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Accumulation of marine (plastic) debris from local land-based and distal marine-based sources along coastlines
is a pressing modern issue. Hitherto, assessing the relative contribution of pollution sources through beach sur-
veys is methodologically challenging. We surveyed ten beaches along the leeward and windward coastlines of
Aruba (southern Caribbean) to determine differences in macro- and meso-debris densities. Differences were
quantified using threemetrics: 1) the gradient inmacro-debris density away from thewaterfront; 2) the propor-
tion of plastic withinmacro-debris; 3) themeso-:macro-debris ratio. Overall 42,585macro-debris items and 884
meso-debris items were collected. The density of near-shore macro-debris, proportion of plastic debris herein,
and meso-:macro-debris ratio were highest on the windward coastline. These results suggest that southern Ca-
ribbeanwindward coastlines aremainly exposed to debris originating from distalmarine-based sources, and lee-
ward coastlines to local land-based sources. Our metrics clearly reflect these differences, providing novel means
to survey debris source origin.

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

Plastic's inexpensive manufacture processes, its durability and ver-
satility explain its status as the most used disposable material world-
wide (Barnes et al., 2009; Gregory, 2009; APME, 2014). However,
plastic's durability in particular creates an environmental hazard, as
photo-oxidative degradation and physical abrasionmainly lead to disin-
tegration into smaller fragments, rather than chemical transformation
(Ryan et al., 2009). Hence, it is expected that all (non-incinerated) plas-
tic hitherto introduced into the environment is still present in un-
mineralized form (Thompson et al., 2005). As themajority of plastic de-
bris has buoyant properties, plastic debris is now ubiquitous in coastal
and marine habitats, including areas with relatively low anthropogenic
activity, such as the five major oceanic gyres and the Artic abyssal zone
(Barnes et al., 2009).

The accumulation of plastic debris in the marine environment has
been acknowledged as a pressing global issue of similar importance as
the loss of biodiversity, ocean acidification and climate change
(Sutherland et al., 2010). Plastic is the most common material involved
in encounters between marine organisms and debris, particularly lead-
ing to entanglement and ingestion (CBD-GEF, 2012; Cole et al., 2013;
Schuyler et al., 2014; Gall and Thompson, 2015). These encounters af-
fect hundreds of species, either directly or indirectly, with both non-
lethal and lethal consequences (Derraik, 2002; CBD-GEF, 2012; Cole
et al., 2013; Gall and Thompson, 2015). Additional environmental
impacts result from the leaching of toxic pollutants, which can enter
the marine food chain and humans through consumption of seafood.
Moreover, plastic debris serves as a vector facilitating the spread of ex-
otic invasive species (Schuyler et al., 2014; Schuyler et al., 2015).

Tropical and sub-tropical islands are hotspots of biodiversity, includ-
ingdiverse coastal andmarine ecosystems such as coral reefs,mangrove
forests and seagrass beds (Nurse et al., 2001). In addition, these ecosys-
tems often provide important services to islands' economies by stimu-
lating fishing activities and tourism (Wilkinson and Salvat, 2012).
Tropical and sub-tropical islands should also be considered as marine
pollution hot-spots as their relatively vulnerable ecosystems are being
severely affected by both local and foreign marine debris (Wilkinson
and Salvat, 2012; UNEP-CAR/RCU, 2014). Local land-based debris origi-
nates from the activities of local populations and tourists, whereas for-
eign (i.e. distal) marine-based debris consists of debris originating
from anthropogenicmarine activities and pelagic sources. Debris is con-
sidered to have a pelagic source if it has drifted from afar, regardless of
its original source (land or marine) (Gregory, 1999).

Beach surveys provide an effective tool to assess an island's exposure
to marine pollution, and have been successfully applied on many tropi-
cal and sub-tropical islands in the past decades (e.g. Debrot et al., 1999,
2013; do Sul and Costa, 2007; Cheshire et al., 2009; UNEP-CAR/RCU,
2014). These studies have highlighted the environmental pressure
exerted by debris may not only vary over time (Agustin et al., 2015),
but also vary considerably between locations around an island. Studies
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focusing on specific islands in the Caribbean and the Pacific found
significant variation in both quantity and composition of debris be-
tween locations, with the most pronounced differences occurring be-
tween leeward and windward coastlines (Debrot et al., 1999, 2013;
Gregory, 1999; do Sul and Costa, 2007; Ribic et al., 2012). With regard
to quantity, the highest densities of debris items are found along the
windward coastlines (do Sul and Costa, 2007).With regard to composi-
tion, debris on windward coastlines tends to contain a higher propor-
tion of plastic items, of which a larger proportion falls in the smaller
meso- (2–25 mm) and micro-debris (b2 mm) size classes (Corbin and
Singh, 1993; Corbin et al., 1993; Debrot et al., 1999, 2013; do Sul and
Costa, 2007; Ribic et al., 2012). This effect is partly due to fragmentation
of plastic debris that occurs during transport, which is also reflected by
plastic macro-debris (N25 mm) encountered on windward coastlines
being of a more fragmented nature (Corbin and Singh, 1993; Corbin
et al., 1993; Debrot et al., 1999, 2013; do Sul and Costa, 2007; Ribic
et al., 2012). Meso-debris encountered onwindward coastlines, howev-
er, also typically includes pellets, which are rounded, spherical, ovoidal
or disc-shaped granules of virgin plastic used for the production of plas-
tic products (Gregory, 1999). These patterns in debris quantity and de-
bris composition suggest that windward coastlines may experience
higher pressure from distal marine-based debris, whereas leeward
sites may experience higher pressures from local land-based debris.
Local land-based debris typically contains a larger proportion of
macro-debris originating from eating, drinking and smoking activities
(Debrot et al., 1999; Santos et al., 2005; do Sul and Costa, 2007;
Browne et al., 2010; Ribic et al., 2012).

