UNIVERSITY OF PUERTO RICO

MAYAGUEZ COLLEGE CAMPUS [ R
FACULTY OF ARTS AND SCIENCES P
DEPARTAMENT OF GEOLOGY |

Spatial and Temporal Analysis of Shoreline Changes with AMBUR on
Arecibo, Puerto Rico

Héctor M. Crespo Jones
GEOL 4055 Undergraduate Research 1
Advisor: Fernando Gilbes
May 9, 2014



Abstract

A previous study shows that Arecibo is undergoing coastal erosion. That zone is
very important because of its proximity to Cueva del Indio Natural Reserve and its potential
for dune preservation. Th&nalyzing Moving Boundaries Using RAMBUR) software
was usedo create transects and statistical analyses of the coastline and the dune foot.
Coastline analyses revealaddominant erosion rate of 0.1d/yr while the eolian depdsi
was also eroding at a rate ofl8.m/yr. While DSAS showed in a previous study values of
erosion of 0.10 m/yr and 0.21 m/yr in the coastline and dune $paitially the shoreline
was erosion was dominant factor while the eolian deposits dominant faasralso
erosion. At the temporal scala combination of erosion and deposition or a change in the
magnitudes of the two factors were displayed for the shorelines. The eolian deposits mostly
experienced a change in the magnitudes of the erosion anda@ctevas very slight with

the exception of the eastern end.
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1. Introduction

Shoreline changdsave largamportance for coastal communitiaadpeopleliving
from the resourcesf the coastalenvironment (Rodguezet al, 2009). Thesehangesn
Puerto Ricodue to erosion and depositicere occurring nowadays anthave been
documentedn the past (Thieleet al, 2007).This affects the resources available in the area
and quantifying the evolution of thesgystens through transectenhances the probabilities
of a better understanding of coastal dynanfitzcksa et al, 2012). Transects are small
segment areas that quantify the change of the showdlitee same spatial interv@hieler
et al, 2007) The study of thee change can be done by different tools, but a remote
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sensing approachas proven tde more efficientand cost effective (Jacksoet al, 2012;

Avinash et al.2010)

Also, improvements in €ographicallnformation Systens (GIS) and hardware
capabilitieshave led to more analyseof coastal areateading to a widely use and
recommended by coastal researchers (Andmewal, 2002; Rodriguezet al, 2009).GIS
software has variety of capabilitieandits importances based on the amount of layers
information that can be stackegh to create further analys (Rodriguezt al. 2009). The
possibility of reconstructingistoricalshorelines of the study area into a single map is one
of the strongestobls thatGIS dlows for analysis and interpretatio(Rodriguezet al,
2009). The stack of informational layers is one of thestbmethods irthis project to
identify if the shoreline has any direct relation with the duA&s it will be useful in order

to compare theesults of botlGIS extension toolAMBUR and DSAS

Shoreline change is mostly associated with the change of the high and low water
levels (Stiveet al, 2002). Rit the dune foot is also used as a proxy of shoreline evolution
(Stive et al., 2002). The doe foot is considered as the end of the backshore in a beach
environment, a place where the ocean water does not reach (Detl &ip02013; Stiveet
al.,, 2002). Morelock and Barreto (2003) stathat the dune footcan be seerat the
vegetation lineStive (2002)showsa relationship between the dune baseline and the high
and low water levels. The shoreline changed at a faster rate than the eolian deposits, but a

clear association between both systems remained @&tale 2002).

Thieler et al. (2007) sed GPSdataand ArcGIS software to produce a shoreline

analysis on the coagif Rincén In this project AMBUR was the extension tool that wilbe



used to determine boundary changes (Jacksah, 2012). The meaning of the acronym is
Analyzing Moving Baindaries usingr andit is a tool that can be used in any GIS platform
to analyze any kind of boundary similar to the Digital Shoreline Analysis SystdDSaS
(Jacksoret al, 2012; Thieleet al, 2009). AMBUR s the result of the improvementsaof
similar program calle&horeline Change Analysis Bletreating and Prograding Systeons
SCARPS (Jacksonet al, 2012). Theinnovative capabilities of AMBUR include its
extensive statistic databasagcreasedgraphical capacitynovel transect system, detailed

review of stats and graphics and forecast ability (Jac&sah, 2012).

