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AssTrRACT: We checked the spatial pattern of debris stranding at Praia de Santos (Brazil) in the first hour after the peak
of high and low tide in summer and winter. We recorded and counted 20 types of debris (natural and anthropogenic)
in 6 transects arranged in 3 zones along the beach (deposition, transport, and erosion). Canonical Correspondence
Analysis (CCA) showed that buoyancy was an essential property in distinguishing debris stranding behaviours. The
erosion zone, closer to the estuary showed that many mollusk shells, ropes and rocks, while plastics, styrofoam and
fiber nylon were in the deposition zone. Throughout the estuary, we inspected the beach, identifying sections of origin
and accumulation associated with the circulation system and currents. We propose the removal and recycling of debris
from accumulation sites near highways and urban systems.
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Introduction

Stranded marine litter on beaches on all
coasts has become a matter of worldwide con-
cern. Studies about anthropogenic marine litter
do not consider residues of natural origin, such
as plant and animal remains (Defeo et al. 2009).
Natural debris plays a vital role in beaches, since

§ sciendo

it stabilises the dune fronts (Nordstrom 2019)
which support bird nests (Swaisgood et al. 2018)
and provides housing for creatures that have
few shelters to live, on open beach (Aguilera
2018, Garcia-Vazquez et al. 2018). Seaweed and
leaf litter nourish the macrofauna (Gémez et al.
2018), providing the soil with rich nutrients for
land plants on beaches, thereby mitigating tidal
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destruction (Rodil et al. 2019). Despite this, de-
bris, whether natural or not, causes aesthetic
problems and environmental health risks and
is therefore considered improper and for this
reason it is systematically removed with heavy
machinery harming the beach habitat (Stelling-
Wood et al. 2016, Zielinski et al. 2019).

Cleanliness is the most important focus, but
classification of information and beaching pat-
terns could contribute to marine waste preven-
tion and control plans. Methods that are used to
estimate the amount of marine debris on beaches
do not enable us to obtain information concern-
ing waste at sea. In some coastal habitats, the lit-
ter may be of terrestrial origin, being carried by
rivers, winds and municipal drainage systems, or
are directly discarded on the beaches by bathers
(Asensio-Montesinos et al. 2019). A smaller por-
tion comes from fishing-related marine sources,
ship disposal and storm-driven hydrodynamic
changes (Asensio-Montesinos et al. 2019). There
is a lack of studies that consider the interactions
between natural and anthropogenic debris in
the beach environment. Mir-Gual et al. (2015)
showed that the Blue Flag classification does not
characterise the natural systems of coastal beach-
es. Rather, the levels of human influence and
artificiality are focused on the services offered
to users, without considering beaches as fragile
systems.

Beach bed ratings reflect the balance prevail-
ing between inputs and outputs, beaching, deg-
radation and cleanliness. Factors that influence
debris density, such as cleanliness, storms, rain-
fall, tides and hydrological changes, can alter
their count, leading to beach litter composition
(Galgani et al. 2015). Factors that influence de-
bris accumulation in coastal areas include beach
morphology, location and debris (Turra et al.
2014). Experiments with drift models indicate a
good correlation of water flow with litter abun-
dance on beaches (Yoon et al. 2010, Kataoka et
al. 2013, Galgani et al. 2015). Litter abundance
and composition are often between different
parts of a single beach (Claereboudt 2004). The
mosaic distribution pattern is the most common
pattern because of beach topography, especially
for smaller and lighter items that are more easily
dispersed (Debrot et al. 1999, Galgani et al. 2015).
Glasses and hard plastics accumulate more easily
on rocky shores (Moore et al. 2001), while litters

concentrate on sheltered, wind-free beaches to
take them to the sea, indicating regular inputs
(Galgani et al. 2000, Costa et al. 2010). Patterns
and beach litter accumulation cycles are revealed
with records after an initial cleanup (Ryan et al.
2009). Here, we present a study of beached de-
bris in Santos Beach, before cleaning, in the first
hour after the high and low tide upholstery, in
summer and winter. We evaluate the distribu-
tion, types and quantities of anthropogenic and
natural (marine and terrestrial) debris stranded
on the beach and provide a baseline for inferring
stranded debris throughout the estuary.

