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The interaction between land and sea is controlled by a number of processes that are
in general driven by the equilibrium between environmental forcing components (e.g.
hydrodynamic - waves, currents, surges), atmospheric (e.g. winds) and terrestrial (e.g.
catchment land cover) and sediment dynamics. In the context of the Anthropocene
epoch, the equilibrium in many coastal regions is now often altered by the influence
of human activities. Successive human activities globally influence (indirectly) these
forcing components, helping magnify the negative impact of extreme meteorological
events and sea level rise. Directly, human activity can also influence a number of
processes at a local scale within and between the catchment, the sea and the coast.
For example, misplaced engineered infrastructure inside these naturally dynamic
environments can accentuate disequilibrium, destabilizing shores and deltas.
Developmentin catchments can promote rapid runoff, inducing sometimes-dramatic
effects on downstream urbanized areas, the socio-economy as well as on coastal
resources and ecosystems.

This Research Topic aims to assemble research and review papers that focus on
the dynamics of shores and deltas in peril under present conditions as well as in
the future context of sea-level rise, climate change and adaptation strategies under
various scenarios.
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Editorial on the Research Topic
Coastal Risk: Shores and Deltas in Peril

Coastal systems are the result of a natural equilibrium between hydrodynamic, atmospheric, and
terrestrial parameters and sediment dynamics. In the Anthropocene, this equilibrium in many
coastal regions can be altered by human activities. These activities may globally magnify the effects
of extreme meteorological events and sea level rise and directly influence coastal processes down to
alocal scale within and between river catchments, the sea, and the coast. While most interventions,
such as urban development, seawalls, and jetties are placed for specific human benefits, their
indirect effects on coastal economies, societies and ecosystems can be significant.

This Research Topic brings together research from across the world to illustrate the dramatic
and diverse nature of the peril that coasts and deltas face. Scientific understanding of the dynamics
of these systems is essential to their current management and for the development of adaptation
strategies to reduce future risk in the face of climate change.

The dynamics of beach environments and the role of storms is the focus of several papers.
Guisado-Pintado and Jackson note that more frequent and more intense Atlantic storms over
the last 40 years have heightened the potential risk to coastal environments, population, and
infrastructure. They examined the effects of two storms on a beach system in NW Ireland and
conclude that that storm energy is not always a direct indicator of coastal impact. Local forcing
factors and antecedent beach conditions can be more important drivers of coastal response on
sandy beaches. Storm waves from “nor’easters” which impact the New England (USA) coast during
winter and early spring are a key influence on the Plum Island system studied by Hein et al.
using beach surveys, sediment sampling, numerical modeling, and historical analysis. They found
a migrating “hot spot” of erosion which presents challenges for local communities.

The interaction of local beach dynamics and sediment supply with larger scale, longer time
scale changes imposed by migrating Amazon mudbanks is the focus of two papers. Jolivet et al.
found that multi-decadal beach mobility reflects influences on the wave regime from alongshore-
migrating banks (strong wave dissipation and limited beach mobility) and inter-bank areas (limited
wave dissipation and larger beach mobility). Periods of erosion from these multi-scale interactions
impact local communities by reducing beach space available for recreation and turtle-nesting. The
beach has also been influenced by commercial sand mining (Anthony et al.), exacerbating the effect
of natural sand “sinks” on downdrift areas. The importance of these beaches for turtle nesting is
noted in both papers, highlighting important ecosystem effects from human impacts.
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Pressures of human activity extend into estuaries where the
interaction of riverine and tidal forcing on sediment dynamics
governs the ability of wetlands to keep pace with sea-level rise.
In the Sundarbans (Bangladesh), extensive mangroves forests are
fed by a complex system of tidal channels that distribute river
sediments. Hale et al. found that while increased sea levels, and
associated increased in flooding frequency within the mangroves,
could bring more opportunity for sediment deposition, sediment
supply to the system is threatened by a proposed upstream
project that could decrease the sediment loads of the Ganges
and Brahmaputra Rivers by as much as 75 and 25%, respectively.
Maintaining systems like the Sundarbans is important for a
storm protection role, and the same issue drives restoration
of estuarine wetlands elsewhere. In NW Europe, many tidal
wetlands have been drained for agricultural use, often leading to
land subsidence. Efforts are underway to re-introduce the tide in
some “set-back” schemes to regain ecosystems and provide storm
buffers to coastal protection works. Brunetta et al. examined
the morphological evolution and sediment distribution on one
such scheme in SW Netherlands, projecting a 8-10 years period
for marsh vegetation to establish and perhaps 50 years before a
mature marsh forms.

Such time scales for restoration make it important to retain
coastal features that provide vital services, such as storm
protection for coastal communities. Coral reefs are a good
example. Shope and Storlazzi used numerical modeling to show
how the morphology of atolls influences sediment transport.
With SLR, all shorelines exhibited an intensification of pre-
existing erosion/accretion patterns. Atoll islands most susceptible
to shoreline instability with SLR are narrow, located on small
atolls, with narrow and deep reef flats. Loss of reefs can have
important implications, especially in tourism areas subject to
coastal storms. The Mesoamerican Reef provides risk reduction
benefits in Quintana Roo for human infrastructure. The annual
risk reduction benefits are estimated at 4,600 people, USD 42
million damage prevention for buildings, and 20.8 million USD
for hotel infrastructure (Reguero et al.). Such valuation reiterates
the need to protect and maintain natural infrastructure.

The interaction between people and the coast is multifaceted
and understanding dynamic feedbacks is important at a number
of scales. Such complexity, however, is challenging to simply
summarize so that it can be used at times of need. Response
to oil spills is one example where, under emergency situations,
knowledge of coastal dynamics is needed to guide clean

up activities. The Adriatic Sea is a highly trafficked area
for oil tankers and mixed sand and gravel beaches need
to be understood to inform response planning. Grottoli and
Ciavola noted that the dynamics of storm berms on these
beaches lead to the potential for rapid oil burial, and discuss
how such information could be better incorporated into oil
spill response planning. Geomorphic complexity is further
complicated by social and economic activities. Armaroli et al.
use hazard modeling combined with an impact assessment
model to quantify direct and indirect impacts of storm events
on two villages in northern Italy. By considering the effects
on people, property, and businesses the combined modeling
approach was able to identify which village was subject to
greater overall risk, enabling improved planning of coastal
defense measures.

Several of these papers illustrate the current focus on
the potential impact of coastal hazards on property and
infrastructure. Cooper and Jackson argue that this has distorted
approaches to assessing and managing physical coastal systems.
They propose a five-category simple assessment of “coastal
health” that could be used to assess the potential for returning
to a naturally functioning physical coastal system.

Whether the realization that coasts and deltas are in peril
is primarily driven by risk to human activities likely varies
from system to system. The value of natural coastal systems is
clear, however, and collectively these papers illustrate the process
complexity and interacting scales of morphodynamics, across a
variety of coastal settings, that must be considered for that “peril”
to be managed and, if possible, mitigated.
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The 350-km long coast of Suriname, South America, is part of a unique system in
the world characterized by large-scale mud supply from the Amazon and exposed
to Atlantic waves. Large banks migrate alongshore from the Amazon to the Orinoco
delta, separated by ‘inter-bank’ zones. Banks dissipate waves, partially weld onshore,
and are colonized by mangroves, whereas waves in inter-bank areas cause shoreline
erosion, mitigated where rare cheniers develop. Cheniers assure coastal protection
and recreational and ecosystem services, notably providing nesting sites for marine
turtles. Cheniers are also under pressure from sand mining. In order to gain a better
understanding of how these cheniers form and evolve, a study was conducted on
Braamspunt beach, a major turtle-nesting chenier in Suriname constructed from sand
supplied by the Maroni River. Satellite images between 1987 and 2018 show a reduction
of the alongshore extent of the chenier, following sand supply cut-off from the Maroni by
a mud bank migrating westward towards the mouth of the Suriname River, exacerbated
by mud-blanketing of sand. Commercial sand mining has further affected the beach,
but mined volumes are not known. Field surveys (high-resolution topography, drone
photogrammetry, wave measurements) conducted in February, 2016 highlight two
chenier types depending on sand availability, transport and wave reworking: a high-
tide reflective/low-tide dissipative and longshore transport-dominated type 1 exhibiting
berm scarping, and a low, overwash-dominated type 2. As the mud-bank’s leading edge
impinges on the inter-bank trailing edge, sand sequestering by mud and storage in type
2 washovers entail less available sand downdrift. Type 1 lost over 4200 m® of sand
in just 34 days. An increasingly deficient budget induces progressive change to type
2, morphodynamically better adapted to diminution of available sand, and epitomizing
chenier fragmentation and isolation within the muddy Guianas coastal plain. By affecting
the morphology and sand budget of Braamspunt, these changes lower opportunities for
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Chenier Morphodynamics and Beach Ecosystem Services

turtle-nesting. Further reduction of the length of exposed chenier is apparently halted
near the Suriname River mouth where mud is liquefied by the outflowing river and
tidal jet, but the continued existence of this preserved beach could be endangered by

sand mining.

Keywords: chenier, Amazon-Orinoco coast, mud bank, muddy Guianas coast, beach morphodynamics

INTRODUCTION

The term “chenier” designates a body of wave-reworked coarse-
grained sediment resting stratigraphically on a muddy substrate
(Otvos and Price, 1979; Otvos, 2018). Unlike beach ridges
(Scheffers et al., 2012; Tamura, 2012), cheniers are not common
because their genesis depends on a specific balance between
sediment availability and wave action, and, thus, they will only
develop where cohesive sediments are available in large volumes
with enough sand, shelly deposits, or gravel that can be reworked
by waves (Nardin and Fagherazzi, 2018). Cheniers are similar to
any other wave-formed beach, except that their dynamics and
preservation in coastal plains are conditioned by the supply of
bedload-sized sediment in a context of ambient mud abundance,
such as in river deltas (e.g., Saito et al., 2000; Hori et al., 2001; van
Maren, 2005; McBride et al., 2007), and adjacent to estuaries (e.g.,
Anthony, 1989; Hein et al., 2016); but they also develop where
sand, or gravel and shells, are reworked and segregated from mud
(e.g., Woodroffe and Grime, 1999) which also serves as a substrate
over which the chenier develops.

Cheniers are subjected to cross-shore wave processes acting
over the beach face and eventually over the back-beach area, and
to longshore transport. Once formed, cheniers can build up in situ
through vertical and seaward growth of the beach face where the
appropriate sediment is available. More commonly, limitations in
the supply of appropriate sediment result in cheniers generally
undergoing more or less active landward migration over their
mud substrate. This occurs by overwash as waves top the low-
elevation beach and transfer sediment from the active beach
face to the back-beach. As waves rich in temporarily suspended
sediments overwash the beach, water rapidly infiltrates into the
beach, depositing lobes of sand or shells that form washovers.
Since such sand remains segregated throughout from the ambient
mud (i.e., mud on the foreshore, mud underlying the beach
sand, and mud on the backshore in such situations of limited
sand supply) as a result of wave action, the landward-migrating
chenier tends to maintain its integrity and shape across-shore
and alongshore. Cheniers may occur as multiple individual ridges
in muddy plains, commonly referred to as chenier plains, and
are sometimes organized into bands or bundles (Otvos, 2018).
Cheniers can provide various ecosystem services in their ambient
mud setting. They dissipate wave energy and, thus, can protect
backshore areas. In their muddy settings, cheniers also serve as
settlement areas, while abandoned inland cheniers are commonly
sites for coast-parallel routes, and provide aggregate for building
materials in situations where this is not pernicious to their role in
coastal protection.

The coast of Suriname forms the present seaward fringe
of the mud-dominated Guianas coastal plain on the Atlantic

coast of northern South America between Amap4, in Brazil,
and the Paria Peninsula in Venezuela (Figure 1). This also
represents the world’s longest muddy shoreline studded with
cheniers occurring individually or in bundles between Amapa
and the Orinoco River delta (Augustinus, 1978; Augustinus et al.,
1989; Daniel, 1989; Prost, 1989; Wong et al., 2009; Anthony
et al,, 2010, 2011, 2014). This coast is exposed to trade-wind
waves throughout the year, and is wave-dominated (Gratiot et al.,
2007). It is the terminus of numerous rivers draining the Andes,
the Andean foreland, the Llanos, and the Brazil and Guiana
Shields (Figure 1). By far the most important of these rivers is
the Amazon, which dominates the muddy fine-grained sediment
dispersal and geological development of this coast (Anthony
etal., 2010, 2014). The mud supplied by the Amazon is organized
into a series of banks that migrate along the coast under the
influence of waves and currents. The Guianas coastal mud-
bank system is unique in the world in terms of the magnitude
of alongshore mud migration. The mud is a product of the
extremely high and pervasive supply by the Amazon, estimated
as ranging from 754 to 1000 million tons a year (Martinez et al.,
2009; Wittmann et al., 2011). Each mud bank can be up to 5 m
thick, 10 to 60 km long and 20 to 30 km wide, and contain
several times the annual mud supply of the Amazon (Anthony
et al., 2014). A bank migrating alongshore efficiently dissipates
wave energy (Wells and Coleman, 1981; Gratiot et al.,, 2007;
Winterwerp et al., 2007), and is separated from its neighbors
along the coast by inter-bank areas where, in the absence of
mud-bank-induced dissipation, incident wave energy can be high
and coastal erosion prevail. Since the banks migrate alongshore,
the shoreline at any point will swing over time between bank
(accretion) and inter-bank (erosion) phases. Cheniers develop in
inter-bank areas of relatively high wave energy, and can become
isolated and preserved inland through partial onshore welding of
mud banks and growth of the muddy coastal plain. Each inter-
bank phase results in the partial, or rarely, total removal, of
the coastal stratigraphic package built during accretionary bank
phases (Allison and Lee, 2004). Total removal of the stratigraphic
package deposited during a bank phase can occur during a
subsequent inter-bank phase characterized by particularly high
wave-energy seasons such as during El Nino years (Gratiot
et al., 2007). More commonly, removal is partial, signifying that
there is a net growth of the coastal plain (Allison and Lee,
2004), potentially leading to chenier isolation with each growth
cycle. Cheniers have played an important geological role in the
building of the Guianas coastal plain over the last 5-6000 years
(Augustinus, 1978; Augustinus et al., 1989).

The development of cheniers is conditioned by the availability
of sufficient sand and shelly sand that are sorted out and
concentrated by waves to form coherent sand bodies in

Frontiers in Earth Science | www.frontiersin.org

March 2019 | Volume 7 | Article 35


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Anthony et al.

Chenier Morphodynamics and Beach Ecosystem Services

80° W 70°W

rivers between Amap4, in Brazil, and Guyana.

FIGURE 1 | Map of Suriname and the Amazon-Orinoco coast and the drainage basins of the Amazon and Orinoco Rivers and, collectively, the smaller Guiana Shield
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this overwhelmingly muddy environment. Pujos et al. (1990,
2000) concluded from heavy-mineral analyses that the quartz-
dominated beach sands were derived exclusively from local
sources and not winnowed out from the migrating Amazon mud
banks. The most important sources of sand are the numerous
smaller Guiana Shield rivers between the Amazon and the
Orinoco (Figure 1). The hydrology and sediment fluxes of many
of these rivers, which drain crystalline rocks, are still largely
unknown. Even the catchment size of many of these rivers is
not known with certainty. Cheniers are especially common in the
vicinity, and downdrift, of the mouths of these rivers, developing
inlocally sand-rich settings but that are very largely dominated by
mud from the distant Amazon. In addition to fluvial sand, marine

carbonate debris (whole and comminuted shells), derived from
the abundant skeletal remains of organisms that thrive in the
rich ecosystems associated with the Amazon-Orinoco mangrove
system, is also reworked onshore by waves. Finally, older cheniers
inland can also be reworked to form new cheniers where coastal
erosion has removed mud deposited during a previous bank
phase. Coherent sand bodies can, thus, be formed in spite of
the overwhelmingly muddy environment of the Guianas coast,
through the local concentration of sand near, and downdrift of,
river mouths, and through local efficient segregation of sand and
shells from mud. The formation of such coherent sand bodies
is also important as it represents an efficient way of further
dissipating high incident wave energy during inter-bank phases.
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Cheniers are actively exploited in the Guianas for aggregate
to cater for the needs of urban and infrastructure development
in the face of the rapid demographic growth characterizing
this region. When practiced on active open-coast cheniers, this
mining activity can have a deleterious effect on these deposits
and the ecosystem services they provide. Although many rivers
debouch through the Guianas coastal plain, there is a relative
paucity of available sand in the coastal zone. Fluvial sand
discharged to the coast is commonly buried by the abundant
and pervasive Amazon mud, including in deeper inter-bank
areas (Anthony et al., 2010), while estuarine sandy bedload is
commonly draped with mud (Sottolichio et al., 2018). The rare
and currently active cheniers of the Guianas coast also provide
beach recreation outlets for the coastal populations, and, as
nesting sites, are especially fundamental to the ecology of the
protected marine turtles: Lepidochelys olivacea, Chelonia mydas,
Eretmochelys imbricata, Dermochelys coriacea (Girondot et al.,
2002; Péron et al., 2013).

In order to contribute to a better understanding of how
cheniers develop in response to the large-scale regional mud-
bank dynamics, a study was conducted on Braamspunt beach
(Figure 2A), a remnant of a sandy chenier in Suriname that
has been strongly modified by natural mud-bank activity over
the last three decades. Braamspunt beach is close to the city
of Paramaribo and provides a recreation outlet for the urban
population. It is also an important turtle-nesting site on the
350 km-long Suriname shoreline, especially for leatherback
turtles (Dermochelys coriacea). Over 80% of the Suriname
coast is currently muddy (Gensac, 2012; Anthony, 2016), thus
restricting considerably the availability of sandy beaches for
turtles. The backshore wetlands behind Braamspunt beach are
also an important habitat for shorebirds and other wildlife.
The proximity of Braamspunt beach to the growing city of
Paramaribo has also exposed the beach over the last two decades
to commercial sand mining. Unfortunately, there has been no
stock-taking of the volumes of sand extracted from Braamspunt
beach over this period. In conjunction with changes induced
by mud-bank activity, sand mining leads to a reduction of
beach sediment budgets and impacts beach space available for
recreation and for turtle-nesting. Here, we analyze the recent
multi-decadal evolution of the Braamspunt chenier in response
to mud banks and the morphodynamic changes in the remnant
beach associated with this evolution. We expose the nefarious
effects of sand mining in generating vulnerability of the beach,
impairing its role in coastal protection and as a major site for
marine turtle-nesting.

Setting of Braamspunt Beach

The migrating mud banks in the Guianas tend to cause
a westward deflection of the mouths of the small rivers.
The deflection commonly results in more or less prominent
mud capes colonized by mangroves, reflecting the overarching
influence of mud accumulation in transit from the Amazon.
Braamspunt beach lines the mud cape between the mouths of
the Maroni and the Suriname Rivers (Figure 2A). Mud capes
and their associated cheniers generally provide shelter for parts of
the coast to the west (downdrift direction on the Guianas coast)

from direct attack by ocean waves coming from the northeast
(see below). Paramaribo is niched on the west bank of the cape
deflecting the mouth of the Suriname River. It is important
to note that this deflection is less expressed where large rivers
debouch on the coast. Fine examples are provided by the two
large rivers at the borders of Suriname, the Maroni and the
Corantijn Rivers (Figure 2A). Braamspunt beach, in what may
be considered as its ancestral version (i.e., prior to the ongoing
changes engendered by a mud bank, and described in this paper),
is a fine example of an open-coast chenier in the Guianas. The
proximity of large reservoirs of sand in the middle-ground bars
at the mouth of the Maroni River suggest that the sand on
Braamspunt beach has come from this river, supplemented by a
small fraction of shelly debris winnowed out from the nearshore
zone. The source function of the Maroni River is clearly expressed
by the numerous cheniers that run west from the mouth of this
river (Figure 2B). Braamspunt beach ends in spit recurves that
reflect wave refraction at the mouth of the Suriname River.

The Suriname coast is affected by trade winds from the
northeast that are mainly active from January to May. These
winds generate rains on the coast from December to July, with an
intervening relatively dry month in March. The annual rainfall in
the coastal zone varies from 2 to 3 m. Trade winds are also the
main generators of waves from the North and Central Atlantic
Ocean (Figure 2C). These waves come from an east to northeast
direction (Gratiot et al., 2007). Waves have significant periods
(Ts) of 6 to 10 s, and significant offshore heights (H;) of 1 to 2 m,
the longer periods (>8 s) being associated with short spates of
large swell waves generated by North Atlantic storms in autumn
and winter and by Central Atlantic cyclones in summer and
autumn. These longer waves have a directional range from north
to north-northwest. The Suriname coast is, thus, essentially a
wave-dominated coast, characterized by a clear seasonal regime.
The most energetic trade-wind waves occur from December to
April whereas swell waves appear to be most frequent in autumn
and winter, reinforcing the relatively energetic winter to early
spring wave regime induced by the trade winds. The wave climate
shows variations in wave height at timescales ranging from
multi-annual, hinged on El Nino phases, to multi-decadal, in
association with large-scale atmosphere-ocean interactions in the
North Atlantic (Walcker et al., 2015). Tides are semi-diurnal and
the spring tidal range in Suriname is low-mesotidal, ca. 2 to 3 m.

MATERIALS AND METHODS

Mesoscale (Multi-Decadal Changes)

In order to track the recent multi-decadal shoreline changes
along the coast of Suriname between the mouths of the Maroni
and Suriname Rivers, and hence determine the changing status
of the ancestral and current forms of Braamspunt beach, 10
Landsat 5 to 8 images covering the interval from July, 1987
to January, 2016, acquired from the United States Geological
Survey (USGS), and two Sentinel 2A MSI (October, 2018),
acquired from the European Space Agency (ESA), were used.
The image resolution is 30 m for the earliest Landsat 5 TM
(1987) images and 15 or 30 m for the most recent Landsat 8

Frontiers in Earth Science | www.frontiersin.org

March 2019 | Volume 7 | Article 35


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Anthony et al.

Chenier Morphodynamics and Beach Ecosystem Services

6°N

5°50'N

54°20'W 54°10W 54°W

(C)
2T « . 10

° o 5 . P] SR . = °
~15F° - O o . ) O g o o 45 - o O
3 . O S (') . 8 « T 0o . R S
» . . o . o
= 3 79 0 9 ¢ - 05660 °

J F M A M J J A 8§ O N D
month

correspond to the first and third inter-quartiles, and circles to the median values.

FIGURE 2 | Landsat image (2015) of the Suriname coast, location of Braamspunt chenier near the mouth of the Suriname River, and offshore WWIII data collection
point for the field study (A); Landsat image (2015) showing cheniers (vegetation in dark orange) separated by linear swamp depressions (light green) and running
west from the mouth of the Maroni River between Suriname and French Guiana (B). The diversity in orientation, length, width, and grouping of these cheniers reflect
space- and time-varying bank and inter-bank dynamics. The dark red hue along the coast represents seafront mangrove swamps; (C) daily averages of
wave-climate parameters, significant wave height Hs and wave period T, derived from a 44-year record of the ERA-40 (European ReAnalysis) wave dataset
generated by the European Centre for Medium-Range Weather Forecasts (ECMWF) for the location 5° N, 52° W (modified after Gratiot et al., 2007). Dots
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OLI-TIRS (2016) images. The selected Sentinel images have a
10 m-resolution in the visible and near-infrared bands. Images
corresponding to the dry season were selected in order to avoid
as much as possible cloud cover. The coordinate reference used
for this study is the Universal Transverse Mercator (UTM)
zone 21N, which comprises Suriname, associated with the
Global Geodesic system WGS 1984 datum. In addition to the
shoreline and its changes, the outlines of mud banks were
also identified.

Regarding shoreline discrimination and change, only the 10
Landsat images were used. All the images have good overlap,
and default USGS georeferencing. The shoreline was digitized for
each image, using, as a reference, the external limit of vegetation.
Long experience with the Guianas and other tropical coasts shows
that the seaward mangrove fringe constitutes a good shoreline
marker except where sandy beach deposits occur, colonized by
grass vegetation with a clear seaward limit. Shoreline mobility
was statistically analyzed using the ArcMap extension module
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Digital Shoreline Analysis System (DSAS), version 4.3, coupled
with ArcGIS® v10.2.2 (Thieler et al., 2009). The shore-normal
distance of the vegetation line relative to a base line for each
two sets of dates was calculated every 250 m alongshore. This
distance was then divided by the time in years between two dates
to generate a shoreline change rate, the End Point Rate (EPR) in
DSAS 4.3, expressed in m a year.

The total annual error (E) of shoreline change rate was then
defined from the following equation (Hapke et al., 2006):

/d12 4 d22
T

E= (1)
where d; and d, are the uncertainty estimates of shoreline
position for the successive sets of images and T is the time in years
between image sets. The uncertainty of the shoreline position is
defined by twice the pixel resolution. The obtained error E ranged
from 3.4 to 8.5 m a year between 1987 and 2015.

Field Surveys of the Morphology and
Dynamics of Braamspunt Beach

Two ground surveys were conducted on Braamspunt beach on
February 9-10 and February 13-14, 2016, in order to map

the morphology and grain-size properties of the beach, and
characterize the wave conditions (Figure 3A). The experiments
were aimed specifically at highlighting the morphodynamics
and sand transport patterns that drive change on Braamspunt
beach, and the beach sediment budget. They covered a spring-
to-neap tidal cycle. Fortuitously, the experiments also coincided
with marked variation in wave conditions between the two
surveys. High-resolution topographic surveys were conducted
in the course of the two field experiments using a Trimble
R8 differential global positioning system (DGPS) in Real-
Time Kinetics (RTK) mode. The system consists of a fixed
station and a mobile station used to record the geographical
coordinates and elevations of ground points. The two stations
were linked by radio, which introduced a constraint since
the radio signal could be lost over a distance of a couple
of kilometers. The mobile unit comprised a GPS antenna
and a computer that enabled acquisition and storage of data
collected at 1 s-intervals over the beach. The mobile station
was transported in a backpack most of the time by an
operator carrying out the survey, but constraints imposed
by time and tide also led us to use an all-terrain vehicle
(Figure 3B). A total of 56,900 points were surveyed (23,050
on February 10 and 33,850 on February 13-14), giving an

Suriname
River
estuary

FIGURE 3 | (A) Experiments conducted on Braamspunt beach in February, 2016 and their ground coverage; (B) mobile GPS station on an all-terrain vehicle; (C)

drone with custom-built wings used for photogrammetric survey.
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overall density of 1 point for every 50 cm of beach. The base
station deduced corrections that were relayed to the mobile
antenna which then applied these corrections and computed
X, V, z coordinates. In the absence of a topographic reference
system and benchmarks at Braamspunt beach, we resorted to
the Universal Transverse Mercator (UTM) zone 21N, which
comprises Suriname, associated with the Global Geodesic system
WGS 1984 datum. Elevation data were referenced to the world
geoid EGM96 (Earth Gravitational Model) representing mean
sea level. The constructor’s (Trimble, Ltd.) error margin is £1
to 2 cm for the x and y coordinates and +2 to 3 cm for
the z coordinate. 2.5-m cell digital elevation models (DEMs)
of the gridded images were computed from the data using
the Delaunay triangulation method. The comparison of the
DEMs of the two surveys, named Differences of DEMs (DoDs),
highlighted short-term variations in the subaerial beach volume
that coincided with the shift from spring to neap tides and
a significant drop in incident wave energy observed over the
week of the surveys.

In addition to high-resolution ground surveying,
topographic details of the beach were also obtained from
aerial photogrammetry using a drone with custom-built wings
(Figure 3C) and a camera provided and operated by the Nature
Conservation Division of Suriname. Photogrammetry has,
over the last decade, undergone significant new developments
related notably to the workflow technique called Surface-from-
Motion (SfM) (Westoby et al., 2012). SfM photogrammetry
enables the production of high-resolution morphometric
models and derived products such as digital surface models
(DSMs) and orthophotographs. The technique has been
applied in the mapping of a beach under the influence of mud
banks drifting alongshore from the mouth of the Amazon
near Cayenne, in neighboring French Guiana (Brunier et al.,
2016). Several flights were operated over two sectors (west
and east) of Braamspunt beach separated by the launching
area near our field base (Figure 3C). A pocket-sized CANON
Powershot S100 camera with a 12.1 MP ‘high sensitivity’
CMOS sensor was used to obtain photographs. The drone flew
close to the ground (<100 m) in order to obtain a picture
resolution less than or equal to 3.5 cm ground size pixel
(GSD), and a scene size corresponding to a 120 m x 80 m
picture footprint. We calibrated the parallax parameters using
an overlap between pictures of about 85% end-lap in the
lengthwise flight direction and about 50% side-lap between
paths. Considering the scene size and the parallax parameters,
the drone was flown at a speed of 70 km/h in order to keep
an end-lap ratio with a shooting range of one picture per
second. Moreover, we defined numerous parallel flight axes
spaced 10s of meters. The stereopair alignment using SfM-
photogrammetry was based on targets (Ground Control
Points or GCPs) of 40 cm x 40 cm deployed on the beach
and accurately georeferenced in RTK-DGPS. Furthermore,
we sampled, randomly over much of the beach, and more
selectively where features of interest occurred, numerous
points named Ground Truth Points (GTPs), in order to
assess the quality of our DSM. GTPs consisted of identified
landmarks and deployed 05 m x 0.5 m plywood boards

with an easily discernible black-and-white checker-board
pattern. The SfM-photogrammetry workflow was operated
using Agisoft Photoscan Professional software'. Successive
DSMs can be used to establish temporal changes in beach
sediment budget in the same way as DEMs can be used for
this from high-resolution ground topographic survey data.
In the case of Braamspunt beach, a photogrammetry-based
succession of changing beach budgets was not carried out
because only one DSM of the beach was obtained in the course
of the experiment.

Tidal curves of the semi-fortnightly variation in water level
in the course of the survey were constructed from theoretical
tidal data provided by the French Service Hydrographique
et Océanographique de la Marine (SHOM). The water levels
do not, therefore, include oceanographic forcing effects such
as ocean level setup by air pressure changes, and wind and
wave forcing. In the course of both experiments, up to three
NKE®-SP2T pressure sensors, equipped with turbidity sensors,
were deployed on the beach in its distal part near the tip
of Braamspunt (Figure 3A), and sampled continuously at
2 Hz. Sensor accuracy is 0.02 m. Wave heights and water
levels under these values were neglected. Wave spectra were
calculated over bursts of 20 min using fast Fourier transforms
with a Hanning window of 600 s and 75% overlap (Sénéchal
et al., 2001). A correction factor with a cutoff at 0.5 Hz
was applied to account for the non-hydrostatic pressure field,
as proposed by Horikawa (1988). For each burst, significant
wave height (H;) and peak period (T,) were calculated
in the spectral window [0.11; 0.5] Hz. Unfortunately, only
one turbidity record could be exploited. We set a limit of
0.05 Hz between the gravity and infra-gravity wave domains.
Offshore wave data (see Figure 2A) during the study period
were derived from the third-generation Wave Watch III
(WWIII) database of the National Oceanic and Atmospheric
Administration (NOAA) of the United States’. WWIII is a
spectral wave model that describes complex sea surface states
based on wind data. WWIII calculates sea surface states every
hour for regular spatial grids of half a degree of longitude
and latitude. The model produces wave heights in meters
(m), periods in seconds (s) and directions in degrees (°)
for each grid cell.

Finally, 20 sediment samples collected from
the beach (Figure 3A) in order to determine grain-size
characteristics and the carbonate (shell) content of the
beach sand relative to the dominant quartz fraction. The
samples were analyzed using a Beckman Coulter laser
grain-size type LS 13 320. Samples were analyzed in the
aqueous phase and particles ranging in size from 40 to
2000 pm were determined. A single grain-size curve was
used to describe the entire spectrum of each sample.
The percentage of carbonates in each sand sample was
determined after passing it through hydrochloric acid
to eliminate the organic fraction, leaving the residue of
minerogenic sand.

were

Thttps://www.agisoft.com
Zhttps://polar.ncep.noaa.gov/waves/download.shtml?
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RESULTS

Mud Banks and Braamspunt Beach
(1987-2016)

We identified at least two mud banks over the 29-year period of
analysis (1987-2016) from the Landsat images. The alongshore
continuity of the Braamspunt chenier, the beach sediment
transport cell between the mouths of the Maroni and the
Suriname Rivers, and the shoreline morphodynamics, have been
controlled by bank attachment episodes between July, 1987 and
October, 2015 (Figure 4). In 1987, this alongshore continuity
of the beach from the Maroni River source to the Suriname
River sink was masked by the attachment of mud bank 1 along
much of the coast between the two river mouths (Figure 4A).

| 77 Mud bank
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FIGURE 4 | Landsat images of analyzed shoreline changes between the
Maroni and the Suriname Rivers (October 1987 to October 2015) showing the
impact alongshore of migrating mud banks (muddy shoreline accretion) and
inter-bank areas (shoreline erosion characterized by the landward-migrating
Braamspunt chenier): (A) situation in 1987; (B) situation in 1999 with the 1987
shoreline; (C) situation in 2009 with the 1999 shoreline; (D) situation in 2015
with the 2009 shoreline.

This limited the functional Braamspunt chenier to a stretch of
about 50 km east of the mouth of the Suriname River, the
rest of the updrift chenier isolated by the mud bank, the inner,
shore-welded, part of which was mangrove-colonized. East of
the trailing edge of the mud bank, sandy beaches in the Maroni
source area can be identified (Figure 4A). The 1999 image shows
a chenier system fragmented by shore-attached mud (Figure 4B).
In 2009, the active Braamspunt beach had been reduced in length
to about 25 km, as a result of the persistence of mud-bank
activity between the two river mouths, marked by the presence
of a smaller bank (mud bank 2) near the mouth of the Maroni
(Figure 4C). A further reduction of the length of the beach down
to 8 km is observed in the 2015 image (Figure 4D). A date-to-date
comparison of the satellite images shows successions of shoreline
advance (mud bank) and retreat (inter-bank) at inordinately large
rates exceeding 120 m a year in places (Figures 5A-C).

The satellite images between October, 1987 and January,
2016 (Landsat) and an additional image (Sentinel 2AMSI) in
October, 2018 show the progressive reduction in the length of the
active (functional) chenier and its fragmentation by mangrove-
colonized sectors of shoreline (Figure 6). Local reworking and
concentration of sand resulted in a coherent but narrow chenier
in places separated by mangrove-colonized mud (Figure 7). By
12 January, 2016, the beach length had been reduced to 4 km
as a result of the westward advance of the leading edge of mud
bank 1. The October, 2018 image shows a fragmented chenier
ending in a 1.6 km-long spit with recurves at the downdrift
terminus formed by the estuary (Figure 6). The length of beach
obtained from in situ field measurements was 7 km in January,
2015 and 5.6 km in August, 2015. By the end of January, 2016,
just prior to this study, the measured beach length had been
reduced to 2.6 km.

Morphodynamics of Braamspunt Beach
Offshore and Nearshore Hydrodynamic Conditions
The tidal and wave conditions that prevailed during the February,
2016 survey are depicted in Figure 8. The semi-diurnal tide
had a mesotidal range of about 2.2 to 3 m, and the tidal cycle
showed a spring-neap variation between 09/02/16 and 16/02/16.
WWIII deep-water significant heights ranged from about 2.2 m
at the start of the experiment (09/02) to about 2 m at the end
of the field experiment (14/02), with a maximum of 2.9 m on
10/02. These are relatively energetic wave conditions, reflecting
a typical El Nino year of rougher waves than usual. The wave
heights measured by the pressure sensors on the beach (Figure 8)
were, however, much lower, and ranged from 0.5 to 0.8 m,
thus reflecting a significant amount of dissipation by mud over
the shoreface, as has been documented by Gratiot et al. (2007)
and Winterwerp et al. (2007), and dispersal of wave energy by
refraction. About 60-80% of the deep-water energy was lost
by the time the waves broke on the beach. This left a still
non-negligible amount of energy that led to important beach
morphological changes, as shown below. WWIII wave periods
were relatively uniform at about 9-10 s, reflecting the trade-
wind regime. Beach measurements showed a wider spread of
periods ranging from about 5 to 20 s, a clear mix of both
trade-wind waves (5-10 s) and longer swell waves from the
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Central Atlantic (12-16 s), and also possible infragravity waves
(18-22 s) resulting from in situ wave breaking conditions in
the surf zone and beach. Deep-water WWIII wave directions
were from the northeast window, typical of the Guianas coast,
and ranged from N 47 to 58°, indicating relatively high angles
of 32-43° relative to the beach. Beach observations showed
much lower, but still relatively high, angles of about 15-25°,
following nearshore refraction. The turbidity values (NTU) and
significant wave heights (Hs) showed, in the case of sensor
Cpt 4 PT, the only sensor that recorded turbidity data, a clear
relationship depicting temporary suspension of sand in the
course of wave breaking.

Beach Grain-Size, and Morphology From Field
Topographic Surveying

Braamspunt beach is characterized by well-sorted medium sand
with median grain-size values of 300 to 600 pm, except in
one washover sample with much coarser sand (Figure 9). The
percentage of carbonates is highly variable, but locally significant,
ranging from 4 to over 40%, reflecting preferential density sorting
and concentration within the dominant quartz sand matrix.
The high-resolution topography of the beach is depicted in
three segments from north to the south (Figures 10A-C). Each

segment comprises two DEMs (left: 10 February, Center: 14
February) and a DoD (right) that shows the differential between
DEMs. The survey was incomplete for the northern part of
the beach (Figure 10A) due to poor radio signal transmission
on 10 February between the fixed and mobile GPS stations.
The northern sector shows a narrow beach subject to erosion
involving nearly 5 m of retreat of a steep reflective beach
face characterized by a well-developed berm. The central sector
(Figure 10B) exhibited a less steep profile and a beach that
rapidly became wider from profile 2 southward. The beach
topography also showed better contrast with this widening.
Erosion was dominant on the beach face, but the berm and back-
beach showed little change where the beach widened. The wide
southern sector (Figure 10C) corresponds to the most recent
spit recurve toward the Suriname River estuary. The back-beach
topography in this sector showed significant variations caused
by: (1) overwash processes, (2) overall beach surface lowering,
and (3) inherited sand mining pits dug just prior to a State
moratorium on beach sand mining in December, 2015. Much of
the topographic change derived from the DoDs concerned the
active beach face. Change was much less intense over the top and
back of the beach. The spit sector showed alongshore alternations
of beach face erosion and accretion that represent mobilized sand
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‘waves’ migrating under the strong longshore drift that prevailed
on this beach in the course of the surveys.

Beach Morphology From Photogrammetric Surveying
The orthophotographs and DSMs yielded by the
photogrammetric survey, and obtained using the analytical
procedure based on the SfM protocol, are shown in Figure 11.
Both the orthophotographs and the DSMs are used to infer
long- and cross-shore sediment transfer mechanisms and the
resulting morphodynamics of the beach (discussed below).
Various large-scale morphological features such as the spit
recurves at the approaches to the Suriname River mouth, but
also smaller-scale features such as beach scarps, log jams, and
overwash fans, are clearly identified. It is interesting to note
the strong similarity of the products of SfM photograph and
the lower-resolution topographic data generated by the GPS
surveys. Unfortunately, no DoDs were drawn up because only
one photogrammetric survey was possible in the course of the
week of the field surveys.

Sediment Budget of Braamspunt Beach and Budget
Change Over the Survey Period

Braamspunt beach experienced net erosion between the two
surveys, as shown by the RTK DGPS-generated DEMs and

cross-shore profiles. The overall estimated sand volume of the
surveyed beach, using an absolute beach base at —0.5 m, is about
570,000 m> of sand. This is a conservative estimate since the
true absolute sandy base of the beach above ambient mud is
probably lower than this value as a result of consolidation and
lowering of the mud substrate and, especially, as the spit impinges
on deep waters at the approach to the Suriname estuary. The
net budget differentials bring out an overall loss of 4200 m?® of
sand for what corresponds to a very short (3-4 days) period
of time (Figure 10), and a short stretch of beach (2.5 km).
This highlights the fragile sediment budget of this beach. The
important loss of sand could reflect updrift sequestering under
mud, but, more likely, infill of holes dug out in the subtidal
beach in the course of sand mining operations from boats moored
near the beach, this subtidal zone not having been covered by
the surveys. The differentials also show the clear propensity for
downdrift transport of sand, dominantly as propagating sand
waves, as we saw earlier (Figure 10C), and its final deposition
in the large spit sector which forms an accreting sink from which
sand is probably progressively transferred toward the estuarine
depths. However, it was also clear in the course of the week that
the spate of erosion observed and measured between the two GPS
surveys was essentially driven by large waves that coincided with
spring tides. These are the conditions most favorable to beach
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FIGURE 7 | Narrow and fragmented chenier fronting retreating
mangrove-colonized mud (February, 2016) in the trailing edge of the
inter-bank area. Local reworking and concentration of the sand can lead to
the appearance of a coherent chenier visible on satellite images. These narrow
fragmented cheniers can migrate landward as coherent sand bodies,
asphyxiating seafront mangroves.

scarping, overwashing by waves, strong longshore transport, and,
overall, rapid erosion of the beach.

DISCUSSION

Morphodynamics and Recent Evolution

of Braamspunt Chenier

Bank phases lead to covering, by the large amount of ambient
mud, and thus, sequestering, of sand bodies present on the
shore. This can result in: (1) inland isolation, within the
prograded part of the muddy plain, of once active cheniers,
well-identified on aerial photographs and satellite images as
linear strings of sand separated by marshes (Figure 2B), and,
(2) the cutting off of any actively functional cheniers from
potential supply of sand from updrift (commonly a river source,
a reworked chenier or reworked nearshore deposits). These
conditions are well-illustrated by the recent evolution and current
morphodynamics of Braamspunt.

Two types of cheniers were identified on the Guianas coast
(Anthony et al., 2014), but their morphodynamics have never
been documented before. Depending on the size and width of
the sand body, and on the proximity of an approaching mud
bank, cheniers can range alongshore from sectors exhibiting
large beach faces and well-developed berms to sectors with
low, narrow beaches dominated by frequent overwash. The
former (called type 1 cheniers here) develop where sand and
shells available in sufficient quantities lead to a significant
gain in chenier volume, resulting in a ‘normal’ (or nearly so)
ocean beach morphodynamic regime with a well-developed
surf zone (albeit with permanent inner shoreface mud in the
Guianas). These cheniers are characterized by ‘typical’ beach

foreshore behavior dominated by swash processes and berm
scarping, often with little or no overwash. These processes
are best expressed at high tide when waves are higher and
break further up the beach, undergoing less dissipation over
the muddy shoreface (Anthony et al., 2010). Such large sandy
beaches preferentially occur well-downdrift of an approaching
mud bank in an inter-bank zone and where sand supply is
adequate. These beaches are most typical of the vicinity of river
mouths (active source zones), or, in the case of Braamspunt
beach, of the sector corresponding to Profile 1 (Figure 10).
Under a prolonged inter-bank phase, and providing there is a
sufficient or continuous supply of sand, a type 1 chenier can
develop alongshore for several 10s of kilometers. This is achieved
through: (a) thorough winnowing of fluvial sand supplied by a
river updrift (and sometimes shells from the nearshore zone)
that may have been temporarily fossilized or cut off from the
chenier downdrift by a bank phase, (b) but more commonly
by continuous downdrift supply of sediment from an updrift
river mouth acting as a significant sand source. A second type
of chenier (called type 2 here) is subject to more or less active
landward migration through overwash by waves at high tide.
An approaching mud bank generally leads to enhancement of
this chenier overwash regime by curtailing the through-drift
of sand from source zones, leading to chenier fragmentation.
Overwash commonly leads to sand migrating over mangroves
(Figure 7) the seaward stands of which are progressively first
asphyxiated, and then sometimes uprooted, leading to the
accumulation of more or less significant amounts of drift wood
(log jams). These accumulate notably on the upper beach. As
the coarser beach sediment migrates over the generally poorly
consolidated organic-rich muddy substrate, the increasing weight
of the chenier body leads to muddy substrate consolidation
and lowering in elevation of the chenier, thereby enhancing
overwash processes in a feedback loop (e.g., Rosati et al., 2010).
On the lower beach and in some back-beach areas, this process is
clearly manifested by the appearance of sandy beach deformation
structures generated by dewatering and progressive consolidation
of the mud substrate underlying the cheniers (Anthony and
Dolique, 2006). This process generates accommodation space
into which the overlying sand above the water-exfiltration zone
responds by forming subsiding packages of non-saturated sand
delimited by cracks alongshore (Anthony and Dolique, 2006).
These collapse features are generally ephemeral, as the sand on
the lower beach is transported along the beach by longshore
currents, and onshore through overwashing. As the chenier
migrates inland, the subsisting consolidated muddy foreshore is
exposed, commonly with remnant dead and dying mangroves
undergoing uprooting by waves.

The two types of chenier development and corresponding
beach morphodynamics described above have been characteristic
of the recent (multi-decadal) history of Braamspunt beach.
Braamspunt persisted notably as a type 1 chenier west of
the leading edge of mud bank 1 near the mouth of the
Suriname River, where the river’s fluvial jet has resulted in mud
liquefaction favorable to a clearly expressed beach with spit
recurves (Figure 6). As mud bank 1 migrated westward, much
of Braamspunt chenier underwent fragmentation and shortening,
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and evolved from an open type 1 chenier toward a more classical
landward-migrating type 2 chenier.

The beach ‘shortening’ obtained from field measurements
suggests that the high mud-bank migration rate of 1.6 km a
year deduced from the 2009 to 2015 satellite images (Figure 4D)
is significantly outstripped by the real ‘ground’ migration rate
at the very leading edge of the bank. Here the mud bank is
also smaller, and subject to refracted, but still energetic incident
waves, leading to a form of bank stretching and elongation typical
of the Suriname coast that has been attributed by Augustinus
(2004) to the west—east shoreline orientation relative to the trade-
wind waves.

During the field survey in February, 2016, Braamspunt beach
showed a clear updrift-downdrift differentiation in morphology,
dynamics, and sediment budgets (Figures 10, 11) that reflected
the aforementioned alongshore wave-energy and longshore drift
variations. Once the Maroni primary source was cut off by
bank welding (Figures 4-6), the northeastern part of the beach
became the source zone for the beach downdrift, with a ‘sink’
zone in its southwestern extremity of spit recurves. This gradient
is related to downdrift wave modification at the approaches to
the Suriname estuary. These differences are depicted in the 12
January, 2016 Landsat 8 image (Figure 12A) and in a conceptual
model of the two chenier types (Figure 12B). For simplicity, three
sectors are distinguished in Figure 12A:

(1) The northern sector, which comprises two segments: the
leading edge of the mud bank where the existing chenier
(former type 1 open-beach chenier) has been isolated from

)

the sea by mud and fossilized inland, and the ‘terrestrial’
shoreline junction with the leading edge of the mud
bank. The former has been rapidly migrating westward,
resulting in the shortening of the beach, which is now
a narrow 150 m-long sandy type 2 chenier migrating
landward (Figure 12). As the chenier migrates inland
over back-beach stands of Avicennia germinans mangroves,
it leaves in its wake a muddy foreshore with subsisting
mangroves that were part of the muddy mangrove-
colonized shoreline (Figure 13A).

The southern sector, also with two segments (Figure 12A): a
narrow 1.7 km-long reflective beach in February, 2016, and
arelatively large 0.6 km-long downdrift beach segment. The
former segment is a strongly eroding one, the process being
materialized by beach scarping and the constitution of log
jams on the beach from uprooted mangroves (Figure 13B).
Scarping by waves occurs at high tide, and is particularly
favored by spring tides which occurred at the start of the
2016 field study. Such scarping led to the truncation of older
spit recurves on the lower beach (Figures 11C,D). Large
washover lobes of sand were also being transferred toward
the back-beach, the typical signature of (type 2) chenier
migration (Figure 13C). Some of the sand removed by
scarping was transported downdrift by the strong longshore
drift, thus accounting for the considerable narrowing of the
beach and the net budget deficit over the survey period
(Figure 10). In addition to the role of these processes,
beach narrowing and the budget deficit may also result
from partial fossilization of sand under the stretched and
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FIGURE 10 | High-resolution GPS-derived topography of Braamspunt beach depicted in three segments from the north to the south of the beach (A-C), and beach
sediment budget based on a beach base of -0.5 m relative to absolute datum. In the absence of local topographic benchmarks, elevation data were referenced to
the world geoid EGM96 (Earth Gravitational Model) representing mean sea level. Each segment of beach comprised two digital elevation models (DEMs) (left: 10
February, center: 14 February), a DoD (right) that shows the differential between DEMs, and representative profiles. The DEMs, DoDs and profiles show a steep,
narrow and eroding reflective beach in the north with a well-defined berm (profile 1), a wider but eroding and less steep beach (profile 2), a lower, retreating berm
(profile 3), and a much lower (profile 4) ending steeply in the latest of the spit recurves of Braamspunt beach. The partial budgets highlight the contrast between a
dominantly eroding beach along much of its length and a short spit recurve that serves as a sink for some of the sand eroded further updrift and transported by
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FIGURE 11 | Two high-resolution and high-density orthophotograph assemblages (A,C) and digital surface models (DSMs) (B,D) of Braamspunt beach obtained
from SfM photogrammetry in February, 2016. Both the orthophotos and the DSMs depict variations in beach topography, and especially various large-scale
morphological features such as spit recurves at the approaches to the Suriname River mouth, and smaller-scale features such as beach scarps and high-tide

advancing leading edge of the mud bank. The large waves
and strong longshore drift cannot be balanced (dissipated)
by the sand volume of the beach to maintain stability.
The narrow reflective portion of Braamspunt beach also
shows small-scale alongshore morphological variability

related to numerous zones of driftwood debris. The second
segment forms the transition zone toward the present
Braamspunt beach recurve zone into the Suriname River
estuary (Figure 12). This sector also shows some scarping
and rarer washover lobes (Figure 13D) associated with
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FIGURE 12 | A synthesis superimposed on a 2016 Landsat image (A), and a conceptual model (B) of the morphodynamics and sediment transfer conditions at
Braamspunt beach. S1 to S4 are representative of profiles 1 to 4 (Figure 10). The type 1 chenier regime is characterized by a well-developed, albeit eroding berm
with overwash processes less well-expressed, and conforms to a beach dominated by dissipative-to-reflective processes. The type 2 chenier regime is dominated
by overwash processes and eventual partial break up where local variations in incident wave energy occur. Mangrove colonization accompanying bank phases
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the alongshore alternations of depositional sand waves
migrating downdrift and erosional zones between these
sand waves. Overall, this sector [type 1 chenier but breaking
down into a type 2 washover chenier under the high-energy
conditions of the experiment (Figure 12)] constitutes a
transit zone for sand transported to the downdrift sink
near the Suriname estuary, hence the net positive sediment
budget here (Figure 10).

(3) The estuarine sector with older truncated spit recurves,
where waves are nearly completely refracted.

Linking Chenier Vulnerability With Beach
Morphodynamics: Impacts on
Ecosystem Services

The multi-decadal to recent evolution of Braamspunt is that
of a classical chenier that depends essentially on sand supply
from updrift. This is a first factor of beach fragility. This
sand comes from the Maroni, but transport is not direct and
continuous as one would expect on a classical open-ocean
beach because the sand from the Maroni source transported
alongshore by wave-induced drift is partially sequestered over
more or less long periods of time (up to multi-decadal) by
mud banks migrating westward toward Guyana, and partially
recycled onshore into landward-migrating type 2 cheniers.
Sand availability is, thus, neither constant nor perennial on
Braamspunt. In other words, Braamspunt does not function
as a classical through-put source-to-sink (Maroni-Suriname)
sediment cell, but as a potentially fragmented temporally and
alongshore-variable cell.

As a result of Braamspunt’s fragmented sediment cell strucure,
the morphology of its dominantly reflective beach hinges on
sand reworked alongshore, and only during inter-bank phases.
Such reworking is common in beach systems where sand-supply
stress conditions prevail. It also enables the concentration of
shelly material from offshore that supplements the beach sand
budget. In the case of Braamspunt, this reworking is generated
by updrift sand sequestering in the advancing leading edge of
mud banks during bank phases, a process that, in turn, generates
a chain reaction involving a switch in beach behavior in the
immediate vicinity of the bank’s leading edge to an increasingly
more landward-migrating type 2 chenier mode associated with
beach overwash that further deprives the downdrift beach
of sand (Figure 12). As this occurs, beach scarping and
lowering occur further downdrift to balance an under-saturated
wave and longshore transport system, engendering a downdrift
migrating wave of erosion as the system translates downdrift.
The subsisting beach (type 1 chenier) is presently preserved
in its most downdrift sector (a few 100 m at most) at the
mouth of the Suriname where mud is liquefied by the river’s
outflow jet. This preservation outcome may be considered as
a form of coastal self-organization involving a morphodynamic
negative feedback adjustment effect between beach and river
mouth, and without which Braamspunt beach would cease to
exist. The jet-flow effect of the Suriname River assures the
permanence of the beach in this sector. Here, preservation of
the beach is essential in turn in dissipating waves impinging

FIGURE 13 | Ground photographs showing: (A) landward-migrating (type 2)
chenier forming the present updrift sector of Braamspunt beach. Westward
migration of the eroding trailing edge of the inter-bank zone (uprooted
mangroves) in response to impingement of the leading edge of the incoming
mud bank (not visible here) is leading to shortening of the exposed length of
beach. Landward chenier migration leads to the exposure, on the beach
foreshore, of more or less consolidated former back-beach mud rich in
mangrove remains; (B) pronounced beach scarp resulting from erosion of a
steep, reflective type 1 chenier beach face (S1 and S3 in Figure 12A) with
accumulation of mangrove debris (logjams) in the background); (C) view
toward the back-beach (S2 in Figure 12A) showing washovers encroaching
on Avicennia g. mangroves and burying their pneumatophores (breathing root
network), leading to asphyxia and death of the plants; (D) downdrift sand
transport terminus and partial sink where Braamspunt beach forms a spit in
response to wave refraction caused by the Suriname River mouth re-entrant.
The refracting wave front is visible in the right background. Darker shades of
sand on the beach correspond to heavy minerals (black sands) deposited in
this area of relatively lower wave energy as a result of refraction, and further
concentrated by mild wind sorting of the beach sand. Washover lobes
inherited from the higher spring tides at the start of the survey are present in
the left background.

on the east bank of the river mouth, thus protecting the
back-beach mangrove wetlands and maintaining the mild cape
morphology on this bank.

These effects have, thus, a bearing on the role of Braamspunt
beach in coastal protection. They also affect the availability of
the beach, or sectors thereof, for recreation, and as pristine
grounds for sustained turtle nesting. The large type 1 chenier
beaches are the most suitable ecotope on the Guianas coast for
nesting marine turtles, and are most typical of the vicinity of
river mouths (active source zones), but this ecotope has become
progressively shorter with beach shortening, fragmentation, and
conversion of much of Braamspunt into a type 2 chenier
(Figure 12). This condition is not ideal for successful nesting
by marine turtles, which require stable sandy beaches, beaches
not subject to overwash and strong infiltration, and beaches
free of mud and organic matter (Kelle et al., 2007; Caut et al.,
2010). Overwash processes are hazardous to turtle nests as they
involve water infiltration and sand loading on the upper beach
(Caut et al, 2010; Péron et al, 2013). Scarping and beach
narrowing lower the available space for turtle nesting while
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generating a vertical beach face that may hinder turtle access
to the beach. The important driftwood accumulation associated
with the chain of processes and the beach morphodynamic
effects described above also generates obstacles to turtle landing,
while decomposing organic material from abundant driftwood
can be nefarious to turtle eggs by altering temperatures
(Girondot et al., 2002).

Sand mining is harmful to turtles due to the destruction
of available beach nesting space, and, by decreasing the
beach’s sediment budget, it lowers the wave-buffering capacity.
Even allowing for a comfortable error margin of +20-
30%, the overall estimated volume of the surveyed beach
(ca. 570,000 m?) represents a moderate amount that can
be depleted in the next few years, if sand mining were
to continue unabated. Braamspunt beach and its ancestral
forms between the Maroni and the Suriname have always
played an important role in protecting the coastal plain of
Suriname from exacerbated retreat during inter-bank phases
by dissipating wave energy. Together with mangroves, they
play this role in inter-bank areas, but although mangroves
are important energy-buffering agents on the Guianas coast,
they are less efficient than sandy beaches in accomplishing
this role. Beaches also evince ‘threshold functioning.” This
implies that large-scale sand removal by mining can lead to
a threshold point wherein an already strongly depleted beach
can, in the face of repeated spates of high wave episodes
(such as would be expected in El Nino years), completely
collapse through massive washover and wave recycling of sand
into the Suriname River estuarine sink. The total collapse of
Braamspunt beach could have very damaging feedback effects
(irreversible change, with no possibility for resilience), wherein
the east bank cape at the mouth of the Suriname River can be
severely eroded several kilometers back during inter-bank phases,
thus exposing the estuary and the water-front of Paramaribo
to incident Atlantic waves. Between 1955 and 2017, large-
scale erosion, involving a total of nearly 42 km? of coast,
resulted in the demise of the 2-3 km-wide muddy cape of
Pointe Isére which hitherto diverted the mouth of the Mana
River in western French Guiana (Jolivet et al., unpublished),
and the catchment of which lies next to that of the Maroni
River. The causes of this persistent multi-decadal erosion are
still not clear.

General Implications for the
Understanding of Chenier

Morphodynamics in the Guianas

The range of morphodynamic conditions and processes exhibited
by Braamspunt chenier have varied both alongshore and
in time, depending on the influence of bank and inter-
bank migration in isolating beach sediment sources and in
generating alongshore-changing wave-energy dissipation and
refraction. These variations can also be related to changes in
local bathymetry, such as at the entrance to the Suriname
River estuary, and elsewhere, as in Guyana, to coastal defense
structures such as sluice gates and groynes. Part of the
beach evinces the type 1 chenier regime characterized by

the presence of a well-developed, albeit eroding berm where
overwash processes are less well-expressed. This type conforms to
that of beaches dominated by dissipative-to-reflective processes
acting in the surf and swash zones and over the well-
developed beach face. These processes are also modulated
by tide, being best expressed at high tide when waves are
higher and break further up the beach, undergoing less
dissipation over the muddy shoreface. In contrast, the type
2 chenier morphodynamic regime is dominated by overwash
processes. Differences alongshore in overwash can lead to
spatial disorganization of the chenier and its eventual partial
break up where local variations in incident wave energy occur.
Mangrove trees and trunks in overwashed areas of beach
also further dissipate wave energy, potentially diminishing the
longshore component of such energy. In essence, therefore,
sand sequestering through the overwash regime typical of active
cheniers such as sector 1 in Braamspunt can deprive the beach
longshore transport system of sand, thus further strengthening
the downdrift propagation of the overwash type 2 chenier
regime associated with increasingly more limited sand supply.
This morphodynamic feedback effect signifies, in fact, that the
overwash chenier regime is important in locally dissipating
incident wave energy because it leads to local beach sand-
trapping through the formation of more or less coalescing
lobes of washovers, the regime propagating downdrift. While
this sand-trapping mechanism locally enhances the coastal-
protection role played by chenier development, it deprives
downdrift sectors of sand, rendering the beach downdrift
more vulnerable.

Two final points concern: (1) aeolian dune development,
insignificant on the Guianas cheniers and beaches as a result of
this common overwash regime and the mild wind speeds, and,
(2) the large variability in chenier plan shapes and orientations.
Cheniers appear in all sizes on the Guianas coastal plain, are
commonly discontinuous alongshore, and can be variably wide
(see Figure 2B, for instance). Their orientations also vary.
Type 1 cheniers formed in the vicinity of river mouths can,
for instance, vary in orientation, from orthogonal relative to
the regional shoreline where they line river banks, as on the
west bank of the Maroni (Figure 2B), to the more normal
alongshore orientation as in the case of Braamspunt chenier.
In addition to the specific morphodynamic process variability
imposed by the bank-inter-bank context, this diversity reflects
various other factors, such as the availability of sand in inter-
bank areas, the impact of previous bank phases in muting down
sand-winnowing processes, local to regional sand availability,
and winnowing from the nearshore zone, but also the potential
reworking of older inland cheniers by mobile river channels
and their creek networks that recycle this sand into channel-
bed deposits. Such sand may eventually be re-injected on the
shore where such creeks debouch. Over the decadal to multi-
decadal timescales involved in bank-inter-bank cycles, changes
in channel-mouth location can also occur as the mud capes
diverting the smaller river mouths during bank phases are
eroded. This leads to changes, in injection points on the coast,
of sand brought down by rivers, or reworked from older
sand bodies inland.
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CONCLUSION

The formation of cheniers on the Guianas coast is not
primarily related to simple temporal alternations between low
wave energy conditions (muddy sedimentation) and high wave
energy conditions (sand/shell/gravel winnowing) observed in
many of the world’s chenier coasts. Rather, it is dependent
on the unique situation of the Guianas coast, at the world-
scale, wherein alongshore alternations of banks and inter-
bank zones occur, engendering marked spatial and temporal
variations in wave energy and sand/shell supplies. Further
variability is induced by the proximity of river mouths that
provide much of the sand for chenier formation. The beaches
of Suriname essentially function as cheniers supplied with
sediment by local rivers and with shells reworked by waves
in the nearshore zone. These cheniers have not only played
an important geological role in the building of the Guianas
coastal plain, but are also the most important natural source of
coastal protection. This protection role needs to be understood
and highlighted as an important part of any future coastal
zone management initiative in Suriname and the other Guianas
countries. The work conducted on Braamspunt beach shows the
drastic changes that have accompanied significant shortening
of the beach over the last few years, in response to migration
of a mud bank between the Maroni and Suriname Rivers.
Sand mining has essentially affected the downdrift (west)
end of the wider beach (type 1 chenier) which comprises
successive spit recurves ending at the mouth of the Suriname
River. These conditions, and the rarity of currently active
cheniers, signify a relatively fragile beach system that has been
strongly impacted by sand mining. This activity impairs the
coastal protective role played by the rare subsisting beaches in
Suriname, while also contributing to depriving Suriname of its
already relatively rare, and therefore valuable, beach-nesting sites
for marine turtles.
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Atoll islands’ alongshore sediment transport gradients depend on how island and
reef morphology affect incident wave energy. It is unclear, though, how potential
atoll morphologic configurations influence shoreline erosion and/or accretion patterns,
and how these relationships will respond to future sea-level rise (SLR). Schematic
atoll models with varying morphologies were used to evaluate the relative control of
individual morphological parameters on alongshore transport gradients. Incident wave
transformations were simulated using a physics-based numerical model and alongshore
erosion and accretion was calculated using empirical formulae. The magnitude of the
transport gradients increased with SLR: initial erosion or accretion patterns intensified.
Modeled morphologic parameters that significantly influenced alongshore transport
were the atoll diameter, reef flat width, reef flat depth, and island width. Modeled
atolls with comparably small diameters, narrow and deep reef flats with narrow
islands displayed greater magnitudes of erosion and/or accretion, especially with SLR.
Windward island shorelines are projected to accrete toward the island’s longitudinal
ends and lagoon due to SLR, whereas leeward islands erode along lagoon shorelines
and extend toward the island ends. Oblique island, oriented parallel to the incident
deepwater wave direction, shorelines are forecast to build out leeward along the reef rim
and toward the lagoon while eroding along regions exposed to direct wave attack. These
findings make it possible to evaluate the relative risk of alongshore erosion/accretion on
atolls due to SLR in a rapid, first-order analysis.

Keywords: atoll, islands, waves, sea-level rise, reef, morphology, erosion, shoreline

INTRODUCTION

Atolls are shallow, ring-shaped, coral platforms upon which small, low-elevation carbonate islands
are often perched. Communities living on atoll islands are vulnerable to large wave events and
changing climates (Storlazzi et al., 2015). As global climate warms, sea levels are projected to
potentially increase by more than 2.0 m by 2100 due to seawater thermal expansion and glacial/ice
cap melt (Church et al., 2013; Kopp et al., 2014; Slangen et al., 2014); the rate of sea-level rise (SLR)
is projected to exceed the rate of coral reef platform vertical accretion (Montaggioni, 2005), leaving
the future stability of these low-lying islands and their associated infrastructure, agriculture, and

Frontiers in Marine Science | www.frontiersin.org 26

May 2019 | Volume 6 | Article 245


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2019.00245
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2019.00245
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2019.00245&domain=pdf&date_stamp=2019-05-14
https://www.frontiersin.org/articles/10.3389/fmars.2019.00245/full
http://loop.frontiersin.org/people/661144/overview
http://loop.frontiersin.org/people/467045/overview
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Shope and Storlazzi

Atoll Island Alongshore Sediment Transport

habitats uncertain. Global SLR and reef degradation (bleaching,
ocean acidification, etc.) will reduce the reef platform’s ability to
attenuate wave energy and protect shorelines from wave-driven
erosion and flooding hazards (Sheppard et al., 2005; Storlazzi
et al, 2011; Grady et al, 2013; Ferrario et al., 2014; Shope
et al., 2017). Incident wave dynamics, atoll morphology, and
sediment composition (size, induration, etc.) influence shoreline
erosional and accretional patterns; therefore, changes in atoll
island alongshore erosion and/or accretion with SLR are location
dependent and findings for one island may not necessarily
apply to another.

