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Abstract: Coastal and marine ecosystems are supplying a wide range of services. With accelerated
Sea Level Rise, intensification of waves and storm surge severity and increasing anthropogenic pres-
sures, these areas are under multiple threats and society may not receive the same level of ecosys-
tems services. This study aims at measuring the trend of beach erosion and at identifying and quan-
tifying the role of some coastal and marine ecosystems in mitigating beach erosion in the region of
Negril (Jamaica). In this location, the tourism industry provides the main source of economic reve-
nue. Even at the national level, the two beaches are important assets linked with 5% of the national
revenue as 25% of the hotel rooms are located around Negril. In Jamaica, the tourism industry is a
significant component of national GDP. 25% of hotel rooms are located around the two beaches of
Negril, which have lost an average of 23.4 m of width since 1968. Given the importance of Negril's
beaches to their economy, the Government of Jamaica asked UNEP to conduct a study to identify
causes of beach erosion in Negril and potential solutions to address trends of beach erosion, in the
context of future sea level rise scenarios induced by climate change. This paper addresses the cur-
rent beach erosion status and future trends under different climate scenarios. We explain how, by
using remote sensing, GIS, wave modelling and multiple regressions analysis associated with na-
tional, local and community consultations, we were able to identify and quantify the role of ecosys-
tems for mitigating beach erosion. We show that larger widths of coral and seagrass meadows re-
duce beach erosion.

Keywords: ecosystems services; beach erosion; climate change adaptation; disaster risk reduction;
environment; GIS; remote sensing; models

1. Introduction

In recent years there has been a better understanding of the role of nearshore ecosys-
tems (e.g., coral reefs, seagrass meadows and mangroves) in the resilience of the coastal
zone [1,2]. They are now recognised as crucial constituents of the adaptation response to
various coastal natural hazards such as tsunamis [3], extreme hydrodynamic events and
climatic changes due to their role in the dissipation of incoming wave energy [4-6].

Nearshore ecosystems such as coral reefs and seagrasses are threatened ecosystems.
Coral reefs have already been in retreat [7,8] due to a variety of impacts from Climate
Variability and Change (CV & C) including those from (a) the increasing mean sea levels
[9,10], (b) increasing variability and mean rise in sea water temperatures [11,12], and (c)
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extreme events such as tropical cyclones and high energy storms [13,14]. Nearshore
seagrass meadows also appear to be in decline in many coastal areas due to unfavourable
physicochemical changes [15] increasing nearshore sediment transport and deposition
([16] and impacts from human from development [17-19].

Wave dissipation by nearshore ecosystems is particularly important for the low-lying
sedimentary coasts i.e., the beaches which constitute dynamic functional links between
terrestrial and marine ecosystems. Beaches are critical components of the coastal system.
They constitute a substantial fraction of the global coastline [20], are by themselves im-
portant habitats [21], provide protection against the marine flooding of the coastal ecosys-
tems and assets they front [22,23], and have a high hedonic value and economic potential.
Tourism, a most important economic activity, has been increasingly associated with vaca-
tioning wholly, or partially, at coastal locations and beach recreational activities according
to the ‘Sun, Sea and Sand-3S’ tourism model [24]. For many of the world’s islands as, for
example, in the Caribbean region, 3S tourism accounts for more than 23% of the GDP of
most Island States [25]. Beach aesthetics, carrying capacity and related infrastructure are
crucial for the tourism sector and the economy [26,27].

At the same time, global beaches are under increasing erosion [28,29], which can be
differentiated into: (a) irreversible retreat of the shoreline, due to mean sea level rise
(MSLR) and/or negative coastal sedimentary budgets that force either beach landward
migration or drowning [30]; and (b) short-term erosion, caused by storm waves/surges,
which may, or may not, result in permanent shoreline retreats but can be, nevertheless,
devastating [31-33].

Erosion is particularly alarming for island beaches due to: (i) their (generally) limited
dimensions and diminishing sediment supply [34]; (ii) the deterioration of the nearshore
ecosystems that provide protection from marine erosion [35,36]; and (iii) their crucial role
in the island economies and the increasing backshore development that has increased as-
set exposure [37]. The projected relative mean sea level rise, combined with potential in-
creases in the intensity/frequency of energetic events will exacerbate beach erosion [38]
with severe impacts on coastal ecosystems, infrastructure/assets and the beach hedonic
value and carrying capacity for recreation/tourism [34,39,40]. Potential increases in ex-
treme events in e.g., the North Atlantic [41] will exacerbate beach erosion With increasing
coastal populations, infrastructure and activities, higher losses are projected from e.g., ex-
treme hydrodynamic events (storm waves and surges), especially in developing countries
where vulnerability is already high [42].

This contribution presents the results of a study on the role of nearshore marine eco-
systems (coral reefs and segrasses) for the physical resilience of two adjacent Caribbean
pocket beaches (Long and Bloody Bays, Negril, Jamaica) which are both protected areas
(Negril Marine Park) and important tourism destinations; these beaches host about 25%
of the hotel rooms in the country and contribute to about 5% in the national Gross Domes-
tic Product-GDP [43-45]. Beach erosion was assessed through the collation and analysis
of historical information on beach shoreline positions (1968-2008), whereas the influence
of the nearshore ecosystems on the beach resilience was examined through the compari-
son of beach erosion trends along the beaches with the distribution of the fronting shallow
coral reefs and seagrass meadows as well as by wave modelling. The study formed part
of a wider study by the United Nations Environment Programme [43]), which was aiming
to develop an integrated risk and vulnerability assessment methodology (RiVAMP) in
order to build resilience against the adverse impacts of natural hazards.