Erosionhas beembservedn Arecibo coastss n other regions of the island due to
natural and anthropogenic factafiglorelock 1984; Thieleret al, 2007. Althoughin
Arecibo the erosion has beesevere due to constructio jettiesand portsn the shoreline,
leading toa halt ofthe longshore transport (Morelock, 198#4)so, a dam on theRio
Grande de Arecibo upstreastops the supply of sediments from the riediecting the
dynamics of the coagtMorelock, 1984). Still Morelock (1984) does not explain what
happens in theasterrcoast of Arecibo antle wadocusel in the area close to Rio Grande
de Areciboand to Cafio TiburonesThis leads to the question of what changesehav
occurred to the coastline and eolian deposits in the last 60 years over thalsoaais

important to determine/hich researchool represents better changes in the area.

This study onduced a remote semmsg survey @ the coastline changes of Bari
Islote, Arecibo, Puerto Rico. The survey used aerial photographs of the last 60 years (from
1950 to 2010) with the ESRI ArcGIS 10.1 software and the Ardfakd extensions from
the United States Geological Survey (USGS) known as Digital Shoreline M8lystem

(DSAS) and the Analyzing Moving Boundaries Using R (AMBUR) developg Dr.
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Chester W. Jackson Jihe work alsocompare both extensions and determthef

AMBUR is a better tool focorrecting and manipulating the transects.

Similar projects ha been done in other coastlines of Puerto Rico to determine
shoreline changes (e.g. Thieler et al., 2007). In a previous work of coastline changes in
Arecibo, problems were observed due to the transect orientation and lengthcumibe
areas(CrespeJores, 2013) (Figure 1 ang). This led tothe test ofAMBUR software a
programthat according to its authors resolves these problénasisects wereperatedo
focus on the desired areaoiding previously observed crossovers and overshéagsre
2). This new software avoided most crossovers and overshoots from adjacent transects
through its features (Figure 3). Therefore, the specific objectives of this study wéje to:
use AMBUR to determineshoreline change(in space and timah two beaches of Bawi
Islote, Arecibo during the last decades?2) evaluatethe erosion or deposition in the
coastlinewith AMBUR, 3) compare AMBUR results ith the data gathered from DSAS, 4)
create a baseline using tharrent shoreline of year 2014, &)aluate shorelinehanges in

shorter time periods.

2. Study area

Barrio Isloteis locatedin the northern coast of Puerto Rico at the municipality of
Arecibo. The total area is enclosed in a polygooveringapproximately in the latitude
18A2Ba&and | ongi t Wded &i®ds388/023MAIN50 | ongi tude 66A
W (Figure 3. This town is bordered by the Atlantic Ocean and the shore is orierdsitly
on anEastWestdirection Geologically the area is formed of various Quaternary deposits
including beach deposit beach rock, sand dunes and eolianites (Briggs, 1968)beach

deposits are mainly composed of carbonates by the presence of calcite and other
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fossiliferous fragments and small amounts of volcanic sediments and quartz (Briggs, 1968).

The dunes are comped mainly of the materials in the near beach deposits (Briggs, 1968).

3. Methodology

3.1 Sample Description

This study used 5 mosaics of georeferenced vertical aerial photographs from 1950,
1963, 1971, 1977, 1998 provided ttme Departmento de RecossNaturales y Ambientales
(DRNA) in tif format anda georeferenced verticakrial photograph of 2010 provided by
the Geological and Environmental Remote Sensing Labord®BERS Lab)f the Geology
Department in the University of Puerto Rico at Mayagwéh a spatial resolution d.30
m. Photos from 1950 to 1971 are in black and white and the last two photos from 1998 and
2010 are in true coldiFigures 49). The analyzed area comprehends approximately 4.3 km

of coastline in Barrio Islote, Arecibo, Pie Rico.