Many studies have explored atoll island response to SLR (Roy
and Connell, 1991; Woodroffe, 2008; Webb and Kench, 2010;
Rankey, 2011; Ford, 2012; Yates et al., 2013; Purkis et al., 2016)
and extreme wave events (Hoeke et al., 2013; Smithers and
Hoeke, 2014), as well as reef controls on shoreline sediment
mobilization and erosion (Sheppard et al., 2005; Storlazzi et al.,
2011; Grady et al., 2013). Although these approaches elucidate
large-scale trends, most of the analyses involve a few atoll islands
(excepting Webb and Kench, 2010; Rankey, 2011), and/or have
only considered the effects of recent SLR. Studies of island
response to recent SLR may not accurately portray how islands
will respond in the future when sea levels are predicted rise more
rapidly and attain, if not exceed (Church et al., 2013; Kopp et al.,
2014; Slangen et al., 2014) elevations when these islands formed
during the mid-Holocene highstand (Dickinson, 2009; Kench
et al.,, 2009). An atoll island’s wave-driven, alongshore erosion
and/or accretion patterns can differ from another’s due to a
number of factors, including variable morphology such as varying
reef flat width, reef depth, and island shape. There has been
limited exploration modeling of the erosional and accretional
effect of changing wave conditions along atoll islands (Shope
et al., 2017), however, it is currently unclear how alongshore
erosion and/or accretion along different atoll islands’ shorelines
will respond to future SLR. Shope et al. (2017) and other studies
have provided rationale as to how observed or projected erosion
patterns may be influenced by atoll morphology, but there has not
been a rigorous evaluation of how much influence morphologic
variability affects alongshore processes on atolls.

To address morphologic controls on wave-driven erosion
and accretion, Grady et al. (2013) and Quataert et al. (2015)
modeled the effects of varying reef dimensions on wave
parameters along reef-protected shorelines using a schematic or
generalized bathymetry. Both of those studies, however, utilized
one-dimensional (cross-shore) transect models. To capture
alongshore variability, this approach requires multiple cross-
shore transects. Alongshore variability is more easily captured in
a two-dimensional (2D) model, however, there has been limited
two-dimensionally modeled analysis of wave-driven sediment
transport along atoll island shorelines (Shope et al., 2017).
Furthermore, these studies have remained site-specific, making it
difficult to extrapolate finding to atoll islands as a whole and how
differing atoll and island morphologies may affect the alongshore
sediment transport process.

This study starts to fill this gap in understanding by
proving an exploratory framework to assess the effect of
differing morphologies and SLR on alongshore sediment

transport gradients of atoll islands using 2D wave modeling
which may be extrapolated to most atoll islands, expanding
upon the methods of Shope et al. (2017). A physics-based
2D numerical wave model with varying schematized atoll
bathymetries and island topographies with empirical sediment
transport formulae were used to explore potential morphologic
controls on wave-driven atoll island shoreline change patterns
with SLR. A schematic model offers the benefit of allowing
morphological parameters to be isolated and systematically
varied to discern their relative controls on atoll island shoreline
stability. A single morphological parameter (e.g., reef flat
depth) can be altered while keeping the remainder of the
morphology of the atoll constant, a condition that cannot be
replicated from observational data of real atolls. Additionally, this
approach allows for a large number of potential morphologies
to be investigated in regards to their influence on shoreline
change along an individual island. A brief overview of atoll
and island morphology, characteristic ranges of morphologic
parameters, and information about oceanographic forcing and
wave transformation over atoll reefs is presented. The model set-
up and run conditions are then discussed, including formulation
and descriptions of implementation, and then alongshore change
calculations and data analyses. Finally, the results of changes
in shoreline erosion with varying morphology and SLR are
presented, followed by a discussion of these trends in relation to
previous studies.

ATOLL MORPHOLOGY AND
INTERACTION WITH WAVES

Atolls are shallow carbonate platforms that exhibit a wide
range of morphologies created by successive vertical accretion
of coral reefs as relative sea level increases with a central lagoon
(Dickinson, 2004). The platform steeply rises from depths of a
few kilometers to a shallow (often < 3 m water depth) annular
reef flat. Atoll reefs have steep fore-reef slopes (Figure 1 and
Table 1; Quataert et al., 2015), whereas the slope from the reef
flat into the lagoon is usually relatively gentle (<1/20). Atoll
diameters can vary widely (Table 1). Atolls are subject to a variety
of wave conditions, ranging from small locally-generated wind
waves to large swell waves generated far afield by storms and
trade winds (Hoeke et al., 2013; Shope et al., 2016). Historical
simulations indicate that the mean of the largest 5% of deepwater
waves at many tropical Pacific atolls ranges from 4 to 8 m during
the Northern Hemisphere winter and 2-4 m during its summer
(Shope et al., 2016).

These waves and resulting wave-driven currents rework reef-
derived sediment into islands that sit atop the reef flat (Ohde
et al., 2002). These islands are small, often with widths less than
1 km (Table 1), low in elevation, on average 2-3 m above sea
level (Woodroffe, 2008), and have fronting reef flats of various
widths (Table 1). Island lengths vary greatly, from 100 s of
m to several km.

The shallow reef crest dissipates most incident wave energy
through depth-limited breaking (Ferrario et al., 2014). Wave
energy that bypasses the reef crest is further dissipated by
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FIGURE 1 | Schematic model topography and bathymetry at the initial model configuration with example wave model output. (A) Topography and bathymetry at the
atoll scale with labeled morphological parameters and island location in reference to incident waves coming from the top of the diagram. (B) A zoomed in image of
the northern island indicating the shoreline divisions. Black lines indicate the O m contour. (C) Cross-section of schematized atoll island with labeled morphologic
parameters. (D) Example wave height output for a 20 km atoll. White areas represent islands; black arrows represent wave direction. Waves approach from the top

TABLE 1 | Morphological parameters varied within this study with a characteristic range of values determined from literature references, bathymetric data, and ESRI

satellite imagery, along with values for the initial bathymetry configuration.

Parameter Range used Initial References

Island width 200-1000 m 500 m Woodroffe, 2008; Webb and Kench, 2010*

Island length 1000-5000 m 2000 m Webb and Kench, 2010*

Ocean-facing slope 1/3-1/12 1/6 Grothe et al., 2010a,b; Rankey, 2011; Quataert et al., 2015; Beetham et al., 2016
Lagoon-facing slope 1/12-1/20 115 Grothe et al., 2010a,b

Fore reef slope 1/6-1/20 1/10 Hoeke et al., 2011; Quataert et al., 2015; Beetham et al., 2016

Reef flat width 50-950 m 250 m Woodroffe, 2008; Kench et al., 2009; Quataert et al., 2015*

Reef flat depth 25-200 cm 1.0m Woodroffe, 2008; Yates et al., 2013; Quataert et al., 2015

Atoll diameter 5-80 km 20 km Ford et al., 2013; Yates et al., 2013*

Sea-level rise 0-2.0m om Church et al., 2013; Kopp et al., 2014; Slangen et al., 2014

Presented references were not the only literary basis to determine the ranges, but provide examples of morphologies within the modeled ranges. *Denotes that ranges

are supplemented by measurements using ESRI Satellite Imagery.

frictional interactions with the rough reef flat (Lowe et al., 2005;
Quataert et al, 2015), with wider reef flats providing greater
energy dissipation (Grady et al., 2013; Ferrario et al., 2014;
Quataert et al., 2015). With SLR or reef degradation, reef flats
become deeper, reducing wave interaction with the underlying
reef and thus increasing wave energy delivered to shorelines
(Gourlay, 1996; Pequignet et al., 2011; Taebi and Pattiaratchi,
2014; Hoeke et al.,, 2015), and deeper reef flats are associated
with greater alongshore sediment transport (Storlazzi et al., 2011;
Grady et al., 2013).

Atoll islands are dynamic features whose shorelines respond
to changing wave conditions on seasonal (Kench and Brander,
2006) and decadal (Rankey, 2011) timescales. As a result, with
past SLR, atoll islands have had complex responses: many have
been found to reorganize on the reef flat and even increase in
total area (Webb and Kench, 2010; Yates et al., 2013). However,
these trends may not persist when sea level approaches or exceeds
the mid-Holocene highstand levels under which the islands
formed, or as SLR rates accelerate beyond recently observed rates
(Dickinson, 2009).
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MATERIALS AND METHODS
Model Schematization and Bathymetry

The dimensions of many atolls and atoll islands from peer-
reviewed studies and satellite imagery were analyzed to determine
characteristic ranges of dimensions to inform a schematized
bathymetry/topography (Table 1). Using this compilation,
idealized atolls were created using characteristic values within the
described range for each dimension.

This schematized bathymetry/topography was a circular atoll
ring with four islands situated at 0, 90, 180, and 270° from
north along the rim to investigate the relative influence of
island position on the atoll (Figure 1A). The lagoon depth
was 15 m, as it is assumed that there is negligible interaction
between the low amplitude, high-frequency waves in the lagoon
and the lagoon bottom. Beaches were created by scaling the
edges of the islands using the beach slopes listed in Table 1.
The beach slopes at the island ends were assumed to change
linearly between the ocean-facing and lagoon beach slopes.
Islands were elongate with rounded ends and positioned a
consistent distance from the reef rim and the lagoon rim
(Figure 1B). An “initial” atoll configuration was selected
based on the ranges summarized in Table 1. This initial
schematization was a base from which individual morphological
parameters were varied within a given range, while keeping the
others constant.

Model and Setup

Incident wave simulations were modeled the spectral Simulating
Waves Nearshore (SWAN) model (Booij et al., 1999; Ris et al.,
1999), which solves the spectral action balance equation for
boundary conditions, within the DELFT3D-WAVE module.
Each simulation computed wave transformations for one set
of boundary conditions, with no temporal evolution of the
model boundary forcings. Most default model settings were
used, but the bottom friction of the reef was formulated
using a Madsen coefficient of 0.1 m following Hoeke (2010)
and wind-wave growth was not enabled. The wave direction
bins were set to be 95 resolve the wave transformations and
diffractions across the reef. To adapt SWAN for the rapid and
dramatic changes in slope and depth that are found in an atoll
environment, each bathymetry was smoothed to the same extent
by an iterative Gaussian filter. This methodology is intended
to determine the relativistic effects of individual parameters
(e.g., a wider versus a narrower reef flat) between model runs.
These smoothed bathymetries retained the same structure and
scale of the pre-smoothed schematic, not significantly impacting
the final results.

For atoll diameters of 5-20 km, the model was composed
of two grids, a 60 m coarse resolution grid representing
the entire atoll and a 20 m fine-resolution grid focused on
the northern island of the atoll. A 20 m resolution grid
was the finest grid that could be modeled coupled with 95
directional bins. Higher resolutions would result in SWAN out
of memory computation errors. This resolution is comparable
to available bathymetry/topography data for remote atolls

(e.g., Shope et al., 2017). For larger atolls, these grids were further
nested in a 180 m grid for 40 km diameter, and in a 320 m
grid for 60 and 80 km diameters. The boundary deep-water
wave conditions of the model were a significant wave height
(Hs) of 3 m with a peak wave period (T,) of 15 s, and a
wave direction (0y) of 0° from north to represent large swell
conditions (Figure 1D). Boundary conditions did not change,
thus only one calculation of nearshore wave transformation
was needed per morphological configuration. Simulating one
wave condition allowed for a clearer analysis of differing atoll
morphologies. Also, SWAN does not simulate the infragravity
waves needed to fully explore how changing wave periods may
affect alongshore sediment transport gradients. Sea level within
the model was considered to be mean sea level relative to the
atoll island shorelines. Reef and beach slope variations were too
small to be well represented at the model resolutions; therefore,
analysis of the alongshore transport gradient influence of these
slopes was outside the capability of this study. Finally, SLR
was modeled as a suite of static water elevations from +0.0 m
to +2.0 m at 0.5 m increments to represent potential water
level conditions by 2100 (Church et al., 2013; Kopp et al,
2014; Slangen et al., 2014). As SWAN was not coupled to a
hydrodynamic flow or numerical morphology component, SLR
was not represented as a continuous change to mimic the
morphological evolution over the next century. Instead, each
simulation represents how that exact morphology would react
to higher water level conditions. Similarly, the alongshore flow
generated by wave setup (and its sediment transport) was not
simulated within this study as coupling to a flow model would
be necessary to fully resolve the alongshore water level gradient
due to wave radiation stresses. An empirical methodology to
determine water level-driven alongshore transport was explored,
but the transport values were found to be negligible compared
to the wave-driven magnitudes. Wave simulations were modeled
for each combination of morphologic variation and sea level.
Short term water level fluctuations due to tidal forcing were not
modeled, but their instantaneous influence can be inferred by
referring to the smaller increments of SLR that were modeled.
The depth of the reef flat was assumed to be static with respect
to SLR. The reef flat is the primary filter for incident wave
energy that drives sediment transport (Ferrario et al, 2014),
and the vertical accretion of an atoll reef flat in a high energy
area is 1-4 mm/y (Montaggioni, 2005) which is much smaller
than projected SLR rates over the next century (Church et al,
2013; Kopp et al.,, 2014; Slangen et al., 2014). For this reason,
reef flat growth was assumed to be negligible compared to
sea level changes.

Alongshore Sediment Transport and
Shoreline Change Modeling

The instantaneous alongshore sediment flux was calculated via
the empirical Coastal Research Engineering Center (CERC)
equation as formulated by Komar (1971) and Rosati et al. (2002),
which has been used in previous shoreline change studies (e.g.,
Ashton and Murray, 2006; Adams et al., 2011). The formula
was adapted for use along atoll island shorelines using the
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methodology described by Shope et al. (2017). The CERC formula
is given as:
I

- - 1
Q = pm)ele (1a)

1
I = KnggHﬁCn sin(a) cos(a) (1b)

T 2
C= chl tanh ( T[h)
27 L

0

(1c)

where Q is the alongshore sediment transport rate (m3/s), Ds
is the density of carbonate sand (the bulk density of coral,
1400 kg/m3, was used; Grigg, 1982; Harney and Fletcher, 2003),
pw is the density of seawater (1024 kg/m3), N, is the volumetric
concentration of solid grains (~0.6), I; is the immersed weight
transport rate, Hy, is the breaking wave height, C is nearshore
wave celerity (m/s, a function of Hy, T, and ; e.g., Komar, 1998),
n is the shallow water assumption for wave group velocity (0.5), a
is the angle of incidence between 6, and shoreline direction, A is
water depth (m), g is the acceleration due to gravity (~9.81 m/s?),
and L, is wave length (m, a function of T, and h (e.g., Komar,
1998). The tuning parameter (K) in Equation (1b) was varied at
each model cell following Smith et al. (2009) to generate a better
approximation of transport magnitudes. K was calculated as:

m
JE

Lo
where m is the beach slope. CERC calculates alongshore
transport potential based on wave energy gradients assuming
homogenous sized material.

Traditionally, when utilizing the CERC equation, Hj, and
By are computed at a water depth of approximately 5 m
(Adams et al., 2011). Along atoll reefs, there are two breaker
zones: the first at the reef crest and the second at the island
shoreline. The rapidly shoaling bathymetry causes the incident
wave energy to decay such that breaking conditions at the
reef crest do not represent the nearshore conditions driving
alongshore transport. Therefore, Hs and 6,, output by SWAN
along the shoreline were used in CERC calculations (Shope et al.,
2017), as these conditions dominate the island’s alongshore wave
energy gradient.

The CERC formula was developed for long, linear, siliciclastic
coastlines (e.g., Adams et al., 2011). Along more non-linear atoll
island morphologies, it was necessary to remove highly local
patterns to discern shoreline-scale (Figure 1B) trends. SWAN
outputs in the very nearshore demonstrated a great deal of
alongshore variability between neighboring points due to the
nearshore model resolution (20 m) and the rectilinear grid.
At this resolution, wave energy varies slightly and non-linearly
from point to point alongshore, resulting in highly variable
transport rates. Wave inputs and transport magnitudes were
smoothed using a low-pass filter to remove rectilinear model-
generated local variations smaller than approximately 1 km
(20% of the initial island alongshore circumference) along the
curvilinear island shorelines. This threshold was determined
to give the general alongshore drift patterns of the island as

K=0.78,=0.7 )

a whole, while removing most sub-shoreline scale variation.
As the purpose of this study was to determine shoreline-scale
changes in transport gradients under idealized morphologies and
conditions, smoothing these alongshore values created a clearer
picture of general shoreline-scale alongshore transport.

Limitations and Assumptions

It is important to note that the CERC formula only calculates
sediment transport in the alongshore direction, discounting
the effects of transport onto the island and into the lagoon
(Woodroffe et al, 1999; Kench et al., 2008; Smithers and
Hoeke, 2014; McLean and Kench, 2015). Recent studies have
investigated cross-shore sediment transport (Hoeke et al., 2013;
Smithers and Hoeke, 2014; Cheriton et al., 2016), but do
not compare cross-shore and alongshore transport processes.
Also, these studies highlight very large events, and the average
sediment transport they discuss is skewed toward these large
events. Finally, there are no atoll island-wide measurements
of alongshore sediment flux with which to compare in the
literature. Kench and Brander (2006) concluded that due
to the circular nature of sediment transport around reef
islands at shorter time scales, alongshore transport processes
control island morphological change with little influence from
cross-shore processes. As the wave simulations and transport
calculations were instantaneous and this research is specifically
focused on alongshore processes, no cross-shore processes
were simulated. However, processes such as infragravity wave
overwash will increase with SLR (e.g., Quataert et al., 2015;
Cheriton et al., 2016), and must be considered to fully project
atoll island morphological evolution. It was assumed that island
shorelines were composed of unlimited, unconsolidated sand-
sized material despite atoll shorelines often including beach
rock and shingle that inhibit wave-driven sediment transport
(Vousdoukas et al., 2009). Additionally, the calculated slope
utilized in Equation (2) were muted as the resolution of
the model (20 m) resulted in smaller slope calculations, a
smaller K tuning parameter, and smaller transport magnitues.
However, the calculated transport magnitudes were only used
to derive the relative effects of different atoll and island
morphologies on transport gradients and were not analyzed
as exact replications of real-world processes, of which there
is little-to-no observational data available with which to
compare. This simplified approach reduces location dependence
of the analysis due to heterogeneity in island sedimentologies
(e.g., Kench et al, 2005; Rankey, 2011). Additionally, these
instantaneous calculations of transport gradients were rapid,
allowing a larger number of morphological scenarios to be
investigated (order of 1000s) compared to computationally
expensive numerical morphodynamic models. Finally, the
finest model grid resolution of 20 m was somewhat too
coarse to represent exact alongshore transport magnitudes. The
quantitative results are therefore discussed relativistically in the
results section. Different morphology configurations produced
relatively different transport magnitudes in response differing
nearshore wave energy. These trends in transport magnitudes
between modeled scenarios hold true despite the fact that the
calculated magnitudes may be unrealistic.
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Coastal Change Analysis

For the purposes of analysis and comparison with observational
studies, alongshore sediment transport gradients were
represented as potential erosion and accretion values. Potential
erosion and accretion were calculated as the divergence of
the calculated alongshore transport: 0Q;/dx, where x is the
distance alongshore (e.g., Pelnard-Considere, 1956). Positive
divergence values were defined as erosion and negative values
as accretion. These magnitudes of shoreline change were then
divided by the local grid resolution (20 m) to represent the
erosion or accretion magnitude per m of shoreline. These
processes are also influenced by local sediment size, which
must be considered in any site-specific analysis. But in an
idealized model, the size is not critical to elucidate transport
trends due to varying morphologies and SLR. It is important
to note that these gradients were calculated from the single
swell wave condition and represent an instantaneous estimation
of alongshore transport. As such, the morphology of the
islands was not altered within the model in response to the
calculated erosion and accretion values. Instead, each simulation
should be viewed as how an atoll’s configuration affects these
instantaneous transport gradients. For analysis, each island
was divided into four shorelines: one seaward, one lagoon,
and two island ends (Figure 1B). Seaward shorelines face the
ocean, lagoon shorelines face the central lagoon, and island end
shorelines are the longitudinal ends of the islands. For oblique
islands, a windward island end faces the direction of incident
wave energy and a leeward island end faces away from the
direction of incident wave energy. The erosion/accretion values
along each shoreline were summed to discern net shoreline
erosion/accretion for each scenario. These values were then
compared relative to the net shoreline change for the same
shoreline under different sea levels and/or morphologies. The
absolute output magnitudes were not discussed within the
coastal change analysis, as this idealized model aimed to explore
the relative impact of different morphological parameters on
shoreline erosion/accretion. This approach has been useful to
explore regions where there are little-to-no calibration data for
a shoreline change model (e.g., Shope et al., 2017). The purpose
and strength of this numerical model to empirical erosion
approach is not to simulate historic observations exactly, but
rather gain confidence that physical processes are represented.
This allows for determining the relative contribution of the
variations in geometries (e.g., different widths, depths, and
scales) to alongshore transport patterns.

RESULTS

The influence of varying island width, reef flat width, reef flat
depth, and atoll diameter on erosion and/or accretion magnitudes
are described here. Although explored, variations in island length
are not presented, as erosion and accretion were found to be
comparably insensitive to changes in this parameter via this
methodology. For windward and leeward islands, results for both
island ends were similar. Therefore, results of one representative
island end shoreline are presented. For oblique islands, the

seaward and leeward island end shorelines behaved differently,
and results are presented for each shoreline. Throughout,
the magnitude of the transport patterns increased with SLR;
shorelines that were initially erosive or accretive with lower sea
level generally displayed greater erosion or accretion magnitudes
with SLR. The following describes the shoreline change trends by
island, with each major shoreline of that island being described
in each section. Data used in this study can be found and
downloaded at: Shope and Storlazzi, 2019, http://doi.org/10.
5066/P9U28JFO.

Windward Islands

Seaward shorelines were projected to be erosive under all
morphology ranges. Smaller island widths (<1 km, Figure 2A1),
narrower reef flats (<500 m, Figure 2B1), deeper reef flats
(>1 m, Figure 4C1) and smaller atoll diameters (<20 km,
Figure 2D1) resulted in greater erosion. Very narrow reef flats
(<150 m) had intense erosion, even at low values of SLR.
Medium-sized atolls (20-40 km) generally had lower erosion
than larger and smaller diameters. The greatest magnitude
of erosion with SLR occurred with deep (>1.5 m) and
narrow reef flats. Lagoon shorelines were accretive under all
morphologies. Smaller island widths (Figure 3A2), narrower
reef flats (Figure 2B2), deeper reef flats (Figure 2C2), and
smaller atoll diameters (Figure 2D2) resulted in enhanced
accretion. Medium-sized atolls generally had smaller accretion
magnitudes than other atoll diameters. The greatest magnitude
of accretion with SLR occurred with deep reef flats and narrow
island widths (<300 m). Island end shorelines were accretive
under most morphology ranges, however, the magnitudes
were the smallest for all islands and shorelines in this study
(Figures 2A3-4D3). Narrow reef flats were associated with
more accretion (Figure 2B3). Otherwise, the changes with
morphologic parameters were small and did not follow a
consistent pattern.

Leeward Islands

Seaward shorelines were projected to be slightly erosive at 0 m
SLR and become more accretive with SLR. The magnitudes
overall were generally small (Figures 3A1-3D1). Small island
widths (<1 km), deeper reef flats (>1 m), and narrow reef flats
(<500 m) were characterized by more accretion. The increase in
accretion was greatest for small island widths. Lagoon shorelines
were erosive under almost all morphologies. Smaller island
widths (Figure 3A2), narrower reef flats (Figure 3B2), and deeper
reef flats (Figure 3C2) were characterized by more erosion. The
greatest magnitude of erosion occurred with deep reef flats and
narrow island widths. At atoll diameters smaller than 10 km the
lagoon shoreline was erosive (Figure 3D2). Island end shorelines
were accretive under almost all morphologies. Smaller island
widths (Figure 3A3), narrower reef flats (Figure 3B3), and deeper
reef flats (Figure 3C3) had greater accretion magnitudes. The
greatest accretion magnitudes occurred with deep reef flats and
narrow island widths. At an atoll diameter of 5 km this shoreline
was erosive, but at atoll diameters greater than 5 km it was
accretive (Figure 3D3).
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Oblique Islands

Seaward shorelines demonstrated similar trends to the windward
islands’ seaward shorelines, as all were projected to be erosive
over the range of morphologic variations. Smaller island widths
(<1 km, Figure 4A1), narrower reef flats (<500 m, Figure 4B1),
deeper reef flats (>1 m, Figure 4C1), and smaller atoll diameters
(<20 km, Figure 4D1) had more erosion. Medium-sized (20-
40 km) atolls generally displayed less erosion than other
diameters. The greatest magnitude of erosion occurred with
deep and narrow reef flats. The lagoon shoreline exhibited
similar trends to the windward island lagoon shoreline, being
accretive over the range of morphologic variations. Smaller
island widths (Figure 4A2), narrower reef flats (Figure 4B2),
deeper reef flats (Figure 4C2), and smaller atoll diameters
(Figure 4D2) had greater accretion. Both small and large atoll
diameters had greater accretion than middling sizes. The greatest
magnitude of accretion occurred with narrow island widths.
Leeward island end shorelines were accretive under all modeled
morphologies. Larger island widths (Figure 4A3), narrower reef
flats (Figure 4B3), deeper reef flats (Figure 4C3), and smaller
atoll diameters (Figure 4D3) displayed increased accretion. The
greatest magnitude of accretion occurred with deep reef flats.
This was the only shoreline in the study where larger island

widths were associated with a greater magnitude of shoreline
change. Windward island end shorelines were erosive under all
morphologies. Smaller island widths (Figure 4A4), narrower reef
flats (Figure 4B4), deeper reef flats (Figure 4C4), and smaller
atoll diameters (Figure 4D4) had increased erosion, with the
greatest magnitude occurring with deep reef flats.

DISCUSSION

The results are discussed at two scales. The first focuses on
how individual morphological parameters affect alongshore
transport gradients from an atoll-scale to island-scale parameters
(i.e., the island width). The second section considers these
parameters together: including how they may influence the
morphological evolution of individual islands and enable a
relativistic classification of island shoreline stability with SLR.

The Influence Morphological Parameters
Atoll Diameter

Atolls with smaller diameters (5-10 km) were projected to
have greater shoreline erosion than comparably larger atolls.
Wave refraction around the atoll and wave shadowing by the
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windward island (Figure 1D) likely account for these differences.
Mandlier and Kench (2012) observed that changing the aspect
ratio of an oblate coral reef platform affected wave refraction and
convergence patterns; the patterns are likely similar for a circular
platform with a central lagoon. On smaller atolls, the reef flat and
islands have greater curvature, increasing refraction, directing
wave energy toward the island shorelines that would normally be
bypassed near the island ends. Additionally, a windward island
that covers a greater fraction of atoll circumference, such as
in the smallest diameter model, will cause a wave shadow that
affects incident wave energy along the leeward island, changing
transport gradient. For atoll diameters greater than or equal to
10 km, the leeward island’s transport gradients reverse, indicating
that it is no longer in the northern island’s shadow. At the largest
atoll diameter range, wave refraction is less, striking seaward
shorelines closer to perpendicular, and reduced reef frictional
dissipation from traversing a shorter (non-refracted) distance
across the reef flat. These results indicate that atoll size is a crucial
model parameter, and transport patterns projected for a smaller
atoll may not necessarily scale to a larger atoll.

Reef Flat Width

Narrower reef flats were projected to exhibit greater erosion with
SLR. Narrower fringing reef flats lead to increased nearshore
H; because less wave energy is attenuated through frictional
dissipation (Lowe et al, 2005; Grady et al, 2013; Ferrario
et al., 2014; Quataert et al., 2015), resulting in greater transport
gradients between the seaward and lagoon shorelines. Very
narrow reef flats (<50 m) along windward and oblique islands
often generated comparably high magnitude erosion due to the
coarseness of the model resolution and smoothing resulting in
a poorer representation of the very narrow reef within the wave
model. However, this result does follow reports of narrower
reef flats allowing more energy to reach shore (e.g., Quataert
et al., 2015), reducing wave refraction, and resulting in greater
alongshore transport. For leeward islands, very narrow reef flats
do not have a similar effect waves that reach leeward islands lose
much of their energy as they traverse the northern reef platform
width before crossing the lagoon or are refracted around the atoll
to intersect the southern shoreline. However, the trend between
wider reef flats and more reduced alongshore erosion was greatest
on leeward islands. Waves that reach lagoon shorelines of leeward
islands traverse the total reef platform and the lagoon before
reaching shore. When crossing the reef flat, these waves refract,
traveling a greater distance than the platform width. As a result,
changes in reef flat width are magnified in these conditions.

Reef Flat Depth

Increasing reef flat depth reduces depth-limited breaking at
the reef crest, and frictional energy dissipation, thus increasing
sediment transport potential. Conversely, shallower reef flats
afford more protection from wave attack and reduce erosion.
Previous studies have observed increased shoreline erosion with
increasing reef depths in the Seychelles due to reef degradation
(Sheppard et al., 2005) and in models of fringing reef sediment
dynamics in Hawaii (Storlazzi et al., 2011; Grady et al., 2013).

Island Width

Narrower islands lead to greater nearshore H; and increased
transport in all scenarios. Alongshore sediment erosion and
deposition around an atoll island is dominated by the alongshore
wave energy gradient with sediment migrating from regions of
high energy to low (Kench and Brander, 2006; Kench et al., 2006,
2009; Beetham and Kench, 2014; Smithers and Hoeke, 2014).
A wider island decreases the energy (and sediment transport)
gradient from the seaward to lagoon shorelines, because the
approximately same change in alongshore energy is divided over
a longer alongshore distance. A secondary impact is that for a
given reef flat width, wider islands result in a wider reef platform.
The reef flat width was held constant at 250 m within the
model, so the reef platform width varied along with island width
which resulted in increased energy dissipation and less sediment
transport (Grady et al., 2013). Island width had a stronger impact
on erosion magnitudes than reef flat widths except for narrow
(<150 m) reef flat widths; this implies that under the range of
conditions studied here, alongshore distance affects the energy
gradient more than incident wave energy dissipation provided by
the reef under the control scenario.

Implications for Atoll Island Stability

With SLR, all shorelines exhibited an intensification of a
preexisting alongshore erosion/accretion patterns. Mandlier and
Kench (2012) found that with increased water depths, the
wave convergence zones that help form reef islands migrate
from the windward side of a reef platform to the leeward
side, increasing erosion along the windward shoreline of an
island. This process manifests within the modeled results as
an intensification of erosion along the windward and oblique
islands’ seaward shorelines and the leeward island’s lagoon
shoreline. Following the migration of the wave convergence
zone, model results indicate that windward islands would erode
along the seaward shoreline (Figure 5), with its sediment being
transported to the island ends and the lagoon shorelines in
accordance with observational studies (e.g., Webb and Kench,
2010), which would widen these beaches. However, other studies
have found conflicting results. Yates et al. (2013) observed
windward islands accreting along their seaward shorelines on
Manihi Atoll; Woodroffe (2008) describes seaward shorelines as
long-term sediment sinks and erosion along these shorelines as
ephemeral. Additionally, Shope et al. (2017) found that with SLR,
modeled windward islands eroded along seaward shoreline and
lagoon shorelines, accreting at the islands’ ends and parts of the
shoreline with a wider reef flat. Similarly, the oblique islands
would extend leeward along the reef rim as the leeward beaches
build out and toward the lagoon (Figure 5) as the transport
gradient between the seaward and lagoon shorelines is intensified.
Leeward island transport patterns were more complex. Leeward
islands receive wave energy from waves that refract around
the atoll and smaller waves that are able to bypass the reef
rim, which mobilize sediment along the seaward and lagoon
shorelines, respectively (Figure 1D). However, there is generally
an asymmetry in this energy resulting in net accretion along
the island ends and seaward shorelines as observed at Funafuti
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(Webb and Kench, 2010) and Manuae (Yates et al., 2013) Atolls
and modeled at Wake and Midway Atolls (Shope et al., 2017).
As sea level increases, so does the energy gradient asymmetry
following the leeward migration of the wave convergence zone
(Mandlier and Kench, 2012), increasing accretion along the
island ends and seaward shoreline. As a result, with SLR, leeward
islands would become longer, as sediment is redistributed to
the ends, and narrower as transport gradients on the lagoon
and seaward shorelines to the island ends intensify (Figure 5).
Many atoll islands have remained morphologically stable during
recent observational periods (e.g., Webb and Kench, 2010; Purkis
et al., 2016), though there are exceptions such as Farol Island,
Rocas Atoll (Costa et al., 2017). However, studies analyzing island
response from relatively low SLR rates of the past century (~
0.2 m of SLR) may not accurately portray how islands will
respond in the near future (by 2100) to greater SLR rates (~0.5-
2.0 m by 2100; Church et al., 2013; Kopp et al., 2014; Slangen
et al., 2014) and elevations similar to those at the time of island
formation (Dickinson, 2004; Kench et al., 2005).

While these patterns held true in most cases, some atoll
configurations were found to be more resistant to intensification
with SLR than others. Wide islands (>500 m) with comparably
shallow (<1 m) and wide (>500 m) reef flats were more
resistant to enhanced erosion and accretion magnitudes with
SLR (Figure 5). Shallow, wide reef flats provide protection from
incident wave attack regardless of island configuration, and wider
islands result in comparably less transport potential regardless

of atoll morphology. Shoreline stability responds complexly to
changing atoll diameter. The most stable (smallest transport
gradients/erosion magnitudes) configuration for windward and
oblique islands is a wide island (>500 m) on a small-diameter
(<20 km) atoll, whereas leeward island shorelines tend to be
more stable when the atoll diameter is greater than 40 km.
A simple implication is that, smaller, narrower (generally
uninhabited) islands are likely to see more alongshore transport
with SLR than larger, wider (generally inhabited) islands. Yates
et al. (2013) observed significant erosional response to SLR at
two narrow, uninhabited islands on Manuae Atoll. On the other
hand, inhabited islands tend to be wider (resistant to transport
gradient changes, Figures 2-4) as there is greater space and
more freshwater resources (Bailey et al., 2010). Additionally, as
SLR always resulted in a proportionally larger intensification of
transport gradients compared to varying morphologies alone.
A morphologically stable island with high SLR could experience
greater erosion than an unstable island without SLR.

It is important to note that the projection of shoreline change
in Figure 5 does not incorporate how the island planform area
may change due to increased overwash and inundation with SLR
(e.g., Storlazzi et al., 2015). Increased overwash coupled with
the limited sediment production in an atoll environment could
dramatically alter the island morphology and position on the
reef platform, likely narrowing the islands as they build vertically
from overland sediment deposition (Smithers and Hoeke, 2014)
and migrate toward the lagoon. The assumption of a constant

\/
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. Lagoon

- Island Position

v

Shallow Reef Flat

. Deep Reef Flat

FIGURE 5 | Schematic atoll island shoreline response to SLR, with waves approaching from the top of the diagram. (A) Relatively resistant atoll (shallow, wide
fringing reef flat; large atoll; wide islands). (B) Relatively susceptible atoll (deep, narrow fringing reef flat; small atoll, narrow islands). Initial island positions are shown in
gold, with future positions overlain in red.
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sediment supply also ignores how the islands may change in
the future due to new sediment influx and deposition into the
lagoon or off the reef platform. Finally, as incident wave energy
is the primary driver of the CERC transport formula, larger
wave conditions at the model boundary (increased H; or Tj)
would increase sediment mobilization and smaller waves would
decrease sediment mobilization. This change increase or decrease
calculated erosion and accretion magnitudes, respectively.

Comparing these stability scenarios with observational studies
is difficult due to the influence of other sediment transport
controls, such as wave climate, shoreline composition, or
smaller water level variations. Holistic projections of island
morphological change should not be considered independently
from these other transport controls. One atoll location could have
all the morphological hallmarks of greater instability, but its wave
climate may be less energetic, its shorelines composed beach rock
or armor, or its sediment production smaller when compared to
a more “stable” scenario.

CONCLUSION

The morphology of an atoll and its islands impacts nearshore
wave-energy gradients that drive alongshore morphological
change. Because atoll islands are generally dynamic features
(Kench and Brander, 2006; Rankey, 2011) and these alongshore
wave-energy gradients will increase with SLR, future island
alongshore transport patterns will change considerably.
Schematic, physics-based modeling can help elucidate the
control of individual morphological characteristics on potential
alongshore transport changes that future SLR may bring.
Additionally, one can evaluate an individual atoll island’s relative
proclivity for enhanced alongshore sediment transport with SLR,
regardless of in situ data availability. The strongest modeled
morphological controls on alongshore sediment transport are
the island width and reef flat depth; reef flat width and atoll
diameter play an important but lesser role. Atoll islands that
are most susceptible to enhanced transport gradients with SLR
(shoreline instability) are narrow (<500 m), located on small
atolls (<20 km), with narrow (<500 m), and deep (>1 m)
reef flats. Relative to incident wave direction, windward and
oblique islands shorelines are projected to extend toward the
lagoon, retreating from the reef rim following SLR-enhanced
transport gradients. Leeward islands are expected to become
longer and narrower as sediment is redistributed along the island
ends. In general, these most susceptible islands are likely to be
uninhabited, due to limited water resources and opportunity
for infrastructure development. Even so, as SLR is expected
to accelerate at unprecedented rates over the next century,
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Human modifications in response to erosion have altered the natural transport
of sediment to and across the coastal zone, thereby potentially exacerbating the
impacts of future erosive events. Using a combination of historical shoreline-change
mapping, sediment sampling, three-dimensional beach surveys, and hydrodynamic
modeling of nearshore and inlet processes, this study explored the feedbacks between
periodic coastal erosion patterns and associated mitigation responses, focusing on
the open-ocean and inner-inlet beaches of Plum Island and the Merrimack River
Inlet, Massachusetts, United States. Installation of river-mouth jetties in the early 20th
century stabilized the inlet, allowing residential development in northern Plum Island, but
triggering successive, multi-decadal cycles of alternating beach erosion and accretion
along the inner-inlet and oceanfront beaches. At a finer spatial scale, the formation and
southerly migration of an erosion “hotspot” (a setback of the high-water line by ~100 m)
occurs regularly (every 25-40 years) in response to the refraction of northeast storm
waves around the ebb-tidal delta. Growth of the delta progressively shifts the focus
of storm wave energy further down-shore, replenishing updrift segments with sand
through the detachment, landward migration, and shoreline-welding of swash bars.
Monitoring recent hotspot migration (2008-2014) demonstrates erosion (>30,000 m3
of sand) along a 350-m section of beach in 6 months, followed by recovery, as the
hotspot migrated further south. In response to these erosion cycles, local residents
and governmental agencies attempted to protect shorefront properties with a variety
of soft and hard structures. The latter have provided protection to some homes, but
enhanced erosion elsewhere. Although the local community is in broad agreement
about the need to plan for long-term coastal changes associated with sea-level rise and
increased storminess, real-time responses have involved reactions mainly to short-term
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(<5 years) erosion threats. A collective consensus for sustainable management of this
area is lacking and the development of a longer-term adaptive perspective needed for
proper planning has been elusive. With a deepening understanding of multi-decadal
coastal dynamics, including a characterization of the relative contributions of both nature
and humans, we can be more optimistic that adaptations beyond mere reactions to
shoreline change are achievable.

Keywords: tidal-inlet dynamics, beach erosion, coastal adaptation, developed beach, shoreline change

INTRODUCTION

Developed beaches exist in a dynamic, coupled state, impacted
by natural forcings (e.g., waves, tides, and storms) acting upon
sedimentary landscapes that reflect the legacy of millennia
of climate change and hundreds of years of local and distant
human alterations (Figure 1). For example, the delivery
of river-derived sediment to the coast has been altered
by land-use/land-cover changes, sediment quarrying and
mining, embankment installation, land reclamation and river
engineering, and damming (e.g., Wang et al.,, 2007; Milliman
and Farnsworth, 2011; Yang et al, 2011; Frings et al., 2015).
Coupled with long-term impacts from accelerating sea-level
rise (Nerem et al, 2018), updrift shoreline hardening, and
storms which are likely increasing in both frequency and
intensity (Donnelly et al., 2015), human alterations have caused
widespread beach erosion and land loss (e.g., Inman and
Jenkins, 1984; Jiménez and Sanchez-Arcilla, 1993; Van Rijn,
2011; EI Mrini et al., 2012; Houston and Dean, 2015). Along
beaches where development has encroached upon backbarrier
or ocean-front shores, this erosion is responsible for ca. $500
million per year in property losses (land losses and structure
damages) in the United States alone (The Heinz Center, 20005
NOAA Office of Ocean and Coastal Resource Management, 2013).

When natural processes place human populations and
infrastructure at risk, the traditional response is to try to mitigate
damages to property and communities. Coastal communities
may be forced to respond to erosional conditions triggered by
global-scale climate change either by reacting in the short-term
or by adapting in the long-term. Short-term reactions have
occurred typically at timescales of years to decades, involving
the emplacement of artificial hard-protection structures [jetties,
groins, sea walls, bluff-stabilization measures, breakwaters, etc.;
see Pilkey and Wright (1988), French (2001), and Taylor
et al. (2004) for discussion of engineering approaches and
environmental consequences] and application of soft engineering
solutions (beach nourishment, scraping, and draining). In
contrast, longer-term adaptation, including possibly a retreat
from the coast, often has been seen as a policy of last resort, to
be avoided at all cost. Adaptation to a changing coastal landscape
would involve accepting the loss of infrastructure, proactively
moving infrastructure, or encouraging flooding of low-lying areas
to promote creation of wetlands and riparian zones as a “natural”
defense (Cooper and McKenna, 2008).

In high-density urban areas, the values of human welfare
and protected infrastructure typically outweigh the costs of

emplacing hard structures (e.g., New Orleans, Greater New York
area; Granja and Carvalho, 2000; Cooper and McKenna, 2008).
The same cannot always be said for more vulnerable, but
often less economically relevant, coasts situated distal to major
urban centers; these nonetheless may be of high ecological value
(Armaroli et al., 2012). Unfortunately, a clear understanding of
the natural system, including potential changes to ecosystem
services, often has been lacking in these decision-making
processes (Gowan et al., 2006). As a result, the first option is
generally physical intervention, often using some of the same
techniques responsible for disrupting natural sedimentation
patterns in the first place. These interventions have largely
disrupted the natural pathways for redistribution of sediments
within the littoral zone (Pilkey and Clayton, 1989; Nordstrom,
2000; Charlier et al., 2005; Defeo et al, 2009), resulting in
localized erosion and deposition hotspots, modification of overall
beach geomorphology (McLachlan, 1996; Fallon et al., 2015) and
increased risk of local flooding (Bernatchez et al., 2011).

Here, we present the results of a case study of beach
morphologic change over timescales of months to multiple
decades along one such developed and stabilized beach-
inlet system: Plum Island and the Merrimack River Inlet,
Massachusetts (United States). Using a combination of historical
shoreline-change mapping, sedimentology, monthly three-
dimensional beach surveys, and hydrodynamic modeling
of nearshore and inlet processes, we reconstruct the causes
for alternating erosion and accretion along this inlet-beach
system, and explore the history of reactionary, and occasionally
counter-intuitive, community responses to these changes.

A COUPLED RIVER-MOUTH INLET AND
BEACH: PLUM ISLAND,
MASSACHUSETTS (UNITED STATES)

Coastal Geologic Setting

Plum Island is a 13-km long, mixed-energy, tide-dominated
barrier island located along the formerly glaciated western coast
of the Gulf of Maine (Figure 2). To the north, the island abuts
the Merrimack River, which has a seasonal discharge ranging
from 50 m>/s during late summers to 1,500 m*/s during spring
freshets (Ralston et al., 2010). Behind Plum Island are a number
of small estuaries that feed into the Great Marsh and Plum
Island Sound (Hein et al., 2012). The mean tidal range near the
mouth of the Merrimack River is 2.5 m, reaching a maximum
of 4 m during spring tides (Ralston et al., 2010), and in the
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FIGURE 1 | Conceptual model of the natural and anthropogenic factors influencing sediment delivery to and along coastal zones across spatial and temporal scales.
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backbarrier, tidal range is attenuated by 10-15% (Zhao et al,,
2010). Tidal currents near the mouth of the river and tidal inlet
system commonly exceed ~1 m/s (Ralston et al., 2010). Along
the coast, Zhao et al. (2010) reported residual currents nearing
1 m/s directed south around the Merrimack River ebb-tidal
delta, which in turn cause a recirculation zone in the nearshore
areas of Plum Island. Residual currents in the central portion
of the island reach ~0.3 m/s directed toward the north, and
increase to ca. 0.5-0.7 m/s in the northern portion of the island,
near the Merrimack River mouth. The average significant wave
height along this coast is ca. 1 m (Abele, 1977) and predominant
waves are from the east-southeast (90-180°) during low-energy
periods (late spring through summer). However, dominant wave
energy is associated with the passage of ca. 15-20 extratropical
storms (northeast storms, or “nor’easters”) during winter and
early spring, producing waves from the northeast (0-90°) with
offshore wave heights of 4-8 m (Li et al., 2018). A wave analysis
for these large storms (Woods Hole Group, 2017) revealed that
the highest energy events (42% of total; wave heights of ~6-8 m)
approach from 55-100 azimuth degrees.

Plum Island built from sediment derived from nearshore
marine deposits and upstream glacial-fluvial deposits sourced
from the Merrimack River, which disgorges through the
Merrimack River Inlet at the northern end of the barrier. The
geologic evolution of Plum Island was strongly influenced by
a complex sea-level history that resulted from the combined
forcings of global eustatic sea-level rise and regional glacio- and
hydro-isostatic adjustments (Hein et al., 2012, 2014). Plum Island
stabilized in its modern position about 3,500-4,000 years ago,
following a deceleration of relative sea-level rise to near modern
rates, and has since undergone 3,000 years of aggradation,
elongation, and progradation within a regime of relative stability
(non-migration) (Hein et al., 2012).

Shoreline-Change and
Sediment-Transport Patterns

Over centennial timescales, Plum Island remains relatively stable,
eroding at the statistically insignificant rate of 0.09 & 0.60 m
yr=! (Executive Office of Energy and Environmental Affairs
[EOEEA], 2010; Thieler et al., 2013). This largely reflects the
continued input of sand-sized sediment from the Merrimack
River (average freshwater discharge = 6.5 km? yr~!; Milliman
and Farnsworth, 2011). Headed in the White Mountains of New
Hampshire (Figure 2A), this river drains regions dominated
by granitic plutons that have been eroded to quartzose, sandy
glacial deposits (FitzGerald et al., 2005; Hein et al., 2014).
The Merrimack River empties into a drowned river valley
that contains extensive tidal flats composed of sand and mud.
Sediment discharge (largely sand and fine gravel) is episodic,
dominated by high-discharge events associated with the passage
of hurricanes and extratropical storms (Hill et al., 2004) and by
spring freshets produced by melting snow accompanying high
precipitation events (FitzGerald et al., 2002; Brothers et al., 2008).
Ebb-dominated bedforms at the inlet and southeasterly oriented
sandwaves on the ebb delta indicate seaward and southerly
sand transport. This corroborates sedimentologic evidence of a
southerly fining trend across the ebb delta (FitzGerald et al,
1994) and is supported by simulated residual currents within
the inlet and around the ebb-delta showing strong currents
to the east (~0.3-0.4 m/s) and south (~1 m/s), respectively
(Zhao et al., 2010).

The southern ~10 km of Plum Island (Figure 2B) is preserved
from development as part of the Parker River National Wildlife
Refuge (PRNWR; United States Fish and Wildlife Federation)
and the Sandy Point State Reservation (Commonwealth of
Massachusetts), which together draw nearly 250,000 recreational
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FIGURE 2 | Study area: Plum Island, MA. (A) Drainage basin of the Merrimack River, which delivers an average annual bedload (sand) volume of 4.16 x 10* m3/yr to
the coast since at least the mid-1900s (Hein et al., 2012). Modified from Hein et al. (2014). (B) The mixed-energy, tide-dominated coast of the Merrimack Embayment
in northern Massachusetts, United States (western Gulf of Maine), showing locations of beach sediment sampling transects. Modified from Hein et al. (2012).
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visitors each year (Sexton et al., 2012). However, over the past
century, the northern 3 km of Plum Island—that bordering
the Merrimack River Inlet—have been developed extensively
with ca. 1200 residential properties and >100 roads (Fallon
et al., 2017) as parts of the towns of Newburyport (northern
half, including the inlet-facing “Reservation Terrace” beach)
and Newbury (southern ca. 2.3 km of ocean-facing beach)
(Figure 3A). Historically, the Merrimack River Inlet underwent
a series of major ebb-delta breaching events on an approximate
centennial timescale in response to the development of a
hydraulically inefficient southerly deflection of the main ebb
channel caused by a longshore transport driven by dominant
northeast storms (Nichols, 1942; FitzGerald, 1993; Watts and
Zarillo, 2013; Hein et al., 2016). Sand released from inlet channel-
margin linear bars and swash bars during the most recent of
these events in the early 1800s migrated onshore, eventually
welding to Plum Island. By 1851, the remnant ebb-delta sand
shoals formed a narrow, northward-elongating, subaerial, arcuate
bar (“New Point”), which has since elongated to the north
and prograded, largely in response to artificial stabilization of
the inlet mouth, enhancing sediment delivery through a local
reversal of longshore transport immediately downdrift of the
inlet (FitzGerald, 1993; Hein et al., 2016). Navigation hazards
associated with these inlet dynamics prompted the United States
Army Corps of Engineers (USACE) to construct two inlet-
stabilizing jetties, beginning in 1883 and completed in 1905
(South Jetty) and 1914 (North Jetty). These have required semi-
regular maintenance, including 14 times between 1900 and 1938
(United States Army, Corps of Engineers [USACE], 1973) and

again in the 1960s and 2013-2014 (Li et al., 2018). The USACE
continues to dredge the Merrimack River Inlet on roughly a
decadal basis (Plumb, 2010), removing over the last ca. 100 years
an annual average of 4.16 x 10* m® of fine sand to fine gravel
(Hein et al., 2012).

METHODS

Historical Shoreline-Change Mapping
Following the methodology of Thieler et al. (2013), historical
high-water line (HWL) positions were mapped at 1:1000
scale along the northern, developed, ocean-facing 2.9 km of
Plum Island for 19 time periods between 1912 and 2018
(Supplementary Table S1), and for 22 time periods between 1912
and 2018 along the 1.5 km long inlet-facing beach (“Reservation
Terrace”; Supplementary Table S2). Historical shorelines (pre-
satellite imagery) were derived from digitization of georeferenced
NOAA T-sheets. Early T-sheets mark only the drawn boundary
of land and water, interpreted as a HWL, but with a higher
error than other mapping approaches (Thieler et al., 2013).
Two techniques were used to consistently identify the HWL
on recent (1970s to present) satellite and georeferenced aerial
imagery. First, where possible, the division between dark and
light sands on the beach was mapped, indicating the extent
of wave run-up during the previous high tide. In the cases
where the sand division was either not apparent or the imagery
resolution was too poor, the HWL was mapped as the seaward
edge of the wrack line.
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samples are shown as red polygons. Background Landsat image is from October 05, 2016, 3 months following sample collection. (C) RTK-GPS transects from May
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Along both the northern oceanfront Plum Island beach
and Reservation Terrace, we also calculated the beach area
between the HWL and a baseline landward of the landward-
most mapped historical shorelines (proximal to the seaward
extent of development) for each year between 1952 and 2018
(Figures 3B,C, 4). Beach volumes at each time step were then
estimated using the United States Army Corps of Engineers
guideline that 1 ft? (0.93 m?) of beach area equals 1 yd> (0.76 m?)
of sand (Figure 4C).

Mapping uncertainties (Supplementary Tables S1, S2) are
estimated based on mapping resolution, historical uncertainty,
and, if applicable, rectification image uncertainty, following the
methods of Hapke et al. (2011) and Thieler et al. (2013). These

are treated as a compilation for each shoreline, thereby creating
a single uncertainty value for each paleo-shoreline position.
Horizontal shoreline mapping uncertainty is in a range of 0.5-
4.3 m, depending on the source. Notably, even the larger error
value is well within the range of horizontal shoreline position
change (10 s of meters between mapped years).

Beach Surveys

Short-term shoreline-change analysis was conducted via real-
time kinematic geographic positioning system (RTK-GPS)
surveys collected monthly between December 2013 and January
2015, and a final survey in March 2015. Continuous horizontal
and vertical position data along and across the northern, 2.8 km
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black line in (A,B)]. Annual beach volume fluxes are calculated following the United States Army Corps of Engineers beach area-volume guideline (1 ft2 beach

of ocean-fronting Plum Island beach was collected using a
Topcon Hiper II RTK-GPS (Figure 3C). Each survey consisted of
approximately shore-parallel transects along three primary cross-
shore slope knickpoints: dune toe, mid-beach (beach berm, where
applicable), and low-tide terrace. These were connected through
oblique, crossing tie lines (Figure 3C). Survey point spacing was
1 m; each survey consisted of ca. 15,000 discrete data points.
Resulting RTK-GPS data were post-processed (data reduction,
base-station correction) and then interpolated via variogram-
based kriging [model based on the spatial autocorrelation
between data points to account for directional biases (e.g.,
seaward-sloping beach face); Stein, 2012] in a GIS framework
to develop three-dimensional Digital Terrain Models (DTMs) of
the survey area. DTMs from each of the 15 months were used
to calculate sediment budgets and analyze hotspot-associated
and seasonal variations in beach morphology. All DTMs were
clipped to the same spatial extent (0.25 km?: 2.9 km along shore,
50-150 m cross-shore; Figure 3D), equivalent to the maximum
common area mapped in all 15 surveys. Beach volumes at each
time step were calculated as the difference between the beach
elevation surface and a horizontal plane (clipped to same extent)

at 1.0 m below mean sea level (lowest mapped elevation of
low-tide terrace).

Monthly RTK-GPS data have an average error of 0.028 m
horizontally and 0.048 m vertically from sampling. Root mean
square errors for DTM-based beach sediment volumes is
0.013-0.021, depending on the survey month, reflecting the
density of data collected for each survey and along-shore
consistency in beach morphology. DTM sediment volume errors
are ca.£25,000 m>, less than 5% of the minimum monthly
beach volume (605,000 m3). Volume changes of <10% (given an
assumed maximum beach volume error of +5%) are considered
insignificant and omitted from analysis.

Sediment Sampling

Near-surface sediments were sampled from the northern,
developed, oceanfront Plum Island beach monthly along five
transects between June 2014 and December 2014, concurrent
with beach surveys. These transects were re-occupied during
a supplemental August 2015 sampling period, during which
additional samples were collected at ca. 1 km intervals (27
transects total) along the full length of the ocean-facing Plum
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Island beach and from adjacent beaches (Castle Neck, Coffins
Beach, Wingaersheek Beach) (Figure 2B). A final set of surface
samples was collected in July 2016 along 21 transects (spacing:
ca. 100 m) from Reservation Terrace (Figure 3B). Samples (ca.
100 g dry sand) were collected from 10 cm below the sediment
surface from three stations along each transect: central low-tide
terrace, beach berm, and the base of the foredune. Where no
berm or other break-in-slope was present, samples were collected
from the approximate midpoint between the low tide line and
the foredune toe.

Samples were dried, split, and organic debris and shell hash
were removed by hand-picking. Textural analysis was conducted
using a Rapid Sediment Analyzer (settling tube), which estimates
grain-size distributions from —1 to 4 ¢ in 0.125 ¢ bins based on
Stokes’ settling velocities. Grain-size statistics were calculated as
per Folk (1968).

Hydrodynamic Modeling

A hydrodynamic model (Delft3D; Lesser et al., 2004), previously
developed and validated with deployments in Plum Island Sound,
was used to provide time-dependent water level and current
velocities in the vicinity of the Merrimack River Inlet. The
model resolution varies from ca. 2 km offshore, to 20 m in
Plum Island Sound. For this effort, we added a higher-resolution
nested domain covering the study focus (northern 3 km of Plum
Island and along Reservation Terrace) to examine the role of
nearshore waves on observed erosional trends. Selected storm
wave conditions, derived from analysis of offshore waves, were
simulated to evaluate wave transformation over the nearshore
bars and in the inlet, and to elucidate mechanisms that contribute
to Plum Island and Reservation Terrace erosion.

RESULTS: SHORELINE CHANGE ON
NORTHERN PLUM ISLAND FROM
MONTHS TO DECADES

Developed portions of Newbury and Newburyport (northern
Plum Island) are sub-divided into seven shoreline sectors, from
north to south (Figures 3B,C): (S1) Reservation Terrace (beach
inside the Merrimack River Inlet; 1,100 m); (S2) Right Prong
(850 m); (S3) Salient (600 m); (S4) Center Island (450 m);
(S5) Annapolis Way (150 m); (S6) Fordham Way (150 m); and
(S7) Refuge (300 m).

Multi-Decadal Shoreline Change

Beaches of Reservation Terrace and oceanfront Plum Island
have each undergone periods of advance and retreat since the
1960s (Figure 4). (Low data density prior to this time does not
allow for full analysis of decadal shoreline-change trends). Along
Reservation Terrace (Figure 4A), the shoreline has migrated such
that the undeveloped portion of the Plum Island beach within
the Merrimack River Inlet has three times changed in area by a
factor of two since the 1960s (Figure 4C), such that the shoreline
was in nearly identical positions in 1966 and 2005 and in 1976
and 2018. Although we are unable to locate high-quality shoreline
data (high-resolution satellite imagery, shoreline position maps,

and aerial imagery) for the 1980s, low-resolution satellite imagery
available through the Google Earth Engine' reveal little shoreline
change along Reservation Terrace during this period. Erosion of
the northeast-facing, eastern Reservation Terrace beach by up
to ca. 250 m is commonly associated with the growth of the
smaller, northwestern beach by up to ca. 150 m. However, erosive
periods represent a net volume loss of an estimated 8.0 x 10> m?
of sand from Reservation Terrace as compared with periods of
near-maximum beach area.

Area change along the oceanfront Plum Island beach
(Figure 4B) is similarly cyclical since the 1950s. During most of
this time, it is characterized by a stable (non-migrating) dune
fronted by a 50-150 m supratidal beach. Erosion of the beach
of up to 120 m has occurred a number of times in the past,
including in 1912, 1952, and 1974-1976 (Fallon et al., 2015). Our
data best capture this as a widespread erosion event between
2008 and 2014 (Figure 4C) when the oceanfront beach volume
was reduced by up to ~8.3 x 10° m?® from its 1990s long-
term mean. Following each period of erosion, this shoreline has
returned to a long-term, steady state position, during which
periods the beach is generally straight and near its maximum
width. In contrast, periods of retreat are rarely uniform along
the beach. For example, in 1952, an apparent period of near-
maximum beach area (Figure 4C), the beach extended up to
150 m from the dune toe (nearly double its 2018 width) near
Center Island (S4), but was at its narrowest (ca. 60 m narrower
than in 2018) along much of the Right Prong (S2) and Refuge
(S7) section of beach. Most commonly, retreat takes the form of a
southerly migrating erosion “hot spot” (c¢f. Kraus and Galgano,
2001), in which more severe (up to 100 m in width) erosion
is focused along a beach length of ca. 300-800 m. These are
best captured in shoreline data from 1974 to 1978 (Figure 5A)
and in the more recent 2008-2018 period (Figure 5B). In both
instances, a section of Center Island (S4) beach 300 m (2008)
to 450 m (1974) long retreated by 90-100 m from its pre-
erosion HWL position. Over the following 4-5 years, this hotspot
migrated ca. 600 m south along Annapolis Way (S5), eventually
becoming pinned north of the Annapolis Way Groin. During
the more severe 2013-2018 erosion period, erosion extended to
south of the Fordham Way Groin, the southern-most on the
island (Figure 5B).

Short-Term Beach Volume Changes

During the course of the 16 months of beach surveys conducted
between December 2013 and March 2015, the volume of the
oceanfront Plum Island beach within the study area changed
by 9.5 x 10° m>. The largest change occurred during a period
marked by the impact of several nor’easters between November
and December 2014 when all sectors of the oceanfront beach
experienced erosion; this was followed by a near complete
recovery during the relatively calm period between December
2014 and January 2015 (Figure 6A). Normalizing the volume of
each subsection of the beach by the volumetric change of the
entire beach for that same time period (Figure 6B) allows us to
account for changes in beach volume in response to seasonality

'https://earthengine.google.com/
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and storm impacts (which would be expected to impact the
whole beach equally) and examine short-term alongshore trends
in erosion and accretion. This reveals that the largest month-
to-month changes for the Salient (S3), Center Island (S4),
Annapolis Way (S5), Fordham Way (S7), and Refuge (S7)
sections are 70 m*/m (January 2015), 140 m*/m (January 2014),
—75 m3/m (September 2014), 175 m*/m (November 2014) and
—139 m*/m (March 2015), respectively. Most notably, between
August and September 2014, the beach fronting Annapolis
Way (S5) experienced ca. 25,500 m> (70 m®/m) of accretion
as the Fordham Way beach immediately to the south (S6)
simultaneously experienced ca. 12,000 m? (87 m?/m) of net
sediment loss (Figure 6B). In the months that followed, the
beach fronting Annapolis Way continued to grow: between
September 2014 and March 2015, ca. 30,000 m? (82 m’/m)
of sediment accreted along Annapolis Way (Figure 7). The
beach fronting Fordham Way also grew through deposition of
ca. 8,000 m> (57 m*/m) of sand during this period, notably

along the low-tide terrace, despite the impact of eight storms
with wave heights >4 m between September and March
surveys (Figure 7).

Beach and Dune
Sedimentologic Patterns

Mean grain size for dune toe, mid-beach, and low-tide terrace
beach samples along each of the 53 sampling transects ranged
from 2.11 to —0.46 ¢ (0.23-1.37 mm), 2.08 to —1.08 ¢ (0.24-
2.11 mm), and 2.22 to —0.09 ¢ (0.21-1.06 mm), respectively.
Nearly all samples show a moderate to high degree of maturity,
with insignificant differences between mean and median sizes
and sorting values (0.032-0.88) between moderately and very
well sorted. Dune samples are, as anticipated, the finest of
the three samples taken from along most transects, but beach
and low-tide terrace samples become finer than dune sands
along Coffins and Wingaersheek beaches (Figure 8). A single

Frontiers in Earth Science | www.frontiersin.org

May 2019 | Volume 7 | Article 103


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Hein et al.

Plum Island Erosion

September 2014

low-tide

; Annapolis
erosion )
_~ hotspot Fordch;am Way Way Groin
roin
Center
Elevation Above Island Groin

Mean Sea Level (m)

March 2015

FIGURE 7 | Short-term migration of the erosion “hotspot” to the south along the
time as shown in Figure 6) to 2015. Digital topographic models (top) are derived

terrace 50 ‘
region of
Plum Island 3.0 \
beach shown 110 1
in DTMs : \
d Beach Volume: -1.0 Beach Volume:
: 50.5 x 10° m? 80.6 x 10° m?
September 2014 March 2015

period of the tidal cycle (mid- to high tide) looking south, standing along Annapolis Way beach toward Fordham Way beach.

northern Plum Island beach (see location, Figure 3D) in 2014 (approximately same
from RTK-GPS surveys (Figures 3C,D). Photos (bottom) are taken at the same

Distance from Merrimack

and July 2016 (Reservation Terrace). Note change in axis scale at +500 m.

finer .
finer
] Merrimack River Inlet Parker 0.2
204 South Jetty River Inlet :
’ Reservation !
-~ 1 +0.3
g1 157,, Temace ' Newbury/PRNWR 57, I=
63 1.0 N S 1 boundary -0-5 ((DE’E\
§8 | .BOs A Tag A, g y,B7 <9 Inlet . %é
S 0.51 % 00 0.7 E_g
N
= | oof = e® | “" 8e A Dune toe 1.0 =
-0.51 - @ A artiijﬁIl)é @ Mid-beach/berm 15
' nourished, . 1.
1.0 ~—WNW ! SSE—> rip-rap-cored dune | B Low-tideterace|| ,
GO 1500 1000 -500 O 500 ' 5000 10600 15600 ' 20000 @ %S¢
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sample composed of very coarse sand was sampled from the
base of an artificially nourished dune along Annapolis Way.
The coarsest beach samples are found ca. 500 m south of the
Merrimack River Inlet South Jetty (within the Right Prong beach
[S2]). Dune, beach, and low-tide terrace samples generally fine
with increasing distance south of the mouth of this point, and
to the west of the Merrimack River Inlet along Reservation
Terrace (Figure 8). Whereas beach and dune samples gradually
fine and show increased maturity (semi-rounded to rounded
quartz grains, decreasing rock fragments) to the west along

Reservation Terrace beach (S1), low-tide terrace samples are
more spatially heterogeneous. In particular, several of the coarsest
low-tide terrace samples, collected from the northwest corner
of Reservation Terrace, contain abundant coarse (<1 mm
diameter) rock fragments, a characteristic not observed along any
oceanfront Plum Island samples.

