impacted in cases where armoring
coarsens the sediment due to local winnowing of finer grain sizes
(Penttila, 2007; Quinn et al., 2012; Fox et al., 2015; Greene et al.,
2015). By changing the nearshore habitats encountered by juve-
nile migrating salmon, armoring affects their diets (Munsch et al.,
2015) and possibly residence time (Heerhartz and Toft, 2015).

Considerable study of physical impacts of armoring on beaches
has been conducted, although the results are contradictory. In some
circumstances, interactions of sediment impoundment, wave
reflection, and alterations to nearshore water currents may alter
beach scour, mobilization of sediment, and recovery from storms.
In theory, these processes may result in narrower, steeper, and
coarser-grained beaches (Pilkey and Wright, 1988; Bozek and
Burdick, 2005; Nordstrom, 2014). One clear effect is that passive
erosion (e.g., caused by relative sea level rise) causes narrowing of
armored shorelines because the upper beach is prevented from
migrating inland. In contrast, whether active erosion is induced by
seawalls is still argued (reviews by Kraus and McDougal, 1996;
Ruggiero, 2010); few long-term studies have been attempted but
generally do not showa definitive armoring effect (e.g., Griggs et al.,
1994; Griggs, 2010). Modeling work (e.g., Ruggiero, 2010) suggests
that contradictions seen in the literature may stem from variation
among study systems in key physical parameters, in particular the
relative elevation of the seawall and the morphology of the beach
and nearshore, including their slopes.

Even for the more consistent biological impacts of armoring,
translating local effects to a landscape scale is challenging because
of the myriad other natural and anthropogenic factors that affect
shoreline processes. The signal to noise problem is particularly
large in inland waters such as the Salish Sea because of the com-
plexities of underlying geology, shoreline shape, freshwater input,
wave fetch, orientation to prevailing winds, nearshore bathymetry,
and sources of sediments, vegetation, and organisms. In most of the
world, beach sediments derive predominantly from rivers. On
sandy shorelines, these sediments are jealously retained with
groins, and millions of dollars are spent annually to replenish
beaches where natural sources have been locked up by dams (Berry
et al., 2013). Although numerous rivers empty into the Salish Sea
and a few of them create large deltas, much of the riverine sedi-
ment is deposited in deep fjord-like basins rather than building
beaches. Instead, most beach-building sediment comes from
erosion of bluffs (Keuler, 1988). It follows that “locking up” these
sediments by armoring shorelines should have large-scale and
long-term impacts, including cumulative effects if few sediment
sources are left unaltered (reviewed by Berry et al., 2013;
Nordstrom, 2014). However, demonstrating cumulative effects,
e.g. changes that continue to worsen with additional armoring, is
notoriously difficult – especially if changes appear gradually, as is
likely with many geomorphic processes. In Europe, extensive
coastal armoring is thought to have contributed to broad-scale
steepening of the shoreline (Taylor et al., 2004), but many other
processes could be important.

In the southern part of the Salish Sea (in Washington State),
which includes Puget Sound, extensive shoreline armoring has
accompanied the last 100 years of development along the greater
Everett-Seattle-Tacoma urban corridor, and is thought to signifi-
cantly impair nearshore ecosystem processes (Simenstad et al.,
2011). While local effects have recently been documented (e.g.,
Sobocinski et al., 2010; Heerhartz et al., 2014), broader or cumu-
lative impacts have not. This uncertainty stymies managers and
regulators who lack compelling data that would provide the “best
available science” to inform guidelines. Pressures to relax armoring
regulations stem from the need to protect valuable infrastructure
from erosion, especially with risk exacerbated by sea level rise.
Sociological studies show that decisions by a few homeowners to
armor their shoreline often triggers neighbors to do the same,
leading to cascading local impacts (Scyphers et al., 2015). In addi-
tion to such possible cumulative effects, regulators are particularly
interested in which types or locations of armoring have greater
impacts than others, and whether there are thresholds that trigger
these impacts. Samhouri et al. (2010) define an ecological threshold
as a point at which small changes in environmental conditions
produce large (non-linear) responses in ecosystem state. For
example, ecological thresholds have been associated with habitat
fragmentation (e.g., Andr�en, 1994) and edge effects (Toms and
Lesperance, 2003). One possible threshold that may apply to
shoreline armoring is the extent that structures encroach on the
beach. In addition, slow and delayed “latent impacts” (Coverdale
et al., 2013) may exist but are very difficult to detect, especially
given signal-to-noise problems.

Previous studies by our research team have focused on local
impacts of shoreline armoring in central and southern Puget Sound
(Heerhartz et al., 2014, 2015). We dealt with among-site ‘noise’ by
use of a paired sampling design, focusing our surveys on nearby,
physically-paired, armored and unarmored beaches. Here we
broaden our geographic scale to test whether the documented
biological effects of armoring exist on beaches in the Salish Sea
north of Puget Sound. We also test whether any physical impacts
are detectable, because our previous work in central and southern
Puget Sound found few differences in quantified physical parame-
ters that were correlated with armoring. The northern region has
more bedrock shorelines and different oceanographic characteris-
tics, so we anticipated that there would be some regional differ-
ences in beach parameters. Based on our own localized studies and
on literature from other systems (e.g., open-coast beaches), we
hypothesized that: 1) Armoring-associated reduction of logs,
wrack, and invertebrates would be consistent across regions in
paired-beach analyses; 2) These associations would be increasingly
clear when armoring is lower on the beach face; 3) By examining a
large range of sites, the predicted pattern of armoring altering
beach slope and sediment coarseness might be detectable; and 4)
Such geomorphic signals would be most distinct where extensive
stretches of armoring have “locked up” more sediment sources in
an area. To address these questions, we discuss regional patterns
but ignore the huge beach-to-beach variation in geomorphic con-
ditions, to be discussed elsewhere (A.N. McBride, pers. comm.).