Until now, however, deductions of debris origin as described above
have relied on visual classification of the type of debris items encoun-
tered. As a result, one type of debris is often attributed to one particular
source, whichmay not always be accurate (Jang et al., 2014). Moreover,
classification itself is especially challenging in case of fragmented debris
(Debrot et al., 1999; Jang et al., 2014). It is therefore of interest to ex-
plore whether alternative metrics can be extracted from beach survey
data to assess the contribution of local land-based and distal marine-
based sources to debris pollution.

Based on the inherent difference between land-based and marine-
based debris sources among leeward and windward coastlines, three
candidate metrics can be proposed. First, one can measure how the de-
bris density on a beach varies with distance to the waterfront. On
beaches where debris is mainly of distal marine origin (as expected
along windward coastlines), peak debris densities are expected to
occur along the wrack-line close to the waterfront. In contrast, on
beaches where debris is mainly originating from local sources on land
(as expected along leeward coastlines), recreational activities are ex-
pected to create a relatively even distribution of debris. Second, on
beaches where debris is mainly of marine origin, one can expect a rela-
tively high proportion of plastic in the debris encountered. This is
expected because during transport at sea, plastic's durability and buoy-
ant properties will be better retained than other types of debris, mean-
ing that its relative abundancewill increase over time. Third, on beaches
where debris is mainly of marine origin, plastic is expected to be abun-
dant but also highly fragmented, whichwould be reflected by relatively
high meso-:macro-debris or micro-:macro-debris ratios. The meso-
:macro-debris ratio in particular may provide an accurate metric to
characterize differences in source origin between leeward and wind-
ward coastlines in the absence of local sources of virgin plastics pellets
(Gregory, 1999).

The aimof this studywas to test whether the three proposedmetrics
revealed patterns of variation in macro- and meso-debris density
among leeward and windward coastlines that could elucidate the im-
portance of local and distal sources of plastic debris accumulation.
More specifically, the following three main research questions were
posed: 1) Is there a difference inmacro-debris density between leeward
and windward coastlines? If so, is this density related to the distance
away from the waterfront? 2) Does the proportion of plastic debris
differ between the leeward and windward coastlines? 3) Is there a dif-
ference in the meso-:macro-debris ratio between the leeward and
windward coastlines? We hypothesised that: 1) Macro-debris density
is highest along thewindward coastline; 2) Plastic is themost abundant
material found along both coastlines, however, a higher density of plas-
tic over non-plasticmaterials is expected along thewindward coastline;
and 3) The meso-:macro-debris ratio is highest along the windward
coastline.

2. Materials and methods

2.1. Study area

The study took place in Aruba, a semi-autonomous island state that
is part of the Kingdom of the Netherlands and located in the southern
Caribbean. Aruba's population has grown from 62,644 in 1986 to
109,028 in 2015 (CBS Aruba, 2015b). The island has also seen a substan-
tial increase in the number of stay over visitors from around 185,000 in
1986 tomore than onemillion in 2015 (CBS Aruba, 2015a; Anonymous,
2015). To accommodate these tourists, long stretches of coastline have
been transformed into vacation resorts and hotels. The increased devel-
opment of tourism activity and demographic growth tend to put stress
on coastal and marine resources, on the availability of energy, food and
water resources, and it poses a challenge for proper wastemanagement
on small island developing states (UN-OHRLLS, 2009). The island of
Aruba is no exception to this pattern.

The island of 180 km2 is located 24 km north of the Paraguana pen-
insula of Venezuela and about 72 km west of the island Curaçao (Fig. 1
a). At about 32 km long and 10 km wide, the population density is
around 593 per square kilometre (CBS Aruba, 2014). The western and
southwestern shorelines of Aruba have 11 km of white-sand beaches,
whereas the northern and eastern shorelines are rocky with small
sandy bays. The southern shoreline of the island constitutes a mixture
ofmangroveswith sandy patches, urbanization and industrialization in-
cluding deep-water harbours, resulting in heavy anthropogenic influ-
ence (Aruba Tourism Authority, 2015).