Seasonal variations in grain size were also observed along
the northern, developed oceanfront Plum Island beach (S2-S7):
sediments fined during the late summer period marked by low
wave energy (July to September) and then coarsened between
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September and December, notably along the low-tide terrace and
mid-beach (Figures 6C,D). In particular, a substantial coarsening
is observed along all transects coincident with the period of high
wave energy and erosion between November and December 2014
sampling periods. All samples in northern Plum Island remained
moderately well to very well sorted (sorting: 0.16-0.85) during
the entire sampling period.

Hydrodynamic Modeling

Simulations show that wave transformation across the nearshore
bars is controlled by the elevation of the bar crest and bar
continuity. The distal ebb delta and terminal lobe bar control
wave transmission, while the terminal lobe continuity controls
wave refraction (Figure 9A). Storm waves are attenuated by
more than 50-60% over the terminal lobe (Figure 9A); the
corresponding wave period is reduced by ca. 0.5 s. In the vicinity
of the low longshore bar crest leading toward the bar gap, wave
transmission is higher: here, wave attenuation is <30% and
wave period is nearly unchanged (Figure 9A). Storm waves with
northeasterly and southeasterly approach refract differentially
across the bar (Figures 9B,C), causing the persistence of large
wave-height gradients regardless of the deep-water wave angle
(Figure 9D). In the vicinity of the hotspot, significant wave height
gradients are approximately 0.5 m.

DISCUSSION

Inlet Dynamics and the Shifting
Shorelines of Plum Island
Sediment-Transport Dynamics at the Engineered
Merrimack River Mouth
Modern bedload sediment delivered to the Merrimack River
Inlet from the river itself ranges in size from fine to coarse
sand and granules (FitzGerald et al, 2002). Seaward of the
inlet jetties, the inlet ebb-tidal delta extends in a southerly
direction and is characterized by southerly- and ebb-oriented
sandwaves indicative of southerly sediment migration. This
corroborates sedimentologic evidence showing a southerly fining
trend in grab samples collected across the ebb delta and a
general trend of increasing textural and mineralogical maturity
to the south, away from the Merrimack River, reflecting
winnowing and differential transportation of finer sand grains
by wave action (FitzGerald et al, 1994, 2002). Our results
confirm the spatial continuity of this trend: beach and dune
sand transition from very coarse sand proximal to the inlet
to fine sand along the length of the barrier-island chain.
Dominant southerly transport is further evidenced by the
growth of recurved spits on the downdrift ends of Plum Island
(Sandy Point State Park) and Crane Beach (Farrell, 1969)
and an increase in the spacing of offshore contours to the
south along the chain (Smith, 1991), indicating net deposition
along the southern coast of the embayment (Hubbard, 1976;
Barnhardt et al., 2009).

Proximal to the Merrimack River Inlet (i.e., along the
northern, developed coast of Plum Island), transport patterns

are more complex. A combination of prevailing southerly winds
and waves and refraction of northeast storm waves around
the Merrimack River Inlet ebb-tidal delta creates a seasonally
migrating nodal zone, north of which net transport is to the
north, toward the inlet (FitzGerald, 1993). Sediment textural
trends (Figure 8) indicate that the long-term position of this
nodal zone is ca. 500 m south of the South Jetty, near the
center of the Right Prong beach sector (S2). However, sediment
accumulation south of the groins (and attendant erosion along
the north side), as far south as Annapolis and Fordham ways
(S5 and S6; 2,300 m south of the South Jetty), demonstrates the
seasonal (or longer) dominance of northerly transport along the
Newburyport and northern Newbury beaches.

The South Jetty of the Merrimack River Inlet presents a barrier
to northward-migrating sand at the northern end of the Right
Prong (S1) beach. This section of beach grew rapidly in the years
following jetty construction: erosion in 1912 was the most severe
to date along S3-S7, but the beach proximal to the jetty was its
widest on record during this time. This section of beach also
grew during the period of hotspot erosion along beach sectors
$4, S5, and S6 in 1974-1978. However, the primary control on
the volume of the Right Prong (S2) beach is the continuity of
the South Jetty itself: occasional degradation of this jetty has
allowed for the transport of sand over and through the wall,
and to Reservation Terrace (Figure 10). This sand transport
pattern is evident in sediment textural data (Figure 8) and in the
apparent anti-phasing of beach widths along both Reservation
Terrace and the oceanfront beach (Figure 4): since the 1960s,
beach area along Reservation Terrace changes in unison with, but
in the opposite direction of, that of the oceanfront beach. This
timing is not coincidental: the South Jetty was twice repaired and
rebuilt, once in the mid-1960s and again in 2013-2014. The most
recent construction re-built the jetty to its designed height of ca.
4.8 m above mean sea level. Repairs in the 1960s was followed
within years by rapid (between 1966 and 1978) areal loss of nearly
90,000 m? of beach (equivalent sand volume: ca. 7.3 x 10° m?)
from Reservation Terrace; in the latter third of this period (1974-
1978) alone, the oceanfront Plum Island beach grew by 25,000 m?
(equivalent sand volume: ca. 2.0 x 10° m?). This trend repeated
itself in the 1990s to 2000s as the jetty slowly degraded and
Reservation Terrace grew by 91,500 m? (equivalent sand volume:
ca. 7.5 x 10° m>) as the Plum Island oceanfront beach lost
ca. 7.3 x 10° m? of sand between 1994 and 2008 (Figure 4).
Following jetty repair, the Right Prong (S2) beach rapidly grew
as Reservation Terrace (S1) approached its minimum mapped
extent (Figure 10C).

This more recent cycle of erosion and accretion along
Reservation Terrace and the Plum Island oceanfront beach
demonstrates that these beaches are not a simple closed littoral
cell in which sand is exchanged between the beaches through ebb-
currents within the inlet and wave action along the oceanfront
beach. Most importantly, reversal of the recent erosion-accretion
cycle (2008-2009) pre-dated jetty repair (2013-2014) by 5 years,
possibly reflecting a decrease in the frequency of storms or high-
water events capable of delivering sand across the jetty between
2008 and 2013. Additionally, although the volumes of sand
lost (gained) from Reservation Terrace and those gained (lost)
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FIGURE 9 | Hydrodynamic model results. (A) Significant wave height distribution resulting from a storm wave (Hs ~5 m; Ts ~12 s) approaching from the northeast
(ca. 45 compass degrees). Vectors show wave energy transport direction (a proxy for sand transport), and solid black lines show depth in meters below mean sea
level (MSL). Wave energy transport resulting from two storm wave conditions are shown in the vicinity of the Reservation Terrace (B) and the 2008-2018 erosional
hotspot (C). For one storm event, waves approach is from the northeast (ca. 45 compass degrees; black vectors), and for one they approach from the southeast
(ca. 135 compass degrees; red vectors). Contours show depth in meters below MSL, and both offshore waves are similar (Hs ~5 m; Ts ~12 s). (D) Alongshore
variation of wave-energy transport through the erosional hotspot [along transect shown as black dashed line in (C)] for each of the two events (NE approach: solid
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from the oceanfront Plum Island beach are nearly identical over
decadal times (Figure 4C), there is no clear evidence that all
sand eroded from Plum Island beach is reworked to the north
and through the jetty, even during times of disrepair. In fact,
textural trends (Figure 8) indicate that the long-term oceanfront
nodal zone is located only 500 m south of the jetty, and thus
the section of beach impacted by northerly long-term transport
is restricted to only beach sector S2. Restricting the region of
analysis of oceanfront shoreline change to only S2 would decrease
the 1994-2008 beach loss volume to ca. 3.7 x 10° m?, or only
half of the volume gained along Reservation Terrace during
that same time. Nonetheless, there is abundant evidence (e.g.,
accumulation of sand to the south, and erosion to the north, of

Annapolis and Fordham Way groins, as well as the presence in
2008 at the South Jetty of remnants of coir logs originally placed
along Center Island) that, at least during periods of hotspot
erosion, the nodal point is as much as 2 km down-beach from the
South Jetty (see section “Hotspot Migration and the Merrimack
Inlet Ebb-Tidal Delta”). Finally, in spite of a clear westward
fining trend along Reservation Terrace away from the jetty, the
presence of coarse, immature sand along the northern low-tide
terrace and mid-beach reveals the occurrence of some exchange
of sediment between the Merrimack River and the Reservation
Terrace beach. Hence, sediment delivered to Reservation Terrace
is not solely derived from the oceanfront beach. The Merrimack
River Inlet has also undergone routine dredging throughout both
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FIGURE 10 | Merrimack River Inlet jetty sediment transport. (A) Refracted northeast storm waves propagate through a beach in the South Jetty during high tide
(credit: R. Barrett, Plum Island Taxpayer’s Association, December 28, 2012). (B) Merged panoramic of waves delivering sediment through the breach in the South
Jetty to proximal Reservation Terrace (credit: M. Morris, March 06, 2008). (C) Aerial view of northern Plum Island following jetty repair showing erosional beach of
Reservation Terrace and growth of oceanfront beach south of Merrimack River Inlet South Jetty (credit: P. Rosen, July 27, 2016).
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periods, including the removal of 5.4 x 10° m? of sediment
during the 1960s and 1970s period of erosion along Reservation
Terrace. Yet, no such dredging immediately preceded erosion
along Reservation Terrace in 2008: the most recent prior river-
mouth dredging was the removal of ~11,000 m® of sand in 1999,
followed by removal of another ~11,000 m? in 2010, coincident
with this period of erosion alone Reservation Terrace (pers.
com., 2010, E. O’Donnell, Chief, Navigation Section, USACE New
England District).

Thus, at least some portion of shoreline change along
Reservation Terrace is in response to conditions unassociated
with direct human activities within the Merrimack River Inlet
(i.e., jetty degradation and repair). In particular, diffraction and
refraction of waves entering the Merrimack River Inlet create
turbulent wave conditions in the entrance channel and westerly
longshore currents along the northeast-facing Reservation
Terrace shoreline (Li et al, 2018). New modeling results
(Figure 9B) indicate that, regardless of the wave approach, wave
angles and thus wave energy—and therefore resulting sediment
transport along the Reservation Terrace shoreline—are similar.
This suggests that, once the sand is transported over the jetty
to the Reservation Terrace beach, waves rework that sand until
in equilibrium with the dominant wave approach. This process
in combination with strong, river-influenced ebb currents (Li
et al., 2018) forms a clockwise sand circulation pattern within
the southwestern portion of the inlet. Sand, including sediment
originating from the oceanfront Plum Island beach through
breaches in the jetty, is transported along Reservation Terrace

to the west by waves, aided likely by flood tidal currents. Upon
reaching the northwest corner of Reservation Terrace, this sand
is then carried by ebb currents to the northeast along the
margin of the Merrimack River channel, forming a linear, 300-
500 m long, northeast-oriented subaqueous channel-margin spit
(Figure 10C). This feature persists regardless of the configuration
of Reservation Terrace, with its orientation shifting between ca.
12 and 42 compass degrees. This sand gyre is corroborated by
modeling studies: a 1:75-scale (undistorted) physical model of the
Merrimack River Inlet (Curren and Chatham, 1979), bathymetry
change analysis (Li et al., 2018) and more recent numerical
models that build on the Haas and Hanes (2004) model (Woods
Hole Group, 2017) and the Coastal Modeling System (CMS) Flow
and Wave models (Li et al., 2018). Changes in offshore wave
climate and/or the orientation of the Merrimack River thalweg
are likely to alter the magnitude of the transport system and
ultimately, the rate in which sand is transferred between the
estuary and the Reservation Terrace beach. These are likely to be
partly responsible for observed changes in the width and volume
of Reservation Terrace.

Hotspot Migration and the Merrimack Inlet

Ebb-Tidal Delta

In addition to long-term changes in beach volume associated
with sediment exchange with Reservation Terrace, the northern-
most, inlet-proximal 3 km of the Plum Island oceanfront
beach is characterized by shorter-term periods of formation and
longshore migration of a 300-800 m long, 80-100 m wide,
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erosion hotspot. This hotspot was observed in the 1950s, 1974—
1976, and 2008-2018 (Figure 11) and forms with an apparent
cyclicity of ca. 25-40 years (Fallon et al., 2015). Southerly
migration of the hotspot occurs as a threshold process: the
hotspot will be situated for several years immediately north
of Center Island Groin (e.g., Figure 11B) and then, following
a period of partial beach recovery (commonly associated with
low wave energy), it will shift south by several hundred meters
during one or more high-energy events, becoming pinned
north of Annapolis Way Groin (Figure 11D). This process
later repeats as the hotspot shifts to front Fordham Way
and the groin at its southern end (Figure 11F). Here, we
demonstrate that this hotspot forms and migrates along the beach

in response to morphologic changes and sediment transport
patterns of Merrimack River Inlet and its associated ebb-tidal
delta (Figure 12).

We observed a longshore shift in the erosion hotspot
along Annapolis and Fordham ways during the latter half of
our beach surveys (Figures 6B, 7). In September 2014, the
beach volume along Annapolis Way (S5), which had been
artificially armored with rip-rap in 2013, was at the minimum
observed throughout the study period. No beach sand was
present above the mid-tide line. By late October 2014, this
section of beach had grown by nearly 26,000 m?, the HWL
had prograded 20 m seaward of the revetment, and a new
beach berm and dune toe had formed. At the same time, the
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FIGURE 11 | Formation and long-term migration of the Plum Island erosion hotspot along Center Island and Annapolis Way between 2005 (A) and 2018. This
current phase of erosion initiated north of the Center Island Groin in 2007, and was followed by gradual southerly migration of the erosion hotspot to north of the
Annapolis Way Groin between 2009 (B) and 2014 (C,D) and then between the Annapolis Way and Fordham Way groins between 2014 and 2018 (D-F). All imagery
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FIGURE 12 | Conceptual model of hotspot formation, growth, and downdrift migration along Plum Island oceanfront beach. (A) Hillshaded and interpolated 2014
LiDAR data of northern Plum Island (data source: United States Army, Corps of Engineers [USACE], 2014) highlighting primary features shown in conceptual model;
image corresponds (approximate) with panel (C). Note that morphologies shown in (B-E) are based on (A) and imagery in Figure 10, but are diagrammatic in
nature, with less visible changes (e.g., migration of main ebb channel) exaggerated. Data shown in (A) was used for hydrodynamic model (Figure 9) grid.

landward-
igrating

Fordham Way Beach (S6) had lost ca. 12,000 m? of sand.
Although the entirety of the oceanfront beach grew during
this period (Figure 6A), Annapolis Way (S5) beach gained
nearly 50% more sand with respect to the overall beach-sector
volume than the oceanfront beach as a whole (Figure 6B).
Several months later (November to December 2014), the Refuge
section of the beach (S7) experienced its largest relative sand
loss (~82,000 m?®) during the study period, and Fordham
Way experienced its second largest relative loss; these both
preferentially recovered in December 2014 to January 2015.
From these observations, an overall pattern emerges of localized
(“hotspot”) erosion imprinted upon seasonal to sub-seasonal
beach morphologic changes. At any given time during its ca.
5-10 years cycle of growth and migration, this hotspot may be
more or less severe than at other times (Figures 8, 11), but
during periods when the beach is at its narrowest [generally
following high-energy or high-water (extreme high tides such as
occurred in August 2014) events], the 300-800 m long hotspot
becomes most apparent.

The eastern-most portion of the terminal lobe of the
Merrimack River Inlet ebb-tidal delta is >12 m in relief, reaches
depths of <3 m, is situated nearly 450 m south of the South Jetty,
and extends >2 km alongshore (Figures 3A, 12A). It becomes
closer to the shoreline to the south, from >450 m along the
Right Prong (S2) section of the beach to <200 m near Center
Island (S4). The crest of this bar is commonly within 1 m
of mean sea level and monthly visual observations coinciding
with beach surveys throughout 2014 reveal that the bar was
often subaerially exposed at low tide (see also Figures 11B,F).
Sand is delivered to the Salient section (S3) of Plum Island
beach from the ebb-tidal delta through onshore bar migration
along this portion of the terminal lobe (Figures 11B,C, 12A,C).
The southern end of the terminal lobe bar coincides with a
break-in-the-bar (cf., Kraus and Galgano, 2001) or bar gap,
and start of a secondary, low-relief (2-3 m above surrounding
seafloor; maximum heights reaching ca. 3.5 m below mean sea
level) subtidal bar (Figure 12A). This feature extends nearly
continuously, ca. 100-200 m offshore of the low-tide terrace,

Frontiers in Earth Science | www.frontiersin.org

May 2019 | Volume 7 | Article 103


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Hein et al.

Plum Island Erosion

along the entire southern 15 km of Plum Island. Water depths
at a bar gap, a relatively short (commonly <100 m) cavity
between the terminal lobe and nearshore bars (Figures 11, 12),
can be several meters greater than over the adjacent bars (over
which storm waves will shoal and break). This opening is most
likely related to inlet sediment bypassing, a process commonly
associated with the formation and landward migration of swash
bars, the width and length of which vary with the size of a given
inlet and volume of sand that is bypassed (FitzGerald et al.,
2000; Kraus, 2000; Ridderinkhof et al., 2016). It is common
to have several bars independently migrating onshore, along
the ebb-tidal delta swash platform, and along the landward
beach. This creates a dynamic downdrift end of the ebb-tidal
delta terminal lobe bar, and incomplete welding with the lower-
relief subtidal longshore bar. The associated bar gap allows
propagation of larger waves onshore, thereby focusing wave
energy along the beach immediately landward of the break.
Model results (Figure 9) demonstrate that, regardless of the
offshore wave angle, wave refraction and diffraction through
the bar gap promote a divergence of incident waves and
promote transport to the north, forming a short-term (during
period of hotspot activity) nodal point immediately south of
the hotpot. North-directed tidal residual currents (Zhao et al.,
2010) promote transport and act to efficiently move sand to
the north. If the bar resides in a single location for a long
enough period, these mechanisms will starve the onshore beach
of sand, resulting in erosion. In contrast, wave shoaling across
the terminal lobe nearshore bar (north of the hotspot) and
refraction around this bar dissipate energy landward of the
bar, allowing for sand deposition, as evidenced by a significant
(ca. 30-40%) reduction in wave heights along beach segments
north of the hotspot (Figure 9D). In a fashion similar to a
tombolo, the beach accretes in this region. Continued sediment
delivery to the northern 1.5-2.5 km of the oceanfront beach
by refracted/diffracted waves traveling to the north from the
hotspot-associated nodal point allows for accretion proximal to
the South Jetty, and for delivery of sand across the jetty to
Reservation Terrace.

Satellite imagery over the course of the most recent period
of hotspot formation and migration (Figure 11) reveals that
southerly growth of the ebb-tidal delta progressively shifts toward
the southern end of the terminal lobe, and the bar gap. The
focus of storm wave energy, and thus the erosion hotspot,
migrates further down-shore in response (Figures 12B-D).
Coincident with this, the salient (focal point for onshore
bar migration from the terminal lobe) also shifts south,
replenishing up-drift beach segments with sand through the
detachment, landward migration, and shoreline-welding of ebb
delta-associated swash bars (Figure 12C). Eventually, easterly
realignment of the main ebb channel to a more hydraulically
efficient pathway (Figure 12E) through breaching (process of
outer channel shifting; FitzGerald, 1993; FitzGerald et al., 2000,
2012) reconfigures the terminal lobe and rapidly shifts the bar
gap to the north. This process can release large volumes of sand
in the form of swash bars, which migrate landward, welding to
the beach and contributing sand north and south to the longshore
transport system.

This form of hotspot-style erosion associated with inlet outer
channel shifting (or larger-scale ebb-delta breaching) is common
to many tidal inlets, both jettied and unstructured (Table 1).
For example, along northern Assateague Island (Maryland,
United States), Kraus (2000) documented a ca. 40 years cycle
of downdrift beach erosion and accretion associated with sand
bypassing of the adjacent Ocean City Inlet. By contrast, along the
beach downdrift of the Guadiana Estuary (Portugal), erosion and
accretion cycles associated with sediment bypassing range from
15 to 25 years (Garel et al,, 2014). The jetties at Guadiana Estuary
are more than twice the length of those at the Merrimack River
Inlet, forcing the Guadiana Inlet ebb tidal delta further offshore,
and increasing the length of beach affected by these erosional
cycles to more than 3 km (as compared with a maximum of
only ca. 2.5 km along northern Plum Island). In fact, Fenster
and Dolan (1996) demonstrated that inlet processes can dominate
shoreline morphology up to nearly 4.5 km downdrift of the
tidal inlet, and influence shoreline behavior >10 km from the
inlet, at least in wave-dominated settings. Thus, the processes
observed along the Plum Island beach are not unique to this
site, or even to engineered inlets. However, here they have
been met by a series of reactionary responses to short-term
erosion associated with a lack of a collective consensus for best
management and a longer-term perspective needed for proper
planning and adaptation.

A Developed Coast in Peril

Reactionary Erosion Mitigation Along Plum

Island’s Beaches

The coastal region surrounding Plum Island was first settled
by Europeans in the late 17th century, and by the early
1800s the Merrimack River port along the mainland town of
Newburyport had become commercially viable (Labaree, 1962).
Installation of the Plum Island Turnpike in the early 1800s
allowed for access to the island and the development of the
Plum Island Hotel, the only permanent structure on Plum Island
for nearly a century (Currier, 1896). In the late 19th century,
the installation of the 500-700 m long Merrimack River Inlet
jetties halted centennial-scale river-mouth migration and ebb-
tidal-delta breaching which had previously caused near-complete
erosion of the northern 2 km of the island (Hein et al., 2016).
The stabilization of the island afforded by these jetties fostered
extensive residential development (ca. 1200 homes and >100
roads; Fallon et al.,, 2017), which continues to yield significant
benefits to homeowners and vacationers and contributes to local
and state tax bases.

In spite of their benefits, the Merrimack River Inlet jetties
shifted the inlet ebb-tidal delta seaward into deeper water,
initiating the cycle of erosion and accretion along the developed
section of Plum Island. This hazard drew the attention of
property owners, local governments, and state and federal
agencies. In response, a variety of mitigation strategies have been
employed to protect private properties (Figure 13), but most
have found limited success. The first of many beach nourishment
projects was conducted in 1953 by the Division of Waterways
of the Massachusetts Department of Public Works, through the
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TABLE 1 | Examples of shoreline erosion and accretion associated with inlet processes at engineered and unstructured inlets.

Site Coastal setting Hard structures Erosion patterns Citations
Unstructured inlets
Sea Island, Georgia Tides: 2-3 m; Waves: None Erosion at proximal end of spit during Oertel, 1977
(United States) ~1m mature ebb delta; erosion at distal end of

inlet during youthful ebb-tidal delta (one

channel)
Price Inlet, South Carolina Tides: 1.5 m tides; None Short-term accretionary patterns of FitzGerald, 1984
(United States) Waves: 1.3 m 4-7 years of ebb-tidal delta breach to

onshore welding.
Regnéville Inlet, West Cotentin Tides: 11 m avg; None Beach erosion associated with migration of Robin et al., 2009

Coast, Normandy (France)

Northeast New Zealand

Structured inlets

John's Pass, Florida
(United States)

Blind Pass, Florida
(United States)

Murrells, Little River, Charleston
Harbor Inlets, South Carolina
(United States)

QOcean City Inlet, Maryland
(United States)

Moriches Inlet, New York

(United States)

Shinnecock Inlet, New York
(United States)

Merrimack River Inlet,
Massachusetts (United States)

Saco Bay, Maine
(United States)

Grays Harbor Estuary,
Washington (United States)

Guadiana Estuary (Portugal)

Texel Inlet (Netherlands)

Lido Inlet, Northern Adriatic
Coast (Italy)

Currumbin Creek (Australia)

Waves: 0.5 m typical,
up to 2 m during
intense storms
Tides: 1.0-2.5m;
Waves: 0.5-1.5m

Tides: ~0.8 m; Waves:

0.2-0.3 m

Tides: ~0.8 m; Waves:

0.2-0.3m

Tides: 1.5 m; Waves:
1.0-1.56m

Tides: 0.65 m; Waves:
0.5-1.0m

Tides: ~1 m; Waves:
~1.1-1.3m

Tides: 0.88 m; Waves:
1-1.6m

Tides: 2.7 m; Waves:
0.4-1.0m

Tides: 3.0-8.5m;
Waves: 1.0-1.5m

Tides: 3.0-8.5m;
Waves: 2.1 m

Tides: 2 m; Waves:
~1m

Tides: 1.4 m; Waves:
1.3 m

Tides: ~0.6 m; Waves:

<0.5m

Tides: 1 m; Waves: up
to8m

Small jetties on two inlets,

primarily natural system

2 jetties

2 jetties

2 jetties at each of three
sites

2 jetties

2 jetties: 432 m long each

2 jetties

2 jetties: 500 and 980 m
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beach
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Accretion of 10-100 m/yr along up- and
down- drift beaches for 40 years following
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(4 m/yr) of downdrift beach; updrift beach
continued to accrete at ~10 m/yr
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cycles of erosion associated with sediment
bypassing

Some erosion on the downdrift beach
(undeveloped and poorly monitored)
Ebb-tidal delta destroyed by jetty
construction and not reformed, likely due to
dredging activity; accretion along updrift
beach at 5-15 m/yr.

Pre-engineering: 7 years sediment
bypassing cycle; Post-structures: minimal
bypassing and recirculation in the inlet; little
downdrift beach erosion
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placement of 4.3 x 10° m® of fine sand (extracted from The
Basin; see location Figure 3) along a 900 m section of beach.
This action was followed by additional nourishments in 1957,
1973, 1987, 1999, and 2010 (Haddad and Pilkey, 1998; Plumb,
2010). Additional soft-stabilization approaches have included
emplacement of a 200 m wall of 7,000 sand bags by the
Massachusetts National Guard in January of 1976 (these were lost
in a storm the following month; Macone, 2008).

More recently, in response to localized erosion at the start of
the most recent period of hotspot erosion, the Town of Newbury
(with funding from the Commonwealth of Massachusetts)
placed “geotubes” (in 2008), hay bales, and large sand-filled,
coir (coconut-fiber) rolls (2009-2010) along the dune toe of
Center Island (S4) beach (Figure 13B). Even though it is only
partially effective and likely temporary, as much as 13% of the
assessed value of proximate properties can be attributed to this
soft-structure (Fallon et al., 2017). At the same time, along

Annapolis Way (S5), property owners instituted a controversial
(e.g., Executive Office of Energy and Environmental Affairs
[EOEEA], 2010) program of periodic beach scraping to create
sacrificial dunes in advance of storm impacts (Figure 13C).
Although these were destroyed by waves within days, a similar
approach was undertaken along Reservation Terrace (S1) in 2018
in response to ongoing erosion threats to homes that had been
fronted by 200 m of beach as recently as 2008.

More permanent shoreline-stabilization measures have also
been instituted, including the installation of short sections of
rip-rap seawalls in the late 1970s (later re-exposed by erosion;
see Figure 13A) and, along Reservation Terrace, the USACE
lengthened the South Jetty landward and armored the nearby
beach with nearly 6,400 metric tons of stone following the
loss of one of a United States Coast Guard building in 1969.
At the same time, the City of Newburyport constructed a
concrete wall fronting the northern line on homes along much

D Annapolis & Fordham J‘
Way groins (1966-67)

B

Center Island Groin
(1954-1965)

E ~ Annapolis Way rip-rap

FIGURE 13 | Examples of erosion and mitigation responses along Plum Island. (A) Erosion in 2010 along central Center Island (S4) exposes stabilizing footings for
housing structure (deck) (credit: C. Hein, March 23, 2010). (B) Sand-filled coir logs placed along dune toe at southern Center Island (S4) (credit: C. Hein, March 23,
2010). (C) Beach scraping (building artificial dunes with sand pushed landward from the low-tide terrace and beach berm) in advance of nor’easter (credit: C. Walth,
July 11, 2011). (D) Construction of rip-rap revetment along Annapolis Way (credit: B. Connors, April 2013). (E) View north along Annapolis Way section of Plum
Island Beach. Not visible in photo in far distance is a crane repairing the Merrimack River Inlet South Jetty (credit: G. Clifford, December 16, 2013).

Center Island
Groin
(1954-1965)

revetment (2013)
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of Reservation Terrace. However, the primary and longest-lasting
approach has been the construction of rip-rap groins along the
oceanfront beach. Between 1954 and 1967, the Commonwealth
of Massachusetts constructed a series of seven groins, each 50-
75 m long. Of these, the Fordham Way, Annapolis Way, and
Center Island groins (Figure 13) serve as temporary pinning
points for the southerly migrating erosion hotspot. Four other
groins, spaced at ca. 400 m between the Center Island Groin
and the South Jetty, are buried by sand. The USACE, which
had earlier advised against emplacement of groins (United States
Army, Corps of Engineers [USACE], 1952), recommended that
these be extended to at least 300 m in length in order for them
to intersect the nearshore bar and more effectively trap sand
(United States Army, Corps of Engineers [USACE], 1967); no
such modifications were made. These groins serve to “pin” the
southerly migrating erosion hotspot, focusing higher wave energy
associated with the break-in-bar along a narrower section of the
beach, thereby contributing to erosion today.

In response to the most recent phase of hotspot erosion
along Annapolis and Fordham ways (S5, S6) in 2013-2014,
local homeowners collectively funded the construction of rip-
rap revetments along ca. 500 m of dune toe fronting 16-18
plots/properties (Figures 13D,E). This action challenged rules
embodied in the Commonwealth’s Wetlands Protection Act
(WPA), as implemented through the municipal conservation
commissions. In the vicinity of Annapolis and Fordham
Ways, those rules classify the beach and foredune as a
“coastal dune” resource, thereby barring modifications to the
dune, such as the placement of protective structures. While
Commonwealth officials have expressed their disapproval over
the revetment construction, local homeowners, backed by the
Pacific Legal Foundation, which litigates issues that threaten the
underpinnings of private property rights, have threatened to go
to court should the Commonwealth act to force the removal of
the revetment (Graikoski and Hoagland, 2017).

While protecting adjacent properties, the revetment has
exacerbated hotspot erosion by enhancing wave scour at its
base. As a result, subaerial beach is absent along this stretch of
coast during periods of more intense erosion [e.g., December
2013 (Figure 13E) to September 2014 (Figure 7)]. Additionally,
this has removed a sediment source (dune erosion) from
the littoral system, and along with a steeper nearshore beach
slope, likely enhancing erosion in proximal stretches of the
Plum Island beach. A similar scenario is observed along Saco
Bay (Maine, United States), where a rip-rap revetment was
installed in response erosion at an average rate of 2.5 m/yr
along the 5-6 km downdrift of the jettied Saco River mouth.
Here, beach armoring led to a reduction in longshore sediment
supply, causing rapid erosion at the downdrift end of the
revetment, and the need to lengthen the revetment multiple times
(Dickson et al., 2009).

Long-Term Mitigation and Adaptation Planning in the
Absence of Collective Consensus

Hurricanes are likely to increase in frequency and magnitude
(Emanuel, 2013; Kossin et al., 2010, 2014; Knutson et al., 2015),
decrease in forward speed (Gutmann et al., 2018; Kossin, 2018),

and track further northward along the United States East Coast
(Garner et al.,, 2017) in response to climate change. Although
it is unclear whether northeast storms will undergo a similar
increase in intensity, it is likely that this overall enhanced
storm climate will produce larger storm surges and higher
wave conditions. Along Plum Island, these factors, coincident
with more frequent flooding associated with an acceleration in
sea-level rise (Talke et al., 2018), will increase storm-related
beach erosion, dismantlement of coastal structures, and wave
overtopping of the South Jetty, likely resulting in enhanced
fluxes of sand to Reservation Terrace from the Plum Island
oceanfront beach.

The planning for adaptation and mitigation along Plum Island
oceanfront and Reservation Terrace beaches to these predicted
changes is hampered by the complexity of the timescales and
patterns of erosion along these beaches, leading to a lack of any
unified understanding, policy, or response to erosion when it
does threaten structures. Instead, mitigation has been entirely
reactionary in nature, responding to individual storm events,
rather than the longer-term trends in beach erosion and accretion
associated with sediment fluxes between the Reservation Terrace
and oceanfront beaches, and hotspot migration along the
southern oceanfront beach. As a result of a confluence
of interests and human actions—large public infrastructure
expenditures, highly valued real estate, environmental concerns
for preserving the barrier beach, and the adherence to public trust
doctrine—the Commonwealth, pressured by interest groups,
has consistently attempted to attempt to stave off or mitigate
coastal change along Plum Island (Gurley, 2015). Only recently
has Massachusetts—which does not have a master plan for
organized coastal retreat—begun incorporating climate change
into the Commonwealth’s hazard mitigation and adaptation
planning, including through a $2.4 billion bond package in the
2019 budget (Rios, 2018). However, counteracting any state-
level initiatives are growing revenues generated from property
taxes in the City of Newburyport and Town of Newbury, which
have factored significantly into local governmental decision-
making in relation to further infrastructure development and
beach protection. For example, as recently as 2006 the City of
Newburyport, in concert with the Commonwealth Department
of Environmental Protection, constructed a city water and sewage
project connecting Plum Island with mainland Newburyport, at
a cost of ca. $25 million (Gurley, 2015). Damage to the sewer
system on Plum Island during a series of northeast storms in
February 2015 eventually resulted in a $5.5 million settlement to
the City for repair (Boute, 2016).

Lacking consensus management at the governmental level,
local citizens, commonly with support from local or state
governmental officials, have organized several education and
planning initiatives. For example, the Merrimack River Beach
Alliance, co-chaired by a state senator, was formed in 2008 to
promote the preservation of Plum Island and Salisbury Beach
(located north of the Merrimack River Inlet; see Figure 1),
largely through soft and hard engineering interventions funded
at the state and federal level. More recently, Storm Surge:
The Merrimack Valley Coastal Adaptation Workgroup, was
formed in Spring 2013, largely in response to the controversial
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shoreline-hardening along Annapolis and Fordham ways. This
organization seeks to encourage, educate, and support local
communities to prepare for the impacts of climate change (sea-
level rise and storms), with a particular focus on long-term
adaptation and retreat planning. Although largely educational,
the chair of this group (a co-author of this manuscript) is
also leading development of the City of Newburyport’s climate
adaptation plan in his role as co-chair of the City’s Climate
Resiliency Committee. Incorporation of plans for managed
retreat of shoreline property holders in this local plan, as
well as state-level initiatives (e.g., Coastal Erosion Commission
Commonwealth of Massachusetts [CEC], 2015), while unpopular
with many local residents (Shi and Huang, 2018), mark a major
change in attitudes toward human habitation of Plum Island, but
one lacking precedent and a clear future. Within the context of
Plum Island’s unique dynamic coastal environment, these efforts
comprise a general approach to the engagement of scientists with
stakeholders in the optimistic expectation that a more informed
community can debate the merits of the full array of potential
adaptive responses, both in the short- and long-term.

CONCLUSION: SUSTAINABLE
MANAGEMENT OF AN ENGINEERED
RIVER-MOUTH BEACH

More than 200 years of human alteration of the lower
Merrimack River and Plum Island beaches have produced a
sizable tax base and recreation site for the Town of Newbury,
City of Newburyport, and their citizens. However, unintended
consequences associated with the same shoreline hardening
structures that stabilized the northern 3 km of the island have led
to periods of severe erosion, threatening both public and private
homes and infrastructure. Both refraction of northeast storm
waves around the Merrimack River Inlet ebb-tidal delta and
strong southeast swell produce a local reversal of net southerly
longshore transport. During these conditions, which can be
enhanced at times of spring tides, breaking waves overtop the
rock structure, transporting sand across the landward end of the
South Jetty, feeding the inner-inlet beach (Reservation Terrace).
While this reversal, combined with tidal- and wave- induced
currents inside the inlet, can lead to accretion of ca. 7.5 x 10° m?
of sand along the Reservation Terrace beach, it is largely at the
expense of the oceanfront beach to the south.

Superimposed on the local transport system are smaller-scale
variations in wave energy along the shore, which correspond to
shifting configuration of the ebb-delta platform. This process
creates southerly migrating erosion hotspots (setback of the high-
water line by ~100 m) that, when active, can focus severe erosion
on a small portion of the developed beach, while leaving other
areas stable or accretionary. These hotspots can last 5-10 years
in an aperiodic pattern, and associated beach volume changes
associated can be more than 30% of those measured over multi-
decadal cycles along the inner-inlet Reservation Terrace beach.

Variability in the timescales and patterns of beach erosion
at Plum Island has contributed to the lack of any unified
understanding, policy, or response to erosion when it does

threaten structures. The responses have been reactionary and
short-term in nature: beginning in the late 1950s and early 1960s,
a range of beach structures, including groins and riprap seawalls
were constructed as a result of an erosional cycle; many have
been lost to erosion since then. Local citizen-led response to the
most recent erosional period has been even more controversial,
comprising the installation of rip-rap revetments along the
dune toe fronting nearly two blocks of homes (including in
front of lots where houses previously lost to erosion have been
replaced by much larger structures, and a single empty lot from
which a house had been moved landward) between 2013 and
2015. This action may have exacerbated beach erosion even
while protecting adjacent homes, representing a challenge to
the Commonwealth’s wetlands protection policies. The two local
municipalities, Newbury and Newburyport, benefit significantly
from property taxes on highly valued coastal properties, and
they face conflicting motivations for responding to the threats of
shoreline change (Fallon et al., 2017).

The Plum Island case serves as just one example of how
humans have greatly altered sediment transport dynamics along
an inlet-associated coastal beach but have failed to develop
sustainable strategies to balance the dynamic, interacting natural
and human processes that were the consequence. Although
communities on Plum Island and surrounding towns now
have recognized the need to plan for long-term coastal
changes associated with climate change, real-time mitigation
continues to be reactive, responding to short-term (<5 years)
erosion threats. A collective consensus for best management
is lacking, and the development of a longer-term perspective
needed for proper planning and adaptation has been elusive.
With a deepening understanding of the coastal dynamics
on Plum Island, including a characterization of the relative
contributions of both nature and humans, we can be more
optimistic that adaptations beyond mere reactions to shoreline
changes are achievable.
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Coastal development and climate change are dramatically increasing the risks
of flooding, erosion, and extreme weather events. Coral reefs and other coastal
ecosystems act as natural defenses against coastal hazards, but their degradation
increases risk to people and property. Environmental degradation, however, has rarely
been quantified as a driver of coastal risk. In Quintana Roo, Mexico, a region on the
Mexican Caribbean coast with an annual tourism economy of 10 billion USD, coral
reefs constitute a natural barrier against flooding from hurricanes. This study spatially
quantifies the risk reduction benefits of the Mesoamerican Reef in Quintana Roo for
people, buildings, and hotel infrastructure. The risk reduction benefits are substantial.
For example, the reefs prevented 43% additional damage during Hurricane Dean in
(2007) and provide nowadays hazard risk reduction for 4.3% of the people, 1.9% of
the built capital, and 2.4% of the hotel infrastructure, per year. The annual benefits are
estimated in 4,600 people, 42 million USD damage prevention for buildings, and 20.8
million USD for hotel infrastructure. The study also compares the risk reduction of coral
reefs with (i) the protection offered by dunes and (i) the increase in coastal risk from sea-
level rise (SLR). The risk reduction of dunes is more critical where there are no coral reefs
offshore and for small return-periods storms. Sea-level rise, however, will make the more
frequent storms more impactful and will drive significant increases in annual expected
damages across the region. However, we demonstrate that, in coral reef environments,
the contribution of reef degradation to coastal risk is larger than the expected increase
in risk from SLR. However, the spatial distribution of the risk reduction benefits from
reefs differs for people and infrastructure, and in particular for hotels, which receive the
most protection from reefs. Furthermore, many sections present larger benefits than
the typical costs of restoration. This valuation makes a compelling case for protecting
and maintaining this natural infrastructure for its risk reduction service, but also allows
the development of piloting innovative strategies, such as risk finance and insurance
strategies, that can align environmental and risk management goals.

Keywords: coastal risk, coral reefs, flood risk, environmental degradation, sea-level rise, losses and damages
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Coastal Risk and the Mesomerican Reef

INTRODUCTION

People and assets in the coastal zones are increasingly exposed
to the impact of hazards such as flooding and erosion. The
combined effect of demographic concentration in low-elevation
coastal zones (Silva et al., 2014; Neumann et al., 2015; Reguero
et al,, 2015) and the added threats of climate change such as
sea-level rise (SLR) (Church et al., 2013) or increasing wave
action from a more powerful global wave climate (Reguero et al.,
2019) are ever putting coastal areas at an increasing risk. Climate
change is a risk multiplier to coastal communities and economies
(Hallegatte et al., 2013; Wong et al., 2014; Storlazzi et al., 2018).
Addressing current and future coastal risk requires urgent action
to mitigate the impacts from coastal hazards and increase the
resilience of coastal communities.

Comprehensive risk management involves assessing risk and
identifying ways to manage it (i.e., risk avoidance, risk transfer,
risk reduction or risk retention). Such approaches aim at
building long-term resilience in relation to extreme and slow
onset events (UNFCCC, 2013). The Paris Agreement (article 8)
reaffirmed the Warsaw International Mechanism for Loss and
Damage as the main vehicle to avert, minimize and address loss
and damage associated with climate change impacts, including
extreme weather events and slow onset events (UNFCCC, 2015).
Therefore, comprehensive risk management strategies need to
be informed by the attribution of losses and damages to the
different drivers of risk so that they can be better linked to
strategies and actions and insurance and risk transfer (Briggs
et al., 2015; Mechler and Schinko, 2016). However, research
has been very limited on how the threats to coastal ecosystems
can be linked with the risk of SLR and damaging storms
on people and infrastructure. Furthermore, existing approaches
currently largely overlook drivers of risk such as environmental
degradation, whose contribution to risk, from a loss and damage
perspective, is currently unapprised.

It is increasingly recognized that coastal ecosystems represent
a natural infrastructure that provides coastal protection.
However, their degradation is rarely appraised as an important
driver of coastal risk to people and property. Coral reefs, for
example, serve as natural, highly efficient submerged breakwaters
that provide flood reduction benefits through wave breaking
and wave energy attenuation (Lowe et al., 2005; Monismith,
2007; Ferrario et al., 2014). These protective services, however,
depend on reef parameters such as depth, width, structural
complexity and roughness, which are intimately related to the
health of the coral (Harris et al., 2018). Yet, reefs continue
degrading all around the world, from increasing temperatures,
storm damage and poor management (Bellwood et al., 2004).
The widespread loss of reef-building corals leads to loss
of architectural complexity and ‘reef flattening’ (Alvarez-Filip
et al, 2009), which affects the capacity of coral reefs for
dissipating wave energy (Quataert et al, 2015; Harris et al,
2018) and keeping pace with the rising sea levels (Graham
et al., 2015; Perry et al,, 2018). Climate change through SLR,
higher waves, and coral degradation will further increase wave
runup in reef environments (Quataert et al., 2015). These
factors jeopardize the substantial global risk reduction services

that coastal communities receive from coral reefs at present
(Beck et al., 2018).

Mainstreamed coastal policy and management approaches
largely do not account for the contribution of environmental
reef degradation to coastal risk. It is also broadly unknown
whether the magnitude of this contribution relative to other
threats such as SLR or the protection offered by other natural
defenses, like dunes, which are more generally recognized for
their coastal protection service and managed and restored
accordingly. Only recently has research started to establish the
risk reduction benefits of ecosystems (Narayan et al., 2017; Beck
et al., 2018; Menéndez et al., 2018; Reguero et al., 2018b), but
their combined effect, e.g., reefs acting with beach and dune
systems, have only been assessed in terms of wave attenuation
(e.g., Guannel et al,, 2016) and not in terms of coastal risk,
i.e., probability of socioeconomic losses, which are the metrics
directly related to risk management strategies. These factors make
it difficult to assess how these natural barriers work together for
reducing risk to people and property and how intertwined their
services are, while also hampering their consideration in risk
management strategies.

This study focuses on the Mesoamerican Reef (MAR
hereafter), the largest coral reef barrier in the western
hemisphere. Understanding coastal flood risk and evaluating
the risk reduction service of the MAR is critical not only for
its conservation, but also for coastal risk management. The
MAR precedes the eastern coastline of the state of Quintana
Roo, Mexico, home to 1.5 million people (INEGI, 2015)
and whose tourism sector contributes a 1.34% to Mexico’s
Gross Domestic Product. In Quintana Roo, uncontrolled and
intense coastal development since the 1970s, particularly in
Cancun, Cozumel, Isla Mujeres, Playa del Carmen and along
the Mayan Riviera (Cancun to Tulum coastal stretch), have
altered the natural coastal system and hence the resilience to
extreme natural phenomena (Escudero-Castillo et al.,, 2014a).
The area is also exposed to hurricanes and storms that produce
recurrent flooding and erosion of settlements and assets on the
beach front (Escudero-Castillo et al., 2014a; Mendoza et al,
2015), while anthropogenic interventions and degradation of
ecosystems over wide extensions of these coasts have also
driven chronic erosion and increased vulnerability to extreme
weather events that put the people and the state’s economy
at risk (Escudero-Castillo et al., 2014a,b, 2018). However, the
MAR is increasingly threatened by pollution, storm damage,
ocean acidification, rising sea surface temperatures, disease
outbreaks and unsustainable management practices (Mcfield
et al., 2018). These factors put at risk the structural complexity
and roughness of this natural barrier and jeopardize its capacity
to dissipate wave energy.

This article addresses these questions and represents an
advancement in how to account for the different drivers of
coastal risk. The study focuses on assessing (i) how much
and (ii) where the MAR prevents hurricane-flood damages
to people and infrastructure, or in an equivalent manner,
how reef degradation could increase coastal risk. This service
is also compared relative to (iii) the protection offered by
dunes, which are acknowledged and hence maintained and
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restored for their protection service, and (iv) the increased
risk from SLR through its contribution to extreme flooding
from hurricanes.

MATERIALS AND METHODS

Overview

This study quantifies the coastal flood risk reduction provided
by the MAR for people, buildings (or built capital), and hotel
infrastructure in Quintana Roo, Mexico. To assess this risk
reduction benefits, we followed the expected damage cost avoided
approach that estimates the benefits by their avoided flood
damages. The main steps are described below and represented
in Figure 1. Coastal flood risk is defined by the hurricane-
induced flood hazard and their damage to people and built
infrastructure. The flood hazard is defined from a synthetic
generation of storms (~15,000 storms) based on the historical
distribution of hurricanes in the Caribbean. The effect of reefs
on flooding is modeled through a numerical model that accounts
for the complex transformation of waves in reef environments.
The flood damages for each storm are quantified based on
the flood heights of each storm and using vulnerability curves
that relate the intensity of flooding with the degree of damage
to the infrastructure. Risk is then quantified as the statistical
description of these damages in terms of people affected and
dollar-value damaged (buildings and hotels) and for different
probabilities. The economic impacts include both direct and
indirect losses. The flood risk reduction benefit of the MAR
is estimated by calculating the difference in damages between
two scenarios: current coral reefs and a scenario that assumes
degraded coral reefs.

This approach follows and advances methods recently used to
assess the risk reduction benefits of ecosystems (Beck et al., 2018;
Menéndez et al., 2018). However, in this study, the risk reduction
of the MAR is also compared with two other drivers of risk: (i)
the increased hurricane flood risk produced by SLR and (ii) the
effect of losing the dunes. The effect in risk of SLR is modeled by
including local SLR projections to each hurricane. The effect of
dunes on risk is estimated in a similar manner as applied to coral
reefs (Figure 1).

Hurricane Flood Hazard

The probability of damages to people and buildings was
calculated by generating synthetic hurricanes in the Caribbean.
A stochastic generation of storms was needed because is not
possible to calculate statistics of losses from a single damage
scenario or a limited number of historical storms, where
probability would remain uncertain (Resio and Irish, 2015).
The simulations of ~15,000 synthetic storms were generated
based on the historical storms (~900 historical storms) using a
stochastic simulation of origins and wind speeds and modeling
the hurricane tracks through random walks. The analysis of
storms was carried out with the open-source CLIMADA risk
model using the hurricane and coastal modules (Reguero et al.,
2018b; Aznar-Siguan and Bresch, 2019).

For each of the synthetic storms, we calculated the wind,
wave, and surge fields using global bathymetry from GEBCO
and ETOPO in deep waters (National Oceanic, and Atmospheric
Administration [NOAA], 2006) and the parametrical models
implemented in CLIMADAS coastal module, following methods
previously used in Reguero et al. (2018b). For the wind field,
the model uses a non-symmetric fields model (Bretschneider,
1990). Wind waves generated by the wind field are calculated as
the average of two different models (Young, 1988; Bretschneider,
1990). The storm surge was calculated by linearly adding the
barometric surge and wind setup produced by the storm (Dean
and Dalrymple, 1991). The rise of water above astronomical
on the forereef takes into account the combined effects of
direct onshore and alongshore wind stress on the surface of
the water. The shear stress produced by the wind on the sea
surface generates an elevation of the water level at the coastline,
which can be described by the long wave equation, resolved
on coastal transects (Dean and Dalrymple, 1991). Storm surges
values were also obtained with the modeled surges from the
MATO hydrodynamic model (Posada et al., 2008) as applied
in Escudero-Castillo et al. (2014b), using surge levels calculated
stationary conditions of winds to interpolate surge levels for
any storm. The final storm surge values were calculated as the
mean value of the surge levels from the analytical solution and
the numerical simulations. These simplified approaches include
uncertainty, particularly in nearshore areas, although they are a
good estimate at the forereef. The significant wave height and
surge levels offshore associated with a 100-year return period
were compared with existing estimates of surge levels for the
region of up to 2 m in Valdez (2010) and significant wave
heights up to 15 m in Meza-Padilla et al. (2015), showing a good
agreement (Supplementary Figure 1).

Modeling Flooding and the

Effect of Reefs

Given the scope of the study and the availability of data, the
flooding analysis had to be limited to the section of Quintana Roo
with available information on coral reef presence and bathymetry.
The region of study is shown in Figure 2 and comprises the
mainland section of the MAR, but leaves out the island of
Cozumel and other sections offshore and northwards where
the coral reef bathymetry does not exist. For this region, high
resolution bathymetry and coral cover data were available via
CONABIO (Comisién Nacional para el Conocimiento y Uso de la
Biodiversidad) from the ‘Sistema Nacional de Informacion sobre
Biodiversidad’, which provides 4-m resolution bathymetry and
seabed cover from Cabo Catoche to Xcalak. The fore reef and
beach profiles were assumed equal for all the coastal transects,
based on mean slope values observed in the region (Escudero-
Castillo et al., 2014b, 2018).

Flooding inland and the effect of reefs were modeled through
XBeach, a wave propagation model that is able to calculate
wave runup onshore but also the contribution to flooding of
time-dependent long waves, which are particularly important
in the surf zone of reef environments. This model has been

'http://www.conabio.gob.mx/informacion/gis/
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FIGURE 1 | Key steps and critical data needed to quantify risk. Source: adapted from Reguero et al. (2018b). Image 1: NASA GOES Blue Marble imagery by NASA's
Earth Observatory Team. Image 2: Wikimedia Commons, by http://www.safainla.us/. Image 3: CENAPRED, (2007).

extensively validated for reef environments (van Dongeren et al,,
2013; Quataert et al,, 2015). The numerical model was run
in coastal transects (a total of 2,515 transects), every 200 m
along the coast (see Figure 2), with variable friction and in
surf-beat mode. The application of a one-dimensional model
neglects some of the dynamics that occur on natural reefs, such
as lateral flow. However, it does represent a conservative estimate
for infragravity generation and wave runup, as the forcing is
shore-normal. In this case, the coastline and reef configuration
show near-normally offshore waves (e.g., Figure 2). The friction
coefficients were set based on a calibration of the model based
on field data from (Quataert et al., 2015), and defined based on
the seabed type classification for the region. The incident wave
friction coeflicient (fy) and the current and infragravity wave
friction coefficient (cg), were applied to incorporate the effect
of the roughness of the sea bottom on the decay of incident
waves (van Dongeren et al.,, 2013). Coral reefs were given a
value of f,, of 0.3, whereas the rest of seabed types were given a
friction value of 0.1. The current and infragravity wave friction
coefficient, ¢y, varied from 0.01 for sand to 0.15 for rocky coral
reefs, whereas algae were given a value of 0.03. Although the
effect of seagrasses and algae was considered in the modeling,
they provide less flood attenuation than coral reefs and their
contribution was not isolated. However, research shows that
in other areas they can also contribute to coastal protection,
erosion control in particular (James et al, 2019). Examples
of the transects with different bathymetric configurations are
given in Figure 3.

The numerical model was run shore-normal, at each coastal
transect for a subset of wave heights (Hs) covering the range
between 1 and 10 m by 1 m increments, and sea levels ranging
from 0 to 4 m (combination of mean sea level and storm

surge) by 1 m increments. The modeled peak wave periods
varied between 5 and 12 s. The peak wave period was set
constant due to computation limitations and because the effect
of wave heights is more dominant on wave runup than the effect
of wave periods. We selected 9.6 s for all simulations, which
represents the 80% percentile of the peak periods calculated for
all historical storms across the region. However, larger wave
periods generate larger runup, and therefore this approach can
be considered conservative for large wave periods at the cost of
overestimating runup for sea-dominated storms. Nevertheless,
storms with low periods also present smaller wave heights,
which is the most influential variable for wave runup. The
direction of waves was also considered orthogonal to each
transect in the fore reef.

The flood levels onshore were reconstructed from the
numerical simulations using multidimensional interpolation
techniques based on radial basis functions that have been
successfully applied to wave climate downscaling and wave
overtopping in similar applications (Camus et al., 2011a,b;
Guanche et al, 2013). The flooding levels onshore were
interpolated using radial basis functions, which were trained
taking as inputs the different wave heights, and surge levels at
the forereef, and outputs the flooding levels simulated with the
numerical model. This approach provided flooding levels for all
the storms in each coastal transect. However, the approach does
not consider horizontal effects in the propagation and flooding.

The scenario of a degraded reef from storm damage, pollution,
and other factors was simulated assuming flattened and deeper
reefs (Yates et al., 2017). The degraded reef was simulated by
specifying in the numerical model: (1) an increase in depth for
the reefs of 1 m; and (2) reduced coral reef friction, assumed to be
the same than the default sand values, per (Storlazzi et al., 2017).
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These assumptions are based on observed changes in degraded
reefs. Observations in changes in seafloor elevation and volume
for coral reefs in the Atlantic, Pacific, and Caribbean over the last
several decades show significant regional loss of seafloor elevation

and volume and are indicative of potential future changes in reefs
(Yates et al., 2017). Evidences also show substantial flattening
of reefs across the Caribbean as architectural complexity had
declined non-linearly with the near disappearance of the most
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complex reefs since 1969 (Alvarez-Filip et al., 2009). The loss
of friction represents a severe flattening of the reef and reef
matrix degradation, which are translated into frictional loss
assuming that the reef will show a similar friction as the no-reef
parts of the profile.

Calculating People and Assets Damaged

To calculate the consequences of flooding, data on people;
built capital, which comprises residential, commercial and other
infrastructure; and hotels were analyzed in spatial units of
approximately 5 km and counted by ground elevations using
the Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model, with a horizontal resolution of 90 m and vertical
resolution of 1 m (Rabus et al., 2003; Farr et al., 2007). The
total counts of people, built capital, and hotel infrastructure
were then distributed between the coastal transects to infer
damages by interpolating the flood levels with the potential
socioeconomic exposure.

Population data were obtained from the WorldPop dataset
with a spatial resolution of 100 m (Lloyd et al, 2017),
represented in Figure 4. The spatial distribution and total
counts of people were compared by municipalities with local
census data and show a good agreement (Supplementary
Figure 2). Built capital, or the value of buildings, was calculated
based on global data from the 2015 Global Assessment Report
(GAR) on Disaster Risk Reduction (UNISDR, 2015). The
GAR data, with 5-km spatial resolution, were downscaled
to a resolution of 100 m using the population data and
the government economic census that provides values of the
residential, industrial, services and government buildings. The
methods are based on approaches previously applied for risk
quantification in data-poor environments (Reguero et al., 2015;
Beck et al., 2018; Menéndez et al., 2018). To do this, first the
residential capital stock per capita was calculated using data
from GAR’s Capital Stock and population (UNISDR, 2015).

Second, the per capita values were resampled to a resolution of
100 m and multiplied by the 100 m-resolution population data
(Figure 4). The industrial and commercial stocks were obtained
similarly by dividing the urban and rural industrial capital from
GAR by the total number of workers from the government
census. The distribution of the different types of built capital is
shown in Figure 5.

Impact on hotel infrastructure was calculated independently
from built capital. Information on hotels was obtained from the
economic census (INEGI, 2015) and online sources (Tripadvisor
and Expedia) to create a database of hotel location, ranking,
number of rooms, range and average prices, and other variables
such as number of employees. The built footprint of each
hotel along the coastline was digitized from Google Earth and
satellite imagery in ArcMap (image available on May 2016).
Hotels were classified into four categories based on their star
rating. A predominance of 3.5- to 5-star hotels was observed
in the northern coast of Quintana Roo, whereas the southern
coast presents a high density of lower hotel rating, 2.5- to
3-stars. The hotel distribution and number of rooms are
represented in Figure 6.

To calculate the damages from flooding, the damage of each
single storm is calculated by multiplying the value of exposure
(dollar-value) by a percentage of property damaged, which is
determined based on the flood heights generated by each storm
at each coastal transect. The percentage of damage is determined
from vulnerability curves for each type of asset (people, built
capital, and hotels). For buildings, vulnerability curves were
obtained by taking the average damage degree obtained from
all the curves in the HAZUS-FEMA database (Scawthorn et al.,
2006a,b) for each type of building: residential, commercial, and
industrial types, respectively (see Supplementary Figure 3).
For hotels, local vulnerability curves were developed based on
historical damages for hurricanes Wilma and Dean, obtained
from the Mexican National Center for Prevention of Disasters
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(CENAPRED) and the Economic Commission for Latin America
and the Caribbean (CEPAL). Damage costs were expressed
in US Dollars (USD) per square meter of the flood plain
as a function of the hotel star-rating, using the reported
losses in terms of number of damaged hotel rooms after each
event and the estimated surface area of each hotel room (see
Supplementary Figure 4).

Given the uncertainties in the risk modeling (e.g., exposure
data, hazard definition, flooding approach, and vulnerability
curves), the model was calibrated to represent the reported

losses for historical hurricanes, which are surveyed and reported
after each storm season by the CENAPRED. The exposure was
calibrated over the region so that the modeled direct losses for
Hurricane Dean would match the official economic damages
reported by the Government for the same storm. Hurricane Dean
was selected between the available historical events with official
damage estimates as a benchmark because its damages (~214
million USD in 2007) were predominantly driven by coastal
flooding and impacted significant residential infrastructure, as
opposed to other storms, such as Wilma and Emily in 2005,
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where a significant fraction of the damages were caused by
wind and rainfall and the losses were mostly concentrated on
the tourism sector.

Estimating Indirect Damages

We also estimated indirect damages, which are economic losses
caused by the consequences of physical destruction caused by
flooding such as business interruption, tourism impact, etc.
Estimates of the indirect damages were based on the review of
impacts of historical storms in the region produced annually by

CENAPRED. Indirect damages were calculated by multiplying
the modeled direct damages with an average ratio of indirect
over direct damages for three historical Hurricanes: Emily in
(2005), Wilma in (2005), and Hurricane Dean in (2007). Values
of direct and indirect damages for the three storms were obtained
from CENAPRED reports and converted to USD for each
corresponding year using historical conversion rates and then to
USD-value in 2015 correcting for the historical buying power.
According to surveys from the Government, Hurricane Dean
in (2007) produced 40% additional damages in indirect impacts
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(0.4 factor), Wilma in (2005) had three times more indirect
damages than direct damages, and Emily in (2005) produced
1.6 times more indirect damages than direct damages. Based
on these measured values, the indirect damages are on average
1.6 times the direct damages, although it shows a large range
of variation. However, evidence suggests that the proportion
of indirect impacts increases in larger disasters, as seen with
Hurricane Wilma in comparison with Emily, although both
impacted the same region. This is because business interruption
and other indirect effects are proportionally larger after stronger
storms. However, in absence of better data, here we used
the average factor, x1.6, and applied it linearly to all the
storms although we acknowledge that the indirect damages may

constitute a larger fraction of total losses in larger disasters than
in smaller ones.

Calculation of Reef Benefits

The flood risk reduction from coastal ecosystems was estimated
through the avoided damage or expected damage function
methods (Samonte-Tan et al., 2007; Barbier, 2015). The approach
compares the additional people and property affected if existing
coastal ecosystems were lost. This approach, therefore, represents
the risk reduction benefits of the protection that ecosystems offer,
but it can also be seen as the increase in risk from environmental
degradation. Risk is described using (i) an estimate of the annual
average costs of flooding, or annual expected damage (AED), and
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(ii) the damages associated with different storm return periods
(i.e., the average recurrence interval, in years, of each event). The
damages for the different return periods are interpolated from the
damage exceedance frequency curve at each coastal transect using
the probability associated to different return periods. The damage
probability distributions were calculated through cumulative
frequency analysis of all the damages produced by storms at
each location. The AED is calculated by weighting the loss of
each storm by its probability of occurrence. The economic risk
reduction benefits are provided in 2015 USD and risk reduction
for the population in total number of people protected.

The Effect of Dunes in Coastal Risk

The risk reduction service of the MAR was compared with the
relative contribution of dunes for flood risk reduction to better
understand the reef’s relative importance for flood prevention
across the region. The effect of the dunes was estimated by
including the dune height in the flood model and calculating
flooding damages only if the dune heights were overtopped. The
effect of dunes in coastal risk was calculated by comparing the
simulated losses with and without dunes.

Dune elevation and width were estimated from Lidar data
provided by the INEGI (Instituto Nacional de Estadistica y
Geografia de México) for the year 2007, with a horizontal
resolution of 5 m. Dune heights vary between 0.5 and 4 m
(Supplementary Figure 5). However, in contrast with the reef
bathymetry, the Lidar topographic data did not cover the entire
region (only from Punta Nizuc to south of Punta Maroma). The
remaining dune elevations were estimated from satellite imagery
and associating the elevation from similar sections of beach and
dunes covered in the Lidar data.

Lack of data in dune vegetation did not allow considering
the effect of dune vegetation in attenuating the wave run up
and overtopping, although recent research shows that it can
provide a reduction of wave-run up erosion of 40% (Feagin
et al., 2019). Erosion of dunes under large storms was also not
considered although it could reduce the effectiveness of dunes
should they breach. For these reasons, the valuation for dunes
carries higher uncertainty than for the MAR and is only used for
comparative purposes.

The Effect of Sea-Level Rise

in Coastalz Risk

The effect of SLR was including in the flood model as a static
increase in the mean sea level in every storm. The damage from
each coastal storm was recalculated similarly to the without SLR
scenarios, at each coastal transect and using a new mean sea level
that corresponded to a SLR projection by the end of the 21%
century. The new simulated damages were analyzed statistically
to define losses associated with different return periods, as applied
to the risk without SLR. The local SLR was obtained from the
mean value of the Representative Concentration Pathway (RCP)
4.5 by the end of the 21% century and interpolated at each coastal
transect (Church et al., 2013). The RCP4.5 projects a mean SLR
for Quintana Roo of ~0.5 m (with lower and upper bounds of
projections being 0.29 and 0.75 m, respectively), whereas the

average estimate for the RCP 8.5 is 0.7 m. The assumption
of the RCP 4.5 is, therefore, a conservative one. The SLR was
used to recalculate the flooding of all hurricanes. Other effects
of climate change, such as changes in the hurricane intensity
or frequency, were not included to isolate the effect of SLR in
flooding and compare its effect on risk with reef degradation.
Once the projected flood heights were calculated, the assessment
of flood risk followed the same approach as above.

The effect of SLR was studied in terms of changes in
damages (changes in losses and people impacted for different
probabilities), but also in terms of changes in the flood hazard
(i.e., variations in total water levels onshore) because the reef
provides different flood attenuation depending on the specific
wave and sea level conditions of each storm. To assess the effect
of SLR in the flood hazard, we calculated attenuations for each
storm under two scenarios of mean sea level: present sea level
and sea-level rise, as:

Attenuation = [flood level without the reef for storm i]/[flood
level with the reef for storm i] - 1.

The attenuation values were summarized by the mean and the
25- and 75% percentiles, to then calculate the ratio between the
mean attenuation with sea-level rise and with present sea level.