2. Study Area

The Caribbean region and, Jamaica in particular, is a ‘hot spot” of nearshore ecosys-
tem degradation [46]. Negril is located at the western Jamaican coast and comprises two
pocket, sand barrier beaches: the 7 km long Long Bay in the south and the 2 km long
Bloody Bay at the north. The barrier beaches are bordered by Eocene/Miocene limestone
promontories (Figure 1), have low beach ridges (rarely > 2 m in height) but no developed
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backshore dunes and are characterised by increasing coastal development [43,44]. They
front Great Morass, a large, low-lying back-barrier system (elevations of 0-3 m), bounded
to the east by the Fish River (Springfield) Hills and underlain for its most part by peats of
varying thickness [47,48]. Previous studies have suggested that both beaches have been
under spatio-temporally variable erosion since the 1960’s (average rates estimated be-
tween 0.25 and 1 m/yr, see [49,50] and that this erosion is a relatively recent phenomenon
coinciding in time with increasing SLR trends, alterations to the Great Morass drainage
and the development of a high density tourist industry [48]. There have been plans to
construct a series of offshore breakwaters at the southern section of Long Bay [51,52],
which however there were shelved in July 2016 due to strong resistance by the local com-
munity [53].

Negril beaches are fronted by a narrow shelf (submerged coastal platform), with wa-
ter depths reaching 500 and 100 m at distances less than about 6 and 3.5 km, respectively;
drowned cliffs and a fringing coral reef are found 2-3 km from the coastline at water
depths of about 20-40 m (Figure 1). Isolated shallow coral reef patches are found inshore,
together with patchy seagrass meadows dominated by Thalassia testidium and inter-
spersed with patches of Syringodium filiforme and Halimeda opuntia [54]. Beach sediments
consist almost entirely of moderately/poorly sorted, biogenic sands, with onshore (‘dry’
beach) sediments being generally coarser (median grain sizes-D50s of 0.26-1.06 mm) than
the shallow nearshore material (D50s of 0.25-0.81 mm) [43]. Sands are dominated by
amorphous/recrystallized grains (about 65% of the total), with the remaining consisting
almost entirely of recent bioclasts, mostly Halimeda, red algae, echinoderm, foram, bivalve
and gastropod fragments; coral reef derived material is scarce. Bioclast composition sug-
gests that the seagrass meadows are the main sources of the recent beach sediments [50].
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Figure 1. Location map of the study area.

The area is characterized by a relatively moderate hydrodynamic regime [49]. Tidal
ranges are small along the Negril coast (up to 0.3 m above MSL on springs) and tidal
currents have a NE-SW orientation and magnitudes of up to 0.2 m/s. Wind and swell
waves impinging onto the beaches come mainly from the NW and W. Wave and sediment
transport observations and modelling indicate that swell waves mostly induce beach ero-
sion through offshore sediment transport, whereas wind waves may promote beach



Environments 2022, 9, 62

4 of 19

recovery [51]. Negril lies in the North Atlantic hurricane belt. Analysis of historical infor-
mation has shown that it has been an increase in the frequency of hurricanes since 1995
(particularly of the Category 4 and 5 hurricanes) as well as in the mean rainfall and peak
wind intensities UNCTAD 2018). Negril beaches are affected by the energetic waves and
storm surges associated with tropical storms [55]; it has been estimated that the 10-year
event can generate offshore wave heights (Hs) of 6.4 m and periods of 10.7 s and storm
surges of 0.2-0.3 m, whereas the 50-year event may induce storm waves with offshore
heights and periods of 9.2 m and about 13 s, respectively, and storm surges of up to 1.5 m
[49].

Jamaica’s coral reefs are mostly degraded, although some areas have been identified
as relatively healthy [7]. Generally, there is a dearth in integrated information concerning
changes in the distribution of nearshore ecosystems at the island scale [43].

3. Data and Methods

Interactions between the Negril nearshore ecosystems and beach morphodynamics
were studied using two approaches. First, multiple regression analysis was used to assess
the effects of the coral reefs and seagrass meadows on the observed patterns of beach ero-
sion. Secondly, hydrodynamic modelling was employed to study the impacts of the near-
shore ecosystems on beach dynamics. All available relevant environmental information
on the Negril has been collated (Table 1) and a high resolution Quickbird satellite image
was analysed to fill information gaps, particularly with regard to the spatial distribution
of nearshore coral reefs and seagrasses.

Table 1. Geospatial data used.

Data Notes
0.6 m resolution, four bands (blue, green, red and near
infra-red), Acquisition date: 16/01/2008
Digital Elevation Model 6 m resolution
Offshore bathymetry 2 m resolution, original data from SWI (2007)
Collation of previous information based on aerial pho-
tos or field measurements (SWI, 2007; UNEP, 2010)
Profiles of the ‘dry” and ‘wet’ beach (to water depths of
1-1.5 m) perpendicular to the shoreline (SWI, 2007)

Quickbird satellite image

Shorelines 1968, 1980, 1991, 2003 and 2006

74 beach profiles (November 2006)

3.1. Seagrass and Coral Distribution and Beach Erosion Trends

The distribution of the shallow water ecosystems in Negril (i.e., the distribution of
seagrasses and coral reefs) was studied through the analysis of a high-resolution satellite
image (multispectral—0.6 m resolution, Quickbird sensor) using eCognition Definiens to
broadly classify ecosystems. Pixels were grouped using segmentation procedures, i.e., im-
age sub-division into separate regions. We used an object-oriented approach, based on
segmentation process, i.e., grouping pixels in objects using multiple criteria such as their
spectral radiance (computed from reflectance), morphology, texture, [56].