Aruba is exposed to the Caribbean Current, creating a leeward and a
windward coastline (Fig. 1a). Once the South Equatorial Current (SEC)
reaches Brazil it bifurcates whereby the north-western moving waters
turn into the North Brazil Current (NBC) (Lumpkin and Johnson,
2013). After the NBC diverges, the western portion (the Guyana Cur-
rent) enters the Caribbean and forms the Caribbean Current, which
maintains the north-western motion (Fig. 1a; Gyory et al., 2001).
Hence, Aruba's south coast is leeward of the Caribbean Current, whereas
the north coast is windward of the Caribbean Current (Fig. 1).

The beach debris assessments were performed exclusively on sandy
beaches. A total of ten locations were chosen along Aruba's coastlines:
five on the leeward coast, approximately evenly distributed, and five
on the windward coast. Locations were selected based on natural
availability, feasibility and accessibility (Fig. 1b). None of the selected
beaches are maintained by hotels. Due to natural availability not
all beaches had the same surface area; nonetheless, overall, there was
no significant difference in the extent of beach area sampled on the lee-
ward and windward coastlines (MLeeward = 4376 ± 1357 m−2,
MWindward = 4000 ± 1647 m−2, two sample t-test, t8 = 0.394, p =
0.70 (see Appendix I for individual areas and location of surveyed
beaches).

2.2. Data collection

Each location was surveyed for both macro- and meso-debris twice
between February 2015 and April 2015with 28 days betweenmeasure-
ments on the same locations. From here, the twomeasurement periods
will be referred to as T1 (first round of assessments) and T2 (second
round of assessments). The selected beaches were completely surveyed
and all debris encountered was collected and removed, resulting in the



Fig. 1. a) Illustration of the north-westernmotion of the Caribbean Current (light grey arrow), with the position of Aruba within this current (enclosed in the square). b) Close up of Aruba
with the distribution of the five surveyed sites on the leeward coast (squares) and the five surveyed sites on the windward coast (circles).
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clean-up of surveyed areas. Location coordinates were recorded using
GPS (Garmin eTrex 10, see Appendix I for location coordinates).

2.2.1. Macro-debris (N25 mm)
The macro-debris shoreline litter assessment used in this study was

based on the standardized protocol formulated by UNEP/IOC (UN Envi-
ronmental Programme/International Oceanic Commission; Cheshire
et al., 2009). In addition, a modified version of NOAA's data sheet was
used for site characterization and macro-debris analysis (Opfer et al.,
2012). Collection and analysis consisted of the following 3 steps: 1.
Beach survey and trash collection on site. Following a skirmish walking
pattern with the long axis perpendicular to the water front (see
Appendix II for the illustration of the followed walking pattern), all
the debris items (N25mm) encounteredwere collected.We kept an ap-
proximate walking speed of 1.0 km/h while scanning the ground and
would stop to collect debris when encountered. 2. Sorting and counting
in laboratory. Debris items were counted and classified according to
type and material, plastic and non-plastic (metal, glass, rubber, proc-
essed lumber, cloth/fabric, other/unclassifiable and large debris). 3.
Weighing of all debris (plastic and non-plastic) was performed after
sorting in the laboratory. Macro-debris density was calculated as fol-
lows (e.g. Lippiatt et al., 2013):

CM ¼ n
w�lð Þ ð1Þ

in which CM is the density of macro-debris (units: # of debris/m2), n is
the number of macro-debris counted, w is the width (m), and l is the
length (m) of the beach sampled.

To testwhethermacro-debris density depended on the distance from
the waterfront, debris densities were assessed in two sub-transects par-
allel to the water front: the first ranged between 0 and 15 m from the
waterfront (from here referred to as the 0–15 m transect), the second
ranged from 15 m from the waterfront until the end of the beach
(from here referred to as the 15 m + transect). Division into the two
sub-transects was only undertaken during T2 (see Appendix II for the il-
lustration of the followed walking pattern during T2).