Study area and methods

The Santos-Sao Vicente Estuarine Complex
has several meandered channels which are inter-
connected with Santos Bay through two channels
(Fig. 1). With 231 km? of mangrove swamps, most
of them are irregularly occupied, forming large
densities of shacks and slums that house a popu-
lation of over 150,000 people. Fresh sewage and
domestic waste compromise estuary waters and
pollute beaches, becoming a significant public
health problem (CETESB 2017). Santos Beach ex-
tends for 5.5 km of a sandy strip with fine-grained
sediments, homogeneous and with sub-horizon-
tal slope (slope <10°), which characterizes it as the
dissipative type (Mclachlan, Erasmus 1983). The
presence of six drainage channels interferes with
the hydrodynamic regime of the beach (Fig. 1).

Bathymetry and geomorphology

The Santos Estuarine System has a complex
morphological configuration, namely, multiple
headwaters, extensive wetlands with mangroves
and mud banks, and various connections with
the adjacent ocean. Three estuaries and a bay
compose the hydrographic system: the Bertioga
Canal Estuary, the Porto Santos Canal Estuary
and the Sao Vicente Estuary, the last two of which
have their outlets in the Santos Bay (Roversi et al.
2016a).

At the bottom of Port of Santos Estuary, there
is a thick layer of fine unconsolidated sediment
(silt and clay) and a small portion of sand and
depth that reaches 15 m due to dredging (Torres
et al. 2009, Demarco 2019). The western portion
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Fig. 1. Study area, with geomorphological, bathymetric, and drainage details and the location of the sample
transects (T1-T6) on Santos Beach.

of Santos Bay has a sandy and muddy predom-
inance, and in the eastern portion, there are fine
sediments confined to the mouth of the Porto
channel. The bay’s depth can reach up to 10 m in
depth (Harari, Camargo 1998, Rocha 2003).

Climatic characteristics

The study area’s climate is characterised as
humid tropical with high rainfall, since it has an
average annual temperature of 19.72 £3.39°C and
an annual rainfall of 0 <1735 < 3028 mm (Harari
et al. 2008). The average annual rainfall in the re-
gion is 2131 mm, with August being the driest
month (155 mm) and February being the wettest
month (422 mm). The rainy season, which runs
from October to April, corresponds to 64% of
the total annual rainfall. The dry season, which
runs from April to September, presents only a
few sporadic episodes of precipitation associated
with the passage of cold fronts. Due to the mar-
itime influence, rainfall throughout the year has
a homogeneous distribution. In winter, although
the temperature has a reduced annual amplitude
(17.33 £ 3.39°C), this season is not characterised
by a dry period. However, summer has high rain-
fall and an average temperature of 21.77 + 1.89°C,
which is characteristic of this region, and winter
is the drought-period (Santos 1965, Pellegatti
2007, Harari et al. 2008). Winds in the area have

an average speed of 0 < 1.49 < 3.77 ms™ with a
predominance of east winds in all climatic sea-
sons (Harari et al. 2008).

Hydrodynamics and water circulation

The Santos Bay, which is oriented to the south,
experiences waves generated by the south quad-
rant’s frontal systems. Moreover, it also experi-
ences winds coming from the tropical systems
and the polar systems in relation to its latitudinal
position. Due to these climatic characteristics and
the absence of significant drainage basins, the
rainfall regime is of great importance in trans-
porting continental water and sediments to the
ocean (Farinnaccio et al. 2009).

There is a trend of transport from east to west
from the Porto channel, and there is a large dep-
osition zone in the central-west portion, where
confluence between the residual sediment trans-
port from the Sao Vicente and Porto channels oc-
curs. The east-west transport at the mouth of the
Santos Bay is related to the bottom currents with
the same direction since it has a predominance
of sands transported by traction together at the
bottom (Rocha 2003).

The tidal regime presents maximum ampli-
tudes less than 2 m and semidiurnal predomi-
nance (Roversi et al. 2016a). The current patterns
of summer and winter by the wind are similar,
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thereby ensuring that the tide represents the
main conditioning factor of circulation within
the estuarine system, with the ebbing currents
predominant in the area (Harari, Camargo 1998).
Currents’ speed of the order is 0.25 m/s and
0.3 m/s in the Santos Estuary, with maximum
values, observed in the channel of the Port of
Santos, and the speed of the tidal currents are
higher in the syzygy when compared with the
values obtained in the quarter, with maximum
0.2 and 0.05 m/s, respectively (Carneiro et al.
2014). In addition to tidal variations, there is a
movement resulting from the volume of fresh-
water constantly added by river flows generating

a circulation component that naturally moves
down the estuary and through the most super-
ficial layer.

