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Abstract

Urban shoreline erosion mitigation through beach renourishment has often been dismissed as environmentally insignificant. Given predicted impacts 
of sea level rise (SLR) and increased shoreline erosion, such activities might become a common practice in the future. But its long-term impacts on adjacent 
coral reefs have remained poorly documented. Benthic community trajectories were addressed during a period of twelve years across a spatial gradient of 
sediment burial impacts by beach renourishment on a high-energy urban coral reef at La Marginal Beach, Arecibo, Puerto Rico. Impacts associated to beach 
renourishment, followed by long-term, slowly-evolving impacts associated to sediment bedload, increased turbidity, increased Arecibo River streamflow, 
urban polluted runoff discharges, high particulate organic carbon (POC) concentration, and coral mortality following massive coral bleaching in 2005 were 
addressed through long-term monitoring. There was an initial catastrophic loss in coral species richness, diversity index and percent living coral cover, and a 
rapid regime shift favoring dominance by macroalgae and other non-reef building taxa. Long-term chronic impacts arrested high impact sites to an early 
successional stage, and drove moderate and low impact sites to a similar stage of very low species diversity, colony abundance and reef growth. Such chronic 
changes in community trajectories represent a glimpse into potential future impacts of shoreline erosion, sediment bedload, increasing turbidity and coastal 
water quality decline associated to SLR. The combination of chronic coral reef decline resulting from beach renourishment, coastal pollution, turbidity, and 
sediment bedload may have critical long-term ecological implications for urban coral reef resilience, functions and benefits.

ABBREVIATIONS
CCA: Crustose Coralline Algae; H’c: Species Diversity Index; 

Ha: Hectares; HI: High Impact Site; J’c: Evenness; LI: Low Impact 
Site; MI: Moderate Impact Site; RDC: Recently Dead Coral; S: 
Species Richness; SLR: Sea Level Rise; SPR: Sand + Pavement + 
Rubble Benthic Category

INTRODUCTION
Shoreline erosion is a natural phenomenon magnified by 

the combined effects of habitat destruction, the construction of 
artificial structures, and sea level rise (SLR), which threatens a 
growing number of properties built on coastal shores. SLR is a 
global socio-economic and environmental concern, particularly 
for urban coastal societies and small island nations, with 
significant long-term physical and socio-economic impacts 
resulting from environmental degradation, shoreline erosion, 
and coastal flooding [1-7]. Modeling suggests that, regardless 

of different potential climate change scenarios, there will be a 
significant coral reef decline and habitat loss across regional to 
global scales [8-12]. Coral reefs may often constitute the first 
line of defense against wave action, SLR, and coastal erosion. 
Losing coastal reef ecosystems may result in increased risks of 
coastal erosion. Current and forecasted global warming trends 
[3,13-16] could also magnify the risks of SLR in the near future, 
compromising the ecological benefits of coastal ecosystems [17]. 
SLR may cause multiple impacts to shallow coastal coral reefs. 
This could result from altered water quality and habitat decline, 
losing its multiple benefits, including buffering wave action. This 
could impact infrastructure adjacent to the shoreline and may 
affect coastal community livelihoods, risking climate change 
adaptation and mitigation capacity [7]. 

Coastal erosion threatens an increasing number of sandy 
beaches and the ecological, economic, social and cultural 
amenities they provide [18]. This may result in increased coastal 
vulnerability with variable impacts depending on local social 
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and economic conditions, built-environment, and physical 
characteristics [19]. Even sheltered coasts are being threatened 
by shoreline erosion [20]. Most mitigation measures to buffer 
impacts of coastal erosion have been overwhelmingly focused on 
engineering interventions [21], but the widespread construction 
of structures that alter sea surface circulation (e.g., breakwaters, 
spits, groins) [22], or fix the position of the shoreline undergoing 
retreat (e.g., seawalls, revetments) [22,23], has often resulted 
in increased sediment deposition in some areas and shoreline 
erosion rates in others. Frequent solutions for shoreline 
erosion mitigation have often involved sand replacement or 
renourishment [24,25]. However, these solutions are temporary 
and usually cost-prohibitive [18]. Annual expenditures and sand 
volumes showed an increasing trend in the U.S. even since 1990s, 
particularly on eastern sand bar islands [21,25,26]. Most of these 
activities can have long-term adverse ecological consequences, 
which have often been dismissed as environmentally insignificant, 
therefore, poorly documented in the scientific literature.

Enhanced recreational opportunities and socio-economic 
benefits have been commonly claimed as key justifications for 
beach renourishment, but rarely supported by increased numbers 
of visitors or by an enhanced local economy and livelihoods 
[27]. In contrast, beach renourishment can deteriorate coastal 
water quality by reducing water transparency and may not even 
prevent shoreline erosion [28]. Beach renourishment has also 
resulted in the physical disruption of macro-invertebrate and 
fish assemblages across shallow-water hard grounds, causing 
variable lethal and sub-lethal effects, and permanent benthic 
community regime shifts as a result of sediment bedload or 
burial, mechanical impacts, increased turbidity or a combination 
of these [29-32]. In addition, it has affected shorebird habitats 
on sandy beaches [33]. However, the long-term consequences of 
such impacts have still remained poorly studied.

Projected long-term trends of SLR suggest that coastal 
flooding in the near future could be more significant than 
previously modeled [34-36], and would require complex and 
expensive structural solutions to protect coastal infrastructure 
from erosion [37]. Under such conditions, mitigation of impacts 
might have magnified adverse ecological [38], environmental 
[39], and socio-economic consequences for societies [40]. This 
is particularly concerning for small tropical island nations, 
where socio-economic and trained human resources are often 
largely limited [7]. Solutions to buffer shoreline erosion may 
often require implementing very expensive dredge-and-fill 
programs to protect coastal development from shoreline erosion 
at the expense of adverse ecological impacts to adjacent sandy 
beaches [41,42], and to shallow coastal benthic ecosystems [30]. 
Nonetheless, mitigation has not always been successful and 
adverse impacts across adjacent benthic habitats are a concern 
which has remained poorly documented, particularly across 
nearshore high-energy habitats.