Using GIS techniques, environmental features and seabed depths were extracted
along the marine extensions of 74 beach profiles of Bloody and Long Bays (see Figure 2)
collected during a previous study [49]. The image classification of sandy beach was used
to extract the 2008 Negril shoreline. It was then compared against ancillary records of
shorelines from 1968, 1980, 1991, 2003 and 2006 to assess rate of beach erosion for each
profile.

Although the available remote-sensed information can provide valuable information
on the historical changes of the Negril beaches, there are also some limitations. First,
shoreline extraction from remote-sensed information may give rise to errors without cal-
ibration by synchronous ground-truthing, even in the case of high-resolution images
[57,58]. Secondly, and most importantly, remote-sensed information represents
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instantaneous shoreline positions (snapshots) as is commonly collected in different sea-
sons, and without control for tidal effects or for seasonal and random beach erosion/ac-
cretion patterns [59], thus it may not represent long-term average conditions for the period
of data collection.

In order to estimate beach erosion rates, shoreline positions were adjusted for tidal
effects. Digitised information concerning the historical shorelines was adjusted using the
horizontal shoreline displacements due to tidal excursion for the 2006 and 2008 infor-
mation (when image acquiring times were available), estimated on the basis of the local
tidal curves and the 2006 beach profiles. For the remainder of the data (1968, 1980, 1991
and 2003), digitised shorelines were displaced landward, using the horizontal landward
excursion induced by a 0.3 m tidal level rise; this ensures that, at least, tidal effects do not
influence positively estimations of beach erosion.

Beach erosion 1968 - 2008 2006 - 2008
0 40 80 120m +200 -40

6 meter depth
—— Profile

Shoreline change
w20 meter erosion
20 meter accretion

Land Cover

[ coral

[ Dense seagrass
|| Patchy seagrass

e

Figure 2. Over Quitckbird image (60 cm resolution taken 16 Jan. 2008), distribution of nearshore
ecosystems, location of the beach and seabed profiles considered, and rates of beach erosion. Loca-
tion of the profile modelled and perpendicular lines are shown (in white). Long-term trends (in red)
for 1968-2006 and short-term (2006-2008) in blue for accretion and red for erosion.

3.2. Multiple Regression Analysis

The influence of different beach attributes (e.g., beach slope, the presence of offshore
patches of coral reefs and seagrass meadows) on beach erosion rates was studied through
multiple regression analysis, an efficient tool for identifying and modelling the role of
ecosystems in conjunction with other contextual parameters [3,60]. In this case, the analy-
sis was performed using beach (cross-shore) erosion (in m) as the dependant variable,
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whereas the set of independent variables included: nearshore bathymetry (e.g., the dis-
tance to a given depth or the water depth at a given distance); cross-shore distributions of
the shallow water ecosystems (e.g., the width of a seagrass or coral patches along a cross-
shore profile); the Iribarren number (which represents the relationship between the beach
slope and the wave characteristics and provides an indication of beach vulnerability to
the wave energy [61]; and various other spatial parameters (Table 2). These values were
extracted along a 3 km extension of the beach profiles using GIS techniques.

Table 2. Variables extracted for each of the 74 profiles.

Data Analysed Derived Variables Type of Variables
Beach erosion .
1968-2008 Length [m] Beach retreat or accretion (1968-2008 and 2006-2008)
. . Iribarren number (& = f/(Ho/Lo)"?, where f the beach
Field ’Eopographlc Beach profile slope and Hoand Lo the offshore wave heights and
profiles (2006) .
lengths, respectively)
Bathymetry Wave run-up Wave run-up
. Distance from the shoreline computed for several
Morphology Distance [m] depths (4, 5,6,7,8,9, 10, 12, 15, 20 m)
Depths computed for fixed distances from the shore-
Morphology Depth [m] line (500, 1000, 1500, 2000, 2500 and 3000 m)
Seagrass meadows Width [m] Cross-shore widths of dense, patchy and total seagrass
meadows (patchy + dense)
Seagrass meadows Distance [m] Minimum distance from shoreline to dense, patchy
and total seagrass
Coral reef Width [m] Cross-shore widths of shallow and deep coral reefs
i Minimum distance from shoreline to shallow and
Coral reef Distance [m]

deep reefs

A correlation matrix was used to identify groups of non-correlated independent var-
iables, each one corresponding to a specific hypothesis. These were tested by running
multiple regression analysis in specialized software (Statistica 9). The selection of the most
relevant hypothesis was based on relevance (p-value < 0.05) and maximisation of percent-
age of variance explained (R?) as well as visual interpretation of predicted values against
observed values. This process allows for identification of combinations of parameters that
best explain beach erosion and thus confirms or rejects the hypothesis on the potential
role of the different environmental and geomorphological features.