RESULTS

Flood Hazard Damage Prevention by the

Mesoamerican Reef in Quintana Roo
Distribution of People and Economic Exposure in the
Study Area

38% of the total of 1.5 million people living in the State of
Quintana Roo, 570,670 people, live in the coastal zone, defined
as the flood-prone area close to the shoreline and below 20 m
in elevation. The population and infrastructure located in the
study area (with coral reef and bathymetry data) totals 307,640
people and over 3.3 billion USD in built capital, concentrated
primarily in the northern portion of Quintana Roo (Figures 4,
5). However, only 26% of the built capital (869 million USD) and
34% of these people (105,800) are located inshore of a coral reef.
For example, Cancun, the most intensively developed area, is not
protected by reefs (Escudero-Castillo et al., 2018). However, the
fraction of hotel infrastructure situated onshore of coral reefs is
comparatively larger than for other types of buildings; 63% of the
hotel infrastructure is inshore of coral reefs (Figure 6).

Historical Hurricanes

The MAR has provided significant protection against historical
hurricanes. During Hurricane Dean in (2007), which made
landfall on the Yucatan Peninsula as a powerful Category 5
storm and produced ~175 million 2015 USD in direct damages
(CENAPRED), the MAR prevented 43% of additional flood
damage (Table 1). For hurricanes Wilma (category 5 at landfall,
2005) and Emily (category 4, 2005), coral reefs prevented 11
and 9% of flood damages respectively (Table 1). The damage
prevention provided by coral reefs was lower for Hurricanes
Wilma and Emily because they affected the northern portion of
the State, which includes Cancun that is intensely developed but
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TABLE 1 | Socioeconomic benefits from the Mesoamerican Reef for historical hurricanes.

Storm Modeled People % of Modeled damage  Benefit of % of Modeled damage Benefit of % of
people protected modeled to built capital protection modeled to hotels (million protection modeled
flooded (#) by reefs (#) impact (million USD) (million USD) impact USD) (million USD) impact
Hurricane Dean in 2007 21,015 13,799 65.7% 174.9 119.2 68.2% 46.9 43.2 92.1%
Emily in 2005 124,537 13,683 11.0% 1,439.6 165.8 10.8% 179.6 82.1 45.7%
Wilma in 2005 168,859 15,766 9.3% 2,075.9 181.0 8.8% 265.5 91.8 34.6%

Benefits are calculated as the differences between the modeled impact (in number of people and dollar-value) with and without the reef. The percentages are calculated

by dividing the savings over the modeled impact.

not directly protected by reefs, and they were also characterized
by strong rainfall (Escalante-Mancera et al., 2009; Silva et al.,
2009). Meanwhile, Hurricane Dean impacted the southern
section and affected predominantly residential houses and coastal
population, while most of the damages were directly produced by
coastal flooding.

For the same reasons, the estimates of people protected for
reefs are also higher for Hurricane Dean; the MAR prevented
~66% more people from being affected by flooding (Table 1).
Despite the different characteristics and exposure distribution of
the three storms impact areas, the MAR protected consistently
between 13,688 and 15,766 people from flooding during those
storms. The protection for hotels, however, was significantly
larger than for people and built capital. The estimated benefits
for hotels in flood damage prevention range from 34.6% from
Wilma to 92.1% for Dean, valued at 43.2 and 91.8 million USD
respectively (Table 1). The economic protection of the MAR for
hotels was also higher for Hurricanes Emily and Wilma than for
Dean because the distribution of hotels is closer to the coastline
than other buildings and coastal communities (Figure 6).

Probabilistic Coastal Risk Reduction

The risk reduction benefits of the MAR are also assessed
probabilistically across storms frequency. The risk is described by
the direct damages to people, building and hotel infrastructure
across return periods, and also calculated as AEDs. The risk
reduction potential of the reefs is represented in Figure 7 and
summarized in Table 2. The modeled damages with current
reef condition and with degraded reefs for population, built
capital and hotel infrastructure are included in Supplementary
Tables 1-3. The results for people (Figures 7a,d and Table 2)
indicate that reefs protect ~4,600 people per year on average,
which represents 4.3% of the people living inshore of a reef.
The people protected is twice as much for a 1-in-100-year event.
However, if reefs were degraded, the AED could more than
double (increase of 195%), and the 1-in-100-year would affect
41.7% more people.

In terms of built capital (Figures 7b,e, Table 2, and
Supplementary Table 2), the MAR protects 1.9% of the total
built capital value behind reefs per year. Its value is estimated
in ~16 million USD per year in direct avoided flood damages,
but assuming average ratios of indirect damages, reefs provide
an additional protection of ~26 million USD in averted indirect
losses per year. Overall, this totals an estimated value of 42
million USD savings in flood protection per year. However, reef
degradation could more than double AED (increase of 178%),

while the 1-in-100-year risk would increase by 74%, by ~100.7
million USD of additional damage (Figure 7b and Table 2).

Hotels benefit most from the effects of the MAR on
flood prevention; the modeled direct losses and the benefits
for the hotel infrastructure are provided in Table 2 and
Supplementary Table 3. Hotels receive ~21 million USD per year
in direct averted flood damages (without accounting for indirect
damages). However, reef degradation could more than double the
AED (~173% increase; Figure 7f and Table 2); from 12 million
USD per year to 33 million USD per year. The 1-in-100-year flood
risk would increase by 91%, or by ~323 million USD (Figure 7¢
and Table 2). These benefits relative to the built capital value
in the coastal zone represent between 2.4% per year to 50% of
the built capital for a 1-in-500-year flood damage (Table 2 and
Supplementary Tables 1-4).

Spatial Distribution of Risk Reduction Benefits

The spatial distribution of the annual expected benefits for
people, built capital and hotel infrastructure, respectively, are
shown in Figures 8-10 The maps identify where this protection
is more valuable and reveals that the most protection to economic
assets and people do not always coincide.

The benefits for people are concentrated in the urban areas
of Puerto Morelos (in Benito Juarez) and south of Cancun
(Figure 8). However, protection for the built capital also
concentrates in Playa del Carmen. This difference demonstrates
the protection in Playa del Carmen is not only for residential
buildings, but also to commercial and other buildings. In that
region, there are benefits of more than 0.5 million USD for
200-m long sections of reef, which represents over 2,500 USD
per alongshore linear meter of reef, per year. However, the
comparison with the benefits for hotel infrastructure indicates a
different pattern. The protection of MAR is more homogenous
along the coastline and concentrates the largest benefits in the
district of Solidaridad, followed by Playa del Carmen.

Risk Reduction Effects of Dunes
To better understand the risk reduction of the MAR with respect
to other drivers of risk, we compare the coral reefs’ benefits with
the risk reduction provided by dunes. The dunes are assumed
to provide protection up to the elevation they are overtopped
during a storm or hurricane. Their risk reduction benefit is
determined by comparing two scenarios: with and without dunes,
as applied to coral reefs.

The risk at present and the risk reduction benefits of dunes
are presented in Supplementary Table 4. Regionally, the annual
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FIGURE 7 | Coastal risk and the risk reduction of the Mesoamerican Reef. Risk is represented as people flooded (a,d), damages to built capital (b,e), and damages
to hotel infrastructure (c,f). The difference in the graphics (in black) represents the protection offered by the Mesoamerican Reef. Risk is represented across return
periods (a-c) and in terms of annual expected damages (AEDs) (d-f). A return period of n years represents a probability of occurrence of 1/ n years. The increase in
risk, showed by a solid blue line in the left panels, indicates how much risk will increase from reef degradation, in percentage over the baseline risk, or risk with
‘current reef’ (gray shading). It is calculated as the benefit (black shading) divided over the baseline risk (gray shading). For (d-f), the bars on the left represent flood
risk for the whole of the region, whereas the bars on the right represent only the values for the subset of transects with coral reefs (excluding transects with no coral
reefs). The annual percent increase in losses is annotated in each case and calculated with respect to the baseline scenario. Values for each type of population, built
capital and hotel infrastructure are included in Supplementary Tables 1-3, respectively.

benefit of the dunes in Quintana Roo is estimated at more dunes is 4.7 million USD, whereas the risk reduction benefit
than 16.7 million USD per year. Considering only sections with ~ from reefs for the same region is four times larger, over 16.6
coral reefs, the annual benefit for built capital provided by million USD per year.
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TABLE 2 | Population, built capital, and hotel infrastructure protected by reefs.

Risk reduction offered by Annual Storm return period
the mesoamerican reef expected

damage

10 years 25 years 50 years 100 years 250 years 500 years

Risk reduction benefit offered by reefs
Population (#) 4,586 2,677 5,140 6,941 8,796 10,784 13,478
Built capital (million USD) 16.3 13.8 33.8 56.8 100.7 130.7 171.7
Hotel infrastructure (million 20.8 20.8 58.4 130.5 262.6 332.1 431.5
USD)
Percentage increase in risk compared to baseline risk
Population 195.5% 74.4% 81.1% 57.9% 41.7% 33.5% 37.8%
Built capital 178.2% 96.9% 111.7% 91.4% 74.0% 56.0% 57.5%
Hotel Infrastructure 173.3% 1238.8% 139.2% 131.0% 91.2% 65.6% 60.0%
Percentage increase in risk compared to the total exposure in the coastal zone
Population (*) 4.3% 2.5% 4.9% 6.6% 8.3% 10.2% 12.7%
Built capital (**) 1.9% 1.5% 3.8% 6.5% 11.6% 15.1% 19.8%
Hotel infrastructure (**) 2.4% 2.4% 6.7% 15.0% 30.2% 38.2% 49.7%

Annual Expected Damage is calculated as the probability of each storm and the associated losses. Disaggregated figures and damages with current reef condition and
with degraded reefs for population, built capital and hotels can be found in Supplementary Tables 1-3, respectively. (*) Population living behind reefs: 105,800; (**) Built

capital behind reefs: 858 million USD.

TABLE 3 | Increase in risk for built capital from reef degradation and sea level rise.

Built capital (million USD) Annual expected

Storm return period

protected in sections with reefs damage

10 years 25 years 50 years 100 years 250 years 500 years
Damage with current reef condition 12.0 16.8 41.9 99.6 287.8 506.0 719.2
(baseline)
Contribution of losing the reef 20.8 20.8 58.4 130.5 262.6 332.1 431.5
Contribution of sea level rise 32.5 16.0 28.8 59.1 129.1 162.6 201.9
Contribution of reef degradation 74.0 49.0 122.5 219.9 4311 533.5 667.9

and sea level rise

However, the risk reduction benefits of dunes are most
critical where there is no coral reef offshore and for small
return-period storms. For example, for sections with both
ecosystems, coral reef degradation would represent a 99%
increase in the 1-in-10-year risk, but dunes loss would
represent a 264% increase. Dunes provide 27.3 million USD
protection across the region for the same storm probability,
whereas the benefits of the reefs are 13.8 million USD
(Supplementary Tables 2, 4). However, for the 1-in-100-
year storm, the benefit of dunes is 14.8 million USD,
compared to 100.7 million USD from reefs, as reefs keep
attenuating waves and flooding during intense storms, whereas
dunes are overtopped.

Effects of Sea-Level Rise on Coastal Risk

Corals reefs provide significant flood reduction along the
Quintana Roo coastline. The percentage increase in flood risk
with degraded reefs is shown in Figure 11. The average increase
in flooding varies from 20 to 120% between transects, with a mean
value of 48%, depending on different geomorphology but also the
different hurricanes’ waves and surges for each storm along the

shoreline. The mean values across the region of the 25- and 75-
percentiles are 33.5 and 63.4%, respectively. However, the reefs
attenuate flood levels for specific storms up to 140%, as shown by
the 75-percentile of flood attenuation.

Rising sea levels and climate change will have a significant
negative impact on the ability of coral reefs to mitigate
the effects of coastal hazards in the future (Quataert et al.,
2015). In principle, the contribution of SLR would render
reefs less effective, as the water depth increases with all the
remaining factors unchanged. In general, reefs will be less
effective (ratio below the 1-value in Figure 11b), although
there are also instances where reefs will provide more
effective flood reduction with SLR (ratio above 1), as shown
in Figure 11b. This can be explained by the different
reef bathymetric configurations and their effects on flooding
(e.g., Baldock et al., 2014).

The contribution of the reef degradation is larger than the
increase in risk caused by SLR for population, built capital, and
hotel infrastructure at risk (Figure 12). For example, for a 1-in-
10-year probability, SLR contributes 20.8 more million USD in
risk to built capital versus 16.0 million USD of SLR (Table 3).
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However, in terms of AED, the contribution of SLR is larger than
coral reef degradation (32.5 versus 20.8 million USD increase
in risk). Furthermore, the combined contribution of SLR and
reef degradation leads to damages larger than the linear addition
of each driver. These two reasons point to SLR as a major
driver of more recurrent damages. Indeed, SLR is the largest
contributor to risk overall. Sea-level rise would increase hurricane
flood risk by a factor of 1.8 times, from 72.3 million USD to
204.2 million USD, for a modest (+0.5 m, RCP 4.5) increase in
the mean sea level.

DISCUSSION

By integrating economic, ecological, and hydrodynamic models,
this study shows the spatial risk reduction benefits of the
MAR, locally and regionally. The MAR provides substantial
risk reduction benefits for people, the buildings, and hotels in
Quintana Roo, particularly for low-return-periods storms (e.g.,
Hurricane Dean). The benefit of coral reefs to built capital, for
example, varies from 100 to 60% as returns periods increase
(Figure 7 and Table 2). This is because reefs increase their benefit
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with larger waves, but they become less effective with higher water
levels during the most intense and damaging events.

However, areas where reefs provide the most economic
valuable protection do not always coincide with areas where
people are protected the most, in particular for hotels, which
for their location receive the largest protection from reefs. The
spatial differences depend on the storm hazard (waves and sea
levels); coral reefs presence, local water depth and friction; and
the assets concentration on the coast. These spatial differences
in flood prevention for the hotel infrastructure, the built capital,

and people (Figures 10-12) differ, which has implications for
coastal management and policy and may inform restoration
strategies. These differences are relevant when determining where
to maintain the natural protection offered by the reefs, for
example through restoration, and who benefits most.

Explicit valuations of their protection services are particularly
critical for coral reefs. As compared to other coastal ecosystems,
quantifying their role in flood reduction require numerical
models able to resolve complex processes at sufficient resolution
(e.g., Quataert et al., 2015; Harris et al., 2018). Because reefs
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are under water, it has also been more challenging to make
the connection between coral reef degradation and coastal risk
increase than for other defenses or drivers of risk (e.g., Reguero
etal., 2018a). For example, the loss of dunes, or intertidal habitats
such as mangroves and marshes, is visibly apparent and hence
communities recognize connections between habitat loss and
flood damage. This has started to allow large-scale restoration
practices and national policies. This study shows that spatial
quantitative risk assessments are nowadays possible so reefs can

be considered and maintained as a natural infrastructure for their
services to communities and property.

Dunes also provide critical coastal protection in Quintana
Roo. Topo-bathymetric data and the numerical modeling
performed for the case of the coast of Quintana Roo, shows that,
in general, when beaches have less protection from coral reefs,
the dunes are higher and they are composed of coarser sand
(Ruiz de Alegria-Arzaburu et al., 2013; Martinez et al., 2014).
However, behind reefs, dunes are lower, and the sediment is finer
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(Ruiz Cavazos et al., 2010). In sections without reefs in Puerto
Morelos, longshore sediment transport is more intense and hence
maintaining the beach width requires more input of sand (James
etal., 2019). This behavior has important implications for coastal
management: if coral reef degradation reduces the effect of reefs
in the surf zone (e.g., dissipation of wave energy), the sediment
transport will intensify, and beaches will require more sand to
be maintained and even larger volumes of sediment to build
dunes to reduce risk.

The comparison of the risk reduction from dunes and coral
reefs reveals also important takeaways. This is the first time
a study assesses and compares these natural infrastructures
in terms of their contribution to coastal damage prevention.
Although the analysis for dunes can be considered less
rigorous than for reefs, given limitations on data and the

simplified assumptions on their protective mechanisms (e.g., no
consideration of important factors such as vegetation effect and
erosion of beach and dunes), the comparison provides interesting
insights into the complementary of these natural defenses.
First, we identified the protection dunes offer larger protection
than reefs for storms with higher probabilities. However, in
sections with reefs, the annual risk reduction benefit of reefs
largely exceeds those from dunes. This is explained by the
effect of reefs on reducing flooding but also changes in dune
heights in sections with reefs. Granulometric analyses in the
region have shown that dunes behind reefs tend to be lower
and sediment finer because the reef protection reduces surf
zone dynamics and the movement of sediment that can be
mobilized by the wind to grow dunes (Ruiz Cavazos et al., 2010).
These results point out that both features are part of a whole
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FIGURE 12 | Coastal risk increases with degradation of reefs and Sea-Level Rise (SLR). Risk is represented as (a) people flooded, (b) damages to built capital, and
(c) damages to hotel infrastructure for various return periods. The risk from SLR is indicated by dashed lines. The local SLR was obtained from the mean value of the
Representative Concentration Pathway 4.5 by the end of the 215! century. The risk from reef degradation is indicated in blue.

interconnected system and their location and properties are
linked to each other.

This analysis also shows that these increases in coastal risk
could be coupled with the significant impacts of a SLR and
lead to compounding effects later in the century. We find that
SLR increases notably the annual risk because it will produce
greater impacts from storms. Furthermore, here we considered
conservative estimates of SLR of ~0.5 m, although the projected
values by the end of the century could reach 1 m of SLR (Church

et al., 2013). Furthermore, we demonstrated that in coral reef
environments, the contribution of reef degradation to coastal
risk can exceed the contribution of these increases due to SLR.
However, adaptation strategies still put the main focus on SLR
adaptation while losing this natural infrastructure can be as
damaging or more. The effect of reef degradation on coastal
risk could also be more aggravated considering recent research
that shows increasing power in the ocean waves associated to
global warming (Reguero et al., 2019), which could both affect
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reef integrity but also enhance flooding. Therefore, the protective
service of coral reefs becomes even more valuable with the rising
threats of climate change.

These estimates also make a compelling case for present-
day investments in coral reef management and conservation.
We found benefits at certain sections of over 0.5 million
USD per year in direct loss prevention. For reef sections
of 200 m, this represents 2,500 USD per alongshore linear
meter of reef. The median cost per meter of reef restoration
has been estimated in 1,290 USD per meter from a global
review of projects (Ferrario et al, 2014). This means that
this natural infrastructure, if well-maintained, provides on an
annual basis a risk reduction that is equally or more valuable
than the cost of restoring the reef to maintain this protection.
Furthermore, a constructed pilot case in Grenada of a hybrid
restoration project that included the construction of artificial
submerged structures cost ~3,300 USD per alongshore linear
meter (Reguero et al., 2018a). For this type of interventions, the
annual benefits of reefs will also balance the costs over a 2-year
period. In the MAR section of Quintana Roo, these results and
approach can also help identify priority sites for conservation
and restoration for coastal protection, either as ‘stand-alone’
solutions, or part of hybrid approaches that combine natural
defenses, like coral reef restoration and dune rehabilitation, with
built infrastructure.

Although the risk model was calibrated to represent the
losses from historical storms, the results are affected by
different uncertainty factors that are worth highlighting and
could be improved with better data and modeling. The main
factors for uncertainty include: offshore bathymetry data and
parametric models for waves and surge definition; limited
data on beach and dune topography and vegetation; a 90 m
elevation model; lack of consideration of relevant process in
dunes such as erosion by storms or wave runup attenuation by
vegetation; simplified approach for flooding; asset distribution
and economic value; and specific vulnerability curves for the
buildings in the region. However, the analysis can also be
considered conservative in the degree and the effects of reef
degradation. Our scenarios do not assume that reefs will
disappear altogether under a business-as-usual global climate
emission scenario. The without reefs scenario assumes modest
effects of degradation of 1 m change in reef profile (reef coral
living layer and reef substrate), although similar flattening of
coral reefs has been observed globally and could be accelerated
by other threats in the MAR (Yates et al., 2017). Furthermore,
this study did not analyze the effect of the reef on coastal
erosion prevention, but this is likely to be a major benefit,
particularly for the tourism sector. Research indicates that
reefs can deter shoreline erosion through wave attenuation,
energy dissipation and shifting, and sediment transport control
(Reguero et al., 2018a).

Reefs provide a substantial first line of defense from coastal
hazards and should be better managed for this benefit. Risk
financing and insurance are critical in absorbing financial losses
in the wake of disasters and natural catastrophes, and therefore,
significant opportunities for restoration may lie in risk financing
associated to the reefs’ risk reduction service. Furthermore, in the

wake of several destructive hurricanes in 2017, there is a growing
need for policies that encourage the conservation and restoration
of habitats that provide coastal protection, in the places where
their degradation could represent significant increases in coastal
risk to coastal communities and economies. Valuations of the
protection services from coastal habitats in risk metrics as shown
in this study could inform decisions to meet multiple objectives
in risk reduction and environmental management.

Indeed, based on the MAR’s risk reduction service in
Mexico, the government and private industry are taking action
to protect and provide innovative finance for coral reefs to
mitigate coastal hazards and support tourism. In Quintana
Roo, the government, hotel owners, The Nature Conservancy,
and the local science community are piloting a pioneering
strategy to confront these threats based on the socioeconomic
benefits the coral reefs provide. This partnership has established
a Coastal Zone Management Trust that can fund ongoing
maintenance of coral reefs and beaches and purchase insurance
to ensure these vital ecosystems are restored after extreme
storms. This mechanism will provide financial protection to
maintain the flood risk prevention reefs provide to people,
built capital, and hotels in Quintana Roo. However, there is
an opportunity to advance such innovations elsewhere too,
through investment in risk financing for climate resilience
(which could also include other ecosystem services). There is
a large and growing pool of funding for natural infrastructure
for risk reduction (Colgan et al, 2017), including innovative
mechanisms for coral reefs (ICRI, 2018). New technologies
and data can also inform these mechanisms and help monitor
changes in the coastal landscape. However, only through risk-
based valuations can coral reefs be incorporated in innovative
risk finance to build the resilience of ecosystems and the
economies they support.
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On the 1500 km-long mud-dominated Guianas coast of South America, between the
mouths of the two mega-rivers, the Amazon and the Orinoco, debouch numerous
small rivers draining the humid tropical/equatorial Guiana Shield. The geomorphic
development of the mouths of these rivers reflects interactions among water discharge,
fluvial sediment load, and the alongshore migration of Amazon-derived mud banks
alternating with inter-bank areas. The mouth of the Maroni River, astride the French
Guiana-Suriname border, shows advanced estuarine infill and geomorphic development
characterized by a western (downdrift) side comprising numerous recent cheniers
and an eastern (updrift) side bound by an old (>2000 years B.P) chenier. A multi-
decadal analysis of the beach bounding this chenier shows little net overall mobility
notwithstanding significant decadal to sub-decadal variation. The overall stability reflects
the diversion of sand supply from the Maroni River toward the downdrift coast and
limited sand supply by the smaller Mana River further east, and the south bank of which
was contiguous with this beach. The variability in beach multi-decadal mobility reflects
the influence, on waves, of alongshore-migrating banks (strong wave dissipation, limited
beach mobility) and inter-bank areas (limited wave dissipation, larger beach mobility),
highlighted by a comparison, in the current bank phase, of offshore and inshore waves.
Erosion of the beach between 2011 and 2017 coincides with the sealing of the mouth
of the Mana by muddy progradation in 2011 and mouth relocation several kilometers
eastward. The morphodynamics of the beach and shorter-term fluctuations in budget
are related to: (1) interaction with estuarine sand dunes mobilized by strong tidal currents
on the adjacent shallow shoreface, (2) the influence of the Maroni channel, and (3) rapid
encroachment of the leading edge of the shore-attached mud bank on the eastern part
of the beach. The beach morphodynamics and evolution highlight, thus, embedded
levels of influence: the Maroni at the local scale, and the net westward sediment-
transport system and bank and inter-bank alternations that affect the Guianas coast at
a regional scale. The recent erosion poses a threat to the local communities by reducing
beach space available for recreation and turtle-nesting.

Keywords: river mouth, estuarine beach, Amazon-Orinoco coast, mud bank, beach morphodynamics
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INTRODUCTION

The Guianas coast of South America is a unique system in
the world characterized by large-scale muddy sedimentation in
spite of the exposure of the coast to waves from the Atlantic
(Figure 1A). The mud is organized into a series of large banks that
migrate along the coast under the influence of waves and currents,
separated by “inter-bank” zones (Anthony et al., 2010). In this
system, the inner part of a mud bank can weld onto the coast,
creating new land that can be rapidly colonized by mangroves,
whereas in inter-bank zones, higher incident wave energy can
lead to intense shoreline erosion. Inter-bank erosion is mitigated,
where beaches (cheniers) composed of sand and/or shells occur
(Augustinus, 1978; Augustinus et al., 1989; Prost, 1989; Anthony
etal,, 2019). Cheniers are wave-reworked coarse-grained deposits
resting stratigraphically on a muddy substrate (Otvos, 2018).

There has been significant progress in unraveling the
characteristics of mud banks (Abascal Zorrilla et al., 2018; Abascal
Zorrilla, 2019) and their interaction with the Amazon-Orinoco
coast (Anthony et al., 2010, 2014). Within this overwhelmingly
mud-and mangrove-dominated 1500 km-long coast, cheniers
are restricted in their development, and the mechanisms and
pathways of sand supply responsible for their formation are
still not clear because of this pervasive influence of mud.
Cheniers are, nevertheless, an important resource. In addition
to their role in coastal protection, they serve as zones of
rural settlements and urban development, and as pathways
for road and communication networks. Active cheniers assure
recreational and ecological functions and services, notably by
providing nesting sites for marine turtles and habitat for
shorebirds and other wildlife. They also provide ready access to
the sea for fishermen in this mud-dominated setting.

Although sandy deposits, and locally shells, may form
secondary sources reworked from inner shoreface deposits or
from pre-existing cheniers attacked by erosion, the primary
source of sand for the development of the cheniers on the
Guianas coastal plain is the local rivers (Anthony et al., 2013,
2014). Between the two big Amazon and Orinoco Rivers
occur numerous smaller rivers (Figure 1A) reflecting the rainy
tropical/equatorial catchments draining the Guiana Shield. In
French Guiana, the heavy-mineral signatures of beach (chenier)
sands are typical of the basement rocks drained by these
local rivers (Pujos et al., 2000). The capacity of these rivers
to supply sand to the coast depends on their ability to limit
large-scale sedimentation of Amazon mud at their mouths. The
smaller river mouths are commonly diverted by capes built
from mud supplied by the Amazon (Augustinus, 1978; Plaziat
and Augustinus, 2004; Gardel et al., 2019). Beaches are rare on
this muddy coast and are systematically found downdrift (west
to northwest) of river mouths on the east-west to southeast-
northwest trending Amazon-Orinoco coast, thus highlighting the
importance of the regional longshore sand transport induced
by waves from a relatively constant north to east quadrant
(Figure 2). These beaches (cheniers) commonly run alongshore
for a few kilometers to tens of kilometers, before petering out
to give way to the more common muddy mangrove-colonized
shorelines. The variability in the lengths of such cheniers reflects

sand supply volume from updrift and interruptions by mud-
bank attachment to the shore that lead to chenier isolation inland
(Anthony et al., 2019). Coasts updrift of many river mouths are
generally, thus, characterized by muddy shorelines impinging
directly on the east (or southeast) bank, forming a continuous
mangrove-colonized fringe that may line the estuarine reaches of
the Guiana rivers for several kilometers upstream.

Among the larger rivers is the Maroni (68,700 km?; mean
discharge: 1700 m?/s), between French Guiana and Suriname,
characterized by a large funnel-shaped, sand-filled shallow
estuary mouth, reflecting significant fluvial bedload supply
(Figure 1B). The Maroni is a good example of a river that
has supplied sand for downdrift sandy chenier construction
in Suriname (Anthony et al, 2019). The east shore of the
Maroni exhibits, however, a sandy beach fronting the village of
Yalimapo, in contrast to the common pattern of pervasive muddy
sedimentation. This beach was considered as one of the most
important turtle-nesting sites on the Guianas coast (Peron, 2014),
and still is the most important recreational beach in western
French Guiana. This beach was hitherto linked to the south bank
of the Mana River (Figure 1B), a smaller river (catchment size:
12,090 km?; mean discharge: 320 m?/s) diverted westward by a
large muddy cape, Pointe Isére (Plaziat and Augustinus, 2004)
that has been largely eroded over the last five decades (Jolivet
et al,, 2019). The gradual impingement of a large mud bank has
been accompanied, in 2011, by sealing of the ancestral mouth of
the Mana by mud and deflection of the present mouth of this
river several kilometers east of the village of Awala, which is now
completely isolated from the sea by the shore-attached remnant
of Pointe Isére (Figure 1B).

In this paper, we analyze, from a combination of remote
sensing and field datasets, this updrift sandy beach and show
how its morphodynamics and short (seasonal) to medium-
term (multi-decadal) evolution have been modulated by the
interplay of fluvial sand supply, river-mouth processes, mud-
bank sedimentation, updrift muddy erosion of Pointe Isére, and
wave dampening. The study highlights the morphodynamic and
sedimentary interactions between a sandy beach and estuarine
infill. It also brings out complex multi-decadal regional shoreline
change in a context associated with bank sedimentation and
inter-bank erosion under the overarching influence of mud
supply from the Amazon.

MATERIALS AND METHODS

We combined a mesoscale temporal (1955-2017) analysis of
shoreline change in the vicinity of the river mouth with a
short-term approach based on field experiments conducted in
2017-2018 (Figure 3). Except where specified otherwise, all the
data generated by the study were archived and analyzed using
MATLAB software.

Multi-Decadal Shoreline Change

Multi-decadal shoreline change covering the beach (Figure 3B)
was analyzed from ten very-high resolution (0.4-1.5 m) aerial
photographs covering 56 years (1955-2012). These included
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three ortho-photographs and seven photographs in silver-
print and digital format. This dataset was complemented for
the most recent period (2011-2017) by four PLEIADE and
SPOT6/7 satellite images, both with a very high resolution of
50 cm (Supplementary Table S1). The aerial photographs were
georeferenced using a second-order polynomial transformation
following generation of >500 ground control points (GCPs) and
were then merged in order to obtain orthomosaics. As a reference,
we used the Universal Transverse Mercator zone 22 North on
the World Geodetic System 1984 ellipsoid. To quantify shoreline
change, the limit between land and sea was first identified using
beach sand vegetation, which stands out in good contrast with
non-vegetated areas on French Guiana beaches (Anthony et al,,
2002). This delimitation was facilitated by the high resolution
of the images. Statistical analyses of shoreline variations were
then conducted using the Digital Shoreline Analysis System
DSAS v4.4 tool with Arcgis (Thieler et al.,, 2017). The analysis
consisted of a total of 500 transects spaced 10 m apart and
drawn perpendicular to a baseline (Figure 3B). The accuracy
of the derived shoreline changes depends on a combination of
errors from image resolution (50 c¢cm), vectoring (50 cm), and
geo-referencing. Given the large number (10-15) of images for
each date, we calculated the average of the root mean square
errors derived from geo-referencing for each date, and obtained
a global mean of 8 m for all dates. We then combined these three
sources of error to obtain a total accuracy rounded to 10 m. The
recent period of observation (post 2011) corresponded to one of
gradual impingement of a large mud bank migrating westwards
toward Suriname (Jolivet et al., 2019). The leading edge of this
shore-welded mud was determined from the satellite images.

Field Surveys

River-Mouth Bathymetric Surveys

A bathymetric survey of the entire Maroni estuary was conducted
in May 2017 (Figure 3A) using a Valeport Midas echosounder
with a single beam dual-frequency (33-210 kH) and integrated
DGPS. The GPS precision is 2 m and that of the echosounder
0.01 m. Hydromagic software was used for synchronization of the

data with the GPS positions. The survey was conducted along
transects across the estuary at a spacing of 2 km, resulting in
the generation of a digital elevation model (DEM) with 200 m-
cells. The transect spacing was reduced to 40 m in a 2.5 km-wide
zone offshore of Yalimapo, resulting in a DEM with 80 m cells
(Figure 3A). Two bathymetric surveys were further conducted in
April and October 2018 based on transects spaced 15-45 m along
the beach and running offshore for 200-300 m (Figure 3B). The
echosounder was synchronized with RTK-GPS with 1 to 2 cm
for X, Y coordinates and £2 to 3 cm for the Z coordinate. From
the corrected data, DEMs with 20 m-cells were computed using
the ANUDEM interpolation (Hutchinson et al., 2011).

Beach Photogrammetric Surveys

Four photogrammetric surveys, aimed at highlighting beach
morphological changes, sediment transport patterns, and short-
term fluctuations in the beach sediment budget, were conducted
using a motorized ultralight aircraft on May 29, June 28,
September 11, and November 21, 2018 (Figure 3B). The
frequency was designed to capture seasonal beach changes. In
order to obtain as large a spatial coverage as possible (notably
including the beach shoreface) all the surveys were conducted
during spring low tides. Aerial photographs were obtained with
a Sony Alpha7R camera with a 32 mega-pixel capacity, fixed on
the wing of a motorized ultralight. Ground-size pixels, ground
distances, and numbers of photographs per survey are shown in
Supplementary Table S2.

The images acquired were analyzed using the structure-from-
Motion (SfM) workflow (Westoby et al., 2012), with stereo
pair-alignment based on GCPs deployed on the beach. The
GCPs were made of 50 x 50 cm strips of linoleum painted
with a black and white checker pattern, and their centers were
accurately geo-referenced with a Trimble Real Time Kinetics
(RTK) DGPS. The SfM-photogrammetry workflow was operated
using Agisoft Photoscan Professional Software and the dense
point cloud processed with CloudCompare free software. The
coordinates of the GCPs were used in the dense point cloud
construction to obtain X, Y, Z references. We adopted the
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Universal Transverse Mercator zone 22 North on the World
Geodetic System 1984 ellipsoid as our project coordinate system.
We obtained 4 DEMs with a 0.50 cm optimal resolution, and
compared them for the quantification of temporal changes in
morphology and sediment budgets.

In order to assess the quality of our DEMs, elevations were
obtained from ground truth points (GTPs) and transects using
RTK-DGPS (Supplementary Table S2). We used the same
linoleum strips for the GTPs as those used for the GCPs, but the
GTP and transect data were not used in the SfM workflow for
DEM construction. The RTK base station was deployed on a IGN
(French ordnance datum) benchmark, with an X, Y error of 5 cm
and a Z error of 0.5 cm. The constructor error margin for the
RTK-DGPS is 1 to 2 cm for X, Y coordinates and £2 to 3 cm
for the Z coordinate. The comparison between our GTPs and
control transects with our DEMs highlight errors close to 5 cm
for Z (Figure 3). We applied a total error margin, inclusive of
the RTK-DGPS error, of 5 cm to our DEM results. Beach profiles
and DEM differentials, named differences of DEMs (DoDs), were
established from the 2D and 3D data yielded by these surveys.
We did not collect data on beach grain-size characteristics. Peron
(2014) conducted a detailed analysis of grain sizes on the beach
between Awala and Yalimapo, and showed a fine to coarse sand
range largely dominated by quartz (>90%).

Wave and Current Measurements

In order to monitor the wave conditions prevailing over the
estuarine beach shoreface, two NKE-SP2T pressure sensors (S1,
S2) were deployed (Figure 3B) from 10/09/2018 to 15/09/2018 in
the course of a spring-to-neap tide cycle on a transect running
from the intertidal zone to subtidal shoreface-attached mud.
The sensors sampled continuously at 2 Hz. Wave characteristics
were evaluated using linear wave theory which is commonly
employed for wind waves in shallow water. Wave spectra were
calculated over bursts of 20 min using Fast Fourier transforms.
A correction factor was applied with a cutoff at 0.5 Hz to account
for the non-hydrostatic pressure field. For each burst, significant
wave heights (Hs) and peak periods (Tp) were calculated in
the spectral window [0.02; 0.5] Hz. A limit of 0.05 Hz was
set between the gravity and infra-gravity wave domains. The
pressure sensor accuracy is 0.02 m, and wave heights under this
value were neglected.

There are no offshore wave data available in the study area. We
resorted to wave records (June 2016 to May 2018, but with gaps)
from a buoy deployed off Cayenne, 205 km east of the mouth
of the Maroni (Figure 1A), beyond the shelf zone of mud-bank
influence, by CANDHIS, the French National In Situ Wave Data
Archive (Centre d’Archivage National des Données de Houle
In Situ').

In order to gauge the influence of the Maroni estuary and
tidal currents on the shoreface of the beach, we measured
current velocities from 07/09/2017 to 08/09/2017. Three Nortek
Aquadopp current profilers were deployed oft the beach
(Figure 3B). C1 was deployed in a side-looking position 60 cm
above the bed at the edge of the main Maroni channel cutting

Thttp://candhis.cetmef.developpement-durable.gouv.fr/

across the large sand bank that has largely infilled the estuary.
C2 and C3 were deployed further east over the estuarine sand
bank in an up-looking position and 50 cm from the bed. C3 was
moored at the limit between estuarine sand and the mud bank.
The frequency of acquisition was 1 MHz with 30 cm bins for C1,
and 2 MHz with 10 cm bins for C2 and C3. The instruments were
set with a burst measurement of 60 s at 5 min intervals. Mean
current directions were averaged for each vertical bin over 7.5 s
and interpolated between bins. We discarded data closest to the
bed (from 0 to 0.065 m) because of potential contamination by
side-lobe interference. Compass precision after calibration was
around +2°.

RESULTS

Multi-Decadal Shoreline Change

The data on the multi-decadal shoreline evolution highlight
significant mobility over the 62 year period of analysis (1955-
2017), but much of this mobility is encompassed in the
aerial photographic coverage between 1955 and 1987, strongly
declining thereafter (Figure 4B1). The overall mobility over the
entire period of observation exceeds 100 m at transects 105-
127, but is within the error margin (£10 m) for 23% of the
transects, and barely exceeds this margin (£10-20 m) for another
20% (Figure 4C). The area of beach represented by the transects
(75-230) evincing the largest mobility appears to be related to a
change in the orientation of the Maroni river-mouth east bank
shoreline and to be linked to a shore-attached shoal (Figure 3B).
This is a multi-decadal feature identifiable on aerial photographs
and in the field at low tide.

The latest period (2011-2017) has been dominantly
characterized by erosion (83% of transects), peaking at nearly
40 m at transects 94 to 95 (Figure 4B2), and marking a clear
turn-around from advance to retreat in this area. This period
has also been characterized by the gradual encroachment of the
front of the shore-attached mud bank on the beach, by nearly
1.5 km between 2011 and 2017 (Figure 4B2). This encroachment
has resulted in increasing inland isolation of the eastern part
of the beach and the village of Awala, hitherto situated on the
beach, by a dense forest of Avicennia germinans mangroves
(Figure 5), and the present length of exposed beach has been
reduced by about 50%.

Estuarine Bathymetry and Shoreface

Currents

The Maroni estuary is characterized by a wide, relatively shallow
platform (Figure 6) with large areas ranging in depth from 2
to 4 m below French hydrographic datum (0 m). The platform
is cut by a moderately deep (down to —10 m) and relatively
straight single channel running north-northeast. The grain size
(sand or mud) of the platform was mapped from the echo-
sounder frequency signal (33 MHz = sand; 210 MHz = mud).
Although much of the platform is sandy, a large area east of
the channel is composed of mud, highlighting the encroachment
of the leading edge of a mud bank, parts of which have welded
ashore (Figure 5).
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FIGURE 4 | Mobility of Yalimapo beach between 1955 and 2017: (A) transects; (B) shoreline change between 1955 and 1999 (B1), and between 1999 and 2017

The beach shoreface bathymetry highlights several features
(Figure 7): (1) the proximity of the Maroni channel to
the beach in areas corresponding to transects 0 to 125
(Figure 4A); (2) the shallow (—1 m below 0 datum) shoreface
expression of the intertidal beach-attached shoal mentioned
above (Figure 2), and shoreface deepening northeast of this
feature; and (3) a second zone of more extensive shallowing

(with large areas <1 m below 0 datum) corresponding to the
shore-attached mud bank (Figures 7A1,A2,B). During the field
experiments in 2017 and 2018, the intertidal beach-attached shoal
was characterized by abundant dunes composed of medium to
coarse quartz sand with broken shells (Figure 8B). The dunes
migrated over a hard pavement of packed coarse sand. Based on
the terminology of Ashley (1990), these dunes are medium-sized
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FIGURE 5 | Encroachment of a shore-attached mud bank on Yalimapo beach (see Figure 1B) since 2014, resulting in increasing inland isolation of the eastern part
of the beach and of the hitherto beach-front village of Awala (A), and reworked shoreface mud in front of the beach (B). The mud bank is progressively colonized by
an advancing front of Avicennia germinans mangroves.

(0.5-2 m), 2D to 3D forms. They evinced net eastward migration
under the influence of the strong tidal currents described below.

The comparison of the DEMs shows that mild erosion has
prevailed near the estuarine channel, although parts of the
shoreface mud bank also exhibit lowering between 10/2017 and
04/2018 (Figure 7B). Overall, the innermost muddy shoreface
in contact with the beach in its eastern part exhibits stability
or mild accretion.

The currents measured during the survey are shown in
Figure 8A. The largest current speeds were measured at CI.
Directions were clearly bidirectional and controlled by the tide.
Speeds were high, attaining a peak of 1.7 m/s in the upper
part of the water column but systematically before high water,
whereas the lowest speeds (0.2-0.7 m/s) occurred at high and low
water. Currents flowed toward the northwest (300-275°) during
the flood and to south-southeast (100-150°) during the ebb. C2
showed similar directions but speeds were less. C3 was dominated
by currents flowing toward west-northwest (250°) during the
flood, and east-northeast (60°) during the ebb.

Short-Term Beach Morphodynamics and
Sediment Budget

There is a marked difference in wave heights and periods
between the offshore wave characteristics and the data recorded
by the pressure sensors inshore (Figure 9). The largest Hs values
(Figure 9A1) in winter (December to March) may correspond to
northern hemisphere winter storms with relatively long-period
waves (>12 s). Much of the spectrum corresponds to trade-wind
waves with periods of 5 to 12 s (Figure 9A2).

Inshore wave heights recorded during the field experiments in
September 2018 were much lower, <0.25 m, and only exceeded
0.45 m (Figure 9B2) in the course of one semi-diurnal tide
(Figure 9B1). The 2018 experiment showed wave periods (6-
12 s) characteristic of the trade-wind wave regime, in addition

to locally generated wind waves. The energy spectrum shows a
dominant gravity component (Figure 9B4).

The DoDs constructed from the photogrammetric data are
shown in Figure 10A, together with the corresponding sediment
budget changes, which highlight net sand loss over the 8 month
survey period. The three maps show overall beach sand loss
in the March-June 2017 DoD, almost completely mirrored by
accretion in the following June-September DoD, and a more
alongshore variable pattern in the September-November 2018
DoD (Figure 10A). The latter shows a clear accretion in the
eastern half of the beach where erosion had prevailed over the
period 2011-2017 (Figure 4B2), accretion along much of the
rest of the beach, but loss on the upper beach. This variability is
also evinced by the beach profiles depicted in Figure 10B. They
show a relatively steep beach, characterized by an upper beach
scarp. Profile sediment loss between March and June 2018 had
been partially recovered by November 2018, except for the central
profile P5. Profile P2, linking the beach and the shore-attached
shoal, showed significant mobility.

DISCUSSION

Beaches flanking river mouths are commonly an outgrowth
of accumulation of bedload that leads to river channel infill
through both lateral accretion of the channel margins and vertical
sedimentation (Anthony, 2009). Lateral accretion commonly
forms tidal flats that may constitute a low-tide terrace generally
flanked by estuarine beaches (e.g., Nordstrom, 1992; Jackson
et al., 2002). The west bank of the Maroni River (Suriname)
shows a much more prograded chenier plain than the east bank
(French Guiana) on which is located the beach studied here. This
difference in chenier plain growth in the vicinity of the mouth
of the Maroni (Figure 1B) highlights the westward transport
of sandy sediments from this river (and others) consistent

Frontiers in Earth Science | www.frontiersin.org

July 2019 | Volume 7 | Article 187


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Jolivet et al.

Mud-Influenced River-Mouth Beach Mobility

54°0'0"0

& 2T

Yalimapo

5 %, > AV\;a‘Ié"”‘*--‘-,
nrh Al A

54°0'0"0

FIGURE 6 | Bathymetry of the Maroni estuary showing advanced sandy infill and a single estuarine channel. Mud (enclosed area) is associated with encroachment,

from the east, of a mud bank over the sandy estuarine infill.

53°56'0"0 53"5'2'0"0

B -

Pointe Isére

Re

53°56'0"0 53°52'0"0

with the regional wave forcing from the north to northeast
quadrant (Anthony et al,, 2019; Gardel et al, 2019). It also
highlights the limited supply of sand from the former diverted
estuarine reach of the neighboring Mana River (Figure 1B). The
Maroni river-mouth east-bank beach does not seem to be an
outgrowth of the advanced estuarine infill of the Maroni estuary
(Figure 6) but is part of an old chenier shoreline associated
with the Mana River, which now exits several kilometers to the
east of the Maroni (Figure 1B). This is attested by relatively
old (>2000 years B.P.) optically stimulated luminescence ages
obtained about 200 m behind the present beach (Brunier et al.,
2019). The distribution of the chenier ages and the presence
of Pre-Columbian settlements in Yalimapo (Gérard Collomb,
pers.com, June 2019) suggest relative stability of the beach over
a long timescale. The short-term (2018 field surveys) also show
a fluctuating pattern of accretion and erosion (Figures 7, 10),
although the net negative sediment budgets are consistent with
the recent prevailing erosional trend (2011-2017). The two points
that can be drawn from this are: (1) the extent to which both

the meso-scale and short-term patterns of evolution of the beach
are controlled by the template set by mud banks impinging
on the Maroni estuary, and (2) the mechanisms that regulate
beach adjustment to this template. The implications of the recent
eastward shift of the Mana outlet will be discussed later.

The multi-decadal mobility of the beach showed relatively
large variability between 1955 and 1999, followed by more
muted changes since. The large variability between 1955 and
1999 mirrored significant shoreline changes east of Yalimapo
associated with the almost total demise of Pointe Isére
(Figure 11), the large mud cape that had diverted the Mana
River westwards up to 2011, and since at least the 19th Century
(Plaziat and Augustinus, 2004). This erosion included pulses
of reworking of inland cheniers behind Pointe Isére between
1972, 1979, and 2001-2011 (Jolivet et al., 2019), as the muddy
cape was progressively eroded, and some of the reworked sand
from Pointe Isere transported toward the mouth of the Maroni
River (Figure 11B). It is interesting to note that erosion has
been prevalent over much of the beach in the last few years
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(2011-2017, Figure 4B2), and in 2018 (Figure 10), generating
anxiety regarding loss of land, threats to beach tourism, and
diminishing space for nesting marine turtles in Yalimapo.
However, given the large past shoreline mobility, prediction of
the time frame over which erosion will prevail is hazardous.
The reasons for the current prevalent erosion likely reside
in modifications of alongshore sand transport on the beach
generated by impingement of the mud bank on the eastern part
of the beach (Figures 4B2, 6, 10, 11C). This is an outgrowth
of the multi-decadal demise of Pointe Isére. Jolivet et al. (2019)
documented the sealing of the former mouth of the Mana and
the marked eastward shift of the present mouth of the river as a
result of the shore-attachment of the bank east of Yalimapo, thus
depriving the beach of potential sand supply by this river. These
mesoscale changes reflect the utility of adopting a more regional,
large-scale (big picture) approach in order to better elucidate local
shoreline change.

Overall shoreline change has been most important in the
zone where the east bank of the Maroni estuary joins the beach,
between transects 75 and 220 (Figure 4). A likely explanation
for this local variability is that of mobility of the main Maroni
estuarine channel in adjustment to pervasive mud supply and
attendant changes in hydrodynamics induced by mud banks.
This is reflected in the extremely high turbidity values within
the channel resulting from the impingement of the present large
mud bank (Sottolichio et al., 2018). Transects 0 to 200 correspond
to the most constricted part of the estuary and where the main
Maroni estuarine channel is in direct contact with the intertidal
beach (Figure 7). In addition to (or as a result of) this channel

proximity, much of the shoreline mobility in this sector has
been engendered by the migration of the beach-attached shoal
identified from both ground and aerial photographs (not shown
here). The formation of this shoal was probably initially due to
expansion of the fluvial-tidal hydraulic jet of the Maroni with
widening of the estuary where the beach changes its orientation to
eastward, to form part of the south bank of the hitherto diverted
Mana River (Figure 1B). Sand shoal formation of this type is akin
to that of a flying spit (Zenkovich, 1967), or a banner bank (Dyer
and Huntley, 1999), although the latter type of bank is generally
associated with headlands.

The short-term data further highlight this mesoscale
variability and show the seasonal cut-and-fill signature typical of
the trade wind-wave-influenced French Guiana beaches during
inter-bank phases (Dolique and Anthony, 2005), when mud
banks do not affect the coast, or of many other tropical beaches
with a well-defined seasonal trade-wind or monsoon wave
regime (e.g., Tamura et al., 2010; Pereira et al., 2016; Anthony
etal., 2017; Arrifin et al., 2018). The beach underwent significant
sand loss (Figure 10; —14,579 m>) in response to the high
waves that prevailed between March and June 2018 (Figure 9A).
Filtering of wave energy does occur, as shown by the pronounced
difference between, on the one hand, both the modeled offshore
wave data provided by the WWIII model (Figure 2) and the
CANDHIS buoy data (Figure 9A), and, on the other, data
recorded by the pressure sensors near the beach (Figure 9B).
Filtering is caused by the mud banks migrating alongshore
but also by the large estuarine sand bank that is infilling the
mouth of the Maroni. This filtering effect is proportional to
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wave energy, and large waves succeed in impacting the beach, as
seen from field observations, especially during large spring tides.
The high waves between March and June 2018 (Figures 2, 9A)
also included equinoctial spring tides during which high-tide
dissipation was less. The estuarine sheltering effect from exposure
to waves, which commonly results in short-fetch waves, is an
overarching influence of estuaries on beach morphodynamics
(Jackson et al., 2002).

Wave measurements conducted on other beaches in the
Guianas both in the vicinity of river mouths and well away from
these river mouths show that incident wave energy is strongly
modulated temporally and alongshore by the presence of banks
(low waves) or their absence (high waves associated with inter-
bank phases), resulting in large short- to mesoscale (>decade)
shoreline mobility (Anthony et al., 2002). It is not clear from the
available data whether this meso-scale wave variability has also
been the case on the beach at Yalimapo but the commonality of
this pattern on various other beaches in the Guianas suggests this
likelihood, which is also reflected in the multi-decadal variability
in beach mobility.

As shown in Figure 10, short-term beach morphological
change has been quite variable notwithstanding the ambient

low wave-energy context, possibly reflecting a further influence
of: (1) progressive impingement on the eastern part of the
beach, of shore-attached mud (Figure 10A), (2) sand exchanges
between the estuarine bank and the beach, notably in the shore-
attached shoal area (Profile P2, Figure 10B), and (3) antecedent
beach profile characteristics in feeding back on morphological
change. Estuarine beaches are commonly characterized by a
relatively wide low gradient terrace, or “low tide terrace,” across
which sediment mobilization may occur under relatively high
energy (wave) conditions (Jackson et al.,, 2002). These beaches
also commonly exhibit the following features: (1) longshore
and transverse bars and biogenic features; (2) swash bars; (3)
vegetation and wrack accumulations on the intertidal foreshore;
(4) pebbles and/or shells; and (5) small aeolian dunes.

On the Maroni mouth beach, the low-tide terrace corresponds
to the adjoining estuarine sand bank (transects 175-500) but the
features and patterns of sediment mobilization prevailing on this
beach do not correspond to those enumerated above. Low wind
speeds, high ambient humidity, and rapid growth and spread
of creeping grasses on the backshore considerably limit aeolian
activity on the beaches of the Guianas (Anthony etal., 2014).
The sediment mobility on the beach is regulated by strong
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alongshore tidal currents (Figure 8A) that generate important
tidal bedforms, notably the 2D-3D hydraulic dunes (Figure 8B).
The beach, which is also devoid of aeolian activity, clearly
interacts with the strong tidal currents which are typically of a
standing tide (notably at C1), and with these bedforms, especially
in the shoal-attached area. The high current speeds during the
rising tide associated with such a standing tide act not only on
the bedforms of the shallow shoreface but also on the adjacent
beach face. The estuarine sand bank serves as both a sand source
and sink, resulting in the pulses of accretion and erosion evinced
by the beach, which were further modulated, up to 2011, by
limited sand supply by the Mana River. This relationship is, thus,
mediated by the energetic tidal currents and by dissipation of
waves over the terrace. Jackson and Nordstrom (1992) showed
that under the extremely dissipative conditions prevailing on
the low-tide terrace, beach profile change becomes restricted to
the steep foreshore. This appears to be the case in the study
area where the upper beach tends to show a scarped reflective
profile (Figure 10B).

Tidal modulation of waves has been shown to be an important
component of the hydrodynamics of Guiana beaches, generated
by ambient permanent shoreface mud during both bank and

inter-bank phases (Anthony et al., 2019). Field measurements at
Yalimapo clearly highlight this tidal modulation and show that
high-tide waves are generated by a mix of both trade-wind waves
(6-12 s) and short-fetch local sea breezes that generate choppy
conditions with periods that do not exceed 5 s (Figure 9). Field
observations further show that waves are only active on the upper
beach, resulting in local high-tide scarping (Figure 10B). Spring
tides no doubt reinforce the high-tide scarping and low-tide
dissipation. Under these erosive conditions, downslope transfer
of beach sand to the estuarine sand bank is assured by the
prevalence of steep reflective beach profiles, which function
in a positive short-term morphodynamic feedback loop that
maintains profile steepness and recession seen in the short-term
(2018) data of parts of the beach (Figure 10B).

The timescales and relationships involved in the multi-decadal
evolution and short-term morphodynamics of the beach at
Yalimapo, French Guiana, are conceptualized in Figure 12.
The net westward sediment transport system and influence
of bank and inter-bank alternations that affect the Guianas
coast at a regional scale affect the beach and the dynamics of
the mouth of the Maroni River. The latter further influences
variations in beach morphology and stability through estuarine
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channel mobility, dissipation of waves by the large estuarine
sand sink that is infilling this river mouth, and tidal currents
and bedforms.

Itis important to note that the erosion that has prevailed along
much of the beach in the last few years (2011-2017, Figure 4B2),
and in 2018 (Figure 10) is having deleterious ecological and

sociological effects in the coastal settlements of Awala and
Yalimapo (Figure 1) (population in 2018: 1400). The beach was,
up to the 1990s, one of the most important turtle-nesting sites
on the South American coast, and as the available beach space
has receded due to mud encroachment, the number of turtle
landings has diminished drastically (Peron, 2014). The villages
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FIGURE 12 | Conceptual model of multi-decadal to short-term changes at Yalimapo beach, French Guiana. The morphology and dynamics of the beach are
influenced, at embedded spatial (regional to local) and temporal (multi-decadal to daily) timescales, by the relationship and interactions among various sediment
bodies and forces. These are the regional mud banks migrating under wave and wind influence at > decadal to multi-decadal timescales westward from the Amazon
to the Orinoco, wave dissipation by these banks and by the large estuarine sand bank infilling the mouth of the Maroni River, and at a timescale of several years, mud
intrusion into the mouth of the Maroni and local welding of mud released by the banks onto the beach. Seasonal modulation of wave activity, the local influence of
the main Maroni estuarine channel, strong tidal currents on the inner shoreface adjacent to the beach, and sand exchanges, at fortnightly tidal to semi-daily scales
between beach and inner-shoreface tidal bedforms, are reflected in beach profile and alongshore mobility at the local scale.

are inhabited by indigenous Kali'na populations that became
sedentary in the late 1940s. Risks posed by shoreline mobility in
the Guianas prior to this sedentary lifestyle were accommodated
by population mobility to safer areas. Present fears in reaction
to the on-going coastal changes concern loss of land, large-
scale mangrove development, threats to beach recreation, and
to revenue from tourism related to nesting marine turtles. Prior
to encroachment of the bank that has welded onshore, Awala
had access to the sandy beach and benefited, like Yalimapo,
from the advantages of beach-related recreation and tourism.
This has been the only accessible sandy beach in western coastal
French Guiana (total population in 2018: 60,000), an area of very
rapid demographic growth. Much of this tourism is related to
turtle-watching during the nesting season. The now completely
mud-bound beach of Awala implies that the village is presently
totally deprived of revenue from tourism, and direct access to
the sea for fishermen has been shut off by a wide mangrove

front (Figure 5A). The decrease in the number of turtle landings
is also depriving neighboring Yalimapo (Figure 5A), now the
only available beach spot in western French Guiana, of much-
needed tourist revenue. Given the large past shoreline mobility,
prediction of the time frame over which erosion will continue to
prevail is hazardous.

CONCLUSION

The multi-decadal evolution and short-term morphodynamics of
the beach at Yalimapo, French Guiana, illustrate the influence of
the dynamics of the mouth of the Maroni River at the local scale,
and the net westward sediment transport system and influence
of bank and inter-bank alternations that affect the Guianas coast
at a regional scale. The influence of the Maroni is reflected in
variations in beach morphology and stability induced by channel

Frontiers in Earth Science | www.frontiersin.org

July 2019 | Volume 7 | Article 187


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Jolivet et al.

Mud-Influenced River-Mouth Beach Mobility

dynamics, tidal currents and bedforms, and dissipation of waves
by the large estuarine sand sink that is infilling this river
mouth. The bank and inter-bank fluctuations have determined
multi-decadal beach mobility through their influence on the
wave regime and in mediating sand supply alongshore. These
two scales of analysis show how local changes are embedded
in, and overprinted by, the pervasive influence of changing
mud-bank and inter-bank phases alongshore, a hallmark of the
1500 km-long Guianas shoreline. Changes resulting from these
controls include complete isolation of the village of Awala from
the sea by mangrove-colonized mud, disastrous for tourism,
fishing activities in terms of access to the sea, and to beach
recreation. The shortening of the beach as a result of mud
encroachment now poses a threat to the village of Yalimapo, the
only site in western French Guiana with a still available sandy
beach. Reduction of the available beach space is having negative
ecological and socio-economic consequences. This reduction is
detrimental to turtle-landings on the beach for nesting, the
number of which has diminished dramatically over the last
decade, and to the income generated by beach tourism geared
toward watching turtles nest. It is also nefarious to beach
recreation and to fishing.
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Infrequent but high energy storm events can radically modify coastlines, at times
displacing significant sediment volumes and changing shoreline configuration. More
frequent and stronger Atlantic storms over the last 40 years have heightened the
potential risk to coastal environments, population and infrastructure. Understanding
local environmental forcing conditions and associated variables involved in coastal
impact and response, can better inform future coastal management planning. This
study examines the coastal impacts of two separate storms that occurred at Five Finger
Strand, on the northwest Irish coast, in late 2017 (Storm Ophelia) and mid-2018 (Storm
Hector). Using forcing parameters (wind speed and direction, wave heights and wave
run up) along with 3D topographic surveys, impacts are examined for both storm events.
For Storm Ophelia, shore-oblique to shore-parallel waves (2 m in height) coincident with
low tide (~0.8 m) were recorded. This resulted in minimal erosional impact which was
corroborated by a new proxy storm impact index, “Storm Dune Trimming” (value of
>0.03) as well as a sediment displacement volume of 8,300 m?3, largely confined to the
intertidal area with only limited foredune edge erosion. Storm Hector, on the other hand,
a lower energy event than Storm Ophelia, resulted in much more pronounced sediment
displacement (13,400 m® in the intertidal area) and significantly more dune scarping
(Storm Dune Trimming >0.09) due to better synchronicity of forcing factors such as high
tide level, high wave heights and onshore wind direction. We conclude that storm energy
is not always a direct indicator of coastal impact and that synchronicity of local forcing
factors and antecedent beach conditions appears to be the most relevant in actual
coastal response on sandy beaches. This study, therefore shows the importance of
particular environmental parameters and their simultaneous timing in forcing change and
is an important insight into which parameters may be more risk-relevant in producing
erosion along many sandy, dune-fringed coasts of NW Europe.

Keywords: Five Finger Strand, dune scarp, synchronicity, forcing factors, run up, storm impact, erosion
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INTRODUCTION

Storm impact along sandy coasts globally is driven by various
local factors, including accommodation space and physical
forcing parameters which help drive coastal dynamics (Cooper
and Orford, 1998). The extent and range of impact variability
can be high, even over small coastal stretches and minor
morphologic alterations to beaches as result of dune vegetation,
soil development and slope changes can influence beach response
(Carter and Stone, 1989). Other characteristics of the subaerial
beach, such as the elevation of the dune toe, foredune height, and
the presence of nearshore subaqueous sandbars help determine
the response of local morphology alongshore (Splinter et al.,
2018). Changes in frequency and occurrence of storm-groups
(Ferreira, 2006), as well as storm clusters (Dissanayake et al,
2015) can also intensify coastal morphological impacts.

The majority of storms impacting the Atlantic coastline
of Europe form in the western mid-latitude wind belts as
extratropical storms (Lozano et al, 2004). This movement
of cyclones aligns along track corridors (Hayden, 1981) and
displays an inter-annual variability (Schmith et al., 1998).
Winter climate and storm occurrence and its corresponding
relationship with large-scale patterns of atmospheric variability,
such as the North Atlantic Oscillation (NAO), have been widely
studied (Hurrell, 1995; Dawson et al., 2002). Indeed, a strong
relationship was found between wave climate variability in the
North Atlantic region and the NAO index (Dawson et al., 2002,
2004; Dodet et al., 2010). Studies from Lambert (1996) and
Schinke (1993) have shown that more intense storm events
have occurred since 1970 in the northern hemisphere. The
Global Tropical and Extratropical Cyclone Climatic Atlas data
(GTECCA, 1996) was used to show that storms normally
originate from the west, with most focussing SW of Iceland
(Lozano et al., 2004). In a comparative study, Feser et al. (2015)
also found that from early 70s until the mid-1990s, there has
been increased storm activity over the North Atlantic area (north
of 55-60°) in agreement with the variability long-term proxies
including the NAO.

Strong coastal storms particularly affect the western/north-
western coasts of Ireland (Cooper et al., 2004; Backstrom et al.,
2015). Historically, both its hard coasts (Scheffers et al., 2009,
2010; Erdmann et al., 2017) and sandy coasts (Cooper et al,
2004; Kandrot et al., 2016) are influenced by remnants of Atlantic
Hurricanes reaching Ireland. Events such as the 1839 ‘Night
of the big wind’ (Shields and Fitzgerald, 1989) a Category 3
Hurricane and 1961’s Hurricane Debbie (Hickey and Connolly-
Johnston, 2012), demonstrate the potential impacts of receiving
these events. More recently, Loureiro and Cooper (2019) show
that in Ireland there is a strong relationship between positive
phases of the NAO and highly energetic winters, with a greater
number of storms per winter over the past 67 winters. For this
period, they conclude that winters in the northwest coast of
Ireland are becoming stormier.

The western coast of Ireland has therefore become attuned
to generally high-energy wave settings, with localised sediments
adjusted to this elevated energy forcing. In this regard, these
beaches therefore usually require an amalgamation of forcing

events to provoke substantial impact (Cooper and Jackson, 2003)
with extreme storms resulting in dramatic shoreline erosional
responses. These impacts manifest as rapid erosion of foredunes
but are typically followed by shoreline readjustment (Cooper
et al., 2007) and sediment recirculation within coastal cells with
sand being returned to the coast in post-storm recovery periods
(e.g., Backstrom et al., 2015).

In this study, we focus on two recent storm events that
reached the coast of Ireland in the 2017-2018 period. Storm
Opbhelia arrived to the western coast of Ireland on the 16th
October 2017 which at landfall was a “post-tropical storm” but
was earlier labelled as a Category 3 hurricane (NOAA, 2017), the
most eastern Category 3 Atlantic hurricane recorded (NOAA,
2017; United Kingdom Meteorological Office, 2017). This high-
energy storm produced sustained winds of more than 34 knots
and induced significant wave heights of 26.1 m at the Kinsale
gas platform located at —100 m depth (Met EIREANN, 2017).
Secondly, we examine Storm Hector, an unusually energetic
summertime storm generated from a deep low-pressure system
that was deflected toward the northeast to Ireland by a strong jet
stream. It made landfall early on the 14th June 2018 with mean
wind speeds between 65 and 80 km/h, with the highest recorded
gusts reaching 111 km/h at Mace Head, Co. Galway (around 3:00
am) (Met EIREANN, 2017).