A regime shift can often be explained as a nonlinear system 
crossing a critical threshold [43], and could result from a com-
bination of acute, chronic, press or pulse impacts. Such impacts 
could become more pronounced in shallow urban coral reefs 
under declining environmental conditions associated to periodic 
dredging and fill activities [44], due to long-term alterations of 

adjacent land use patterns [45-48], and due to long-term impacts 
of climate change and SLR. Dredging and sedimentation impacts 
can also be catastrophic for coral reef communities [49-53]. It can 
be argued that long-term impacts associated to beach renourish-
ment on adjacent urban coral reefs may resemble the potential 
long-term impacts of shoreline erosion and sediment bedload 
associated to SLR and climate change. SLR impacts may include 
major shoreline erosion and a significant increase in chronic 
sediment spillover and bedload effects across shallow coral reefs 
adjacent to shore [54]. In this context, addressing the long-term 
trajectories of adjacent benthic communities following beach re-
nourishment impacts may provide a glimpse of potential future 
impacts across adjacent urban coral reefs resulting from shore-
line erosion, sediment bedload, and declining coastal water qual-
ity associated to SLR. 

Monitoring of beach renourishment long-term ecological 
impacts has been frequently flawed by having poor sampling 
designs, failing to address natural spatial and temporal variation 
of ecological change, lacking proper controls, and by failing to 
support conclusions by statistical analyses [32]. Further, there 
is a major lack of available long-term assessments of ecological 
impacts across impacted benthic communities to determine 
effects on benthic community trajectories and address their 
natural recovery ability. This study highlights the long-term (12 
years) benthic community trajectory of a high-energy urban 
coral reef impacted by a catastrophic beach renourishment 
activity at Arecibo Harbor, Puerto Rico, which strongly resembles 
the potential long-term predicted impacts from SLR across 
coastal urban coral reef ecosystems. This study investigated the 
immediate effects of reef burial by dredge spoil on a high-energy 
urban reef habitat, and addressed spatio-temporal variation 
in benthic community trajectory through a period of 12 years 
following sediment burial. Incidentally, this study also resulted 
in a long-term “natural” experiment to assess the impacts on 
coral reefs of heavy sediment bedload and water quality decline 
similar to what could be expected as a result of SLR and its 
concomitant increase in shoreline erosion and urban coastal 
flooding. The Arecibo Harbor case study constitutes a model to 
address the long-lasting impacts of beach renourishment and 
sediment bedload on near shore urban coral reefs. At the same 
time, it may provide a glimpse of potential long-term impacts of 
SLR and climate change in a coastal urban scenario.

MATERIALS AND METHODS

Study sites

This study was carried out at La Marginal reef, Arecibo, in 
the high-energy northern coast of Puerto Rico (18º28’32.29”N, 
66º43’23.62”W), with a control site at Vega Baja (18º29’19.60”N, 
66º25’19.70”W), 33 km east of the impact site (Figure 1). The 
eastern side of Arecibo Harbor has been protected from prevailing 
surge and northerly swells by a 366 m-long artificial breakwater 
built in 1944. The resulting altered local surface current patterns 
produce substantial accumulation of sediments within the harbor 
entrance that require periodic maintenance dredging. During 
June 2000, a total of 153,000 m3 of shoal material were dredged 
from the harbor and used by the U.S. Army Corps of Engineers 
for a beach renourishment project at the nearby La Marginal 
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Figure 1 Study site at La Marginal reef, Arecibo, Puerto Rico (red polygon): HI= high impact site, MI= moderate impact site, LI= low impact site. 
Control site (CT) is located at Vega Baja (blue polygon).

Beach. Dredged sediments were hydraulically pumped out onto 
a colonized high-energy emergent eolianite reef platform with 
the objective of constructing an artificial sandy beach to increase 
local recreational opportunities and socio-economic benefits. 
But spoil material shifted away with the strong littoral drift 
to the sublittoral zone and completely buried or significantly 
smothered out 5 ha of nearshore reef habitats, causing a 
widespread mortality of benthic and demersal fauna. Most of the 
spoil material (emergent and submerged) was washed out by the 
strong surge and littoral drift within two months, clearing most 
of the reef substrate, but creating a massive sandblasting effect 
across approximately 25 ha downstream. 

La Marginal reef is characterized by a shallow and continuous 
high-energy emergent eolianite reef platform ranging from 0.2 
to about 6 m in depth. However, there are some areas that have 
developed a system of colonized pavement and channels that 
extend down to about 5 to 8 m. These zones supported more 
coral growth and higher habitat heterogeneity than shallower 
low-relief zones. Data were collected at the 1.7 to 2.5 m depth 
zone, which was the most directly impacted by the initial burial 
and spillover of dredged spoil material. Data from the control site 
were obtained from a similar habitat and depth zone that has 
never been impacted by beach renourishment activities.

Environmental variables

Environmental variables included the Río Grande de Arecibo 
mean monthly streamflow across two gauge stations at the 
Arecibo Observatory and at the Dos Bocas Reservoir. Data were 

obtained for the period of 2000 to 2012 from US Geological Survey 
Caribbean Field Office. Water transparency was measured in 
triplicates using a 51 cm-diameter Secchi disk during each visit to 
study sites. Remotely-sensed data of chlorophyll-a concentration, 
particulate organic carbon (POC) and particulate inorganic 
carbon (PIC) were obtained from satellite data for the period 
of 2000 to 2012, from a polygon located between 18º30.0’N, 
66º44.0’W, 18º30.0’N, 66º42.0’W, 18º28.5’N, 66º44.0’W, and 
18º28.5’N, 66º42.0’W (=5.14 km2), and retrieved from NOAA’s 
ERDDAP data set web link http://coastwatch.pfeg.noaa.gov/
erddap/index.html.

Benthic community sampling design

Two main types of variables were tested in this study: 
temporal and spatial effects. Data were collected in 2000 (two 
months after sediment burial), 2003, 2005, 2007, 2009, and 
2012 across areas under three different levels of sediment 
burial impacts. These included: high impact (HI) – sediment 
disposal area, moderate impact (MI) – 200 m downstream of the 
sediment disposal western boundary, and low impact (LI) – 200 
m upstream of the sediment disposal northeastern boundary. 
Data were also collected from a control site (CT) at Vega Baja, 
33 km east of the impacted area. No sediments were directly 
deposited within the LI or MI, but there was high turbidity across 
all impacted sites. Sediment “sandblasting” effects due to strong 
currents, wave action and bedload eventually impacted the MI 
and LI sites during spillover effects. 