3.2 Methods

Shoreline changds Arecibo (Figure3) wereanalyzedhroughESRI ArcGIS Each
photograph waseviewed throughArcGIS to confirm the shorelingositionfrom Crespe
Jones (2013) previous warkhe shoreline proxyasthe boundary keveen the land and
water seen in the aerial photograpHenceforth, thestacking of the different shorelines
can be inserted into the latest photogrefibsequentlyanalytical graphand region maps
depicting the rate of change of the sthame were produced through AMBUR. The
AMBUR tool allowedto make corrections to the transects by selecting an outer and inner
boundaryor baseling leaving the transects inside said boundaries (Jacksah, 2012)
(Figure 10. The selected dundarieswere buffers frm all the shorelins. Furthermorea

forecast of the shorelinmascreated to observe the future evolution of the coasflihen



temporal analysesvere done at a shorter time scale using the statistics between each
consecutive streline to observe if thie is a different evolution between each year and the
general trendAlso the spatial analys was done dividing the area in regions of similar
background to have a better understanding of the evolution of thd_astlg, he AMBUR

tool wasutilized to verify the results from DSAS obtained in the last semester project.

The current shorelinegasmapped through GPS data. The instrument wsedthe
GPSPathfinder Pro XRS ReceivégFigure 1). It is a GPS in a waterproof backpack ® b
able to work in any kid of conditions. The GPS dateasacquired in real timandthe
instrumenthasan accuracy of 50 cm. The data attaittedugh GPS waeasily shared with

GIS softwareghrough the computers from the GERS Lab

A new set of boondarieswere accurately delingted with GIS to establish the
change of the eolian deposits between 1950 and @ad0res5-10). The new boundaries
represent the dune baseline toward the sea indicated by the backshé{peliRéo et al.,
2013). Transectdisplaying the rate of changman bedone too for the eolian boundaries
becauseAMBUR is able towork with different kinds of boundariedgcksoret al, 2013.

Analytical graphs and region mapvereproduced to observe tle®lian changes.

The shoreline and eolian deposiisundaris created and revised witAMBUR
were comparedwith DSAS to look for similarities and discrepanciefinally, the

advantages and disadvantages of eachned analyzed

4. Results and Discussion

4.1 Long Term Shoreline Changes



Two analyses were made analyze the long term change of the shorelines, the
19502010 analysis and an analysis using the 6 shorelines together. The analysis only using
two shorelines from 1950 to 2010 was characterized by erosion from most trdRgrots
12). There was a tat of 1173 transect with a 5m spacing. The accretion areas were found

in transects 19099, 250300, 560570, 760765, 815830 and 1151168 approximately.

In the analysis using all shorelines, the results were very similar. The only
differences were fouhat the eastern and western ends of the study area, where the quantity
of accretion was larger than in the previous reérbsion was also higher than accretion.
Maximum erosion was 58.74 m while miaxum accretion was 42.06 ifiFigure 13) Mean
erosion ad mean accretion values were of 12.15 m and 6.43 m, respectively. It is observed
that erosion doubles the amount of accrefidre mean erosion and accretioresafollow a

similar path, with0.2 m/yr and 0.11 m/yr, respectively.

4.2 Short Term ShorelsnChanges

The analysis from 1950 to 1963 displayed a higher amount of erosion than
accretion, although both were very simi{g&rgure 14A) Maximum erosion was of 43.01 m
and maxnum accretion was of 43.01 rfFigure 15) The mean erosion and accretion
values were of 13.46 m and 11.78 m, respectively. The mean erosion rate was also slightly
higher than the mean accretion rate with values of 1.04 m/yr and 0.91 m/yr. From the
previous results we start to observe a trend, where the erosion and accretiono¥alues
different products remain fairly similar between each other. In other words, any extreme
difference can be taken as an eriidie mean overall change is-df.2 m/yr and the mean

overall rate is 0f0.9 m/yr.



In the period between 1963 and 1971 emoss also higher than accreti@figure
14B). Mean erosion is observed of 8.47 m and mean accretion is of (Byune 16) An
important factor that is present is how these parameters are behaving between them across
time. The previous map compared istperiod shows adnsformation in the beach area.
Those erosion areas turn into accretsimilar to a cardiograph. This phenomenon makes
sense, because there should be sooméinuity on the availability of the sediments present

in the areaThe overdlchange is 0f0.22 m/yr and the overall mean rate is@D3 m/yr.