Sampling and data analysis

We sampled in the summer of 2017 and the
winter of 2018. Two collections were performed at
each time of the year, 1 h after tidal upholstery, to
avoid tidal interference. We defined six transects
with 6 m wide lanes, at the limits of seawater,
two in the deposition zone (T1 and T2), two in the
transport zone (T3 and T4) and two in the erosion
zone (T5 and T6) from Santos Beach (Table 1).
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Fig. 2. Extreme hydrodynamic scenarios. Below: maximum speed, caused by the ebb tide. Above: places of
occurrence of zero currents (modified from Roversi et al. 2016b).
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Table 1. Characteristics of the transects of the re-
searched beach.

. Distance
Transect Zone Length | Width to estuary
[m]
T1 Deposition | 735 | 190 5000
12 Deposition | 650 | 200 4430
T3 Transport | 1050 | 225 3700
T4 Transport 820 | 125 3000
T5 Erosion 720 80 2250
T6 Erosion 1230 60 1290

We categorised debris into 20 predetermined
types, six natural and 14 anthropic. Among the
natural residues, the following were found: a)
chordata (carcasses of vertebrate animals: fish,
birds, and turtle), b) Echinoderm (starfish and
crackers), c) shell (shellfish and gastropod shells),
d) Cnidarian, e) vegetation (leaves, branches,
seedlings, seeds), and f) stones and other miner-
als. Among the residues of anthropic origin, the
following were found: a) organic remains (fruits,
vegetables and food), b) cigarette, c) strings, d)
styrofoam, e) wood (machined), f) metals, g) ny-
lon, h) paper, i) fabric, j) foam, k) glass, 1) rubber,
m) hard plastic (caps, bottles, glass), and n) non-
hard plastic (bags and packaging). We count all
types of garbage equal to or larger than 2 cm in
an entire beach range of 31,000 m?. We performed
a canonical correspondence analysis (CCA)
(Hammer et al. 2001) to relate patterns between
bed characteristics and beach environment.

CCA is a multivariate method which is used to
elucidate the relationships between two sets of in-
formation, in this case, debris and the conditions
of the stranding environment. The method is de-
signed to extract synthetic environmental gradi-
ents from ecological data sets. Gradients are the
basis for briefly describing and visualising the dif-
ferential characteristics of different debris types’
stranding sites, using an ordering diagram. The
CCA adds all the power of the regression meth-
odology to the ranking. Aske linear regression
CCA uses linear combinations of environmental
(explanatory) variables to explain debris varia-
bles (response) optimally. The CCA’s unusual
characteristics are that the adjustment measure is
unconventional (weighted variation of the debris’
centroids) and that the data for many species are
explained simultaneously. The main result is an
ordering diagram, a graph with a coordinate sys-
tem formed by ordering axes (that is, the synthetic

gradients extracted by CCA). The coordinates of
the location points are the values (called scores)
of the two best synthetic gradients (axes 1 and 2).
Each gradient is standardised for zero weighted
average and unit weighted variance, and the de-
bris is represented by its niche centre along each
axis, that is, by the weighted average of the axis
scores of the locations where they occur.

Consequently, each point of debris in the dia-
gram is at the centroid (weighted average) of the
points at the location where it occurs. The debris
points, therefore, indicate their relative locations
of the two-dimensional niches in the ordering di-
agram. The CCA also displays the environmental
variables by the weights that each variable has in
the linear combinations that form the axes (Ter
Braak, Verdonschot 1995, Wagner 2004).

By examining the image of 06/11/2018 on
Google Earth, we verified the points of accumula-
tion of debris along the flooded region in the study
area. The altitude of the 50 m viewpoint allowed
the identification of the predominant types of de-
bris (floating or heavy) at each accumulation site.
Accumulation points for debris near urban areas
were also confirmed using Google Earth’s Street
View tool. We classified the accumulation points
according to the predominance of debris in three
categories: 1) floating (yellow markers), 2) heavy
and landfills (red), and 3) potential collection and
recycling point (green). The latter points showed
large amounts of debris close to the road structure,
where some reuse or recycling already occurs.