Benthic community data were collected using 10 m-long 
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point-count line transects at 0.5 m point intervals (n=20 points 
per transect). Strong currents and prevailing 1.5 to 2.5 m-high 
surge prevented the use of longer transects. A total of 6 to 8 
replicate transects parallel to the shoreline were haphazardously 
sampled across geo-referenced reef segments per site during 
each time interval. Community data included coral species 
richness, colony abundance, species diversity index (H’c) [55], 
species evenness (J’c) [56], percent living coral cover, and percent 
cover of macroalgae, algal turf, crustose coralline algae (CCA), 
golden algae (Chrysocystis spp.), zoanthids, sponges, acronym 
(RDC), cyanobacteria, and sand, pavement and rubble (SPR). 
The percent cover or bare substrate and of bleached and size-
reduced colonies were also documented. All data were collected 
between 0600 and 0800 hr, when wind was low and swells were 
still marginally safe for field work.

Statistical analyses

The null hypothesis of no significant difference in spatio-
temporal patterns of coral reef benthic community structure 
among surveyed sites was tested using PRIMER v6.1.16 + 
PERMANOVA v1.0.6 statistical package (Plymouth Marine Lab, 
UK) [57], following a two-way permutational analysis of variance 
(PERMANOVA) [58]. Impact (HI, MI, LI, CT) and time (2000, 
2003, 2005, 2007, 2009, 2012) were used as main variables. 
Also, impact x time interaction was tested. A similar approach 
was used to test for spatio-temporal patterns in species richness 
(S), H’c, J’c, and percent cover of selected benthic community 
components. Principal coordinate Ordination (PCO) was used to 
identify spatio-temporal patterns of coral reef benthic community 

structure clustering, temporal trajectories, and indicator taxa of 
such clustering patterns for each impacted site. A total of 10,000 
permutations were used for multivariate tests. A combination 
of linear and non-linear regression models was also fit using 
Sigma Plot v11.0 (Systat Software, Inc.) to test the relationship 
of selected coral reef parameters and Rio Grande de Arecibo 
streamflow. Regression analyses were also performed between 
selected coral reef benthic parameters and mean horizontal 
water transparency across study sites. Multivariate routine BEST 
was used to test for the best environmental variable combination 
to explain observed temporal variability in benthic community 
structure through the BVSTEP method [57].

RESULTS AND DISCUSSION

Environmental variables

Mean horizontal water transparency across the impacted 
site during 2000 was the lowest (1.5 m), with the highest 
value achieved during 2005 (4.0 m) (Figure 2a). Transparency 
declined during subsequent surveys to 2.0 m during 2012. 
Mean horizontal water transparency across the control site at 
Vega Baja during 2000 was 10 m, with a value during 2005 of 
9.5 m. Transparency declined during subsequent surveys to 6.0 
m during 2012. Such declines corresponded to increasing river 
local and urban discharge influences associated to increasing 
rainfall pulse events as reflected by streamflow. Mean annual 
streamflow at Río Grande de Arecibo ranged from 31.12 m3/s in 
2000 to 47.56 m3/s in 2012 (Figure 2a). Other high mean annual 
peaks were documented in 2003 (42.91 m3/s), and in 2005 (46.83 
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m3/s). Mean annual chorophyll-a concentration at the impact 
site ranged from 0.1033μg/L in 2012 to 0.2174 μg/L in 2005 
(Figure 2b). Peak chlorophyll-a concentration corresponded to 
the second highest streamflow peak. Mean annual chorophyll-a 
concentration at the control site ranged from 0.0891μg/L in 2012 
to 0.1513μg/L in 2009 (Figure 2b). However, such chlorophyll-a 
concentrations were lower than those documented in previous 
studies in Puerto Rico [59], and were within the recommended 
maximum concentration of 0.3μg/L for coral reefs [60].

Mean annual particulate organic carbon (POC) concentration 
at the impact site ranged from 5,068.2μM in 2009 to 9,425.6μM 
in 2003 (Figure 2c). Highest POC concentration at the impact site 
corresponded to a year that showed two extreme rainfall events. 
Mean annual particulate organic carbon (POC) concentration at 
the control site ranged from 4,900.9μM in 2005 to 7,012.3 μM 
in 2007 (Figure 2c). Documented POC concentrations at the 
control site were lower than at the impact site. Nonetheless, 
POC concentrations at both sites were significantly higher in 
comparison to previous reports in the literature [61-63], and can 
be considered detrimental for coral reefs. Mean annual particulate 
inorganic carbon (PIC) concentration at the impact site ranged 
from 1.26 x 10-7μM in 2007 to 7.37 x 10-7μM in 2012 (Figure 
2d). Highest PIC concentration at the impact site coincided with 
increasing river streamflow. Mean annual particulate inorganic 
carbon (PIC) concentration at the control site ranged from 6.42 
x 10-7μM in 2007 to 2.26 x 10-6 μM in 2003. PIC concentrations in 
coastal waters can often remain low [64].

Benthic community variables

Coral species richness showed a significant decline (p< 
0.0242) through time and among impact levels (Table 1). Post-
hoc analyses are all summarized in Table S1 in the Supplementary 
Material section. HI sites had no living corals in 2000 and showed 
only 1.67 species per transect in 2012 (Figure 3a). MI sites had 
1.5 species in 2000, increased to 1.8 in 2003, but then remained 
at 1.5 species in 2012. LI sites had a mean of 2.0 species per 
transect in 2000, declining to 1.67 in 2012. CT sites supported a 
mean of 3.2 species in 2000, declining to 2.2 in 2012. H’c showed 
significant variation through time (p=0.0032), with two general 
patterns (Figure 3b). First, there was a significant increase in H’c 
across impact sites due to partial slow recovery of impacted coral 
colonies, followed by a net decline after the 2005 massive coral 
bleaching event and chronic water quality degradation. Secondly, 
H’c returned to original values by 2012 after some partial 
recovery of a few ephemeral coral species. No coral growth was 
observed at HI in 2000. Mean H’c in 2012 was 0.4527. Mean H’c 
at MI was 0.3269 in 2000 and 0.3277 in 2012. Mean H’c at LI was 
0.4033 in 2000 and 0.4432 in 2012. Mean H’c at CT was 0.4134 in 
2000 and 0.4554 in 2012. A nearly similar temporal pattern was 
documented in J’c (p=0.0042), but showing a significant increase 
through time (Figure 3c). No coral growth was observed at HI in 
2000. Mean J’c in 2012 was 0.6530. Mean J’c at MI was 0.4716 in 
2000 and 0.4728 in 2012. Mean J’c at LI was 0.4529 in 2000 and 
0.6394 in 2012. Mean J’c at CT was 0.3464 in 2000 and 0.5468 
in 2012.
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Percent living coral cover showed no temporal difference, 
but a highly significant difference (p<0.0001) between CT and 
impacted sites (Table 1 and Figure 3d). No corals were present 
at HI sites in 2000. Coral cover increased to 5.6% by 2003, and 
12.5% by 2009, but declined to 7.1% in 2012, or a 43% loss in 
just three years. Coral cover at MI was 10% in 2000, and 12% 
in 2003, but declined to 7.5% in 2005 following the massive 
bleaching event and further to 6.7% in 2012, representing a 33% 
loss in 12 years. Coral cover at LI was 32.5% in 2000, dropping 
down to 15.8% in 2003 and to 5% in 2005, remaining unchanged 
by 2012. Living coral cover declined at LI by a factor of 51% by 
2003, and by 85% after the 2005 massive bleaching event. Mean 
coral cover at CT was 65% in 2000, increasing to 68% in 2003. 
However, it showed a consistent decline to 55% in 2007, to 34% 
in 2009, and remaining at 37% in 2012, which represent a 44% 
decline within 12 years.