The 1971 to 1977 periodad the smallestamountof data processed due to the
missing section in the vertical aerial photograph of 1977. AMBUR flagged this section and
did not process iin the graphs, although in the map of net change it shows that area as
erosion, which is wrong because the analysis cannot be done in that sEeisoperiod
had a higher accretion values than the previous sectmsmum erosion was of 42.61 m
and maimum accretion of 41.57 rfFigure 17) Mean erosion and accretion values were of
12.4 m and 10.76 m, respectively. The erosion and accretion rate were of 7.1 m/yr and 6.93

m/yr. The overall change was of 0.13 m and the overall mean rate is of 0.04 m/yr.

The second period with the smallest amount of data was between 1997 and 1998.
This is to be expected from the 1977 aerial photograph and what has been stated in the last
paragraph. Accretion was also slightly higher than erosion in this time period. &fradl ov
mean change was of 0.45 m and the overall mean rate was of 0.0Fr@yrthough,
accretion is bserved in this values, tieeosion and mean rate of erosion, 12.32 nd .59
m/yr, is higher thamccretion, 11.51 m and 0.55 m{figure 18) The maimum accretion

wasdefinitely higher than erosion with values of 60.52 m and 52.48 m.



In the last time period evaluated, 1998 to 2010, erosion was the dominant process in
the area again. All the erosion parameters were higher than the accretion onedu@se
from the mean, mamum and mean rate erosion were 12.17 m, 5ftRand 1.01 m/yr,
respectively (Figure 19)he values for the mean, maum and mean rate accretion were
10.24 m, 45.7 m and 0.85 m/yr. The latter values are obviously lower thdinsthenes.

This resulted in an overall mean change2o81 m and an overall mean rate@f19 m/yr.

The tempora distribution of the changes observed in the shoreline present zones of
transition between erosion and accretion. An understandable change because of mass
continuity in the area, but mostly changes in the magnitude of erosion or accretion were
observed. The most changes in erosion magnitude were observed between transects 750 to
950 with peak changein 1971. In the other years there are slight changes in magnitudes, but

they are comparable to the net rates of erosion at long term.

4.3 Long Term Eolian Deposit Changes

In the eolian deposit section analysis, similar procedures to the shoreline change
analysis were followed. The dgsis of the 1950 to 2010 dune foots indicated regions of
accretion at the east end of the study area (Figdx.eOther accretion spots were found at
transects 180, 300 and 400. Erosion values for each statistic were two times higher than the
accretion wlues. This indicates that erosion is dominant in the eolian deposits. The
maximum erosion found was of 94 m and the maximum accretion of only(&fyare 21)

The mean erosion and accretion values were of 12.18 m and 6.64m, respectively. The mean
erosionrate was of 0.2 fyr and the mean accretion rateof 0.11 m/yr;overall mean

change was 00.4 m and overall mean rate-6f16 m/yr.



Accordingly, the analysis of all the historical dune foot positions together had
similar results to only using the 39 and 2010 dune foot&ccretion is mostly seen toward
the extremes of the study area. The other spots are similar to the 1950 to 2010 dune foot
analysis. The reason is probably because there are more usable transects, that were not
flagged by AMBUR seerfrom the EPR graph. The EPR graphs are fairly similar if not

alike by the extra transects.

4.4. Short Term Eolian Deposit Changes

Observing the map of net changes, erosion dominates on the 1950 to 1963 dune foot
analysis, but in the next periods accretiseems to dominate with longer regions
undergoing it{Figure 22) Accretion mainly dominates on thastern half of the map of net
changes for the years 196998, whik erosion mostly dominates theestern side. The
1998 to 2010 mas dominated by erosn on the astern side and accretion o thestern
side. The 1950 to 1963 period is characterized by erosion with a distinct peak at transect
400;accretion dominates in the eastern and western ends of the stulyiguea 23) Max
erosion was of 92.88n and max accretion of 19.86 m. The mean erosion and mean
accretion were of 11.95 m and 4.84 m, respectively. The mean erosion rate was of 0.92
m/yr and the mean accretion rate was of 0.38 m/yr. The overall mean change from this

period was 0f8.38 m andhe overall mean rate was-®.66 m/yr.