Results

We recorded 26,458 items across the beach,
with an overall average speed of 0.21 item m™2h™.
Mangrove vegetation, shells and sand dollars are
predominantin the natural litter category, as are
rigid plastics, non-rigid plastics and machined
wood between anthropogenic debris (Table 2).
CCA analysis showed a clear separation between
the stranding patterns of the items concerning the
Santos Beach position. The CCA1 axis separated
the items with the distance from the source, that
is, from the Santos Port-channel exit. In these plac-
es, the currents’” erosive force, unable to displace
the heaviest and low buoyancy items, were depos-
ited in those transects which were closest to the
estuary channel exit, while the lighter ones were
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distributed in more distant transects. The CCA2  plastic, fabric, nylon and foam). Floating items
axis separated the most buoyant items (Styrofoam, ~ were in the deposition zone, while the less buoy-
cnidaria, wood and rigid plastic) from those with ~ ant items were in the beach transport zone. This
the least buoyancy (echinoderms, paper, soft analysis explains 56.1% of the total change (Fig. 3).
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Fig. 3. Axes of the CCA for material characteristics relationships and beaching locations (season, estuary
distance, width, and beach zone). CCA, canonical correspondence analysis.

Table 2. Numerical amount of debris recorded in transects.

Debris T1 T2 T3 T4 T5 T6 Total
Shell 295 122 98 161 3630 11,786 16,092
Vegetation 159 77 216 273 311 4465 5501
Rigid plastic 526 271 101 147 175 440 1660
Echinoderms 47 175 123 267 355 138 1105
Non-rigid plastic 92 100 54 90 167 375 878
Stones 0 3 13 22 137 93 268
Wood 26 13 23 19 24 66 171
Cnidarian 7 0 129 1 0 1 138
Chordata 14 4 0 14 26 57 120
Styrofoam 8 27 21 14 6 18 94
Organic 21 4 7 15 15 22 84
Metal 2 2 3 9 35 21 72
Cigarette 10 9 2 6 7 32 66
Foam 30 1 0 4 22 5 62
Glass 3 2 1 3 13 21 43
Paper 11 0 5 0 5 9 30
Fabric 18 3 0 1 2 4 28
Nylon 6 6 0 2 3 4 21
Rubber 2 0 1 2 8 5 18
Rope 0 0 0 1 3 3 7
Total 1277 819 797 1051 4944 17,565 26,458
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Fig. 4. Above: Water circulation and possible debris areas (based on Roversi et al. 2016b). Below: Debris
accumulation points, verified by Google Earth image.

Based on the behaviour of displacement and
deposition of debris on the beach, obtained in
the CCA model, and based on the water circula-
tion system (Roversi et al. 2016a), we surveyed
possible points of origin and accumulation of
debris inside the estuarine complex, which were
confirmed through the Google Earth image

(Fig. 4).

Discussion and conclusion

The beaching level of debris observed in this
study (0.21 item m™ h™ or 5.04 item m™ d™") was
close to the pollution index range of Brazilian
beaches (Tourinho, Fillmann 2011) and the re-
gional coasts of South Africa (Madzena, Laisak
1997). However, this study’s beach pollution
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level was considerably higher than that of many
beaches in Asian countries (Thushari et al. 2017),
implying the need to strengthen coastal manage-
ment programs and initiate consistent control
mechanisms for coastal pollution with short-
and long-term actions. Our estimate, however,
considers short periods after the first hour and
after the tidal upholstery, without considering
the influence of the spring and storm tides in the
region. Therefore, the amount and distribution
of beached debris on the beach vary in a way that
is not fully known, and this takes place predom-
inantly when heavy rainfall that is associated
with flooding in urban areas changes the estu-
ary’s internal hydraulic flow. Storms and hang-
overs that produce strong tidal currents, waves
and winds also bring debris from other areas to
Santos beaches (Young 2016).

CCA showed that the estuary’s mouth was
the stretch where the highest concentration of
heavy and less buoyant debris occurred, such as
mollusk shells, ropes, glass, stones and metals.
Lighter debris was transported to farther stretch-
es of the estuary by lateral drift (Cordeiro et al.
2018). Those with the highest buoyancy (plastics,
Styrofoam and wood) were distributed along the
beach, while less floating material debris (foam,
paper, fabric and nylon) concentrated in the
deposition zone, where there is low ocean-cir-
culation due to the construction of the emissary
near Urubuquecaba Island. The T3 transect was
recorded as an entry of marine planktonic or-
ganisms (cnidarian) that originate from the open
sea and are transported by surface currents to
the beach (Alfredini et al. 2008, Pion, Bernardino
2018).