Spatio-temporal changes were documented in the four most 
important reef-building species across study sites. Elkhorn coral 
(Acropora palmata) was completely absent from impact sites, but 
highly abundant at CT sites (Figure 4a), with a percent relative 
cover of 58% during 2000, reaching up to 63% in 2005, and 
then declining to 31% during 2012, which represent a 51% loss. 
Brain coral (Pseudodiploria strigosa) showed a highly significant 
spatio-temporal fluctuation (p<0.0001) (Table 1). This species 
was completely absent from HI sites until 2012 (0.4%) (Figure 
4b). MI sites had a mean 7.5% cover in 2000, but dropped to 
1.3% in 2012, an 83% decline. LI sites had a mean 28% cover that 
dropped to 11% in 2003, and to 1.7% in 2005 after the massive 
bleaching and mass coral mortality event. It further declined to 
0.8% in 2012. By 2003, P. strigosa loss reached 61%, 94% by 
2005, and 97% by 2012. Mustard hill coral (Porites astreoides) 
showed a highly significant difference among sites (p=0.0193), 
but no significant temporal fluctuation (Figure 3c). HI sites had 
no colonies during 2000, but percent relative cover reached 6.7% 
in 2009, and then declined to 3.3% in 2012, a factor of 50%. MI 
showed a 0.8% cover in 2000, increasing to 3.3% in 2009, a 3-fold 
increase, but declined in 2012 to 2.5%. LI showed a 2.5% cover in 

2000, increasing to 7.5% in 2007, but declined in 2012 to 2.1%, 
a 72% loss within only 5 years. This species remained virtually 
unchanged between 2000 and 2012 at CT with 2% relative cover. 
Fire coral (Millepora complanata) showed a non-significant 
spatio-temporal increase in percent relative cover (Figure 4d).

Macroalgal cover showed a significant increase (p<0.0001) 
through time, particularly across impacted sites (Table 1), 
shifting from 3% in 2000 to 74% in 2012 at HI, from 18 to 
68% at MI, and from 10 to 71% at LI (Figure 5a). Macroalgal 
cover increased from 10 to only 14% across CT sites. Algal turf 
showed a significant decline through time across impacted sites 
(p<0.0001). Dynamics were also significantly different among 
sites (p=0.0014). Algal turf cover declined from 32% in 2000 to 
10% in 2012 at HI, from 42 to 15% at MI, and from 32 to 13% 
at LI (Figure 5b). Algal turf just shifted from 15.7 to 16.3% 
across CT sites. CCA were significantly higher (p<0.0001) across 
CT sites than across impact sites, but showed no significant 
temporal trends (Figure 5c). CCA were almost absent across HI 
sites through 2009, and had 0.8% cover in 2012. No CCA were 
present at MI until 2009 (1.7%). CCA averaged 0.3% in 2000 at 
LI and 0.8% in 2012, while CT sites showed 2.3% in 2000 and 
4.1% in 2012. Observed changes in algal communities suggest 
a significant regime shift through time following the sediment 
burial disturbance.

Golden noodle algae, Chrysocystis spp. showed a significant 
increase in percent cover through time (p<0.0001), and 
significantly higher cover (p=0.0017) at CT sites (Table 1). 
Chrysocystis spp. was absent at HI until 2012 (2.5%) (Figure 
5d). It reached 3.3% at MI, 4.2% in LI, and 17% at CT during 
2012. Cyanobacteria showed a non-significant spatio-temporal 
variation in percent relative cover, with mean values never 
exceeding 4.7% (Figure 5e). Percent cover of recently dead 
corals (RDC) showed a highly significant (p<0.0001) temporal 
variation, but no spatial variation. RDC reached 18% during 2000 
at HI. There was also 1.7% of RDC during 2005 after the massive 
bleaching event. No other RDC were documented at HI. RDC 

Table 1: Summary of the two-way PERMANOVA of selected benthic community parameters.

Variable Time
d.f.= 5,146*
Pseudo-F   p

Impact level
d.f.= 3,148
Pseudo-F   p

Time x Impact
d.f.= 23,128
Pseudo-F   p

Species richness (S)
Species diversity (H’c)
Evenness (J’c)
% Coral
% A. palmata
% P. strigosa
% P. astreoides
% M. complanata
% Sponges
% Zoanthids
%Macroalgae
% Algal turf
% CCA
% Chrysocystis spp.
% Cyanobacteria
% RDC
% SPR

2.62
3.72
3.67
0.99
0.05
7.67
1.60
0.50
1.78
1.38
11.58
10.55
1.30
43.61
1.37
14.75
3.58

0.0242
0.0032
0.0042
**
**
<0.0001
**
**
**
**
<0.0001
<0.0001
**
<0.0001
**
<0.0001
0.0035

7.79
0.59
0.52
24.77
796.4
7.87
3.36
0.24
6.95
7.19
38.20
5.75
27.86
5.46
2.10
2.14
11.78

0.0242
**
**
<0.0001
<0.0001
<0.0001
0.0193
**
<0.0001
<0.0001
<0.0001
0.0014
<0.0001
0.0017
**
**
<0.0001