3.3. Wave Modelling

In order to investigate further the effects of nearshore ecosystems on the Negril
beaches, two different modelling approaches were used. First, the hydrodynamic regime
was assessed through a 2-D wave model (model ALS, for full details, see [62] that can
simulate coastal hydrodynamics along coasts up to 20-30 km long and to water depths of
about 40-50 m with relatively low computational costs. The model is based on wave en-
ergy balance considerations in shallow waters [63]. Diffraction effects are incorporated,
and the solution is based on an implicit backward finite difference scheme [64]. In near-
shore waters a module, based on hyperbolic type, mild-slope equations, is incorporated
to deal with compound wave fields under shoaling, refraction, diffraction, reflection (total
and partial) and breaking, and the 2-D continuity and momentum equations are used
(depth- and short wave-averaged) to simulate wave-induced currents. Experiments were
run using observed in the area offshore wind and swell wave conditions.

Cross-shore distribution of the wave and bed shear stress fields has been simulated
using an advanced 1-D cross-shore model involving high-order Boussinesq equations-
Boussinesq model (for details see [34,59,65,66]. In order to investigate the role of seagrasses,
a canopy flow module is incorporated that assesses wave dissipation due to flow above
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and within the seagrasses (details in [67]. The model was run in stationary mode for par-
ticular profiles containing coral reefs and seagrasses (for locations see Figure 2) to simulate
wave dissipation (a) under the observed conditions, (b) in the case of the absence of these
ecosystems and (c) under moderate increases of the sea level.

4. Results and Discussion
4.1. Distribution of Nearshore Ecosystems and Beach Erosion

Analysis of the 2008 satellite imagery (16.3 km?) showed limited coverage (11.9%) by
dense seagrasses; patchy seagrass coverage was higher (24.8%). Shallow coral reefs were
found to be scarce (0.4% of the area), mostly concentrated offshore of the central section
of Long Bay (Figure 2). However, it should be noted that the seabed relief in some areas
shows evidence of relict coral reefs, i.e., bathymetric manifestations of now redundant
(and eroding) coral reefs [68]. Seagrass meadows were generally observed at depths shal-
lower than about 10 m but their long-term distribution trends could not be assessed from
the historical information, due to lack of baseline data and the low resolution of the his-
torical imagery.

With regard to long-term morphodynamics (Figure 2), historical shorelines digitized
from aerial and satellite imagery and field surveys (Table 1) were compared. The results,
anchored on 74 beach profiles (Table 1 and Figure 2) show that Negril beaches have been
under severe erosion in recent decades, with erosion being spatio-temporally variable.
Bloody Bay shows lower erosion rates than Long Bay [49], where high spatial variability
is observed; the highest rates of erosion are recorded at the beach to the north and south
of the ‘shadow’ of the shallow coral reef and at the southern margin of the beach where
seagrass coverage is lesser (Figure 2). Average ‘dry’ beach erosion between 1968 and 2008
was estimated as about 23.4 m i.e., 0.59 m/yr, with some locations experiencing shoreline
retreats of more than 55 m i.e., 1.37 m/yr. (see also [69]). Comparison between the most
recent information analysed suggests similar patterns in erosion trends for the period
2006-2008. Such erosion rates are in par with those of other Caribbean beaches [70] and
very worrying if the small remaining widths of the Nergil beaches are considered (Figure
2). To assess the contribution of MSLR, a MSLR rate of 3.4 mm/yr ([71] was used in the
absence of more accurate local information; this amounts to a MSLR of about 0.14 m for
the period of consideration (1968-2008). Using an ensemble of cross-shore morphody-
namic models [34], consisting of the models from Bruun, Edelman and Dean [72-74] mod-
els, and 74 beach profiles (Table 1 and Figure 2), maximum shoreline retreat due to MSLR
was estimated as about 6 m. Thus, MSLR cannot explain by itself the observed high beach
losses.

Coastal development over the recent decades must have contributed to the observed
beach loss. Sand barrier beaches tend to “roll over” or self-adjust (by e.g., migrating in-
land) under rising mean sea levels and storm surges [75]. The extensive coastal develop-
ment which took place in Negril during the recent decades [44] may have inhibited such
adjustment, ‘locking’ the beaches at certain positions and resulting in vertical down-cut-
ting/scouring, offshore sediment losses and, ultimately, beach drowning [50,76].

Storm intensification and sequencing could certainly control beach erosion [77] pro-
vided that there is no adequate supply of new material to replace mounting offshore losses
[78,79]. This may have been the case in Negril, where biogenic sand production in the
seagrass meadows and coral reefs has been found to be diminished [50]; nevertheless,
more detailed research is required to accurately assess overall sediment volumes and
budgets. Finally, beach erosion may have been facilitated by the diminishing wave dissi-
pation afforded by the declining Negril nearshore ecosystems.

4.2. Multiple Regression Analysis

To assess the role of coral reefs and seagrasses in wave dissipation, it was necessary
to distinguish two models: a model referring to the protection afforded by the shallow
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coral reefs to the beach sections they front (9 cases) and a model referring to all other
sections; this was due to the small number of profiles associated with coral reef shadows.
The dependent variable to be explained was total erosion (ErTot, in m) between 1968 and
2008.

The model for sites behind coral reefs (Table 3 and Figure 3a) is robust, the p-values
are highly significant (much smaller than 0.05) and the variation explained is very high
(adjusted R? = 0.77). It is based on only two variables: the width of shallow coral reef
(SWRfW) and the water depth at 1000 m (Dpt1000), a proxy for the seabed slope. Results
show that wider coral reefs and steep slopes have a protective effect on beaches (i.e., re-
ducing erosion or increasing accretion). The correlation matrix shows no autocorrelation
between the two independent variables (r = -0.35, R = 0.91, R2= 0.83 and Adjusted R2=
0.77).