2. Methods

2.1. Sites

Our analyses include data from 65 pairs of armored and unar-
mored beaches in the inside marine waters of Washington State,
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from the southern extent of Puget Sound to the Canadian border
(Fig. 1). The data thus encompass three oceanographic regions:
South (6 site pairs), landward of a sill at the Tacoma Narrows;
Central (23 site pairs), inside Puget Sound proper, south of a sill at
Admiralty Inlet; and North (36 site pairs), outside of the Sound but
within the Salish Sea. The south sites and to a lesser extent the
central ones are influenced by constrained water exchange caused
by the sills, and by freshwater input from several rivers. The north
sites have greater oceanic flushing but have substantial seasonal
freshwater input from several large rivers, especially the Fraser in
Canada and the Skagit in Washington. The primary sediment
composition on our study beaches was a mix of sand and gravel
predominantly derived from glacial and interglacial deposits,
delivered to beaches via episodic bluff erosion, and distributed by
longshore transport (Shipman, 2010). Wave energy regime and
local geology are then the primary drivers of beach sediment
character and gradient in the Salish Sea. Pairs of beaches were
within the same drift cell (independent zone of littoral sediment
transport from source to deposition area) and same component of
that drift cell (erosional or depositional). The 65 pairs were within
49 different drift cells (out of over 600 in the Washington state
portion of the Salish Sea). These 49 cells ranged from 1.8 to 60.4 km
long, and varied from 0 to 99% armored.

Sites had armoring at different elevations and of different types
(e.g., concrete seawalls, stone riprap, retaining walls of wood pil-
ings). Paired beaches were matched as closely as possible in terms
of geomorphic setting and geology of the bluff, aspect to prevailing
winds and sun, wave exposure, and nearshore bathymetry. Bea-
ches in a pair were always nearby; mean distance between
members of a pair was 383 m, maximum distance was 1 km. All
field data reported here were collected in summer (June to Aug.);
central and south sites were surveyed in 2010e2012, north sites in
2012e2013.
2.2. Biological surveys

Data collection followed procedures described in Heerhartz
et al. (2014). Briefly, at all sites we placed a 50 m shore-parallel
transect high on the shore near the wrack zone; this line was
used for both biological and sediment sampling. We define beach
wrack as organic matter consisting of detached and stranded
algae, seagrass, and terrestrial debris. We surveyed the most
recent line of beach wrack and avoided older and usually more
desiccated wrack. Armored beaches lacking wrack and logs were
surveyed at the highest elevation where natural beach sediments
were present (i.e., at the toe of armoring). At 10 randomly selected
points we estimated the percent cover of each type of wrack (i.e.,
seagrass, algae, or terrestrial-source), and noted the most abun-
dant types of algae. At 5 of these points we collected samples of
wrack and the top 2.5 cm of sediment using a 15-cm diameter
benthic corer, and quantified the number of logs (less or greater
than 2 m length). We also measured the width of the log line
perpendicular to shore. In the lab, wrack samples were sorted into
types, dried, and weighed. All invertebrates were extracted (using
106 mm sieves) from the wrack, and identified and counted using a
dissecting microscope; talitrid “beach-hopper” amphipods and
other crustaceans were identified to genus, and other in-
vertebrates to family (except oligochaetes, which were not iden-
tified beyond class). Invertebrate-dense samples were split with a
Folsom Plankton Splitter and abundances were back-calculated.
For analyses, all parameters were averaged (percent covers) or
summed (biomasses, invertebrate counts) across the transect
(n ¼ 5 for wrack core and log samples, n ¼ 10 for wrack percent
covers).
2.3. Geomorphic survey methods

We characterized sediment grain sizes from the wrackline from
three to five of the core samples by sieving dried sediments smaller
than 16 mm through progressively finer sieves (1/2 phi intervals)
using a RoTap shaker, and weighing the amount retained in each
sieve. Coarser sediments (cobbles) were individually measured.
Elevations of wracklines were measured; because these differed
within and among pairs, sediments were not all collected from the
same elevation on the beach. In addition, we assessed grain sizes,
with lower precision, along a transect at Mean Low Water (MLW:
ca. þ1 m above MLLW). At three randomly selected points we used
a 50 � 50 cm quadrat to estimate percent cover of cobbles (>6 cm),
pebbles (4 mm e 6 cm), granules (2e4 mm), sand (<2 mm), and
mud (smooth) at the surface and at 5 cm subsurface. The two sets of
estimates were averaged for per-quadrat proportions.

Beach profiles were obtained on low tides using a laser level and
stadia rod or RTK-GPS, measuring from the top of the berm or toe of
the eroding bluff (on unarmored beaches) to elevations approach-
ing mean lower low water (MLLW), depending on the tide. On
armored beaches the profiles were measured from the lowest
elevation on the armoring structure to MLLW. Beach slope was
calculated for the upper portion of each beach from the wrack line
to ~0.6 vertical meters above local MLW. This section was consis-
tently in the active sediment transport zone of the foreshore (an
area of similar energy) of our beach transects. See Supplementary
Material for additional methods and data sources.

Due to the fjord-like shape and complex bathymetry of the
Salish Sea, the magnitude of the vertical tidal range varied greatly
from our northern to southern sites. Mean tidal range varied from
1.39 to 3.19 m, and the elevation of the mean higher high water
(MHHW) datumvaried from2.39 (in the north) to 4.32m (far inside
Puget Sound) above MLLW. To standardize our elevation mea-
surements in relation to tidal range and enable us to meaningfully
assess impacts of armoring emplaced at various elevations, we
calculated a “relative encroachment” (RE) metric by subtracting the
elevation of armoring or toe of bluff from the MHHW datum for
each beach. Datum information for nearby sites was obtained from:
http://tidesandcurrents.noaa.gov/; in some cases it was necessary
to interpolate between distant stations. Positive RE values indicated
that the toe (of armoring or bluff) was lower than MHHW, and
negative values were higher. RE at our study sites are reported in
vertical feet, and ranged from �5.1 ft (¼�1.55 m) to þ7.0 ft
(¼2.14m), with amean of�0.33 ft ± 0.16 SEM (standard error of the
mean) (¼�0.10 m ± 0.05 SEM).