4.17
1.69
1.52
7.31
164.1
7.22
1.88
0.97
1.62
1.96
50.34
5.47
4.01
22.87
1.05
18.90
8.88

<0.0001
0.0348
**
<0.0001
<0.0001
<0.0001
0.0136
**
**
0.0119
<0.0001
<0.0001
<0.0001
<0.0001
**
<0.0001
<0.0001

*d.f. : degrees of freedom; **= not significant (p>0.05)
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Figure 4 Percent relative cover of coral species: (A) Elkhorn coral, Acropora palmata, (B) Brain coral, Pseudodiploria strigosa, (C) Mustard hill coral, 
Porites astreoides, and (D) The word fire coral, Millepora complanata. Mean ± 95% confidence intervals. For site acronyms refer to Figure 1.
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Figure 5 Benthic community parameters: (A) Percent macroalgal cover, (B) Percent filamentous algal turf cover, (C) Percent crustose coralline algal 
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Mean ± 95% confidence intervals. For site acronyms refer to Figure 1.
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reached 26% during 2000 at MI. There was also 0.8% RDC during 
2005, and no other RDC after that. RDC reached 18% during 2000 
at LI. No other RDC were documented at LI. Sporadic pulses of 
RDC were documented across Acropora palmata-dominated 
bottoms at CT sites, with 3% in 2003, 5% in 2005, 18% in 2009, 
and 1% in 2012. The 2009 incident across CT sites was associated 
to the illegal spilling of raw sewage along Vega Baja beach [65]. 

Percent zoanthid (Figure 6a) and sponge cover (Figure 6b) 
showed a significantly higher cover (p<0.0001) across impacted 
sites, but no significant temporal trends (Table 1). Percent cover 
of SPR showed significant decline through time (p=0.0035), as 
well as higher percent cover across impact sites (Figure 6c).

Temporal trajectories of benthic community 
structure

There was a highly significant temporal variation in benthic 
community structure (p<0.0001), and across all combinations 
of pairs of years (Table 2). There was also a highly significant 
variation among impact levels (p<0.0001), including all 
combinations of impacts, and between impact sites and CT. Time 
x impact level interaction was also highly significant (p<0.0001). 
PCO analysis showed that benthic community trajectory at HI was 
initially dominated in 2000 by RDC, SPR and algal turf, right after 
reef bottom became exposed by strong surge and spoil material 
drifted away down current (Figure 7). Temporal changes in 
benthic community structure were largely explained in 2003 by 
the recovery of ephemeral P. astreoides and by a rapid increase 
in macroalgal growth on open reef substrates. During the sea 
surface warming episode in 2005 and 2007 benthic community 
within HI was largely explained by increasing ephemeral coral 
Siderastrea radians, zoanthids and cyanobacteria. By 2009, P. 
astreoides largely explained temporal variation, followed in 
2012 by M. complanata, and in a lesser extent by the Encrusting 
gorgonian, Erythropodium caribbaeorum (vector not shown), a 
species that tend to dominate under significant disturbance. This 
PCO model explained 95.7% of the observed temporal trajectory.

Benthic community trajectory at MI showed that algal turf, 

recently dead corals (RDC) and in a lesser degree M. complanata 
explained temporal variation in 2000 (Figure 8). Macroalgae, 
sand, pavement and rubble (SPR), and Siderastrea radians 
explained most of the variation observed in 2003. Erythropodium 
caribbaeorum explained most of the variation following mass 
bleaching and partial coral colony mortality in 2005, followed by 
macroalgae in 2007, then again in 2009 and 2012. This PCO model 
explained 91.9% of the observed temporal trajectory. Variation 
in benthic community trajectory at LI was mostly explained by 
RDC, P. strigosa, and Agaricia agaricites in 2000, followed by 
macroalgae in 2003 after benthic community degradation by 
sediment spillover and bedload effects (Figure 9). Sponges and 
SPR explained most of the observed variation in 2005 and 2007, 
followed again by macroalgae in 2012. This PCO model explained 
83.9% of the observed temporal trajectory. 

Benthic community trajectory at CT was initially explained 
in 2000 by P. strigosa and P. astreoides, followed in 2003, 2005, 
and 2007 by the decline observed in A. palmata, in 2009 by RDC, 
and in 2012 by increasing zoanthids and Golden noodle algae, 
Chrysocystis spp. (Figure 10). This PCO model explained 84.6% of 
the observed temporal trajectory.

Impacts of environmental variables on benthic 
community trajectories

Cumulative rainfall across the Río Grande de Arecibo 
watershed resulted in a temporal increase in streamflow at the 
Arecibo Observatory sampling station from 2000 to 2012 through 
this study. However, annual variability was also becoming higher 
as a result from recurrent extreme rainfall events. In year 2000, 
maximum streamflow across the Río Grande de Arecibo watershed 
was 231m3 s-1 in 2000, and 338 m3 s-1 in 2012.A similar trend 
was observed at the Dos Bocas Reservoir sampling station, with 
225 m3 s-1 during 2000 and 291 m3/s during 2012. Increasing 
mean and peak rainfall coincided with increasing sediment-laden 
runoff impacts to coastal waters across the impact site, although 
a correlation between cumulative streamflow and coastal water 
turbidity was short of significance (r2=0.5938, p=0.0729), 
probably as a result from high temporal variability in streamflow. 
However, increasing annual cumulative streamflow showed a 
significant negative regression with declining percent coral cover 
(r2=0.7255. p=0.0313), and declining percent relative cover 
of Brain coral, Pseudodiploria strigosa (r2=0.7018. p=0.0374), 
across LI sites, but showed no impacts across MI and HI sites. 
Declining water transparency resulted in a significant decline in 
percent P. strigosa cover (r2=0.7808. p=0.0178) across LI sites, 
but had no effect on other parameters across any of the impact 
sites. High variability in streamflow only reflects the increasing 
recurrence of extreme rainfall events. Such pulse events can be 
significant drivers of impacts on adjacent reefs. BVSTEP analysis 
showed that the combination of river streamflow, horizontal 
water transparency, POC, and PIC had the strongest correlation 
with temporal variation in benthic community structure at 
the impact site (Rho= 0.743, p=0.0110). Horizontal water 
transparency, POC, and PIC had also the strongest correlation 
with temporal variation in benthic community structure at the 
control site (Rho= 0.587, p=0.0442). This suggests that long-term 
degradation in coastal water quality at both, impact and control 
sites became a significant factor influencing benthic coral reef 
community trajectory. However, long-term river influences at the 