Coastal response to events like these, as well as post-storm
recovery behaviour, have been shown to be spatially highly
variable, even between adjacent coastal sites (Guisado-Pintado
et al., 2014) and can be attributed to differences in local
hydrodynamic regimes (Burvingt et al., 2017). Beach morphology
(Haerens et al., 2012), regional and local geology (Jackson et al.,
2005; Jackson and Cooper, 2009) all dictate site-specific response.
Some studies (e.g., Karunarathna et al., 2014) have shown that
beach and dune erosion from a clustering of storms could be
more impactful than an isolated, single event with similar overall
energy. However, the final impact could be strongly influenced by
the chronology and sequence of storms in a cluster (Dissanayake
et al., 2015). Further, the complex interplay between variables
such as offshore wave height and pre-existing bathymetry often
controls the coastal response (Coco et al., 2014). Forcing factors
such as wave heights coinciding with higher water levels during
storms, has been shown to dictate actual coastal damage-
response (Masselink et al., 2016a,b) and further changes in dune
morphology, based on the relative tidal range reached (Costas
etal,, 2005). Additionally, the orientation of a coastline compared
to the storm direction and average winds, can also influence
the incoming wave angle approach, inducing shelter effects
and helping force the beach/dune into transporting sediment
into the cross-shore and alongshore dimension (Castelle et al.,
2015). Finally, the physical characteristics of beach-dune systems
such as their dune toe elevation and overall dune height
(Houser, 2013), the presence of subtidal sandbars and beach-
slope’s angle, can in combination, induce a physical response
(Splinter et al., 2018).

The objective of this study is to investigate the associated
coastal impacts from two storm events with different energy
levels such as Storm Ophelia (October 2017) and Storm Hector
(June 2018). We focus on morphological changes within an
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intertidal zone and dune edge that occurred on the north-
western sandy beach of Five Finger Strand during the storm
peaks of both events. The direction of the storm, its intensity
(significant wave height, wave period and speed of winds),
storm duration locally, tidal stage and water level surge, as
well as the intertidal morphology under pre- and post-storm
conditions are examined. To better understand the forcing
and response of dune coasts under particular conditions,
we propose and test a new impact index “Storm Dune
Trimming” which examines the potential dune trimming of
specific storm events. We compare the actual local impact
induced by both storm events to demonstrate the importance
of synchronicity of forcing parameters in determining coastal
impact response.

STUDY AREA

Western Irish coastlines are defined by hard geology with a cover
of glacial materials, providing important sedimentary sources for
its beaches (Burningham and Cooper, 2004). Basaltic headlands
and dliffs punctuate the coast, while sandy beaches and large
coastal dunes are present in coastline re-entrants (Jackson et al.,
2005). Only 44% of its coastline can be classified under a high
energy category (Devoy, 2008).

Five Finger Strand is situated on the Inishowen penninsula
in County Donegal, western Ireland (Figure 1A). The beach,
1.7 km long and 350 m wide, is backed by a vegetated sand dune
system that can reach heights of around 25 m with an average
dune toe height that ranges from 2.0 to 3.0 m relative to mean
sea level (Figure 2B). Its beach is classed as dissipative (Wright
and Short, 1984) and runs north to south between Five Fingers
rocks and Lagg Point at Trawbreaga Bay (Figure 1A). In the
south, a tidal inlet presents a large ebb tide delta system with a
concomitant, ebb channel. Sand shifts between the ebb tidal delta,
estuary and the beach/dune system, driven through tidal inlet
changes (Cooper et al., 2007; O’Connor et al., 2011). Nearshore
intertidal bars are also present at Five Fingers Strand and
their dynamics show clear seasonal and inter-annual variability
(Jackson et al., 2016). Typically, during winter time (Oct-Feb)
the site’s northern beach and dune profiles (P1-3 in Figure 1B)
displays quite flat topography with little to no bar formation,
thereby rendering the beach and dune toe edge more exposed
to higher energy storms and surges during the region’s storm
season. Conversely, in spring and summer, bars start to reform
(and migrate toward the nearshore) along the northern profiles,
as there is enough accommodation for them after the beach
flattens earlier in the year. Conversely, the southern part of
the Strand (P4-P5 in Figure 1B) are devoid of nearshore bars
for most seasons and only in late summer does an infrequent
nearshore bar form which is preceded by an intertidal channel.
The beach sediment is carbonate-rich terrigenous sand (mean
grain size 0.3 mm and largely homogenous across this zone) with
a subordinate gravel component overlying a cobble/gravel base of
glacial sediments.

Ireland’s west coast beaches are largely meso-tidal (2-4 m)
environments. Five Finger strand has a spring tidal-range of

3.5 m with average significant wave heights around 2.2 m and
wave periods of 9 s, with predominant winds from the southwest
(Jackson et al., 2005, 2016). Dominant swell wave approach is
from the west and southwest and fully refracted within the
headland-embayment system (Jackson et al., 2016; Guisado-
Pintado and Jackson, 2018). Five Finger strand is therefore a
high energy Atlantic beach system that has been modally adjusted
to a large swell wave environment that undergoes important
morphological changes over various spatial and temporal scales
(Cooper et al., 2007; Guisado-Pintado et al., 2017).

STORM OPHELIA AND STORM HECTOR
CHARACTERISTICS

Storm Ophelia

The remnants of Hurricane Ophelia struck the British Isles in
mid-October 2017 under the status of an extra-tropical storm.
The Hurricane developed originally southwest of the Azores from
a persistent low-pressure system, allowing it to travel to north-
eastern Europe (NOAA, 2017). Storm Ophelia reached Ireland on
the 16th October and was re-classified as a “post-tropical” cyclone
(Guisado-Pintado and Jackson, 2018) but still retained gusts of up
to 130 km/h were recorded. Storm Ophelia made landfall at 10am
(1100 UTC) October 16th.

Storm Ophelias highest gust was 156 km/h with a SSE
direction, which was recorded in Roche’s Point (Co. Cork)
at 10:59 am, further north at Malin Head (Co. Donegal), a
maximum wind gust of 106 km/h was reached at 19:30 h on the
16th of October with an overall direction of SSW. Storm Ophelia,
despite initial expectations, lost its energy as it travelled north
toward the study site. Around Malin Head (Figure 3A) significant
wave heights ranged from 1.78 m on the 16th October at 9:00 am
to 1.28 m when the storm had passed the study site (18th October)
as shown in Figure 3C, with associated 4-5 s wave periods. The
maximum wave height, 2.22 m, was reached at 6:00 pm (17th
October, Figure 3B). Wave direction varied from 170 (S) to 220
(SW) during the storm event, which is parallel to main beach
orientation of the study site.

Storm Hector

Storm Hector occurred in the second half of June 2018 and was
formed by an unusually strong jet stream forced by a cold air mass
from Polar Regions meeting a warm air mass from the tropics.
The storm reached the western Ireland coast on Wednesday the
14th June around midnight, producing 2 days of gales on the 13th
and 14th, followed by frontal systems crossing toward Scotland
on the 20" June.

Storm Hector’s highest gust was 61 knots (113 km/h), the
highest June gust since 2005. The month’s highest 10-minute
mean wind speed was 48 knots (89 km/h), and its highest June
10-min wind speed since 2005." In Northern Ireland, gusts of 64
knots (119 km/h) and 60 knots (111 km/h) were recorded.?

"Met Eireann June report (2018).
2UK Met Office June report (2018).
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The strongest winds from Storm Hector over the northern
coast of Ireland were coincident with high spring tides, leading to
coastal flooding and wave overtopping in many coastal areas of
Co. Donegal and Co. Galway. Storm Hector arrived at the study
site around 3:00 am on the 14th of June (Hs = 2.5 m) and lasted
until the 15% June 6:00 am were significant wave heights dropped
below 2.5 m (Figures 3E,F). The storm had reached a maximum
significant wave height of 4.0 m south of Malin Head (14™ June
9:00 am) (Figure 3D). Mean wave period of 6 s were recorded
closest to the study site. While offshore, the Marine Institute
M4 buoy (54.99°N 9.9°W), recorded a wave height of 6.53 m
(T = 8.9 s) at 9:00 am on the 14th of June. The storm showed a
mean wave direction of 220-270° (W and WSW), perpendicular
to the main coast orientation.

METHODS

Wave and wind data have been analysed as Storm Ophelia
and Storm Hector moved over Ireland’s western coastline, with
particular reference to Five Finger Strand, using hourly data from
various meteorological stations over a 24-h period encompassing
both storms. To investigate the response at Five Finger Strand
beach and dune system detailed before and after topographic
data were acquired using a Terrestrial Laser Scanner (TLS) to
quantify changes in the intertidal and subaerial beach areas as
well as across the beach/dune topography (Table 1). Continuous
monitoring of derived wave run-up and further storm-dune
interactions during the occurrence of both events was carried out
using a fixed, time-lapse camera over-looking the site.

Hydrodynamic Conditions During the
Events

Offshore and Nearshore Modelled Wave Conditions
Modelled wave conditions at intermediate depths (—20 m) for
analysing wave forcing close to the site was performed using the
East Atlantic SWAN Wave Model output from Ireland’s Marine
Institute. The model uses the nearshore wave model SWAN
(Booij et al., 1999; Ris et al., 1999) at a 0.025 degrees resolution
(1.5 km) for a domain covering the Irish waters. The Global
Forecast System (GFS) by the National Center for Environmental
Prediction (NCEP) and the Fleet Numerical Meteorology and
Oceanography Center (FNMOC) through Wave Watch 3 data
model, provide boundary conditions. The model provides 3-
hourly significant wave height (Hs), wave period (T) and wave
direction (D). The nearest grid point to the site (55.332°N,
7.40°W; —20 m depth and located 2.7 km offshore) was used for
extracting wave forcing (see Figure 1A). Wave analysis covered
periods from pre-storm TLS surveys of the beach, from the 19th
September 2017 until Storm Ophelia and from the 30" of March
2018 until the occurrence of Storm Hector respectively.

Water Levels and Wind Forcing

Tide levels were extracted every 6 min from the Malin Head
tide gauge at 55.37°N, —7.33°W (see Figure 1A). The tidal
dataset was combined with the height of the dune toe, taken
previously from the TLS and GPS data along the back-beach
(Figure 2D), and used to assess potential erosion of dune toe
areas. Total water levels were calculated as the combination
of the tide level and run up heights (Ruggiero et al., 2001;
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FIGURE 2 | Pre-Storm Ophelia (A) and Storm Hector (B) topo-bathymetries extracted from TLS surveys with numbers representing depths. Note differences in
antecedent conditions of the submerged and subaerial beach at Five Finger Strand. (C) shows the subzones used for comparisons in the DoD analysis. (D) shows
an alongshore section of dune toe height before Storm Ophelia (partially adapted from Guisado-Pintado and Jackson, 2018) and Storm Hector where the blue

Young et al., 2016; Castelle et al., 2017). Stockdon et al. (2006)’s
formula for dissipative beaches discerned that the level was
exceeded by 2% of waves (R2%).

Real-time wave run-up and dune toe encroachment
monitoring was supplemented by a fixed, time-lapse camera
system (Brinno TLC200) set to capture images twice an hour.
As a result, images spanning the whole monitoring period and
particularly during the occurrence of the storm events (see
Tables 1, 2) helped (qualitatively) to image features such as sand
lags/deposits and actual run-up encroachments.

Additionally, the wind regime was assessed during the passage
of both storm events using the Malin Head meteorological station
(shown in Figure 1A) operated by Met Eireann: The Irish
Meteorological Service. Ten-minute average wind speeds (knots),
wind direction (degrees) and Mean Sea Level Pressure (hPa) were
extracted to examine wind forcing (speed and direction) during
storms Ophelia and Hector.

Characterisation of Storm Events
Storm thresholds are usually site specific, with wind speed-based
values ranging from 7.6 to 15.3 m/s in Atlantic coastal areas

(Lozano et al., 2004). Here, we define storm events as those
with a peak significant wave heights (Hs) above 10% exceedance
of wave height, previously determined as being Hy > 3 m
(Guisado-Pintado and Jackson, 2018). To determine the storm
duration we used the 5% of exceedance meaning that a wave
induced storm is noted only when Hj exceeds the 5% exceedance
wave height (Masselink et al., 2016a,b) and ends with it falls
below this limit. For the study site, the 5% exceedance wave
height was set at Hg = 2 m. A minimum threshold for storm
duration of 12 h was considered (to guarantee the events extend
over high tide).

Given that storm events can differ significantly in terms of
duration, wave power and morphological impact, the use of
environmental proxies help to classify and compare storm events
for a specific site. Proxies allow analysis of the variation in
storms and their geomorphological impact, based on variables
such as the frequency, duration, wave power and category (e.g.,
Dolan and Davies, 1992; Rangel-Buitrago and Anfuso, 2011).
Two proxies were used to characterise storm climate during
the study period: the Storm Severity Index (SSI) and the Storm
Impact Potential (SIP) both developed by Zainescu et al. (2017).
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FIGURE 3 | Spatial and temporal evolution of Storm Ophelia (A-C) and Storm Hector (D-F) as they moved across the northwest coast of Ireland. Location map
highlights the study site (black square) and hydrodynamic conditions (Significant wave heights) from the Marine Institute East Atlantic SWAN wave model.

In addition, a new index called Storm Dune Trimming (SDT) is
proposed here to account for the potential dune trimming of a
specific storm event.

The SSI quantifies the total energetic strength of an individual
storm, based on the wind speed and its duration, and is based on
work by Lamb and Frydendahl (1991):

SSI =" (V? x T)/10° (1)

Where: V = wind speed and T = total duration of a given
speed (h).

In order to measure the potential coastal impact of a storm, the
morphologic index (SIP) was used as it accounts for the angle of
wind direction (a) and the shoreline orientation (0) itself, which
in the case of Five Finger is mostly N-S. Maximum impact is
therefore assumed for storms from the NW to SW (i.e., for angles
between 200° and 300°) for this site. Lower impacts correspond
to storms that approach the coast with a longshore or slightly
oblique strike to the shore direction (N-NNW; S-SSW). For this
proxy, offshore wind directions are not taken into consideration.

SIP = Z(V3 x T x sin(a — 0))/10° (2)

Where: V =
given speed (h).

Finally, the Storm Dune Trimming (SDT) proxy is designed
to estimate the total water level (water level and run up) reached
by a storm and thus the potential dune impact. The proxy is a
measure of the number of hours for which total water levels of a
specific onshore storm event is above the average and lower dune
toe height.

wind speed and T = total duration of a

SDT = > (TWL® x Th x sin(a — 0))/10° 3)

Where: TWL = total water level, Th = total duration of wave
height above dune toe (h) and o = wave direction.

Topographical Change Analysis

Topographic changes, driven by the storm events, both in the
intertidal area and subaerial beach, were quantified using a
FARO Focus 3D x 330 TLS. The TLS survey produced a
dense point cloud, extending from the dune toe toward the
intertidal environment. Surveys were undertaken during low tide
conditions, revealing a large part of the intertidal area to around
—1.5 m (see Figures 2A,B) and ranging landward over front
sections of the dunes (up to +20 m).
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TABLE 1 | Main characteristics of the storm events studied and the topographic
surveys performed to monitor geomorphological impact.

Storm event Pre-storm TLS Post-storm TLS Time Scan

and topographic  and topographic after stations
survey survey event

Ophelia 19th September 18th October 2017 24 h 29 scans

(16th-17th 2017

October 2018)

Hector 30th March 2018 26th June 2018 11 days 31 scans

(13th-15th

June 2018)

TABLE 2 | Storm characteristics for each surveyed period pre- and post-Ophelia
and Hector storms.

Maximum
TWL

Mean wave
direction

Storm events Wave conditions Duration

Pre- Storm St
Ophelia

Maximum 108 h 318° 2.30m
Hs = 4.62 m;
T=874s

S2  Maximum
Hg = 3.66 m;
T=967s

S8  Maximum

Hs =3.84m;

T=1123s

Maximum 12h

Hs =2.24 m;

T=53s

Maximum

Hs = 3.07;

T=987s

S2  Maximum

Hs = 4.96;

T=10.64s

Maximum

Hs = 4.06;

T=659s

75h 325° 2.44m

36 h 324° 1.86m

Storm S4
Ophelia

326° 1.40m

Pre- Storm St
Hector

15h 340° 2.30m

57h 336° 2.02m

Storm S8
Hector

340° 2.92m

Topographic surveys were performed along the northern
section of Five Finger Strand (Figure 1B), selecting a
420 m x 250 m area of interest (~105,000 m?). For Storm
Ophelia pre- and post-storm surveys were 6 weeks apart
(Guisado-Pintado and Jackson, 2018), whereas for Storm Hector
a pre-storm survey was carried out 13 weeks before the event and
the post-storm took place 8 days after the event (Table 1). A total
of 29 scan station locations were established across the site for
each event, ensuring good coverage. We used 6 target spheres as
reference Ground Control Points (G) (Figure 1B) georeferenced
into the Irish National Grid coordinate system using a RTK
dGPS (Trimble 5800) with an accuracy of 0.03 m in x, y and z.

TLS-generated Point Clouds were post-processed to create
Digital Surface Models (DSMs) from pre- and post- conditions
of the storm events. The Geomorphic change detection (GCD)
add-in in ArcGIS (Wheaton et al, 2010) allowed surface
volume variations (DEM of Difference, DoD) and topographical
comparisons (vertical changes) of each pair of surveys. The total
volumetric change (dQyz in m?) relates to the difference in
volume of the post- and pre-storm surface utilising the DEM,
and areal change (dA, m?) is the amount of area undergoing

erosion/deposition after each event and over subsequent
TLS surveys during the recovery process. To guarantee the
quantification of morphological changes at different beach
sections as well as the comparison of driven impacts of both
events (storms Ophelia and Hector), four zones were delimited
following Guisado-Pintado and Jackson (2018). These relate to
(1) lower areas from mean sea level (MSL) to lowest level
surveyed by TLS, (2) an intertidal channel, (3) between MSL
and the shoreline (dune toe) and; (4) the upper area from the
shoreline to the top of the dune edge (Figure 2C). Finally,
five cross-shore profiles (Figures 1, 2) extracted from DTM
surveys where analysed to assess alongshore and cross-shore
morphological changes between the two storm events.

RESULTS
Wind Forcing

Wind is one of the main environmental variables that dictates
the characteristics of locally generated waves at the coast, with
speed and direction of wind critical in driving potential beach
impacts from a storm. Wind patterns and resulting wave climates
during storms Ophelia and Hector were significantly different,
with storm events that occurred between the pre- and post TLS
surveys also being dissimilar in power, orientation and duration.

During Storm Ophelia, winds reached a maximum of 38
knots (70 km/h) at Malin Head station which were sustained
for around 3 h (Figure 4A). However, as shown in Figure 4B,
the wind direction was mostly shore-parallel and varied from a
predominantly southern direction (about 180°) to SSW (220°) as
the storm passed through the site (17th October 2017 at around
18:00 h). At Malin Head during the passage of the Storm Ophelia,
sea level pressure reached a minimum of 979 hPa (Figure 4C).
Storm Hector’s pattern was somewhat different. A maximum
wind speed of 37 knots was recorded during the storm but
lasted for only 1 h (see Figure 4A), although sustained winds
over 18 knots were recorded for the remainder of the storm.
Predominantly onshore winds with an average direction of 220-
270° (WSW) were recorded over the site during the passage of
Storm Hector. Minimum pressure at sea level never fell below
985 hPa (Figure 4C). In both cases, mean wind speeds during the
storms were around 27 knots at Malin Head station (Figure 4A)
and changes in wind orientation conditions produced a 5-10
knots decrease in wind speeds (Figures 4A,B).

Wave Climate and Storm Occurrence:

Evolution and Characterisation

The hourly evolution of Storm Ophelia along the western
seaboard of Ireland (Figures 3A-C) reveals that the storm’s
intensity gradually dissipated as it travelled north, whereas during
Storm Hector energy conditions reached their maximum level at
northern Irish latitudes as the storm moved toward the western
seaboard (Figures 3D-F. In the case of Storm Ophelia, and
according to Guisado-Pintado and Jackson (2018), three storm
wave events (onshore directed with orientation varying from
318° to 324°) were recorded in between topographic and TLS
surveys and before the occurrence of Storm Ophelia (see Table 2
and Figure 5A). The peak of the first storm (S1) occurred on the
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FIGURE 4 | Time-series of wind conditions during both storm events at Malin Head Station. From above (A) 10-min wind speed (knots), (B) wind direction (degrees)
and (C) Mean sea level pressure (hPa). Red and blue boxes represent Storm Ophelia and Storm Hector coincidence at Five Finger Strand respectively.

2nd Oct at 03:00 am during high tide (1.21 m), producing a total 2.2 m (see Figure 5C). The second storm (S2: 10th Oct 18:00 h)
water level (TWL) of 2.13 m. A second highest synchronisation began 5 days later and over its duration was coincident with
between wave height and water levels took place on the 4th  several cycles of high tide (1.47 m) resulting in a maximum
October between 16:30 and 18:00 h, where TWL peaked to TWL of 2.5 m and thus above average dune toe height (2 m
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FIGURE 5 | (A) Shows the wave climate time-series spanning Storm Ophelia where the left Y-axis accounts for Hg (grey line) and right Y-axis represents wave
direction in degrees (top black line). Graph (B) represents the Total Water Level (TWL) based on wave run-up for each storm event (from Guisado-Pintado and
Jackson, 2018) where blue arrows show the water level position from the time-lapse camera pictures. Squares highlight storm events that occurred between
TLS/topographic surveys with S4 corresponding to Storm Ophelia. Pictures (C-F) show corresponding time-lapse images where peak storm wave height and/or the
highest synchronisation of both wave height and water level during each storm analysed (S1-S4). Note that red arrows point to the maximum wave run up.

sections. Six hours after the end of S2, a third storm occurred
(83: 13th Oct 15:00 h). S3 presented two peaks, one on the 14
at midnight with a maximum TWL of 1.86 m and a second the
14th at midday where TWLs were around 1.8 m, in both cases
below mean dune toe height (Figure 5E). Twenty-four hours

height as shown in Figure 2D). S2 peaked during the night
of 10th October at 9:00 pm and couldn’t be recorded by the
TLC but hours later (11th October between 09:00 and 10:00
am) a second peak resulted in TWL of 2.07 m as evidenced
in Figure 5D, affecting the dune toe line in the most southern
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after the end of S3, at 3:00 am, Storm Ophelia struck south
western Ireland. At the Five Finger site, on the 16th October
at around 6:00 pm, the storm was coincident with a low tide,
producing TWLs up to 1.4 m and hence below the average
height of the dune toe at the time as shown in Figure 5F. Given
the fast tracking speed of Storm Ophelia, sustained high wave
energy conditions were limited and the average significant wave
height was <2.5 m at Five Fingers Strand. Interestingly, using
the standard storm analysis, which includes a certain threshold
criteria (duration and 10% of exceedance of significant wave
height), Storm Ophelia may not actually be characterised as a
storm ‘event’. On the other hand, two of the three storm events
(S1 and S2) that impacted Five Finger before Storm Ophelia, had
the potential to produce dune trimming and shoreline retreat
with the calculated TWLs (Figure 5B) and observed time-lapse
images (Figures 5C,D). Neither Storm Ophelia nor the preceding
storm (S3), however, had synchronised conditions (coincident
with high tide and sustained onshore winds) with which to
impact the dunes.

Storm Hector hit the western coast of Ireland during the 14th
of June 2018. As the storm travelled north it increased in strength
and the strongest winds were recorded across Northern Ireland
before spreading eastwards across Scotland, northern England
and north Wales. The storm lasted for 21 h and a maximum wave
height of 4.06 m was recorded for the site. At the peak of the
storm (14th June at 06:00 am), maximum water levels of 2.92 m
were reached, given its coincidence with spring tide (2.21 m) and
provoking the storm surge surpassing the average dune toe height
for the site (Figure 2D). Wave run-up, as recorded by the time-
lapse camera (see Figure 6D), reached the dune toe across the
beach. However, in the spring of 2018, two other storms preceded
Storm Hector at the site (Figure 6A and Table 2). The first storm
(S1) began on the 17th April with its peak coincident with high
tide (1.37 m) although TWLs achieved (2.3 m) were slightly below
average dune toe height for north sectors but could have affected
the dune toe in southern areas (see Figure 6B). One month later,
S2 began on the 9" of May and lasted for 57 h. Despite its
duration, the storm was coincident with neap tides and although
morphological changes in the intertidal and supratidal occurred,
wave run-up did not effectively reach the dune base. The peak of
S2 occurred at 3:00 am on the 10" of May with a TWL of 2.02 m.
A second peak took place 12 h later, resulting in maximum water
levels below dune toe (TWL = 1.59 m) as can be seen in the
time-lapse image (Figure 6C).

A key aspect of our study is the use of storm proxies to
examine individual storm events in terms of intensity, duration
and potential morphological impact. Resulting proxies were
calculated for the seven events: three preceding events before
Storm Ophelia, Ophelia itself, two storms preceding Storm
Hector and for Storm Hector. Table 3 shows calculated proxies
and some significant differences between storm events. Previous
to Storm Opbhelia, S1 displayed the greater SSI and SIP values,
inducing significant dune trimming (SDT = 0.11) due to both
its duration (more 100 h) and its coincidence with several
cycles of high tides. Similarly, S2, which occurred 10 days
before Storm Ophelia, had a Storm Severity Index of 721 with
a strong potential morphological impact (SIP = 566.12) and

impacted the dunes as confirmed with the SDT value and TLC
images (Figure 5D). On the other hand, S3 and Storm Ophelia
resulted in lower values of SSI and SIP. In both cases, storm
duration was too short to cause morphological impact in the
intertidal and dune field (SDT < 0.05), although Storm Ophelia
with shore-parallel winds could have had an important role in
sediment transport across the base of the frontal dune line and
supratidal areas.

Storm proxies for the events preceding Storm Hector as well as
Storm Hector itself, show that despite S2 (May 2018) presenting
similar and greater values of SSI and SIP respectively than Storm
Hector, the effective morphological impact on the dunes and
subaerial beach was minor (SDT = 0.01). The S2 had an overall
duration of 60 h but it coincided with neap tides resulting in
lower TWLs. On the contrary, Storm Hector despite it only
lasting a third of S2 duration, was synchronised with Spring tides
resulting in a SDT of 0.9 and thus giving dune toe erosion (Table 3
and Figure 6C).

Morphological Changes and Beach/Dune

Response Patterns

The analysis of the morphological response from both events
was carried out using two pairs of DTMs from TLS point clouds
at 0.5 m resolution. As described by Guisado-Pintado et al.
(2019), this method helps compare topographic and volumetric
changes between surveys across a beach/dune continuum. Total
volumetric change (dQyy in m?) relates to a difference in
volume between the post- and pre-storm periods using the
DEM, whereas areal change (dA m?) is the area with
erosion/deposition.

The morphological response after Storm Ophelia shows
that volumetric differences are significantly focussed in the
alongshore, with a distinct North-South picture revealed
(Figure 7A). The blue colour scale shows areas where deposition
(gains) is prevalent, with a deposition volume of +9,464 m?
covering 0.39 km? (around 38% of the surface) and located
around the intertidal channel with a net gains in volume of
47,309 m? (Figure 9B) for the whole area (Guisado-Pintado
and Jackson, 2018). This deposition is particular evident across
profiles P1 and P2 and P4 where the differences in elevation are
around +0.5 m. Red areas represent erosion/sediment loss and is
represented by 62% of the total surface area. A total volume of
15,481 m>, representing 0.66 km?, is ubiquitous over the lower
(—7,140 m?) and upper beach area (—6,040 m>; Figure 9B) and
represents —0.8 m in elevation change around profiles P3 and
P5, as shown in Figures 8C,E. Finally, the southern dune face
(at P4 and P5), where the minimum dune toe heights are found,
accounts for a loss of —1,860 m® due to dune trimming during
the previous storms (around 0.5 m change in elevation) as shown
in Figures 7A, 8D,E.

For Storm Hector, the spatial topographic changes detected
in the DoD analysis suggest that a northern lobe of sand
was stripped and relocated to the middle-north of the study
area (Figure 7B), whereas southern profiles underwent erosion
(Figures 8D,E). A general lowering of the southern area (=~
—0.20 m of elevation change) and across all zones is found
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TABLE 3 | Calculated proxies for each storm recorded at the study site.

Storm events Storm Storm Impact Storm Dune
Severity Potential (SIP) Trimming
Index (SSI) (SDT)
Pre-Storm Ophelia S1 1718.65 1298.00 0.11
S2 721.80 566.12 0.10
S3 194.22 85.40 0.04
Storm Ophelia S4 114.71 95.72 0.02
Pre-Storm Hector S1 50.80 44.80 0.08
S2 323.00 219.00 0.01
Storm Hector S3 357.00 159.00 0.09

(with a net loss of —7,400 m?, Figure 9C) and 97% of area
experiencing erosion. Further north (P1-P2), the blue colour
scale indicate areas of deposition (gains) which dominates 86.5%
of the northern part of the study site, with a total volume
of deposition of 414,300 m>: Across this area, changes in
elevation reach up to +0.45 m, particularly across P1 as shown
in Figure 8A. The area comprising the dunes shows a pattern
of the higher portions of dune with erosion (red) suggesting

that sediment had slumped to the base of dune (blue) with an
exception at P3 (Figure 8C). This result is in line with previous
results that showed that a maximum TWL of 3 m was above
dune toe height in the majority of the coastal stretch (except
around P1 and P2), invoking dune trimming during the storm.
Finally, it is clear that sediment gains occurred in the lower
beach (75% deposition with an average volume of 10,000 m?,
Figure 9C) and in the dune area (91% deposition at P1 and
P5 as in Figures 8A,E) whereas losses are evident in the upper
beach around the southern part of the study site (P3-P5), where it
accounts for —3,900 m* (60% of the zone experienced lowering),
and in the intertidal area (Figure 9B), except at P3 which small
changes are detected.

Overall morphological changes induced by the seven storms
analysed represent a positive net volume difference of 772 m?
in the lower beach area and 6,596 m? in the intertidal as shown
in Figure 9A. Negative net volume differences are found in the
upper beach area, where after the balance of the erosion and
deposition induced by the storms, represents a net volume of —
6,859 m>. Finally, the dune facing area shows the smallest net
volume difference accounting for the comparison of the two DoD
with a value of +244 m?.

A B
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FIGURE 7 | Spatial representation of topographic changes measured pre- and post-Storm Ophelia (A) and Storm Hector (B) at the study site. Four zones (dune
face, upper beach, intertidal channel and lower beach area) are defined where topographic changes are evident. Note that cross-shore profiles are represented with

Frontiers in Earth Science | www.frontiersin.org

m

August 2019 | Volume 7 | Article 190


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Guisado-Pintado and Jackson

The Importance of Concurrent Forcing Parameters

6 . 6 .
A ) Profile 1 ,‘i B Profile 2
51 Pre-storm Ophelia | 5
------ Post-storm Ophelia '
4 ) 4
Pre-Storm Hector
E [ I - Post-Storm Hector Upper-beach AS
£ £
=
£ -
20 £
[T} E 0
T -4
-1
2 2
3 3 : : :
0 20 40 60 80 100 120 140 160 180 200 220 240 260 e e =0 . =0 I _160 480 5200: 220 ,240: 1260
Cross-shore distance (m) Cross-shore distance (m)
c, D ,
e ¥ .
Profile 3 ,,‘l Profile 4
5 5
4
4 Dune toe
3 _3
£, £
- -
& 1 61
2o 2o
1 1+
Intertidal area
2 -2
3 : : : 3 : :
0 20 40 60 80 100 120 140 160 180 200 220 240 260 0 20 40 60 80 100 120 140 160 180 200 220 240 260
Cross-shore distance (m) Cross-shore distance (m)
E
Profile 5
5
4
3
"E‘ 2
21
o,
T
-1
-2
-3 T T T 1
0 20 40 60 8 100 120 140 160 180 200 220 240 260
Cross-shore distance (m)
FIGURE 8 | Diagrams (A-E) correspond to five cross-shore profiles used to compare topographic changes (see Figure 1B). Pre-Storm Ophelia is represented by
the black line and post-Storm with a black dashed line. Red line corresponds to pre-Storm Hector and the post-Storms profile is shown with a dashed red line.

DISCUSSION

Understanding the response of sandy coastlines to high-energy
storm events is important for effective coastal management.
Many studies have deliberated on their actual impact, defining
a whole suite of outcomes from a range of forcing factors
available from site to site and event type (Coco et al, 2014;
Guisado-Pintado et al., 2014, Loureiro et al., 2014; Backstrom
et al., 2015; Burvingt et al., 2017). Storm duration and intensity
are now established as key variables in dictating the degree of
change that may occur along sandy beach and dune coastlines
(Dolan and Davies, 1992; Masselink et al., 2016a,b) but to date,
these are largely generalisations with only a limited number of
studies comparing storm response and effective combinations
of driving factors for beach/dune response (Castelle et al,
2015; Phillips et al., 2017, Guisado-Pintado and Jackson, 2018;
Splinter et al., 2018). The examination of antecedent surface
changes and the definition of storm thresholds is extremely
relevant to anticipate subsequent responses (Gervais et al,
2012) as storm buffering and shoreline response are a direct
result of intertidal configuration. A paucity of studies on
these dynamic systems is caused by the requirement for

regular pre- and post-storm environmental monitoring to gather
an appropriate range of information required at sufficient
spatial and temporal levels. Poor temporal data on beach and
dune topography, hydrodynamic and atmospheric variables
at most coastal sites means that insufficient time-series are
available for adequate analysis of process-responses mechanisms
driving changes.

Here, using two high-energy storm events, we show that
the occurrence of what are deemed automatically as impact
storms may not always play out as predicted. We isolated a
number of key environmental variables under pre-storm and
post-storm periods from both Storm Ophelia (October 2017) and
Storm Hector (June 2018) to provide a range of conditions and
responses to better examine which parameters may prove more
effective at inducing (or not) changes on the sandy intertidal and
back-beach areas of a beach/dune site in NW Ireland along a
high-energy coastline.

The work highlights the importance of having a set of
synchronised environmental variables that, when combined, can
have a highly significant impact in driving actual morphological
changes on sandy beaches and dunes. The use of two
separate and quite different storm events provides a range
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of forcing parameters to better examine those more effective
parameters at play.

Storm Duration

The duration of a storm (effectively the speed of the storm
track) largely commands how long the high magnitude event
will retain those energy levels at a particular site and thereby
enhances the coincidence with high-tide. Storm Ophelia for
example, was a rapidly tracking event, albeit of very high energy
levels, which passed over the site relatively quickly, reducing its
impact compared to Storm Hector which pushed its energy into
a more temporally concentrated period to create more sustained
conditions. Storms that are ‘held’ in place longer will naturally
coincide with the regular high tide level cycles at sites and
therefore impact, particularly dune toe erosion from wave run-
up processes, will be magnified (e.g., Cooper et al., 2004). This
‘held’ erosive phase unfolded during Storm Hector, where we
saw much more dune toe erosion than with Storm Ophelia (see
Figure 7). The Storm Dune Trimming index (SDT) value for
Storm Hector for example, was over four times greater than
during Storm Ophelia, indicating that the storm was coincident
with high tide levels (Figure 6D). Similarly, Storm Hector had
a Storm Severity Index (SSI) over three times that of Storm

Ophelia (Table 3) which suggests that overall, this induced a
more severe morphological impact on the beach/dune which is
in line with Figure 7B, where substantial changes in topography
are more evident. In this sense, the proposed proxy seems to
represent quite well the potential dune trimming from a storm
event. Furthermore, storm events that occurred before Storm
Opbhelia (i.e., S1 and S2) showed high values of SSI, SIP and
STD, suggesting that some of the intertidal changes observed in
the post-storm survey could be associated with the passages of
these two high-energy events as suggested by Guisado-Pintado
and Jackson (2018).

Sediment and Spatial Surface Changes
The Storm Impact Potential (SIP) of Storm Hector was
1.67 times that of Storm Ophelias suggesting a much more
effective sediment movement and displacement of intertidal and
supratidal beach sand under Storm Hector conditions. This again
is likely due to Storm Hector being effectively held over the site
longer and forming a more effective direction (onshore winds
with W to SW orientation) than Storm Ophelia, which gave time
for waves to modify topography.

Comparison of pre- and post-Storms Ophelia and Hector
surface topographies and their cross-shore profiles, the two major
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storms (Figures 7, 8), show localised displacement patterns
that illustrate interesting responses of the beach surface. This
finding indicates where waves have preferentially stripped and
deposited sand as result of forcing in pre-storm and during
storm conditions. For Storm Ophelia, the upper and lower
sections of the beach show strong erosional patterns, with a
central band of deposition running along North to South as
previously discussed by Guisado-Pintado and Jackson (2018). For
Storm Hector, sediment has been removed primarily from the
northern and southern sections (upper and lower beach as seen
in P2, P4 and P5) and then relocated further to the middle of
the beach (around P3), depositing and building up the beach
surface local to the erosion (Figures 7B, 8C). Further erosional
lowering of the intertidal beach is then evident, again in the
southern sections of the site (Figures 8D,E). Storm Hector’s
‘held” position may have allowed more focussing of wave energy
with a more onshore component of the storm compared to
Storm Ophelia given that storm duration was coincident with
onshore winds that were highly synchronised with high tide
levels at the site. This resulted in a significant change on the
front dunes, undergoing sediment loss due to dune toe trimming
and resultant collapse that can be seen as depositional areas
(91% of deposition) in the DoD (Figures 7B, 9C). In the
case of Storm Ophelia, cross-shore sediment transport processes
seem to be responsible for sediment lost in the upper beach
and in the intertidal channel whereas morphological changes
observed along the dune face are indicative of alongshore
processes and exchanges. This finding shows that alongshore
dune retreat is heterogeneous and driven by particular dune
morphology present, antecedent beach volumes and likely
nearshore bathymetric configurations.

Further, the observed vertical dune face differences in P4
(Figure 8D) between Storm Ophelia and Storm Hector seems
to be the result of large-scale slumping and sediment cascading
down the front dune face. Sediment is then re-worked and
trimmed vertically to create the new profile found around the
time of the Storm Hector event. In Profile 5 (Figure 8E), the
lateral retreat of the dune face is due to wave erosion of the
dune toe and sediment being moved offshore onto the back beach
profile (vertical accretion pattern compared to Storm Ophelia
cross-shore profiles). However, the changes found in the same
profile, for instance the offset of P5, is likely the result of all
intervening (smaller) storm and lower energy events occurring
in the time period between the field campaigns (September 2017
to June 2018) and not just the product of the two storms,
particularly Hector.

Differences in the alongshore response to high-energy events
have been widely discussed. Several authors have argued that this
range of responses can play out at different scales, from meters up
to 1 km, depending on a combination of physical and dynamic
variables (Harley et al., 2009, Gervais et al., 2012; Haerens et al.,
2012; Houser, 2013; Loureiro et al., 2014; Splinter et al., 2018).
A myriad of physical static factors such as coastline orientation
and exposure to predominant wave direction, existence of
emerged landforms (capes and rocky headlands), submerged
morphological features (nearshore bars), underlying geological
control (Jackson et al., 2005; Jackson and Cooper, 2009) as well as

antecedent morphology conditions (e.g., beach slope, intertidal
channels), and dynamic environmental variables such as wave
height and tidal levels, wind speed, direction and duration
and the synchronicity of all of them can lessen or enhance
actual beach response. In terms of quantification of areal and
volumetric changes (Figure 9), a noticeable variability alongshore
(Figure 7) and in the cross-shore (Figure 8) exists. In Storms
Ophelia and Hector, post-storm topography, an alongshore
variability pattern is evident whereas the spatial configuration of
sediment exchanges and actual distribution are dissimilar. This
result suggests the important role of environmental variables
(particularly wave energy and run up) not only in the generation
of morphological changes but in the reorganising of sediment
into different available spaces (Coco et al., 2014) along and across
the beach/dune system. This is particularly the case for pre-Storm
Hector intertidal beach configuration where summer conditions
may have accentuated morphology by the presence of nearshore
bars (qualitative TLC imagery reinforces the presence of bars).

Pre-event “Storms” and Adjustment of

Antecedent Topography

Pre-storm events (S1-S2 for Storm Ophelia) may also have played
a very important role in sculpting the intertidal topography
so they cannot be ignored in the analysis. As a result, their
cumulative effect may have added significantly to the actual
Storm Ophelia event. Two of the three pre-Ophelia events have
significantly higher SSI and SIPs and resulting SDTs than Storm
Ophelia, sometimes by a huge margin. In addition, two of these
events coincided with high tide and thus TWLs reached were
above mean dune toe heights (Figures 5C,D and Table 2),
particularly along the southern part of the site. Likewise, the
two preceding storms of Storm Hector were (combined) at
or exceeding the values of its SSI and SIP, albeit resulting in
half of the SDT of the Storm Hector event itself, potentially
due to neither of them accounting for TWL above the mean
dune toe height or neither of them lasted beyond a high tide
cycle whereas Storm Hector did (Figure 6D and Table 2).
This highlights the importance of any pre-events that help
adjust the antecedent surface beach conditions and possibly
dictating future beach response, depending on pre-established
surface heterogeneity.

It must also be recognised that any post-storm recovery
of the intertidal and dune toe area may restore the beach
topography into somewhat different configurations than its
previous form and therefore subsequent hydrodynamics may
undergo a different set of behavioural patterns than that of
previous events.

CONCLUSION

Using two, quite different high-energy storm events, a range of
conditions and responses has enabled examination of the relative
importance of forcing factors on shoreline change dynamics on
sandy beach and dune systems. In order to fully assess beach
response several key parameters, deemed significant in driving
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coastal changes, including storm duration and orientation, storm
track line speed, local wave height and tidal water levels were
isolated and analysed. Field observations and modelling results
show that synchronicity of variables is crucial in driving the
effectiveness of those storm-induced changes along sandy, dune-
fringed coastlines.

Antecedent intertidal beach configuration, as well as pre-
storm clustering events, appears to play important roles in
dictating coastal response. Using a Storm Severity Index (SSI)
and Storm Impact Potential (SIP) to characterise what the site
was subjected to, does not necessarily always result in actual
dune retreat, with field observations showing that effective storm
dune trimming might not materialise if other factors such as high
tide and storm duration are not synchronised. However, the new
proxy Storm Dune Trimming index resulted in an accurate proxy
for potential and effective wave run-up and subsequent dune
trimming, as qualitatively demonstrated by time-lapse camera
images collected during the storms.

The study shows that for a more complete understanding of
coastal response we need to have a myriad of forcing and response
data captured over sufficient time periods, before, during
and after high-energy events. Despite having an intensively
monitored site such as in this study, understanding detailed
relationships between forcing dynamics and actual coastal
response is fraught with difficulties, with various feedbacks active
in the system, which ultimately complicates the final storm-
response of the beach/dune zone. Even with very high-energy
events such as Storm Ophelia, anticipated to cause significant
coastal impact, a much smaller event such as Storm Hector
proved to be much more effective at causing morphological
(SIP and SDT) change due to having better synchronicity of
forcing factors.

Ultimately, the study confirms that having higher frequency
monitoring at sites goes some way toward bridging the gaps in
our understanding of coastal response to storm activity. This
will help improve how such systems need to be managed in
the future. The coastal-dune response observed in this research
provides regional and local coastal managers with an estimation
of the degree of impact that can be expected with the passage of
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Southwest Bangladesh, located on the Ganges-Brahmaputra-Meghna delta, is
experiencing the impacts of sea level rise (SLR) due to processes at both the local
and global scale. In particular, regional alterations of the hydrodynamic network, due
to embankment construction, have drastically altered effective SLR, placing millions
of inhabitants at risk of prolonged inundation, and threatening the world’s largest
continuous mangrove stand, the Sundarbans National Forest (SNF). In order to
effectively employ landscape recovery solutions, an understanding of local sediment
transport and deposition is critical. This field-based study investigates the sediment
dynamics between the mangrove platform and tidal channels of the SNF using data
from a variety of instruments and sediment samples collected within a forested sub-
basin (~20 km?) fed by a major tidal channel. We observe profound seasonal variability
within the sub-basin, with the wet season exhibiting a deeper and longer inundation of
the mangrove platform and greater suspended sediment concentrations (SSC). Further,
there exists a trend of decreasing SSC and median grain size from the perimeter of
the SNF to the interior, and decreasing SSC from the tidal channel to the platform
at both locations. We project seasonal platform sedimentation rates ranging from
0.17 £ 0.16 cm in the dry season to 1.8 £+ 0.35 cm in the wet season. Importantly, the
annual deposition rate measured at either location is sufficiently rapid to keep pace with
observed rates of effective SLR published in other studies (~1.0-1.7 cm/year). Based
on our results, it appears that many controls on sedimentation are both covariant and of
similar importance to land aggradation in the SNF. While inundation depth and frequency
will likely increase under future SLR scenarios, sediment supply is threatened by India’s
proposed River Linking Project, which could decrease the sediment loads of the Ganges
and Brahmaputra Rivers by as much as 75 and 25%, respectively. These rivers provide
the sediment for the entire delta, and we predict that with decreasing SSC, some
regions— particularly interior sediment-depleted regions—may begin to deteriorate and
become submerged, including within the SNF.

Keywords: hydrodynamics, Bangladesh, sediment transport, seasonal variability, mangrove forest
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INTRODUCTION

Mangrove forests provide a variety of societal benefits, including
storm-surge buffering (e.g., Badola and Hussain, 2005), economic
stimulus from ecotourism (e.g., Satyanarayana et al., 2012),
land stability and erosion minimization (e.g., Carlton, 1974;
Saenger and Siddigi, 1993), and carbon sequestration (e.g.,
Mcleod et al,, 2011; Ray et al., 2011; Alongi, 2012; Twilley
et al, 2018). As populations around the world move toward
coastlines and either alter landscapes or eradicate mangroves
altogether, it is imperative that we understand how these systems
behave under pseudo-natural conditions to help protect these
valuable resources. This study will focus on a portion of the
Sundarbans National Forest (SNF), a relatively pristine mangrove
forest located in southwestern Bangladesh (Figure 1). The total
extent of the Sundarbans reaches across political boundaries
into India, expressing a continuum of fluvial and tidal forces
with increased distance from the modern Ganges-Brahmaputra-
Meghna River mouth (Allison and Kepple, 2001; Rogers et al.,
2013; Flood et al., 2015, 2018). Immediately to the north of
the SNF is an inhabited region where the construction of
earthen embankments (“polders”) has resulted in a substantial
modification of the tidal prism, leading to tidal amplification
and extensive network reorganization (e.g., Pethick and Orford,
2013; Wilson et al., 2017). While attributed to anthropogenic
modification, this tidal amplification also impacts the SNF, and—
coupled with eustatic sea-level change and compaction—has
resulted in an effective sea level rise of 0.7 cm/year at the southern
coast, increasing to 1.7 cm/year near the city of Khulna, which
enhances flood risk across the entire tidal deltaplain (Figure 1;
Steckler et al., 2010; Pethick and Orford, 2013). Furthermore,
the National River Linking Project (NRLP) proposed by India is
expected to reduce freshwater discharge of the Ganges River by
24%, with a corresponding reduction in sediment load by 39-
75% if fully implemented (Higgins et al., 2018). Those authors
further predict a reduction in delta-wide aggradation from 0.36
to 0.25 cm/year under this scenario. Given that >60% of the
sediment deposited in the SNF is recently derived from the
mainstem Ganges-Brahmaputra-Meghna (Allison and Kepple,
2001; Rogers et al., 2013), we expect the impacts of this decrease
in sediment supply to be particularly acute in the SNF.

Several recent investigations have investigated the health and
stability of the SNF platform elevation in the face of locally
accelerated relative sea level rise (e.g., Rogers et al, 2013;
Auerbach et al., 2015; Bomer et al., in review). These previous
efforts have addressed the timing of seasonal sedimentation,
and estimated deposition rates of 1.0 £ 0.9, 1.1 £ 1.0, and
1.32-2.16 £ 0.17-0.26 cm/year, respectively. Collectively, these
studies demonstrate that at present, there is sufficient sediment
being delivered to the SNF for the vertical accretion to keep
pace with rates of local sea level rise, and that the platform is
maintaining its elevation relative to mean high water. However,
knowledge gaps remain concerning what controls sediment
delivery and accumulation within the SNE and how this varies
spatially. To address this need, this study investigates sediment
delivery and deposition within a sub-basin in the SNF, and
how we might expect similar regions to respond given changes

to these functions. Specifically, we combine data from acoustic
and optical instrumentation with physical sediment samples to
address seasonal changes in: (i) tidal channel suspended sediment
concentrations (SSC), water velocity, and grain size; and (ii)
platform inundation depth, duration, and grain size. These
specific parameters have been identified as especially important
in controlling wetland sedimentation in zero-dimensional, mass-
balance models of marsh growth and mangrove sediment
dynamics (e.g., Krone, 1987; Allen, 1990; French, 1993; Furukawa
and Wolanski, 1996; Furukawa et al., 1997; Temmerman et al,,
2004; Capo et al., 2006; Horstman et al., 2015).

STUDY AREA

The SNF is the largest continuous mangrove stand in the world,
with a total area of ~10,000 km? comprised of several major
tidal channels separated by vegetated sub-basins (Figure 1). This
project focuses on a ~20-km? sub-basin in north-central SNE,
immediately adjacent to the human-modified agricultural region,
~100 km inland from the Bay of Bengal (Figure 1). Water and
sediment are primarily delivered to this region by a tidal channel
extending from the Sutarkhali River, called the Sorbathkhali,
which lies between two primary conduit channels that connect
this region to the broader Ganges-Brahmaputra-Meghna river
system: the Pussur and Shibsa Rivers (Figure 1). The majority
of freshwater and sediment are delivered to the region by inland
advection from the Bay of Bengal during the southwest monsoon
season (July to September; e.g., Barua, 1990; Barua et al., 1994;
Allison and Kepple, 2001; Rogers et al., 2013; Shaha and Cho,
2016; Hale et al., 2019). As a result, the entire SNF is characterized
by fresh water (~0 PSU) from July to late November, and brackish
to saline waters (~20-30 PSU) for the remainder of the year
(Shaha and Cho, 2016; Ayers et al., 2017). Accompanying the
fresh water is a substantial change in local suspended sediment
concentration (SSC), which varies by a factor of five or more
from dry-season minima (~0.2 g/l) in June to Monsoon maxima
(>1.5g/l) in September (Hale et al., 2019). These previous studies
provide an excellent backdrop for the research presented here,
which focuses on the specific processes responsible for delivering
sediment from the major tidal channels onto the mangrove forest
platform within the SNF.

The specific focus of this study is on two areas within a
representative ~20-km? sub-basin in the SNF, supplied with
sediment and water by a single channel, the Sorbothkhali
(Figure 1). The Sorbathkhali is ~90 m wide at its diversion
from the Sutarkhali River, with typical thalweg depths ranging
from 7 to 10 m. The channel narrows and shoals with distance
away from this junction, to a width of ~15 m and depth of
~0 m at most interior reaches during spring low tides. While
the absolute platform elevation is difficult to constrain owing
to seasonal variability and limited benchmark availability, the
average inundation depth has previously been reported as ~0.3 m
(Auerbach et al., 2015). Assuming that the Sorbathkhali channel
is the conduit for the majority of flooding water (Auerbach et al.,
2015), approximately 6 x 10° m> of water is conveyed during
spring tides (e.g., Auerbach et al., 2015; Bomer et al., in review).
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FIGURE 1 | Satellite images of the study area, highlighting the Sundarbans mangrove forest (dark green) and representative sub-basin (red box) located proximal to
the heavily modified polder region (light green-tan). Middle image is a zoom of the sub-basin, highlighting the location of the long-term sensors at the Suterkhali
Reserve Forestry Station (SRFS), Sites 1 and 2 where single-day measurements were made seasonally, and sediment grab locations for the wet (diamond) and dry
(circle) seasons. An approximate boundary for this sub-basin is sketched in white. Right-hand panel depicts the experimental design at Sites 1 and 2, demonstrating
the relative locations of the ADCP measurements (gray triangle), channel-bottom measurements (blue), channel-surface measurements (cyan), channel-bank
velocities (green), and platform measurements (purple). Satellite imagery via (Google Earth, 2015, 2017).

Slack High Water

Rising/Falling Tide

The primary vegetation here is the endangered mangrove
Heritiera fomes, locally known as the Sundri, which can grow to
a maximum height of 25 m and prefers freshwater. Other species
found in this region, presented using their local names, include
Gewa, Bain, Pussur, and Kakra (Ghosh et al., 2016).

MATERIALS AND METHODS

This study benefits from the use of a variety of datasets. Long-
term seasonal changes were measured using a Schlumberger
conductivity, temperature, depth (CTD) sensor continuously
deployed in a channel adjacent to the SNF at the Sutarkhali
Forest Ranger Station (SFRS) from October 2017 to March 2018
(Figure 1). In addition, suspended sediment concentration was
recorded ~30 cm above bed (cmab) using a Fisher Scientific
optical backscatter sensor 3 + (OBS). The OBS was calibrated
to SSC using a method described by Hale et al. (2019). In short,
water samples were collected at the same time and depth as OBS
readings, prior to the long-term instrument deployment. Known
sample volumes were then filtered using 0.4 mm glass-fiber filters
to determine SSC. A linear relationship between measured OBS
response and filtered SSC was then derived.

Within the SNE discrete observations were made during
individual spring tide cycles during both the wet and dry
seasons at two locations within the sub-basin: an exterior site
approximately 1 km from the confluence with the Sutarkhali
River (Site 1; Figure 1), and an interior site approximately
5 km further into the forest (Site 2; Figure 1). These locations
were selected based on their relative proximity to the sediment
source (the Sutarkhali River), and correspond to the locations
used in a companion study of platform accumulation

(Bomer et al., in review). Wet season measurements were
collected in October 2017 and dry season observations took
place in March 2018. On each survey day, measurements
began as close to low tide as possible, and continued through
the entire period of platform inundation. Due to daylight
constraints, our results are focused primarily during the rising
limb, slack high, and onset of the ebb portions of the tidal
cycle, with limited observations at the termination of the falling
limb. While the specifics of each survey day varied slightly
due to instrumentation and environmental conditions, the
general approach included: near-bottom measurements of
water depth, velocity profiles (50-250 cmab), temperature, and
SSC (5 cmab); water-surface measurements of temperature,
conductivity, and SSC, and; measurements of water depth and
SSC from the forest platform during periods of inundation
(Figure 1). Velocity profiles were measured using an acoustic
Doppler current profiler (ADCP), which measured velocity
in 10-cm bins extending from 50 to 250 cmab. Measurements
were collected at 1 Hz in 512-second bursts every 10 min,
with the burst-averaged velocities reported herein. During
the dry season, additional water velocity measurements were
made further up the bank using a tilt current meter deployed
~1.25 m below the platform elevation. Platform measurements
occurred at distances of ~50 m and ~90 m from the creek
bank for Sites 1 and 2, respectively, at the locations of the
sediment elevation tables used in a concurrent study by
Bomer et al. (in review; Figure 1). Efforts were made to
ensure that the exact locations of instrument deployment were
consistent across seasons. Surface water samples were also
collected every 30-60 min to calibrate optical instrumentation
measuring SSC, using the method described previously in
this section.
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We used the observed reduction in platform SSC to estimate
the deposition (dz) associated with individual tidal cycles,
according to the following equation:

dz = [(SSC1 — $8C2) x h] /p

where SSCI and SSC2 are the pre-slack-water maximum and
post-slack-water minimum SSC (kg/m3), h is the maximum
inundation depth (m), and pj, is the bulk density of the platform
(kg/m3). All values used for this calculation are described
in Table 1.

In addition to the observations made using acoustic and
optical instrumentation, sediment samples were collected from
the platform at Sites 1 and 2, and at locations spaced
throughout the sub-basin at approximately 400-m intervals
in between sites, with repeat sampling in March 2015 and
October 2015 (Figure 1). Platform samples used to measure
grain size were composed of the seasonally deposited sediment
recovered from the sediment tiles deployed as part of a
companion study by Bomer et al. (in review). Channel samples
(n = 40) were collected at or near low tide, and an effort
was made to collect sediment from the mid/upper bank, as
well as the channel center (presumptive thalweg) at each
station. To the best of our ability, we scraped the upper
~1 cm of these samples to represent the recently transported
material. All samples were measured for their particle size
distribution using a Malvern Mastersizer 2000 laser diffraction
particle size analyzer, after a ~0.5 g subsample was immersed
in sodium hexametaphosphate and sonified to disaggregate
particles. For simplicity, the median grain size (D50) is
presented in this study. Finally, sediment dry bulk density

was calculated as the quotient of dry sediment weight over
volume, using sediment from the upper 10 cm of cores collected
at sites 1 and 2.

RESULTS

Multi-Year Observations From Channel

Adjacent to SNF

Tidal-channel water depth at Suterkhali Reserve Forestry
Station (SRFS) demonstrates a strong semi-diurnal signal,
and pronounced spring-neap variability (Figure 2A). Peak
water levels were higher in the wet season than the dry by
~25 cm, while the water level minimum during the dry-
season observations was ~33 cm lower than that of the wet
season (Figures 2A,D).

Conductivity during our study period began to increase in
early November, reaching a maximum of ~6 PSU in early
January, before apparently dropping to ~3 PSU until recovery
in March (Figure 2B). An important caveat here is that
the CTD was covered in encrusting worms upon recovery.
Conductivity during the dry-season field work, as measured by
replacement sensors not subjected to long-term deployment,
was closer to 15 PSU (Figure 2B). We suggest that the
observed salinity decrease that began in early 2018 is the
product of biofouling.

Although the OBS record is incomplete because of
deployment challenges in this harsh environment, we can
see that SSC at SFRS ranged from 0.05 to ~1.0 g/l during the wet
season field work, and decreased to a minimum of 0.01-0.15 g/I

TABLE 1 | Values of water level, SSC, and velocity measured during the single-day observations.

Site 1 - Wet Site 2 - Wet Site 1 - Dry Site 2 - Dry
Tide data Absolute max (m) 4.881 4.885 4.667 4.532
Absolute min (m) 0.741 0.594 0.191 0.343
Range (m) 414 4.291 4.476 4.189
Platform data Inundation time (min) 266 321 122 105
Inundation depth (cm) 38.8 42.7 6 7.5
Mean SSC (g/I) 0.27 0.22 0.08 0.05
Flood-max SSC (g/l) 0.39 0.33 0.2 0.06
Ebb-min SSC (g/)) 0.14 0.15 0 0.03
Sediment dry bulk density (kg/m?3) 1100 670 760 700
Predicted seasonal deposition (cm) 1.6 2.1 0.3 0.06
Measured vertical accretion (Bomer 1.93 £ 0.46 0.94 +0.24 1.07 £ 0.25 0.81 +0.28
et al., in review) (cm)
Channel surface Mean SSC (g/l) 0.52 0.50 0.32 0.10
Max SSC (g/1) 0.86 0.79 0.64 0.55
Channel bottom Mean SSC (g/l) 0.62 na 0.41 0.1
Max SSC (g/l) 0.90 na 0.66 0.46
Flood Umax (m/s) 0.64 0.44 0.45 0.30
Ebb Umax (m/s) 0.24 0.25 0.30 0.69
Re* (average) 0.27 0.48
0: (average) 1.25 0.47

Note the general trends of decreasing SSC, inundation depth, and inundation duration from wet to dry season at both Sites, and the generally higher SSC observed at
Site 1 vs. Site 2, NA: NA stands for not applicable, as the instrument was not monitoring at that time/location.
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FIGURE 2 | Long-term observations of pressure (A), conductivity (B), and SSC (C) at SRFS, and focused observations of water level during the single-day
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increase in conductivity during the dry season. The dashed line in panel (A) is the platform elevation at Site 1 for reference. For panel (D), dashed and light solid lines
are from SRFS, while dark solid lines are from Sites 1 and 2.

in early January, at which point the sensor appears to have been
completely buried before being re-exposed in March. SSC during
the dry season field work ranged from 0.01 to 0.3 g/ (Figure 2C).

Single-Day Hydrodynamics and
Sediment Dynamics Within the SNF
Tidal range remained relatively constant during the days during
which discrete sampling took place (Figures 2A,D). As measured
at the SRFS, the tidal range during Site 1 sampling days was 4.14
and 4.48 m for wet and dry seasons, respectively (Table 1 and
Figure 3). Similarly, Site 2 sampling days exhibited tidal ranges
of 4.29 and 4.19 m for the wet and dry seasons, respectively.
Despite the similarity of tidal range, the platform inundation
depth and duration were drastically different as a result of the
overall drop in absolute water levels during the dry season
(Figure 2A). Site 1 was inundated for 266 min during the wet
season survey day, and to a maximum depth of 0.39 m (Table 1).
The same location was inundated for 122 min during the dry
season, to a maximum depth of 0.06 m, which correspond to
reductions of 54 and 84%, respectively (Table 1 and Figure 3
columns I, IIT). At Site 2, the platform was inundated for 321 min,
to a maximum depth of 0.43 m during the wet season. During
the dry season, on the other hand, the inundation duration
reduced 67% to 105 min, and inundation depth reduced 81% to
0.08 m (Table 1 and Figure 3 columns II, IV). On the platform,
average SSC was substantially greater during the wet season than
the dry season at both locations. At Site 1, we observed an
average SSC of 0.27 g/l during the wet season, versus 0.08 g/l

during the dry season. Site 2 was similarly dramatic, with average
SSC dropping from 0.22 to 0.05 g/l between seasons (Table 1
and Figure 3).

Water velocities were faster during the wet season than the dry
season, although not substantially. At Site 1 within the channel,
the maximum depth-averaged flooding velocity was 0.64 m/s
during the wet season, compared to 0.45 m/s during the dry
season, a 30% reduction (Table 1 and Figure 3). Moving further
into the sub-basin at Site 2, the depth-averaged velocity reduced
~47% from 0.44 m/s in the wet season to 0.30 m/s in the dry
season (Table 1 and Figure 3). One complication with the burst-
averaged velocities presented here is that during ebbing tides at
Site 1, the interplay between two channels (Figure 1) sets up
~30-m-wide eddies, resulting in rapid flow reversals on ~1-
minute time scales. Because the burst length is ~8.5 min, the
burst-averaged velocity (Figure 3) is considerably lower than
the instantaneous velocity. We do not observe this complication
during flooding tides at Site 1, because flow is divergent rather
than convergent, preventing eddy formation. At Site 2, the single
channel results in uniformly directed currents, with ebb tide
burst-averaged velocities that are faster than at Site 1 (Figure 3).

Average near-bed SSC reduced 33% from 0.62 to 0.41 g/l from
wet to dry seasons at Site 1 (Table 1 and Figure 3). Unfortunately,
near-bed SSC was not measured at Site 2 in the wet season.
During conditions of reduced water velocity observed during
the dry season, near-bed SSC was ~0.11 g/l. SSC at the water
surface was substantially greater during the wet season than the
dry season at both locations. From the OBS, wet season mean
SSC was 0.52 and 0.50 g/l at Sites 1 and 2, respectively. During
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season to dry season. Vertical black line corresponds to the timing of platform inundation, as measured by the platform OBS.

the dry season, the same locations exhibited mean SSC of 0.32
and 0.10 g/, representing reductions of 38 and 80% (Table 1
and Figure 3). SSC maxima at the channel surface were greatest
during the wet season, although the relative decrease during the
dry season was not as drastic as for the mean. Max SSC during the
wet season were 0.86 g/l (Site 1) and 0.79 g/l (Site 2), compared
to dry season SSC of 0.64 and 0.55 g/1 at the same locations, for
respective reductions of 26 and 30% (Table 1 and Figure 3). In
each case, the decrease in SSC within the SNF is smaller than
at the longer-term observation station SRFS, where SSC maxima

during the wet season field work were ~0.8 g/1, vs. ~0.4 g/l dry
season (Figure 1).

Sediment Grain Size

Median grain size on the platform decreases from 31 pum at
the confluence with the Sutarkhali River to 15 pum near Site
2 (Figure 4). Within the channel, samples collected near Site
1 exhibit median diameters ranging from 13 to 30 pm, while
samples near Site 2 are uniformly finer grained (~19 pm).
Interestingly, there is no obvious difference between samples
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collected in the thalweg vs. the channel flank, nor is there a
discernible change between seasons (Figure 4).

DISCUSSION

The field instrument deployment strategy used in this study
is admittedly limited in both temporal and spatial coverage
due to access issues, safety concerns, and available resources.
That said, we are able to provide measurements of sediment
in the tidal channels at two locations within this sub-basin,
paired with observations on the mangrove platform 50-90 m
inland (Figure 1). In doing so, we can address sedimentation
conditions in the best-case scenario (wet season at Site 1), and a
substantially less-optimal example (dry season at Site 2). Finally,
extrapolating from a handful of tidal cycles to a year’s worth
of deposition will never capture the full range of sedimentary
or diagenetic processes, even if our measurements occur during
periods corresponding to the annual minima and maxima for
conditions related to sedimentation (Figure 2). Instead, as we
demonstrate in the following sections, we are encouraged that
based on the similarity of our extrapolated deposition rates, and
those observed by previous and concurrent studies (Rogers et al.,
2013; Bomer et al., in review), we appear to be measuring and
comparing the appropriate controlling forces. Future research in
this area should build upon these initial observations to develop
numerical simulations (sensu Horstman et al., 2015) that will
help explain both spatial and temporal variability that this study
can not address.