In the period extending from 1963 to 1971, there is missing data at the western end
of the study aredFigure 24) Maximum erosion is observed on the EPR grdpigure
24A). Erosion has higher values and this lissely related to what is seen in the map of
dune foot net change. Mamum erosion was of 88.4 m and maum accretion was of

67.81 m. The mean erosion and accretion was of 13.5 m and 8.83 m. The mean erosion rate
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was of 1.69 m/yr and the mean accretiote naas of 1.1 m/yr. The overall mean change
was of-0.78 m an expected value by observing that the previous parameters indicated

higher erosion quantities. On the other hand, the overall mean rate vaklom/yr.

Between 1971 and 1977 tkeis missingdata up to transect 35Jrigure 25)
Erosion and accretion are observed at almost the same rate, but accretion is higher because
there is missing data in the 1977 dune foot. iMaxn erosion was of 22.16m and
maxmum accretion of 61.41 m. The mean erosiowl aean accretion values were of 5.42
m and 6.77 m, respectively. Mean erosion rate was lower, with a value of 0.9 m/yr, while
the mean accretion value was higher this time with 1.13 m/yr. The overall mean change
was of 1.45 m and the overall mean rate wh9.36 m/yr, which indicates a period of

accretion dominant processes.

The analysis of the historical dune foot position for the 1977 to 1998 period also
displays missing data up to transect 350, by the 1977 aerial photo. Although erosion is
slightly higher than accretion the overall mean change and rate indicate accretion is
dominant for the time period. The masum erosion was found to be 44.42 m and the
maxmum accretion of 51.43 nfFigure 26) The mean erosion and accretion were of 10.14
m and 8.37 mrespectively. Also the mean erosion rate was of 0.48 m/yr and the mean
accretion rate was of 0.4 m/yr. In the overall mean change, accretion of sediments in the

area dominates with 0.34 m and with the overall mean rate of 0.02 m/yr.

In the lastevaluatel period of time accretion was higher than erosion in the EPR
graph(Figure 27) This is also observed in the results of the statistics.iflax erosion

was of 26.98 m and mawmum accretion of 29.66 m. Mean erosion and accretion were
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found to be 8.73 m @ah8.31 m, respectively. The mean erosion rate and the accretion rate,
were the exception to accretion being higher, with an erosion of 0.73 m/yr and an accretion
of 0.69 m/yr. The overall mean change wasGfL m and the overall mean rate was of

0.01 m/y which indicate erosion. This is different to what is observed from the graph and

statistics were accretion seemed to be higher.

The tempora changesfor the eolian deposits were different from the shoreline.
Mostly changes in the magnitude of erosion occurred, but there weren& significant changes
between each year in the hotspots. In the other areas, the erosion and accretion changes

were dight.

4.5. Shoreline and Eolian Deposit Forecast

AMBUR forecast tool allows the observation of a possible outcome depending on
the current trend of the shorelinéis done by using the EPR, linear regression rate (LRR)
or weighted linear regressiofWWLR) changes from the statistics provided by AMBUR
(Jacksonet al, 2012). The forecast of the shoreline at 50 years was very hetpiul
understanding how the coast could change and which areas are prone to have a severe
change. The shoreline seemed to stay technically the same at the rockiFeye®s2§.
This result is expected, knowing how much weathetivgwater and air cacawse into
solid rocks. However, the sandy areas were different, and changes were observed. In th
western side, the coastpsetty stable;it is possible that the location of gharea prevents
extensive loss of sediment to the sea, because it is hiddenckg at both sides.
Nevertheless, this phenomenon does not occur in the beach in the central section where
severe erosion is expected to happdanetheless, there are houses build almost in the

coastline and rocks, walls and floors were thrown clos@dadcbuse to prevent erosion of
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the area. Jacksoet al, (2012) addreses this problem in the forecaptoduct because
AMBUR is not able to recognize the structures and types of shorelines it is analjzéng.

eastern sidesimostly stablehut in the eastrnmost arearosion is more pronounced.

The dune foot forecast for the year 2060 appears to be pretty stable at most points of
the study areéFigure 29) The major difference was observed in the central section, where
there is pronounced erosion spees. At this point, theroblemmentionedabovewith the
forecast product is also observed. Currently, the dunes on this spot areplesiag/ed,

there are signs arlzhrriersprotecting then. Also, the main street is behind the dunes.