Table 2: Summary of the two-way PERMANOVA of benthic community 
structure.
Variable (d.f.)* Pseudo-F p

Time (5,146)
Pairwise
  2000 – 2003
  2000 – 2005
  2000 – 2007
  2000 – 2009
  2000 – 2012

6.44
t
3.39
3.12
3.91
2.95
4.23

<0.0001
p
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Impact level (3,148)
Pairwise
  CT – LI
  CT – MI
CT – HI
  LI – MI
  LI – HI
  MI – HI

33.43
t
8.05
8.42
7.97
1.57
2.11
2.55

<0.0001
p
<0.0001
<0.0001
<0.0001
0.0460
0.0031
0.0002

Time x Impact (23,128) 14.16 <0.0001

*d.f: degrees of freedom
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Figure 6 Benthic community parameters: (A) Percentzoanthid cover, (B) Percentsponge cover, and (C) Percentsand, pavement and rubble cover 
(SPR). Mean±95%  confidence intervals. For site acronyms refer to Figure 1.

Figure 7 Principal Coordinate Ordination plot of HI benthic community trajectory. Dashed lines represent the 80% similarity cut-off level. Vectors 
based on a minimum correlation factor of 0.90. Model explains 95.7% of the observed variation in temporal patterns. Past= Porites astreoides, Srad= 
Siderastrea radians, Mcom= Millepora complanata, Cya= Cyanobacteria, Mac= Macroalgae, Turf= Filamentous algal turf, RDC= Recently dead coral, 
SPR= Sand, pavement, rubble.
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Figure 8 Principal Coordinate Ordination plot of MI benthic community trajectory. Dashed lines represent the 80% similarity cut-off level. Vectors 
based on a minimum correlation factor of 0.90. Model explains 91.9% of the observed variation in temporal patterns. Ecar= Erythropodium 
caribbaeorum. For other acronyms refer to Figure 7.

Figure 9 Principal Coordinate Ordination plot of LI benthic community trajectory. Dashed lines represent the 80% similarity cut-off level. Vectors 
based on a minimum correlation factor of 0.90. Model explains 83.9% of the observed variation in temporal patterns. Aaga= Agaricia agaricites, 
Pstr= Pseudodiploria strigosa, Spon= Sponges. For other acronyms refer to Figure 7.

impact site had a stronger impact.

Implications of beach renourishment on benthic 
community trajectories

Horizontal sediment transport in coral reefs can significantly 
alter benthic community composition [66] and affect long-term 
coral reef development [67-69]. Sediment transport modeling 
showed that under increasing SLR larger waves on shallow reefs 
would generate higher shear stress on benthic communities [70]. 
This would result in increased size and quantity of sediment 
being eroded and horizontally transported, in increased chronic 
turbidity, and in reduced light availability for photosynthesis, 
adversely impacting coral communities due to increased 

sediment-induced stress. The observed benthic community 
degradation persisted over a time span of at least twelve years. 
PCO analyses showed that although minor recovery occurred 
within HI sites between 2000 and 2012, major degradation 
across MI and LI sites caused reef community trajectories to shift 
towards a nearly similar state as poorly recovered HI habitats, 
with dominance by non-reef building ephemeral coral species 
and macroalgae. Such altered trajectories in benthic community 
assemblages favoring non-reef building taxa were consistent 
with previous studies following impacts in coral reefs by water 
quality decline, fishing, declining herbivory, or coral bleaching 
[71-74].

Persistence of regime shifts often depend on the reef benthic 
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species composition, on coral assemblage functional redundancy, 
on individual species susceptibility to disturbance, on individual 
life history strategies of different coral species, and on the 
biogeographic location [75,76]. Coral reef communities recovered 
across a decadal scale or less following massive bleaching at the 
Arabian Gulf [77,78], Ryukyus Islands, Northwest Pacific [79], 
Lakshapweed Islands [76] and Chagos Archipelago [80], Indian 
Ocean, Palau, Micronesia [81], and Moorea, French Polynesia [82]. 
However, the wider Caribbean has mostly been characterized by 
a general lack of recovery following disturbance [72,73,83,84]. 
The Western Atlantic is characterized by low biodiversity and 
functional redundancy [85], a condition which can significantly 
impair rapid recovery of ecosystem resilience. Coral reef regime 
shifts favoring macroalgal dominance were suggested to be 
less abundant than previously considered [86]. However, this 
condition has been much more common across Caribbean reefs. 
Recovery may occur following an isolated stochastic disturbance 
such as a massive bleaching event or a hurricane, in the absence of 
other chronic disturbances. But the combined impact of chronic 
human-driven disturbances with acute massive bleaching events 
can produce cumulative or synergistic impacts on coral reef 
benthic community trajectories and ecosystem resilience which 
still remain poorly understood, and may result in slowly-evolving 
regime shifts which could be difficult to identify and reverse [87].

Local and regional scale impacts on regime shifts

A regime shift may not always involve a large acute change 

in ecosystem condition, but rather a long-term persistent shift in 
the trajectory and dynamics of the system, which often involves 
a change in its internal feedback mechanisms [88]. A regime shift 
favoring dominance by macroalgae and other non-reef building 
taxa was documented in this study across urban high-energy 
reefs. Initially, it involved a reef-scale, stochastic disturbance 
associated to sediment burial that extirpated a significant 
segment of benthic assemblages. It was followed by a long-term, 
slowly-evolving shift in the trajectory of extensive reef segments. 
This resulted in a permanent decline in percent coral cover, 
favoring dominance by macroalgae and ephemeral, disturbance-
adapted, small-sized coral species. It is suggested that this change 
was the result of an additive combination or synergy of persistent 
local-scale and recurrent regional scale phenomena. Local-scale 
factors included the continuous sediment bedload impact that 
followed the original localized sediment burial incident and 
a persistent decline in coastal water transparency from a net 
temporal increase in rainfall and in sediment-laden runoff across 
the Río Grande de Arecibo watershed. In addition, chronic gray 
water and raw sewage pollution from multiple urban storm 
water outfalls, increasing POC and PIC, and the natural strong 
surge and hydrodynamic disturbance regime of local reef systems 
contributed to reef decline. Declining water quality associated to 
recurrent sewage and turbidity pulses has been shown to affect 
coral reefs across large spatial scales [59,89,90].Elevated POC 
levels were experimentally shown to induce coral mortality and 
to accelerate the growth rate of microbes living in the corals’ 

Figure 10 Principal Coordinate Ordination plot of CT benthic community trajectory. Dashed lines represent the 80% similarity cut-off level. Vectors 
based on a minimum correlation factor of 0.90. Model explains 84.6% of the observed variation in temporal patterns. Chryso= Chrysocystis sp. For 
other acronyms refer to Figure 7.
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surface mucopolysaccharide layer by an order of magnitude [61]. 
This suggests that coral mortality may occur due to a disruption 
of the balance between the coral and its associated microbiota. 
Elevated POC levels may cause coral reefs to shift further from 
coral to macroalgal dominance, therefore, POC concentrations 
should be closely monitored as part of standard long-term coral 
reef monitoring protocols.