Relating to the presence of marine litter with
hydrodynamic characteristics of the beach-estu-
ary system, we can understand the distribution
of different items and evaluate the surveyed litter
(Ioakeimidis et al. 2017). Shells and other more
massive debris exhibited stranding behaviours
which were at variance with lighter, floating
debris. Similar to studies by Rocha (2003) and
Magini et al. (2007) using particle size parame-
ters, residual sediment transport in Santos Bay
was measured, and a transport tendency from the
estuary channel towards the open sea was ver-
ified to be passing towards the western portion
of the bay. Therefore, we postulate that the most
likely origins are those located near the entrance

of the Santos channel, where the moderate flow
was the main factor for stranding debris within
the sample time (1 h), including some slums (vul-
nerable cores) and the drained waters of the city’s
urban area. We can assume that the heavy debris
came from sources near the port estuary canal,
where circulation is moderate. In the inside areas
of the estuary, heavy debris accumulates contin-
uously and is even used in clandestine landfills
to expand disorderly human occupation. This
material obstructs channels and impairs water
circulation and consequently also impairs the
quality of estuarine waters. Contaminant release,
decomposition of organic matter and increased
concentration of coliforms also contaminate sedi-
ment and fishery resources (Buruaem et al. 2013,
Campuzano et al. 2013, Gillam, Charles 2019, Val
et al. 2019). The heavy debris is deposited on the
bottom, close to its area of origin (slums), with
slow displacement and influenced by the strong
currents produced during rains and extreme
tides.

Besides, heavy debris is used to land man-
grove areas to ensure that new areas can be occu-
pied illegally (Ztindt 2006). This landfill modifies
water circulation and changes the vegetation that
progressively becomes an urban periphery area,
with a greater population concentration in vul-
nerable conditions (Gulis et al. 2004). More than
120,000 people live in 74 vulnerability centres lo-
cated within the area of estuarine influence. With
anaverage growth of 6% per year, there is a strong
tendency to increase the occupied area, causing
an increased hydraulic and sanitary impact on
the estuary’s internal area (Gillam, Charles 2018,
2019, Moschetto et al. 2020, Ferreira, Lacerda
2016).

Floating waste accumulation occurs in areas
that have a slow circulation system. The exten-
sive internal mangrove area acts as a filter (po-
rous flow) that accumulates floating debris, the
release of which depends on stochastic situations
of flows, currents and rainfall (Horton et al. 2017,
Zhang 2017). Based on the region’s estuarine cir-
culation models (Fernandino et al. 2016, Roversi
et al. 2016b), we identified sites with low current
velocities, which would allow the accumulation
of floating debris. Knowledge of these areas may
be of great interest in the strategic development
of litter removal before it enters the sea or spreads
on the beach (Ifiguez et al. 2016). Selective waste
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collection and recycling plants could be installed
near vulnerable nuclei, reducing inappropriate
disposal and providing employment and income
for residents (Perivier et al. 2016).

On the other hand, there is floating garbage,
which moves quickly and typically accumulates
in internal areas with weak currents. However,
in extreme rain and tides, the floating garbage
is carried by the currents, and is thrown by the
channel to Santos Beach. Thereafter, the coastal
drift current (east-west) distributes the debris
over the beach’s entire length. The speed gradient
is responsible for separating the less floating gar-
bage, which is concentrated in the beach’s central
portion, from those with greater buoyancy found
in the western portion of the beach (Transects 1
and 2). Cordeiro and Costa (2010) evaluated the
ecological characteristics and solid wastes ac-
cumulated along with the Santos - Sao Vicente
Estuary Complex. They verified the dominance
of floating garbage (plastic and wood), accumu-
lated in the highest areas with the low influence
of the medium heights of the high tide, where
there are few young plants of mangrove vegeta-
tion which reflect the influence of the slope on the
deposition of items.

The locations identified (Fig. 4) with both
(heavy and floating) present conditions for in-
stallations for the debris collection and recycling
system. Some of them have infrastructure facili-
ties in the proximity of the main highways and
areas already used for sorting materials. Thus,
given the strong trend of disorderly occupation,
with rapid human growth and accumulation of
debris, the proposal to install recycling plants
could contribute to regional development plan-
ning and minimised debris impact and facilitate
the innovative development of alternative ways
of generating income for the local poor.
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