4.6. Spatial Trendf Shoreline and Eolian Deposit

The spatial trendlisplayed the most erosion inside the small bay ircémdralarea
among transects 482 and 5Fgure30). In the eastern side, moderate erosion is observed
intermittently with regions of slight erosioAt the end of the eastern side, the region with
the most accretion is found. More depositions spots are observed toward the western area of
the coastln the case of the eolian deposits, the region with the peak erosion is in the central
area, in the small bay and in the end of the rocky area to théFeaste 3). The western
area is almost totally dominated blyght erosionof the dunes with exceptions at the west
endwith severe erosioand other smalllepositionspots. The east side is mainly dominated

by moderate erosion.

The trend of both samples follows a similar path. The eastern side damnioyate
erosion in the sholi@es is also dominated by erosion in the eolian deposits. However, the
west side is combined with erosion and deposition, but the eolian deposits are mainly
eroding slightlyin the area. This is understandable because the rocks are protecting the

dunes bkind them,inhibiting the intrusionof water. Although it is curious that the section
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not protected by rocks is also being accreting, but the high relief of this zone could be the

factor protecting the eolian deposits behind them.

4.7. Comparison betweeAMBUR and DSAS Extension Tools

AMBUR and DSAS uses different methods to construct and modify transects for
analysis. The AMBUR tool casts three different types of transect from which you can select
one to filter, as a result obtaining a better distributif transects along the coast.
Especially, this is useful in tight curved areas where transects may overshoot and crossover
other transects. On the other hand, DSAS does not have this capabilities, it can only cast
perpendicular transects and there isogtion to smooth the transect distribution. This
option creates overshooting and crossover of transects, which brings errors into the

statistics (Figure 1 & 2).

The EPR resultof the shorelinedrom DSAS were-0.10 m/yr (Crespdones,
2013). AMBUR gavea result of-0.11 which is higher than the past value, but it is still
lower to the rate observed by Morelock (2003}®@21 m/yr(Table 1) It is possible that in
the last decade, after Morelock results there have been more accretion, reducing the erosio
in the areaAlso there is the possibility of errors introduced while digitalizing the shoreline
in ArcMap. The NSM for the shoreline had almost the same mean values with a difference
of only 0.3 m between each tool. However, the standard deviatiorss 2adm difference.

The shoreline change envelope had the highest difference from the models with a 10 m
differencebetweenAMBUR and DSAS. Nevertheless, the standard deviations had a 1.1 m

difference between each other.

In the case of the eolian depgsithe EPR values were higher than sherelines

values(Table 2) These results are bit strange considering that the shoreline should erode
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faster than the eolian deposits because it is beh{i&ivie et al., 2002)The wave action is
stronger and moreecurrent in the shore than in the dune f@unsequently, the NSM for

the dune foot was two times higher than the shoreline in DSAS. While in AMBUR the
NSM had a difference of 2.6 m. The standard deviations between the two tools were high,
with a diffeence of 12.9 mters The SCE difference between both tools was of 16 m,

although while comparing that result with the shoreline, both results were lower.

4.8.2014 Shoreline and Eolian Deposit

The 2014shoreline appears to be very steady compareded2@10 shore. The
western side looks to be erodiat a very slow rate (Figure B2n the eastern side, the
shoreline appears to be accreting toward the easternmost part, especially after the curve
(Figure 33 & 34) It is possible that the orientationthie coast there allows a more efficient
deposition of sand. This is considering the dominant wind and wave dire€ttba area

which is from the East and Northeast.

5. Conclusion

AMBUR creates more analyses, tables and graphs in approximately tweeéo th
minutes. Longshore transport appears to dominate the coastal dynamics of Arecibo. The use
of remote sensing techniques facilitates the process of obtaiotugase data from risky
places agt is moreaccessible andostefficient. Aerial photographof an instantareideal
for the collection of data msitu by many natural and anthropogenic fact@Boreline
changes were similar with both AMBUR and DSAS, except for the Statistic These
results danot go in accordance with what svaxpected to occwn the beach environment.
Therefore, theintroduction of errors in the digitalization of the shorelinepisssible.