2.2.2. Meso-debris (2–25 mm)
Themeso-debrismethodologywas based on the outcome of a previ-

ous review study (Hidalgo-Ruz et al., 2012), with the exception of
performing a Fourier transform infrared spectroscopy (FT-IR) to deter-
mine chemical composition. The meso-debris collection and analyses
consisted of the following 5 steps: 1. Bulk sample collection on site;
the sediment samples were taken from a 50 × 50 cm square along the
high tide wrack-line (within the 0–15 m transect) up to a depth of ap-
proximately 8 cm, so that the sample filled a 20 l bucket. 2. Sieving in
laboratory; sediments were sieved through a stainless 2 mm mesh
sieve. If any macro-debris items were found, they were recorded but
not counted, neither in the meso- nor in the surface macro-debris
count. 3. Rinsing and drying in laboratory; the remaining debris items
were then rinsed with fresh water and left to dry for 24 h in a shaded
open environment. 4. Density separation in laboratory; this is a neces-
sary step to separate sediments and organic materials from synthetic
plastic debris. The entire sediment sample was immersed in sea water,
mixed and shaken for 1 min and subsequently left to rest for 2 h in
order to let sediments and debris settle. 5. Visual sorting and separation
in laboratory; direct examination by eye andmanual separation of plas-
tic debris and other materials (e.g. organic, glass etc.). In order to in-
crease accuracy steps 4 and 5 were repeated twice for each sediment
sample.

2.3. Data analysis

The effect of time (T1 or T2) on debris density could have been a pos-
sible confounding factor when using each measurement as an indepen-
dent observation.We observed, however, there was no effect of time on
the debris density and there was no relationship between the amounts
of debris collected during the first round and second round of assess-
ments on the same locations. More specifically, the macro-debris densi-
ties obtained from thefive sites at T1 did not differ significantly from the
macro-debris densities from the same sites collected at T2 for both the
leeward and windward coastlines (MLeeward-T1 = 0.18 ± 0.01 m−2,
MLeeward-T2 = 0.22 ± 0.04 m−2, paired sample t-test, t4 = −0.87,
p = 0.43; MWindward-T1 = 0.98 ± 0.23 m−2, MWindward-T2 = 0.84 ±
0.53 m−2, paired sample t-test, t4 = 0.54, p = 0.62). Similarly, the
macro-debris densities obtained from each of the ten sites at T1 (i.e. lee-
ward and windward coastlines) did not differ significantly from the
amount of macro-debris collected from the same sites at T2 (M -T1 =
0.58 ± 0.17 m−2 M -T2 = 0.53 ± 0.15 m−2, paired sample t-test,
t9 = 0.41, p = 0.69). Moreover, the macro-debris densities obtained
at T1 did not significantly correlate with the macro-debris densities



Fig. 2. Macro-debris density was significantly higher on Aruba's windward coast when
compared to the macro-debris density of the leeward coast. For the area 0–15 m from
the shoreline, macro-debris density was significantly higher on the windward coastline.
For the area farther than 15 m from the coastline, no significant difference in the overall
mean macro-debris density was found. Asterisks (*) indicate significant differences
between the leeward and windward densities. (*: p b 0.05; **: p b 0.01; ***: p b 0.001;
n.s.: p ≥ 0.05).
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obtained from the same sites at T2 for both the leeward and windward
coastlines (Spearman's rho, rs-Leeward(5) = 0.30, p = 0.62; Spearman's
rho, rs-Windward(5) = 0.50, p = 0.39). Although not significant, the rela-
tively higher correlation observed for the windward coastline is due to
one specific beach (Dos Playa), which had a relatively low macro-
debris density at T1 and was cleaned a week before T2. The cleaning
was organized by Parke Arikok in collaboration with TurtugAruba, in
preparation for the beginning of the leatherback turtle nesting season.
When removed from the analysis, a lower non-significant correlation
was observed (Spearman's rho, rs(4)= 0.20, p= 0.80). Given these ob-
servations, we assumed that measurements could be treated as inde-
pendent observations in the analyses undertaken to answer the
study's research questions.

For all analyses, involved variables were tested for normality
with the Shapiro–Wilk test (p N 0.05). If the data did not obey
normality (p b 0.05) it was attempted to achieve normality through
log-transformation. Differences between groups for variables obeying
normality were tested with a two sample t-test in case of homo-
scedastic variance between groups (tested with the Levene's test,
p N 0.05) and with aWelch's test in case of heteroscedastic variance be-
tween groups (Levene's test, p b 0.05). Differences between groups for
variables not obeying normality were tested with a Mann Whitney U
test.

To answer the first research question, we tested whether macro-
debris densitieswere different on the leeward andwindward coastlines.
In this comparison, we combined data collected at T1 and T2 on each
coastline. Moreover, we compared the macro-debris densities found at
0–15 m and farther than 15 m from the shoreline. As noted above, this
latter comparison could be made with data collected at T2. To answer
the second research question, we tested whether the proportion
of plastic in the total debris density differed between the leeward and
windward coastlines. For this comparison, we again combined data
collected at T1 and T2. Moreover, we compared whether the density
of non-plastic debris differed between the leeward and windward
coastlines. To correct for overall differences in debris abundance,
we used a Chi-square test. To answer the third research question, we
tested whether the meso-:macro-debris ratio differed between the
leeward and windward coastlines, again combining the data collected
at T1 and at T2. All statistical tests were performed by using IBM SPSS
version 22.