We tested whether the proportion of the drift cell that was
armored (hereafter referred to as DCA: data from various sources)
would generate cumulative armoring impacts, for example by
blocking increasing proportions of sediment sources. Variables that
could be affected by large-scale and long-term impacts of armoring
might show these effects, including some parameters where local
and short-term impacts were not seen. Of particular interest was
testing our hypotheses of a correlation between sediment grain size
or beach slope and DCA.

2.4. Statistical analyses

We assessed local impacts of armoring using paired t-tests,
taking advantage of our sampling design to compare the differ-
ences between mean values of each measured response parameter
at each pair of beaches. Parameters tested are listed in Table 1.

We tested larger-scale effects of RE and DCA on response vari-
ables of interest using a mixed effects model. For all analyses “Site”
was defined as a random effect and RE or DCA as a fixed effect. Each
“Site” had two sampled beaches, the armored beach and its

http://tidesandcurrents.noaa.gov/


Fig. 1. Map of the Washington State portion of the Salish Sea, showing study site locations and major cities. Each pair of beaches (armored and unarmored) is represented by a dot.
North sites are represented by letters, Central by #1e25, and South by #26e31. Basemap data courtesy of Washington Dept. of Ecology (WA State Basemap, Place Names) http://
www.ecy.wa.gov/services/gis/data.htm and Washington State Dept. of Transportation (Shoreline) http://www.wsdot.wa.gov/mapsdata/geodatacatalog/.
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Table 1
Summary of statistical tests.

Paired t-tests RE DCA

Description p value Direction p value Direction Test type p value Direction Test type

Beach Width 0.0104 U > A
Beach Slope ns 0.0453 neg C 0.0028 pos C
Shade on upper shore <0.0001 U > A
Number of logs <0.0001 U > A
Width of log line <0.0001 U > A
Wrack Terrestrial Percent Cover <0.0001 U > A <0.0001 neg B ns B
Wrack Algae Percent Cover 0.0012 U > A 0.0002 neg B ns B
Wrack Total Percent Cover <0.0001 U > A <0.0001 neg B ns B
Wrack Total Mass <0.0001 U > A <0.0001 neg A 0.0074 neg A
Wrack Algae Mass 0.00773 U > A <0.0001 neg A 0.0247 neg A
Wrack Terrestrial Mass 0.00013 U > A <0.0001 neg A ns A
Wrack Total Invertebrates ns 0.0001 neg A 0.0051 neg A
Wrack Total Amphipods ns 0.003 neg A ns A
Wrack Total Insects ns <0.0001 neg A ns A
Wrack Total Collembola 0.00759 U > A 0.0001 neg A 0.0293 neg A
Wrack Oligochaeta þ Nematoda ns
Wrack Megalorchestia 0.0002 U > A
Very Coarse Gravel ns ns B 0.0001 pos B
Coarse Gravel ns ns B ns B
Medium Gravel ns ns B ns B
Fine Gravel ns ns B ns B
Very Fine Gravel ns ns B ns B
Very Coarse Sand ns ns B ns B
Coarse Sand ns ns B ns B
Medium Sand ns ns B 0.0042 neg B
Fine Sand ns ns B 0.0008 neg B
Fines ns ns B ns B

Notes: Type of test: A ¼ Mixed-effect ANOVA on quasi-Poisson data; B ¼ Mixed-effects on arcsin sqrt transformed data; C ¼ normal linear mixed effect model. ‘ns’ ¼ non-
significant. ‘neg’ and ‘pos’ refer to the direction of effect of the parameter on the response variable, e.g. large RE is associated with low wrack cover.
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unarmored pair. In this setting the model is allowed to vary the
intercept for each “Site,” therefore accounting for both within site
and among site variation, i.e. acknowledging that sites are repre-
sentative of Salish Sea beaches and were randomly selected. For
models testing counts of wrack invertebrates (either summed, or
separately for particular taxa) or components of wrack mass we
used a generalized mixed effects model with a quasi-Poisson dis-
tribution using the glmmPQL function in the MASS package in R
(Venables and Ripley, 2002; R Development Core Team, 2014). A
quasi-Poisson distribution was chosen over a Poisson distribution
to account for overdispersion and to adequately fit biological count
data. For all model fits, residual plots and fitted values were
examined, and all appeared reasonable considering the inherent
variability of the dataset. For models testing the effect of RE or DCA
on percent cover or proportion data (including wrack cover and
sediment grain sizes) we used a normal linear mixed effects model
with “Site” as the random effect on arcsine-square root trans-
formation of the response variable, as is commonwith such data to
improve normality. The mixed effects models testing the effect of
DCA all showed high correlation between the fixed effect and the
random effect of Site (Supplemental Table 1). This was expected
since each member of a Site existed in the same drift cell by design.
Because of the difficulty of deciding what constitutes an indepen-
dent test, and lack of agreement in the literature on adjusting alpha
levels for multiple testing (e.g., Hurlbert and Lombardi, 2003, 2012),
we present p values as reported by individual tests, and interpret
our results conservatively.