Tempora analyses indicate the presence of erosion and deposition is intertwined through
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time or the difference in magnitudes of erosion and/or deposition either for the shoreline
and eolian deposit. Spatially, erosion hotspots and accretion spots were observed in

particular areas.
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Figures

Figure 1: Image displaying problems with transect orientation and coverage, leading to
errors in prgious work by Crespdonesimage taken from Crespinnes (2013).
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Figure 2: Image displaying another example of problems found by the transects overshoots
andcrossovers that lead to unforeseen results. Image taken from Ooesgso(2013).
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Figure 3: Aerial photograph of thepecific areavhere the shorelinand dune footin Arecibo, Puerto Ricaiill be analyzed The photo was taken

in 2010 by the US Army Corps of Engineering and provided by the GERSrelibw pin on the indimageindicates the study site. Puerto Rico
image taken from Google Earth (2013).
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Figure 4: Black and white aerial photograph of Barrio Islote, Arecibo, Puerto Rico in 1950. Image provide by DRNA (1950).
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Figure 5: Black and white aerial photogra of Barrio Islote, Arecibo, Puerto Rico in 1963oto provided by DRNA
(1963).
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Figure 6: Black and white aerial photograph of Barrio Islote, Arecibo, Puerto Rico in T9i&lphoto is damaged in

the Northwest corner which impede the digitizing of ¢bastline and dune foot in that end. Aerial photograph provided
by the DRNA.
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Figure 7: Black and white aerial photograph of Barrio Islote, Arecibo, Puerto Rico in 1977. A small section of the photo was
missing and attempts to find the missing sectiorewerain.Image provided by DRNA.
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Figure 8: True color aerial photograph of Barrio Islote, Arecibo, Puerto Ricage provided by DRNA.
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Figure 9: True color aerial photograph from Barrio Islote, Arecibo, Puerto Rico. This photo contains theoaségte
and dune baselin@his photo was provided by the GERS Lab.
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Figure 10 The diagrams above represent the new transect techniques to be used in the
project A) In the top left, the diagram represents an example of using only a minimum of
shorelne to analyze leading to overshoots and crossovers. B) In the top right shows the
trimmed feature for the transects, it cuts the transect segments outside the boundaries. C) In
the lower left, the near feature is used to avoid the crossover betweentgaD$ée the

lower right, the filtered method corrects the gaps left by the near fekigoee takenrom

Jackson et al., 2012.
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Figure 11: GPS backpack instrument to be used to map the shoreline in Arecibo. Image
taken from GERS Laboratory website.
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Figure 13 Shoreline changdatistics from 195€2010. A. Graph displaying the net
shoreline changas meters B. Graph displaying the end point ratemeters per yeacC.
Graphdisplaying the shoreline change envelapeneters
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Figure 14: Net shoreline clanges by decade through AMBUR. KRet horeline changes from 1950 to 2010.N&t $oreine changes

from 1950 to 1963. (Net $horeine changes from 1963 to 1971.Met foreine changes from 1971 to 1977.Net doreline

changes from 1977 to 1998.Net shoreline changes from 1998 to 2010.
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Figure 15 Decadal Shoreline Change 195863.A. Net shoreline change in meters. B.
End point rate in meters per year. @o&line envelope of change in meters.
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Figure 16: Decadal Shoreline Change 196371. A. Net shoreline change in meters. B.
End point rate in meters per year. C. Shoreline envelope of change in meters.
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Figure 17: Decadal Shoreline Chge 191-1977. A. Net shoreline change in meters. B.
End point rate in meters per year. C. Shoreline envelope of change in meters.
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Figure 18: Decadal Shoreline Change 197998. A. Net shoreline change in meters. B.
End point rate in meters pgear. C. Shoreline envelope of change in meters.
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Figure 19: Decadal Shoreline Change 19281Q A. Net shoreline change in meters. B.
End point rate in meters per year. C. Shoreline envelope of change in meters.
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Figure 20: Map of netdune footchanges from all samples 193010.
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Figure 21: Dune footchange statistics from 195®10. A. Graph displaying the nétine
foot changes in meters. B. Graph displaying the end point rate in meters per year. C. Graph
displaying the dune foot changavelope in meters.
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Figure 22 Net dune foot changes through AMBUR by decafleNet dune foot changes from 1950 to 20BONet dune foot
changes from 1950 to 1963. Net dune foot changes from 1963 to 19101 Net dune foot changes from 1971 t677. E. Net dune
foot changes from 1977 to 1998.Net dune foot changes from 1998 to 2010.
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