Table 3. Results from statistical regression, cases behind coral protection, with SWRfW as the width
of shallow coral reef in meter, and Dpt1000 as the water depth (in meter) at 1000 m from the shore-
line.

Variables Beta % Expl. B p-Level
Intercept 77.85 0.00051
SWRIW -0.91 66.9 -0.47 0.00238
Dpt1000 -0.64 33.1 -7.95 0.01248

In the above table, the coefficients “Beta” and “B” provide information on the relative
contribution of each susceptibility factor to influence beach erosion. Beta is the coefficient
applied on a rectified sampled (i.e., values minus the mean, divided by standard devia-
tion), whereas B is the coefficient which can be applied on original data as a weighting
coefficient in the model. A negative coefficient means that the specific variables tend to be
negatively correlated with beach erosion. In this table, a wider coral reef associated a
deeper the depth at 1000 m (meaning a steeper proximal slope) is correlated with smaller
beach erosion.

The percentage of explanation of each variable can be computed using the ration be-
tween the square of each Beta value on the sum of these square, in the case of width of
coral reef:

(091"
(=0.91)° +(~0.64)’

In the model, the width of coral reef and the slope are the main factors identified
explaining 66.9% and 33.1% of the model respectively.

The p-level provide a good insight on the probability that the link is due to a coinci-
dence.

The p-level indicates the probability that the variable was selected by coincidence.
For example a p-level of 0.05 indicates that there is 5% of chance that the selected variable
is a “fluke”. This level is customarily treated as a “border-line acceptable” error level. So
the lowest the p-level the highest the confidence in the selection. In this study the range of
p-level are between 0 and 0.01248, meaning the all the selected variables have between 0
and 1.2% of being selected by coincidence, meaning the model is solid.

The model explains 83% of the erosion with a 91% correlation. Coral reef widths and
slopes were selected as significant parameters in the model. Widths play the main role
(66.9%) followed by seabed slopes (33.1%). These correlations values appear high (espe-
cially for linear regressions) should, however, be viewed with caution, given the small
number (9) of cases (Figure 3a).
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Figure 3. Modelled versus observed erosion for (a) areas behind coral reefs and protection and (b)
areas behind seagrasses (and with coral reef protection).

With regard to seagrasses, the model is also robust (Table 4 and Figure 3b) with the
p-values highly significant (much smaller than 0.05). The percentage of variation ex-
plained is less than the previous model (41%), but still within acceptable limit (adjusted
R2=0.37). It is based on 59 records and 3 variables, namely: (i) the total width of seagrass
meadows (TotSgW, in m), (ii) the minimum distance (in m) where 6 m water depth is
recorded (Depth6) and (iii) the Iribarren number calculated for a 10 years return period
(Irbn10y). It shows that wider seagrass meadows are associated with less erosion along
the beach they front (Figure 3b)). The correlation matrix shows no autocorrelation be-
tween the three variables (maximum absolute value of r = 0.32). Two outliers had to be
suppressed as they had no observed erosion (0 m) between 1968 and 2000, while the model
predicted more than 27 m of retreat (see Figure 3b). These two cases are located next to
each other and in front of the coastal facilities of large hotels. Ground verification revealed
that significant beach re-arrangement/replenishment had taken place in these two loca-
tions. R = 0.64 R2= 0.41 Adjusted R?= 0.37 (adjusted R2, is the variance value, taking in
consideration the number of variables versus size of the sample).

Table 4. Results from statistical regression, cases without coral protection, with TotSgW as the total
width of seagrass meadows in meter, Depth6 as the minimum distance where a six meters water
depth is recorded and Irbn10y as the Iribarren number (Komar, 1998) calculated for a 10 year return
period.

N=59 Beta  %Expl Std. Error B Std. Error t(55) p-Level
Intercept 32.89 6.40 5.14 0.00000
TotSgW  -0.58 47.3 0.11 -0.02 0.00 -5.21 0.00000
Depth6 0.39 32.0 0.11 0.01 0.00 3.42 0.00119
Irbn10y  -0.25 20.7 0.11 -21.54 9.46 -2.28 0.02666

The model explains 41% of the erosion (correlation r = 0.64). Seagrass and bed slopes

(of the seabed and the ‘dry’ beach) were selected as parameters in the model. Seagrass was
found to play the main role (47.3%) followed by seabed slope (32%) and the Irbn10y
(20.7%).
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4.3. Wave Modelling

Several experiments were carried out using different offshore wave regimes, such as
wind and swell waves and extreme storm conditions. In all cases, the results show con-
siderable effects of the shallow coral reefs on the nearshore wave propagation patterns as
well as the wave-induced flow fields (Figure 4).

3.9 —_— — N [y
36 A
33
; 4000 4000
27
54 6000 6000
21 y(m) y (m)
H 18 8000 8000
15
2 40000 10000
0.9
0.6
oy 12000 12000 .
0 1m/s
14000 : N 40008
2000 4000 2000 4000
x (m) x (m)

Figure 4. Example of model results for wave heights (a) and wave-induced currents (b) at the Negril
coastal area. Conditions: Offshore wave height (Hrms) of 2.8 m, and period (Tp) of 8.7 s. Waves
approach from the NW.