Sedimentation Controls
A persistent challenge in untangling the controls on
sedimentation is that they are often covariant. This is clearly the

case on the platform in the SNE as the dry season features less-
frequent and shallower inundation depths, shorter inundation
durations, and lower SSC (Table 1 and Figure 3), all of which
likely combine to reduce seasonal deposition. One parameter that
remains consistent across seasons is the grain size distribution,
which controls settling velocity and therefore the efficiency
of sediment delivery to and across the platform (Figure 4).
Our laboratory analysis of particle sizes, however, ignores the
potential for sediment aggregation as a result of either biological
processes or the electrochemical properties of fine-grained
particles in salt water (e.g., Mietta et al., 2009; Manning et al.,
2013). Aggregates (loosely cohesive packets of fine-grained
sediment and organic matter) can behave like coarser particles
in the water column, requiring additional turbulence to be
advected upward, and settling more rapidly during periods of
slack water (Manning et al., 2013). We might expect, therefore,
that surface SSC in the dry-season channel is reduced more
rapidly at slack water than during the wet-season. This effect
can be observed most clearly in the time series observations of
SSC at Site 1 during the wet and dry seasons (Figure 3). During
the monsoon, there is relatively little difference between SSC
at the channel surface and bottom, suggesting a well-mixed
water column, and relatively little settling by what we assume
to be disaggregated sediment particles. While the lowest values
of SSC are observed near slack-high tide (Figure 3), there is
generally poor correlation between velocity and SSC (Figure 5).
During the dry season, on the other hand, not only is there a
stronger coupling between SSC and velocity (Figure 5), but
while near-bed SSC reduces by ~60% to ~0.2 g/l, surface SSC
decreases to effectively 0 g/l (Figure 3). Similarly, wet season
SSC on the platform at Site 1 is 61% lower than SSC in the
channel at the onset of inundation (0.26 g/l vs. 0.67 g/I; Figure 3).
During the dry season, the reduction from channel to platform
is closer to 90% (0.50 to 0.05 g/l; Figure 3). In each case, the
implication is that not only is the overall sediment supply
reduced during the dry season, but the sediment in suspension
is actually largely unavailable to nourish platform interiors
within vegetated sub-basins (here extending ~6 km from the
main Sutarkhali channel). This observation does not discount
the presence of biological aggregation, however, we interpret
the enhanced dry-season settling as indicative of the relatively
greater importance of electrochemical processes here.

Based on our observations of environmental conditions, we
expect substantially more sediment to be deposited on the
platform during the wet season than the dry season. At a
fundamental level, we observe that the platform floods more
frequently and to greater depth because of the seasonal water-
level setup (~25 cm; Figure 2), and the water flooding the
platform is carrying dramatically more sediment in suspension
(0.22-0.27 vs. 0.05-0.08 g/I; Table 1 and Figures 3, 5). These
conditions should promote enhanced deposition, as described
by Rogers et al. (2013). In their study of deposition rates at the
same locations as this study, Bomer et al. (in review) also observe
substantially more frequent and prolonged inundation during
the wet season. Those authors measured an average vertical
accretion of 1.44 £ 0.35 cm during the wet season (typically
measured in October), compared to 0.94 £ 0.27 cm during
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current speed is a poor predictor of SSC in either season.
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FIGURE 5 | Water level against tidal-channel SSC (A,B) and depth-averaged current speed against tidal-channel SSC (C,D), for Site 1 (left) and Site 2 (right). SSC
maxima occur immediately prior to inundation at Site 1, and near water-level minima at Site 2. SSC is generally higher during flood currents (open symbols), however,

the dry season (typically measured in March-May), with no
significant difference between the groups.

As described in the section “Materials and Methods,” we
estimate the amount of sediment deposited on each tidal cycle,
assuming that the difference between the maximum flood-limb
SSC and the minimum ebb-limb SSC is the product of deposition.
This assumption is supported by a comparison of the settling
velocities of the particles at each site, to the depth of the water
column at each location. Based on Gibbs et al. (1971), we would
expect the median grain size particles at Site 1 (31 um) and Site 2
(14 pm) to settle at rates of 0.085 and 0.023 cm/s, respectively.
These values are likely conservative, as mud particles often
aggregate or flocculate as described above, settling at faster rates
than the constituent particles (Mietta et al., 2009). Based on these
conservative settling rates and the inundation depths described
in Table 1, we would expect that during the wet season, the water
column at Site 1 could be evacuated of sediment in as few as
7 min during slack high water, while Site 2 might require as
long as 30 min of placid conditions. According to our velocity
measurements in the tidal channel - a much more dynamic

environment — near-slack conditions (U < 0.10 m/s) persist for
~40 min at each location, offering ample time for sediment
to settle from suspension (Figure 3). Previous research has
demonstrated the effectiveness of pneumatophores at trapping
sediment, with the mangrove platform often serving as a one-
way pump for fine-grained material (Wolanski, 1995; Furukawa
et al.,, 1997; Victor et al., 2004). As such, conditions promoting
sediment accumulation are unlikely to improve with increased
distance from the channel. Our observations should therefore
be considered a “best-case” scenario. Locations further from the
sediment source are unlikely to demonstrate deposition rates
faster than those estimated here, given the well-understood
process of reduced SSC with distance from source both from
the literature (e.g., Delaune et al., 1978; Reed, 1988; Christiansen
etal., 2000), and between Site 1 and Site 2 in this study (Figure 3).

To estimate deposition on the platform during a single tidal
cycle, we can begin with an examination of the observations
made at Site 1 during the wet season, where we observe a
maximum SSC of 0.39 g/l during the flood limb, and a minimum
SSC of 0.14 g/l on the ebb. Interestingly, this reduction in SSC

Frontiers in Earth Science | www.frontiersin.org

August 2019 | Volume 7 | Article 211


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Hale et al.

Sediment Dynamics in the Sundarbans National Forest

(0.25 g/1) is almost identical to the difference back-calculated by
Auerbach et al. (2015), when considering sediment deposition
in the adjacent poldered region. Assuming that the SSC we
measured near the platform bed was consistent throughout
the ~0.39 m water column, 97.5 g/m? of sediment would
come out of suspension at slack high water. Dry bulk density
for surface samples collected at Site 1 is 1100 kg/m> in the
wet season, and the resulting quotient suggests deposition of
87 x 1073 cm per inundation cycle (Table 1). While this
value may appear unimpressive, the significance is gained when
we extrapolate based on the number of inundation periods
that occur under similar conditions of SSC and depth. If we
assume, for example, that this location is influenced by similar
peak monsoon forces for 90 days (180 inundation periods)
per year, we would expect deposition of ~1.6 cm during
that time frame (Table 1); similar to the average deposition
of 1.1 cm/wet season observed by Rogers et al. (2013). The
same location we would expect an order of magnitude lower
deposition (0.3 cm) based on the conditions observed during
the dry season (Table 1). Predicted deposition rates at Site 2
are similar to Site 1, ranging from 2.1 to 0.06 cm/season for
the wet and dry seasons, respectively (Table 1). Of course,
these estimates assume that the entire decrease in SSC at
slack high tide is a result of deposition, that there is no
subsequent erosion, and that this accounts for all of the
deposition that occurs during a given inundation cycle. These
assumptions are justified based on our calculations of settling
times (<10 min), our observations of little to no sediment
resuspension on the platform (Figure 3), and the observations
of Furukawa et al. (1997) who describe sediment trapping by
pneumatophores. We concede here, however, that these back-
of-the-envelope calculations only apply directly to the interior
of the vegetated platform proximal to (50-90 m) the channel
margin, as it is readily accepted that sediment accumulation
decreases — often exponentially — with distance from the channel
edge (Delaune et al, 1978; Reed, 1988; Christiansen et al,
2000). For the wet season, at least, our average predicted
deposition (1.8 cm; Table 2) compares favorably with the
measurements made by Bomer et al. (in review; 1.4 cm; Table 2).
Our dry-season prediction (0.3 cm) on the other hand, is
much lower than was observed by Bomer et al. (in review;
0.9 cm; Table 2). Again, our observations are from individual
days extrapolated across an entire season, so a one-for-one
comparison is likely not reasonable. Furthermore, Bomer et al.’s
(in review) measurements of seasonal sediment deposition were
typically made in September-October (wet season) and March-
May (dry season); periods of time that were sensibly based on
the Ganges-Brahmaputra river discharge. As we can see in this
study, however, monsoon-like conditions (nearly fresh water,
elevated SSC, higher water levels) persist in the tidal channels
well into November (Figure 2), allowing for the potential of
additional deposition that would be attributed to the dry season
in that study. Additionally, in this analysis we are assuming that
conditions remain similar throughout either the monsoon or
dry season, which we know to be a simplification (Figure 2).
We are nevertheless encouraged by the similarities between our
calculation and measurements from previous research, and look

TABLE 2 | Predicted change in seasonal deposition according to the projected
changes in suspended sediment supply and fresh water due to the IRLP, as
described by Higgins et al. (2018).

Wet Season
Average (cm)

Dry Season
Average (cm)

Measured vertical accretion (Bomer 1.4 0.9
et al., in review)

Predicted deposition (this study) 1.8 0.2
14% reduction in sediment supply 1.6 <0.2
18% reduction in sediment supply 1.4 <0.1
18% reduction in 1.0 <0.1

sediment + 1 month shorter
freshwater conditions

forward to future colleagues extending these results with a full-
scale numerical simulation, the likes of which was outside the
scope of the present research.

Comparison Between Locations

In addition to the profound seasonal changes observed at our
study locations, there are also important distinctions from within
our sub-basin that help us better understand how sediment
dynamics evolve within Ganges Brahmaputra tidal sub-basins
as a whole. One factor is platform elevation, which is not
only different between Sites 1 and 2, but the magnitude of
this difference appears to change across seasons. To assess this
variability, we adjust the inundation depth by the difference
in the absolute magnitude of tide height as measured at SFRS
(Figure 5). During the wet season, the platform elevation
at Site 2 is approximately 4 cm lower than Site 1. During
the dry season, this difference extends to 15 cm (Figure 5).
This calculation relies on the assumptions that the instrument
deployment locations are identical across seasons, as is the
modification of the tidal waveform between SRFS and the study
sites. Given the similarities between the relative inundation
depths at each site across seasons, we consider these assumptions
to be valid. We suggest that sediment texture plays an important
role in controlling platform elevation. In short, the finer grains
present at Site 2 (15 vs. 30 wm; Figure 4) are more susceptible
to compaction from dewatering, which would be particularly
important during the dry season when inundation frequency
and duration are reduced (e.g., Knott et al., 1987; Nuttle and
Hemand, 1988; Nuttle et al., 1990; Bomer et al., in review). This
is further supported based on our observations of sediment dry
bulk density at the platform surface, which is ~35% greater at
Site 1 than Site 2 (means of 935 and 685 kg/m?, respectively,
Table 1), and which also increases by ~10% from the wet to dry
seasons at Site 2 (876 and 968 kg/m?, respectively), suggesting
that compaction is taking place.

Another factor driving the sediment dynamics is proximity to
large conduit channels, particularly during the dry season when
SSC delta-wide are lower (Barua, 1990; Hale et al., 2019). As
described above, we observe relatively little difference between
the in-channel SSC at Sites 1 and 2 during the wet season
(Figure 3). In contrast, there is a dramatic difference between
the two sites during the dry season, with substantially less SSC
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at the interior location (Site 2). The reason for this may be similar
to the difference in the observed reduction of SSC from channel
to platform described in section “Sedimentation Controls”
above, where an overall decrease in material availability, and
increased settling velocities due to salinity-induced flocculation
combine to reduce the travel distance for a given particle.
While this may seem relatively intuitive, this provides the first
empirical evidence for this phenomenon within the SNF. This
has very important implications as tidal river management
(TRM) projects are being implemented in the poldered region
with the goal of combating some of the deleterious side
effects of the embankments. With TRM, periodic breaches
of the polder wall reconnect sub-basin land with the tidal
channel to accelerate land accretion (Khadim et al, 2013;
Hossain et al., 2015). Based on our observations, TRM
effectiveness would change dramatically based not only on the
season, but also the distance from the larger tidal channels.
We expect this concept to be explored in greater detail in
the near future.

Beyond the obvious elevation difference observed in the
sub-basin between Sites 1 and 2, and their relative distances
from the Sutarkhali channel, they also exhibit fundamentally
different behavior between channel hydrodynamics and sediment
transport. In neither location is velocity a strong predictor of
SSC (Figure 5). Indeed, the strongest correlation occurs at Site
2 during the dry season, where velocity explains ~35% of the
in-channel SSC variance. This weak relationship might suggest
that at each site, local resuspension plays a less important
role in controlling in-channel SSC than advection from up- or
down-stream sources. While this may be true, the roles of local
resuspension and advection are likely much more nuanced.

A comparison of the Shields parameter (6¢) and roughness
Reynolds number (Re,) reveals that with the exception of slack
high water, the critical shear stress for resuspension is always
exceeded (Table 1; Shields, 1936; Miller et al., 1977). Here,
shear velocity was determined calculated as the quotient of
von Kiarmdn’s constant divided by the slope of the curve of
velocity versus the natural log of depth, as described by the
Law of the Wall. We performed these calculations using data
from the relatively quiescent dry season; the stronger velocities
observed during the wet season would only serve to enhance
shear in the water column and stress on the bed. Of course,
evaluating the Shields parameter in fine-grained systems can
be fraught, however, our primary reason for using it here is
to highlight an interesting difference in the timing of SSC
maxima observed at our two field locations. At Site 1, the
maximum flood-limb SSC occurs immediately prior to platform
inundation during both the wet and dry season (Figure 5). This
region is characterized by broad (~15 m-wide), muddy banks,
which can continuously provide sediment for resuspension as
they inundate, assuming sufficiently strong shear velocities. In
contrast, peak flood-limb SSC at Site 2 is observed near the
lowest water levels, long before any material in suspension
could be delivered to the platform. The channel has narrowed
substantially at this distance inland, and is completely drained
during spring low tides during the wet and dry seasons. The
banks here are not as wide as at Site 1 and are heavily vegetated,

which can baffle near-bed flow as the water elevation rises,
thereby preventing additional erosion (Furukawa and Wolanski,
1996). Figure 3 compares the average current speed from
the upward-looking ADCP (located on the channel bottom),
with the velocity on the channel flank, ~1.25 m below the
platform elevation, during the dry season. While the flood
velocities in the channel were similar at the two locations, the
velocities on the bank were dramatically different. At Site 2,
the maximum flooding velocity on the bank was 0.03 m/s, a
full order of magnitude lower than the fastest channel velocity,
and unlikely to resuspend bank sediment. In contrast, Site
1 demonstrated bank velocities as fast as 0.15 m/s, which is
34% as fast as the channel velocity, and certainly capable of
resuspension (Figure 3). This additional source of sediment is
one of several mechanisms that help to explain the increased
deposition seen at Site 1 relative to Site 2, as observed by
Bomer et al. (in review; Table 1).

Spatio-Temporal Variability and Future

Implications

Interestingly, the deposition rates determined by this and other
recent studies (e.g., Rogers et al., 2013; Auerbach et al., 2015;
Bomer et al, in review) are similar to the local deposition
rates observed across the entire Holocene (0.7-1.0 cm/year;
Ayers et al.,, 2016). Further to the west, where sedimentation
has been reduced as a result of the eastward migration
of the Ganges River over the past 4000 years, the long-
term deposition rates are closer to 0.1-0.2 cm/year (Flood
et al, 2015). It would be an oversimplification to imply
that this spatial variability stems exclusively from a moving
sediment supply. Many boundary conditions, including upstream
sediment supply, reservoir construction, sea level, and polder
construction have all played a role in effecting delta-wide
sedimentation. Nevertheless, the area that has been subject
to the most-dramatic decrease in sediment supply (western
delta plain) also demonstrates a reduced accumulation rate.
This provides important context for the effects of a reduced
sediment supply to the SNF—which we can augment with our
observed differences between wet season and dry season SSC
and sedimentation.

For example, consider the possible impacts of a reduced
sediment discharge associated with India’s planned dams and
diversions through the NRLP on sedimentation in the SNEF:
if fully implemented, one result would be a reduction in the
annual suspended sediment load of the Ganges and Brahmaputra
rivers by 39-75% and 9-25%, respectively, with the majority
of this reduction occurring during the wet season (Higgins
et al, 2018). Collectively, this amounts to a reduction in
the total suspended sediment load by 14-18%. Rogers et al.
(2013) estimate that approximately two thirds of the sediment
deposited each monsoon season is of recent (<6 month)
Ganges-Brahmaputra origin, with the remainder being sourced
from antecedent shelf and floodplain deposits. Using the
more optimistic estimate of sediment load reduction (14%),
average wet-season deposition is reduced from 1.8 to ~1.6 cm
(Table 2). Using instead the high-end estimate for total sediment
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load reduction, wet-season deposition decreases further to
~1.4 cm (Table 2). In both scenarios, dry season deposition
is <0.2 cm (Table 2). Of course, by reducing the freshwater
discharge of these rivers by 24 and 6% respectively, we can
also expect the effective duration of monsoon-like conditions
to be reduced by a month or more (Higgins et al, 2018).
Indeed, if we rework our initial estimate of deposition to
reflect a substantially shorter monsoon season (i.e., from 3 to
2 months, or 180 platform-inundating events to 120), wet-
season deposition drops to 1.2 cm. With less sediment being
delivered to the region, a smaller freshwater contribution to the
wet season water levels, and a longer duration of conditions
that do not favor sedimentation, we expect sedimentation
rates within the SNF to be reduced as a result of a fully
implemented IRLP. Further, we expect the combined effects of
these impacts to result in a greater reduction in sedimentation
than any factor acting in isolation. Using the combined worst-
case scenario of maximum suspended load reduction and a
shortened wet season, our estimate of deposition drops to
<1 cm (Table 2). Without adequate sedimentation to offset
the regional relative and effective rates of SLR, the SNF may
drown in place as predicted by Loucks et al. (2010). Importantly,
our analysis neglects the possibility of sediment supplied by
channel scouring downstream of the dams associated with
the IRLP, similar to the scenario on the Mississippi River
described by Nittrouer and Viparelli (2014). That said, as
we discussed in the previous sections, the majority of the
platform is being supplied with silt and finer-grained sediment,
as coarser grains are incapable of being transported to the
platform interior. As such, this remains an important area of
future research.

CONCLUSION

Sedimentation in the SNF is controlled by a combination of
independent factors, including maximum water depth, sediment
particle size, inundation duration, and SSC. Understanding
the interaction of each of these parameters, as well as their
relative importance, is critical to understanding the health
and sustainability of the SNF and tidal deltaplain as a whole.
Furthermore, the SNF stands out as a natural case study to
contrast with the adjacent, heavily modified poldered region,
where significant change is necessary to ensure continued
habitability. In this study, we observe two overarching trends
from a tidal sub-basin located in the SNF. First, we see
that environmental conditions during the wet season are
substantially more conducive to sediment deposition, with more-
frequent and deeper inundation of the platform by fresh water
enriched with suspended sediment. The apparent importance
of salinity on controlling the formation of aggregates was a
particularly interesting find with delta-wide implications in
the face of future changes to the fresh water supply. Second,
we see that the location proximal to the larger tidal channel
(Site 1) exhibits greater SSC values, coarser grain size, and
sits at a higher elevation than the location deeper in the
forest (Site 2), regardless of season. Despite this, predicted

monsoon deposition is actually greater at Site 2 than Site 1,
largely because of the lower sediment bulk density (Table 1).
This combination is particularly interesting, as it suggests
that the coarser grains at Site 1 are building a more-stable
platform capable of maintaining a higher elevation along the
perimeter of SNF sub-basins, while the finer-grained interior
is subject to more-intense compaction and dewatering. We
must be cautious, therefore, in extrapolating our measurements
from channel margins to span the entire lower delta, as
the inaccessible interior regions may be more vulnerable to
changes in sediment supply. We should also consider these
results in practical applications like TRM, and ensure that
sites selected for sluice gates have a sediment supply that is
both robust and sufficiently coarse to build lasting platforms.
Perhaps more important than the observations of the modern
conditions are the implications of these observations in the
context of scenarios for reduced sediment supply in response
to upstream river damming and diversions. In the worst case,
where sediment delivery is reduced by 14-18%, and the duration
of fresh water conditions is shortened by one month or more,
we predict deposition rates ~50% lower than are currently
observed. Not only will this diminish the effectiveness of land
reclamation strategies such as TRM, these rates are below
those of local effective sea level rise, resulting in a threat to
the continued viability of the SNF. Elevated SSC and fresh
water conditions not only appear critical to the delivery of
sediment from the tidal channels to the mangrove platform,
but are also most likely to be affected by changes to the
fresh water or sediment discharges of the larger Ganges and
Brahmaputra rivers.
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Managing coastal flood risk at the regional scale requires a prioritization of economic
resources along the shoreline. Advanced modeling assessment and open-source tools
are now available to support transparent and rigorous risk evaluation and to inform
managers and stakeholders in their choices. However, the issues lay in data availability
and data richness to estimate coastal vulnerability and impacts. The Coastal Risk
Assessment Framework (CRAF) has been developed as part of the Resilience Increasing
Strategies for Coasts - Toolkit (RISC-KIT) EU FP7 project. The framework provides two
levels of analysis. In the first phase, a coastal index approach is applied to identify
a restricted number of potential critical areas for different hazards (i.e., erosion and
flooding). In the second phase, an integrated hazard and impact modeling approach
is applied in the critical areas to assess the direct and indirect impacts of storm events
using a matrix-based approach and a systemic analysis. The framework was tested
on the coastline of the Emilia-Romagna region (northern Italy) for two probabilistic
coastal storms with representative return periods of 10 and 100 years. In this work,
the application of the second phase of the CRAF is presented for two sites, Lido degli
Estensi-Spina (Ferrara province) and Milano Marittima (Ravenna province). The hazard
modeling of floods was implemented using a coupling between XBeach and Lisflood-
FP. The Integrated Disruption Assessment (INDRA) model was applied to quantify direct
and indirect impacts. The impact assessment focused on household’s financial recovery,
business disruption and financial recovery, transport network disruption and risk to life.
The considered business sector comprised the key economic activities related to the
sun-and-beach tourism, which is one of the main drivers of the regional economy.
A Multi-Criteria Analysis was applied to support decision-makers to identify the most
critical site. The importance of detailed physical and socio-economic data collected at
the regional and local levels is highlighted and discussed, together with the importance
to involve different stakeholders in the process (e.g., through interviews and surveys).
The limitations of the applied approach due to data quality and availability and to the
assumptions introduced in the hazard and disruption models are highlighted.
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INTRODUCTION

Coastal areas represent one of the most vulnerable environments
worldwide due to the high population density and the pressure
of human activities. Sea level rise and increased storminess due
to climate change is consequently expected to increase coastal
flooding and intensify the frequency and magnitude of coastal
impacts, posing a threat to coastal communities. The population
exposed to coastal flooding is predicted to increase to up to
1.52-3.65 million by the end of the century (Vousdoukas et al.,
2018b). In parallel, the present expected annual damage of 1.25
billion Euro is projected to increase, ranging between 93 and 961
billion Euro by the end of the century, thus increasing of two or
three orders of magnitude the present expected annual damage
(Vousdoukas et al., 2018b). In terms of vulnerability, one fourth
of low coastal areas are retreating globally (Luijendijk et al., 2018)
and the total amount of eroded land is twice that which is gained
(Mentaschi et al., 2018). The IPCC (2018) report highlights that
risks can be reduced if proper and effective adaptation and
mitigation options are activated. Additionally, the Science for
Disaster Risk Management report (Poljansek et al., 2017) states
that “The discrepancies in data quality are sometimes asserted an
excuse to delay risk analysis and modeling, but it is infinitely better
to embark on a risk assessment and analysis process from the outset
than wait until better data become available. A “1-in-100 event”
could happen tomorrow, it is better to have tried, and commit
resources to develop a greater understanding of the risks as far
as possible now (and so identify key weaknesses and data gaps)
than postpone action until better data are collected.” Therefore,
greater effort should focus on using the best available data and
information to carry out comprehensive impact assessments
of different hazards. This will provide decision makers with
a better idea of the most probable consequences so that they
can take action and implement new measures or improve those
already in place. Decision makers should also be informed of
the uncertainties associated with data and processes used in the
quantification of the impact of extreme events.

Whereas risk can be defined by a simple product equation of
the hazard probability and its consequences, its quantification
remains complex. Assessing the consequences requires the
evaluation of hazard intensities together with the direct exposure
of assets and their vulnerability (Gouldby et al., 2005). Coastal
hazards are of a different nature and intensities and can vary
through time (Zscheischler et al., 2018). They can also impact
in combination (multi-hazards). Exposure analysis requires
the georeferenced mapping of both the built and the natural
environment. Land use maps are static by nature and used
as such in impact assessment. Yet, the exposed assets may
vary by their activities in the short term (e.g., seasonal) or by
type in the long term, as land use changes. Vulnerability is
even more ambitious to define as it varies through time and
includes the intrinsic nature of each exposed element, even for
the well-studied flood depth-damage curves where much debate
exists on which method provides the most accurate estimation
(Jongman et al., 2012). The estimation of indirect and systematic
impacts is often avoided biasing decision making toward the
direct impacts (Meyer et al., 2013), but must be now encouraged

(UNISDR, 2015). Indeed, the impacts of an extreme event can
generate effects that last for many weeks or years after the
event, and even be permanent, and affect areas and activities
that are located far from the coastline and from the impacted
site. As a result of difficulties in computing and retrieving the
necessary information with a sufficient level of accuracy and
reliability, the evaluation of certain consequences is often avoided
or implemented by using simple methodologies at large scales,
undermining the analysis of critical differences in the impact
assessment (Viavattene et al., 2018).

Recent research activities have shown important advancement
in risk assessments. Several studies focus on the definition
of hazard scenarios, discussing their potential impacts (e.g.,
Villatoro et al., 2014; Ruol et al., 2018; Favaretto et al., 2019).
Most of risk assessment studies combine the hazard evaluation,
obtained with various hazard models, with exposure maps to
infer the number and nature of probable affected assets (e.g.,
Perini et al., 2016; Aucelli et al., 2017). Other studies include
vulnerability concepts (e.g., Torresan et al., 2012). The obtained
results should be considered as an indication of the potential
risk, rather than a proper quantification of the risk. Some studies
present valuable approaches, combining hazard, vulnerability,
and exposure of coastal areas (e.g., Zanuttigh et al, 2014;
Erikson et al., 2018). Significant improvements in risk assessment
science were delivered by multi-disciplinary projects such as,
e.g., THESEUS (Zanuttigh, 2011), MICORE (Ferreira et al.,
2009; Ciavola et al,, 2011), and RISC-KIT (Van Dongeren et al.,
2018). Specifically, the RISC-KIT Project' (Van Dongeren et al.,
2018) developed management tools with the aim to support
coastal administrations to perform proper risk and impact
assessment, improving the prevention and preparedness phases
of the disaster management cycle. The tools were developed to
derive a comprehensive analysis of multiple hazards and systemic
impacts (Van Dongeren et al., 2018).

The Coastal Risk Assessment Framework (CRAF; Viavattene
et al, 2018) is the RISC-KIT regional risk assessment tool
aiming to determine where critical coastal sectors (hotspots) are
located and where coastal managers should act first, therefore
prioritizing their (usually limited) resources. The framework is
composed of two phases. A first screening of the coast (Phase 1)
that includes the computation of a coastal index based on
the identification of exposure indicators and hazard indicators
to provide a shortlist of critical sites (hotspots). Subsequently,
hotspots are ranked (Phase 2) by applying a risk assessment
utilizing more complex hazard models at the local scale (i.e.,
XBeach, Roelvink et al., 2009; Lisflood-FP, Bates and De Roo,
2000) and the Integrated Disruption Assessment model (INDRA,
Viavattene et al., 20152, 2018). The second phase is carried out to
compare the selected hotspots in order to define the most critical
one at the regional level.

This paper presents the implementation of CRAF Phase 2 for
flooding at two coastal hotspots in the Emilia-Romagna (Italy)
coast that were identified as critical through CRAF Phase 1
analysis (Armaroli and Duo, 2018). Beyond this, the paper

Lwww.risckit.eu

thtp:/ /www.risckit.eu/np4/file/383/RISC_KIT_D2.3_CRAF_Guidance.pdf
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highlights the importance of the quality of the input data for
the proper application of an impact assessment, as well as
discusses how data quality, hazard modeling uncertainties and
damage functions selection could affect the reliability of the final
results. The paper discusses the influence of data quality for
the interpretation of the results and to identify the most critical
hotspot, among the ones selected in CRAF Phase 1, in the context
of an urbanized and highly touristic regional coast.

CASE STUDY

The Emilia-Romagna Region (RER hereafter) coastline, facing
the north Adriatic Sea in Italy, stretches over 130 km and is
composed of low-lying sandy beaches mostly of a dissipative
nature (Figure 1, Perini et al., 2016). The majority of landward
territories are below mean sea level, with the lower values
registered in the Ferrara Province. The coastal area is heavily
urbanized, especially in the central-southern parts (Figure 1).
A large number of hard protection structures had been
constructed starting from the late 1970s in order to protect the
coast from erosion and inundation (60% of the regional coastline
is protected by hard structures; Perini et al., 2016). There are
few pristine sites that are located in natural parks of the Natura
2000 network. The parks represent the only remaining coastal
areas where flora and fauna are preserved from anthropisation.
However, the vicinity of the natural sites to heavily exploited areas
makes them fragile and exposed to degradation.

The tidal regime is microtidal ranging between 30-40 and
80-90 cm at neap and spring conditions, respectively (Perini
et al, 2016). The coastline is exposed to storms from the
E-NE and SE directions. Prevailing winds are from the same
directions (Bora and Scirocco, respectively) and are able to
generate significant storm waves and high surge levels, although
the modal wave regime is of low energy (91% of Hs below 1.25 m;
Ciavola et al., 2007). The 1-in-1 year return period wave height is
3.3 m with a peak period of 7.7 s (Armaroli et al., 2009). Storm
tides represent a threat for the coastal area because they can
double the tidal effect (1-in-10 years return period surge ~1 m,
Masina and Ciavola, 2011) and are mainly associated with SE
winds. Subsidence rates exacerbate the exposure of coastal lands
to the impact of storms. Subsidence affects the whole coastline
to varying degrees and is the result of the natural compaction
of alluvial sediments that compose the Po River plain and of
human activities, such as groundwater and natural gas extraction
(Teatini et al., 2005; Taramelli et al., 2015; Perini et al., 2017;
Antonellini et al,, 2019). The peak values are registered at the
coast near Ravenna (2 cm/year).

The main coastal hazards are beach erosion and inundation
that cause sediment loss and beach width reduction, along with
damages to coastal structures and infrastructures. A major event
occurred on 5-7 February 2015 (Hs = 4.6 m, Tp = 9.9 s, wave
dir = ENE - measured at the Cesenatico wave rider buoy at the
peak of the storm; max water level = 1.2 m measured at Porto
Corsini tide gauge, Figure 1; Duo et al,, 2018). This caused the
extensive inundation of landward areas and impressive beach
erosion. Perini et al. (2015a,b) report that the inundated area

was, in several localities, comparable to the 100 years return
period flood extension computed by the regional authorities
in the framework of the EU Floods Directive (Perini et al.,
2016, 2017), while in other locations it appeared to be closer
to the 10 years return period flood map (Duo et al., 2018). In
some coastal towns located in the Ravenna Province a flood
water level of up to 2 m was measured (Perini et al., 2015a,b).
The event was followed by extraordinary interventions to repair
the damages and nourish the shores with 1.2 million cubic
meters of sand taken from offshore deposits. The Italian and
Regional Governments allocated 20 million Euro to finance
the interventions’.

The coastal area is very important for the regional economy
as it includes a large number of activities related to the sun-
and-beach tourism. The tourist presence in 2017 (between
January and December) in the Riviera (the coastal area of
the Emilia-Romagna region) was almost 7 million visitors.
The summer period only (May-September) registered
almost 5.5 million visitors®. Tourism represents 11% of
the Regional GDP, with the Riviera as the main driver of
the leisure industry. The leisure industry is represented
by the “chain” that includes accommodations, concessions
(areas occupied by permanent structures, located on the
rear part of the beach, that are granted to private entities
who pay a yearly fee to the State to be allowed to use the
public land for entrepreneur activities) and facilities such as
sun-chairs and umbrellas, restaurants, bars, gym, changing
cabinets, showers, etc.

Two coastal hotspots were selected to evaluate the direct and
indirect impacts of extreme events. The hotspots were identified
through the application of the first phase of the Coastal Risk
Assessment Framework developed in the RISC-KIT project (for
more details on the project refer to Van Dongeren et al., 2018; for
CRAF phase 1 application along the Emilia-Romagna coastline
refer to Armaroli and Duo, 2018). The identified hotspots are the
Lido degli Estensi-Lido di Spina coastal area (hereafter referred to
as HS1, Ferrara province, Figure 1) and Milano Marittima (HS2,
Ravenna province, Figure 1). Both locations experienced impacts
in February 2015 (see Duo et al., 2018 for HSI; Perini et al,
2015a,b for HS2). Furthermore, HS1 and HS2 were identified by
local end-users as the areas where a more detailed evaluation of
the direct and indirect impacts caused by extreme events should
be carried out. Herein, the impacts of flooding are discussed.

HS1 - Lido degli Estensi-Lido di Spina

The coastal villages of Lido degli Estensi and Lido di Spina
are located in the Ferrara province (Figure 1). The area is
bounded by the Porto Garibaldi jetty in the northern part. The
analyzed beach extends southward by almost 4 km. The beach
is composed of fine to medium sand and is very dissipative.
The shore at Lido degli Estensi has a maximum width of
250 m, one of the largest of the regional coastline. The sand

3https://www.ferraraitalia.it/ripascimento-della-costa-aggiudicata-la- gara- per-
20-milioni-79268.html

*https://www.ucer.camcom.it/osservatori- regionali/os- turistico/pdf17/2017-
rapporto-consuntivo-turismo-er.pdf
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FIGURE 1 | Coastal area of the Emilia Romagna region. The localities cited in the text are indicated. On the right: Lido degli Estensi-Lido di Spina (HS1) and Milano
Marittima (HS2). The different colors in the inset indicate the four coastal provinces (modified from Armaroli and Duo, 2018).

accumulation is due to interruption of longshore sediment
transport caused by the Porto Garibaldi jetty that was built
in the early 1940s to protect the mouth of the navigation
channel of Porto Garibaldi. The backshore is urbanized, and
the beach is predominantly occupied by bathing establishments
with some remaining dunes in-between structures. The economic
activities of the area are based on fishery, aquaculture,
agriculture, summer (coastal) leisure activities and eco-tourism
(the site is located in the Po Delta Park that is part of the
Natura 2000 network).

HS2 - Milano Marittima

The Milano Marittima site is in the Ravenna province (Figure 1).
The beach is almost 5 km long and comprised between the
artificial canal “Scolo Cupo” in the north and the Cervia port
in the south. The beach width is between 50 and 100 m. It is
dissipative with fine to medium sand. The area in 1943 was

characterized by large dune fields and few buildings, especially
located in the southern part of the site. Starting from the early
1970s, HS2 was occupied by many buildings and infrastructure
and development increased until the late 1980s, along with the
destruction of the coastal dunes and occupation of the rear part
of the beach with concessions. At present the site is one of the
most attractive for summer tourism along the regional coastal
area. The number of second homes is large as well as hotels and
other types of accommodation. The main economic activity is
the summer tourism.

METHODS AND DATA

The second phase of the CRAF is aimed at the comparison
between coastal hotspots, that were identified in the first phase
of the framework (see, as an example, Armaroli and Duo, 2018),
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in terms of direct and indirect impacts. In this section, the
methodology for the assessment of the impact of extreme coastal
flood events is presented. It consists of two main parts: the
hazard and the impact modules. The hazard (see Inundation
Modeling and Extreme Events Selection) is assessed through
numerical models forced with literature-based design extreme
events. The risk assessment is completed through the application
of the Integrated Disruption Assessment (INDRA) module (see
The Integrated Disruption Assessment (INDRA) Module) able
to quantify direct (see Direct Impacts) and indirect (see Indirect
Impacts) impacts. The comparison between hotspots is done
through a Multi Criteria Analysis [see Multi Criteria Analysis
(MCA)] which is based on the involvement of regional and
local stakeholders.

Inundation Modeling and Extreme Events

Selection

The hazard modeling is implemented through a model chain
coupling XBeach (Roelvink et al., 2009) 1D profiles with a 2D
Lisflood-FP (Bates and De Roo, 2000; Bates et al., 2005) model
of the hinterland (Figure 2). The XBeach model computes the
hydro-morphodynamics of the profile for a given extreme forcing
event. The discharge time series of the profiles, that are calculated
considering the morphodynamic feedback of the profile, are
therefore used as input for the Lisflood model that computes
the inundation maps (i.e., water depth, velocity and flood-
depth velocity). Specifically, the link between the two models
is implemented through Matlab scripts that read the discharge
timeseries calculated by the XBeach model for each profile and
process them to provide water discharges. For each profile, the
position (P) where the discharge time series is read by the scripts,
is located around 10 m inland from the location where beach
erosion interrupts. Since each profile is representative of a beach
sector with a specific length (L), the discharge time series for
the Lisflood model are corrected taking into account the length
of each sector. Additionally, in order to avoid localized massive
and unrealistic amounts of water pouring into the Lisflood
domain at the discharge location (P), the localized discharge
is distributed between equally spaced points in each sector,
considering the cell size of the Lisflood model grid and the length
(L) of the sector.

The characteristics of the topo-bathymetric dataset are
presented in Table 1. Different datasets from different sources
and with different resolutions (Lidar flights and multibeam
surveys) are merged (covering the emerged and submerged
beach) to obtain a uniform topo-bathymetric model of the area
in order to run the numerical model. A large number of XBeach
profiles are selected (90 for HS1; 106 for HS2) in order to describe
in details the morphology of the beach and the backshore, as
it represents a dominant factor for the inundation modeling.
Each profile is representative of a uniform coastal sector, with
lengths ranging from 9 to 98 m for HS1, and from 7 to 109 m
for HS2. Representative cross-shore profiles along the regional
coastal area are presented in Armaroli and Duo (2018), in their
Figure 2. The water level and wave time series are designed
as triangular shapes (e.g., McCall et al, 2010) based on the

DEM Waves and Water

Levels
1D Topo-
2D Bathymetric
Topography Profiles

XBeach

l

Water Discharge

|

- > LISFLOOD

!

Inundation maps
(water depth, flood
depth-velocity)

!

INDRA

FIGURE 2 | Hazard assessment process and link between XBeach and
Lisflood models.

TABLE 1 | Topo-bathymetric dataset, input for the XBeach (1D Topo-bathymetric
profiles) and Lisflood (2D Topography) models.

Hotspot Area Type Period Merged dataset
ID resolution
HS1 Inland Lidar October 2014 Tmx1m
Nearshore Bathymetric Lidar 2012 5mx5m
Offshore Multibeam 2013 5mx5m
HS2 Emerged Lidar 2012 Tmx1m
Submerged  Bathymetric Lidar 2012 5mx5m

parameters presented by Perini et al. (2016). The forcing levels
in deep water were calculated as the sum of the high tide and
storm surge components while wave data are used as they appear
in Table 2. The direction of each storm is not considered, thus
meaning that the direction of wave propagation is assumed to
be perpendicular to the coast. The results of the model chain are
post-processed to provide the inundation maps of each event in
terms of maximum water depth and flood depth-velocity. The
main parameters used in the model chain (XBeach-Lisflood) are
summarized in Table 3 (Bates and De Roo, 2000; Bates et al., 2005;
Roelvink et al., 2009). XBeach automatically defines the time step
depending on the Courant-Friedrichs-Lewy number (CFL) that
is set as default (0.7). The time step for LISFLOOD is also set
as default (10 's).
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TABLE 2 | Parameters of the selected extreme events: 10 and 100 years return period storms (T10 and T100, adapted from Perini et al., 2016).

ID Scenario RP Storm Surge High Tide Wave Setup TWL Hs Tp Dur
[years] [m] [m] [m] [m] [m] [seconds] [days]

T10 Freq. 10 0.79 0.4 0.3 1.75 4.7 8.9 1.75

T100 Low Freq. 100 1.02 0.4 0.39 1.81 5.9 9.9 2.3

Water levels, wave characteristics and duration of each event.

TABLE 3 | Modified parameters from the default settings for both models (XBeach
and Lisflood) used for the analysis.

Model Parameters Grid resolution

XBeach (1D) Average sediment grain size (D50):

0.00023 m

Factor related to the effect of the wave
form on the sediment transport
(facua): 0.1

Morphological acceleration factor
(morfac): 5

Surf and emerged
area: ~1m

Offshore area: ~20 m

Interval time of output (tintm): 1800 s

Lisflood-FP (2D) Infiltration rate (infiltration): 0.00003 m/s 3 m x 3 m

The Integrated Disruption Assessment
(INDRA) Module

The direct and indirect impacts of the simulated coastal events
are assessed with the INDRA model (Integrated Disruption
Assessment). The INDRA model (Viavattene et al., 2018)
produces as outputs eight regional standardized indicators for
a multi-criteria analysis, i.e., risk to life, ecosystem recovery,
household displacement, household financial recovery, business
financial recovery, regional business disruption, regional utilities
disruption, regional transport service disruption (Figure 3) (for
more detailed information on methods see Viavattene et al.,
2015). The INDRA model code® and CRAF application manual
are available online as public deliverables of the RISC-KIT project
(Viavattene et al., 2015°). However, a brief summary of the main
equations and assumptions used in the model are presented in
the following sections. For other applications of the model in
different case study sites the reader is invited to refer to Christie
etal. (2018), De Angeli et al. (2018), and Ferreira et al. (2018).

The calculation of each indicator requires the collection of
specific data on exposed assets and their characteristics. The
estimation of the direct impacts requires the geolocation of assets
(land uses and networks) and vulnerability indicators such as
flood depth damage curves. A common five-point scale (None,
Low, Medium, High, and Very High Impact) is used to measure
the direct impacts; each scale being associated with a hazard
intensity threshold level (e.g., flood depth, flood depth-velocity,
flood duration, erosion distance).

Additional inputs are then required for estimating the
resulting indirect impacts. As such, empirical or synthetic data
are necessary to estimate, e.g., the time spent by households
in alternative accommodation according to the severity of an

Shttp://www.risckit.eu/np4/383.html, T6
6http:/ /www.risckit.eu/np4/file/383/RISC_KIT_D2.3_CRAF_Guidance.pdf

event. Information on penetration rate of insurance is required
to estimate the financial recovery of households and businesses.
INDRA also aims to estimate the loss of services over time
using network analysis. It requires an evaluation of reinstatement
time (e.g., required logistic and repair time for an asset to be
operational) and of their dependencies for the considered assets
(e.g., business supply chain, utility networks).

INDRA aims to compare indicators and hotspots rather than
absolutely quantifying the losses. Therefore, the indicators are
scaled regionally from 0 to 1 (from no regional impact to
all region been impacted). The indicators are then combined
by weighted summation using Multi Criteria Analysis (MCA).
The MCA approach is considered here as an appropriate and
widely used method to support transparent decision-making
between various stakeholders (Janssen, 2001; Belton and Stewart,
2002; Hajkowicz and Higgins, 2008). It permits stakeholders
perspectives to be reflected on the indicators and consensus to
be reached on the selected hotspot(s).

The approach adopted in INDRA recognizes the existing
issues of inconsistent units and of data collection and availability,
and the model was developed to increase flexibility and the
ease of use in the context of scarce or rich data being
available. To maintain a degree of transparency and to support
the stakeholders in their selection, a Data Quality Score is
included in the approach. It consists of scoring between 1 and
5 the different input data (From “1 - Data available and of
sufficient quality” to “5 - No data available, based on multiple
assumptions”). The scoring is carried out through an expert
judgment approach, meaning that the level of quality is assigned
by who carries out the analysis and collects the information,
i.e., who is aware of the quantity and quality of the included
information and datasets.

Data Input for the INDRA Model

The INDRA model is applied to evaluate the direct and indirect
impacts of two extreme events selected as representative of the 10
and 100 years return period storms. At the regional and hotspots
scales households, businesses, risk to life, transport networks
are included in the impact assessment. Ecosystems, including
agricultural areas, were considered as negligible with the end-
users and were scored to 0 by default in the impact assessment
model. Indeed, the coastal zone includes large agricultural areas
and two important natural parks. However, the analysis carried
out builds on the awareness that, although coastal managers
recognize the importance of natural sites, especially in a coastline
where pristine lands are rare and protected, they have to “face the
reality” (Martinez et al., 2018). In fact, the majority of human and
economic resources are spent for the protection and maintenance
of one of the most important economic sectors of the Region, i.e.,
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FIGURE 3 | Impact assessment process of the INDRA model (modified from Viavattene et al., 2018).

tourism in coastal villages and towns where hotels, concessions,
shops and many other facilities are located. Utilities are not taken
into account as in the first phase of the CRAF it was found
that important electricity stations, aqueducts and wastewater
treatment plants are not exposed (Armaroli and Duo, 2018).

Direct Impacts

Direct impacts represent the category of losses associated with
a physical contact with the water. They mainly concern assets
and people and are treated differently in the model. In the next
paragraphs the method used to evaluate direct impacts to assets
(see Direct Impacts to Assets) and people (see Direct Impacts to
People) is presented. An additional section (see Direct Impact to
Other Structures) regarding the direct impact to other structures,
such as schools and cultural heritage sites identified in the two
hotspots, is included.

Direct Impacts to Assets

Impact indicators related to assets are evaluated by estimating
the direct damages to buildings and other assets using flood-
depth damage curves and a building collapse matrix (Figure 3).
Such evaluation requires the identification and location of each
asset. Buildings are identified using 2016 cadastral maps provided
by regional managers, updated with more recent information
where necessary. The polygon features are firstly converted into
points calculating the centroid of each polygon and then the
points manually checked and corrected. The cadastral maps
do not provide a description of the mapped elements and are
classified by default as residential building. For the purpose
of this study only residential buildings, hotels, concessions,
camping sites, cultural heritage buildings and schools have

been classified according to their type, but the rest of non-
residential properties (e.g., public offices, shops, restaurants)
remained classified as residential properties. Such information is
unavailable and will require additional local surveys. Therefore,
the assessment probably overestimates the number of impacted
residential properties and underestimates that of non-residential
properties, with the exception of the typologies listed above
(hotels, concessions, cultural heritage buildings, and schools).
For estimating the regional indicators all regional assets have
to be represented in the model. However, only the exposed
assets have to be represented individually for the impact
assessment. Therefore, all the assets potentially non-exposed (i.e.,
outside the hotspots area) are aggregated. The mapped assets
in each hotspot are the ones falling inside flood-prone areas
derived from the modeling chain (i.e., potentially affected). The
transport network includes both roads and railways and are
mapped at the regional level on the basis of data provided
by regional managers that has been checked and manually
corrected and simplified.

Table 4 includes the vulnerability functions used to evaluate
the direct impacts. The flood-damage curve utilized to compute
the direct impacts is adapted from the study by Scorzini
and Frank (2017). The curve was constructed considering the
damages to residential properties caused by a river flooding that
occurred in Veneto in 2010, the Region that borders Emilia-
Romagna in the north. The decision to use flood-damage curves
for river flooding comes from the fact that similar curves for
marine flooding are not available for Italian coastlines. The
chosen curve is the one developed for single-family detached
buildings, that shows the highest derivative. The thresholds
summarized in Table 4 are defined following the approach
adopted by Sanuy et al. (2018) for the Italian site Lido degli
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TABLE 4 | Vulnerability indicators for the direct impact of flooding and corresponding references.

Land use types Hazard component Th1 Th 2 Th3 Th 4 Very Reference and comments

Low Medium High High
Residential, hotels, flood depth (fd, m) 0 0.3 0.7 9999 Fd curve (single-family detached, “worst case”)
concessions, camping by Scorzini and Frank (2017)
Residential, hotels, flood depth velocity 9999 9999 3 7 Based on building collapse matrix (coastal
concessions, camping (fdv, m2/s) vulnerability indicator (CVI), library RISC-KIT

project’; Karvonen et al., 2000)

Road and railway networks flood depth (fd, m) 0.3 9999 9999 9999 The 0.3 mis considered as an average flood

depth for which transports section will be
closed (based on Penning-Rowsell et al., 2013)

T Available at http://www.risckit.eu/np4/383.html. Th1, 2, 3, and 4 refer to the threshold values used to represent the impact level (low, medium, high, and very

high, respectively).

Estensi-Spina (Ferrara province, Figure 1), which includes part of
HS1. In Sanuy et al. (2018), site-specific damage levels are defined
based on the damage factor value (here translated into water
depths following the adopted curve) in agreement with regional
coastal managers.

The thresholds used for building collapse (Karvonen et al.,
2000) and direct impacts to the transport network (Penning-
Rowsell et al., 2013) are the default values included in the model,
because it was not possible to retrieve such information from
local, regional or national sources (database, literature, reports).
The hazard input in the INDRA model is in the form of a
grid with flood depths (fd) and flood depths-velocities (fdv)
associated to each cell of the grid. In case that low depths
(e.g, 0.3 m < fd < 0.7 m, medium impact, Table 4) but high
velocities occur (i.e., the product flood depth*velocity is e.g.,
above the 3 m?/s threshold according to Table 4, which means
high impact) the model considers the worst condition (ie.,
high impact). The overall Data Quality for assessing the direct
impact is scored 3.

Direct Impacts to People

Loss of life and injuries may result from extreme events.
However, the causes vary and, often, are a combination
of multiple determinants such as lack of warning, time,
type of flooding, surrounding environment, structure collapse,
individual behavior (Jonkman et al., 2008). A simplified method
applicable to regional scale is considered in the model. Risk to
life is evaluated with the matrix produced for the FLOODSITE
project by Priest et al. (2007). The matrix includes simple and
easy-to-access information such as flood-depth velocities and
the nature of the area in terms of building materials, number
of stories and type of property (the matrix is also presented
in Christie et al., 2018 in their Table 8). There are three
levels of vulnerability (low, medium, and high) associated to
different buildings’ characteristics: multi-storey apartments and
masonry concrete and brick properties (low), typical residential
area with mixed types of properties (medium) and mobile
homes, campsites, bungalows and poorly constructed properties
(high). It must be noted that the method does not preclude
the consideration of other determinants such as the presence of
vulnerable population group or flood warning. The matrix was
built taking into account the comprehensive review by Jonkman

et al. (2008) of different risk models and provides a risk to life
score ranking from 0 (no risk to life) to 4 (very high risk to
life). Residential buildings and hotels are associated with the
low vulnerability class, concessions to medium and camping
sites to high. The surface (in km?) of each vulnerability class
in each hotspot is presented in Table 5 with the associated
impact thresholds. The model associates to each property the
flood depth-velocity obtained from the hazard modeling to
derive a risk to life score. The scores from each building are
then aggregated and normalized to calculate a Regionalized Risk
to Life Indicator.

Direct Impact to Other Structures

The direct impact to schools, cultural heritage buildings and
camping sites is evaluated considering the same thresholds
defined for other assets (Table 4). In HS1 there is one school
located not far from the beach and in front of the navigation
channel of Porto Garibaldi. In HS2 four schools are identified
and two cultural heritage sites represented by the Varese and
Montecatini summer colonies built in 1938-1939 that are part of
the regional cultural heritage. The financial recovery for schools
and cultural heritage sites is set to be fully compensated because
they are public properties. It should be underlined that the
colonies represent an important part of the historical heritage of
the region, but they are abandoned and not utilized because the
investments needed to restore the buildings would be very high.

Indirect Impacts
Household Displacement
According to the analysis of recent storm events that caused
the evacuation of the population (in 1999 and 2015), household
displacement is not a major issue when storm events occur.
Specifically, households are displaced for few days and mostly as a
precautionary measure, especially where there is a river flooding
hazard’-® (Perini et al., 2011).

The storm that occurred on 6-7 November 1999 caused
extensive beach erosion along the whole coastal area and

“http://www.comune.ra.it/Notizie- di- copertina/Maltempo-il- diario- delle-
comunicazioni-di-servizio.- L-impegno- di- Comune- Istituzioni- e-mondo-
imprenditoriale- per-far-fronte-all-emergenza
Shttp://protezionecivile.regione.emilia- romagna.it/argomenti/piani-sicurezza-
interventi-urgenti/speciali/febbraio- 2015-emergenza- neve- e- mareggiate/
febbraio-2015-emergenza- neve-e- mareggiate
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TABLE 5 | Site vulnerability classes and related impact thresholds according to fdv values for the risk to life assessment on the basis of the risk to life matrix (Priest et al.,

2007; Christie et al., 2018).

Site vulnerability Low (fdv m?/s) Medium (fdv m2/s)

High (fdv m2/s)

Very High (fdv m2/s) Site vulnerability Site vulnerability

in HS1 (km?) in HS2 (km?)
Low <0.25 0.5-1.1 NA >7 0.38 0.44
Medium <0.25 0.5-1.1 1.1-7 >7 0.03 0.02
High <0.25 0.25-0.5 0.5-1.1 =11 0.14 0.09

The surface extension of each vulnerability class in each hotspot is included. fdv, flood depth-velocity.

inundation (Perini et al., 2011). It is reported that 50 residents
of Cesenatico (Forli-Cesena province, Figure 1) were evacuated.
The event that occurred on 5-6 February 2015 was one of the
most intense ever registered since 1966 (i.e., the most intense
storm occurred along the RER coast; Duo et al, 2018) and
caused severe damages and inundation along the whole regional
area. According to newspapers articles, around 400 people were
evacuated from their homes, but mostly as a preventive measure
due to the high elevation, above the alert level, of the freshwater
inside canals and rivers. Marine flooding affected several villages,
and 20 families were evacuated from their homes in Lido di Savio
(Ravenna province, Figure 1). The information was provided
by end-users and stakeholders during a consultation that took
place in October 2015 with ten stakeholders (representatives of
Land Use planners, Civil Protection, Forest Rangers, Academics,
Regional Meteo Agency, Po Delta Regional Park, Comacchio
Municipality) and by examining local and regional newspapers’
articles. People were evacuated after the peak of the storm
and, after two/three days, they were allowed to go back home.
Damages to households consisted of deposition of mud and sand
on ground floors, and damage to goods and furniture located in
the lower floors.

A comprehensive review of past events centered on household
displacement is not available. Such information is difficult to
recover. In the catalog of past storm events that affected the
regional coastal area between 1946 and 2010, produced for the
Micore EU project’ (Perini et al., 2011), the information on
displacement is limited, especially that related to the duration.
Also, for the 2015 storm, information is difficult to find for
the whole regional area (not even the Regional Civil Protection
official report gives detailed information, especially on the
duration of the displacement and exact location'). Therefore, it
was decided to consider that households are not displaced. The
Data Quality for displacement is considered as poor (3).

Household and Business Financial Recovery

Financial recovery mechanisms may include compensation
provided by both national and regional governments and also
by private insurance companies. They can be in the form of
reimbursements, direct payments, tax breaks or as coverage on
a standard insurance policy.

Ywww.micore.eu

'Ohttp://protezionecivile.regione.emilia-romagna.it/argomenti/piani- sicurezza-
interventi-urgenti/speciali/febbraio-2015-emergenza- neve-e- mareggiate/
febbraio-2015-emergenza- neve-e- mareggiate

In Italy, marine flooding is currently excluded from private
residential insurance policy. Large debate at the political level
occurred between 2012 and 2014 on the proposal to make
compulsory the insurance for inundation of households for all
the areas included within hazard zones. However, any decision
has been currently postponed and the principal financial recovery
mechanism in place is governmental compensation.

Therefore, the financial recovery mechanism for private
properties that was considered in the model is the compensation
that is provided if a disastrous event occurs and only if the
regional government declares the “natural disaster state.” If this
is declared, the regional government can have access to specific
national and regional funds that are allocated to compensate
areas that are affected by catastrophic events (e.g., the 2012
earthquake that occurred in the RER region; the 2015 storm
event in the northern Adriatic). Therefore, compensation is
provided only for high and very high hazards and depends
on the magnitude and extent of the impacts. In Table 6 the
insurance figure for residential properties and business activities
is presented. For households, 15% are associated to Nol (Not
Insured, to include a certain percentage of households that
do not access compensations due to bureaucratic obstacles
and/or non-eligibility for compensations), 85% NolLcomp (Not
Insured, Low compensation, because we are taking into account
extreme events).

TABLE 6 | Financial recovery mechanisms in relation to the scores of the direct
impact on properties and business activities.

Distribution

Assets (from 0 to 1) Direct impact on properties
Low Medium High Very high

Households
No Insurance (Nol) 0.15 2 3 4 5
No Insurance but access 0.85 1 1 2 3
to large government
compensation scheme
(NolLcomp)
Household Financial 1.15 1.3 2.3 3.3
Recovery Score (Hfri)
Business (hotels,
concessions)
Business Not Insured but 1 1 2 3 4
Self-insured (BNolSelf)
Business Financial 1 2 3 4

Recovery Score (Bffri)
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We have interviewed the President of the Consortium of
economic activities (concessions and hotels) located in the
coastal area of the Ferrara Province and he stated that: “there
are no insurance companies that offer policies that cover
the risk of inundation and erosion.” Furthermore, he stated
that “our consortium has created a guarantee fund to collect
money from the associated partners (a sort of auto-taxation)
that is used to finance different activities, among which there
is the compensation to entrepreneurs whose enterprise was
affected by inundation and erosion. The fund is not large
enough to fully compensate each entrepreneur, especially if
the coast (beach and related structures) was largely damaged,
but it is possible to obtain partial compensation. The central
and regional governments do not include businesses in the
compensations provided in the aftermath of a catastrophic
event. Compensation are only meant to refund households.”
Nevertheless, the compensation provided by the private fund is
negligible (max 5000 Euro'') when compared to true damages of
very high impact events.

In Table 6, 100% business activities are associated to BNoISelf
(Business Not Insured, Self-insured) because marine inundation
is not covered by insurance companies for economic activities
in Italy. Nevertheless, after the 2015 storm (Duo et al., 2018),
the regional authorities have mediated between representatives
of economic activities and lending institutions in order to find
an agreement on soft loans to entrepreneurs affected by the
event. Some economic support initiatives were also activated by
the regional government'?. Overall a Data Quality Score of 3 is
attributed to the insurance matrix.

The INDRA model assigns the Household or Business
Financial Recovery Score for each property according to
the level of direct impact. For each asset a scale of recovery
(from 1 = Full financial recovery - recovery with no/few
adverse impacts to 5 = Very low financial recovery is
possible - major and permanent changes to associated
activities) is attributed based on international analyses of
the commonly adopted approaches (Priest, 2014). The
Regionalized Business Financial Recovery Indicator (Ipg)
is then calculated following Table 7. A similar approach is
applied for Household.

Transport Network Disruption

Transport disruption is an important issue along the regional
coastline. If we consider the regional scale, the motorway that
connects the eastern regions of Italy (i.e., the regions that
face the Adriatic Sea) to the northern regions runs along
the coastline and in its southern part is located close to the
coast (Figure 4). For this reason, if flooding occurs in the
southern part of the regional coastline, and if the motorway
and railway lines are affected, the disruption can potentially
become massive for the national transport system. On the
other hand, in the two selected hotspots the transport networks
are represented by local roads and by a limited portion of

http://www.confesercentiferrara.it/mareggiate-un-aiuto-da- confesercenti/
2http://www.comune.ra.it/Notizie- di- copertina/Maltempo-il- diario- delle-
comunicazioni-di-servizio.- L-impegno- di- Comune- Istituzioni- e- mondo-
imprenditoriale- per-far-fronte-all-emergenza

the regional railway line in HS2. The impact assessment is
carried out considering a boundary that includes the whole
regional area and that extends landward up to Bologna
(Figure 4), in order to take into account the most important
routes and junctions.

Accessibility is considered in the model as the principal
“product” of the transportation system (Demirel et al., 2015) and
its loss a good indicator of the disruption for regional analysis.
Accessibility can be reduced by the loss of access to certain sites
and by longer journey to reach certain sites. Two indicators,
a connectivity ratio (Weighted Disconnection between nodes,
WD2/WD1) and a time ratio (Time Lengthening between
nodes, TL1/TL2), are therefore estimated by network analysis
and combined to calculate a Weighted Disconnection and
Time Lengthening Indicator transport (WDTL) by comparing
the situation before (1) and after the event (2) (Sohn, 2005;
Demirel et al., 2015; Mattsson and Jenelius, 2015, Table 7).
The connectivity ratio estimates the loss of connectivity
to places weighted by importance based on stakeholders
inputs. The importance of a place permits to incorporate in
the assessment the relative loss of the option to go from
one place to another, such as the access to locations that
provide essential services or important economy activities
compared to uninhabited locations. WD1 represents the number
of nodes accessible from each node before the disruption,
WD2 the number of accessible nodes after the disruption.
TL2 and TL1 represents the sum of network’s shortest
possible travel times after (2) and before (1) the disruption
(Table 7). The WDTL and related ratios are calculated
following Table 7. WDTL is then integrated over time to
better consider flood duration and repair time to return to
normal condition.

For the present analysis, we have taken into account: local
roads in the two selected hotspots, two important regional roads,
part of the motorway (where it is located close to the coast, i.e.,
southern part of the regional coastline), the main provincial roads
that connect the coastal villages to the main regional and national
roads and the national and regional railway lines. A Data Quality
Score of 2 is given to the input information for the transport
network disruption.

Business Disruption

The business sector along the RER coastline is represented by the
sun-and-beach tourism and, specifically, by the concessions that
offer a large number of services to their clients. There are many
hotels along the whole regional coastline and most of them offer
special prices in nearby concessions.

Business disruption is firstly represented by the damage, and
time for repair, to concessions and hotels that can negatively
affect the whole hotspot area. A business supply chain approach
derived from graph theory approaches is then used to model
the principal business facilities in form of nodes and the
business interactions or exchanges in form of arcs (Wagner
and Neshat, 2010; Kim et al., 2015). The daily disruption (Igp,
Table 7) is estimated as a reduction in the supply capacity of
each of its nodes due to the flooding of premises weighted
by their relative economic importance (Table 7). In INDRA
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TABLE 7 | Descriptions and formulas of the main indicators and parameters calculated by the INDRA model for business financial and household recovery, risk to life

and transport and business disruption.

Indicator/Parameter Formula Description
n
2i—0 B
Regionalized Business Financial Recovery Igfr = 5 = n: all business properties in the region; Bfrj: Business Financial
Indicator (Igfr) ZI:O 5 Recovery Score for each i business property (scores’ values in Table 6).
n
i_o HIfri
Regionalized Household Financial Recovery I = % n: all household properties in the region; Hfr;: Household Financial
Indicator () Z/:O 5 Recovery Score for each i household property(scores’ values in
Table 6).
n
S —_ 2o (Si - RtL)) . . .
Regionalized Risk to Life Indicator (Iry) /RtL == e n: number of land use receptors; Si: Surface area; RtL;: Risk to Life
Z/:O (S/' : 4) Score of area i (max value = 4)
wp2  TLA
Weighted Disconnection and Time WDTL = —— - —— WD2/WD1: connectivity ratio; TL1/TL2: time ratio.
Lengthening Indicator for transport (WDLT) WD1 TL2
N Migq
Connectivity to places before the disruption WD1 = Z Z VV/ - Nig1: the number of nodes which are accessible from the node iq1,
weighted by importance (WD1) ig1=1 \Jgr=1 before the disruptive event; Wiq1: the weight of the node jq1 which
belongs to the set of the nodes that are accessible from the node iq1,
before the disruptive event.
N Migo
Connectivity to places after the disruption WD2 = Z Z Wi, Nig2: the number of nodes which are accessible from the node igo, after
weighted by importance (WD2) igo=1 \Jgo=1 the disruptive event; Wigo: the weight of the node jq2 which belongs to
the set of the nodes that are accessible from the node iq», after the
disruptive event.
N My
Sum of network’s shortest possible travel TL1 = Z Z 7-/'/1//1 Tij1ji1: the travel time for the fastest route from the node ij4 to the node

time before the disruption (TL1) i =1

Sum of network’s shortest possible travel
time after the disruption (TL2)

N M
TL2 = Z </z 77’/#/2

=1

Business Daily disruption (Igp)

Cimp;
e» —_—
Cnorm;

ji1 before the occurrence of the disruptive event, if this route remains
accessible; nj+: the number of nodes that remain accessible from the
node ij1 after the occurrence of the disruptive event.

Tioji2: the travel time for the fastest route from the node ij» to the node
ji2, only if it remains possible to go from the node iz to the node ji» after
the occurrence of the disruptive event; nj»: the number of nodes that
remain accessible from the node ij», after the occurrence of the
disruptive event.