Some regression analyses showed non-linear changes in the
response variable, suggesting a threshold or breakpoint. For these
we applied segmented (piecewise) regression to search for statis-
tically significant two-segment relationships; these can be com-
mon in ecological systems and are characterized by an abrupt
change in a response variable at some point (“threshold”) in an
independent variable (Toms and Lesperance, 2003; Samhouri et al.,
2010). Our analyses used an approach based on Crawley (2007) (see
Supplementary Material). All univariate analyses were run in R (R
Development Core Team, 2014).

We used permutational multivariate analysis of variance
(PRIMER v6 with PERMANOVAþ; Clarke and Gorley, 2006;
Anderson et al., 2008) to test for differences in sediment grain
sizes between armored and unarmored beaches (type as fixed
factor) with sites as replicates (pair as random factor). Multivariate
relationships between environmental predictor variables and
wrack sample invertebrate assemblages were investigated using
distance-based linear modeling (DISTLM) conducted using the
step-wise selection procedure to minimize the Akaike information
criterion (AIC). These analyses partition the multivariate variability
of the invertebrate assemblages along best-fit axes and then test
the environmental variables that are most closely related to these
axes.

3. Results

3.1. Regional differences

Although we were interested in testing for armoring effects on
beach parameters that might exist despite regional variation, the
physical backdrop for testing such local impacts includes regional
differences in bluff geology and shoreline geomorphology. There
are fundamental geologic differences among regions that result in
variation in bluff material (Fig. 2). The north region experienced
advance and retreat of glaciers so that surface morphology reflects
the zone of ice grinding on bedrock; the exposed sediment in the
central region transitions to a glacial outwash zone; and the sedi-
ment deposits in the south are dominated by outwash that was at
the front edge of the ice. These influences are also seen in sediment
grain sizes at the wrackline of the study beaches (Fig. 2). Grain size
distributions were quite consistent between armored and
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unarmored beaches within a region, but some differed among re-
gions; in particular, very coarse gravel and very coarse sand were
more abundant at the central sites (in the outwash zone), medium
sand was particularly abundant at the north sites, and coarse gravel
in the south. Sediments at MLW also showed no obvious armoring
effect in the paired analysis but had some regional differences, with
pebbles and granules more abundant in the south (Suppl. Fig. 1).

Characteristics of the chosen sites varied among regions for
some physical parameters but not others. The large-scale param-
eter of wave fetch impacting each beach did not vary with treat-
ment but was lower in the south (Fig. 3). Drift cell lengths were
greatest in the north and shortest in the south, but with substantial
variance within all regions (Suppl. Fig. 2). The DCA (proportion of
the drift cell armored: Suppl. Fig. 2) of the drift cells containing our
study sites were very different among regions, highest in the ur-
banized and heavily-armored central region (mean 69% ± 5% SE
armored) and much lower in the north (24 ± 3%) and south
(25 ± 15%). Beach width was reduced consistently by armoring but
showed no regional pattern (Fig. 3). Elevation of the toe of the bluff/
armoring showed both a treatment effect, with armoring moving
the toe to a lower elevation, but also a regional effect because of the
much greater tidal range in the south region. The toes of unarmored
bluffs are much higher above MLLW in the south than the north
(Fig. 3) because of this factor. Our calculated relative encroachment
metric (RE) accounted for this background difference (see
Methods). In all regions armored beaches ‘encroached’ upon Mean
Higher High Water relative to unarmored beaches (Fig 3); this
difference was least in the north, showing that armoring is gener-
ally not emplaced as low on the shore in that region, and greatest in
the south. RE values for unarmored beaches were similar among
regions.

Some of the abiotic and biotic parameters that respond locally to
armoring (see below) also varied among regions (Figs. 3 and 4).
Numbers of logs stranded on the beach were much higher at un-
armored beaches but weremost abundant in the central region and
least in the south; the same pattern was seen in width of the log
line (data not shown). Shade from overhanging vegetation likewise
was always higher at unarmored beaches but was most abundant
(and most different with armoring) at the south sites (Fig. 3). Algal
and seagrass wrack biomasses weremuch greater at the north sites,
and there was some variation in the types of wrack found there;
seagrass was much more common (Fig. 4), reflecting the local
abundance of large seagrass meadows in the region. Algal types
were not weighed separately in the wrack samples, but we did
record the most common component in each; in all regions, ulvoid
algae were themost common (in 80e85% of samples in all regions),
but Fucus spp. was more common in the north samples (most
common alga in 13% of the samples, versus only 1% in the central
and south). The north part of the Salish Sea contains a high pro-
portion of bedrock, the preferred substrate of Fucus, whereas there
is little such habitat in the central and south regions (Fig. 2).

Invertebrates in the wrackline samples showed surprising and
largely unexplained differences among regions. This was seen
especially in the abundances of talitrid amphipods, oligochaetes,
and nematodes, all of which were very patchy at the north sites but
often 2e10 times more abundant than at the central or south sites
(Fig. 4). For the amphipods, these differences stemmed largely from
very abundant juveniles (unidentified talitrids) and adults in the
genus Traskorchestia, with lower numbers of adults in the genus
Megalorchestia (Fig. 4). Factors affecting amphipod assemblages (all
three groups) were examined with multivariate analyses, testing
how well a wide range of ‘independent’ variables (grain sizes,
amounts and types of wrack, RE, shade, etc.) can predict the types
and abundances of amphipods. The best DISTLM analysis produced
an r2 of only 0.32, with 11 predictor variables included. More am-
phipods of all types were found with more wrack mass and fewer
with high RE and high DCA, but all correlations between individual
amphipod taxa and individual factors were very weak (r2 values
<0.05). Total wrack mass was correlated with total amphipods over
all beaches, but not strongly (r2 ¼ 0.19). When the wrack was
mostly terrestrial there were almost no amphipods, but when the
wrack was mostly marine the numbers ranged from zero to over
10,000 among five core samples.