Regional-scale phenomena also impacted the study sites 
and included persistent sea surface warming, the 2005 massive 
coral bleaching event and its subsequent mass coral mortality 
event across the northeastern Caribbean region [91-94]. It can 
be argued that the additive and synergistic impacts of these 
factors contributed to arrest natural recovery ability of HI sites 
to an early successional stage characterized by non-reef building 
taxa and macroalgae. In the other hand, the same conditions 
resulted in major decline of adjacent MI and LI sites, driving 
benthic communities back to a similar early successional stage as 
in HI sites. Further, this long-term degradation affected habitat 
quality and availability for fish assemblages resulting from the 
permanent filling of multiple small channels and reef crevices 
by coarse sand, cobbles and small boulders, which might have 
further pushed observed regime shifts through a combination of 
indirect feedback mechanisms.

The effect of chronic and acute stressors on coral reef state 
can form a strong synergy that can adversely influence resilience 
by intensifying a regime shift [95]. Pollution and climate change 
may alter the magnitude, frequency and duration of regime shifts, 
resulting in additive and often synergistic effects that can make 
coral reefs more vulnerable to change that previously could be 
absorbed, and could foster a shift towards a less desired state in 
their natural capacity to recover from disturbance and generate 
ecosystem services [96]. Coral reefs impacted by a combination of 
recurrent pulse and chronic factors have undergone permanent 
regime shifts favoring declining percent coral cover and increasing 
macroalgal dominance across the Southern Pacific [97], Indian 
[98,99], and Western Atlantic oceans [72,83,84,100,101], with 
limited natural recovery. Chronic stressors can foster increased 
macroalgal dominance, whereas acute coral bleaching events 
further push the system closer to such an alternate state. This 
occurs because resilience can change faster and much earlier than 
a change in reef state [95]. In this context, loss of resilience can 
go unnoticed for many years, resulting in slowly-evolving regime 
shifts which then become disproportionately more difficult to 
reverse [87], and result in the emergence of a novel ecosystem.

Novel Caribbean coral reef ecosystems have been largely 
characterized by declining reef-building coral assemblages 
[91,93,94,100,101], declining coral recruitment rates [102], and 
recent dominance by ephemeral coral species recruits [103]. 
This suggests a significant alteration of benthic community 
trajectories, particularly compromising net reef growth in the 
context of projected climate change, ocean acidification and SLR. 
This is consistent with observations of increasing significance of 
coral species life histories in determining dominance by stress-
tolerant coral traits [104,105]. Indirect effects of degraded 
benthic spatial heterogeneity on herbivore fish assemblages can 
also reduce herbivory and alter fish community structure and 
functions across affected reefs [106], further pushing benthic 

community regime shifts through a combination of indirect 
feedback mechanisms.

Disturbances that result in a state of low biotic spatial 
heterogeneity often precede a regime shift [107]. Chronic 
sediment bedload impacts can have a long-term sandblasting 
effect on coral assemblages which may significantly compromise 
net reef accretion in the future and exposing reefs to net 
bioerosion. Losing reef architecture may have profound long-
term impacts on ecosystem processes such as nutrient recycling, 
fish productivity, sustaining biodiversity, and in providing 
multiple services [108-111], leading to net long-term declines 
in fish assemblages [112]. Following such disturbances, the 
system will shift into a state of macroalgal dominance and lower 
productivity, particularly under strong top-down (e.g., declining 
herbivory) or bottom-up (e.g., eutrophication) cascading effects. 
Strong persistent hydrodynamic disturbances may also affect 
coral species assemblages and community response to press and 
pulse disturbances [113], and in combination with bioerosion, 
may also affect reef structural complexity [110], further affecting 
natural recovery ability and future community trajectories. 
Similar combined mechanisms might have influenced benthic 
community trajectories after major beach renourishment 
stochastic impacts in this study, arresting reef natural recovery 
ability, resulting in a long-term slowly-evolving regime shift 
dominated by non-reef building taxa.

A glimpse of future impact by climate change and SLR?

Sea level is projected to significantly increase over the 21st 
century resulting in major coastal erosion [2,114], declining 
coral reefs, saltwater intrusion of groundwater [115], and 
displacement of human settlements from low-lying coastal 
areas [116]. Non-sustainable coastal development has already 
resulted in extensive urban and tourism construction across the 
coastal zone, largely affecting coastal reef systems and increasing 
increasing vulnerability to SLR [117]. Declining urban coral reefs 
are characterized by low species diversity and low percent living 
coral cover. High living coral cover [118], and benthic spatial 
heterogeneity [119], can reduce wave action by even an order 
of magnitude, creating calmer conditions in the backreef and 
fostering increased fish biodiversity. But losing percent living 
coral cover and spatial habitat heterogeneity, in combination 
with SLR, may result in long-term increased wave action. Waves 
are a significant destructive factor both, on exposed coral reefs 
and on exposed human communities [120,121]. Waves also 
influence sediment dynamics across coral reefs [122], and 
adjacent shorelines. A declining reef loses physical structure, and 
eventually its wave/swell buffering role. Waves, but in Puerto 
Rico particularly winter swells, can significantly impact coastal 
infrastructure, natural and cultural resources, and coastal-
related economic activities. Projected SLR was modeled to 
generate stronger waves, increased surface currents, sediment 
resuspension and turbidity across shallow reefs [70]. Declining 
biodiversity can also increase the vulnerability of multiple coral 
reef functional groups and services [123], which can in turn 
increase the vulnerability of coastal human communities.