3. Results

3.1. Overall description of collected debris

The two beach surveys resulted in the overall removal and collection
of 42,585 items of macro-debris (243.53 kg), of which 9922 were found
on the leeward coast and 32,663 on the windward coast of Aruba. The
specific types of macro-debris found varied between the leeward and
windward coastlines. On the leeward coastline, the majority of the
macro-debris was associated with smoking, drinking and eating activi-
ties. We found in decreasing order: cigarettes (2560), beer caps
(2380), plastic fragments (659), straws (605), bottle or container caps
(543), and food wrappers (445) (see Appendix III for the complete list
of items found on the leeward coast). In contrast, on the windward
coast the majority of macro-debris consisted of plastic fragments. We
found in decreasing order: plastic fragments (14,661), bottle or contain-
er caps (6285), straws (2880), plastic rope/small net pieces (1698), bags
(1622), and plastic utensils (1016) (see Appendix IV for the complete
list of items found on the windward coast).

3.2. Comparing macro-debris density on leeward and windward coastlines

Themeanmacro-debris densitywas significantly higher on thewind-
ward coastline (Fig. 2; MLeeward = 0.20 ± 0.07 debris/m2, MWindward =
0.91 ± 0.50 debris/m2, two sample t-test, t12.22 = −6.06, p b 0.001).
The difference in macro-debris density between the leeward and wind-
ward coastlines was mainly driven by the debris found in the 0–15 m
transects on the windward coast (Fig. 2). More specifically, macro-
debris density was significantly higher in the 0–15 m transects of the
windward coastline, but no significant difference between the leeward
and windward coastlines was found on the 15 m + transects (0–15 m
transects: Mleeward = 0.24 ± 0.18 debris/m2, Mwindward = 1.40 ± 0.86
debris/m2, two sample t-test, t4.36 = −2.97, p b 0.037;
15 m+ transects: Mleeward = 0.20 ± 0.09, Mwindward = 0.38 ± 0.43 de-
bris/m2, two sample t-test, t3.24 =−0.84, p = 0.46).
3.3. Material abundancy: plastic vs non-plastic

On both the leeward and windward coastlines, plastic macro-debris
was more abundant than all other macro-debris combined (Fig. 3a; Lee-
ward coast:MPlastic-Leeward=0.12±0.04debris/m2,MNon-plastic-Leeward=
0.08 ± 0.03 debris/m2, Mann –Whitney U test, U = 14.50, p =
0.007; Windward coast: MPlastic-Windward = 0.89 ± 0.48 debris/m2,
MNon-plastic-Windward = 0.02 ± 0.01 debris/m2, Mann –Whitney U test,
U= 0, p b 0.001). Although plastic was themost abundantmaterial en-
countered on both shorelines, the proportion of plasticmacro-debris on
the windward coast was significantly higher than the proportion of
plastic macro-debris on the leeward coast (Fig. 3a; PLeeward = 61%,
PWindward = 98%, X2 (1, N = 42,585) = 10,724.62, p b 0.001).

Despite the overall number of collected macro-debris being consid-
erably lower on the leeward coast, non-plastic macro-debris items
were significantly more abundant on the leeward coast than on the
windward coast (Fig. 3b; MNon-plastic-Leeward = 386.60 ± 174.35
debris, MNon-plastic-Windward = 71.20 ± 56.08 debris, two sample t-test,
t18 = 6.38, p b 0.001). This pattern was mainly driven by the metal de-
bris found on the leeward coast, of which the majority (94%) were beer
caps (2380; Appendices C & D).



Fig. 3. a) Plastic macro-debris density was significantly higher than non-plastic macro-debris density on both the leeward and windward coasts of Aruba. In addition, a larger difference
between plastic macro-debris and non-plastic macro-debris density was found on the windward coastline. b) Non-plastic macro-debris was more abundant on the leeward coast
(3866 items) than on the windward coast (712 items).
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3.4. Meso-debris analysis comparison of the leeward and windward
coastlines

The windward coast had a density of meso-debris that was two or-
ders of magnitude higher than the leeward one (Fig. 4a). In total 884
items of plastic meso-debris were identified: 4 items of meso-debris
from the leeward coast and 880 from the windward coast (407 pellets,
471 plastic fragments and 2 rope fragments). This difference was found
to be much larger than the difference in macro-debris density between
the two coastlines, meaning that themeso-:macro-debris ratio was sig-
nificantly higher on thewindward coast (Fig. 4b;MLeeward= 0.00039±
0.00058,MWindward=0.02594±0.02051,Mann–WhitneyU test, U=0,
p b 0.001).
Fig. 4. a) A large differencewas found in the overallmeanmeso-debris density, collected at T1 a
windward coastline. b) A significant difference was found in the meso-:macro-debris ratio, wit
4. Discussion