Of the other wrackline arthropods, Collembola varied highly
within and among regions; in particular some of the south sites had
very large numbers, but these showed no correlations with
amounts of any type of wrack. Insects (primarily Diptera larvae and
adults) tended to be more abundant in the north (Fig. 4). Insect
numbers showed no correlations with algal mass but a positive
correlation with terrestrial wrack mass (r2 ¼ 0.16 for all beaches),
especially for armored beaches (r2 ¼ 0.25).

3.2. Sound-wide patterns in paired analyses

As was found in the central-south regions (Heerhartz et al.,
2014, 2015), when data from the north sites were included in a
65-pair sound-wide analysis, armoring had clear sound-wide im-
pacts on a number of parameters on the upper shore (Figs. 3 and 4,
Table 1). Unarmored beaches within a pair were wider (overall
means and SE Armored 27.3 ± 1.8 m, Unarmored 33.7 ± 1.9 m), and
extended higher up the shore (Armored 3.03 ± 0.07m aboveMLLW,
Unarmored 3.77 ± 0.08 m), but we found no paired differences in
slope of the upper shore (Armored 0.115 ± 0.0002, Unarmored
0.110 ± 0.0001). This slope metric is not sensitive to small-scale
armor-induced scour. Unarmored beaches had far more shade
from overhanging vegetation (Armored 12.5 ± 3.2%, Unarmored
41.7 ± 4.8%), more stranded drift logs (Armored 0.7 ± 0.2, Unar-
mored 6.7 ± 0.5), and a wider log line (Armored 0.6 ± 0.1 m, Un-
armored 5.2 ± 0.4 m). More wrack also accumulated on unarmored
beaches, with this pattern holding true for all the measured com-
ponents of algae, seagrass, and terrestrial plant material (visible by
region in Fig. 4). All these differences except slope were significant
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in paired t-tests (p values <0.01, Table 1).
However, for the invertebrates found in the wrack, some of

these patterns were not consistent with the more localized study of
Heerhartz et al. (2015). Armored beaches had reduced numbers of
amphipods and insects only in the central and south regions
(Heerhartz et al., 2015); when the north beaches were included,
neither of these paired t-tests was significant (Fig. 4, Table 1). The
exceptions were numbers of Collembola, which varied highly
among regions but overall were more common at unarmored
beaches, and the relatively uncommon talitrid amphipod genus
Megalorchestia, also more abundant at unarmored beaches (Fig. 4).
Worms involved in decomposition of the wrack (oligochaetes and
nematodes) showed no overall armoring effect (Fig. 4, Table 1).

Grain size distributions of sediment at the wrack line were
generally consistent between pairs of sites (visible by region in
Fig. 2), even though the “wrackline” sediments were usually
sampled from lower elevations at armored beaches (with wrack
stranded at the toe of the armoring).We found no differences in any
sediment grain sizes in paired t-tests (p values>0.15, Table 1). In the
mid shore (MLW), where sediments were collected at the identical
elevation on armored and unarmored beaches, there was again no
effect of armoring on grain sizes (Table 1, Suppl. Fig. 1).

3.3. Thresholds and cumulative impacts

We tested for the relative roles of armoring emplaced lower on
the shore and of increasing amounts of armoring within drift cells
by regressing RE and DCA against the suite of dependent variables
(amounts of wrack of different kinds, counts of invertebrates in the
wrackline, numbers of logs, etc.). These regressions generally had
the form expected from the pairwise analyses, for example declines
in logs, wrack, and invertebrates occurred with larger encroach-
ment of armoring on the beach, but few had r2 values >0.10 (data
not shown). Often the scatterplots were ‘wedge-shaped’ (e.g., Fig. 5,
Suppl. Fig. 3). For example, Fig. 5 shows that low-shore-armored
beaches always had few logs or little wrack, whereas unarmored
or high-shore-armored beaches had highly variable amounts. These
plots thus were indicative of the large number of interdependent
parameters causing variation in the measured shoreline variables,
e.g., wrack abundance at the time of measurement was affected by
many factors other than encroachment.

Based on the appearance of some scatterplots, we used
segmented regression to test for thresholds in the number of logs
on a beach in relation to relative encroachment (Fig. 5). Our analysis
found that there was a breakpoint in the relationship at a relative
encroachment of 1.44 feet (SE ± 1.37 ft), where the regression
changed from a non-significant slope of �0.31 (±0.70) to a signif-
icant slope of �1.34 (±0.27) (p < 0.0001) (Fig. 5). In other words,
beaches with armoring low on the shore had far fewer logs than
expected based on the relationship between number of logs and RE
for beaches where the armoring was farther up the shore. Thus
RE¼ 1.44 ft constitutes a threshold of relative encroachment below
which logs are virtually excluded from a beach. This model was
compared to a simple linear regression of total logs against RE using
AIC and r-squared values; these were almost identical, with
segmented AIC at 723.6 (r2 ¼ 0.26) and simple regression at 722.2
(r2¼ 0.25). These comparisons suggest that bothmodels are similar
in their ability to describe the data, but in terms of data useful to
managers, it is helpful to present the segmented model and
threshold. Other scatterplots and segmented regressions suggested
similar relationships for the amount of wrack (Suppl. Fig. 3) but
were not significant.
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Fig. 5. A segmented regression of the number of logs per transect relative to
encroachment of bluff or armoring below MHHW. Regression lines incorporate both
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Our 65 pairs of sites varied greatly in the degree of armoring
present (DCA) in the drift cells where they were located
(Suppl. Fig. 2). Of particular interest at this larger spatial scale was
testing our prediction that there would be an effect of alongshore
extent of armoring on sediment grain sizes or beach slope, which
showed no armoring signal at the local, paired t-test scale. Our
mixed-effects regressions showed clear effects of DCA on a number
of grain sizes (Table 1). Fig. 6 illustrates these patterns with DCA-
extent binned (4 categories) so that the whole grain size spec-
trum can be shown at once. Regardless of their local armoring
status, beaches in the more-extensively armored drift cells (“High”
in Fig. 6) had significantly higher proportions of coarse sediments,
especially very coarse gravel (32e64 mm), and significantly lower
proportions of fine sand (125e250 mm) and medium sand
(250e500 mm) (Table 1). Multivariate analyses testing the suite of
all grain sizes together showed a highly significant relationship
with DCA (1-way PERMANOVA, p ¼ 0.0001). To be certain that
these grain-size differences were not biased by the generally lower
elevation of “wrackline” samples at armored beaches, we ran a
simple linear model (without the Site term and thus not mixed-
effects) on DCA versus grain sizes (arcsin sqrt transformed) using
data from just the unarmored beaches (visible in Fig. 6). Even with
the smaller sample sizes (half the N beaches), there was still a
significant association of higher DCA with an increased fraction of
very coarse gravel (p ¼ 0.0002), and decreased medium sand
(p ¼ 0.006). Other grain sizes were not statistically related to
armoring.