In terms of the effects of coral reefs on cross-shore wave energy distribution, cross-
shore wave modelling confirms the results of both the statistical analysis and the 2-D mod-
elling. The shallow reef appears to function as a natural breakwater [59], with wave
heights decreasing very significantly at its lee (Figure 5). Wave height attenuation due to
the reef and back-reef grasses was found to be in some areas up to about 93%. Most of this
attenuation was due to the shallow coral reef itself with the effect of the back-reef
seagrasses being minimal (Figure 5a).
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Figure 5. Effects of the shallow coral reef and of the combined reef and back-reef seagrasses on the
present and future cross-shore distribution of wave height along a cross-shore profile (for profile
location see Figure 2). (a) Cross-shore wave height and wave attenuation ratio (Hs ratio, scale at the
right axis) due to observed ecosystems under the present mean sea level. (b) Cross-shore distribu-
tion of wave height and attenuation ratio under a 0.15 m MSLR coupled with spring tides (+0.3 m).
(c) Bed profile and cross-shore distribution of the ratio of wave attenuation under an increased sea
level (+0.45 m) and the present mean sea level (stippled line,Hs ratiowo.45/Hs ratioo.), scale at the
right axis). Offshore wave height and period modelled, Hrms = 2.8 m and Tp = 8.7 s, respectively.
Median sediment size (D50), 0.28 mm. Dense seagrass characteristics as shoot density of 400/m?,
canopy height of 0.20 m and grass diameter of 0.01 m; patchy seagrass characteristics as 200/m2, 0.20
m and 0.01 m, respectively (example from profile 40).

Generally, wave attenuation was found to be higher under more energetic waves and
less under increased sea levels (assuming that there will not be corresponding coral reef
growth). Our results also show that, at least for the SLR and wave conditions tested, there
will be an offshore migration of the wave breaking zone offshore allowing for significant
wave dissipation in deeper waters (Figure 5a,b). Regarding the ratio of wave attenuation
under the future and present sea level scenarios examined, this is lower in the nearshore
waters, up to a distance of about 50 m from the coastline where the trend appears to re-
verse (Figure 5c); the results show that the ratio between the wave height attenuation un-
der increased (+0.45 m) and the present mean sea levels increases above unity closer to the
coastline. Nevertheless, as increased sea levels will also influence many other beach pro-
cesses, such the wave set up, the size/quantity of resuspended sediments and the filtering
of the wave energy frequencies by the coral reef [80], SLR may decrease the coastal pro-
tection afforded by the shallow coral reefs [81] and intensify beach erosion at Negril [68].

In the absence of reefs, seagrass meadows exert significant control on the cross-shore
wave energy distribution (Figure 6). Wave height attenuation of up to 28% was found for
the conditions tested (Figure 6a), suggesting that the Negril seagrasses are important
agents of wave dissipation and supporting the results of multiple regression analysis. It
should be noted that nearshore wave attenuation due to seagrasses depends on many pa-
rameters such as meadow and wave characteristics [82-84]. With regard to SLR impacts,
the results show that, assuming that the seagrass extent and elevation remain the same,
wave attenuation will be only slightly reduced (Figure 6b,c), under the moderate SLRs
tested.



Environments 2022, 9, 62

12 of 19

——— Without meadows
— — — With meadows
I H5 Ratio

1 L 1 I 0.6

0.8

—_—

= = -1

—— Without meadows
— — — With meadows
i H5 Ratio

L 1 l 1 0.6

Beach profile msss== Dense seagrass i Patchy seagrass
1

-11.08

L 1 [l

0.9
600 800 1000 1200
Cross shore Distance (m)

Figure 6. Effects of the shallow seagrass meadows on the wave energy (height). (a) Cross-shore
wave height and attenuation ratio (Hs ratio, scale at the right axis) due to seagrasses under the pre-
sent mean sea level. (b) Cross-shore distribution of wave height and attenuation ratio under a 0.15
m MSLR coupled with spring tides (+0.3 m). (c) Bed profile and cross-shore distribution of the ratio
of wave attenuation under an increased sea level (+0.45 m) and the present mean sea level (stippled
line,Hs ratiowo4s/Hs ratioe.), scale at the right axis). Offshore wave height and period modelled,
Hrms = 2.8 m and Tp = 8.7 s, respectively. Median sediment size (D50), 0.28 mm. Dense seagrass
characteristics as shoot density of 400/m?, canopy height of 0.20 m and grass diameter of 0.01 m;
patchy seagrass characteristics as 200/m?, 0.20 m and 0.01 m, respectively (example on profile 21).

4.4. Discussion

Analysis of the available geo-spatial information suggests that both Negril beaches
(Bloody and Long Bays) have been under severe erosion in the period 1968-2008 with
rates of up to 1.3 m/yr in some beach sections. Erosion has been spatio-temporally variable
but, as erosion is dominant along most of the shoreline, offshore sediment loss appears to
be more significant for the morphodynamics of the Negril pocket beaches than beach ro-
tation [85].