The beach surveys performed on Aruba revealed the following pat-
terns: 1) More macro-debris was found on the windward coast, espe-
cially closer to the shoreline; 2) Plastic was the most abundant
material found on both the leeward (61%) and windward (98%) coast-
lines, although it comprised a larger proportion on thewindward coast-
line; 3) the meso-:macro-debris ratio was higher on the windward
coastline. These results are consistent with the hypothesis that debris
found on the coastlines of Aruba originates from different sources; the
leeward coast having a local land-based source and the windward
coast having a distal marine-based source. These findings are in
line with observations from other studies comparing leeward and
nd T2 from the leeward andwindward coastlines, with the highest density observed on the
h the highest ratio found on the windward coastline.
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windward coastlines in the Wider Caribbean Region (WCR; Corbin and
Singh, 1993; Corbin et al., 1993; Debrot et al., 1999; Gregory, 1999; do
Sul and Costa, 2007; Debrot et al., 2013). The metrics used in this study
(variation of debris density with distance to the waterfront, the propor-
tion of plastic in respect to other materials and the meso-:macro-debris
ratio), may provide promising means to identify the contribution of
local and distal sources to marine debris deposition on coastlines.

The macro-debris of the leeward and windward coasts also differed
considerably in composition; the macro-debris found on the leeward
coast was predominantly related to eating, drinking and smoking activi-
ties, whereas the majority of the windward coastline's macro-debris
consisted of plastic fragments. These results are also in line with the hy-
pothesis that the debris on the leeward coastline is predominantly of
local land-based origin, resulting from the accidental or deliberate inap-
propriatewaste disposal of beachgoers (local and tourist, T. de S., person-
al observation) and from recreational activities. On the contrary, debris
found on the windward coast is predominantly of distal marine-based
origin resulting from the long permanence, buoyancy and accumulation
of plastic debris in the marine environment globally. Items of meso-
debriswere practically absent on the leeward coastline and only resulted
from the fragmentation of larger debris, whereas on thewindward coast-
line both fragments and pellets were found, showing the importance of
natural factors (as wind and oceanic currents) for the accumulation
and distribution of plastic meso-debris. Previous studies have shown
the ubiquity of pellets in the marine environment (Redford et al., 1997;
Gregory, 1978; Mato et al., 2001; Derraik, 2002; McDermid and
McMullen, 2004; Endo et al., 2005). This abundance of pellets has been
attributed to spillages during transport at sea or during production on
land (Gregory, 1978; Mato et al., 2001; Derraik, 2002; McDermid and
McMullen, 2004; Andrady, 2011). On Aruba, local land-based sources
of pellets are absent, meaning that pellets encountered likely originate
fromdistalmarine-based sources. In this studywe only encountered pel-
lets on thewindward coastline. Hence, the observed distribution pattern
of pellets provides further evidence that the strongest impact of distal
marine-based debris sources occurs on the windward coastline.

The proportion of plastic in macro-debris found on the windward
coastline of Aruba (98%) is at the upper end of debris ranges reported
in the WCR, (51–73%, Ivar do Sul and Costa, 2007), leeward Bonaire
(66.5%), windward Bonaire (73.4%) (Debrot et al., 2013), leeward
Curacao (40%) and windward Curacao (64.2%) (Debrot et al., 1999).
These studies highlight the current ubiquity and predominance of plastic
among marine debris in this region. Moreover, when comparing our re-
sults to a similar study conducted on the neighbouring island of Bonaire
(Debrot et al., 2013), we observe that the mean macro-debris density
found on the leeward coast of Aruba is relatively high (MLeeward.Aruba =
6.8 ± 2.5 debris/m−1, MLeeward.Bonaire = 1.6 ± 1.5 debris/m−1). In con-
trast, the mean macro-debris density found on the windward coast of
Aruba is relatively low (MWindward.Aruba = 29.7 ± 18.7 debris/m−1,
MWindward.Bonaire = 295.5 ± 469.9 debris/m−1). Comparison between
various studies is still difficult because of the great variability inmethod-
ologies of collection, area sampled and the use of differentmetrics.More-
over, studies often provide too little information to enable the calculation
of alternative metrics that could facilitate cross-study comparisons.

The results presented here suggest that different influences are re-
sponsible for the macro- and meso-debris densities of the sheltered
urban leeward coast (direct anthropogenic influences) and the exposed
rural windward coast (natural influences). Although only items of
macro-debris on the surface were collected, implying that debris col-
lected during T2 could have been previously buried debris, no significant
difference was found between the amount of macro-debris collected
during T1 and during T2. This observation suggests a steady accumula-
tion of debris on the coastlines of Aruba, but a long term monitoring
study would be needed to confirm this notion. Other studies have ob-
served a similar trend of debris accumulation, although the rate of accu-
mulation may vary over time (Garrity and Levings, 1993; Wetzel et al.,
2004; Morishige et al., 2007; Ribic et al., 2012; Thiel et al., 2013). This
steady accumulation of debris implies that the leeward coast is acting
as a source for debris in the marine environment, whereas the wind-
ward coast functions as a sink for debris originating from more distal
sources (up to the global level). Addressing the marine debris pollution
issue therefore requires both local and global action.