We also analyzed sediments from the mid-shore (MLW) at all
beaches, although for this elevation we had less precise data on
grain sizes (from estimates using quadrats in the field) (Fig. 6).
Mixed-effects regressions showed no significant effects of DCA on
any grain sizes at this lower elevation.

Because DCA varied with region (Suppl. Fig. 2), as did the pro-
portions of different sediment sizes on the beaches (Fig. 2), wewere
concerned that the relationship between DCA and grain size might
be biased, i.e. driven by some other independent variable that
differed among regions. To address this, we examined the under-
lying geological material (categories in Fig. 2) of the bank or bluff in
each drift cell and found that not surprisingly, DCAvaried with bluff
material – the most armoring occurred in drift cells dominated by
loose sediment (that would presumably require more stabilizing),
and the least armoring in bedrock areas. A 2-factor ANOVA on the
proportion of very coarse gravel (the fraction with the strongest
relationship to degree of armoring) with factors of underlying
material (6 types) and DCA (4 levels, binned as in Fig. 6) showed
that gravel was significantly associated with DCA (p < 0.0001), but
not with underlying bluff material (p ¼ 0.21), with no significant
interaction (p ¼ 0.08). Thus one interpretation of this analysis is
that although underlying geological material in the bluff must ul-
timately affect the amount of gravel on the beach, the regional
pattern is more closely related to the degree of armoring in the drift
cell.

The slope of the upper beach also varied with DCA. This test was
runwith only 54 pairs of beaches (see Suppl. Methods). Beaches on
more-armored drift cells (regardless of local armoring) had slightly



Fig. 6. Proportions of sediment grain sizes at the Wrack line (upper panel) and at
Mean Low Water (lower panel) in drift cells with different degrees of armoring (Low
DCA ¼ 0e0.2 proportion armored, Medium Low ¼ 0.2e0.5, Medium High ¼ 0.5e0.8,
and High ¼ 0.8e1.0). We split these proportions somewhat unevenly to allow for
similar site replication within each bin, and also to highlight the impacts of particularly
low and particularly high amounts of armoring in the drift cell. Sediments from the
Wrack line were dry-sieved in the lab; sediments at MLW were estimated in quadrats
on the beach. Some of the MLW bars do not sum to 1.0 because of small amounts of
hardpan or mud present. For each of the bars (A and U) in each DCA category, the N
beaches ¼ Low 20, Med Low 24, Med High 12, High 9.
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but significantly steeper slopes than those in less-armored drift
cells (Table 1, p ¼ 0.0028, data not illustrated); mean slope was 10%
at low-DCA beaches and 15% at high-DCA areas. Unexpectedly,
relative encroachment had a small but significant (p ¼ 0.045) effect
in the opposite direction; beaches with greater encroachment of
armoring were slightly flatter than those with less encroachment.
This may relate to heavily-encroached beaches having scour in
front of armoring, which would lead to a reduced near-armor slope
(A.N. McBride pers. comm.).

The proportion of the drift cell armored was also directly or
indirectly associated with several biological parameters. Mixed-
effects regressions showed that DCA had a significant negative ef-
fect on some wrack mass parameters, and also on total numbers of
wrack invertebrates and Collembola (Table 1).

4. Discussion

4.1. Local and regional effects

As was found in our previous sampling over a smaller
geographic region (Sobocinski et al., 2010; Heerhartz et al., 2014,
2015), a variety of response variables, especially those associated
with the upper shore, differed between paired armored and unar-
mored beaches across the southern part of the Salish Sea. Param-
eters locally reduced by armoring included width and shadiness of
the beach, and log and wrack accumulation on the upper shore.
Many of the invertebrate taxa that inhabit the wrack or live under
logs were also less abundant with armoring. Most of these patterns
were visible throughout our large study area even though there
were substantial underlying regional differences. Northern beaches
had more algal and seagrass wrack; the abundance of bedrock in
the north that supports large algal populations likely contributed to
the available algal wrack mass, as did seagrass from very large
seagrass beds in Padilla Bay and on large river deltas. The lesser
encroachment of armoring in the north also presumably allowed
more wrack to accumulate. Northern shorelines have been settled
and alteredmore recently than the central region, and regulation of
armoring elevation has become stricter with time. The northern
sites also had lower overall proportions of their drift cells armored
(DCA); this could be due to the greater awareness of shoreline
impacts in this later-developed region, and/or to the larger pro-
portion of bedrock in the drift cells reducing the need for shoreline
stabilization.