Generally, all approaches used in the study show that the nearshore ecosystems (i.e.,
coral reefs and seagrass meadows) exert significant control the Negril beach morphody-
namics, as they: (a) protect the beaches from the impinging wave energy; and (b) supply
the beach with much needed biogenic sand. However, these results do not preclude that
anthropogenic decline of other ecosystems might have also contributed to the observed
high rates of beach erosion; there has been a progressive removal of trees along the Negril
beaches to facilitate beach recreational activities since the 1980s [43,44]. It should be also
noted that although our statistical results are robust, these are based on comparisons be-
tween the 2008 distribution of nearshore ecosystems and the cumulative effects of 40 years
of erosion. Nevertheless, as these results are supported by the wave modelling as well as
by results from previous studies [43,68], they convey a strong message for a need to pro-
tect and if, possible, rehabilitate the Negril nearshore ecosystems. Local and national con-
sultations revealed that the Negril coral reefs are under multiple threats, including im-
pacts from storms, climate-driven coral bleaching and acidification, the decline of black
urchin population and invasive species (e.g., lion fish), as well as nearshore water and
sediment pollution [43].
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Beach erosion is not expected to be abated in the short, or medium, term. Our mod-
elling results project that the effectiveness of the present nearshore ecosystems to mitigate
beach erosion is likely to diminish under MSLR, if it is not accompanied by ecosystem
expansion/growth. At the same time, if the projected MSLR is taken into consideration,
beach erosion is likely to intensify. In order to assess potential SLR effects on the Negril
beaches, a modelling exercise was undertaken. Three cross-shore (1-D) morphodynamic
models, the SBEACH, Larson and Kraus, Leon’yev and Xbeach models [86-88], set up
using recorded Negril beach profiles that did not include coral reef and seagrasses and
found to be hot spots of erosion, were run under different SLR scenarios and wave condi-
tions (for details of the models/approach, see [34]. The models gave different projections,
with the Xbeach showing always higher shoreline retreats (Figure 7), which justifies their
use in an ensemble form. Under the present MSL, the current 10-year storm event (surge
of about 0.2 m and offshore (at 20 m depth) wave height and period of 4 m and 9 s, respec-
tively [49], coupled with spring tides is projected by the model ensemble to force a shore-
line retreat of about 7.7 m. In comparison, if a moderate MSLR (0.15 m) is assumed for
2060, such an event is projected to force a shoreline retreat of about 8.8 m. These projec-
tions are comparable to those estimated previously [69] and are particularly worrying for
the already eroding Negril beaches (Figure 2), especially if the relatively moderate forcing
used (i.e., the current 10-year event) is considered.
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Figure 7. Cross-shore morphodynamic evolution of Negril beach at a representative beach profile
(for location, see Figure 2). (a) cross-shore beach retreat under a storm surge of 0.2 m (the current
10-year event) coupled with a spring tide (+0.3 m above MSL); an offshore wave height (Hs) of 4 m
and period of 9 s (at 20 m water depth) and a seabed sediment size (d50) of 0.73 mm are used. (b)
cross-shore beach retreat under a storm surge of 0.2 m (the current 10-year event), coupled with a
MSLR of 0.15 m (in 2060 assuming linear sea level rise of 3mm/yr and a spring tide (+0.3 m above
MSL); offshore wave height (Hs) of 4 m and period of 9 s (at 20 m water depth and seabed sediment
size (d50) of 0.73 mm are used. Simulation times 3 h.

The above results demonstrate the risk posed to the Negril beaches by CV & C. Beach
erosion is projected to advance, placing coastal human populations, assets and activities
and the important back-barrier ecosystem of Great Morass under considerable erosion
and flood risk. Therefore, adaptation measures are clearly needed to protect the Negril
population and assets as well as the beach carrying capacity for recreation/tourism [39].
As a ‘business as usual’ approach appears not to be any longer an option given the eco-
nomic importance of the Negril beaches, long-term policies and integrated approaches
should be considered.

Our results point that in addition to effective policies aiming for sustainable coastal
development [89], a combination of ‘green’ and ‘grey’ engineering adaptation options
may be required [90], including three main technical actions to address beach erosion: (i)
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conservation and, if possible, enhancement of the present nearshore coral reefs and
seagrass meadows; (ii) construction of offshore structures (e.g., submerged breakwaters)
to protect beach ‘hot spots’ of erosion against excessive wave action; and (iii) beach nour-
ishment, i.e., beach replenishment with suitable fill material, preferably biogenic marine
sands of suitable grading and composition.

Figure 8 provides historical level of beach as observed by aerial photo in 1968 (left)
as compared with possible coastal retreat, should all the ecosystems be removed (accord-
ing to model). We see that the infrastructures would be at threat and the beach would be
mostly lost in this location.

Figure 8. (Left): the yellow line shows where the beach was in 1968. (Right): the red line shows
where the beach would be if all the ecosystems are removed (using our model and artificially re-
placing width of shallow coral and width of total sea grass by 0).

Efforts to arrest beach erosion should maximize relevant functionalities of the present
coastal ecosystems; their protection and rehabilitation/restoration could yield both short-
and long-term benefits. Coral reef and seagrass meadows restoration, together with ap-
propriately designed coastal protection schemes could increase beach resilience. A long-
term management approach is also required at the catchment scale to ensure the good
coastal water quality [43]. Beach replenishment schemes would require significant finan-
cial investment, whereas ‘hard’ engineering works would also need to be carefully de-
signed and followed by detailed environmental impact studies under a variable and
changing climate. It should be noted that the significance of Negril beaches as economic
resources and the low effectiveness of offshore ‘hard’ engineering works (e.g., breakwa-
ters) to protect beaches from the MSLR [91,92] suggest that beach nourishment schemes
may be necessary if the carrying capacity of the beach as an environment of leisure is to
be maintained. Marine aggregates constitute a most suitable, but often scarce material for
beach nourishment [93]. Finding suitable offshore resources to supply the large quantities
of material needed [49] will not be an easy exercise and not exempt of adverse environ-
mental impacts [93].