It is almostfive decades that scientific research is reporting the ubiq-
uity and severity of marine debris pollution and its accumulation in the
marine environment, particularly of plastic debris (Kenyon and Kridler,
1969). However, despite the widespread acknowledgment of the issue,
the marine debris pollution problem is still growing (Barnes et al.,
2009). Debris pollution and accumulation in the marine environment,
although extremely pervasive, is also one of the feasibly solvable prob-
lems currently affecting our oceans (Sheavly and Register, 2007). It is
becoming evident that there is a difference in the type of pollution
that affects leeward urban coastlines and windward rural coastlines.
The former suffers from local land-based debris, of which the input
rate is known and the potential consequences on the economymay trig-
ger relatively quick clean-up responses. The latter, however, suffers
from distal marine-based debris inducing ecological impacts that may
go longer unnoticed. These differences in debris sources elucidate the
importance of the adoption of both management and prevention strat-
egies. The urgency of implementing management and prevention strat-
egies is apparent from the increasing concentrations and ubiquity of
debris reported in oceans and seas globally (Critchell et al., 2015), and
the severe effects and threats this debris poses to the environment
and human well-being (Hammer et al., 2012). The current polluted sit-
uation will persist for centuries (Barnes et al., 2009), but may be allevi-
ated by more extensive coastal and ocean clean-ups, and by promoting
the use of more sustainable, re-usable materials. However, these rather
locally oriented alternatives alone may not be sufficient to effectively
and efficiently solve the plastic marine debris issue. The problem
needs to be tackled at its root as well (Wetzel et al., 2004; Santos
et al., 2009), for example through diminishing mass production
and consumption of disposable plastic products, halting their inappro-
priate disposal, and reducing the release of plastic into the natural
environment.
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Appendix I. Appendix name area and coordinates of the 10 beaches
assessed during this study: five located on the leeward coast and five
on the windward coast of Aruba
Site name
 Area
 Coordinates
eward
 Arashi
 152 × 35 m
 12°36′37.93″N 70°03′12.18″W

Eagle Beach
 152 × 40 m
 12°33′02.53″N 70°03′24.98″W

Surfside Beach
 152 × 20 m
 12°30′43.76″N 70°01′52.70″W

Mangel Halto
 110 × 40 m
 12°27′50.64″N 69°58′09.71″W

Rodger's Beach
 152 × 20 m
 12°25′03.28″N 69°53′03.85″W
indward
 Lighthouse Dunes
 152 × 15 m
 12°37′01.13″N 70°02′43.85″W

Wariruri
 87 × 37 m
 12°33′32.32″N 69°59′17.81″W

Dos Playa
 102 × 37 m
 12°30′19.85″N 69°55′07.47″W

Grapefield Beach
 101 × 40 m
 12°27′32.02″N 69°52′46.35″W

Boca Grandi
 152 × 44 m
 12°26′22.23″N 69°52′25.99″W
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Appendix II. Appendix skirmishwalkingpattern followedduring the
collection of macro-debris
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Fig. II.1. Skirmish walking pattern followed for the collection of macro-debris during T1.

Fig. II.2. Skirmishwalking pattern followed for the collection of macro-debris during T2 in
the sub-transects 0–15m and 15 m+ .
Appendix III. Appendix overall leeward coastline macro-debris
data sheet, showing all the macro-debris collected after the ten
assessments performed at T1 and T2
D
B
Item
P
Fo
B
O
B
C
C
D
6
B
P
B
Fi
Material
 Total

H
B
Plastic
P
lastic fragments
 Hard
 Foam-ed
 Film

Sw
od wrappers
 176
 3
 266
 445

Ta
everage bottles
 36
 36

O
ther jugs or containers
 17
 17
ottle or container caps
 543
 543

igar tips
 60
 60

igarettes
 2,560
 2,560

isposable cigarette lighters
 S
 8

-pack rings
 1
 1
Lu
ags
 168
 168

Lu
lastic rope/small net pieces
 60
 60

Lu
uoys & floats
 0
shing lures & line
 33
 33
continued)
Item
 Material
 Total
Plastic
ups (including polystyrene/foamed plastic)
 179
 12
 191