For some biotic parameters there was an association with
armoring either on local or broader spatial scales, while for others
the regional, geomorphic, or other sources of variation obscured
such potential patterns. The larger masses of wrack (especially
algal) in the north were occupied by higher densities of amphipods,
nematodes, and oligochaetes, while more insects were associated
with larger amounts of terrestrial wrack. Somewhat surprisingly,
numbers of insects showed no relationship with the amount of
overhanging vegetation (percent shade). Collembolans showed a
regional pattern driven by high densities in a few southern sites,
but did not correlate with any type of wrack.

The very large regional variation in talitrid amphipod abundances
and their inconsistent response to armoring likely relate to unex-
plored behavioral responses of these important wrack inhabitants.
Megalorchestia was the only amphipod taxon to show a consistent
sensitivity to armoring across regions (seen also by Dugan et al.,
2003), and to respond significantly to relative encroachment of
armoring on the beach. This genus tends to burrow in sand high on
the shore (Pelletier et al., 2011; Dugan et al., 2013) and to be sensitive
to sediment textures (Viola et al., 2013). Traskorchestia, in contrast
(likely including most of the “juvenile talitrids” counted) burrows
less and is more likely to move around the beach, shelter in wrack,
and survive submersion for extended periods (Koch,1989). Theymay
concentrate in lower wrack when the tide is out but (in the absence
of armoring) move to higher elevations to avoid being submerged at
high tide. Our wrack samples were taken at variable times relative to
the tidal level and under many different weather conditions, and we
did not track age or field-moisture content of the wrack; such static
sampling may have affected our ability to accurately measure these
highly mobile organisms.

Our tests of armoring-associated effects lower on the shorewere
inconclusive. Sediment analyses at Mean Low Water showed no
differences between paired beaches. We also tested for a biotic
response to hypothesized changes in sediment texture in the
abundance or species richness of juvenile clams, but found no
patterns (Dethier, unpubl.). Our mid-shore samples were physically
removed from armoring by an average of ~30 m across the beach
face, meaning that direct armor effects such as fromwave reflection
were unlikely. Long-term indirect effects such as gradual loss of
finer sediments from the beach face could impact themid shore but
were not detected in our data.

4.2. Broader-scale patterns

For some parameters that we hypothesizedwould be affected by
armoring, the local, paired-beach scale was mismatched to the
larger-scale processes that likely control these parameters. This was
particularly true for geomorphological parameters such as beach
profiles (e.g., slope). One likely explanation is that armoring im-
pacts “smear” amongmembers of a sampled pair; for example, if an
unarmored beach has sediment naturally eroding onto the shore,
some of the sediment is likely to get carried to the nearby armored
beach even if that beach is, on average, “updrift”. Conversely,
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changes to wave energies and sand supply caused by a large stretch
of armoring could impact sediment processes on a nearby unar-
mored beach. Important contextual parameters such as age of the
armoring often could not be ascertained due to poor historical re-
cord keeping. Even with our large sample sizes we had insufficient
replication to test hypotheses related to different types of armoring,
for example vertical concrete versus sloped riprap.

Our ability to test for relationships between armoring and
various response parameters was also compromised by the in-
teractions between space and time, and geomorphology and
biology. Testing hypotheses about armoring effects on sediment
grain sizes and beach slopes, for example, was not possible until we
had data encompassing drift cells with a large range of armoring e

and for those conditions to have been present for long enough that
finer sediments had time to gradually winnow out of armored
beaches. In addition, there are potential geomorphic factors not
considered in our analysis, and a definitive cause and effect rela-
tionship is yet to be determined. Differences in upper-shore sedi-
ment grain sizes were not detected at the paired beach scale but
were significant when examined at a large geographic scale. We
interpret this regional-scale analysis to suggest that there is a
reduction of sediment input resulting from armoring large pro-
portions of drift cells. In turn, this appears to have long-term, cu-
mulative geomorphological effects, such that proportions of fine
sediments are reduced, leaving behind coarser ones. Even at this
scale, cumulative armoring effects were relatively subtle, and sta-
tistically significant only for the grain sizes at the ends of the size
spectrum. As in sandy beach ecosystems (Berry et al., 2014), this
cumulative effect may reduce the ecological resilience of Puget
Sound beaches, where sediment supply is already episodic. Grain
sizes then affect numerous biological parameters such as suitability
for spawning surf smelt (Penttila, 2007), and the numbers and
types of invertebrates in the wrack zone and elsewhere on the
beach (e.g., Viola et al., 2013; Heerhartz et al., 2015). The predom-
inance of wedge-shaped plots in our analyses (e.g., Fig. 5,
Suppl. Fig. 3) attests to the large numbers of factors affecting all of
our measured parameters; abundances of wrack invertebrates, for
example, are likely influenced not only by the amount and type of
wrack itself, but the elevation of the wrack on the shore, the
porosity of the sediment, and the region.

Lower elevations of shoreline armoring, calculated as relative
encroachment over the beach, showed a clear negative association
with most beach parameters at both local and larger spatial scales.
For some of these parameters, such as number of accumulated logs,
segmented regressions demonstrated that there was a distinct
threshold elevation below which armoring seemed to have dra-
matic impacts; a similar pattern was seen in total wrack mass. In
each case, the threshold was ca. 1e2 vertical feet below MHHW.
Armoring below this elevation, which is no longer permitted for
new construction in Washington State, was associated with sub-
stantially greater differences in measured parameters than armor-
ing higher on the beach. This elevation thus may constitute a
“utility threshold” (Samhouri et al., 2010) to be targeted by man-
agement actions or restoration to obtain the most significant
beneficial changes in ecosystem functions.