) d: number of supply nodes; Cimp;: supply capacity of the node i, in
impacted supply chain; Cnorm;: supply capacity of the node i, in normal
supply chain; We;: relative economic importance weighting factor for
node i.

each asset can be associated with a node of the modeled
supply chain and attributed a supply capacity. As such, the
supply capacity of the non-flooded assets can be aggregated
for each node (Cimp) and compared to its supply capacity
in normal condition (Cnorm) to derive the Igp at each
simulation step.

Sun-umbrellas are included in the supply chain because
they represent an important tourist and economic activity, as
described in the field site description. The supply chain goes
from “umbrellas” to hotels and concessions and from concessions
to “umbrellas.” If the beach (available space for setting up
umbrellas) or concessions are impacted, umbrellas and associated
services will not be available for the tourists. The hotels are also
negatively affected as people are not prone to go to local towns
where services provided by concessionaires are not available on
the beach. Because the inputs are based on many assumptions
a Data Quality Score of 5 is given to the information for the
business disruption.

Multi Criteria Analysis (MCA)

The INDRA model includes an MCA analysis to evaluate which
of the selected hotspots is the most critical. In the present
study it is decided to weight (in percentages) the different
elements exposed to storms (i.e, Risk to Life, Household
financial, Household displacement, Business financial, Business
disruption, Transport, Ecosystems, Agricultural areas) through
the consultation of end-users. The values are chosen on the basis
of a discussion carried out with three stakeholders (a regional
land use planner, a stakeholder working with the regional civil
protection and a coastal manager). They were asked to score the
elements listed above according to their own perception/opinion
of the importance of each component. The listed values in Table 8
are obtained by first computing the mean values of the three
values provided by the stakeholders, one for each component,
and then through an agreement on the rounded values. The
final values are then used in the weighted summation of the
indicators to obtain a final score for each considered extreme
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FIGURE 4 | Schematic of the transport network at the regional level.
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event (equation 1):

8 w;
“~— 100
i=1

MCA score = I (1)

where W; = Weighted value obtained for each indicator (Table 8),
I; = Indicator Value (obtained using Table 7 formulas, specifically
Ing> I Irgy WDTL, Ipp; for displacement, agriculture and
ecosystem indicators a 0 value is considered)

The consultation with regional and local stakeholders provides
the figure about the level of awareness on coastal issues related
to the impact of storms and how the issues are perceived and
managed (Martinez et al., 2018). The involvement of the end-
users is a fundamental step in the CRAF application, because
it drives the selection of hotspots to be compared in phase 2

and the final ranking of the selected sites according to the MCA
analysis of INDRA.

RESULTS

The direct impact on assets of any type is large for both events
in HS2 (Figures 5, 6) with flood depths up to 1.6 m. HS1, on the
contrary, is not impacted by the T10 event while T100 generates
some impacts, but still very limited. On Figures 5, 6 the identified
assets of any type and the flooding extension, flood depth and
flood depth-velocity values are presented. It is important to note
that none of the assets experiences a very high impact (i.e.,
building collapse, Figure 6).

HS1 presents very few residential buildings and business
activities that are impacted under both scenarios. In HS2 most
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TABLE 8 | List of indicators and associated weights.

Indicator Value
Risk to Life 30
Household financial 10
Household displacement 10
Business financial 10
Business disruption 15
Transport 10
Ecosystems 10
Agricultural areas 5

of the exposed assets are affected by T100, with a significant
percentage of assets in the medium and high impact levels
(Figure 7). It should be underlined that schools are also impacted
in HS2. Specifically, the four identified schools experience impact
levels from 1 to 3, depending on their location. The colonies are
impacted by the T100 event but the impact level is low.

The increased number of affected properties, associated with
a significant change in the distribution of the severity of impacts
from T10 to T100, leads to a reduced financial recovery of many
households and businesses. A high proportion of households
will be covered by compensation and will recover based on the
government response. For businesses, the recovery is worsened
by the absence of insurance or compensation. In HS2, the higher
severity of impact may lead to a significant number of businesses
expecting difficulties in recovering financially. As it was expected,
the percentage of impacted business activities in the two hotspots
increases between T10 and T100. Nevertheless, the percentage of
affected businesses in HS1, with any impact level, for T100 is 25%
of the identified activities while in HS2 the percentage rises to
92%. Furthermore, most of them experience medium and high
severity impacts.

The final scores of the MCA in HSI for the T100 event
provide a value of business financial recovery equal to 0.003.
This value indicates a high-level of recovery for the region as
very few of the 3456 businesses identified at the regional level
are impacted. Household financial recovery (2.5e-5) and risk to
life (2.5e-4) values are also negligible to the low exposure level.
The transport network is not impacted, while business disruption
equals 0.006. The total MCA score is 0.001 considering the
weighted values presented in Table 8. For HS2, on the contrary,
risk to life is 0.007 and household financial recovery is 0.008 for
the 66428 residential properties identified at the regional level.
Business financial recovery is 0.022 reflecting a locally significant
exposure, combined with a lack of insurance coverage. Transport
disruption is not significant, while business disruption is 0.048.
The total MCA score is 0.012, therefore one order of magnitude
higher than HS1, but the regional impact remains low overall.

DISCUSSION

This study represents one of the first attempts at the national
level to provide an evaluation that quantifies the direct and
indirect impacts to different assets, along coastal areas, generated

by marine storms only. A previous study by De Angeli et al.
(2018) evaluated the impact of marine and river flooding
in the Liguria region (Italy), on the basis of comparable
assumptions presented here. In fact, the methodology was
developed for the RER coastline in the RISC-KIT project
and then applied similarly at the two Italian case study sites.
The evaluation is very much influenced by the quality of
the input data. In the present paper the analysis is carried
out including all the available information and the most up
to date databases that are accessible at the regional and
national level. Nevertheless, a lot of information is not available,
and many assumptions are applied in order to produce the
risk assessment.

The hazard modeling includes several limitations determined
by the numerical approach, the assumptions and data availability.
Beyond the fact that numerical models present intrinsic
limitations, several simplifications are applied in this study.
First, the morphodynamic behavior of the beach is represented
by 1D profiles that, although computationally faster, do not
represent the 2D nature of the phenomena. Furthermore, the
forcing probabilistic extreme events are defined with information
extracted from the literature. This choice was made because
the selected information are commonly used at the regional
level to define design extreme events for different purposes (e.g.,
Armaroli et al., 2009; Perini et al., 2016). A comprehensive
assessment should include the evaluation of the combined
probability of occurrence of waves and surge levels to define the
forcing components for different return periods. The direction
of the storm is assumed to be perpendicular to the coast, thus
leading to a possible overestimation of the flood extension. An
additional limitation on the forcing input is represented by the
use of symmetric triangular synthetic storms to describe the
temporal evolution of the event. Although it is a commonly
adopted approach in numerical coastal studies (e.g., McCall
et al, 2010; Plomaritis et al., 2018; Sanuy et al., 2018), it
represents another source of uncertainty. Finally, the numerical
models are applied in default mode, except for the parameters
previously described. It was demonstrated that the hazard
modeling input (and, therefore, the output flood maps) can act
as important factors affecting the overall uncertainty of flooding
risk assessments (e.g., Vousdoukas et al., 2018a). On the other
hand, other studies (e.g., Apel et al., 2009; De Moel and Aerts,
2011) conclude that it does not represent a dominant factor,
when compared with the uncertainty due to the assumptions
on the impact assessment component. In particular, De Moel
and Aerts (2011) quantify that the variation of the final damage
assessment induced by the uncertainty related to the damage
model are comparable (or higher) to that of a uniform variation
of ~1.1 m in flood water depth. Being these uncertainty
magnitudes for flood depth estimates rather improbable (see,
as an example, the performance of the hazard models in Apel
et al., 2009), the design- and default-based hazard modeling
applied in this study can be assumed to represent a meaningful
approach, especially considering the comparative nature of the
CRAF 2 approach.

On the other hand, the direct impact assessment is affected
by large uncertainties (Jongman et al., 2012) that propagate
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FIGURE 5 | Identified assets and transport network in the two selected hotspots (HS1, Lido degli Estensi-Lido di Spina; HS2, Milano Marittima) and flooding
extension. Flood depth calculated through the hazard modeling chain presented in Figure 2 for the two selected storms (T10 and T100) in the two hotspots: HS1,
upper figures; HS2, lower figures. The selected classes for the visualization of flood depth values are chosen on the basis of the thresholds presented in Table 4.
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FIGURE 6 | Identified assets and transport network in the two selected hotspots (HS1, Lido degli Estensi-Lido di Spina; HS2, Milano Marittima) and flooding
extension. Flood depth-velocity calculated through the hazard modeling chain presented in Figure 2 for the two selected storms (T10 and T100) in the two hotspots:
HS1, upper figures; HS2, lower figures. The selected classes for the visualization of flood depth-velocity values are chosen on the basis of the risk to life matrix and
also presented in Table 5.
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FIGURE 7 | Distribution of impact severity to the selected assets per scenarios (T10 and T100) in the two hotspots: Lido degli Estensi-lido di Spina, HS1 and Milano

Marittima, HS2.

to the final damage estimations. It was demonstrated that the
uncertainty related to this component represents a dominant
factor affecting the overall uncertainty of damage assessments
(De Moel and Aerts, 2011), especially when damage calculations
are applied in deterministic ways (Figueiredo et al, 2018).
Additionally, damage models are generally site-dependent.
Therefore, transferability to locations where such data is not
available remains an important issue, although the utilization of
curves developed in different countries is a common practice
(Scorzini and Frank, 2017). The definition of the land use or
building category is also fundamental, however, such specific
data is difficult to obtain. The type of flood hazard and related
damage models are also important, as marine floods are different
from fluvial ones in terms of consequences to buildings (e.g.,
salinity, short-period waves). These aspects contribute to lower
the predictive skills of damage models (Figueiredo et al., 2018).
The damage curve used in this study (adapted from Scorzini and
Frank, 2017) was developed for residential buildings, for a fluvial
flood occurred in Veneto in 2010. The Emilia-Romagna region
borders the Veneto region to the north and has comparable
architectural, as well as economic, characteristics. Therefore,
spatial transferability of the damage curve does not represent
an issue. On the other hand, the uncertainty on direct impact
evaluation is mostly represented by the use of average depth-
damage curves developed for fluvial inundations and the lack
of building typology (e.g., single- or multi- storey; with/without
basement). It is worth mentioning that the selection of the
curve was made in agreement with the regional coastal managers
and that all the limitations were discussed with them, in the
framework of the RISC-KIT project. The proper selection of
direct damage models is a persisting problem in the literature.
Whereas an uplift factor could be considered in further studies
to better reflect additional damages associated with saline and
wave conditions, specific building-type depth-damages curves
and appropriate cadastral maps remain to be developed and
applied to marine conditions. Furthermore, no differentiation
was possible on the type of residential building because of the
lack of available data. Additionally, the curve is also applied to

commercial activities, since a specific model was not available.
As deterministic approaches based on flood damage curves
showed limitations and low predictive skills, recent approaches
are moving toward probabilistic (e.g., Dottori et al., 2016)
or model-ensemble approaches (Figueiredo et al., 2018). The
damage is, therefore, calculated using different damage models
in order to produce a distribution of possible damages and, at
the same time, to quantify the uncertainty of the outcomes.
Figueiredo et al. (2018) provide a methodology to score a dataset
of damage models that can also be applied for deterministic
approaches, to select the most suitable one. The score assignment
is based on the expert judgment of the main properties of
the models, such as the type of physical variables included,
the degree of characterization of the assets, the similarity of
the context where the model has to be applied with the study
site where the model was built, the correspondence between
the analyzed flood and the type of flood used to build the
model and the type of variable used to quantify the output
damage (i.e., damage factor or monetary damage). Following the
example of damage model properties proposed in Figueiredo
et al. (2018) in their Figure 3, the curve applied in the present
study scores 0.59e-2, or 0.44e-2, depending on the fact that
the regional contexts (i.e., Veneto and Emilia-Romagna) are
considered comparable or not. The scores are medium-low values
if compared to the scoring (from 0.15e-2 to 3.34e-2) of models
assessed in Figueiredo et al. (2018).

A site-specific damage model would undoubtedly represent
the best option. Therefore, regional coastal managers should
prioritize the collection and analysis of the necessary information
to produce reliable damage models. At present, there is not an
official regional (or national) standard for data collection in the
aftermath of an extreme coastal event, in order to measure flood
levels and identify, collect and rigorously catalog the losses in
monetary terms or structural/content damage. Standard data-
collection protocols should be based on scientific studies already
available at local level (e.g., Duo et al., 2018), in order to collect
the necessary information that is of foremost importance to
develop damage models.
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The assets’ location is very well defined, but other
characteristics are assumed to be uniform or are associated
with default values defined at European level or for other EU
countries (Jongman et al., 2012). The elevation above the ground
of both buildings and roads is set to 0 m. Clearly this is not
the real situation for all the identified assets. However, the
definition of the correct elevations would require very detailed
data collection on the ground. The presence of underground
garages or basements should be identified for each asset and
included in the input data. The time required to collect such
data is large and raises a question about the feasibility of such
in-depth inspection of critical areas. It could be performed for
areas with a limited extent and/or number of assets, but for
hotspots with many buildings and a large flooding extension
it is less realistic. An alternative of an in-depth inspection of
critical areas is the development in collaboration with architects,
civil engineers, land use planner of a national or regional
dataset of properties’ typology which better reflects fundamental
structural differences and construction. This could be then
integrated in the current land use information to better support
risk assessment.

The consultation of stakeholders with different roles is
fundamental to properly define the variables to be included in
the model, taking into account the information that correctly
describe the characteristics of the study area. In fact, the
insurance figure included in the model is based on both a
comprehensive desktop research and interview of an informed
person (President of the Consortium of economic activities,
i.e.,, concessions and hotels) who provided useful information
to define the level of insurance according to the level of
impact. The same applies to the household displacement. The
decision to exclude displacement from the evaluation derives
from the consultation of regional managers and thanks to the
historical storm database (Perini et al., 2011). The lack of
well documented impacts of past events, as such, limits the
possibility to use post-events survey to estimate future risk and
the coastal community resilience. This is aggravated by the rapid
changes in urbanization, livelihood and in the environment.
Working with the coastal communities to develop plausible
“what-if” scenarios and to collect relevant socio-economic data
could complement this lack of information as well as building
community resilience.

The supply chain presented in the paper is surely one of
the most important economic activities at the regional level.
However, it does not fully represent the complexity of the
local economy and the connection with other businesses
such as restaurants, local commerce and producers, highly
dependent for their annual incomes on the seasonal touristic
activity level. The identification of the most significant business
sectors and the linkage between the different parts of the
identified sectors requires much effort for data collection
and construction of the correct supply chain and paths of
“goods” exchange (represented here by hotels, concessions
and umbrellas customers). The involvement of informed
stakeholders is also needed to properly design the supply
chain. A better understanding of the coping strategies is also
required to better assess differences in businesses recovery

time. The quantification of direct and indirect impacts
to the economic sector is important for a comprehensive
risk assessment but still in its infancy, as demonstrated in
the present paper.

CONCLUSION

This paper includes the analysis of direct and indirect impacts
generated by flooding in two coastal villages located in the
Emilia-Romagna coastline (Italy): Lido degli Estensi-Spina (HS1)
and Milano Marittima (HS2) (Figure 1). The evaluation was
carried out taking into account two extreme events with return
periods of 10 and 100 years through a modeling chain that
included a morphological numerical model (XBeach) and an
inundation model (Lisflood-FP). The flooding hazard assessment
was then used to quantify direct and indirect impacts for different
assets. The INDRA (Integrated Disruption Assessment) model
(Viavattene et al., 2018), developed in the RISC-KIT project (Van
Dongeren et al., 2018), was used to quantify the impacts, to define
the level of recovery of the analyzed assets after the events and the
probable disruption of the transport network and of the business
supply chain. The data input for the impact assessment was
performed utilizing the best available information and through
consultations with different stakeholders. An evaluation of the
data quality was carried out to underline the strengths and
limitations of the applied methodology.

The results showed that HS2 is the most critical site, with
many assets highly impacted in both scenarios (Figures 5, 6).
The results are consistent with the historical information on
past events that affected the regional coastline (Perini et al,
2011). Furthermore, the site is one of the most vulnerable of
the RER coast. Nevertheless, the present work quantifies the
damage and identifies a certain level of disruption, with some
sectors (i.e., business activities) being more severely affected, in
the case of an extreme event occurrence, because of a lack of
flood-related insurance coverage. These results are in accordance
with the observed consequences of storms. The most affected
assets are the concessions that represent a pivotal element of the
business supply chain.

The evaluation of the quality of the data identified the
business supply chain as largely based on general assumptions
(DQS =5), while the direct impacts, household displacement and
insurance matrix have a higher quality, but still poor (DQS = 3).
The input information with the best quality is the transport
network disruption (DQS = 2). As discussed, the evaluation
of the impacts is largely affected by the quality of the input
information. The outcomes should be evaluated taking into
account the uncertainty/limitations of the adopted approach in
terms of hazard modeling and damage functions selection that
are presented and largely examined.

The study represents a first and important step toward
the quantification of risk, properly and fully characterized.
However, it underlines that comprehensive data collection should
be carried out to better characterize the risk at the regional
level and that a wider involvement of stakeholders should
also be foreseen.
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Sites
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and Earth Science, University of Ferrara, Ferrara, Italy

The role of short- to medium-term geomorphic variation is analyzed in two ltalian
mixed sand and gravel beaches to better understand how it could affect vulnerability
assessments of oil spill events. The study sites, Portonovo and Sirolo, are in one
of the most congested areas for oil transportation in the Adriatic Sea (Ancona port).
A “snapshot” situation populated with field data collected in April 2015 is compared to a
“changing” situation built with previous field datasets (topographic surveys and surface
sediment samplings) available for the two beaches. According to the ESI guidelines
established by the National Oceanic and Atmospheric Administration [NOAA], 2002,
both Portonovo and Sirolo can be ranked as ESI 5 or 6A in most of the cases. Sediment
size resulted in the most decisive factor for the ESI assessment. As consequence of
the bimodal direction of storms, the high geomorphic variability on the two sites is
mainly related to storm berms which lead to rapid burial processes on both beaches.
In oil spill circumstances, burial is considered the most alarming factor, especially on
microtidal mixed beaches that develop storm berms so high and close to the shoreline.
A quantification of the maximum potential depth reachable by the oil in the beach
body is therefore needed for the most dynamic beaches; this could be achieved with
repeated field measurements to be performed in the period between two consecutive
ESI updates (5-7 years) and the addition of an appendix in the ESI maps dealing with
the geomorphic characteristics of the beach. The significance of a changing ESI rank is
that the authorities in charge of responding to the oil spill could be improperly prepared
for the conditions that exist at a spill site if the geomorphology has changed from when
it was first given an ESI rank.

Keywords: oil spill, mixed beaches, coarse-grained beaches, storm berm, burial, ESI
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INTRODUCTION

Despite the increasing exploitation of renewable energies, oil
is currently one of the most adopted energy sources in the
world (British Petroleum [BP], 2018). Its transportation is still
necessary by tankers across the sea and its extraction by means
of offshore platforms is quite common, creating the potential
for oil spills whether offshore or toward the coasts. The coastal
value from ecological, socioeconomic, and cultural points of view
is threatened by several pollution sources, and among them oil
represents one of the most harmful (Santos and Andrade, 2009).
Thanks to the implementation of satellite and SAR images, oil
spill monitoring has recently received more attention from the
scientific community (Fiscella et al., 2000; Brekke and Solberg,
2005; Gambardella et al., 2010; Xu et al., 2014). Improvements in
remote sensing have allowed better identification of oil in water
environments, but the many possible background interferences
and the absence of ad hoc sensors to detect oil in the water
still represent limitations (Fingas and Brown, 2018). When
an oil spill reaches the coast, several factors dealing with the
physical nature and the hydrodynamics of the site can signal
the persistence of oil in the coastal environment. The first
attempts of classification for oil spill vulnerability were proposed
by Gundlach and Hayes (1978) and Michel et al. (1978). Those
efforts were improved through the years (Jensen et al., 1998)
and finally merged into the most comprehensive tool known
so far to asses coastal vulnerability to oil spill, which is the
Environmental Sensitivity Index (ESI) established by the National
Oceanic and Atmospheric Administration (National Oceanic
and Atmospheric Administration [NOAA], 2002). The aim of
the ESI guidelines is to generate vulnerability maps for water
environments potentially affected by oil spill events. Fattal et al.
(2010) conceptually defined the coastal vulnerability to oil spill
as the combination of (1) shoreline type (substrate, sand grain
size, tidal range), (2) exposure to wave and tidal energy, (3) the
biological sensitivity index (Nansingh and Jurawan, 1999), (4) the
analysis of oil persistence on the shoreline, (5) crisis management,
and (6) the value of business activities affected by the oil spill. In
the European context there are no tools like ESI maps, but some
studies have been led to propose an index for marine-spill risk
along the entire European coastline (Fernandez-Macho, 2016).
At the scale of the Adriatic Sea, the SHAPE project built an
atlas as a tool for storing, visualizing and managing data useful
to implement the Integrated Coastal Zone Management (ICZM)
and Maritime Spatial Planning (MSP) policies, among which the
oil spill vulnerability assessment is also present'. An oil spill
forecasting system was set up for seven specific oil platforms in
the Italian seas by Ribotti et al. (2019), including three sites in
the Adriatic Sea. In the Adriatic Sea there is also the oil platform
closest to the coast (Sarago Mare platform), which is also 30 km
SE from the study area of the present paper. Coastal hazard
assessments were modeled by Olita et al. (2019) for some Italian
oil platforms, and the largest hazard value resulted from the
Sarago Mare platform. According to Fernandez-Macho (2016),
Italy occupies the fourth place in Europe for oil spill vulnerability,

Lwww.shape-ipaproject.eu

even though the Ancona area (namely the study site of this paper)
turned out to be quite low. As stated by Pourvakhshouri and
Mansor (2003), the priority in the case of an oil spill affecting
a coastal environment is to stop the dispersion of pollutants in
the beach and through the adjacent water column. According
to Kirby and Law (2010), an effective response to an oil spill
at sea must include a well planned and executed post-incident
assessment of environmental contamination and damage. For
all these reasons it is crucial to understand and recognize the
morpho-sedimentary dynamics of beaches. The vulnerability
assessment should provide guidelines to help the local authorities
in taking the proper decision to contrast the oil spill consequences
(Pourvakhshouri and Mansor, 2003). As stated by Aps et al.
(2014), beaches cannot be simply considered from a statistical
point of view, and coastal morphodynamics is an important
factor to take into account in the vulnerability assessment for
oil spill events. The crucial role of field measurements for
evaluating ESI was already recognized by Nelson and Grubesic
(2018), as they helped to decrease observational error when
only remote sensing data are used. According to Gonzilez
et al. (2009), to minimize the impact of oil spill on beaches
it is crucial to understand the modal state of the beach and
its morphodynamics variability through time; the authors also
highlight the importance of the beach limits (lateral and the
cross-shore), which confine the water circulation and the oil
transport on the beach. The ESI scale of National Oceanic and
Atmospheric Administration [NOAA] (2002) still represent an
impressive and comprehensive tool to assess the susceptibility
to spilled oil along coastal habitats, and it represents something
that still must be reproduced at a European or worldwide
context. Nevertheless, an improvement on the “shoreline type”
classification is possible to better adopt ESI on a more local scale
and in coastal environments amply different from oceanic coasts.

The aim of this paper is to adopt the ESI guidelines of
National Oceanic and Atmospheric Administration [NOAA]
(2002) for two mixed sand and gravel beaches in the microtidal
environment of the Adriatic Sea (Italy). Comparing a one-time
(“snapshot”) situation with sequential field measurements from
the same sites (“changing” situation), we want to demonstrate the
crucial role of rapid geomorphic and surface sediment changes in
the vulnerability assessment of mixed beaches for oil spill events.
Substantial changes within relatively short time frames can take
place in mixed sand and gravel beaches, therefore they may
require different consideration in the preparedness and response
to oil spill events.

Study Area

The study area is represented by two mixed sand and gravel
beaches located on the eastern side of Conero Headland, which
represents a rare case of high coast for the flat and sandy Italian
side of the Adriatic Sea. Typical wave directions recorded by
the Ancona offshore wave buoy (Figure 1A) between 1999 and
2006 are from SE (20%) and NE (16%) which also correspond
to the main directions of storms (SE driven by “Scirocco” wind
and NE driven by “Bora” wind). The significant wave height
is usually between 0.25 and 2 m (80% of the time), less than
0.25 m for the 10% and higher than 2 m for the last 10%
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(Bencivenga et al., 2012; Figure 1B). The littoral transport is
directed northward given the dominant influence of easterly
winds (Colantoni et al., 2003; Regione Marche, 2005). The first
site is Portonovo, a 500 m long and 20-50 m wide beach,
orientated NW-SE. The beach is limited on both longshore sides
by historical buildings protected at their bases by boulder-mound
revetments (Figure 1C). The southern portion of the beach is
slightly embayed and wider, whereas the central sector is the
narrowest since the backshore is limited by a seawall protecting
the local restaurants. The northern side is limited landward by a

natural cliff made of limestone and marls, which also represents
the only source of sediments for the beach (Grottoli et al,
2015). This cliff, locally reaching 12 m in elevation, is actually
material that has fallen from Conero Headland in the Middle
Ages (1249 circa; Montanari et al., 2016; Figure 1C). The grain
size of beach sediment ranges from medium sand to cobbles,
with a prevalent fraction of pebbles. Between 2006 and 2010,
local authorities injected circa 18500 m? of nourishment material
made of alluvial sediments (Dsy = 10-50 mm, limestone) to
prevent beach erosion. The framework involved all the beaches

Frontiers in Earth Science | www.frontiersin.org 153

September 2019 | Volume 7 | Article 242


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Grottoli and Ciavola

Coastal Geomorphology and Oil Spill

of Portonovo, and the exact quantity deployed on the study
site is unknown even though most of the nourishment material
was deployed outside this sector, namely in the western part
of the town (personal communication by local authorities, i.e.,
Regione Marche). The gravel fraction usually occupies the swash
zone, with granules and fine pebbles normally found on the fair-
weather berm and in the swash zone and cobbles and boulders
usually found on the step zone. The beachface typically slopes at
0.2 (11°), whereas the seabed seaward of the step is approximately
0.01 (0.5°), as typically on the northern part of Adriatic seabed
(Grottoli et al., 2017). According to the Jennings and Shulmeister
(2002) classification of gravel beaches, Portonovo is a mixed sand
and gravel beach (MSG) since a complete intermixing of sandy
and gravelly sediments occurs (Figure 1D). The second study
site is Sirolo (San Michele-Sassi Neri beach), which is located
5 km south from Portonovo. Here the beach is 1.2 km long and
30-40 m wide: it can be considered a natural embayed pocket
beach since the cliff of Conero Headland confines the beach both
alongshore and landward. The southernmost edge of the beach
is also limited by hard structures (Figure 1E). The beach is N-
S orientated, with the beachface typically sloping at 0.16 (9°)
whereas the seabed seaward of the step is approximately 0.01
(0.5° Grottoli et al., 2017). As in Portonovo, the only sediment
source for Sirolo is represented by the limestone cliff behind the
beach: small rockfalls occur during major storms or after heavy
rainfall. Gravel nourishment was also undertaken in Sirolo by
local authorities: between 2009 and 2011, 156000 m* of alluvial
material (Dsp = 6-12 mm, limestone) were deposited on the
beachface to counter coastal erosion (Regione Marche, 2005).
According to the Jennings and Shulmeister (2002) classification,
Sirolo is a mixed sand and gravel beach (MSG). Like in
Portonovo, here the beach surface looks extremely heterogeneous
due to the intermixing of sand and gravel (Figure 1F). The
swash zone is populated by granules and fine pebbles. The two
study sites are in a semidiurnal tidal regime with the maximum
excursion at spring tide of 0.47 m and a maximum record of
0.58 m (Colantoni et al., 2003).

MATERIALS AND METHODS

In order to highlight the role of geomorphic variability in
estimating the ESI for oil spill vulnerability of Portonovo and
Sirolo beaches, a “snapshot” situation, obtained from direct
field measurements (topographic survey and surface sediment
sampling) performed in April 2015, was compared with a series
of previous field datasets from the same study sites which
represented a “changing” situation.

Environmental Sensitivity Index
Guidelines for Oil Spill Vulnerability

In 2002, National Oceanic and Atmospheric Administration
(NOAA) established the ESI guidelines in order to create
vulnerability maps of the United States in the case of oil
spill events (National Oceanic and Atmospheric Administration
[NOAA], 2002). The aim of this classification is to collect
all the critical resources and natural characteristics of each

water environment (fluvial, lacustrine, and estuarine) to assess
its potential oil spill vulnerability. According to National
Oceanic and Atmospheric Administration [NOAA] (2002),
coastal habitats are vulnerable to oil spills. The classification
requires three different details to complete ESI maps: (i) type of
shoreline; (ii) biological resources; and (iii) human-use resources.
This study is only focused on the “type of shoreline” to better
characterize the geomorphic contribution to its assessment. The
type of shoreline according to National Oceanic and Atmospheric
Administration [NOAA] (2002) is controlled by the following
factors: (i) beach exposure to waves and tides; (ii) beach slope;
(iii) substrate type (i.e., sediment grain size, mobility, penetration,
and/or burial and trafficability); and (iv) biological productivity
and sensitivity. Concerning wave and tide exposure, National
Oceanic and Atmospheric Administration [NOAA] (2002)
distinguishes three categories. High-energy shorelines (1A-2B)
are regularly exposed to large waves or strong tidal currents
during all seasons. Medium-energy shorelines (3A-7) often have
seasonal patterns in storm frequency and wave size. Low-energy
shorelines (8A-10E) are sheltered from wave and tidal energy,
except during unusual or infrequent events. Beach slope is meant
as the inclination of the intertidal zone. The slope categories are
steep (>30°), moderate (between 5° and 30°), and flat (<5°), but
more accurate subdivision is made for each vulnerability rank.
The substrate type can be classified as bedrock (permeable or
impermeable, depending upon the presence of surface deposits
on top of the bedrock); sediments, which are divided by grain
size; and man-made materials (basically riprap or seawalls).
The fourth factor concerning the biological productivity and
sensitivity was not considered in this work. A comprehensive
description of each vulnerability rank is listed in Table 1 and is
available in National Oceanic and Atmospheric Administration
[NOAA] (2002). Each vulnerability level, which is characterized
by different sediment sizes, beach slope and hydrodynamics, has
important implications for the penetration of oil and its burial
by beach sediments. Sediment size and its mixing also affect
trafficability of cleaning equipment, making cleaning operations
different for each environment. The higher the ESI rank, the
more sensitive the environment is to oil (National Oceanic and
Atmospheric Administration [NOAA], 2002).

Geomorphic Situation of April 2015
(Snapshot Situation)

To assess the oil spill vulnerability of the two beaches
according to ESI guidelines (National Oceanic and Atmospheric
Administration [NOAA], 2002), in situ investigations were
performed in April 2015. Beach topography was measured by
means of an RTK-GNSS (Trimble R6, & 4 cm of accuracy). In
Portonovo, a network of 50 cross-shore profiles, spaced 10 m
apart, were surveyed. In Sirolo 18 cross-shore profiles, 50 m
spaced, were measured. At the same time, surface sediment
samplings were also performed in both beaches: a total of 51
samples along 14 profiles were collected (3-4 samples for each
profile) at Portonovo beach: this sampling grid unfortunately
covers only half the beach (zone 1 and 2 of Figure 1C) since
it represents a previous sampling grid that was chosen to be
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TABLE 1 | Environmental Sensitivity Index shoreline classification for vulnerability
assessment of oil spill events (National Oceanic and Atmospheric Administration
[NOAA], 2002; modified).

ESI rank Estuarine environment

1A Exposed rocky shores

1B Exposed, solid manmade structures

1C Exposed rocky cliffs with boulder talus base

2A Exposed wave-cut platforms in bedrock, mud, or clay

2B Exposed scarps and steep slopes in clay

3A Fine- to medium-grained sand beaches

3B Scarps and steep slopes in sand

3C Tundra cliffs
Coarse-grained sand beaches
Mixed sand and gravel beaches

B6A Gravel beaches (granules and pebbles)

6B Riprap, Gravel Beaches (cobbles and boulders)

6C Riprap

7 Exposed tidal flats

8A Sheltered scarps in bedrock, mud, or clay; Sheltered rocky
shores (impermeable)

8B Sheltered, solid man-made structures; Sheltered rocky
shores (permeable)

8C Sheltered riprap

8D Sheltered rocky rubble shores

8E Peat shorelines

9A Sheltered tidal flats

9B Vegetated low banks

9C Hypersaline tidal flats

10A Salt- and brackish-water marshes

10B Freshwater marshes

10C Swamps

10D Scrub-shrub wetlands; Mangroves

10E Inundated low-lying tundra

maintained. In Sirolo, 26 samples were collected along nine
profiles (three samples for each profile). Grain size analyses were
performed by means of dry sieving with 1-phi intervals, to be
consistent with previous sediment datasets. Grain size parameters
(mean diameter and sorting) were computed following Folk and
Ward’s (1957) method by means of GRADISTAT 8.0 software
(Blott and Pye, 2001). Topographic and surface sediment data
collected in April 2015 have been used to describe the oil spill
vulnerability in a “snapshot” situation as if an oil pollution would
reach the beaches at that time.

Geomorphic Variability From Previous

Data (Changing Situation)

The analysis of the short- to medium-term changing situation
was undertaken thanks to previous datasets on both beaches. At
Portonovo beach, topographic data, gathered following the same
profile network used in April 2015, were available from March
2012 to February 2014 (approximately 23 months). Surface
sediment samples were also available from March 2012 to April
2013 (approximately 13 months) from the same sampling grid
of April 2015 (zone 1 and 2 of Portonovo beach, Figure 1C).
To properly estimate the ESI rank of Portonovo, only the dates

when both topographic and grain size data were available have
been considered. In Sirolo, topographic data were available
from March 2012 to October 2012 (approximately 8 months)
recorded on the same profile network used in April 2015. No
sediment samples were available apart from April 2015 in this
site, so ESI estimation from previous datasets has been done
only considering slope data. Both beaches were divided in zones
(Figures 1C,E) according to recurrent morpho-sedimentary
features observed from previous data. The subdivision will
be useful to test and discuss if temporal morpho-sedimentary
changes in those zones may vary the vulnerability rank. A more
detailed use of ESI both in time and space can represent a
chance to improve ESI guidelines from a geomorphic point
of view. Topographic measurements, sediment samplings and
grain size analyses were performed with the same methodology
used for the dataset of April 2015 which is described in the
previous paragraph.

RESULTS

ESI Shoreline Classification of April 2015

(Snapshot Situation)

In April 2015, Portonovo beach had an average slope in the
intertidal zone of 13° (0.23), hence the whole beach could
be alternatively considered as rank 5 or 6A according to the
National Oceanic and Atmospheric Administration [NOAA]
(2002) guidelines on beach slope (Table 2). The average grain
size (mean diameter, Mz) was 11.6 mm (medium pebbles) and
the material was generally poorly sorted (o1 = 1.1 phi). The
sand-gravel ratio for the whole beach is 0.19, therefore only one
sixth of the beach is sandy and the rest is gravelly. According
to grain size data and ESI guidelines by National Oceanic and
Atmospheric Administration [NOAA] (2002), Portonovo beach
can be classified as rank 5 (mixed beaches, Table 2). Following
the zone subdivision showed in Figure 1C, Portonovo beach can
be classified most of the time both as rank 5 and 6A if only
the slope of the intertidal zone is considered (Table 2). On the
other hand, if only grain size is considered, Portonovo beach
can be classified always as rank 5 (mixed beaches; Table 2).
In the same period, Sirolo beach had an average slope of 10°
(0.18) in the intertidal zone, hence the beach could be classified
alternatively as rank 5 or 6A according to the National Oceanic
and Atmospheric Administration [NOAA] (2002) guidelines on
beach slope. The average grain size (mean diameter, Mz) was
6.12 mm (fine pebbles) and the material was generally poorly
sorted (o1 = 1.2 phi). The sand-gravel ratio for the whole beach
is 0.44, therefore only one third of the beach is sandy and the
rest is gravelly. According to these data and the ESI guidelines
by National Oceanic and Atmospheric Administration [NOAA]
(2002), Sirolo beach can be classified as rank 5 (mixed beaches).
Following the zone subdivision shown in Figure 1E, Sirolo beach
can be classified most of the time both as rank 5 and 6A if only
the intertidal beach slope is considered (Table 2). If only grain
size is considered, Sirolo beach can be classified as rank 5 (mixed
beaches) in zone 2 and 3 and as rank 6A (gravel beach - granules
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TABLE 2 | The National Oceanic and Atmospheric Administration [NOAA] (2002) classification for Portonovo and Sirolo according to field data of April 2015.

Sediment

Slope (intertidal zone)

Vulnerability (NOAA 2002) Vulnerability (NOAA 2002)

Field Rank 5 Rank 6A Field data Rank 5 Rank 6A
data
Ave. Mz Ave. o1 S/G >20% gravel 100% gravel Ave. B (°) 8° < B <15° 10° < B < 20°
(mm) (phi) ratio
Portonovo April 10, 2015 Zone 1 10.33 1.13 0.33 X 15 X X
Zone 2 12.80 1.05 0.11 X 13 X X
Zone 3 NA 16 X
Zone 4 NA 10 X X
Sirolo April 11, 2015 Zone 1 10.20 1.30 0.00 X 9 X
Zone 2 3.74 1.12 0.62 X 10 X X
Zone 3 4.42 1.23 1.00 X 12 X X

and pebbles) in zone 1 giving the absence of sandy samples and
therefore a zero sand-gravel ratio (Table 2).

ESI Shoreline Classification From
Previous Data (Changing Situation)

According to previous sediment analyses (six samplings over
13 months), Portonovo beach can always be classified as rank
5 (mixed beaches), except for one case relating to zone 1 (the
southernmost) in April 2013 (Table 3) when the area was
gravelly (rank 6A, gravel beaches made by granules and pebbles).
According to previous slope data of the intertidal zone (six
surveys over 13 months), Portonovo beach can be classified
alternatively as rank 5 or 6A in 50% of cases (Table 3). In 15%
of cases, the intertidal beach slope is so high that the vulnerability
rank is 6A (gravel beaches - granules and pebbles) whereas in the
remaining 35% of cases the beach is ranked as 5 (mixed beaches;
Table 3). In Sirolo, where only slope data were available, the
beach showed a wider range of vulnerability levels (Table 4). In
two surveys (March and October 2012) the central part of the
beach is alternatively classifiable as rank 5 or 6A, whereas the
southernmost area (zone 3) can be classified as rank 4 (coarse-
grained sand beaches) and the northernmost area (zone 1) can be
ranked as rank 1C (exposed rocky cliffs with boulder talus base;
Table 4). In April 2012 the beach can be basically classified as rank
5 or 6A (Table 4).

DISCUSSION

Environmental Sensitivity Index guidelines by National Oceanic
and Atmospheric Administration [NOAA] (2002) were
conceived to rapidly and widely asses the oil spill vulnerability
for the large variety of water environments of the United States.
The ESI guidelines remain a strong and exhaustive tool to assess
oil spill vulnerability not only in the United States since they
are also considered valid tools in different coastal environments
worldwide (Hanna, 1995; Castanedo et al., 2009; Pincinato et al.,
2009; Bello Smith et al., 2011; Aps et al., 2014, 2016) and take part

in more comprehensive analyses of oil spill vulnerability (Fattal
et al.,, 2010; Frazdo Santos et al., 2013; Romero et al., 2013).
The typical publication scale of ESI maps established by National
Oceanic and Atmospheric Administration [NOAA] (2002) is
1:50000, which means that Sirolo would barely be represented
by 2 cm on the map (Figure 1E), and Portonovo, with its entire
length, would be only 1 cm (Figure 1C). Given the large scales
adopted by NOAA, in many cases a remote interpretation of
beach geomorphology and sediment characteristics is adequate
in assessing the ESI rank, but sometimes this may lead to
important mistakes like the case of the SHAPE project (see
footnote 1), which assessed the two study sites of the present
paper as sandy beaches. This is another reason why the
geomorphic study presented here can be considered as detailed,
and morphodynamic monitoring through time is crucial to
correctly assess oil spill vulnerability, particularly on mixed
beaches. NOAA is clearly aware of the factors contributing
to spatial error in ESI estimation as explained by National
Oceanic and Atmospheric Administration [NOAA] (2002).
Understanding detailed geomorphic and grain size variability is
crucial to correctly assessing the oil spill vulnerability of beaches
that are, as a matter of fact, constantly changing landforms.
Apart from the pure cartographic output, NOAA provides site-
specific information for each rank represented in an ESI map (i.e.,
National Oceanic and Atmospheric Administration [NOAA],
2007). If more than one ESI rank is ascribable to a coastal site,
both shoreline symbols are used [for example a riprap behind a
sand beach; National Oceanic and Atmospheric Administration
[NOAA] (2002)], but this means that both types of beach coexist
at the same time. Some coastal areas can change dramatically with
the season and this is the reason why NOAA in the past prepared
seasonal summary maps at larger scales (namely 1:250000 to
1:50000; Jensen et al., 1998), but again the detail of geomorphic
changes would be missed in beaches like Portonovo or Sirolo.
Changes in the grain size and beach topography are particularly
impressive on mixed beaches, and as already stated by Kirk
(1980), the most complex aspects of mixed beaches relate to
sediment characteristics and the way in which processes and
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TABLE 3 | The National Oceanic and Atmospheric Administration [NOAA] (2002) classification for Portonovo according to previous sediment and slope datasets.

Sediment Slope (intertidal zone)
Vulnerability (NOAA 2002) Vulnerability (NOAA 2002)
Field data Rank 5 Rank 6A Field data Rank 5 Rank 6A

Ave. Mz (mm) Ave. o1 (phi) S/Gratio >20% gravel 100% gravel Ave.B(°) 8 <B<15° 10° <B <20°

(01) March 28, 2012 Zone 1 5.43 1.06 0.30 X 10 X X
Zone 2 10.89 1.15 0.23 X 15 X X
Zone 3 NA
Zone4 NA
(02) April 18, 2012 Zone 1 6.65 1.08 0.45 X 18 X
Zone 2 4.88 0.89 0.45 X 10 X X
Zone 3 NA
Zone4 NA
(03) May 28, 2012 Zone 1 6.60 0.82 0.59 X 14 X X
Zone 2 11.18 0.83 0.27 X 8 X
Zone3 NA 12 X X
Zone 4 NA 12 X X
(04) October 2, 2012 Zone 1 8.58 0.88 0.12 X 9 X
Zone 2 5 1.01 0.54 X 8 X
Zone 3 NA 16 X
Zone4 NA 19 X
(05) December 20, 2012 Zone 1 9.59 0.75 0.12 X 11 X X
Zone 2 5.76 1.13 0.49 X 9 X
Zone 3 NA 8 X
Zone4 NA 8 X
(06) April 22, 2013 Zone 1 27.24 0.71 0.00 X 15 X X
Zone 2 6.19 1.25 0.32 X 9 X
Zone3 NA 11 X X
Zone4 NA 15 X X

TABLE 4 | The National Oceanic and Atmospheric Administration [NOAA] (2002) classification for Sirolo according to previous slope datasets.

Slope (intertidal zone)

Field data Vulnerability (NOAA 2002)
Rank 4 Rank 5 Rank 6A Rank 1C
Ave. 8 (°) 5° < B <15° 8° <B <15° 10° < B < 20° B < 30°
(01) March 31, 2012 Zone 1 23 X
Zone 2 15 X X
Zone 3 7 X
(02) April 19, 2012 Zone 1 10 X X
Zone 2 9 X
Zone 3 1 X X
(03) October 6, 2012 Zone 1 22 X
Zone 2 11 X X
Zone 3 6 X

sources interact to redistribute the sediments within the beach. National Oceanic and Atmospheric Administration [NOAA]
Given the dramatic changes that a mixed sand and gravel beach  (2002) classification, which is the dynamicity of a beach. In a
can experience, an exhaustive comprehension of how a beach  beach of Ruhnu Island (Estonia) they found an increase after
behaves, at least in the short period, is crucial. Aps et al. 6 years in the ESI rank from 3 to 6 because of the concomitant
(2014) found that an extra factor should be considered by the effect of seasonal storms and sediment deficit that no longer could
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nourish the beach. The surface sandy layer of the beach was
then eroded, transforming it into a gravel beach (Figures 2A1,2).
A similar layout was also experienced in Portonovo in only
3 months after the subsequent occurrence of comparable storms
from opposite directions (Figures 2B1,2, 6). Thanks to both
topographic and sediment data previously available, the four
zones of Portonovo have always been ascribable to ESI 5 or
6A, and the grain size factor that better defined the ESI is
5. On the other hand, the wider vulnerability rank ascribable
to Sirolo beach is mainly due to the only slope data available
from previous surveys; instead, when grain size data are also
available (see April 2015; Table 2), a better discrimination of
its vulnerability is possible. Bello Smith et al. (2011) highlighted
that the National Oceanic and Atmospheric Administration
[NOAA] (2002) classification is hardly applicable to microtidal
beaches because beach slope is likely overrated if compared
to the wider oceanic beaches. The higher sandy fraction and
the consequent gentle slope of its intertidal zone are the main
reasons to assess Sirolo as ESI 5 in most cases. The least
alarming area of Sirolo beach in the case of an oil spill event
is the northernmost (zone 1; Figure 1E): here the narrow
beach, basically comprised by the cliff and a boulder talus base,
could be easily cleaned by the normal swash fluxes and wave
energy (as also reported by National Oceanic and Atmospheric
Administration [NOAA] (2002) for rank 1C). Unfortunately, the
fact that the dataset of the two beaches is not fully comparable
forced the authors to formulate their belief mainly on the more
complete dataset collected for Portonovo beach. No repeated
sediment sampling was undertaken in Sirolo beach as the dataset
we used was originally collected for a morphodynamics study.
Nevertheless, the slope variability documented for Sirolo beach
is still valuable in determining the maximum potential oil depth
reachable in this beach.

FIGURE 2 | (A1,2) Comparison of the same beach portion of Ruhnu Island
(Estonia) after 6 years (modified from Aps et al., 2014) and (B1,2) the same
beach portion in Portonovo (zone 4) after 3 months. The beach portion of
Portonovo is shown after two storms driven from opposite directions (B1
storm from NE, B2 storm from SE). The high dynamism associated both with
burial and the variation of sediment size can be noticed comparing all the
frames.

TABLE 5 | Vertical extents of oil penetration, sediment mobility, and burial (or
erosion) of the different vulnerability levels according to ESI guidelines by National
Oceanic and Atmospheric Administration [NOAA] (2002).

Rank 1 Rank 4 Rank 5 Rank 6

Qil penetration 0 (impermeable 0.25 0.50 1

substrate)

Sediment - 0.20 High during  High during

mobility (mixing storms storms

depth)

Burial/Erosion - Rapid Rapid Rapid
during a during during
single tidal  storms storms
cycle

Only the levels ascribable to Portonovo and Sirolo are shown. Values are
given in meters.

The most important information in the case of an oil spill
event is the burial and penetration of oil in the beach body.
National Oceanic and Atmospheric Administration [NOAA]
(2002) gives some important implications for each ESI regarding
burial (or erosion), penetration of oil and sediment mobility
(Table 5). Given the mixture of sediments of Sirolo and
Portonovo beaches, burial and penetration can be particularly
rapid and could easily increase the oil persistence in the beach
body, leading to potential long-term biological impacts and
making cleanup procedures much more difficult and intrusive
(National Oceanic and Atmospheric Administration [NOAA],
2002). As showed in Table 5, many indications given by National
Oceanic and Atmospheric Administration [NOAA] (2002) are
only general or qualitative, and this makes sense from their point
of view given the wide application of the ESI classification. An
opportunity for improvement is a quantification of the maximum
potential depth, which is reachable by the oil, but this implies the
collection and the analysis of site-specific data.

Given its predominant gravelly fraction, Portonovo is
constantly affected by rapid burial (Figures 2B1,2), which can
be led not only by severe storms as already documented by
Grottoli et al. (2017), who analyzed the storm response of
the beach with a typical wave climate for the area. The high
dynamicity of Portonovo was also experienced with low energy
conditions which generated 0.5 m of burial due to the formation
of the fair-weather berm in the intertidal zone (Grottoli et al.,
2019). Nevertheless, storm berms represent the most dangerous
geomorphic factors in the case of an oil spill event that reaches
the beach. In Portonovo, the highest storm berms were always
observed after storms coming from the SE (“Scirocco” wind;
Figure 3). Due to its orientation (NW-SE), the beach is largely
exposed to incident storm waves coming both from the SE and
NE, but SE waves, due to the smaller accommodation space of
zones 3 and 4 (Figure 3), can pile up larger sediments (pebbles
and cobbles) in storm berms from 1 to 3 m high (Figures 3B,D,F).
In sites like Portonovo (Figures 3, 4) the beach limits are crucial,
not only in confining the water circulation in the case of an
oil spill (Gonzdlez et al., 2009) but, primarily, for increasing
the chances of significant burial in case of severe storms (i.e.,
Hs of 3.5-5 m, an approximate energy of 600-800 m?h and at
least 30 h of storm conditions; Grottoli et al., 2017). The strong
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FIGURE 3 | View of the same beach portion of Portonovo (zone 4) after three different storms coming from the SE: (A) zone subdivision and focus on zone 4; (B)
beach topography of November 2012 compared to the previous data available and (C) photo of the beach surface of November 2012; (D) beach topography of

March 2013 compared to the previous data available and (E) photo of the beach surface of March 2013; (F) beach topography of February 2014 compared to the
previous data available and (G) photo of the beach surface of February 2014.
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SE waves

FIGURE 4 | Erosive scarps (on the left) and storm berms (on the right) from the edge zones of Portonovo beach after storm events from SE direction.

downdrift coarsening of sediments in accordance with the storm
direction was already experienced by Carr et al. (1970) in Chesil
Beach (United Kingdom). In Portonovo, when a severe storm
approaches from the SE, the southern part of the beach (zone
1 and 2; Figure 4) is affected by erosive scarps of the same
vertical extent of the storm berms that form in the northern part
(zone 3 and 4; Figure 4). In Sirolo, where only a few datasets
were available, it is not possible to clearly quantify burial (or
erosion) extents, but it is likely that the larger accommodation
space prevents the creation of storm berms and erosive scarps of
the same size of Portonovo (Figure 5). The encouraging aspect
of pocket beaches like Sirolo and Portonovo, where the tide
is not an important factor, is that beach rotation, due to the

bimodal direction of storms (NE and SE, Figure 6), represents
the main factor responsible for beach recovery (Harley et al.,
2014; Grottoli et al., 2017). Burial processes on mixed beaches
were already explained by Hayes et al. (1991), highlighting
the dangerous concomitance of storm berm deposition, beach
rotation and downdrift coarsening of sediments after a storm
event. In Portonovo, storm berms are very close to the shoreline,
with their seaward steep side often joined to the beachface
(Figures 3C,E,G): therefore, the burial generated by storm berms
has to be taken into serious consideration in the case of an oil
spill event since the contaminant is expected to penetrate the
beach body from the beachface, which could be rapidly buried
if severe storm waves are approaching the beach. As suggested by
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FIGURE 5 | Profile variation at the edge zones of Sirolo beach between March and October 2012: (A) zone subdivision and profile location; (B) profile variation in
zone 3; (C) profile variation in zone 1. Profiles have been chosen according to the larger topographic variation visible.
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Quick and Dyksterhuis (1994), storm berm formation on highly
permeable beaches is mainly due to wave breaking [typically
by plunging on this type of beaches, Grottoli et al. (2019)],
which produces a net onshore shear stress over the swash and
backwash cycle, leading to net onshore transport and profile
steepening as experienced in Portonovo (Figure 3). Moreover,
the hydraulic conductivity, related to the coarse sediment size
of the beach, is directly responsible for the steep profile (Mason
and Coates, 2001) and should be an aspect that still needs further
consideration on mixed sand and gravel beaches. Since in the case
of an oil spill event, the oil would primarily reach the intertidal
zone, another aspect that has to be taken into consideration is the
typical mixing depth of the site. The mixing depth in the intertidal
zone of Portonovo was already tested in the field by Grottoli et al.
(2015) as 0.25-0.3 m (experienced with ordinary waves, namely
Hs of 0.3-0.4 m). In Sirolo, mixing depth was derived using
the experimental formulas of Ciavola et al. (1997) and Ferreira
et al. (2000), specifically developed for steep and coarse sandy
beaches. Those formulas, computed for the intertidal zone of
Sirolo, with a typical Hs of 0.5 m, returned mixing depth values
0f 0.13-0.16 m (Table 6).

Hence, in the worst-case scenario, represented by the
deposition of oil on the beach immediately before a storm event
(or a cluster of storms), the three factors that can increase the
maximum depth reachable by the oil are: (i) the maximum burial
due to storm berm formation (Figure 3); (ii) the typically large

mixing depth, and (iii) the expected oil penetration related to the
sediment characteristics of the beach at the oil deposition point
(according to National Oceanic and Atmospheric Administration
[NOAA], 2002). These three factors can be concomitant if the oil
is stranded on the beach immediately before a storm (or a cluster
of storms) and if summed, they give a maximum potential depth
of 3.80-4.30 m in Portonovo and 1.10-1.85 m in Sirolo (Table 6).

Comparable burial rates were recorded by Gonzdlez et al.
(2009) in sandy macro-tidal beaches of Galicia (Spain): oil was
found at depths of 2-3 m 2 years after a big oil spill event.
Similar burial depths (1.5 m) were also expected in the sandy
meso-tidal beaches of New Zealand (de Lange et al, 2016).
Prompt cleaning operations after the oil spill led to a complete
cleaning after 1 year from the incident with the help of natural
oil degradation (de Lange et al, 2016). Oil was buried under
storm berms of 1.2 m in the gravel beach of Prince William
Sound (Alaska; Hayes et al., 1991). In coarse grained beaches
(ESI 5 and 6) oil could persist within the beach body for years
(Gundlach and Hayes, 1978; Hanna, 1995; National Oceanic and
Atmospheric Administration [NOAA], 2002); therefore, a better
understanding of the internal structure and sediment variability
under the beach surface is particularly needed. A valid tool is
Ground Penetration Radar (GPR), which has already been used
to detect oil layers down to a depth of 0.5 m from the beach
surface by Lorenzo et al. (2009) in Galicia (Spain). The same oil
depth was documented by Michel and Hayes (1993) 3.5 years
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TABLE 6 | Estimation of the max potential depth that oil can reach in the case of an oil spill event in Portonovo and Sirolo.

Max burial Mixing depth Ascribable ESI ranks (NOAA 2002) Max
due to storm potential
berms oil depth
Oil penetration Oil penetration Oil penetration Oil penetration

according to beach according to beach according to beach according to beach

sediment (Rank 1) sediment (Rank 4) sediment (Rank 5) sediment (Rank 6)
Portonovo 3 0.30 - - 0.50 1 3.80-4.30
Sirolo 0.70 0.15 0 0.25 0.50 1 1.10-1.85

Values are given in meters.

after the Exxon Valdez oil spill of 1989 in some gravel beaches
of Prince William Sound (PWS) in Alaska. Another aspect to
better investigate is the actual penetration and persistence of oil:
Li and Boufadel (2010) proposed a valid model for tidal gravel
beaches based on an internal structure made by two layers, with
the lower layer characterized by low permeability and therefore
being able to entrap oil for years, as happened to the gravel beach

of PWS after the Exxon Valdez oil spill (Hayes and Michel, 1999).
According to Nixon and Michel (2018), these oil residues are
typically located in finer-grained sand and gravel sediments, often
under an armor of cobble- or boulder-sized clasts, in areas with
limited groundwater flow and porosity. According to Nixon et al.
(2013) the oil persistence, nearly 20 years after the Exxon Valdez
oil spill on the intermittently exposed gravel beaches, is due to
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a complex interaction between small-scale geomorphic features
(e.g., armoring) that proved shelter from the local incident wave
energy. They documented subsurface oiled layers down to an
average burial depth between 13.6 and 18.6 cm.

Mixed sand and gravel beaches in microtidal environments
which experience huge variability like Portonovo and Sirolo
need more attention since the amount of sediment that can
bury the oil is more significant due to the formation of
storm berms right behind the narrow intertidal zone. After
the Deepwater Horizon spill, which was the largest marine oil
spill in United States waters affecting hundreds of kilometers of
shorelines (Zengel et al., 2015, 2016), the geomorphic state of the
beach was recognized as one of the most important issues during
the response operations to the spill (Michel et al., 2013); during
the initial heavy oiling many beaches of the Gulf of Mexico were
in an erosional state, and this led to oil burial in the following
months as the beaches accreted. Michel et al. (2013) documented
that the oil was stranded high in the supratidal zone due to high
water levels and wave activity generated by storms in 2010 and
that the oil stranded in the intertidal zone was buried at a location
of more than 1 m due to the effect of the largest storms in the area
(i.e., Tropical Storm Lee and Hurricane Isaac, in May 2010 and
January 2013). The case of the Deepwater Horizon spill, where
the effects of oil persistence were still documented 3 years after
the spill (Michel et al., 2014; Zengel et al., 2015, 2016), represents
an example where the knowledge of the vertical variation of the
beach surface would be crucial in performing the different oil
treatment techniques and reducing challenges to its removal. The
continued remobilization of oil buried in both intertidal and
nearshore zones resulted in the chronic re-oiling of beaches, even
though at trace levels, for over 3 years (Michel et al., 2013, 2014).
This suggests that beaches showing high dynamicity should be
investigated from a geomorphic point of view for a few years
consecutively before a representative beach state can be chosen
for vulnerability evaluations.

Recommendations on How Incorporate
the Dynamic Nature of the Beach

Environment in the ESI Assessment

As demonstrated by this paper, impressive vertical variations
of the beach surface together with sediment size changes can
be experienced on mixed beaches in both limited time and
space. This natural process, primarily induced by storms, can
largely affect the cleaning operations of an oiled beach and has
in the generation of storm berms the most dangerous factor.
As already accomplished for the biological aspect of the ESI
assessment, where the appendix entitled “Biological resources”
lists in detail the monthly occurrence and the period of nesting,
eggs, pupping, etc., of each species (National Oceanic and
Atmospheric Administration [NOAA], 2007), an extra detailed
appendix, entitled “Geomorphic characteristics,” could be added
in the ESI map. During the “Ground verification” phase within
the field measurements undertaken by geologists for the ESI
assessment (National Oceanic and Atmospheric Administration
[NOAA], 2002), surface sediment samplings and GPS cross-
shore measurements should be included. These data should
be gathered seasonally or at least twice per year during the

period that lasts until the next scheduled ESI update, which is
usually 5-7 years later. After this period, it would be possible
to understand how the beach responds to storms and what
potential depth could be reached by the oil according to the
wave climate and the geomorphic features developed (e.g., storm
berms) on the site. As shown in Table 6, an analog table could
be created for each ESI map concerning the expected site-
specific values of: (i) the maximum burial due to storm berm
formation between one survey to another; (ii) the typical mixing
depth of the site; and (iii) the oil penetration according to the
sediment characteristics of the beach (according to National
Oceanic and Atmospheric Administration [NOAA], 2002). These
values, if summed, return the maximum potential depth that
could be reached by the oil in the worst-case, namely the
occurrence of a storm (or a cluster of storms) in the immediate
aftermath of the oil deposition. Due to financial and logistic
difficulties which may arise in obtaining these data, at least a
ground verification survey should be repeated twice per year
(at the beginning and at the end of the storm season) and
within a single time span between two ESI updates (usually 5-
7 years). Considering the huge shoreline extent that needs to be
mapped and in order to have a satisfying spatial resolution, a
geomorphic assessment every 500 m should be performed, and
a zone subdivision of the shoreline could be conceived. After
one single assessment period (5-7 years), a good estimation
of the maximum potential burial of oil could be obtained for
each zone. The assessment does not need to be repeated unless
drastic environmental variations occur, such as construction
of protection structures or beach replenishments. This detailed
geomorphic assessment could be undertaken only on those
beaches that are known to be highly dynamic, and it could
largely improve the expectations of the authorities in charge
of cleaning operations [e.g., the Shoreline Cleanup Assessment
Technique (SCAT) Program; Owens and Teal (1990), Owens
and Sergy (2000)] on how deep the oil could be found under
the beach surface after a storm period. Unfortunately, this
information is often site-specific due to a local combination of
factors that may affect the oil fate along the shoreline (Michel
et al., 2013); therefore, a geomorphic database for each ESI map
could represent a relevant benefit as demonstrated by the GIS
database built after the Deepwater Horizon for the Gulf of Mexico
(Nixon et al., 2016).

CONCLUSION

Due to their large variety of grain sizes and the high dynamicity
of their landforms, the opportunity to better assess the oil spill
vulnerability of coastal environments from a geomorphic point
of view could only arise from mixed sand and gravel beaches.

Both Portonovo and Sirolo can be classified as ESI 5 (mixed
sand and gravel beaches) or 6A (gravel beaches), with Sirolo
equally classifiable among the two ESIs for most of the time
and Portonovo with a prevalent trend toward ESI 5, thanks
to the more exhaustive sediment dataset from previous field
measurements. Grain size is the most determinant factor in
assessing the oil spill vulnerability according to ESI guidelines
when both slope and sediment size are available.
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The high geomorphic variability on the two sites is mainly
related to storm berms due to the bimodal direction of storms.
Storm berms demonstrate that rapid burial processes can
occur on both beaches, with a potential maximum burial of
3.80-4.30 m in Portonovo in the northernmost edge of the
beach and 1.10-1.85 m in the edges of Sirolo beach. The
different burial magnitude of the two sites is mainly ascribable
to smaller accommodation space for sediment transport of
Portonovo beach because of its landward and cross-shore
physical barriers, which increase the vertical accumulation of
gravelly sediments in proximity to the shoreline. The maximum
potential oil depth, predominantly related to storm berms, is
the most alarming factor to be considered in the case of an
oil spill event, especially in dynamic microtidal beaches where
storm berms are usually very close to the shoreline. A better
interpretation of the internal structure of mixed sand and gravel
beaches is also needed to understand how sediment variability
affects oil penetration and persistence. The National Oceanic
and Atmospheric Administration [NOAA] (2002) classification,
conceived for oceanic beaches of the United States, could
be improved with the addition of a morphodynamics factor
that could account for significant short-term and site-specific
variations in terms of sediments and geomorphic features. In
this sense, a quantification of the vertical variation of the beach
surface by means of repeated and consequent field measurements
is needed, and this aspect should be included in ESI maps as an
appendix as already happens for the biological characteristics.
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In the present context of sea-level rise, the reconstruction of previously reclaimed
intertidal areas represents an opportunity to build dynamic coastal defences to decrease
flooding under storm conditions by the dissipation of wave and surge energy across the
vegetated domain. In Europe, this approach started in the late 1990s along the coast of
eastern and southern England, but it is becoming common to many European countries
around the North Sea margin. The process of salt-marsh restoration normally develops
around the opening or removal of flood protection structures and gradual flooding of
the hinterland. If the intertidal zone starts to experience vertical accretion, vegetation will
colonize the area and a saltmarsh will develop. This paper presents the morphological
evolution and sediment distribution in the Perkpolder basin, SW Netherlands (NL),
following the conversion of a reclaimed area into a tidal flat, after the opening of an
inlet in the flood defence structures in June 2015. The main focus of this study is
the description of the evolution of the tidal flat since the opening of the inlet and the
identification of spatio-temporal conditions for the evolution of a salt marsh. To reach
this objective, several topographic surveys were undertaken, together with sediment
surface sampling. Sedimentation rates at fixed sampling stations were assessed during
the transition between neap and spring tides over a period of 1 month and 2 weeks. The
morphological analysis of the inlet evolution proved that 6-8 months after the opening
the inlet reached an equilibrium state. The average accretion rate across the whole study
area was about 6-7 cm per year—'. The average deposited sediment was about 100 g
per m~2 per day. Considering the sedimentation rates in the most elevated regions, 80—
110 cm above NAP (Normaal Amsterdams Peil), and assuming that the sedimentation
rate will remain constant in time, the conditions for the on-set of salt-marsh formation will
not be reached before 8-10 years. Projections indicate that the area located at +50 cm
above NAP will not become a mature marsh before 50 years.

Keywords: saltmarsh restoration, artificial tidal flat, building with nature, sedimentation rates, saltmarsh
accretion
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INTRODUCTION

Tidal flats are intertidal, non-vegetated, soft sediment habitats
generally composed of mud and sand (Dyer et al., 2000), often
backed by salt marshes that grow at higher elevations within the
intertidal fringe. Coastal salt marshes are usually found along
low-energy and temperate coastlines (Allen, 1992; Adam, 2011),
except for the extensive mangrove forests that are located at
tropical latitudes (Odum et al., 1982). Salt marsh plants, mostly
herbaceous halophytes, are adapted to tolerate regular saltwater
inundation, especially the species that colonize the low-elevated
parts (Pratolongo et al., 2019).