lastic utensils
 20S
 7
 215

raws
 605
 605

alloons
 109
 109

ersonal care products
 16
 16

ys

agments
 618
 14
 27
 659

ther:
 279
 12
 40
 331

verall
 5,399
 43
 610
 6,057
Metal
luminium/tin cans
 43
 43

eer caps
 2,330
 2,380

etal fragments
 23
 23

ther:
 92
 92

verall
 2,538
lass

everage bottles
 53
 53

rs
 I
 1

lass fragments
 406
 406

ther:
 0
 0

verall
 460
ubber

ip-flops
 4
 4

loves

res

ubber fragments
 18
 18

ther:
 8
 8

verall
 30
ocessed lumber

ardboard carton
 8
 8

aper and cardboard
 196
 196

aper bags
 6
 6

ssue napkins
 214
 214

mber/building material
 22
 22

ther:
 21
 21

verall
 467
loth/fabric

lothing & shoes
 17
 17

loves (non-rubber)
 0
 0

wels/rags
 5
 5
ope/net pieces (non-nylon)
 62
 62

bric pieces
 30
 30

ther
 0
 0

verall
 114
ther/unclassifiable

rework
 176
 176

laster
 14
 14

ine cork
 16
 16

ondom
 6
 6

ygiene pad
 15
 15

attery
 4
 4

uffed animal
 1
 1

azor blade
 1
 1

uct tape
 3
 3

aby diaper
 2
 2

and grenade Col Smoke Red L70A1
 1
 1

ullet case
 9
 9

hone charger
 1
 1

imming goggles
 1
 1

mpon
 2
 2

verall
 252
Large debris items (N 1 ft or - 0.3 m)
Item type (vessel,
net, etc.)
Status (sunken,
stranded, buried)
Approximate
width (m)
Approximate
length (m)
Description
photo ID #
mber plank
 Buried
 0.15
 3.61

mber plank
 Buried
 0.12
 1.16

mber plank
 Buried
 0.12
 1.32

ooden pallet
 Buried
 1.5
 1.5
W
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Appendix IV. Appendix overall windward coastline macro-debris
data sheet, showing all the macro-debris collected after the ten
assessments performed at T1 and T2
H
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P
Fo
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6
B
P
B
Fi
C
P
S
B
P
T
Fr
O
O

A
B
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B
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Material
 Total

P
O
Plastic
lastic fragments
 Hard
 Foamed
 Fun

od wrappers
 194
 1
 670
 865
It
everage bottles
 121
 121

ther jugs or containers
 534
 534
W
ottle or container caps
 6,285
 6,285
T
igar tips
 0
P
igarettes
 20
 20
P
isposable cigarette lighters
 127
 127

-pack rings
 19
 19
T
ags
 1,622
 1,622

lastic rope/small net pieces
 1,698
 1,698
P
uoys & floats
 46
 46
P
shing lures & line
 74
 74

ups (including polystyrene foamed plastic)
 934
 6
 940

lastic utensils
 1,016
 18
 1,034

traws
 2,880
 2,880

alloons
 7
 7

ersonal care products
 363
 363

oys
 220
 220

agments
 12,709
 1,951
 1
 14,661

ther:
 400
 33
 1
 434

verall
 27,640
 2,009
 2,301
 31,950
Metal
luminium/fin cans
 7
 7

eer caps
 8
 8

etal fragments
 10
 10

ther:
 18
 18

verall
 43
lass

everage bottles
 39
 39

rs
 6
 6

lass fragments
 94
 94

ther:
 3
 3

verall
 142
ubber

ip-flops
 131
 131

loves
 5
 5

yres
 1
 1

ubber fragments
 25
 25

ther:
 11
 11

verall
 173
rocessed lumber

ardboard cartons
 0

aper and cardboard
 2
 2

aper bags
 1
 1

issue/napkins
 7
 7

mber/building material
 105
 105

ther:
 2
 2

verall
 117
loth/fabric

lothing & shoes
 46
 46

loves (non-rubber)
 0

owels/rags
 3
 3

ope/net pieces (non-nvlon)
 4
 4

bric pieces
 4
 4

ther:
 0

verall
 57
ther/unclassifiable

edical waste
 64
 64

ringe
 80
 80

rush
 2
 2

ullet case
 2
 2

ght bulb
 9
 9

d ceiling lamp
 1
 1
continued)

Metal
lter mask
 1
 1

wing needle
 8
 8

aby diaper
 3
 3

ondom
 1
 1

ygiene pad
 1
 1

lane's seat arm rest
 1
 1

verall
 173
Large debris items (N1 ft or ~0.3 m)
em type (vessel,
net. etc.)
Status (sunken,
stranded, buned)
Approximate
width
Approximate
length (m)
Description/
photo ID 3
ooden Pallet
 Stranded/buried
 1.2
 Unknown

yre
 Stranded
 0.20
 0.70
 Intact

lastic bucket
 Stranded
 0.35
 0.50
 Intact

lastic tube
 Stranded/buried
 0.12
 0.60
 Emerging from

the sand

yre
 Stranded
 0.27
 1
 At the wreck

line

lastic tube
 Stranded/buried
 0.027
 1.37

lastic box
 Stranded
 0.3
 0.5
 Broken

ooden pallet
 Stranded
 1.02
 1.22
W
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