Under predicted SLR conditions beach renourishment could 
become a common shoreline stabilization management activity 
in the near future across many urban coastal areas, potentially 
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increasing impacts to adjacent shallow coral reefs. But modeling 
efforts to forecast potential large-scale and long-term impacts of 
such mitigation activities are still lacking. Spatial and temporal 
variation of cascade ecological effects of sediment bedload, 
habitat burial and turbidity associated to beach renourishment 
have remained largely obscure in the literature. Threshold and 
cross-scale effects (e.g., from physiological to ecosystem level 
impacts), as well as long-term coral reef benthic community 
trajectories following such impacts, have also remained poorly 
documented. This lack of information can make it difficult 
to predict potential long-term future impacts associated to 
sediment and turbidity dynamics across adjacent urban coastal 
reefs impacted by beach renourishment or by future shoreline 
erosion, increased sediment bedload, and turbidity associated to 
SLR. 

Flooding of low-lying coastal urban and industrial areas 
will result in chronic unprecedented levels of pollution and 
eutrophication of coastal waters [124], potentially resulting 
in reduced water quality, hypoxia and habitat loss [7]. It can 
be argued that chronic shoreline erosion associated to climate 
change and SLR, in combination with impacts of eroded soils 
from flooded low-lying areas, will likely result in increased 
sediment spillover impacts across adjacent coastal coral reefs. 
If combined with increasing turbidity and urban pollution from 
coastal flooding and from land use change, this may produce 
chronic environmental impacts similar to those observed after 
this beach renourishment incident, potentially compromising 
benthic community trajectories in a nearly similar fashion.

There is evidence that some nearshore coral reefs can thrive 
under nearly continuous turbid conditions [125-128]. Some coral 
species can persist and produce an acclimatization response to 
high turbidity and sediment-induced stress, including the rapid 
replenishment of energy reserves during periods between 
sublethal turbidity events, shifting between phototrophy and 
heterotrophy, and by having rapid rates of photo-acclimation 
[129,130]. Nonetheless, rapid degradation of reef benthic 
habitat heterogeneity and the concomitant net elimination of 
microhabitats suitable for coral larval settlement due to sediment 
deposition, bedload or major algal overgrowth can be deleterious 
for community recovery [131,132]. Chronic impacts of horizontal 
sediment transport, sediment deposition, and eutrophication can 
be significant on scales of weeks to months [30], decadal [133], 
and even on century time scales [134-136]. Eutrophication has 
also been shown to trigger bleaching in corals [137,138], and in 
combination with other local stressors, can synergistically affect 
coral reef condition [139], and reduce its resilience to bleaching 
[140]. As a result, ecosystem engineer species and essential fish 
habitat functions for many economically valuable species can be 
severely eroded away or lost through slowly-evolving regime 
shifts. Such changes could be similar in nature to expected 
impacts on coastal reefs by climate change and SLR across urban 
scenarios, implying that slowly-evolving regime shifts could 
end up in a permanent alternate state which may compromise 
net reef accretion, ecological functions, ecosystem resilience, 
benefits and services.

CONCLUSION
Burial of urban nearshore reefs by beach renourishment 

had a variety of negative long-lasting impacts that resulted in 
a permanent regime shift favoring non reef-building taxa, and 
ephemeral, disturbance-adapted, small-sized corals. Impacts 
were initially characterized by a stochastic alteration in benthic 
community structure, followed by a slowly-evolving regime 
shift impacting adjacent benthic communities as a result from 
sediment bedload, arresting them on an early successional 
stage characterized by poor or none reef building activity. Beach 
renourishment in areas adjacent to coral reefs should not be 
dismissed as insignificant as many contracted environmental 
assessments often presume. Carry over and cross-scale effects of 
beach renourishment need to be addressed in the future during 
environmental impact evaluation prior to permitting procedures 
to help prevent ecological catastrophes.

This study also showed that other factors such as chronic 
coastal water quality decline associated to turbid river 
influences, polluted urban runoff, high POC, high SST, massive 
coral bleaching, post-bleaching coral mortality, and prevailing 
strong wave action could have also resulted in a combination 
of cumulative or synergistic effects that further contributed 
to the observed slowly-evolving regime shift. It arrested HI 
benthic community recovery trajectory to an early successional 
stage, but also drove MI and LI reef segments back to a nearly 
similar early successional stage within a period of twelve years 
following beach renourishment disturbance. Assessing benthic 
community trajectory is a critical tool to address the long-
term recovery dynamics of coral reef benthic communities, can 
provide paramount information to managers to project and guide 
future reef rehabilitation and mitigation through ecosystem-
based management, and should be incorporated as part of legal 
requirements during permitting procedures of similar projects in 
the future. Addressing such slowly-evolving changes in benthic 
community trajectories may also prove critical to address natural 
variability resulting from climate change-related phenomena.

Lessons learned from this glimpse of potential future climate 
change and SLR scenarios are also concerning as a slowly-
evolving regime shift resulted in a significant change in benthic 
urban coral reef assemblages within only a decadal scale. Impacts 
on urban coral reefs can be severe and long-lasting, resulting 
in a benthic community trajectory leading to an arrested early 
successional stage, overall reef flattening, and in a permanent 
alteration to reef’s biodiversity, ecosystem resilience, ecological 
functions, productivity, benefits and services. The fact that long-
term persistent sediment bedload caused such broad impacts 
across reef segments adjacent to the sediment fill site reflects 
that even highly-localized beach renourishment activities can 
affect coral reefs across very large spatial scales, reflecting also 
potential future impacts by shoreline erosion, sediment bedload 
and chronic pollution associated to climate change and SLR. This 
case study represents a long-term natural experiment simulating 
what would be the impact of chronic sediment bedload and 
declining water quality on adjacent shallow urban coral reefs as a 
result of shoreline erosion and SLR.

Under such conditions, if impacts are similar to what was 
documented at La Marginal reef, net coral reef accretion would 
be severely compromised across very large spatial scales, losing 
reef’s net wave action buffering function, and exposing in the 
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long run the shoreline and coastal infrastructure to further 
erosion, increasing the vulnerability of human settlements to 
SLR. The conservation and rehabilitation of shallow urban coral 
reefs have important implications for adapting and mitigating 
impacts by climate change and SLR on coastal human settlements. 
These potential effects should be taken into consideration 
when assessing the potential impacts and feasibility of beach 
renourishment activities to prevent irreversible ecological 
catastrophes in the future that could have unknown socio-
economic and environmental consequences under projected 
climate change and SLR trends.
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