Our study has documented both obvious andmore subtle effects
of armoring on Salish Sea shorelines, including those detectable at
diverse spatial and temporal scales as summarized in Fig. 7. Some
differences, such as reduced wrack accumulation on armored
beaches, could be seen at local spatial scales (paired beaches) and
probably would be observable within days of armor installation.
Wrack is delivered to beaches on almost every high tide, and
stranding of this material is clearly reduced in front of armoring,
especially when the structure is relatively low on the shore. At the
other end of the spatial and temporal spectrum, the hypothesized
geomorphic responses such as slope and grain size distributions
were not visible at the paired-beach scale, where they are obscured
by the numerous processes that impact local beaches on both short
and long-term time scales. These responses likely require both a
large extent of armoring and substantial time of sediment
reworking to create a signal that is detectable over the natural
geomorphic variability.

The positions of responses related to armoring on the space and
time axes in Fig. 7 are only approximate, and some are context-
dependent or only weakly supported. Forage fish spawning,
placed at intermediate scales of space and time (Fig. 7), could
actually be affected rapidly and locally if armoring covers spawning
beaches, or slowly and only at very broad scales in the case of
gradual population decline due to large-scale loss of appropriate
sand grains for egg attachment. Our previous studies have sug-
gested that shoreline armoring has some effect on abundance and
behavior of terrestrial birds (Heerhartz, 2013) and juvenile salmon
(Toft et al., 2013; Heerhartz and Toft, 2015), but since these or-
ganisms are highly mobile and use large stretches of shoreline,
distinguishing population responses to armoring is very difficult.
Mobile organisms in general present similar problems with regard
to conservation (Runge et al., 2014; Rolet et al., 2015). Juvenile
salmon migrating alongshore on their way to the ocean encounter
the entire spectrum of armored and natural beaches, so attributing
effects on diet, fitness, and survival to one factor such as armoring
requires manipulative studies such as holding fish in a small area to
measure local feeding rates (Toft et al., 2007, 2013). Armoring
located in juvenile fish habitats likely changes the character of the
wrack and invertebrates therein, as well as overhanging vegetation
and insects, all of which may alter behavior or feeding of the fish
(Duffy et al., 2010).

While our study did not directly address restoration efforts, our
observations combined with site-specific data from armor-removal
projects within the Salish Sea (e.g., Toft et al., 2014) suggest that
many of the armoring impacts we observed may be reversible. In
some cases, beach functions may be at least partially restored by
modification of shore structures and may not require complete
removal (Berry et al., 2013; Nordstrom, 2014). Our data suggest that
moving armoring higher on the shore may restore some ecological
functions while still protecting infrastructure. Recovery of beach
characteristics and functions may follow the same temporal pat-
terns illustrated in Fig. 7. Wrack can return quickly when armoring
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has been removed and there is physical space on the upper shore
for it to accumulate; colonization by arthropods and other de-
composers is likely to follow quickly if there are local sources of
colonists. Terrestrial birds will probably visit restored spaces
quickly, once invertebrate food becomes available, and rapid juve-
nile salmonid use of a restored beach has already been demon-
strated at a site in Puget Sound (Toft et al., 2013). If sediments are
appropriate for spawning forage fish, or if armoring removal is
accompanied by beach nourishment with appropriate sediment,
then egg-laying may occur during the next spawning season; but
even spawning on appropriate sediment is unpredictable in space
and time (e.g., surf smelt: Penttila, 2007). These biotic changes may
happen on relatively short temporal scales, for example seasonally,
rather than taking years over which some armoring impacts may
develop. Recovery of geomorphic parameters such as beach shape
and pre-armoring sediment grain sizes will depend on sediment
sources, whether from updrift, upslope, or artificial delivery.

Multiscale spatial and temporal impacts of armoring are also
likely to be seen on open-coast sandy beaches or other systems
such as armored estuarine marshes. On sandy beaches, the effects
of armoring on wrack accumulation and on other trophic levels
have beenwell studied (e.g., Dugan et al., 2008). A relatively unique
feature of Pacific Northwest beaches is extensive windrows of
beach logs, but these may have some parallel in marsh vegetation
that can only develop when armoring is absent or very high on the
shoreline (Bozek and Burdick, 2005). As in the Salish Sea, on both
sandy beaches and marshes the direction of drift (e.g., longshore
currents, estuarine outflow) should affect the location and spatial
scale of armoring impacts because the accumulation of both sedi-
ments and organic matter are important in those ecosystems.
Geomorphic effects of armoring on open beaches or marshes are
similarly likely to be slow or highly episodic, depending on types of
sediment sources and their proximity, as well as variations in wave
energy. The degree to which sediment sources are locked up, either
by extensive alongshore armoring or by dams on riverine sources,
may have cumulative effects; investigating possible thresholds in
the interactions between sediment budgets and marsh health or
beach geomorphology would be useful but temporally challenging.

In conclusion, our broad study covering a wide range of beaches
and drift cells with different types, elevations, and degrees of
armoring has allowed us to quantify hitherto elusive patterns of
impacts of armoring on beach processes. Armoring alters beach
conditions from the local to the sound-wide scale, with its effects
likely emerging on time scales that range from immediate to years
or decades. In the Salish Sea, there is great variation among beaches
and regions in upper-shore parameters such as logs, wrack, and
invertebrates, but in many cases an armoring signal overrides these
complex processes, and broad associations are visible. The changes
in the geomorphic character of beaches towards steeper and
coarser conditions appear to be slow and subtle, but ultimately can
ramify to impact beach functions, including supporting forage fish
use and altering the infauna. The elevation of armoring on the shore
clearly does make a difference to numerous functional character-
istics, and at least in the case of log accumulation, there is a
threshold for this effect. Our data also suggest that adding more
armoring within drift cells may lead to cumulative impacts on
several geomorphic and biological parameters. The mechanisms
that might cause these cumulative effects, for example starving the
beaches of sediment supply or altering local hydrodynamics,
require further investigation.
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