Finally, the results of this study have wider implications. The socio-economic im-
portance of Caribbean (and not only) beaches is increasing, as they are premier 3 s tourism
destinations. Therefore, as beaches form vital components of the sustainable development
for many Small Island Developing States (SIDS), particular efforts should be made to in-
crease beach resilience and adaptive capacity under CV & C. Adaptation options should
certainly include monitoring, conservation and, if possible, rehabilitation of the nearshore
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ecosystems. Given the large costs of technical engineering options, nearshore ecosystems
could be critical in controlling coastal exposure and vulnerability [94,95].

5. Conclusions

This short contribution presents the results of a study of the influence exerted by the
nearshore marine ecosystems (coral reefs and seagrasses) on the resilience of two adjacent
Caribbean pocket beaches (Long and Bloody Bays, Negril, Jamaica) that are very im-
portant beach tourism destinations. Analysis of historical information on beach shoreline
positions (1968-2008) has shown that Negril beaches have been under severe and spatio-
temporally variable erosion. The highest rates of erosion were observed at Long Bay
beach, to the north and south of the ‘shadow’ of the shallow coral reef, where also seagrass
coverage was found to be reduced. Average ‘dry’ beach erosion between 1968 and 2008
amounted to about 23.4 m (i.e., 0.59 m/yr), with some locations experiencing shoreline
retreats of more than 55 m (i.e., 1.37 m/yr), Such erosion rates are worrying, if the small
(remaining) widths of the Nergil beaches are considered.

The Negril beaches are already under very considerable erosional pressures, which

will most likely intensify in the future. Possible drivers of the current beach erosion are

(a) the MSLR, which in itself cannot, however, explain the observed rates of erosion;

(b) intensification or changes in the regional storm wave and surge regime, which may
have increased offshore beach sediment losses and

(c) reductions in the coastal ecosystem (shallow coral reef and seagrass meadows) areal
coverage that has diminished both the natural beach protection and the (biogenic)
sediment supply.

Assessment of the influence of the nearshore ecosystems on the beach physical resil-
ience on the basis of a comparison of beach erosion trends along the beaches with the
distribution of the fronting shallow coral reefs and seagrass meadows and nearshore wave
modelling has shown that the shallow coral reefs have a very significant effect on near-
shore wave energy distribution and play a significant role in protecting beaches from ero-
sion; the shallow, patch reefs appear to function as natural breakwaters. The nearshore
seagrass meadows were also found to exert significant control on the (cross-shore) wave
energy distribution, with wave height attenuation of up to 28% found for the tested con-
ditions tested; this suggests that the Negril seagrasses are important agents of wave dissi-
pation

The mean sea level rise will have various impacts. Wave energy distribution will
change due to the expected widening of the surf zone and changing inshore wave dissi-
pation. There will be also changes in the wave set up magnitude and distribution, the
size/quantity of resuspended sediments and the filtering of the wave energy frequencies
which might result in overall reductions in the coastal protection afforded by the shallow
coral reefs.

Our results demonstrate the critical services that nearshore ecosystems provide to
Negril beaches (in terms of coastal protection and sediment supply). The nearshore eco-
systems of Negril play a crucial role in providing beach material and dissipating the near-
shore wave energy, especially during energetic wave conditions. However, the Negril
coral reefs and seagrasses have been under multiple pressures by both coastal human de-
velopment and pollution. Field observations, as well as local consultations, had revealed
degraded corals, due to increased nearshore pollution [43].

Therefore, there should be efforts to mitigate water pollution. Based on our recom-
mendations a wastewater treatment facility was built, this will reduce the pollution and
amount of nutriments in the water. We presented our results to the hotels” owners. Previ-
ously they were removing the sea grass as the tourists do not like swimming in it. We
recommended to create some areas free of sea grass, but to replant the sea grass behind.
These recommendations were followed by the hotels owners who understood that they
were self-inducing the beach erosion via removing sea grass. For coal reef, the issue is
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more complex as it would take time to regrow, and climate change is likely to pose further
threat to this ecosystem. A submarine breakwater can be built (grey engineering) but it is
sensitive as it can have implications on the ecosystems, as well as on aesthetics value. If
such solution was chosen, it should be built parallel to the shoreline at the right distance,
such infrastructure should be carefully designed and computed to disrupt the energy of
waves and should be made of lime stones with natural shape, so that the coral may regrow
on top of it.

Coral reefs and nearshore seagrasses are environmental assets that should be consid-
ered in all climate change adaptation and disaster risk management strategies, as well as
in development planning. Even if ‘grey” engineering solutions would be finally chosen,
“hybrid” solutions that also consider ecosystem-based solutions should be also certainly
introduced. It is also noteworthy that these ecosystems offer additional services that can-
not be provided by ‘grey engineering’ measures, such as carbon storage, biodiversity sup-
port, and touristic attractions (landscape, diving).

Finally, further erosion of Negril beaches is likely, if no adaptation action is taken.
The Negril beaches form pillars of the 35S tourism industry in Jamaica. Investing in restor-
ing the quality of the ecosystems will bring many benefits to people’s livelihoods at both
local and national scales.
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