Despite the fact that salt marshes were historically considered
as a source of insalubrious conditions (humidity, mosquitoes)
and as land unsuitable for agriculture (Boavida, 1999), they can
offer numerous ecosystem services. Several studies have discussed
the benefits derived from these environments to nature and
mankind: (i) they support fisheries as they host economically
and ecologically important fish species (Boesch and Turner,
1984; MacKenzie and Dionne, 2008; Barbier et al., 2011); (ii)
they play a role in the carbon cycle as they are able to shift
carbon sequestering from the short-term (10-100 years) to the
long-term (1000 years) (Mayor and Hicks, 2009); (iii) they
can host leisure activities and have an important role in local
cultural aspects (Weis, 2016). The decline of these environments
during the last 50 years has caused an important loss of
ecosystem services (Millennium Ecosystem Assessment, 2005).
Nevertheless, recent assessments on the future of salt marshes
are quite controversial. In fact, global-scale predictions suggest
that the capacity of marshes to recover against sea-level rise are
overestimated (Nardin and Edmonds, 2014; Crosby et al., 20165
Spencer et al., 2016), but local-scale assessments concluded the
opposite prediction (Kirwan et al., 2016). The reason behind
this discrepancy is that large-scale assessments do not consider
the biophysical feedback mechanisms that are included instead
in local-scale models (Kirwan et al., 2016). Several local-scale
studies demonstrated that coastal wetland loss can be avoided by
using nature-based adaptation in coastal management solutions
(Schuerch et al., 2018).

One of the most important roles of salt marshes is coastal
protection, as they are able to attenuate wave energy and to
consequently reduce the flood hazard (Bouma et al., 2014). Many
studies demonstrated the effect of vegetation and wetlands on
wave impact reduction (Moller et al, 2014; Smolders et al.,
2015; Vuik et al, 2016) and storm surge (Stark et al., 2015;
Leonardi et al., 2018).

Nature-based solutions are to be preferred to conventional
coastal defences because they are effective and have a reduced cost
if compared to traditional approaches (Koch et al., 2009; Borsje
et al,, 2011; Temmerman et al., 2013). In order to support the
efficient design of nature-based solutions, a deep understanding
of feedback effects between biotic (e.g., vegetation) and non-
biotic factors is needed.

Previous studies focussed on established, evolving or
deteriorated salt marshes; few works analyzed the processes
acting on newly developed salt marshes. Several works defined
how hydrological and sedimentological processes influence

topographic evolution of the marsh in response to sea level rise,
with surface growth following an asymptotic law (Pethick, 1981),
and how the hydroperiod spatially and temporally changes
sediment accretion and accumulation (Cahoon and Reed, 1995).
Furthermore, several studies discussed the adaptation capacity
of salt marshes to keep pace with sea level rise (Stevenson et al.,
1986; van Wijnen and Bakker, 2001; Schuerch et al.,, 2013,
2018; Crosby et al,, 2016; Kirwan et al., 2016; Spencer et al,
2016). Mathematical models have been implemented to describe
sediment transport inside salt marshes and tidal creeks (Kirwan
et al., 2010; Green and Hancock, 2012; Reimer et al., 2015),
and biological parameters have been introduced to explain how
the eco-geomorphological state of marshes influences their
contribution to sediment budgets (Stark et al., 2017). In this
type of environment, sediment deposition is influenced by a
number of factors, such as seasonal conditions (Reef et al., 2018),
sediment availability and grain-size distribution (Schuerch et al.,
2014), storm frequency and intensity (Schuerch et al., 2012).

Despite our current knowledge of hydrological and
sedimentological processes on well-developed salt marshes,
there have been few observations and experiments concentrating
on the mechanism of salt marsh creation (Gunnell et al., 2013).
A better understanding of how a salt marsh develops is necessary
to estimate the future distribution of vegetation as well as the
time required to observe the transition from tidal flat to marsh
environments, natural or artificial.

The capacity of predicting salt marsh development is
also important to understand if a “set-back” approach is
feasible, i.e., the environment is free to develop without any
human intervention, such as building new coastal structures to
control the process.

The existence of salt marshes is critically dependent on how
fast sediment accumulates with respect to sea level rise (Redfield,
1972; Orson et al., 1985; Schuerch et al., 2012). Using 40 years of
study of salt marshes in the Wadden sea (Netherlands), Bakker
(2014) evidenced that a natural salt marsh forms when a mud or
sand flat rises through vertical accretion until it lies just below the
Mean High water Tide level (MHT), so that it is submerged twice
a day for several hours and it is dry the rest of the time.

In the current study, this concept will be applied to verify the
possibility to predict the future evolution of a young, artificially
created, tidal flat at Perkpolder (Zeeland, NL).

The overall aims of the study are: (i) to understand the patterns
of morphological variation of the tidal flat; (ii) to describe
patterns of sediment accretion across the most elevated parts of
the flat; (iii) to predict where and when an optimal elevation will
be reached for the establishment of permanent vegetation; (iv) to
define the morphological evolution of an artificial inlet that was
dredged to establish communication with the estuary.

STUDY SITE

The study area is located in Perkpolder, a previously reclaimed
area in the municipality of Hulst, in the province of Zeeland
(Netherlands) (Figure 1). This site is part of the Scheldt Estuary,
characterized by a length of 355 km from source to mouth,
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FIGURE 1 | (A) Map of the province of Zeeland and (B) the municipality of Hulst. (C) Location of the Perkpolder tidal basin within the Scheldt Estuary and (D)
1:15000 orthophoto from the Province of Zeeland of the area, captured in June 2017.

with a total catchment area of 21863 km?. About 10 million
people live in the river basin (Meire et al., 2005). According
to the geometry of the estuarine channel and its hydraulics,
the Scheldt is divided into three different zones: a narrow part
dominated by freshwater from Gentbrugge to Rupelmonde, an
intermediate zone from Rupelmonde to Hansweert, and a wide
and well-mixed part from Hansweert to the mouth (Nihoul et al.,
1978). The mud of the Scheldt Estuary has both marine and
terrestrial origin; the ratio between these two muds of different
sources is highly variable, partially due to the variation in the
location of the turbidity maximum (ETM), and partially due
to changes in sediment load of the tributaries of the Scheldt
(Swart, 1987; Wartel et al., 1993; Brinke, 1994; Chen et al., 2005).
The sediment transport rates depend on the seasons and on
the tidal cycles. The suspended concentration is usually higher
during the flood and during spring tides than during ebb and
neap tides. In winter, the suspended concentration and the tidal
amplitude are better correlated than during the summer, and the
maximum concentration occurs one tide after the highest tide.
These seasonal variations are connected to several processes, like
changes in freshwater discharge, temperature, land erosion, and,
in a less significant way, wave-induced resuspension (Fettweis
et al., 1998). The study area falls in the mid-part of the estuary,
the most important for sediment transport. The strong tidal
currents, combined with the occurrence of flocculation due to
the mixing of tidal and riverine water masses, as well as residual
currents, increase the residence time of the suspended material,

reaching values from hundreds of milligrams per liter to a few
grams per liter (Chen et al., 2005). The mean tidal range of the
estuary varies from about 3.8 m at Vlissingen (at the mouth)
to about 5.2 m at Antwerp (78 km upstream); thus, most of
the Western Scheldt is meso-tidal. Current velocities are up to
1-2 m s~ ! in the main channels, for an average tidal range.
The mean Spring tidal range of the study area is about 5 m
(Claessens and Belmans, 1984).

The study area is a 75-hectares tidal flat (Figure 2),
created as a cooperation project between Rijkswaterstaat (Dutch
Ministry of Infrastructure and the Environment) and the
regional government. This project, started after the closure
of the ferry service between Kruiningen (Zuid-Beveland) and
Perkpolder (Zeeuws-Vlaanderen) in 2003, was named Plan
Perkpolder, and it aims at prompting the socio-economic
development of the area by combining the construction of
recreational facilities and natural environments. One of the
most important objectives of this plan was to recreate a tidally-
dominated natural ecosystem (Boersema, 2016). This polder
was originally dammed in 1210 and the land was reclaimed
for crop growth and for building small villages. Subsequently,
the land behind the dike subsided, dropping to an elevation
below mean sea level. Due to the proximity of the Schaar
van Ossenisse, a deep channel in the Western Scheldt, the
coast was susceptible to dyke failure. In 1841, a new dyke
of about 1 km was built along the coast, but half of it was
quickly lost.
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FIGURE 2 | Orthophotos at 1:15000 scale of the Perkpolder basin from the maps of the province of Zeeland; (A) before works in March 2014, (B) shortly before the

opening of the inlet in March 2015, (C) in March 2016 and (D) in June 2017.

The Perkpolder tidal flat is divided into three zones: the
foreshore outside the basin, the pond, and the inner part, where
several creeks were dug during the restoration project. There are
two main creeks of about 40 m in width; they divide southwards
into narrower branches of about 30 m in width, reaching a total
length of about 800 m. On 25 June 2015, the dyke was breached
(Figure 2B) and the salt water of the Western Scheldt started
to flow in the basin covering the whole tidal flat. The inlet has
a width of about 300 m and its bottom is located at a height
of about 0-1 m NAP. The inlet is submerged during high tide
only, except for the central part, which is deeper, being at —0.8 m
NAP. This deeper permanent channel has a width of about 10
m and allows continuous water exchange between the pond and
the open estuary.

Field observations, the basin structure, and the presence of
a dyke ring support the idea that the flood and ebb currents
were the principal agents causing morphological changes, as
wave action is negligible given the small internal fetch and the
unlikely penetration across the shallow inlet (Figures 2C,D).
Field observations after the opening also suggest that benthic

macro fauna rapidly started to colonize the area, providing food
for bird communities.

METHODOLOGY

Morphological Analysis
The monitoring strategy aimed at identifying the evolution of
the area immediately after the opening of the inlet. Following
previous authors (Thomas and Ridd, 2004; Nolte et al., 2013),
sedimentation patterns are analyzed in a short-time interval,
to obtain data from a spring-neap tidal cycle (15 days), as
well as over a longer-period (32 days). Additionally, from June
2015 to January 2017, seven multi-beam datasets of the inlet
area were obtained from surveys undertaken by Rijkswaterstaat.
A cross-section (Figure 3) was digitized across the inlet to see
its evolution through time, assessing changes in width, depth,
and wetted area.

In order to assess the morphological evolution of the tidal flat
through time, three Lidar surveys, with a 2 m x 2 m resolution,
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Cross-sections, sediment samples
and inlet profile location

FIGURE 3 | DGPS cross-sections (C1-C4), inlet profile (A-B) and location of
sediment samples.

were used. The surveys were performed by Rijkswaterstaat. As the
unprocessed point clouds were not supplied, a direct evaluation
of the vertical accuracy could not be undertaken. Notice that
accuracy depends on the Lidar sensor resolution (Wehr and
Lohr, 1999), the landscape features of the intertidal environment
(Evans et al.,, 2019) and the presence of vegetation (Hladik and
Alber, 2012). In low and high marshes, the vegetation clearly
influences the accuracy, causing errors from 0.1 to 0.45 m (Morris
et al., 2005; Rosso et al., 2006; Wang et al., 2009; Schmid et al,,
2011; Millard et al., 2013), requiring corrections to DTMs. As in
Perkpolder, the tidal flat is completely un-vegetated and with no
large bed features, it was considered unnecessary to re-process
further the DTMs. As shown by Fernandez-Nunez et al. (2017),
bare mud in Lidar surveys is represented with very high accuracy
(0.04-0.09 m), and the effects of corrections in this kind of
environment can be meaningless or even increase the error.

The first survey was undertaken in June 2015, in
correspondence with the opening of the inlet; the second survey
was undertaken in April 2016, and the third one in February
2017. Two RTK-DGPS fieldwork campaigns were performed on
12-15 June and 6-8 December 2017 (Figure 3); the DGPS survey
of June was not taken into account for morphological analysis
because of its proximity with the Lidar survey of February. Four
cross-sections were prepared in advance on ArcGIS software

and uploaded on the GPS datalogger to collect the points
along selected orientations; during the successive surveys, the
points of measurements where repeated with absolute care. The
spacing between the surveyed points was about 10 m, except
inside the creeks, where the spacing was about 5 m or less; the
horizontal and the vertical accuracy was sub-centimetric. The
adopted datum is the NAP (Normaal Amsterdam Peil), while
the coordinate system is the Amersfoort/RD new. Data was
manipulated in the ArcGIS software using “natural neighbor” as
an algorithm of interpolation to create the DTMs. To evaluate
the rate of sediment accretion and volume gain/loss, the datasets
were processed with the Geomorphic Change Detection (GCD)
tool of Wheaton et al. (2010). The tool performs an analysis
of vertical variations and volume gain and loss, including an
evaluation of uncertainty. According to Brasington et al. (2003),
the individual errors of DTMs when a DoD (DEM of Difference)
is made. They can be propagated as:

dupop =y (Sznew)z"_(azold)2 (1)

In equation (1), 3upep is the propagated error, while 3zneyw
and 8zqg)q are the individual errors of each DTM. Because no
vertical accuracy was set-up as the unprocessed point clouds
were not available, the best option was to consider a range of
the individual error in this type of environment (0.04-0.09 m),
implying that the error of the new DTMs ranged between 0.06
and 0.12 m. The GCD tool also allows to choose the threshold
below which lower variations are considered meaningless: in
this case the calculations were made considering thresholds of
0.05, 0.10, 0.15 m, and no threshold at all, as previously done
by Duo et al. (2018). Because of different vertical accuracies
in the datasets (e.g., Lidar vs. DGPS), the interpretation of
DTM changes has higher reliability only when the same types
of datasets are compared. This means that the most consistent
data intervals are from the first 2 years after the inlet opening
(June 2015-February 2017). To study the additional period from
February 2017 to December 2017, a comparison between datasets
was made (i.e., Lidar vs. DGPS), but the interpretation must be
taken with extreme caution.

Particles Size Analysis (PSA)

As the same time as topographic measurements, 40 sediment
samples were collected (10 samples distributed in each cross
section) to characterize the particle size distribution across the
tidal flat. The adopted procedure for Particle Size Analysis
(PSA) follows the Italian national standard set by ICRAM
(2004). The sediment samples were treated with 120 ml of
Hydrogen Peroxide at 16 volumes for several days to remove
the organic matter. As the Wentworth scale (Wentworth, 1922)
was used to distinguish the sand from mud, the two fractions
were separated using a mesh of 63 microns by wet sieving
(Widdows et al., 2000). The mud was stored in large pitchers
to decant, while the sand was dried at 105°C. Then, all the
extraneous material (e.g., whole shells or fragments, etc.) was
removed using another sieve of 1 mm and the sand content
was quantified. No further analysis on the sand fraction was
carried out, considering the small quantity (e.g., a few grams,
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less than 30% for most of the samples). After several days, the
water in the pitchers was removed and the mud was displaced
into smaller beakers and weighed. Part of the mud was then
moved into glass petri dishes and dried at 105°C. Finally, a
Micromeritics Sedigraph Analyzer was used to discriminate
the percentages of silt and clay. The results of the PSA were
plotted onto the Shepard’s diagram (Shepard, 1954) using the
Triplot program (McHone, 1977), and a map of sediment
distribution was prepared.

Measurement of Sedimentation Rate
Across the Tidal Flat

Sediment deposition was measured using traps built with Perspex
Petri dishes with a diameter of 9 cm and a height of 1.5 cm,
placed along each cross section at 10 different spots, at the same
location of the sediment samples. This kind of sediment trap has
been widely used since the 1980s (Reed, 1989; French et al., 1995;
Leonard, 1997; Brown, 1998; Culberson et al., 2004; Neumeier
and Ciavola, 2004; van Proosdij et al,, 2006). This method is
highly economical and provides a good spatial resolution of
sedimentation (Marion et al., 2009). Despite the fact that this
technique is commonly used, there is no settled standard; the
structure of the Petri dishes differs from author to author,
depending on the purpose of the study, the sediment accretion
rate, the occurrence of precipitation, re-suspension, or other
considered variables or disturbances. The technique principally
varies from using pre-weighted filters for small time periods,
to using the petri dish itself as a trap, left in the tidal flat for
many days or weeks, like Butzeck et al. (2015) or Temmerman
et al. (2003) have done. The choice of this type of Petri dish
was based on the seasonal period chosen for our study (winter-
summer), the weather conditions normally experienced at the
site (for example absence of torrential rainfalls), and the vertical
accretion expected on this type of tidal flat from literature studies.
All the traps were covered by the tide for the same time period
and by all the tides, since neap tides during experimentation were
high enough to cover the whole basin. The vertical accretion
did not completely bury the traps, with the exception of 2 Petri
dishes. These Petri dishes were located in the southern part of
the area (cross-section C1) inside the creeks, where the accretion
was observed to be the highest even from the analysis of the
topographic surveys. Consistent rainfall was absent while traps
were operating, so it did not influence the sediment deposition.
In order to avoid that near-bed tidal currents displaced traps, the
Petri dishes were nailed into the ground using pickets glued in
the center of the dish. One spring-neap tidal cycle (15 days) and a
long-period tidal cycle (32 days) were measured in two different
time intervals (Figure 4).

The first measurement campaign employed 40 Petri dishes
(10 per cross section) which were deployed from 15 May 2017
to 16 June 2017. A second measurement campaign employed
40 Petri dishes from 13 to 27 June, therefore covering a shorter
time interval that represents a spring-neap tidal cycle. Only
57 traps out of 80 deployed were recollected after the two
campaigns. The samples were dried and weighed, and the
recovered sediment amount was normalized according to the

days each Petri dish was left in the tidal flat to obtain values in
grams day~!. The normalization was made assuming a constant
rate of deposition per day.

Loss on Ignition Analysis

Part of the bed samples was used to determine the LOI content
(Loss on Ignition) according to the method of Heiri et al. (2001).
The analytic procedure was divided into two phases: (1) each
sediment sample was placed in an aluminum cup and then dried
for a week in an oven at 80°C to remove water and determine the
dry weight; (2) the dried sediment was moved into ceramic cups
and weighed. The samples were then burnt at 550°C for 6 h and
weighed once again to define the LOL

RESULTS

Morphological Datasets

Four time intervals of morphological evolution could be
considered: (i) from June 2015 to April 2016; (ii) from April
2016 to February 2017; (iii) from February 2017 to December
2017; (iv) the whole period, from June 2015 to December 2017.
In Figure 5 the profiles from Lidar surveys and also from DGPS
surveys are shown.

For what concerns the first interval between June 2015 and
April 2016 (Figures 6A,B), the accretion is centered principally
in the areas adjacent to the creeks. Overall, the accretion increases
moving southwards on the tidal flat; the highest and the lowest
values are located in the western creek, while the lowest parts
of the creek show erosion (reaching approx. 115 cm of erosion,
11.5 cm month™1!). The accretion is not stable along the creeks,
in fact in some areas, in particular in the center of the eastern
creek and in the further western creek, the elevation changes are
inhomogenous. On the other hand, the upper part of the flat
(the southernmost part of the polder) gained a large quantity of
sediment (approx. 125 cm of accretion, 12.5 cm month™ 1),

During the first 10 months after the opening of the inlet, the
tidal flat experienced a great sediment gain. If we use the different
error thresholds, we observed changes in the order of thousands
of cubic meters: (i) with a threshold of 0.05 m the net sediment
gain is 19300 4 8400 m?>; (ii) with a threshold of 0.10 m the
value is about 16900 % 10400 m?; (iii) with a threshold of 0.15 m
the net gain is around 13800 + 10000 m? and (iv) considering
no threshold at all the total sediment budget is 20000 m?. It is
clear that even considering the highest threshold, the tidal flat is
gaining sediment.

From April 2016 to February 2017, accretion and erosion
have a similar trend; both maximum erosion and accretion reach
60 cm in 10 months, 6 cm month™!. The highest values are
concentrated in the western creek with the maximum erosion
at the beginning of the creek, while the maximum accretion
occurs in the central-southern part of the creek. As shown in
Figure 6B, the rate of accretion seems to become stable in the
whole tidal flat, with the exception of the creeks that have the
highest rates. This influenced the volume calculations: during this
10 montbhs, the total sediment budget was: (i) with a threshold
of 0.05 m, 14000 4 8800 m?; (ii) with a threshold of 0.10 m,
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4800 == 4200 m?; (i) with a threshold of 0.15 m, 850 + 1100 m?
and (iv) with no threshold at all 17000 m>. However, it is notable
that the tidal flat continues to experience sediment accumulation
in a homogeneous way, with no evident morphological changes.
In the last time interval, between February 2017 and December
2017, the sediment gain estimation is about 16200 m>.

The net sedimentation rates are: (i) from June 2015 to April
2016, ~1800 m> month™!; (ii) from April 2016 to February
2017, ~1400 m> month™—!; (iii) from June 2017 to December
2017, ~1600 m> month~!. Thus, the first two analyzed periods
result to have quite similar sedimentation rates, characterized by
a reduction of sediment gain as the tidal flat builds up. The last
period is characterized by a higher rate of sediment accumulation,
but this last calculation derives from the DGPS surveys and the
value is probably overestimated. Considering the whole period
since the opening of the inlet in June 2015 (Figure 6C), the
total sediment gain on the whole tidal flat was about ~30000 m?
from June 2015 to February 2017, of which over than 16000 m?
estimated from February to December 2017.

The same logic of error thresholds was employed to find
the most reliable sediment accretion rate (Table 1). The rate
of accretion calculated over the whole study area (i) from June
2015 to April 2016 was 6 £ 2.5 cm year~! (averaged using all
thresholds); (ii) from April 2016 to February 2017 was 4.8 + 3 cm
year—! (using only the 0.05 threshold as data variability was
smaller); (iii) from February 2017 to December 2017, only an
estimation of 5.7 cm year~! can be produced. No quantification

of the error can be performed as two heterogeneous datasets
(DGPS vs. Lidar) were used.

Surface Sediment Characteristics

The granulometric classes in which the sediment samples fall
are sand, silty sand, sandy silt, loam and clayey silt. Overall,
the samples that contain a significant amount of sand were
found next to the channels; the sand content decreases moving
southwards, as showed in Figure 7A. In Figure 7B the collected
samples are classified using Shepard’s diagram. Notice that pure
silt and clay fractions are generally under-represented.

Sedimentation Rates

No traps were completely buried, except two, implying that the
collected sediment was a realistic measure of the total sediment
flux. These Petri dishes were located in the southern part (cross-
section C1) and inside the creeks, where the accretion measured
by topographic surveys was the highest.

The data from the surveys are shown in Figures 8A,B, where
values of sedimentation rates are presented in grams/m? day~!.
Due to the strong tidal flow during the first survey, only 18
Petri dishes out of 40 were recovered. Subsequently, because
of the reduced density of measurements, it was decided to not
interpolate the data.

From 15 May to 17 June 2017 (Figure 8A), the amount
of sediment trapped ranges between 6.3 g/m? day~! to
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FIGURE 6 | On the left and in the centre (A,B) elevation change computed from June 2015 to April 2016 and from April 2016 to February 2017; on the right (C,D)
sedimentary budget computed for both periods considering errors of 0, 0.05, 0.10 and 0.15 m. See the text for further details on survey methodologies.
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FIGURE 7 | On the left (A) sediment granulometric distribution map derived from the analysis of 40 samples collected in Perkpolder. The map was produced using

the natural neighbor interpolation. On the right (B) Shepard’s diagram shows how all samples result from a mixture of end-members of dominant sand and silt
fractions.
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TABLE 1 | Volume changes and rates of accretion of the study area considering different thresholds for error in the DTM.

DTM Error threshold (m) Time interval

Volumes (m3)

Volume Error (m?) Rate of accretion (cm year—1) Error (cm year—1)

0 June 2015-April 2016 20000
0.05 June 2015-April 2016 19300
0.1 June 2015-April 2016 16900
0.15 June 2015-April 2016 13800
0 April 2016-February 2017 17000
0.05 April 2016-February 2017 14000
0.1 April 2016-February 2017 4800
0.15 April 2016-February 2017 850

/ February 2017-December 2017 16200

/ 6.8 /
+8400 6.6 +2.9
+10400 5.7 +3.5
+10000 4.7 +3.4
/ 5.9 /
+8800 4.8 +3
+4200 1.6 +1.5
+1100 0.3 +0.4
/ 5.7 /

The last row derives from comparison between Lidar and DGPS dataset and errors cannot be estimated due to non-heterogenous datasets.
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FIGURE 8 | On the left (A) sedimentation rates from the 15 May to the 16 June 2017. In the center (B) sedimentation rates from 13 June to 27 June 2017. On the
right (C) Percentage of LOI distribution. All maps were produced using the “natural neighbor” algorithm.
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355.5 g/m? day!. The sediment amount increases moving
southwards on the tidal flat.

After the second survey, performed after the spring tide
of June 2017, 39 petri dishes were collected and analyzed
(Figure 8B). The amount of deposited sediment per day is in
the same range of the first sampling, i.e., between 4.7 g/m? and
460.8 g/m?. The southernmost areas are characterized by larger
accumulation, especially next to the creeks and at the border of
the tidal flat. The average sediment deposition across the flat is
about 111.9 g/m? day~! in the first survey and about 117.6 g/m?
day~! in the second one.

Loss on Ignition

The distribution LOI is presented in Figure 8C. Overall, the
organic carbon content increases moving southwards across
the basin. The greatest amount is distributed around the
edges, next to the dyke, and in the central area. Clayey

silts contain the highest concentration of organic carbon,
reaching values around 8.39-12.07%. The lowest values of
1.85-4.74% are located next to the creeks, associated to
sandy sediments.

Inlet Morphology

The Dutch Ministry of Public Works (Rijkswaterstaat) supplied
eight multi-beam surveys, with a cell size of 1 m x 1 m, performed
between June 2015 and January 2017 (respectively 25 June 2015,
30 July 2015, 17 September 2015, 8 January 2016, 19 April 2016,
20 July 2016, 31 October 2016, 27 January 2017). For each
survey, the rate of change of the width, depth, and area of the
cross-section of the inlet was calculated.

The width was calculated at the bankfull, choosing
as boundaries the points of increasing slope as shown
in Figure 9A. The depth of the thalweg was measured
considering the differences of heights between the
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vertical position between two time intervals. Changes
in inlet characteristics were calculated by dividing one
observation by the previous one. Therefore no change
equals to 1, width or depth reduction is represented by
values <1, and width or depth increase by values >1. In
Figures 9B-H the profile changes from June 2015 to January
2017 are presented.

As shown in Figure 10, after 2-4 months the rate of
change slowly decreased, and after 6-8 months the inlet
became almost stable.

DISCUSSION

Sedimentological Characteristics of the
Tidal Flat

From a sedimentological point of view, the conditions found on
this reconstructed tidal flat reflect the typical characteristics of
back-barrier flats as outlined by Friedrichs (2011); the pattern
of the sediment distribution, defined by coarser sediment in the
creeks and on lower flats grading to finer sediment on upper flats
reflect the hydrodynamic energy level and sediment supply (Mai
and Bartholomd, 2000). As the dominant grain size is silt and clay,
defining this as a muddy flat, the presence of coarser sediment
in the creeks could be exclusively related to higher peak tidal
velocities (Grabemann et al., 2004). In turn, the dominance of
muddy sediment in the upper flat may depends on the location
of the maximum flood line compared to the tidal flat elevation
(Gadow, 1970). Because of the high tidal range, the tidal flat of
Perkpolder is completely covered by the water and completely
dried every day, with the exception of the northern part of the
creeks. Consequently, the proximity to the creeks reflects the
higher energy of the flow, allowing the transport of the coarser
(sand) sediment as bedload, while the other parts of the tidal
flat are characterized by fine suspended sediment due to a lower
hydrodynamic regime. Furthermore, due to the reduced fetch
of the basin enclosed by the dyke, it is conceivable to consider
wave action not very significant, therefore the distribution of the
grain size can be directly related to the peak tidal flow (Amos,
1995). Another important aspect to consider is the source of the
sediment deposited inside the polder. The increasing sediment
budget and the quick equilibrium state reached by the inlet
strongly support the hypothesis that the sediment derives from
outside the basin, also favored by the proximity of the tidal flat
to the tide-dominated ETM (Nihoul et al., 1978; Chen et al.,
2005). However, it must be taken into account that before the
opening of the inlet, the nature of soils used for agriculture
was indeed predominantly sandy. As erosion rates resulted to
be more pronounced in the Northern part of the tidal flat, the
higher percentage of sand in the samples could derive from the
reworking by tidal currents of the original agricultural soils. It
is also noticeable, as expected, the similarity in the distribution
of LOI with the particle size distribution. Low values of LOI
coincide with the location of coarser sediment, an indicator of
higher tidal currents. The association between fine sediments and
high values of organic matter is found in locations with weak
hydrodynamic regimes.

Sediment Budget of the Tidal Flat

Opverall, the sediment budget of the tidal flat is positive and the
speed of accretion, after a very rapid onset immediately after
basin opening, seems to have slightly decreased toward the end
of the monitored period. During the first period of monitoring,
the vertical changes were remarkable, meaning that all error
thresholds could be considered as they were smaller than the
order of change. Thus, the sediment budget was obtained as
the average between the volumes calculated using all thresholds,
resulting as ~22000 m?® year™!, that is, ~1800 m*® month~!; the
second period also had a positive sediment budget, but Vertical
variations are smaller than the first period and most of them were
lower than the error threshold of 0.10-0.15 m. Thus, only the
threshold of 0.05 m was used. The sediment budget decreased to
~16800 m> year~!, equivalent to ~1400 m* month~!. Finally,
the volumes derived from the last period can only be considered
as a gross estimate of how the tidal flat is developing, considering
that two different techniques were compared (DGPS vs. Lidar). In
these last 10 months the sediment gain was ~19000 m> year™!,
s0 1600 m* month~!; the sediment budget of the tidal flat is still
positive and the orders of volume accretion are comparable.

The accretion occurs in different areas of the tidal flat, but
mostly in the creeks and at its edges. It is interesting to note that
the sedimentation rate from the traps deployed during the Spring
tidal cycle of June and the tidal cycle of May - June is quite the
same (111.9 g/m? vs. 117.7 g/m?), adding reliability to the figures.

From a morphodynamics viewpoint, this “artificial” tidal
flat presents an unusual behavior compared to natural ones.
The most evident difference is in the creeks. Natural creeks
of young marshes are typically characterized by a deepening
and enlarging phase, caused by the increase in flow resistance
on the marsh platform which concentrates the flow in the
channel (D’Alpaos et al., 2006). The opposite condition is
found in this study area, where the creeks are filling up. This
is clearly visible in Figure 4, except for the cross section
C4 which is located at the beginning of the creeks, where
erosion is dominant, caused by high current velocities. On the
other hand, the work of D’Alpaos et al. (2006) relates to an
environment where vegetation starts to be present, while here
there is no evidence of features (e.g., large bedforms, pioneering
vegetation, bioconstructions) that could cause spatial changes
in flow resistance. One could speculate that while the flow is
inside the creek, velocities remain high, favoring the transit of
consistent quantities of sediment. As the tide rises and overspills
the creek banks, the expansion of the flow decreases its speed
and the heaviest particles transported as bedload (e.g., sand)
quickly settle inside the creek, while the fines are transported
in suspension across the flat and settle in its upper part when
slack tide occurs.

At last, on the basis of the inlet morphological analysis, the
main channel that connects the tidal flat to the sea has become
nearly stable, possibly providing a stable route for sediment input
from the open estuary to the tidal flat. From a management
viewpoint this is an important aspect, as future designs of similar
schemes could benefit from this successful attempt to allow the
system to reach an equilibrium with no intervention by man after
the initial dredging.
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Salt Marsh Formation

According to Bakker (2014), the conventional limit between salt
marsh and tidal flat is defined by the Mean High Tide, obtained
by averaging between the Mean High Spring Tide and the Mean
High Neap Tide. On the basis of the tidal records of the year
2016 at the Walsoorden tidal station, for this part of the estuary
this limit can be identified at about +2.53 m NAP. All the
Lidar maps showed that the highest elevation ranged between
+0.8 m NAP and +1.10 m NAP, exception for small spots that
reached +2.30 m NAP. Thus, the tidal flat has a low elevation
and it is still far from becoming appropriate for salt marsh
development as the basin is constantly submerged by the tide.
If the highest elevation portions are masked after choosing an
arbitrary value (e.g., elevation higher than 50 cm above NAP), and
a specific accretion map of these areas is created (Figure 11A),
it becomes evident that the sediment is filling the lower areas,
even if accretion values of Figure 11B are slighty smaller than the
previous in Figure 11A. This mechanism of growth is typical of
tidal flat and salt marshes and it was described by previous studies
(e.g., Leonard, 1997; Allen, 2000; Temmerman et al., 2004).

The most elevated areas are located in the center and at the
borders (North-West and North-East principally) (Figure 11B).
In order to find how many years will be necessary for the tidal
flat to reach the Mean High Tide at +2.53 m NAP, the best
compromise was to consider the vertical accretion observed in
these areas higher than 50 cm NAP. During the first period, from
June 2015 to April 2016, the accretion rates of these areas was
about 3.2 & 1.7 cm year~ !. During the second period, from April
2016 to February 2017, the average decreased to 2.6 + 1.5 cm
year~!. Furthermore, during the second period, the areas above
50 cm NAP became wider.

If the most elevated areas are taken into account (i.e., located
in the northern areas at around 80 - 110 cm NAP), the highest
rate of accretion are about 25 cm over 20 months, which means

that these limited zones of the tidal flat will become a salt marsh
not before a further 8-10 years, assuming that the sedimentation
rate will remain constant in time. However, as already mentioned,
the accretion of a salt marsh follows an asymptotic growth,
consequently, the accretion will decrease in time. Considering
now the whole areas above 50 cm NAP with an average of
3+ 1.6 cm year™ ! will become a marsh after approximately more
than 50 years. The north-west zone could be a good candidate but
it is still too exposed to high hydrodynamic conditions and it will
probably take longer than the other two areas.

It should also be taken into account that every plant species has
a different vertical distribution above the high tide level (Gray,
1992). Gray et al. (1989) compared the vertical distribution of
Spartina anglica along 107 transects across saltmarshes in 19
estuaries in south and west Britain, producing Eq. 2 that predicts
the elevation limits for the existence of Spartina:

LL = —0.805 + 0.366SR + 0.053F + 0.135Log A (2)

where LL represents the lower limit of Spartina in meters above
the NAP, SR is the Spring tidal Range (m), F is the fetch in the
direction of the tidal flat transect (km) and Log.A is the area of
the estuary (km?). Perkpolder has a SR = 5.32 m, F = 3.30 km
and the estuary area is 21863 km?. Therefore, LL equals to
2.67 m. This value is slightly higher than the 2.53 m found by
Gray et al. (1989) for British estuaries, meaning that here the
condition for Spartina establishment could require the tidal flat
to reach a higher elevation than the one identified along UK
shores. It should be underlined that Gray’s equation is based
on data collected on natural salt marshes in Britain, developed
along open estuaries, while the tidal flat of Perkpolder is enclosed
by dykes and has a limited tidal exchange through the inlet,
subsequently this approach must be taken with caution and
needs validation.
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TABLE 2 | Average rates of accretion of different study cases from the Western
Scheldt (Netherlands) and South England.

Location Average rates (cm year~) Months MHWT (m)
Perkpolder (NL) 6 (Tot) 3.2 (>0.5) 10 Approx. 5
4.8 (Tot) 2.6 (>0.5) 20
5.7* (Tot) 30
Tollesbury (UK) 3.3 22 Approx. 5
Langenhoe (UK) 6 22
Molenplaat (NL) 2.4 (Approx. 0) 432 Approx. 5
Lippenbroek (NL) 12.5 (0-0.3) 4.8 (0.3-0.6) 12 1.3
8.5 (0-0.3) 3.8 (0.3-0.6) 48
2.35 (Tot) 108

In brackets the elevation above NAP (in meters) used for computing rates is
presented. *The total rate after 30 months includes Lidar and DGPS surveys, so
should be taken with attention as it might be overestimated for the last period.

Comparison With Other Case Studies in
the North Sea Area

Recent studies of other tidal flats showed how different accretion
rates can occur despite similarities in tidal range. Widdows et al.
(2004) described another tidal flat of the Westerschelde Estuary,
Molenplaat, not so far from Perkpolder (around 6 km North-
Westwards). This tidal flat has a sediment accretion of 2.4 cm
year~!, that is lower than the Perkpolder one. This could be
related to granulometric differences between the two sites. The
deposition rate is much lower on the open Molenplaat, with an
average of 15 g/m? day~! while Perkpolder has a much larger

rate, higher than 100 g/m? day~!. The Molenplaat tidal flat is
characterized by a sand percentage between 61-99%, while the
tidal flat of Perkpolder is dominantly silty (as already mentioned,
most of the samples have less than 30% of sand; there are only
2 samples composed of more than 90% of sand). The causes of
these differences, even if the tidal range and the elevation above
mean sea level are the same, could be due to a different regime
of tidal currents. Molenplaat is an open tidal flat located in the
mid-part of the estuary and the hydrodynamic energy is probably
higher than in the Perkpolder basin, that is, instead, enclosed by
the dyke ring. According to Nihoul et al. (1978) Molenplaat is
located in a characterized by strong hydrodynamics.

A recent paper by Oosterlee et al. (2017) studied another
natural restoration project in the salt marsh of Lippenbroek, in
the internal part of the Scheldt estuary. A long-term analysis of
nine years of monitoring was performed for this 8 ha wetland,
demonstrating that the rate of accretion was about 2.35 cm
year—!. Even in this case, the sedimentation rates are lower
than Perkpolder. The reason behind this difference could be
that Lippenbroek is a tidal flat that has developed into a proper
salt marsh, and a decrease in sedimentation is expected as high
elevations are reached. Many authors (e.g., Pethick, 1981; Marani
etal., 2007, 2010; D’Alpaos et al., 2011) showed that the accretion
of a salt marsh follows an asymptotic growth that depends
on sediment accretion, erosion and biomass, if it is present.
Besides, this site is a Controlled Reduced Tide (CRT) marsh,
with an artificially controlled tidal range (1.30 m at spring tides
instead of the expected 5.40 m). Nevertheless, previous work of
Vandenbruwaene et al. (2011) showed that the first year of this
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CTR marsh was characterized by an initial average sedimentation
rate of about 6 cm year™!, which is comparable with the 6 cm
year—! observed during the first ten months of the evolution
of Perkpolder. During the following four years, the rates of
accretion of Lippenbroek decreased to less than 4 cm year™1;
similarly, the rate of accretion of the most elevated areas of
Perkpolder after 20 months decreased to 4.8 cm year™!. After
nine years, the evolution and the accretion rates of the site of
Lippenbroek become very similar to marshes in the UK, despite
the different tidal regimes. On this basis, the accretion rates at
Perkpolder could be expected to decrease in the future, reaching
the values of natural marshes. An important difference is found
in the mechanisms of channels formation. Vandenbruwaene et al.
(2012) noticed that certain features influences channel formation,
like low-elevated zones and areas with compacted polder clay. In
the tidal flat of Lippenbroek, channels were easily ditched in low-
elevated zones but were hampered by compacted clay. In the tidal
flat of Perkpolder, this statement seems to not be applicable. In
fact, channels started to develop in the northern areas, even in
high elevation zones, but at the same time, they could not evolve
in the southern areas, where silt-clay sediment is dominant but
not compacted, according to field observations by the authors.
Mud here is at times liquid to the point that during field surveys
by DGPS the authors were sinking to the waist.

Cousins et al. (2017) installed numerous experimental clay-
terraces on engineered sea walls in the marshes of Tollesbury and
Langenhoe (Essex, South-Eastern England) from October 2012
to July 2014. After 22 months, the terraces in Langenhoe gained
sediment at a rate of 6 cm year™ !, while in Tollesbury the rate
was 3.3 cm year . Compared to the study case of this paper, the
sediment accretion rates of the Perkpolder tidal flats are slightly
higher than those of the UK sites. Furthermore, the sediment
deposition in the UK cases could have been controlled by the
presence of vegetation. The Perkpolder basin is instead a young
tidal flat, surrounded by dykes and located at around mean sea
level NAP where vegetation is not yet able to grow. In Table 2 the
different average rates of accretion of the study cases previously
discussed are summarized.

CONCLUSION

The Perkpolder basin is a young artificial tidal flat that is still
under development. Since the opening of the inlet on 25 June
2015, the site has been exposed to a semidiurnal tidal regime.
Field surveys and sediment sampling proved that the basin is
infilling by sand (small amounts), silty sand, sandy silt, loam
and clayey silt. Organic Carbon, determined as LOI varies from
1.9% and 12.1%. Between May and June 2017, during a whole
Spring to Neap tidal cycle, the deposited sediment ranged from
6.3 g/m? day~! to a maximum of 355.5 g/m? day~!. During
the following tidal cycle up to the Spring tide of the end of
June 2017, the sediment quantity varied from 4.7 g/m? day~!
to 460.8 g/m? day~!. The inlet morphology analysis proved that
after a quick evolution following the opening, after 6-8 months
the inlet stopped its morphodynamics and reached equilibrium
conditions. The total sedimentary balance was about 22000 m?

during the first year of life of the tidal flat (1800 m> per month)
and 16800 m? during the second year (1400 m® per month).
The average accretion rate of the whole study area was about
6 cm year~!. The most elevated areas, located 50 cm above
NAP datum, like the central part of the flat and its borders,
gained about 3 cm year™!. Considering the highest regions of
the study area, the conditions for initial salt marsh formation
will not be established before a further 8-10 years. The portions
of the tidal flat that will first become a salt marsh are mainly
located in the central area, between the two artificial creeks,
and in the Northeastern and Eastern areas. This study provides
indication for the ecosystem-based design of innovative coastal
defences, giving indications of the time required by the scheme
for reaching full efficiency. The establishment of an optimal
height for colonization by vegetation can be an important design
guideline if a tidal flat is built by dumping of dredged material.
Likewise, it provides an indication for optimal conditions if
planting should be considered.
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Most assessments of coastal vulnerability are undertaken from the perspective of
the risk posed to humans, their property and activities. This anthropocentric view is
based on widespread public perception (a) that coastal change is primarily a hazard
to property and infrastructure and (b) that sea defenses (whether soft or hard) are
required to mitigate and eliminate coastal hazards. From the perspective of coastal
ecosystems, such a view is both perverse and damaging. In this paper we present
an alternative approach to coastal assessment that centers on the physical integrity
of the coast and its associated ecosystems both now and in the near-future. The
shoreline health approach represents a new paradigm for coastal management and is
intended to provide a much-needed ecosystem perspective. Its premise is to categorize
coasts on the degree to which their ability to function morphodynamically has been
compromised by human intervention. We present an expert assessment approach
involving five categories that range from “Good Health” (with “Health Warning” and
“Minor Wounds” sub-divisions), through “Minor Injury,” “Major Injury,” “On Life Support”
to “Deceased.” We llustrate the concept using tabulated examples of each category
from cliffed, clastic and delta coasts and demonstrate its utility through two applications.
This approach has the potential to quantify the degree to which coastal ecosystems
have been damaged and to focus attention on the cumulative impact of human activities
on coastal ecosystems.

Keywords: coastal morphodynamics, coastal risk, ecosystem - based management, sea - level change, coastal
management, South Africa

INTRODUCTION

The earth’s most diverse and productive ecosystems occur at the coast (Ray, 1988). They deliver
a host of ecosystem services (Barbier et al., 2011; Jones et al., 2011) and are intensively inhabited
by humans. Coastal human communities are susceptible to a variety of natural hazards (flooding,
inundation, erosion, and sedimentation) that are driven by episodic events (storms and tsunami,
etc.) and long-term changes in sediment supply, sea level, and climate.

Physical coastal change is consequently viewed from an anthropocentric natural hazard or
vulnerability perspective (McGranahan et al., 2007; Meur-Férec et al., 2008; Dawson et al., 2009;
Serafim et al., 2019) based on societal concern about risks to infrastructure and property (Bonetti
and Woodroffe, 2016; Bonetti et al., 2018). There is a widespread public perception that sea
defenses are required to mitigate and eliminate coastal hazards (Cooper and McKenna, 2008;
Pilkey and Cooper, 2014), creating a demand for “adaptation” measures that resist coastal change
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(Cooper and Pile, 2014). This view is underpinned by regional
and global assessments that portray high risk in areas that lack
coastal defenses (Vafeidis et al., 2008; Hinkel et al., 2014, 2015).

Shoreline stabilization impacts on ecosystem functioning and
causes loss of habitat (Cooper and Pilkey, 2012). Activities such as
beach nourishment and dredging have immediate local impacts,
while other, and longer term impacts (e.g., sediment reduction)
are less readily appreciated. Poor public understanding of the
negative impacts of shoreline stabilization and a widespread
demand for protection of human interests is supported by
widespread application of coastal vulnerability indices (Thieler
and Hammar-Klose, 2000; Abuodha and Woodroffe, 2010;
McLaughlin and Cooper, 2010; Nguyen et al., 2016).

To encourage a paradigm shift in society’s view of physical
coastal change, we present a new approach that assesses human
risks to the ecosystem, rather than ecosystem risks to human
interests. The approach involves a rapid assessment of the
physical status of a coast and of its ability to function. Natural
functioning implies a coast’s ability to respond to changes from
external dynamic forcing within the constraints imposed by its
internal characteristics in order to retain the system’s integrity
(resilience) both now and in the near future.

MEASURES OF PHYSICAL SHORELINE
HEALTH

Ecosystem Health (Costanza et al., 1992) is a complex concept
that involves physical, chemical and biological components that
interact with each other in the presence of human activity.
The metaphor of ecosystem health is also appropriate to the
consideration of the status of physical coastal systems. Like
organisms, they respond to external and internal stimuli and their
ability to do so can be compromised to varying degrees by human
actions. We take the view that from a physical viewpoint, any
natural coastal system is at the optimum state and cannot be
“improved” to achieve “optimum goals” (Barbier et al., 2008).

Physical coastal systems represent a complex interaction of
dynamics (wind, waves, and tides), and materials (sediment and
rock) within a particular geological framework. The interaction
involves internal constraints, external dynamics and feedbacks
at various temporal and spatial scales (Cooper et al., 2018), and
is encompassed in the concept of morphodynamics (Woodrofte,
2002). Our approach is to determine the extent of human
interventions that alter, or have the potential to alter, the natural
system. We assess the health of the coastal system according to the
degree to which the system’s integrity and functioning has been
compromised by past and present human activities (and may be
impacted in the future by structures or activities that inhibit its
response to sea level rise). This approach is in direct contrast to
the view (e.g., Lazarus et al., 2016) of coasts as coupled human-
natural systems; we view human intervention as compromising
coastal functioning.

The universal view of pollution as negative means that the
assessment of coastal water and sediment quality is straight
forward (e.g., Cooper et al., 1994). Similarly, biotic measures of
ecosystem health can readily be conducted by comparison to

reference conditions (e.g., Harrison and Whitfield, 2004). The
health of the physical coastal ecosystem, however, depends on its
ability to adjust and respond to environmental changes now and
in the near-future, and this is routinely overlooked in ecosystem
assessments. This distortion is likely a result of the dominance of
the competing “hazard paradigm” that focusses on human risks
from shoreline processes.

Impacts on physical coastal systems arise from human
activities both at the coast and distant from it. They involve the
following kinds of intervention:

e Alteration of hydrodynamics (e.g., by coastal structures
onshore and offshore).

e Alteration of accommodation  space/surrounding
geological framework (e.g., by construction of harbors,
groins, and seawalls).

e Changes in sediment supply (removal/addition) (e.g.,
by damming rivers, sand extraction, dredging, and
beach replenishment).

e Direct impact on existing coastal systems (e.g., by
urbanization, land claim, and construction directly on
parts of the existing coastal system). The loss can be
total or partial.

e Impacts that constrain the coast’s future ability to adjust (to
sea-level change and future storms) (e.g., roads, buildings,
or other impediments to the landward or alongshore
migration of landforms).

By assessing the extent to which these impacts are present, it
is possible to diagnose the present and near-future state of the
coastal morphodynamic system. This can be done through expert
assessment when sufficient knowledge is available for any stretch
of coast. Below we present a framework for health assessment and
apply it in two contrasting settings.

ASSESSING COASTAL HEALTH STATUS

The coast’s ability to function morphodynamically is a measure
of its health. This implies an ability to change in response to
dynamic forcing (especially storms) and to longer term natural
changes in sediment supply and volume. At a time of global sea
level rise, the ability of a coast to adjust in the near future is also
important (our approximate temporal scale is the next century).
We propose a diagnosis of shoreline health using a medical
terminology to define a spectrum of categories. These range from
a system that is in “Good Health” through to one that is beyond
remedial care and is functionally “Deceased.” These categories
reflect the degree to which human activities modify or constrain
the natural operation of coastal processes. The major categories
are listed below and a fuller description with examples of each
condition is provided in Table 1 for cliffed, clastic and delta
coasts. With knowledge of the physical processes and background
conditions for a given coast this approach can be applied by a
suitably experienced geomorphologist.

1. Good Health: no human impediment to shoreline
ecosystem functioning.
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TABLE 1 | Shoreline health categories with descriptors for (i) cliffed (soft or hard rock cliffs), (i) clastic (sand or gravel beaches, barriers, and headand-embayment

coasts), and (iii) deltas.

Shoreline health category

Rock coast

Clastic coast (barrier/lagoon,
headland-embayment)

Delta coast

General descriptors

Descriptor/example

Descriptor/example

Descriptor/example

1. Good health: There is no
human impediment to
shoreline ecosystem
functioning now or in the
near future

1a. Health warning: Actual or
planned human structures or
planned activities impede the
coast’s ability to evolve in the
near future. The future
impact on the system will
depend on human response
to perceived threats

1b. Surface wounds/scar
tissue. Actual human
intervention is evident but is
not creating problems or
past human activity has
caused damage. These
activities have since stopped
and the system is continuing
to operate

2. Minor Injury (coast can
recover). Human intervention
modifies the morphology or
rates of sediment supply
such that the system
continues to operate but
differently from its natural
condition

3. Major Injury (potentially
fatal)

4. On life support (system is
maintained only by regular
human intervention)

5. Deceased (system has
been eliminated-
covered/eroded/degraded)

A natural rock coast where erosion
poses no immediate threat to property
or infrastructure and eroded material
can move freely according to wave
action. It may sustain adjacent
sedimentary deposits on the rocky
coast.

Infrastructure in proximity to cliff edge
poses threat to future cliff mobility

Small scale infrastructure does not
pose a threat to coastal system.
Abandoned infrastructure is decaying
and being removed by weathering and
erosion (e.g., Roman harbors in
Mediterranean (Knidos and Turkey);
Decayed sea defenses at Happisburgh,
England)

Small scale or discontinuous sea
defenses. These cause a local
reduction in rates of cliff retreat and
associated sediment supply (e.g.,
Streckelsberg, Germany)

Extensive sea defenses severely reduce
or locally halt cliff retreat, impacting cliff
processes and sediment supply (e.g.,
Antrim Coast Road, Northern Ireland)

Defenses to halt cliff recession eliminate
sediment supply to adjacent areas.
These are maintained by artificial beach
replenishment (e.g., Barton-on-Sea and
High cliffe, England)

Cliff has been stabilized, covered by
concrete or isolated from wave
processes by structures. It no longer
operates as a sedimentary system
(e.g., Withernsea, Yorkshire)

A natural beach or barrier system with no
impediment to cross-shore or longshore
sediment movement. No interference in
sediment supply and space available for
landward migration

Problems are imminent. For example, a
developed area landward of active coastal
system with no plan for relocation in the
event of sea-level rise (e.g., Balneario
Camboriu, Brazil; Gold Coast, Australia)

Small scale sediment removal Past damage
from human activities but now stopped and
system is recovered/recovering (e.g., scars
from former dune mining, Sefton Coast,
England; erosion of man-made “dune” on
Outer Banks, North Carolina)

A single structure causes changes in the
sedimentary system. For example, a groin
or jetty interrupts sediment supply, causing
updrift accumulation, and downdrift
erosion- (e.g., Ocean City Maryland). The
system continues to operate but with a
different morphology and rates of change.

Often evolving from minor injury category,
whereby additional measures are put in
place in respinse to changes associated
with initial intervention. This usually involves
numerous structures (jetties, groins, and
seawalls) and/or beach nourishment as the
impacts extend along the shoreline (e.g.,
Multiple breakwaters, Donnalucata, Sicily;
multiple groins, Sussex coast, England).

A beach which is maintained only by
ongoing artificial replenishment (e.g.,
Benidorm, Spain, Gold Coast, Australia) or
a tidal inlet system maintained by dredging
of channel and tidal deltas (e.g., most inlets
on East coast of United States)

The sedimentary system has been
destroyed. For example, sand has been
mined to the extent that a beach has
disappeared (e.g., Hallsands, England), or
coastal structures obliterate the former
system (e.g., Portcawl, Wales), or a seawall
has prevented beach migration, causing
beach loss (e.g., Nantasket Beach, Boston,
Pudicherry, India)

A delta coast with no existing major
impoundments and no impediments to
sediment dispersal at the coast (e.g.,
Rovuma and Mozambique)

Planned near-future activities (e.g., dam
construction) poses a future threat
(e.g., Rufiji and Tanzania)

Farming on delta plain, urban
development, salt production, but no
substantial impact on delta sedimentary
system (e.g., Menderes, Turkey).
Former human interventions are
abandoned and system begins to
recover. e.g., Dredged channels are
abandoned and begin to silt-up

Sediment supply is somewhat reduced,
some channels are dredged, and some
inlets have jetties but much of the delta
remains in a natural condition (e.g.,
Zambezi Delta, Mozambique)

Sediment supply is severely reduced,
urbanization is widespread on delta
surface, delta shoreline has been
heavily modified (e.g., shrimp farms
replace mangroves, dykes, and sea
defenses abound (e.g., Red River Delta,
Vietnam)

The delta sedimentary system has been
severely disrupted. Some parts of the
system are maintained by human
interventions (e.g., Mississippi,

United States)

The delta sediment supply is severely
reduced, sudsidence continues, the
delta surface is heavily developed and
flooding and erosion are serious issues
(e.g., Chao Phraya, Thailand) or the
delta is dessicated and being reworked
(e.g., Colorado Delta, Mexico)
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(Sub-division: With Health Warning): position of human
infrastructure may cause concern in the near future - requires
planning for future status.

Sub division (Surface Wounds/Scar Tissue): the surface
has been modified - e.g., by agriculture, vegetation alteration,
recreational space, and/or there are remains of past damage.

1. Minor Injury: despite human interventions, the system
continues to operate but in a diminished way (e.g., by small
scale, discontinuous coastal defenses).

2. Major Injury: alteration of sediment supply (e.g., by
dams, mining, dumping), or dynamics (by groins, offshore
structures, beach being squeezed against seawall, sediment
supply fatally compromised, and cliff stabilized). Such
systems are capable of resuscitation - e.g., Durham
Coast of England.

3. On Life Support: system maintained only by continued
human intervention, e.g., beach nourishment.

4. Deceased: The natural coastal system has been eliminated
(covered, eroded, and degraded).

SPATIAL APPLICATION

To demonstrate the approach, we consider two contrasting
shorelines: North of Durban, South Africa (Figure 1), and NW
Northern Ireland (Figure 2).

The jetties at the mouth of Durban Harbor (Figure 1)
interrupt the longshore sediment transport and alter wave
conditions such that the Durban beachfront is sediment-starved.
The presence of high-rise beachfront development and associated
infrastructure immediately landward of (and in some cases on
top of) the beach, impedes future migration of the shoreline. The
contemporary beach is sustained only by beach replenishment
and groins to retain the placed sand. Several recent erosion
incidents have highlighted the area’s total reliance on artificial
sand placement to sustain the ecosystem. It is thus firmly in the
“On Life Support” category.

Northward, at the mouth of the Mgeni River the coastline
emerges from a zeta-bay configuration to become a linear sandy
coast with occasional outcrops of bedrock. The Mgeni River has
been heavily dammed. The most recent dam (completed in 1988)
is 32 km upstream of the coast. It has reduced the sediment
supply, particularly during fluvial floods (Cooper et al., 1990),
and beaches are anticipated to become narrower as a result
(Garland and Moleko, 2000). For this reason, a 2.5 km stretch
of coast downdrift of the Mgeni has been categorized in the
“Minor Injury” category. This was chosen over “Major Injury”
because the coastal system will continue to operate, but at a
different rate. The extent to which the loss of the Mgeni system
affects the overall northward longshore transport (Schoonees,
2000) is not known, but the longshore drift to the north is
not wholly reliant on the Mgeni River; beyond the lee of the
Durban jetties, longshore drift is augmented by sediment that
bypasses the harbor entrance. Northwards, the coast is backed
by a healthy forested dune, with a golf course and airstrip to
landward. These do not impinge on the dune and do not pose an

imminent threat to coastal migration. Consequently, this stretch
of coast is classified in “Good Health.” Northward, the coastline is
developed to varying degrees of intensity from large single-family
units to multi-unit high-rises at Umhlanga Rocks. All of this
development has impinged on or obliterated coastal dunes, and
they pose an immediate impediment to modern and near-future
shoreline change as evidenced by coastal erosion and property
damage during a succession of storms in 2007-2008 (Smith et al.,
2010). This is assigned to category “la: Health Warning,” because
the coast’s future state depends upon human adaptation actions.
A retreat from the coast will enable it to recover its health.
Construction of hard defenses will place it in the “Major Injury”
category and the implementation of beach nourishment would
place it on “Life Support.”

North of Umhlanga Rocks, the lagoon, barrier beach and
dunes are not affected by human activity in such a way as
to impede natural processes (=“Good Health”). An increase
in discharge from a water treatment works has increased the
frequency of barrier breaching on the Mhlanga Lagoon (Cooper,
2014). This constitutes a change in frequency rather than a
restriction on natural processes and so is discounted in this
classification. Northward the coast reverts to a “la Health
Warning” status in the area of Umdloti where a combination of
high and low-rise developments and road infrastructure impede
future migration of the shoreline.

In the Northern Ireland case study (Figure 2) are examples
of some additional categories. In the west, a former salt marsh
has been subject to land claim and is fronted by a sea defense
that isolates it from the remnant tidal flats. To this extent, the
shoreline is regarded as “Deceased.” Much of the remaining
estuarine shoreline is eroding in response to wind-generated
estuarine waves, and yielding sediment to the tidal flats. This
stretch is in “Good Health.” This area provides a useful example
of the direct contradiction between shoreline health and the
prevailing “risk-orientated” views. Landowners regularly appeal
for help to protect property on this eroding shoreline and it’s
soft, low-lying nature, with the high and consistent rates of
shoreline recession would typically identify it as an area of
high risk (Cooper and McLaughlin, 1998). At a local scale,
some areas have been subject to periodic small-scale attempts
to hold the shoreline, but these have been ineffective and do
not interfere with the coastal system. They are, in any case
too small to map at this scale and are in fact prohibited by
existing nature conservation designations. Mapping at a larger
scale would likely place them in the “Surface Wounds” category.
Similarly, a small jetty near the apex of Magilligan Point appears
to cause only local perturbations, rather than a major impact on
the coastal system.

The ocean shoreline as far as Portrush is under a variety of
conservation designations and is not affected in any major way
by human activities or infrastructure. At Portrush, however, a
seawall at the rear of West Strand has isolated the beach from
adjacent eroding dunes and has led to a lowering and narrowing
of the intertidal beach (Carter, 1991). This is regarded as a
“Major Injury” that may prove fatal to the coastal system. On
the adjacent rocky coast “Surface Wounds” are evident in the
form of small concrete structures built to facilitate boat launching

Frontiers in Earth Science | www.frontiersin.org

October 2019 | Volume 7 | Article 260


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Cooper and Jackson

Shoreline Health

Mhlanga
= ToloTe]q]

Good Health |
Health Warning [§%
Minor Injury
Major Injury

Life Support
Deceased

y.

Umdloti ¢

A
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and which may interfere with the movement of material on
the shore platform.

Beyond this is an area where the sand dunes are occupied
by a golf course. Limited armoring of the base of the dunes
has been carried out along a 50 m frontage. Likely shoreline
recession under continued sea-level rise, is likely to lead for calls
for more armoring, and consequently, this stretch of coast has
a Health Warning because of likely future management options
that may cause a deterioration in its status. To the east, a stretch
of undeveloped rocky coast is under conservation designations
and ownership of conservation charities. It is in “Good Health.”
An exception is the small formerly sandy beach at Portballintrae.
As a result of successive human interventions this has been
almost entirely eroded, the backing cliffs have been stabilized and
armored and the wide sandy beach replaced by a narrow gravel
beach on an eroded bedrock surface (Jackson, 2012), placing this
coast in the “Deceased” category.

CAN COASTS RECOVER?

For shorelines that have not been fatally damaged, it may be
possible to prescribe a remedy such that the shoreline recovers.
Like applying a stent in a human heart patient, the health of
a shoreline can be greatly improved by removal or repair of
damaged parts. A few examples serve to illustrate the principle.
On the west coast of the United States dam construction
during the 20th century reduced fluvial sediment supply to the
coast, causing erosion in several locations. Recognition of this
fact and the desire to reinstate the hydrological regime, led to
the deliberate removal of several dams. The Elwha delta in Puget
Sound, Washington was studied in detail after removal of a dam
in 2011 (Gelfenbaum et al., 2015). An equivalent of 100 years
sediment supply was delivered to the coast within 2 years of
dam removal. The delta showed significant progradation and
development of subtidal and intertidal landforms. Sediment was
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also delivered from the delta to adjacent stretches of coast,
restoring the coastal system’s morphodynamic function.

On a 12 km stretch of the County Durham Coast in
northeast England, 40 million tones of colliery waste was dumped
directly on adjacent beaches during the 20th century up to
1993 when mining ceased (Johnson and Frid, 1995). Wave
action reworked the leading edge of some of the waste deposits,
creating a functioning beach system, albeit composed of large
proportions of brick, concrete and ironwork, as well as the coal
tailings. However, the beaches were severely degraded: sulfur
was being precipitated and the beach interstitial waters were
highly acidic (Lawrence et al., 2004). In an initiative to clean
up the coast (Durham Heritage Coast) derelict structures were
removed, and 1.3 million tones of colliery spoil was removed
from beaches. The coast has now been rehabilitated and a
natural sedimentary system is being reinstated after a century of
damaging intervention.

The practice of “managed realignment” (Esteves, 2014),
whereby attempts are made to restore formerly degraded salt
marshes by breaching sea defenses and allowing reflooding

of agricultural lands is primarily a habitat-creation scheme.
Although few such schemes have been adequately monitored,
the perception is that such interventions can resuscitate a dying
ecosystem, although some assessments point to differences in
vegetation structure of reclaimed marshes compared to natural
equivalents (Mossman et al., 2012).

These examples illustrate that, as long as the damage
is not too great (up to and including the “Major Injury”
category), and there is a willingness to do so, shorelines can
be nursed back to health through remedial action to remove
the damaging interventions. In areas that have suffered high
levels of degradation, however, recovery may not be possible. In
many instances, it is acknowledged that only partial restoration
is possible (Simenstad et al., 2006), but the coastal ecosystem
continues to exist and operate in a diminished way. On some
such severely impacted coasts, attempts have also been made to
create artificial habitats, e.g., coastal dunes. These usually require
continued intervention and maintenance. Such systems are not
examples of recovery of deceased coastal systems but are artificial
substitutes that replace the former system. They are common
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on nourished beach systems (Nordstrom and Mauriello, 2001)
and are symptomatic of coasts in the “Life Support” category.
On other “Deceased” coastal systems artificial coastal habitats
(Nordstrom and Jackson, 2013), are not examples of restoring the
health of a system, rather they are substitutes.

DISCUSSION

Preoccupation with the potential impact of coastal hazards on
property and infrastructure has distorted approaches to assessing
and managing physical coastal systems. This “anthropocentric
view” has had a damaging effect by encouraging initiatives that
damage the ecosystem. As a prelude to changing this view,
an easily understood and easily applied measure of shoreline
health is needed that assesses the degree to which physical
coastal systems can operate. Our 5-category health assessment
represents such an approach. This approach may require further
codification, and particularly of boundary definitions between
the various classes, but we present the approach as a viable and
necessary alternative to coastal vulnerability indices, set firmly
within the ecosystem-based management paradigm. Human
activities, property and infrastructure are seen as potential
impediments to the continued functioning of natural coastal
systems, rather than as assets to be protected from natural
patterns of coastal change.

Human activities have inflicted damage on coastal systems for
centuries or longer and, in many cases, it is difficult to identify
these impacts. Human-induced changes in sediment supply, for
example, have been widely reported from antiquity to the modern
period (e.g., Hein et al.,, 2014). Some of these impacts continue
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